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Abstract

A major clinical problem encountered with the use of non-steroidal anti-inflammatory drugs (NSAIDs), is gastrointestinal complica-
tions. We previously reported that NSAIDs induce both necrosis and apoptosis in vitro. We here examined the cyclooxygenase (COX)
dependency of this cytotoxic effect of NSAIDs and its involvement in NSAID-induced gastric lesions. Necrosis and apoptosis by NSAIDs
was observed with all selective COX-2 inhibitors except rofecoxib and was not inhibited by exogenously added prostaglandin E,,
suggesting that cytotoxicity of NSAIDs seems to be independent of the inhibition of COX. Intravenously administered indomethacin,
which completely inhibited COX activity at gastric mucosa, did not produce gastric lesions. Orally administered selective COX-2
inhibitors, which did not inhibit COX at gastric mucosa, also did not produce gastric lesions. Interestingly, a combination of the oral
administration of each of all selective COX-2 inhibitors except rofecoxib with the intravenous administration of indomethacin clearly
produced gastric lesions. These results suggest that in addition to COX inhibition by NSAIDs, direct cytotoxicity of NSAIDs may be

involved in NSAID-induced gastric lesions.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

NSAIDs are one of the most frequently used classes of
medicines in the world and account for nearly 5% of all
prescribed medications [1]. However, NSAID administra-
tion is associated with gastrointestinal complications, such
as gastric ulcers and bleeding, which sometimes become
life-threatening diseases {2]. About 15-30% of chronic
users of NSAIDs have gastrointestinal ulcers and bleeding
[3-6]. In the United States, about 16,500 people per year
die as a result of NSAID-associated gastrointestinal com-
plications [7]. Therefore, the molecular mechanism gov-
erning NSAID-induced gastrointestinal damage needs to

[

* Comesponding author. Tel.: +81-86-2517958; fax: +81-86-2517958.

E-mail address: mizushima@pharm.okayama-u.ac.jp (T. Mizushima).

! present address: School of Pharmacy, Shujitsu University, Okayama
703-8515, Japan.

Abbreviations: NSAID, non-steroidal anti-inflammatory drug; COX,
cyclooxygenase; PG, prostaglandin; FBS, fetal bovine serum; MTT,
3-(4,5-dimethyl-thiazol-2-y1)-2,5-dipheny] tetrazolium bromide; PGI,,
prostacyclin.

0006-2952/% — see front matter @ 2003 Elsevier Inc. All rights reserved.
doi; 10.1016/).bcp.2003.09.020

39

be elucidated in order to develop new NSAIDs that do not
have these side effects.

Inhibition of COX by NSAIDs, which is responsible for
their anti-inflammatory activity was previously thought to
be fully responsible for their gastrointestinal side effects [8].
This is because COX is an enzyme essential for the synth-
esis of prostaglandins (PGs), which have a strong cytopro-
tective effect on the gastrointestinal mucosa [9]. There are at
least two subtypes of COX, COX-! and COX-2, which are
responsible for the majority of COX activity at the gastric
mucosa and tissues with inflammation, respectively
[10,11]. Therefore, it is reasonable to speculate that selec-
tive COX-2 inhibitors have anti-inflammatory activity
without gastrointestinal side effects [10]. In fact, a greatly
reduced incidence of gastroduodenal lesions was reported
for selective COX-2 inhibitors (such as celecoxib and
rofecoxib) both in animal and clinical data [12-15], how-
ever, recently published paper showed no difference in
serious gastrointestinal complications between celecoxib
and two non-selective NSAIDs [16]. Two lines of evidence
have worked against the idea that the gastrointestinal side
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“effects of NSAIDs are caused only by the inhibition of
COX-1. The first is that a selective COX-1 inhibitor (SC-
560) induced no gastric injury even at high dosages, and

_COX-1 knockout mice showed no detectable gastric ulcers

[17-20]. The second line of evidence is that the increased

" incidence of gastrointestifial lesions and the decrease in PG -

levels induced by NSAIDs are not always linked with each
other. For example, higher doses of NSAIDs were required
for producing gastric lesions than were required for inhi-
biting COX at the gastric mucosa [21,22}. The former
contradiction can be explained by the recent proposal that
inhibition of both COX-1 and COX-2 was necessary for
NSAID-induced gastrointestinal lesions [17]. However, the
latter contradiction cannot be explained by this idea,
suggesting therefore that NSAID-induced gastrointestinal
lesions involve additonal mechanisms [23]. Understand-
ing the additional mechanisms is necessary in order to
establish an altemative method for development of gastro-
intestinally safe NSAIDs other than simply increasing their
COX-2 selectivity. This new class of NSAIDs may be
clinically beneficial because clinical disadvantages (i.e.

risk of cardiovascular thrombotic disease) of selective

COX-2 inhibitors were recently suggested [24,25].

In addition to various possibilities proposed for this
additional mechanism (such as reduced blood flow, hyper-
motility, and activation of neutrophils) [26-28), a direct
cytotoxic effect of NSAIDs (topical irritant property) on
gastric mucosal cells was also proposed to be involved in
NSAID-induced gastric lesions [23,29]. As for this direct
cytotoxic effect,” we previously reported that NSAIDs
(indomethacin and aspirin) induced both necrosis and
apoptosis in primary cultures of guinea pig gastric mucosal
cells [30]. In this study, we suggested that the direct
cytotoxic effect of NSAIDs is independent of the inhibition
of COX and suggest that in addition to COX irhibition by
NSAIDs, direct cytotoxic effect of NSAIDs is involved in
NSAID-induced gastric lesions in vivoe by use of a combi-
nation of the oral administration of selective COX-2
inhibitors with the intravenous administration of non-
selective NSAIDs.

2. Materials and methods
2.1. Chemicals, media, and animals

FBS and trypan blue were from Gibco Co. Indometha-
cin, aspirin, and NS-398 were from Wako Co. Ibuprofen,
diclofenac, and 3-(4,5-dimethyl-thiazol-2-y1)-2,5-diphenyl
tetrazolium bromide (MTT) were from Sigma Co. Cele-
" coxib was from LKT Laboratories Inc. Rofecoxib was
"synthesized in our laboratory. We confirmed that this

rofecoxib has bioequivalence with that made by Merck,
by measuring their inhibitory effect on inflammatory PG
synthesis. Etodolac was gift kindly provided by Nippon
Shinyaku Co. The ELISA kits for PGE; and 6-keto-PGF o

quantitation were from Cayman Chemical Co. Male Wistar
rats weighing 160-190 g and male guinea pigs weighing

* 200-300 g were purchased from Shimizu Co. The experi-

ments and procedures described here were carried out in
accordance with the Guide for the Care and Use of
Laboratory Animals as adopted and promulgated by the
National Institute of Health and were approved by the
Animal Care Committee of Okayama University.

2.2. In vitro assay of cytotoxicity and
DNA fragmentation

Gastric mucosal cells were isolated from guinea pig
fundic glands, as described previously [31,32]. Isolated
gastric mucosal cells were cultured for 12 hrin RPMI 1640
containing 0.3% (v/v) FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin in type-1 collagen-coated plastic
culture plates under the conditions of 5% C0,/95% air and
37°. After removing non-adherent cells by washing with
RPMI 1640, cells that were attached to the plate at about
50% confluence were used. Guinea pig gastric mucosal
cells prepared under these conditions were previously
characterized, with the majority (about 90%) of cells being
identified as pit cells [31]). NSAIDs were dissolved in
DMSO and control experiments (without NSAIDs) were
performed in the presence of same concentrations of
DMSOQ. Cells were exposed to NSAIDs by changing the
entire bathing medium. Cell viability was determined by
the trypan blue exclusion test or the MTT method as
previously described [33].

