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Abstract

Non-steroidal anti-inflammatory drug (NSAID)-associated
endoplasmic reticulum (ER) stress (a cyclooxygenase-2-
independent mechanism) and consequent autophagic cell
death are responsible for NSAID-associated gastric damage.
Therefore, alleviating cytotoxicity executed via ER stress and
autophagy can be a strategy to prevent NSAID-associated
gastric damage. Here, we explored whether genetic or phar-
macologic inhibition of autophagy can mitigate NSAID-
associated gastric damage in in vitro and in vivo models. To
examine the effects of genetic inhibition of NSAID-associated
autophagy, we administered indomethacin to RGM1 gastric
mucosal cells transfected with shPERK, siLC3B, or shATG5
and microtubule-associated protein light chain 3B knock-out
(LC3B™") mice. 3-Methyladenine (3-MA) or chloroquine
(CQ) was used for pharmacologic inhibition of autophagy in
both models. Indomethacin administration increased the
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expression of ER stress proteins including GRP78, ATF6,
and CHOP. Indomethacin provoked the appearance of autoph-
agic vesicles with the increased expression of ATGS and
LC3B-II. Genetic ablation of various ER stress genes signifi-
cantly attenuated indomethacin-induced autophagy and apo-
ptosis (p < 0.01), whereas knock-down of either ATG5 or
LC3B significantly reduced indomethacin-induced cytotoxic-
ity (p < 0.01). Testing each of the genes implicated in ER
stress and autophagy showed that indomethacin leads to gas-
tric cell apoptosis through autophagy induction consequent to
ER stress. Pharmacological inhibition of autophagy with ei-
ther 3-MA or CQ in rats or genetic ablation of LC3B in mice
all had a significant rescuing effect against indomethacin-
associated gastric damage (p < 0.01) and a decrease in molec-
ular markers of autophagic and apoptotic gastric cells. In con-
clusion, preemptive autophagy inhibition can be a potential
strategy to mitigate NSAID-associated gastric damage.

Key messages

e NSAID administration triggered ER stress and subsequent
autophagy.

* Inhibition of autophagy resulted in attenuated NSAID-
associated cytotoxicity.

* Autophagy inhibitors represent a novel strategy to prevent
NSAID-associated gastric damage.

Keywords NSAID - Gastricdamages - ER stress - Autophagy
inhibition - Apoptosis - Rescue - Chloroquine - 3-MA -LC3B
knock-out

Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely
prescribed for pain, arthritis, pyretic disease, and even cancer
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for preventive purposes in spite of their notorious adverse
effects in the gastrointestinal (GI) tract such as life-
threatening bleeding and perforation [1]. The main pharmaco-
logical action of NSAIDs is the inhibition of prostaglandin
(PG) synthesis via suppression of cyclooxygenase (COX) ac-
tivity [2]. However, a decrease in the level of gastroprotective
PGE, is also regarded as a core mechanism responsible for the
adverse GI effects. Recent molecular exploration showed that
apoptosis mediated by endoplasmic reticulum (ER) stress is
another, COX-independent cytotoxic mechanism of NSAIDs
[3], that is, autophagic cell death following ER stress leads to
NSAID-associated GI toxicity.

The role of autophagy in cancer (causative or preventive) is
still debatable. In non-cancer and cancer cells, the answer to
“to be or not to be” when autophagy is activated also differs
under different circumstances [4, 5]. It was reported that au-
tophagy contributes to cancer cell killing but also that aggres-
sive cancers use autophagy for survival. Regarding the rele-
vance of NSAID-associated cytotoxicity to autophagy,
Harada et al. [6] and Narabayashi et al. [7] found that autoph-
agy deficiency diminishes enterocyte damage induced by the
NSAID indomethacin; in contrast, Herandez et al. [8] reported
that autophagy can protect from aspirin-induced gastrointesti-
nal damage. Therefore, a more clear understanding of the links
between NSAID/aspirin-associated gastric damage and au-
tophagy is required. This issue is explored in the current study.

Intense efforts to develop Gl-safer NSAIDs resulted in a
wide use of selective COX-2 inhibitors (coxibs) or a combi-
nation of acid suppressants such as proton pump inhibitors
(PPI) in cases of inevitable long-term NSAID administration.
Howeyver, the use of PPI to rescue NSAID-associated intesti-
nal damages was recently discontinued because of the risk of
aggravating outcomes (either dysbiosis [9] or increased intes-
tinal permeability [10]). Therefore, on the basis of our and
others’ preliminary data that (1) NSAIDs can induce ER stress
and excess apoptosis [3, 11], (2) ER stress is closely linked
with autophagy activation [12, 13], (3) autophagy may deter-
mine the cell fate (“to be or not to be”) [14, 15], and (4) there
are urgent unmet medical needs to develop Gl-safer NSAIDs,
we put forward a hypothesis that relieving ER stress and con-
sequent autophagic cell death can be a rescuing strategy from
NSAID-associated gastric damage. In the current study, we
found that either genetic ablation of autophagic genes or phar-
macological inhibition of autophagy significantly mitigate
indomethacin-induced gastric damage.