Apoptotic DNA fragmentation was monitored as pre-
viously described [34]. Cells were collected using a rubber
policeman and suspended in 70 uL. of lysis buffer, con-
sisting of 50 mM Tris—-HCI (pH 7.8), 10 mM EDTA, and
0.5% sodium-N-lauroylsarcosinate, Proteinase K was
added to a final concentration of 1 mg/mL, and the lysate
was incubated at 50° for 2 hr. RNase A was then added to a
fina} concentration of 0.5 mg/mL and incubated at 50° for
30 min. These samp]es were analyzed by 2% agarose gel
electrophoresis in the presence of 0.5 pg/mL. ethidium
bromide. :

2.3, Gastric darﬁage assay

Rats (24 hr fasted) were orally administered with selec-
tive COX-2 inhibitors or non-selective NSAIDs with 1%
methylcellulose in a volume of 5ml/kg. Contro! rats
received an equal volume of the vehicle (1% methylcellu-
lose). In some experiments, 1 hr before the oral adminis-
tration, indomethacin (dissolved in PBS), aspirin
(dissolved in PBS), or vehicle (PBS) was administered
intravenously via the tail vein. Six hours after the oral
administration, the rats were anesthetized and the stomach
was removed and scored for hemorrhagic damage by an
observer unaware of the treatment that the rats had
received. The score involved measuring the area of ali
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lesions in millimeters and summing the values to give an
overall gastric lesion index. Determination of PGE, levels
at the gastric mucosa was done by ELISA as previously
described [35].

2.4. Caspase activity assay
The activity of caspase 3 was determined as described

previously [30]. Briefly, cells were collected by centrifu-
gation and suspended in extraction buffer (50 mM PIPES

A

Cell viability {%)

(pH 7.0), 50 mM KCl, 5 mM EGTA, 2 mM MgCl,, and
! mM DTT). Suspensions were sonicated and centrifuged,
after which the supernatants were incubated with fluoro-
genic peptide substrate (Ac-DEVD-MCA) in reaction
buffer (100 mM HEPES-KOH (pH 7.5), 10% sucrose,
0.1% CHAPS, and 1 mg/mL BSA) for 15 min at 37°.
The release of AMC was determined using a fluorescence
spectrophotometer. One unit of protease activity was
defined, as the amount of enzyme required to release
1 pmol AMC/min.
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Fig. 1. Necrosis and apoptosis induced by various NSAIDs. Cultured guinea pig gastric mucosal cells were incubated with indicated concentrations of
various NSALDs for 1 hr (A, C) or 16 hr (B, C). Cell viahility was determined by the MTT methed (A, B). Chromosomal DNA was extracted and analyzed by

2% agarose gel electrophoresis (C). Values are mean + SEM (N = 3),
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2.5. Statistical analysis

All values are expressed as the mean & standard error
(SEM). One-way ANOVA followed by Scheffe’s multiple
comparison was used for evaluation of differences between
the groups. A Student’s r test for unpaired results was
performed for the evaluation of differences between two
groups. Differences were considered to be significant for
values of P < 0.05.

3. Results

3.1. In vitro necrosis and apoptosis induced by various
NSAIDs, and their relationship with COX inhibition

We previously reported that short-term (1 hr) treatment
of primary cultures of guinea pig gastric mucosal cells with

high concentrations of NSAIDs (indomethacin, 2.5 mM)
and long-term (16 hr) treatment of these cells with low
concentrations of NSAIDs (indomethacin, I mM) induced

necrosis and apoptosis, respectively [30]. In the present

study, selective COX-2 inhibitors (etodolac, NS-398,
celecoxib, and rofecoxib) and non-selective NSAIDs
(or slightly selective NSAIDs for COX-1 or COX-2)
(indomethacin, diclofenac, and ibuprofen) were tested
for their ability to induce necrosis and apoptosis in vitro.
Necrosis and apoptosis were assessed on the basis of the
presence and absence, respectively, of apoptotic DNA
fragmentation and caspase 3 activation. The decrease in
cell viability with short-term (1 hr) NSAIDs treatment
(Fig. 1A) is not associated with apoptotic DNA fragmenta-
tion (Fig. 1C) and caspase 3 activation (Table 1), suggest-
ing that it is mediated by necrosis, To confirm this finding,
we carried out double-staining experiments with propi-
dium ijodide and Hoechst 33342, Since necrotic cells loge
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Table 1
Activation of caspase 3 by NSAIDs
Incubation NSAIDs Caspase 3-like activity
(br) {U/mg protein)
1 Control 10+3
4 mM indomethacin 11+1
4 mM diclofenac 136
10 mM ibuprofen 13+£2
- 10 mM etodolac 10£3
2 mM NS-398 11£5
0.5 mM celecoxib 10£5
& mM rofecoxib 0+4
16 Control 14 +4
| mM indomethacin 525 £ 23"
| mM diclofenac - 564 £ 50"
3 mM ibuprofen 591 £ 327
3 mM etodoiac 455 £ 297
0.25 mM NS-398 473 £33™
0.125 mM celecoxib 637 £ 61
3 mM rofecoxib 2948

Cultured guinea pig gastric mucosal cells were incubated with
indicated concentrations of various NSAIDs for 1 or 16 hr. Activities of
caspase 3 were examined by the use of specific fluorogenic peptide
substrates (Ac-DEVD-MCA). Values are mean + SEM (N = 3).

P < 0.001.

their membrane integrity, propidium iodide staining causes
pink nuclear staining in necrotic cells, whereas living cells
and apoptotic cells are not stained with propidium iodide.
We previously reported that 1 hr treatment with 2.5 mM
indomethacin caused pink nuclear staining [30]. We here
performed the same type of experiment for other NSAIDs
used in Fig. 1 and found that 1 hr treatment with 4 mM
indomethacin, 4 mM diclofenac, 10 mM ibuprofen,
10 mM etodolac, 2 mM NS-398, or 0.5 mM celecoxib
caused pink nuclear staining (data not shown), strongly.

100 =

PGE, (% inhibition)

suggesting that cell death shown in Fig. 1A is mediated
through necrosis. In contrast, the decrease in cell viability
with long-term (16 hr) NSAIDs treatment (Fig. 1B) is
associated with apoptotic DNA fragmentation (Fig. 1C)
and caspase 3 activation (Table 1), suggesting that it is
mediated by apoptosis. Among all of NSAIDs tested here,
only rofecoxib induced neither necrosis nor apoptosis
(Fig. 1). Interestingly, apoptosis induced by N5-398 was
greatest at a concentration of 0.25 mM and the higher
concentrations of NS-398 caused the less induction. We
have no explanation for this phenomenon at present. We
consider that the concentrations of NSAIDs required for
necrosis and apoptosis in vitro are possible in vivo asso-
ciating with gastric ulceration in animal models, as. dis-
cussed in our previous paper [30]. However, it is unclear
whether gastric mucosal cells can be exposed to NSAIDs
as long as 16 hr in animal models. Furthermore, it is also
unclear whether these concentrations are relevant for clin-
ical use of NSAIDs. There seemed to be no direct relation-
ship between the cytotoxicity (concentrations of NSAIDs
required for necrosis and apoptosis) and the selectivity for
COX-2 of NSAIDs.

The level of PGE; in the medium upon treatment of cells
with various NSAIDs was measured. Compared to non-
selective NSAIDs, higher concentrations of selective
COX-2 inhibitors were required for inhibiting PGE; synth-
esis, being consistent with the idea that the majority of
COX activity is derived from COX-1 activity in gastric
mucosal cells [10,11]. Comparing results (Figs. 1 and 2), it
is clear that there is no relationship between them in terms
of their cytotoxicity and their ability to inhibit PGE,
synthesis. For example, celecoxib was the strongest com-
pound in terms of cytotoxicity, but the weakest for inhibit-
ing PGE; synthesis. Therefore, it seems that the cytotoxic
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—O— diclofenac '
+ ibuprofen

—Ill— etodolac

-—— NS§-398

—k— celecoxib

—4&— rofecoxib
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NSAIDs (M)

¥ 1
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Fig. 2. Inhibition of PGE; synthesis ‘by exposure to various NSAIDs in cultured cells. Cultured guinea pig gastric mucosal cells were incubated with
indicated concentrations of various NSAIDs far 30 min, following which the levels of PGE; in the media were determined by ELISA, Values are expressed as

relative to control (without NSAIDs) (2 x 10°7 M),
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effects of NSAIDs (necrosis and apoptosis) are indepen-
dent of their ability to inhibit COX. For further confirma-
tion of this point, we examined the effect of exogenously
added PGE- on necrosis and apoptosis induced by indo-

methacin. Exogenously added PGE; did not affect the
extent of cell death by short-term or long-term-treatment -

with indomethacin (necrosis or apoptosis, respectively)
even at higher concentrations of PGE; than is present
endogenously in medium (107° M) (Fig. 3).

It was recently reported that prostacyclin (PGI;) protects
cells from apoptosis [36,37]. Therefore, we also measured
the level of PGl, in the medium. Since PGI, is very
unstable in medium, we determined the level of 6-keto-
PGF,,, (metabolite of PGI,) instead of PGl,. In the absence
of NSAIDs, the concentration of 6-keto-PGF,q in the
medium was 0.7 nM. The I1csp value of indomethacin
and celecoxib for inhibiting 6-keto-PGF,, synthesis was
about 5 x 1079 M. We also examined the effect of exo-
genously added PGI, on necrosis and apoptosis induced

{A) 100 -

75 -
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Cell viability (%)

25

0 109 108 107 106
, PGE, (M)
(C)100

75 -

50 -

Cell viability (%)

25

0 1010 10° 10® 107
Carbaprostacyclin (M)

by indomethacin. Due to the instability of PGI; in medium,
we used carbaprostacyclin (stable analogue of PGl;)
instead of PGl,. Exogenously added carbaprostacyclin
did not affect the extent of cell death by short-term or
long-term treatment with indomethacin (necrosis or apop- -

—--t0sis, respectively) (Fig. 3C and D). These results suggest . ... ..

that inhibition of PGl, synthesis by NSAIDs is not
involved in NSAID-induced necrosis and apoptosis.

3.2, Development of gastric lesions by a combination
of the oral administration of selective COX-2 inhibitors
with the intravenous administration of non-selective

NSAIDs

(B)

Cell viability (%)

Gl
-
=4
Q
}

Cell viability (%)

We considered that not only COX inhibition (inhibition of
PG synthesis) but also the COX-independent direct cyto-
toxic effect of NSAIDs is involved in the development of
gastrointestinal lesions in vivo. For testing this idea by
pharmacological experiments, it is necessary to separate
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Fig. 3. Effect of PGE; on necrosis and apoptosis induced by NSAIDs. Cultured guinea pig gastric mucosal cells were incubated with 25 mM (A, C) or
0.9 mM (B, D) indomethacin for 1 hr (A, C) or 16 hr (B, D)) in the presence of indicated concentrations of PGE; {A, B) or carbaprostacyclin (C, D). Cell
viability was determined by the trypan blue exclusion test. Valves are mean + SEM (N = 3). Similar results were obtained by MTT assay.

e



W. Tomisato et al. /Biochemical Pharmacology 67 (2004) 575-585 581

(A)
12 12
10 - Fatlle
-‘E‘ E
E 87 *k g 81 **
pve »
g 5
2 °7 , | sl
s | ked c *
2 ad . ' O 44 .
= 8
2 - 2 -
n.d. n.d 0 nd nd
] ——
: o © 75 15 15 15 [ 15 15 30 30
Etodofac (mg/kq, p.o.) NS-398 (mg'kg, p.o.)
12 4 12 7
10 ;-10 -
& E
E 8- §, 8 -
E L 214 E ’
E °7 £ %]
=1 * | =
-% 4 O g- .
8 @ |
-d
2 2 -
. n.d. . d. .d. n.d.
,And nd  nd e MLLE. i i
¢ o 75 15 15 15 0 o 15 15 30 30
Celecoxib (mg/kg, p.o.) Rofecoxib (mg/kg, p.o.)
12 -I 12 =y
10 - 10
o~ o
E s E -
E° E*®
» »»
QO [
£ : £ -
= <
o 2
-g 4 - g 4 -
ud o
2 - 2
0 nd nd nd nd
0
o 0 38 38 75 75 0 o a8 38 ‘75 15
Diclofenac (mg/kg, p.o.) Indomethacin {mg/kg, p.o.)

O control

B 3 mg/kg indomethacin Lv.
Fig. 4. Production of gastric lesions in rats. Rats were intravenously administered with 3 mg/kg indomethacin {A), both 3 mg/kg indomethacin and indicated
dose of etodolac (B), 100 mg/kg aspirin (C), or vehicle. After 1 hr, animals were crally administered with NSAIDs as indicated or vehicle (A, C) (no oral

administration (B)). After 6 hr, the stomach was removed and scored for hemorrhagic damage. Values are.mean £ SEM (N = 6). ***P < 0.001; **P < 0.01;
*P < 0.05 (both intravenously and orally administered groups vs. only orally administered groups). n.d.; not detected.
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Fig. 4. (Continued).

these two properties of NSAIDs (i.e. COX inhibition and
direct cytotoxicity) in the model of NSAID-induced gastric
lesions in vive. We tried to achieve this by employing
intravenous administration of a non-selective NSAID (indo-
methacin) and oral administration of selective COX-2
inhibitors in rats. Intravenous administration of non-selec-
tive NSAIDs may cause inhibition of both COX-1 and
COX-2 (thus inhibition of PG synthesis) at the gastric
mucosa without -any direct cytotoxicity. to the gastric
mucosa, because the concentration of NSAIDs at the gastric
mucosa following intravenous administration is much lower
compared to when NSAIDs are orally administered. On the
other hand, oral administration of selective COX-2 inhibi-
tors (except rofecoxib) may cause direct cytotoxicity to the
gastric mucosa without inhibition of COX-1, and thus PG
synthesis may be maintained.

Intravenous administration of indomethacin (3 mg/kg) in
rats did not produce gastric lesions (Fig. 4A) even though
the level of PGE, at the gastric mucosa was reduced by
more than 90% (Table 2). These data suggest that inhibition
of COX is not sufficient to produce gastric lesions. On the
other hand, oral administration of selective COX-2 inhibi-
tors (etodolac, NS-398, celecoxib, and rofecoxib) did not by
themselves (i.e. without intravenous administration of indo-
methacin) produce gastric lesions (Fig. 4A). PGE; synthesis

at the gastric mucosa was not inhibited by the oral admin-
istration of these selective COX-2 inhibitors (except for
weak inhibition by 15 mg/kg etodolac) (Table 1). There-
fore, the absence of gastric lesions only by oral adminis-
tration of these selective COX-2 inhibitors can be explained
by the fact that inhibition of PG synthesis is required for the
development of gastric lesions by NSAIDs.