Materials and methods
Reagents

LC3B, ATGS, Beclin-1, cleaved caspase-3, phosphor-PERK,
PERK, CHOP, phosphor-mTOR, mTOR, phosphor-Akt, Akt
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from Cell Signaling Technology, PARP-1/2, GRP78, [3-actin
from Santa Cruz Biotechnology (Santa Cruz, CA), cleaved
LC3B from ABGENT (San Diego, CA). All other chemicals
and reagents were purchased from Sigma-Aldrich (St. Lois,
MO) unless otherwise specified.

Cell culture and cytotoxicity assay

The rat gastric mucosal cells, RGM1, were kindly given
by Prof. Hirofumi Matsui (University of Tsukuba,
Japan) and were maintained at 37 °C in a humidified
atmosphere containing 5% CO,. RGM1 cells were cul-
tured in Dulbecco’s modified Eagle’s medium contain-
ing 10% (v/v) fetal bovine serum, 100 U/ml penicillin,
and 100 pg/ml streptomycin. 1.0 x 10°/ml RGM1 cells
were plated and incubated for 24 h after which media
was changed with fresh one containing indomethacin or
3-methyladenine (3-MA) or chloroquine (CQ). Cell cy-
totoxicity was measured by MTT [3-(4, 5-dimethyl-
thiazol-2-yl)-2, 5-diphenyltetrazolium bromide] assay.

Annexin V apoptosis assay

Annexin V-FITC apoptosis kit was purchased from BD
Biosciences and performed according to manufacturer’s in-
structions. Briefly, after treatment, media was collected for
including death cells and adherent cells were trypsinized for
5 min, then, suspended with previously collected media. After
cells were washed, cells were suspended with 1x binding
buffer, adjusted to final concentration 1.0 x 10%/ml. One hun-
dred pl of cell-binding buffer solution was mixed with 4 pl of
anti-Annexin V-FITC and propidium iodide (PI), then solu-
tion was incubated 15 min at room temperature in the dark.
Reactions were terminated with insertion of 400 pl of
binding buffer, then analyzed by FACS Calibur flow
cytometer (BD bioscience).

Western blot analysis

This assay was performed as previously described. Briefly,
treated cells were washed twice with PBS and then lysed in
ice-cold cell lysis buffer (Cell Signaling Technology) contain-
ing 1 mM PMSEF. After 1 h of incubation, samples were cen-
trifuged at 10,000 g for 10 min. Supernatants were then col-
lected. Proteins in lysates were separated by SDS-PAGE
and transferred to PVDF membranes, which were incu-
bated with primary antibodies, washed, incubated with
peroxidase-conjugated secondary antibodies, rewashed,
and then visualized using an West-zol Plus (Intron bio-
technology, Seongnam, Korea).
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RNA isolation and RT-PCR

This assay was performed as previously described. After in-
cubation, media was removed by suction and cells were
washed with PBS twice. Trizol (Invitrogen) was added to
plates, which were then incubated for 10 min at 4 °C. Trizol
was harvested and placed in a 1.5-ml tube, and 100-pl chlo-
roform (Merck) was added and gently mixed. After incubation
for 10 min in ice, samples were centrifuged at 10,000 g for
30 min. Supernatants were extracted and mixed with 200 pl
isopropanol (Merck), and mixtures were incubated at 4 °C for
1 h. After centrifuging at 13,000 g for 30 min, pellets were
washed with 70% (v/v) ethanol (Merck). After allowing the
ethanol to evaporate completely, pellets were dissolved in
100 pl of DEPC-treated water (Invitrogen). cDNA was pre-
pared using reverse transcriptase originating from Murine-
Moloney leukemia virus (Promega), according to the manu-
facturer’s instructions. PCR was performed over 25 cycles of
94 °C for 20 s, 55 °C for 30 s, and 72 °C for 45 s.
Oligonucleotide primers were designed by authors using
NCBI/primer-blast except XBP-1. Oligonucleotide primers
were purchased from Bioneer (Daejeon, Korea). The se-
quences of oligonucleotide primers are listed in supplementa-
ry table 2.

RNA interference

The expression of LC3B was abolished using target-specific
small interference RNA (siRNA) molecules purchased from
Bioneer. 100 pM gene-specific or control siRNA was
transfected into RGMI1 cells using Lipofectamine reagent
(Invitrogen) according to the manufacturer’s instructions.
The expressions of PERK and ATG5 were abolished using
target-specific small hairpin RNA (shRNA) molecules pur-
chased from Santa Cruz Biotechnology and SA biosciences,
respectively. One-microgram gene-specific (shATGS,
shPERK) or negative control vector (Mock) was transfected
into RGM1 cells at 80-90% confluence using Lipofectamine
according to the manufacturer’s instructions. The stable cell
lines were selected by incubation with media containing 1 pg/
ml of puromycin.