Table 2 . :
Inhibition of gastric PGE, synthesls by NSAIDs in vivo

NSAIDs Gastric PGE; (ng/g tissue)
Control 26810

3 mp/kg indomethacin i.v. 14 +£04
100 mg/kg aspirin Lv. 14 £02™
3.8 mp/kg indomethacin p.o. 23104
3.8 mg/kg diclofenac p.o. 122+ 11"
7.5 mg/kg diclofenac p.o. 315157
7.5 mg/kg etodolac p.o. 182+ 3.8
15 mg/kg ctodolac p.o. 514 14™
30 mg/kg N5-398 p.o. 202 +£3.2
15 mg/kg celecoxib p.o. 253+ 1.3
30 mg/kg rofecoxib p.o. 199 £ 4.1

Rats were intravenously (i.v.) or orally {p.o.) administered with indicated
doses of NSAIDs. After 6 hr (p.c.) or 7 hr (i.v.), the Jevel of PGE; in gastric
mucosa was determined by ELISA. Values are mean = SEM (N = 4-6).

P < 0.001.
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Interestingly, a combination of intravenous administra-
tien of indomethacin and oral administration of COX-2-
selective inhibitors (except rofecoxib) clearly produced
gastric lesions (Fig. 4A). On the other hand, a combination
of intravenous administration of indomethacin and oral
administration of rofecoxib did not significantly produce
gastric lesions (Fig. 4A). We repeated experiments in
Fig. 4A using piroxicam instead of indomethacin and

obtained similar results (data not shown). Since among
- all'of COX-2-selective inhibitors, only rofecoxib did not - -~

* show direct cytotoxicity in vitro (Fig. 1), results in Fig. 4A
suggest that direct cytotoxicity of NSAIDs is involved in
production of gastric lesions. However, since it was
recently proposed that ichibition of both COX-1 and
COX-2 is required for the development of gastric lesions
by NSAIDs [17,19,20], and indomethacin has a weak
selectivity for COX-1 (1:0.3) [38], one can argue that
the inhibition of COX-2 by intravenously administered
indomethacin was not enough and that orally administered
selective COX-2 inhibitors inhibited the remaining COX-2
activity, thereby resulting in the development of gastric
lesions. However, this possibility was ruled out by an
experiment which showed that intravenous administration
of both indomethacin (3 mg/kg) and etodolac (15 mg/kg),
which must inhibit both COX-1 and COX-2 [39], did not
produce gastric lesions (Fig. 4B). We also showed that a
combination of intravenous administration of indometha-
cin and oral administration of SC-560 (selective COX-1
inhibitor) produced gastric lesions (data not shown).
Furthermore, we confirmed that the level of PGE, at the
gastric mucosa with intravendus administration of indo-
methacin was not further decreased by oral administration
of COX-2-selective inhibitors (data not shown). These
combined results support our idea that not only COX
inhibition (inhibition of PG synthesis) but also the
. COX-independent direct cytotoxic effect of NSAIDs is
involved in the development of gastric lesions in vive.

On the other hand, oral administration of indomethacin
did produce gastric lesions without intravenous adminis-
tration of indomethacin (Fig. 4A). Based on the hypothesis
described above, these data can be explained by the fact
that orally administered indomethacin had not only 4 direct
cytotoxic effect but also resulted in COX inhibition (inhi-
bition of PG synthesis) (Table 2), and thus produced gastric
lesions without intravenous administration of indometha-
cin. Production of gastric lesions by oral administration of
3.8 but not 7.5 mg/kg diclofenac was increased by the prior
intravenous administration of indomethacin (Fig. 4A),
which may be related to the fact that orally administration
of 7.5 mg/kg but not 3.8 mg/kg diclofenac inhibited PG
synthesis completely (about 90%) (Table 2).

We also intravenously administered aspirin, a non-selec-
tive NSAID, instead of indomethacin (Fig. 4C). Adminis-
tration of aspirin alone in this way did not produce gastric
lesions, but lesions were produced when etodolac was
administered orally in conjunction with intravenously

Ry

administered aspirin (Fig. 4C). Similar results were
obtained for NS-398 and celecoxib (data not shown). This
result not only supports our hypothesis but also provides us
with an important suggestion for the clinical use of selec-
tive COX-2 inhibitors (see Section 4).

4. Discussion

- -In this study, we have shown that the cytotoxic effects -
(necrosis and apoptosis) of NSAIDs on gastric mucosal
cells in vitro are independent of COX inhibition by those
NSAIDs. Furthermore, in vivo analysis using both oral and
intravenous administration of NSAIDs suggested that not
only COX inhibition but also the COX-independent direct
cytotoxic effect of NSAIDs is involved in the development
of gastric lesions. Both increase in aggressive factors and
decrease in defensive factors cause gastropathy. As for
NSAID-induced gastropathy, the decrease in defensive
factors by NSAIDs (inhibition of PG synthesis) had been
paid much attention. Results in this paper suggested that
increase in aggressive factors by NSAIDs (direct cytotoxic
effect of NSAIDs) is also involved in NSAID-induced
gastropathy. This finding can be used to explain the pre-
viously unsolved issue that the decrease in PG levels and
gastrointestinal lesions by NSAIDs are not always linked
{see Section 1). Our findings can explain the fact that
higher doses of NSAIDs were required for producing
gastric lesions than those for inhibiting COX, at the gastric
mucosa [21,22], because higher concentrations were
required for inducing the direct cytotoxic effect of NSAIDs
than were required for inhibiting PG synthesis (Figs. 1 and
2). On the other hand, the fact that parenterally adminis-
tered NSAIDs causes gastric and duodenal lesions [4042]
and that immunoneutralization of PGs causes gastric
lesions [43] show that the direct cytotoxicity of NSAIDs
is not essential for the development of gastric lesions by
NSAIDs. Furthermore, at present, it is possible that
mechanisms other than direct cytotoxicity and COX inhi-
bition (such as increase in gastric motility by NSAIDs) are

‘involved in results in Fig. 4. For example, the beneficial

roles of COX-2 at gastric mucosa, such as stimulation of
wound healing and resolution of inflammation, were
reported [44). Therefore, inhibition of these beneficial
roles of COX-2 by oral administration of selective
COX-2 inhibitors may be partly involved in results in
Fig. 4. The mechanism of the direct cytotoxicity of
NSAIDs and lack of the direct cytotoxicity in rofecoxib
are also unclear at present. Furthermore, we have no direct
evidence that necrosis and apoptosis are induced, accom-
panying with production of gastric lesions by NSAIDs in
vivo.

A recently raised issue concerning the use of selective
COX-2 inhibitors is their potential risk for cardiovascular
thrombotic events [24,25], although there are still discus-
sions on this point. PGls, a potent anti-aggregator of
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platelets and a vasodilator, is mainly produced by COX-2
in vascular endothelial cells, while thromboxane A,, a
potent aggregator of platelets and a vasoconstrictor, is
mainly produced by COX-1 in platelets [45-47]. There-
fore, selective COX-2 inhibitors, but not non-selective
NSAIDs, may lead to increased prothrombotic activity.
Recent genetic studies using knockout mice for the recep-
tor of PGly or thromboxane A, supported this notion
[48,49]. Furthermore, both animal and clinical data suggest
that, compared to non-selective NSAIDs, selective COX-2
.inhibitors increase cardiovascular thrombotic events
124.50,51]. Therefore, the method for decreasing the gas-
tric side effects of NSAIDs other than increasing their
selectivity for COX-2 may be useful in order to develop
safer NSAIDs for both gastrointestine and cardiovascular,
Considering our hypothesis described above, NSAIDs that
do not exhibit direct cytotoxicity on gastric mucosal cells
(i.e. NSAIDs that do not induce necrosis and apoptosis in
gastric mucosal cells) may be safe for the gastrointestinal
tract even if they do not have high selectivity for COX-2.

Low doses of aspirin are widely used for preventing
thrombosis. Therefore, it is not unusual that patients who
use aspirin chronically for preventing thrombosis are
further administered with selective COX-2 inhibitors as
anti-inflammatory drugs. Results (Fig. 4C) suggest that the
oral administration of selective COX-2 inhibitors into
chronic aspirin users causes gastric lesions, even though
such administration into non-aspirin users is safe. Similar
results were reported recently using simultaneous oral
administration of aspirin and selective COX-2 inhibitors
[52). In fact, the Celecoxib Long-term Arthritis Safety
Study (CL.ASS) showed that, compared to non-selective
NSAIDs, celecoxib (at dosages greater than those indicated
clinically) was clearly associated with a lower incidence of
symptomatic lesions and lesion complication for patients
not taking aspirin concomitantly, The difference in gastric
side effects between them (non-selective NSAIDs and
celecoxib) was not so clear for patients taking aspirin
concomitantly [13]. Therefore, much attention should be
paid to the concomitant use of both aspirin and selective
COX-2 inhibitors.
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Abstract

Nonsteroidal anti-inflammatory drugs (NSAID) have shown
chemopreventive effects in both preclinical and clinical
studies; however, the precise molecular mechanism governing
this response remains unclear. We used DNA microarray
technignes to search for genes whose expression is induced by
the NSAID indomethacin in human gastric carcinoma (AGS)
cells. Among identified genes, we focused on those related to
tight junction function (claudin-4, cleudin-1, and occludin),
particularly clandin-4. Induction of clandin-4 by indometha-
cin was confirmed at both mRNA and protein levels. NSAIDs,
other than indomethacin (diclofenac and celecoxib), also
induced claudin-4. All of the tested NSAIDs increased the
intracellular Ca®* concentration. Other drugs that increased
the intracellular Ca®*" concentration (thapsigargin and ion-
omycin) alse induced clandin-4. Furthermore, an intracellular
Ca® chelator [1,2-bis(2-aminophenoxy)ethane-N,N,N' N’ -tet-
raacetic acid] inhibited the indomethacin-dependent induc-
tion of claudin-4. These results strongly suggest that induction
of claudin-4 by indomethacin is mediated through an increase
in the intracellular Ca®* concentration, Overexpression of
caudin-4 in AGS cells did not affect cell growth or the
induction of apoptosis by indomethacin. On the other hand,
addition of indomethacin or overexpression of claudin-4
inhibited cell migration. Colony formation in soft agar was
also inhibited. Suppression of clandin-4 expression by small
interfering RNA restored the migration activity of AGS cells in
the presence of indomethacin. Based on these results, we
consider that the induction of claudin-4 and other tight
junction-related genes by NSAIDs may be involved in the
chemopreventive effect of NSAIDs throngh the suppression of
anchorage-independent growth and cell migration (Cancer
Res 2005; 65(5): 1-9)

Introduction

Nonsteroidal anti-inflammatory drugs (NSAID) are the most
widely used therapeutic agents in the treatment of pain,
inflammation, and fever (1). Recent epidemiologic studies clearly
show that NSAID use is associated with a reduced risk of cancer,
and preclinical and clinical studies have shown that some NSAIDs
are effective for the treatment and prevention of cancer. This effect
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is particularly well documented in relation to colon and rectal
cancer. Recent studies have also shown that NSAID use reduces the
risk of stomach cancer (2, 3). Several different effects of NSAIDs
on cancer cells, such as stimulation of apoptosis, cell growth
suppression, inhibition of angiogenesis, and inhibition of metasta-
sis, have been proposed to play important roles in NSAID-mediated
chemoprevention {4, 5). However, the precise molecular mecha-
nisms governing these effects of NSAIDs have not been elucidated.

The enti-inflammatory action of NSAIDs is mediated through its
inhibition of cyclooxygenase (COX). COX is an enzyme essential for
the synthesis of prostaglandins, which have a strong propensity for
inducing inflammation. Prostaglandins, such as prostaglandin £,
(PGE,), inhibit apoptosis and stimulate cell growth, angiogenesis,
and metastasis (6-8). Furthermore, overexpression of COX-2
{a subtype of COX) has been reported in various tumor cells and
tissues (9, 10). Therefore, the inhibition of COX by NSAIDs was

‘thought previously to be the sole explanation for their chemo-

preventive effect. However, several lines of evidence-suggest that
chemoprevention by NSAIDs also involves COX-independent
mechanisms. Sulindac sulfone, a derivative of the NSAID sulindic,
does not inhibit COX activity and has been shown to display
antitumor activity in vivo as well as induce apoptosis and inhibit
cell growth in tumor cells in vitra (11, 12). Moreover, the induction
by NSAIDs of apoptosis and the inhibition of cell growth in COX-
null fibroblasts and tumor cells in which COX expression was
absent have been reported (13, 14). Therefore, it is important that
the COX-independent mechanisms for chemoprevention by
NSAIDs are elucidated to develop more effective NSAIDs.

Tight junctions are the most apical intercellular structure in
epithelial and endothelial cells and create a physiclogic barrier
separating the apical and basolateral spaces; in other words, they
create a paracellular permeability barrier. Tight junctions contain
the transmembrane proteins occludin end claudin, which are
connected to the cytoskeleton via zonula occludens (Z0-1; ref, 15).
Several studies have shown a correlation between a reduction in
tight junction function and tumor progression. A loss of tight
junction structure is frequently observed in epithelium-derived
cancers, whereas some tumor-promoting agents are known to
disrupt tight junctions (16, 17). Furthermore, overexpression of
tight junction-related proteins (such as claudin-1, claudin-4, and
occludin) in cancer cells has been reported to induce apoptosis and
suppress the invasive potential of these cells (18, 19),

NSAIDs affect the expression of severa] genes in a COX-
independent manner. For example, NSAIDs induce NAG-1,'a
transforming growth factor-p superfamily member protein, which
is involved in the induction of apoptosis by NSAIDs (20),
We reported recently that NSAIDs induce CCAAT/enhancer
binding protein homologous transcription factor, which is involved
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evaluation of differences between the groups. The Student’s ¢ test for  Table 1, 34 genes were identified. Induction of some of these genes, 1 1

F1

unpaired results was done for the evaluation of differences between two
groups, which were considered to be significant for values of P < 0.05.

Results
DNA Microarray Analysis for Gene Expression in the

_ Presence of Indomethacin. We used the DNA microarray -

technique and AGS cells to identify genes whose expression is
altered by indomethacin. AGS cells were treated with 0.3 nimol/L
indomethacin for 4 hours before microarray analysis. As shown in
Fig. 1A, this treatment did not affect cell viability. We did microarray
analysis four times {four hybridizations) and selected genes that
were induced by indomethacin based on the criteria that the
induction was observed in all four hybridizations and that the mean
value (fold change) of four hybridizations was >2.0. As shown in

such as CCAAT/enhancer binding protein (i and prostate differenti-
ation factor (NAG-1), by NSAIDs in other cancer cell types has been
reported previously (20, 27). Among these genes, we focused our
attention on genes related to tight junction function (claudin-1,
claudin-4, and occludin), particularly on claudin4, because the
induction was relatively clear, its expression in gastric mucosal cells
has been confirmed previously (28), and a recent report showed that
overexpression of clandin4 suppressed anchorage-independent
growth and the invasive potential of pancreatic cancer cells (16).
Nineteen genes were identified whose expression was repressed by
the indomethacin treatment {data not shown). .
Changes in the indomethacin-induced expression of these genes
were then verified by RT-PCR. As shown in Fig. 1B, the induction of
claudin-1, claudin-4, and occludin was confirmed. Results of the