Construction of GFP-LC3-expressing RGM1 cells
and analysis of GFP-LC3 dots

To obtain stable RGM1 cells expressing GFP-tagged LC3,
pCMV-GFP-LC3 vector was purchased from Cell Biolabs.
1.6 pg vector was transfected into RGM1 cells at 80-90%
confluence using Lipofectamine reagent according to manu-
facturer’s instructions. The stable cell lines were selected by
incubation with media containing 500 pg/ml of G418. To
detect translocation of GFP-LC3 from the cytosolic fraction
to autophagic vacuoles, the stable cell lines expressing GFP-

LC3 were grown in the Lab-Tek II chamber slide with
coverglass (Nalge Nunc) for 24 h, after which cells were treat-
ed with indomethacin as well as following chemicals; 3-MA,
Compound C, PD98029 (Cell Signaling Technology),
SP600125 (Tocris), SB202190 (Tocris),
Diphenyleneiodonium chloride (DPI), and rapamycin (LC
laboratories). Autofluorescence GFP-LC3 (excitation
488 nm, emission 515 nm) was observed under a confocal
microscope (LSM700, Carl Zeiss). LC3-dot-positive cell
was determined as more than 5 dots in a cell. LC3-dot-
positivity was measured by dividing the number of LC3-dot-
positive cells by the number of total cells.

Lysosomal and MDC staining for confocal images

The stable cell lines expressing GFP-LC3 were seeded in the
Lab-Tek II chamber slide with coverglass for 24 h, after which
cells were treated with indomethacin for 16 h. Cells were
stained either with 100-nM Lysotracker Red Lysosomal
Probe (Lonza) or with 50-uM monodansylcadaverine
(MDC) incubated for 30 min. Cells were washed and fixed
with 3.7% formaldehyde at room temperature for 15 min. The
fluorescence of Lysotracker Red Lysosomal Probe (excitation
555 nm, emission 570 nm) or MDC (excitation 405 nm, emis-
sion 460 nm) was observed under a confocal microscope.

Animal model of indomethacin-induced gastric ulcer

Six-week-old specific-pathogen-free 40 Wistar Kyoto male
rats (Orient, Seongnam, Korea) were used for the experi-
ments, fed a sterilized commercial pellet diet (DH Biolink,
Eumseong, Korea), given sterile water ad libitum, and housed
in an air conditioned room under a 12-h light/dark cycle. Rats
were divided into five groups, 8 rats per group, respectively; a
non-treated control group (Normal), indomethacin-treated
group (Indomethacin), indomethacin plus 3-MA administered
group (3-MA), indomethacin plus CQ group (CQ), and indo-
methacin plus pantoprazole group (Pantoprazole). Animals
were handled in an accredited animal facility in accordance
with Association for Assessment and Accreditation of
Laboratory Animal Care International (AAALAC
International) guidelines of our CACU Institute after IRB ap-
proval. Animals were deprived of food, but allowed free ac-
cess to water 24 h before administration of drugs.
Indomethacin, 3-MA, and CQ were all dissolved in 0.5%
carboxymethyl cellulose sodium (Tokyo Chemical).
Indomethacin was administrated orally to Indomethacin
group, but Normal group received vehicle only. At the same
time, 25-mg/kg 3-MA was injected by intraperitoneal route to
3-MA group, but Normal group and Indomethacin group were
treated with vehicle only. Animals were killed 18 h after drug
administration. Stomachs were removed, opened along the
greater curvature, and rinsed with phosphate-buffered saline.
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Isolated tissues were subjected to a histological examination
and Western blotting. Pathological lesion index was defined
according to the criteria of Szabo et al. [16], all reviewed
blindly by two gastroenterology specialists and first author.
The details of pathological lesion indexes are shown in sup-
plementary Table 1. The animal experiments were repeated in
LC3B™ mice (purchased from Jackson Lab) as same in the
above protocol except sacrifice time, 16 h after indomethacin.

Immunohistochemistry and TdT-mediated biotinylated
UTP nick end labeling assay

For immunohistochemical analysis, the sections were
deparaffinized and blocked with 2.5% goat serum for
30 min, incubated for 12 h at 4 °C with antibody against
cleaved 1:100 LC3B in the presence of 1.0% BSA, and finally
incubated for 1 h at room temperature with Alexa Fluor 488
goat anti-rabbit immunoglobulin G in the presence of 1 pg/ml
DAPI. The slides were mounted with Prolong Gold anti-fade
agent (Invitrogen) and inspected using a confocal microscopy.
TdT-mediated biotinylated UTP nick end labeling (TUNEL)
assay kit was purchased and performed according to manufac-
turer’s instruction (Promega).

Statistical analysis

The data are presented as means =+ standard deviations (SD).
The Tukey’s test or the Student’s # test for unpaired results was
used to evaluate differences between more than three groups
or between two groups, respectively. Differences were consid-
ered to be significant for values of p < 0.05.

Results

Indomethacin induced cytotoxicity of gastric epithelial
cells through ER stress and subsequent autophagy