A. B. Claudin-}, Clevdin-4 QOccludin. G3PDH
100} Indomethacin 0.3 mM - 4+ — 4+ — 4+ —
¥ 30
=
% 60
= 40} c. _
S Indomethacin 0 01 03 05 (mM)
® Clndind — | = w & &
4]
0 02 03 04 05 06 0.7
Indomethacin  (mM)
D. E. F. :
Indomethacin 0 0.1 03 05 (mM) Indomethacin 0 01 03 0.5(mM Celecoxib ¢ 0.01 002 0.04 (mM)
Claudin-4 — Claudin4 — [ - - e sw—r owe 45 Clandin-4 — e .
Actin — E ACHR —— [swnwion s ol St Actin — W W MEN-43
Diclefenac 0 0.1 0.3 0.5 (mM) Claudin-g — |- = o0 W0 | apoum  Cdnd T e e e | aTOm
Actin — E Claudin-g — |- wwee 0t g Claudin-d — [«te mo s more ann
Actin — e it Caco-2 Actin — Caco-2
Celecoxib 0 0.01 0.02 0.04 (mM)
Claudin4 — Claudind — |=s mar oo o Claudind — | o o= o 99 CT15
. A Actin — paap—— HCT-15 ACHD — Pange o . s
in — [ e ]

Figure 1. Induction of tight junction-—relaled genes by NSAIDs. AGS (A-D and G) or MKN-45, KATO-It, Caco-2, and HCT-15 (E-G) cells were incubated with
indicated concentrations of NSAIDs for 4 hours (A-C) or 24 hours (D-F). Results for cells culured without NSAIDs (G). Cell viability was determined by the
3-(4.5-dimethyhhiazol-2-y1}-2, 5-diphenytelrazolium bromide method. Columns, mean (n = 3); bars, SE (A). Tolal RNA was exiracted and subjected to RT-PCR by
use of a specific primer for each gene. GAPDH (G3PDH; B) of aclin (G} was used 25 & control. Reaction products were analyzed by agarose {1%) gel electrophoresis
{B and G). Tolal RNA samples were analyzed by Northem blotting experiments using a specific DNA probe for claudin-4. Bands of rRNA (283) stained with
ethidium tromide (C). Whole cell exiracts (2.5 pg protein) were analyzed by immunoblolting with an antibody against claudin-4 or actin {D-F},
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T
Gene name Accession no.  Funclion Fold change
Clandin-1 AF115546 Tight junction 200
Claudin-4 AK026651 Tight junction 254

" Occhudipn ~ 7T T T T Coe e 049184 Tight junction . 224
Tissue factor pathway inhibitor 2 NM_006528 Biood coagulation 2.46
Zinedin AF212940 Calmodulin binding protein 201
Arginine-rich protein AA582041 Carcinogenicity 200
Human urokinase-type plasminogen receptor, exon 7 U09937 Cell surface plasminogen activation 2.81
Chromobox homologue 4 (Drosophila Pc class) AF013956 Cellular memory system 2.30
Human low-density }ipoprotein receptor gene, exon 18 L00352 Cholesterol homeostasis 343
Low-density lipoprotein receptor { familial hypercholesterolemia) NM_000527 Cholesterol homeostasis 275
Epithelial protein lost in neoplasm |3 AA594624 Cytoskeleton 258
Keratin 8 Al978932 Cytoskeleton 2.37
Immediale early response 3 Al022951 Differentiation 236
Prostate differentiation factor AB000584 Differentiation 200
Procollagen-proline Jo2783 Disulfide isomerase/oxidoreductase 250
Glucosidase (3, acid (includes glucosylceramidase) AF023268 Glucocerebrosidase 201
Tumor necrosis facter--induced protein 6 M31165 Hyaluronan binding protein family 214
Basigin X64364 Immunoglobulin superfamily 215
Solute carrier family 7 MB80244 -Amine acid transporter 00
Cathepsin D M11233 Lysosomal proteinase 240
Pim-1 oncogene M24779 Protein kinase ' 252
Cytockrome ¢ oxidase subunit VIII J04823 Respiratory : 290
3,4-Dihydroxy-t-phenylalanine decarboxylase M76180 Synthesis of dopamine and serotonin 227

(aromatic l-amino acid decarboxylase)

CCAAT/enhancer binding protein [ Wo3514 Transcription factor 476
Predicted using Genelinder, preliminary prediction . CAB60892 Turmnor protein p53 218
ATPase, H* transporting, lysosomal {vacuclar proton pump) 21 kDa Al567477 Vacuolar proton pump 239
Ribosomal protein 521 BE221408 Unknown 234
Human genomic DNA, chromosome 22q11.2, BCRL2 region AP00D0553 Unknown 223
Ubiquinal-cytochrome ¢ reductase (6.4 kDa) subunit AW163002 Unknown 213
1FN-induced transmembrane protein 3 (1-8U) X57352 Unknown 210
Conserved hypothetical protein AAFI5700 Unknown 207
KIAAD316 gene preduct ABDO2314 Unknown 206
Sequence 100 from patent W(9951727 AX015425 Unknown 203
Ribosomal protein 528 AW161288 Unlnown 203
NOTE: Fold changes in gene expression by indomethacin compared with untreated cells. Mean values from four independent hybridizations. AGS cells
were treated with or without 0.3 mmol/L indomethacin for 4 hours and subjected to DNA microarray analysis.

real-time RT-PCR experiments used to determine the extent of the
induction yielded fold changes in copy number of 2.3, 3.0, and 1.5
for claudin-1, clandin-4, end occludin mRNA, respectively, in
response to treatment of cells for 4 hours with 03 mmol/L
indomethacin. In addition, the induction by indomethacin of
claudin-4 mRNA or claudin-4 protein was confirmed using
Northern blot analysis (Fig. 1€} and immunoblot analysis
(Fig. 1D), respectively.

We then examined whether the induction of claudin-4 by
indomethacin is specific to AGS cells or is a general property also
observed in other cell types. We used MKN-45 and KATQ-II cells
(derived from gastric cancer tissue) and Caco-2 and HCT-15 cells
(derived from colon cancer tissue) to test this effect. As shown in
Fig. 1F, indomethacin induced claudin4 in each of the cell lines
tested, with the concentration of indomethacin required for the
induction being similar for each cell line,

Diclofenac, another NSAID, also induced claudin-4 in a dose-
dependent manner (Fig. 1D). Sorne NSAIDs are specific in their

effect on COX, which exists in two forms, COX-1 and COX-2.
Celecoxib, a COX-2-specific NSAID, induced claudin-4 not only.in
AGS cells (Fig. 1D) but also in the other cell lines tested (Fig. 1F),
These results suggest that NSAIDs induce claudin-4 irrespective of
whether they are specific for COX-2. It has been reported that
both COX-1 and COX-2 mRNA are expressed in AGS, MIKN-45,
and Caco-2 cells, whereas COX-2 mRNA expression is very low in
KATG-1II and HCT-15 cells (25-33). COX-1 mRNA expression was
confirmed by RT-PCR in each of the cell lines tested, whereas
COX-2 mRNA expression was detected only in AGS, MKN-45, and

" Caco-2 cells (Fig. 1G). Therefore, COX-2-specific NSAIDs (in this

case, celecoxib) induce claudin-4 not only in COX-2-expressing
cells but also in cells Jacking COX-2 expression. Furthermore,
whereas indomethacin inhibited both COX-1 and COX-2 at a
concentration of <1 mol/L (34), the induction of claudin-4
required higher concentrations (Fig. 1), These findings strongly
suggest that NSAIDs induce claudin4 independently of COX-
inhibition.
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Mechanism for Induction of Claudin-4 by Indomethacin. For
further confirmation that NSAIDs induce clavdin-4 independently
of COX-inhibition, we examined the effect of PGE, a major
prostaglandin in the gastric mucosa, on the induction of claudin-4
by indomethacin. PGE, (0.1-10 pmol/L) did not affect the leve! of
claudin4 in the presence and absence of indomethacin (Fig. 24).
We determined previously the level of PGE; in the culture medium _
of AGS cells to be ~ 10 nmol/L (23). Therefore, inhibition of PGE,
synthesis by indomethacin does not seem to be involved in the
induction of clandin-4 by indomethacin.