When RGM1 gastric mucosal cells were exposed to either
500-uM indomethacin for various periods of time or various
concentrations of indomethacin for up to 24 h, their viability
decreased in a dose-dependent and time-dependent manner
(Fig. 1a). Flow cytometry analysis using Annexin V-FITC
was performed to see whether indomethacin-induced cytotox-
icity was associated with apoptosis. Annexin V absorbance sig-
nificantly increased after 16 h of indomethacin treatment
(Fig. 1a), showing that indomethacin administration is associ-
ated with significant cytotoxicity in normal gastric mucosal
cells via apoptotic cell death. Western blotting showed the in-
creased levels of the cleaved forms of caspase-3 and poly
(ADP-ribose) polymerase (PARP) after 16 h of indomethacin
treatment, indicating the induction of apoptosis. (Fig. 1b).
Mammalian ER stress response is mediated by the following
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three transmembrane proteins: namely inositol-requiring ER-
to-nucleus signal kinase 1 (IRE1), which is both a protein ki-
nase and an endonuclease, protein kinase R-like ER kinase/
pancreatic eukaryotic translocation initiation factor 2 kinase
(PERK/PEK), and activating transcription factor 6 (ATF6).
The PERK/eIF2 pathway induces the expression of glucose-
regulated protein of 78 kDa (GRP78) and DNA-damage-
inducible transcript 3 (DDIT3, also known as C/EBP-
homologous transcription factor, CHOP) [17]. Therefore, we
checked changes in the expression of these genes after indo-
methacin administration. As shown in Fig. lc, the ratio of
phospho-PERK to total PERK increased in response to indo-
methacin treatment, although not as much as after treatment
with a well-known ER stress activator, thapsigargin [18]. The
protein levels of GRP78 and CHOP were also increased in
indomethacin-treated cells (Fig. 1c). The ER stress-related tran-
scription factors X-box-binding protein-1 (XBP-1) and ATF6
increase CHOP mRNA expression. XBP-1 mRNA splicing by
IREI converts it into a potent activator of CHOP transcription.
The levels of GRP78, CHOP, ATF6, and XBP-1 mRNAs were
increased in indomethacin-treated cells in comparison with
vehicle-treated cells (Fig. 1c). All of these findings consistently
suggest that indomethacin induced apoptosis through ER stress
and autophagy induced by indomethacin led to cell death. To
check whether indomethacin triggers autophagy, we examined
dot formation by GFP-tagged LC3 in indomethacin-treated
pCMV-GFP-LC3-transfected RGM1 cells. As shown in
Fig. 1d, indomethacin significantly increased GFP-LC3 dot
formation in a time-dependent manner, with a maximum at
~16 h (p < 0.01). More than 90% of GFP-LC3 dots were co-
localized with Lysotracker Red-stained lysosomes, indicating
that indomethacin induced autolysosome formation. To further
confirm the formation of autophagosomes surrounded by a
double membrane, indomethacin-treated RGM1 cells were
stained with monodansylcadaverine (MDC). Confocal imaging
showed that indomethacin significantly increased MDC dot
formation in pCMV-GFP-LC3-transfected RGM1 cells; MDC
dots were co-localized with GFP-LC3 dots (Fig. le). When
autophagy is activated, LC3B is transformed into LC3B-II,
which binds to phosphatidylethanolamine. LC3B-II is visible
as band 2 kDa below that of LC3B-I (the inactive form). In
response to indomethacin, the levels of the LC3B-II protein
and ATGS protein, a crucial positive regulator of autophagy
[19], clearly increased in a dose-dependent manner (Fig. le).
To determine whether the signaling pathway involved in
indomethacin-induced autophagy is related to class III
phosphoinositide-3-kinase (PI3K), AMP-activated protein ki-
nase (AMPK), mitogen-activated protein kinases (MAPKSs),
oxidative stress, or mechanistic target of rapamycin (mTOR),
we examined the effects of 3-MA (class III PI3K inhibitor),
compound C (AMPK inhibitor), PD98029 (MEK-1 inhibitor),
SP600125 (JNK inhibitor), SB202190 (p38 inhibitor),
diphenyleneiodonium chloride (DPI; NOX inhibitor), and
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Fig. 1. Indomethacin induced cytotoxicity through ER stress and
autophagy. a RGMI1 cells treated with 500-uM indomethacin for 0—
24 h and indomethacin (0—1000 uM) were subjected to MTT assay for
16 h. Bars represent mean + SD (n = 3). *p < 0.05. Floating and adherent
cells were collected and analyzed by flow cytometry after annexin V-
FITC and propidium iodide (PI) staining. x-axis, annexin V; y-axis, PL
b Western blots for PARP and cleaved caspase-3. RGM1 cells were
treated with indomethacin (500 uM) for various periods of time as indi-
cated. ¢ RT-PCR for ER stress genes and a Western blot for ER stress
proteins. RGMI cells were treated as in a. Treatment with thapsigargin
(*Thp, 2 uM) for 6 h was used as a positive control for the induction of
ER stress. d RGM1 cells transfected with pCMV-GFP-LC3 were treated
with DMSO or 500-uM indomethacin for 16 h, followed by incubation
with LysoTracker Red for 30 min. Left part, confocal microscopy (x200).
Cells were treated with indomethacin for different periods of time and the
number of GFP-LC3 dot-positive cells was divided by the total cell num-
ber. Right part, the percentages of GFP-LC3 dot-positive cells. Bars
represent mean = SD (n = 3). ¢ DMSO- or indomethacin-treated GFP-
LC3-expressing cells were incubated with 50 uM MDC for 30 min.