Recent studies suggest that indomethacin and other NSAIDs act
as agonists of the peroxisome proliferator-activated receptor-y
(35). To tesl the contribution of this activity to the induction of
clandin-4 by indomethacin, we examined the effect of a peroxisome
proliferator-activated receptor-y antagonist (GW90662)} on the
induction of claudin4 by indomethacin. As shown in Fig. 28,
GW9662 did not inhibit but rather slightly heightened the
induction of claudin-4 by indomethacin. The different concen-
trations of GW9662 tested did not affect cell viability (data not
shown), but based on data from a previous report, these
concentrations are considered sufficient to inhibit agonist binding
to peroxisome proliferator-activated receptor-y (36). Therefore,
peroxisome proliferator-activated receptor-y does not seem to be
associated with the induction of claudin4 by indomethacin.

It has been reported that some NSAIDs increase reactive oxygen
species production (37). To test the contribution of reactive oxygen
species to the induction of claudin4 by indomethacin, we examined
the effects of the antioxidants N-acetylcysteine and SOD. As shown in
Fig. 2C and D, neither N-acetyleysteine nor SOD affected claudin-4
expression in either the presence or the absence of indomethacin.
Activation of the extracellular signal-regulated kinase pathway—one

Induction of Claudin-4 by NSAlDs

of the mitogen-activated protein kinase pathways—has been reportéd
to stimulate the expression of clandin-4. Although some NSAIDs have
been reported to activate the extracelular signal-regulated kinase
pathway (19, 38), an inhibitor of extracellular signal-regulated kinase
(PD98059) did not affect the expression of claudin-4 in either the
presence or the absence of indomethacin (Fig. 2E). N-acetyleysteine,
SOD, and PD98059 did not affect cell viability at the concentrations
used (data not shown). These results suggest that neither reactive
oxygen species nor extracellular signal-regulated kinase is responsible
for the induction of claudin-4 by indomethacin.

Sorme NSAIDs have been reported to increase the lntrace]lula.r
Ca®* concentration, [Ca®™"]; (39, 40). In this study, we tested whether
an inerease in [Ca®"); by NSAIDs is responsible for the induction of
claudin-4. Firstly, we confirmed that a NSAID-induced increase in
{Ca*"); occurred under the same conditions as those in which the
induction of claudin-4 in AGS cells was cbserved. As shown in

Fig. 34, all NSAIDs tested (indomethacin, diclofenac, and celecoxib) F3

increased [Ca®*], at the same NSAID concentrations that caused
the induction of claudin-4.

Some drugs that are known to increase [Ca®'], were examineéd
for their capacity to induce clandin-4 expression. The actions of
thapsigargin, an inhibitor of the sarcoplasmic/endoplasmic retic-
ulum Ca** ATPase, and the Ca®* jonophore ionomycin were thus
tested on AGS cells. As shown in Fig. 34-C, in addition to
increasing [Ca’], both thapsigargin and ionomyein induced
claudin~4 in a dose-dependent manner. Furthermore, an intracel-
lular Ca®* chelator, 1,2-bis(2-aminophenoxy)ethane-NN.N' V' -tet-
raacetic acid, was found to inhibit the induction of e¢laudin-4 not

“only by jonomycin but also by indomethacin (Fig. 3D). 12-Bis(2-
aminophenoxy)ethane-NNN' N’ -tetraacetic acid did not affect cell
viability at the concentration used in these experiments (data not

A.
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PGE, 0 0110100 0 01 101100 M)
Claudin-4 — [ weus-suste aae som M”Q

Claudin-4— {7 wos, v o527 90 i 2y A0 |

Actin— | S s Sy o o sty s s |
E. ‘
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PDY8059 0 1.0 100 500 0 1.0 100 500 (uM)
Claudin-4—[....... ———— —— 4_“_-~I

Actin — S0 e e i S e e |
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Figure 2. Mechanism for the induction of claudin-4 by indomethacin. AGS cells were incubated with or without 0.3 mmolL indomethacin for 24 hours in the presence

of indicaled concentralions of PGE, (A), GW9662 (B), N-acetylcysteine (NAC; C),

50D (D}, or PDI9B0EY (E). Levels of claudin-4 and actin were estimated

by immunoblotting experiments as described in Fig. 1. One untt of SOD was evaluated based on s inhibltory effect on the reduction of eytochrome ¢ as tescribed

in the manulacturer's instructions.
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shown). These results strongly suggest that induetion of claudin-4
by indomethacin is mediated via an increase in {Ca®’};

Role of Claudin-4 Induction in the In vitre Antitumor Action
of NSAIDs. As described in Introduction, various mechanisms
have been proposed for the chemopreventive action of NSAIDs;
these include the inhibition of cell growth, stimulation of
apoptosis, and inhibition of metastasis. Here, we examined the
contribution that NSAID induction of claudin-4 makes to the
antitumor effect of NSAIDs in vitro. We constructed stable
transfectants of AGS cells that continuously overexpress claudin-
4 and selected four clones {clones 1, 6, 7, and 11) in which the
level of expression of claudin-4 varied (clone 7 > clone 11 >
clone 1 > clone 6 Fig. 44).

Figure 4B shows the cell growth curve for each clone. The
growth of cells from each clone was indistinguishable from that of

the mock transfectant control, demonstrating that overexpression
of claudin4 did not affect the growth of AGS cells. Therefore,
induction of claudin-4 by NSAIDs does not seem to be involved in
the irnhibition of cell growth by NSAIDs,

We also examined the effect of overexpression of claudln-4 on
the induction of apoptosis. In the absence of indomethacin, the
cell viability of each clone, as determined by the trypan blue
exclusion test, was close to 100%, showing that expression .of
claudin-4 does not affect cell viabllity, As shown in Fig. 4C, the
dose-response curve for the decrease in cell viability by
indomethacin was indistinguishable between each of the clau-
din-4-overexpressing clones and the mock transfectant control,
Further, we confirmed that the cell death (Fig. 4C) was mediated
by apoptosis as evidenced by apoptotic DNA fragmentation,
activation of caspase-3, and chromatin condensation (data not
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shown). The results presented in Fig. 4C show that claudin-4
overexpression does not affect the indomethacin-induced cell
apoptosis. Therefore, the induction of claudin-4 by NSAIDs does
not seem to be involved in NSAID-mediated apoptosis.

The anchorage-independent growth of tumor cells, which can
be measured by eolony formation in soft agar, is important for

. tumor progression. NSAIDs are known to inhibit coleny

formation of some cancer cells in soft agar (13); recently, it
was reported that overexpression of claudin4 in pancreatic
cancer cells inhibited coleny formation in soft agar (19). In this
study, we examined the effect of claudin-4 overexpression and
the presence of indomethacin on the anchorage-independent
growth of AGS cells. We first examined the colony-forming
ability of each of the claudin-4-overexpressing clones in soft
agar. All clones showed less activity for colony formation in soft
agar than the mock transfectant control (Fig. 4D), which is
consistent with previous results obtained using pancreatic cancer
cells {19). We compared the extent of inhibition of colony
formation in soft agar with the degree of claudin-4 overproduc-
tion in these clones and found a close correlation between the
two (Fig. 44 and D).

We also examined the effect of indomethacin on colony
formation of AGS cells in soft agar. Because a long incubation
period (10 days) was required for this assay, relatively low
concentrations of indomethacin were used. As shown in Fig. 4E,
indomethacin (100 mol/L) significantly decreased the colony-
forming ability of AGS cells in soft agar. Real-time RT-PCR
experiments confirmed that claudin-4 mRNA expression in AGS
cells was induced at the concentration of indomethacin used
(Fig. 4F). These results suggest that the induction of claudin4 is
involved in the indomethacin-dependent inhibition of AGS cell
colony formation in soft agar.

The migration activity of tumor cells is also very 1mporta.nt
for tumor progression. We examined the relationship between
expression of claudin4 and migration activity in AGS cells.
Wound healing assays were carried out in which the cell-free
area was measured at the time a wound was made and then
24 hours later, Because neither claudin4 overexpression nor
addition of NSAIDs affected the growth of AGS cells (Fig. 45;
data not shown), a smaller cell-free area is indicative of a higher
activity for cell migration. As shown in Fig. 54, claudin-4-
overexpresing cells (clone 7) showed less cell migration actmty

clone6 clonel cloneil clone7

mock
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Clautine4 — - e e | E o
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Figure 4. Effeci of overexpression of claudin-4 on cell growth, apoptosis, and colony tormation of AGS cells In soft agar. The exient of expression of claudin-4 in
each clone (stable transfectant of claudin-4 expression plasmid) was eslimated by immunoblotting experiments as described in Fig. 1 (A), Cells of each clone

ware cullured for indicated periods, and cell numbers were determined by direct cell counting (8). Cells of each clone were cuMured in the presence of

indicated concentrations of indomethacin for 24 hours and cell viabillty was determined by the 3-(4,5-dimethylthiazol-2-yf}-2 S5-diphenyttetrazofium bromide methed
{C). Cefis of each clone (D) or nontransfected AGS cells (E) were layered over solt agar in the presence (E) or absence (D) of indicated concentrations | -

of indomethagin. Afler 10 days, tells were stained wilh crysial violet and colonies were counted (D and E). Expression of claudin-4 mRNA after treatment of cells
with indicated concentrations of indomethacin for 24 hours was monnored by reaktime RT-PCR {F). Points, mean {n = 3); bars, SE (C). Columns, mean {n = 3); bars,

SE(DandE) ** P <0.001;", P <001 (Dand E).
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Figure 5. Effect of clawdin-4 overexpression or of indomethacin on AGS cell
migration. AGS cells of stable transtectant of claudin-4 expression plasmid
(clone 7 in Fig. 4) and mock transfectant control AGS celis (A} or AGS cells
fransfected or nontransiected with sIRNA for claudin-4 (B) were wounded and
cultured for 24 hours in the presence (B) or absence {A) of indicaled
concentrations of indomethacin. The cel-free area was measured after 24 hours
of incubation and expressed as relativa to that befors incubation. Columins,
mean {n = 3); bars, SE. ***, P < 0.001 or ##4, P < 0.001; *FP < 0.05 (4 and B).
AGS cells transfecied or nontranstected with siRNA for claudin-4 were cultured
for 24 hours in the presence or absence of 0.3 mmolL indomethacin for 24
hours. Levels of claudin-4 and actin were estimated by immunobloiting
experiments as described in Fig. 1.

than the mock transfectant control. Furthermore, transfection of
siRNA for claudin4 stimulated the migration activity of AGS
cells even in the absence of indomethacin (Fig. 5B). We
confirmed that the transfection almost completely inhibited the
expression of claudin4 in AGS cells (Fig. 5C). These results
suggest that the migration activity of AGS cells decreases as

claudin-4 expression increases.
As shown in Fig. 58, indomethacin inhibited the activity of AGS

cells for cell migration and this inhibitory effect was almost
completely suppressed by the transfection of siRNA for claudin-4.
We confirmed that transfection of siRNA almost completely
inhibited the induction of claudin-4 by indomethacin (Fig. 5C).
Taken together, these results suppori the hypothesis that inhibition
of cell migration by indomethacin is mediated through the
induction of claudin-4.

Discussion

We have shown here that some tight junction-related genes,
especially claudin-4, are induced by NSAIDs. Although NSAIDs
and tight junctions are closely associated in relation to cancer
progression, this is the first time that a connection between
NSAIDs and tight junctions has been shown at the molecular
level.

It is known that various factors disrupt or stirnulate the functlon
of tight junctions. For example, tumor necrosis factor-o, trans-
forming growth factor-a, and interleukin-1 disrupt tight junctions,
whereas transforming growth factor-g, interleukin-10, and PGE,
are known to stimulate the function of tight junctions (41).
However, the effect of these factors on the expression‘of
components of tight junctions (such as claudin-4} has not been
examined to the same extent. It seems that the alteration of tight
junction function is not always correlated with an alteration in the
expression of tight junction components. For example, we have
found that PGE,, which is known to stimulate the function of tight
junctions, does not induce claudin4. Because the expression. of
claudin-4 affects various aspects of cancer progression (see below),
we consider that the effect of cancer-promoting agents ‘or
anticancer drigs on claudin-4 expression should be examined
more extensively.

As for a mechanism of claudin-4 induction by NSAIDs. we
postulate that it is mediated by an increase in {Ca®]; based on
the following observations: (@) NSAIDs increased [Ca®], and
induced claudin-4 simultaneously, (¥) thapsigargin and ionomycin
increased [Ca™}, and induced clandin-4, and {(¢) the intracellnlar
Ca®* chelator [1,2-bis(2-aminophenoxy)ethane-N,N.N' N’ -tetraace-
tic acid] attenuated the indomethacin-dependent induction 'of
claudin-4. As for the mechanism for the increase in [Ca®']; by
NSAIDs, both inhibition of sarcoplasmic/endoplasmic reticulum
Ca®* ATPase (endoplasmic reticulum-located Ca®* pump that is
responsible for accumulation of Ca®* in the endoplasmic
reticulum) and stimulation of the influx of extracellular Ca®*
have been proposed (40), We found recently that all of the
NSAIDs tested permeabilize the membranes of both erythrocytes
and liposomes (42). This activity of NSAIDs was found to be
closely telated to their ability to increase [Ca®];, suggesting that
NSAIDs permeabilize membranes and stimulate the influx of
extracellular Ca?* (42).

NSAIDs seem to achieve their chemopreventxve effect via several
mechanisms, such as stimulation of apoptosis, cell growth
suppression, inhibition of angiogenesis, and inhibition of metasta-
sis (4, 5). In this study, we examined the contribution of clandin-4
induction to the antitumor activity of NSAIDs in vitro, Experiments
using claudin-4-overproducing AGS cells and siRNA for claudin-4
suggested that NSAID-induced claudin-4 is involved in the NSAID-
dependent suppression of anchorage-independent tumor growth
and tumor cell migration but not in stimulation of apoptosis and
cell growth suppression. As for cell migration, this is the first
evidence showing not only that NSAIDs inhibit of cancer cell
migration but also that claudin-4 is involved in cell migration. It
was reported recently that overexpression of claudin-4 suppressed
the invasive potential of pancreatic cancer cells {19) therefore, if
NSAIDs also induce claudin-4 in vivo, then suppression of the
invasive potential of tumor cells by NSAID-induced claudin-4 may
be one of the mechanisms involved in the inhibition of metastasis
by NSAIDs. It is also possible that the induction of claudin-4 by
NSAIDs contributes to their antitumor activity through other
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mechanisms. Tight junctions act as a barrier for diffusion of
molecules that include nutrients and growth factors. It is well
known that the constitutive accessibility of nutrients and growth
factors is very important for tumor progression. Therefore, if
NSAIDs also induce claudin-4 in vivo, then the supply of nutrients
and growth factors to a tumor may be retarded or mh:b:ted

thereby suppressing tumor progression.’
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