rapamycin (mTOR inhibitor) on indomethacin-induced
autophagosome formation (Fig. 1f). 3-MA and compound C
co-administered with indomethacin significantly blocked
GFP-LC3 dot formation, which was reduced to a nearly basal
level, whereas rapamycin treatment alone efficiently increased
GFP-LC3 dot formation. After cell incubation with different
doses of indomethacin for different periods of time, significant
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Confocal microscopy images (x800) are shown. f GFP-LC3-expressing
RGML1 cells were treated with inhibitors of various signaling pathways: 3-
MA (10 uM), Compound C (10 uM), PD98029 (PD, 10 M), SP600125
(SP, 10 uM), SB202190 (SB, 10 uM), diphenyleneiodonium chloride
(DPI, 10 uM), and rapamycin (2 uM) in the absence or presence of
500-uM indomethacin for 16 h. The percentages of GFP-LC3 dot-posi-
tive cells were determined. Bars represent mean =+ SD (n = 3). g. Western
blot for LC3B after different doses of indomethacin, in which rapamycin
was compared with professional LC3B II inducer and ATGS expression
was measured after different times of 500-uM indomethacin. Rpm*
stands for rapamycin. Indomethacin administration significantly in-
creased either LC3B II or ATGS. h. Western blot for p-mTOR, mTOR,
p-Akt, and AKT after different times of 500-uM indomethacin. Upon
indomethacin administration, the ratio of phospho-mTOR to total
mTOR was initially increased until 8 h, after which it gradually decreased
to less than 10% of the pre-treatment level at 16 h (p < 0.05) and in the
same manner, the AKT pathway, which is a crucial activator of mTOR,
was significantly blocked by 500-mM indomethacin treatment after 16 h
(p <0.05)

increases in LC3B-II and ATGS were noted on a Western blot
(p <0.01, Fig. 1g). The mTOR pathway plays a central role in
the initiation and maturation of autophagosomes and in signal-
ing upstream of AKT. Upon administration of 500-uM indo-
methacin, the ratio of phospho-mTOR to total mTOR was ini-
tially increased until 8 h, but then gradually decreased to less
than 10% of the pre-treatment level at 16 h, indicating
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inactivation of the mTOR pathway; similarly, the AKT path-
way, which is a crucial activator of mTOR, was also signifi-
cantly blocked by indomethacin treatment (p < 0.05 for both
kinases, Fig. 1h). From the above experiments, we con-
clude that the mTOR/AKT pathway is important up-
stream of indomethacin-induced autophagy.

Knock-down of the PERK, LC3B, and ATGS genes
mitigated indomethacin-associated gastric epithelial cell
cytotoxicity

Since several studies have demonstrated that ER stress induced
by hypoxia, thapsigargin, tunicamycin, amino acid deprivation,
or expanded polyglutamine aggregation can induce autophagy
[15], it was necessary to check whether indomethacin-induced
ER stress precedes autophagy and resulting cell death. To test

this hypothesis, we knocked down PERK with a small hairpin
RNA (shPERK). The levels of ER stress-related mRNAs such
as GRP78, CHOP, and XBP-1 induced by indomethacin were
lower in shPERK-transfected cells than in mock-transfected
cells (Fig. 2a). PERK knock-down also significantly attenuated
the levels of ATG5 and LC3B-II and increased the level of
phospho-mTOR, confirming that ER stress might be involved
in indomethacin-induced autophagy. LC3B knock-down signif-
icantly reduced indomethacin-induced caspase-3 cleavage and
apoptosis (p < 0.01, Fig. 2b, c), suggesting that indomethacin
cytotoxicity is associated with autophagic cell death. To further
confirm that autophagy consequent to indomethacin-induced
ER stress promotes apoptosis rather than rescues gastric epithe-
lial cells from apoptosis, we knocked down the ATG5 gene
using shATGS. As shown in Fig. 2d, e, indomethacin-induced
caspase-3 cleavage and resulting apoptosis were significantly
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Fig. 2. Influence of knocking out PERK, LC3B, or ATGS on
indomethacin-induced autophagy and apoptosis. a RGM1 cells stably
transfected with the shPERK vector (shPERK) and empty vector
(mock) were treated with 500-uM indomethacin for 16 h, and cell lysates
were immunoblotted with anti-PERK, anti-phospho-mTOR, anti-mTOR,
anti-ATGS, anti-LC3B 1I, and anti-3-actin antibodies. b Target-specific
siRNA for LC3B (siLC3B) or a negative control RNA (mock) was
transfected into RGM1 cells for 24 h. The expression of LC3B mRNA
was checked by RT-PCR (upper part) and the cleavage of caspase-3
(lower part) was compared between mock-transfected and siLC3B-
transfected cells. The level of cleaved caspase-3 was significantly de-
creased in cells transfected with siLC3B. Bars represent mean + SD
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(n =3). ¢ Mock-transfected cells and siLC3B-transfected cells were treat-
ed with indomethacin (500 pM) for 16 h and analyzed by flow cytometry
for annexin V-FITC and PI staining. The relative levels of the cleaved
form of caspase-3 and (3-actin were quantified by densitometry, and the
ratio of cleaved caspase-3 to (3-actin was calculated. Bars represent
mean + SD (n = 3). d Autophagy inhibition in shATG5-transfected
RGMI. Cells were treated with indomethacin and LC3B and the cleaved
form of caspase-3 were analyzed by Western blotting. Bars represent
mean + SD (n = 3). e Mock-transfected cells and shATG5-transfected
cells were treated with indomethacin (500 uM) for 16 h and analyzed
by flow cytometry for annexin V-FITC and PI staining
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decreased in shATGS5-transfected cells in comparison with
mock-transfected cells (p < 0.01). All of these findings consis-
tently showed that indomethacin-induced ER stress precedes
autophagy and that autophagy after indomethacin-induced ER
stress induces cell death rather than promotes cell survival. To
discriminate between necroptosis and apoptosis after indometh-
acin treatment, we measured the changes in RIPK1, a key sig-
naling molecule in the programmed necrosis pathway, in
RGM1 cells treated with indomethacin alone or a combination
of indomethacin and chloroquine (CQ, an autophagy inhibitor),
and did not find any significant differences between the two
groups (Supplementary Fig. 1a). Scanning electron microscopy
revealed that indomethacin treatment led to numerous cell sur-
face blebs, i.e., morphology distinct from that expected for
necroptosis or necrosis (Supplementary Fig. 1b).

Pharmacologic inhibition of autophagy with 3-MA or CQ
significantly decreased indomethacin-associated gastric
epithelial cytotoxicity

On the basis of the above findings that genetic inhibition of
autophagy significantly alleviated indomethacin-associated
gastric epithelial cytotoxicity, we assessed the effects of phar-
macological inhibition of autophagy with either 3-MA or CQ
on indomethacin-associated cytotoxicity. Indomethacin sig-
nificantly increased apoptosis as measured by the levels of
Annexin V and cleaved caspase-3 (both p < 0.01), but co-
treatment with 3-MA and indomethacin significantly de-
creased apoptosis (p < 0.05, Fig. 3a). Similarly, CQ signifi-
cantly attenuated indomethacin-induced apoptosis (p < 0.05,
Fig. 3a, d). As shown in Fig. 3b, d, indomethacin significantly
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Fig. 3. Autophagy inhibition by 3-MA or CQ. a RGM1 cells were co-
treated with indomethacin (500 uM) and 3-MA (10 uM) for 16 h, after
which an Annexin V staining was performed. Cells were stained with
annexin V-FITC and PI and analyzed by flow cytometry. Bars represent
mean + SD (n = 3). b Western blot for cleaved caspase-3 after indomethacin
alone and a combination of indomethacin and 3-MA. RGM1 cells were
exposed to 3-MA and indomethacin for 16 h and soluble protein extracts
were subjected Western blotting with the indicated antibodies. The ratios of

cleaved caspase-3 to (3-actin for each treatment were quantified by densi-
tometry. Bars represent mean + SD (n = 3; right). ¢ Confocal imaging of
GFP-LC3 and Lysotracker Red after 3-MA and CQ. d Flow cytometry after
CQ treatment during indomethacin administration. e RGM1 cells were ex-
posed to CQ and indomethacin for 16 h and soluble protein extracts were
subjected to SDS-PAGE and Western blotting with the indicated antibodies.
[3-actin was used as a loading control (/eff). The ratio of cleaved caspase-3 to
{3-actin were quantified by densitometry. Bars represent mean + SD (1 = 3)
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increased, whereas either 3-MA or CQ significantly decreased
the levels of LC3B-II, ATGS, cleaved caspase-3, and cleaved
PARP (all p < 0.05). Confocal observation of GFP-LC3 and
Lysotracker Red showed that indomethacin induced signifi-
cant autophagosome formation (p < 0.005), whereas 3-MA
and CQ significantly inhibited autophagy (p < 0.05, Fig. 3c).

Genetic ablation of the LC3B gene in mice significantly
mitigated gastric damage induced by indomethacin

Since the above in vitro experiments consistently showed that
autophagy inhibition can be a rescue strategy from NSAID-
induced cytotoxicity, we next compared indomethacin-
associated gastric damage in both wild-type (WT) and LC3B
knock-out (LC3B™") mice. Administration of indomethacin
(20 mg/kg) for 16 h provoked significant gastric mucosal dam-
age including multiple linear ulcerations, multiple hemorrhagic
streaks, and profuse bleeding (Fig. 4a). On microscopic evalu-
ation, indomethacin induced overt ulceration surrounded by

A

WT mice LC3B - mice

necrotic debris, mucosal erosion and hemorrhages, inflammato-
ry cell infiltration, and submucosal edema (Fig. 4a). However,
indomethacin-induced gastric damage was significantly attenu-
ated in LC3B™" mice in comparison with WT mice (p < 0.01,
Fig. 4a). Indomethacin-associated gastric damage was signifi-
cantly associated with apoptosis (p < 0.001, Fig. 4b), but apo-
ptosis was significantly inhibited in LC3B™ mice (p < 0.001,
Fig. 4b). These data suggest that apoptosis is a key mechanism
involved in indomethacin-associated gastric damage.

Indomethacin significantly increased the levels of LC3B and
ATGS as well as cleavage of caspase-3 in stomach homogenates
of WT mice (p < 0.01), but LC3B and Atg5 expression was
significantly lower in LC3B™ mice even after indomethacin
administration (p < 0.01, Fig. 4c). After indomethacin adminis-
tration, the expression of PERK and Beclin-1, proteins involved
in ER stress, was significantly lower in the stomachs of LC3B™~
mice than in those of WT mice, confirming the above in vitro
results and indicating that genetic ablation of autophagy protects
mice from indomethacin-associated gastric damage.
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Fig. 4. Influence of genetic ablation of autophagy on indomethacin-
associated gastric damages. a An indomethacin-induced gastric ulcer in
LC3B™ mice and wild-type (WT) littermates. A representative image,
gross lesion index and pathologic lesion index of WT littermates and
LC3B™" mice. Bars represent mean = SD (n = 8). b Representative
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images of TUNEL staining performed in WT and LC3B™~ mice before
and after indomethacin administration. Apoptotic index (Al) is shown for
each group. ¢ Western blot analysis of LC3B, ATGS, caspase-3, Beclin-1,
PERK, p-PERK, and (3-actin. Bars represent mean + SD (n = 6)
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Pharmacologic inhibition of autophagy with either 3-MA index and pathologic lesion index in comparison with indo-
or CQ significantly rescued from indomethacin-associated =~ methacin treatment alone (p < 0.01, Fig. 5b). The preventive
gastric damage efficacy of 3-MA or CQ was similar or superior to that of the

proton pump inhibitor pantoprazole (data not shown). To con-
Since genetic inhibition of autophagy showed a significant ~ firm that autophagy and apoptosis are responsible for
rescuing effect against indomethacin-induced gastric damage  indomethacin-associated gastric damage in the rat model and
(Fig. 4), we checked whether the autophagy inhibitors 3-MA  autophagy inhibition contributes to mitigation of
or CQ can mitigate indomethacin-associated gastric damage  indomethacin-induced gastric ulcers, we performed Western
in Sprague-Dawley rats. As shown in Fig. 5a, rats were divid-  blotting for LC3B and caspase-3, TUNEL assay, and immu-
ed into four groups: untreated, indomethacin alone (50 mg/kg  nohistochemical staining with LC3B antibody. We found sig-
instead of 20 mg/kg in the above mice model, but the same  nificant activation of LC3B and caspase-3 after indomethacin
time points up to 16 h), indomethacin + 3-MA, and indometh-  treatment (p < 0.05, Fig. 5¢). The number of TUNEL-positive
acin + CQ (n = 8 per group). Indomethacin treatment resulted  cells was dramatically increased around ulcers and in the ulcer
in significant gastric damage including overt gastric ulcers,  niches, and the level of LC3B-II was significantly increased at
bleeding, and edematous and erythematous gastric mucosa  a location similar to that of TUNEL staining. However,
(p < 0.01, Fig. 5b). However, co-treatment with 3-MA or  TUNEL positivity and LC3B expression were significantly
CQ and indomethacin significantly reduced the gross lesion  decreased even at ulcer sites in the 3-MA- and CQ-treated
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Fig. 5. Pharmacological inhibition of autophagy on indomethacin- groups. The pathologic lesion index of each group was calculated. Bars
associated gastric damages. a Efficacy of the autophagy inhibitors 3- represent mean = SD (n = 8). ¢ Tissue lysates of each group were
MA or CQ against indomethacin-induced gastric ulcers in rats. immunoblotted with anti-LC3B, anti-cleaved caspase-3, and anti-3-
Schematic protocol of the indomethacin-induced gastric ulcer rat model. actin antibodies. Bars represent mean + SD (n = 6). d Sections of gastric

Rats were killed 18 h after the completion of each treatment. n = 8§ SD tissues were subjected to H&E staining and TUNEL assay. Confocal
rats/group. b Representative gross features of the stomach in different images of immunohistochemical staining with LC3B are shown
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Fig. 6. Schematic summary. The
current study provides new hope
that inhibiting autophagy can be a

NSAIDs
(indomethacin)

potential strategy to alleviate
NSAID-induced gastric damage

Overwhelm ER stress
in gastric epithelial cells

I Genetic inhibition; LC3B7/- mice, siLC3B, shATG, shPERK

Pharmacologic inhibition; 3-MA, Chloroquine

Excess Cytotoxicity
through autophagic cell death
of gastric epithelial cells

groups (Fig. 5d). From the data shown in Figs. 4 and 5, we
conclude that either genetic ablation of autophagy genes or
pharmacological inhibition of autophagy significantly miti-
gates indomethacin-associated gastric damage (Fig. 6).

Discussion

The current study has clearly demonstrated that NSAID-
induced ER stress and consequent autophagy can evoke apo-
ptotic cell death in gastric epithelial cells, leading to NSAID-
associated gastric damage. Accordingly, autophagy inhibition
efficiently rescued gastric cells or gastric wall from NSAID-
associated gastric damage. In addition to in vitro evidence that
apoptotic cytotoxicity after NSAID treatment is regulated by
autophagy inhibition, our in vivo animal model consistently
showed that inhibition of autophagy either by genetic means
in LC3B knock-out mice or by pharmacological means using
CQ and 3-MA in rats significantly mitigated indomethacin-
associated gastric damage. Similar to PPI, CQ achieved sig-
nificant rescuing efficacy against indomethacin-induced gas-
tric damage, which strongly supports the necessity of well-
designed clinical trials for its future clinical applications
(Fig. 6). Though it has been reported [8] that aspirin-induced
GI damage is associated with inhibition of epithelial cell au-
tophagy, our findings support the findings by Harada et al. [6]
and Narabayashi et al. [7] that autophagy inhibition can di-
minish indomethacin-induced intestinal cell damage. A possi-
ble explanation of the discrepancy between studies is that we
documented the rescuing action of autophagy inhibition in
stomach and gastric cells (RGM1), while other studies
assessed intestinal damage and used IEC-6 enterocytes.
Furthermore, we explored in detail the effects of genetic and
pharmacological inhibition of autophagy in both in vitro cell
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NSAID-induced gastric mucosal damages
(gastric ulcers, erosions, hemorrhage, gastritis)

models and in vivo animal models, and our data agree with the
results of Harada et al. [6] and Narabayashi et al. [7]. Although
Harada et al. used ATGS conditional knock-out rats, whereas
our experimental model was LC3B knock-out mice, both
studies reached the same conclusion.

Disturbances in the normal functions of the ER lead to the
evolutionarily conserved stress response, which is initially
aimed at compensating for the incurred damage. However, if
the ER protein-folding capacity is overwhelmed or dysfunc-
tion is prolonged, ER stress eventually triggers cell death [20,
21]. The ER stress response can protect cells under mild
stresses but can kill cells through apoptosis under severe stress
[22]. Similarly, autophagy might be regarded as a defensive
and salvaging process following the ER stress response.
However, excessive autophagy under prolonged NSAID ad-
ministration is never protective and can lead to autophagic cell
death.

In quiescent cells, the level of autophagy remains usually
low when LC3, the homolog of yeast a#g8, is present diffusely
in the cytoplasm. However, when autophagy needs to be ac-
tivated following cell stress, e.g., NSAID administration and
resulting ER stress, LC3 is transformed into LC3-II (Fig. 1)
[19, 23]. Although pharmacological or genetic inhibition of
autophagy may sensitize cells to apoptosis in response to che-
motherapeutic agents or radiation [24, 25], autophagy itself
can mediate or trigger apoptosis under different conditions
through ER stress [26, 27]. Tsutsumi et al. [3] first examined
the association between the ER stress response and NSAID-
induced apoptosis and found that exposure of gastric mucosal
cells to indomethacin induces GRP78, CHOP, ATF6, and
XBP-1 and causes NSAID cytotoxicity regardless of the
NSAID used. Chen et al. [28] found that the cytotoxic effect
of different pharmacological agents that affect COX-2 inhib-
itory potency is closely related to the ability of these agents to
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trigger ER stress. Therefore, ER stress seems to be a COX-
independent mechanism responsible for NSAID-induced gas-
tric mucosal cytotoxicity (Fig. 1) [29-31]. Though basal
levels of autophagy ensure the physiological turnover of old
and damaged organelles and massive accumulation of autoph-
agic vacuoles may represent either an alternative pathway of
cell death or an ultimate attempt to survive [32], activation of
the autophagic pathway beyond a certain threshold may pro-
mote cell death by causing the collapse of cellular functions,
so called type II cell death. Autophagy is a lysosomal degra-
dation pathway essential for survival, differentiation, develop-
ment, and homeostasis, but in the current setting such as
NSAID administration, the self-cannibalistic and apoptotic
functions of autophagy may be deleterious and play a role in
NSAID-induced gastric damage. From the current study, the
facts that shPERK-transfected cells reduced the expression of
ATGS5 and increased the ratio of phospho-mTOR to total
mTOR in comparison with mock-transfected cells (Fig. 2)
suggest that ER stress might be an upstream regulator of au-
tophagy induction after indomethacin treatment.

Though CQs have been used for treatment of malaria for
over 500 years and have also been known to have disease-
modifying properties in systemic lupus erythematosus [33] for
over 50 years, newer iterations of this class of anti-
inflammatory agents have been used to treat autoimmune dis-
eases and various inflammatory diseases by exploiting Toll-
like receptor-associated mechanisms. In the current study, we
have demonstrated that CQ is an autophagy inhibitor and that
CQ can be used to mitigate NSAID-associated cytotoxicity.
Some researchers consider CQ as an anti-cancer drug as old
drugs are being investigated for their ability to target cancer
metabolism [34, 35]. In oncology, anti-cancer clinical trials
are underway that use CQ to sensitize cancer cells to chemo-
therapy independently of autophagy [36] and CQ is
repositioned to eliminate cancer stem cells in premalignant
lesions [37]. Our study might be the first to suggest CQ as a
potential preventive agent against NSAID-associated gastric
damage. Among autophagy inhibitors, in the current study, we
have also shown the preventive action of 3-MA but not
bafilomycin Al. Although bafilomycin Al is a late-stage au-
tophagy inhibitor, our preliminary study showed that
bafilomycin Al as well as pantoprazole (a PPI) showed sig-
nificant cytotoxicity [38].

In conclusion, our study showed that since NSAID-
induced ER stress and subsequent autophagy seem to
induce cell death in gastric epithelial cells, optimal
modulation of autophagy can be a good opportunity to
mitigate NSAID-associated gastric damage. After well-
designed, extensive large-scale clinical studies, an au-
tophagy inhibitor alone or a combination of an NSAID
and an autophagy inhibitor can become a novel thera-
peutic strategy to protect the stomach from NSAID-
associated damage.
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