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Fig. 1. (Continued).

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 ¢ 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, 1 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 iodide and Hoechst 33342, Since necrotic cells lose
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Table 1
Activation of caspase 3 by NSAIDs

Incubation NSAIDs Caspase 3-like activity
(hr) (U/mg protein)
| Control 1043
4 mM indomethacin 141
4 mM diclofenac 134+6
10 mM ibuprofen 13£2
10 mM etodolac 10£3
2 mM NS-398 1145
0.5 mM celecoxib 10£5
6 mM rofecoxib 10£4
16 Control 14 £ 4
I mM indomethacin 525 + 23"
| mM diclofenac 564 4 507"
3 mM ibuprofen 591 & 327"
3 mM etodolac 455 4+ 29™"
0.25 mM NS-398 473 + 337
0.125 mM celecoxib 637 & 61"
3 mM rofecoxib 29 £ 8

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
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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 NS-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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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 for 30 min, following which the levels of PGE, in the media were deter;mined by ELISA. Values are expressed as

relative to control (without NSAIDs) (2 x 10~° 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 PGI, in the medium. Since PGI, is very
unstable in medium, we determined the level of 6-keto-
PGF,,, (metabolite of PGI,) instead of PGI,. In the absence
of NSAIDs, the concentration of 6-keto-PGF;, in the
medium was 0.7 nM. The 1csp value of indomethacin
and celecoxib for inhibiting 6-keto-PGF,, synthesis was
about 5 x 10~ M. We also examined the effect of exo-
genously added PGI; on necrosis and apoptosis induced
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by indomethacin. Due to the instability of PGI, in medium,
we used carbaprostacyclin (stable analogue of PGI,)
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-

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

that inhibition of PGI, 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 '

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
pharmacoclogical 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 2.5 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. Values are mean &= SEM (N = 3). Similar results were obtained by MTT assay.
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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 { hir, animals were orally 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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these two properties of NSAIDs (i.e. COX inhibition and
direct cytotoxicity) in the model of NSAID-induced gastric
lesions in vivo. 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 NSAID:s 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 p
Inhibition of gastric PGE, synthesis by NSAIDs in vivo

NSAIDs Gastric PGE; (ng/g tissue)
Control 26.8 & 1.0

3 mg/kg indomethacin i.v. 1.4 £+ 04™
100 mg/kg aspirin i.v. 1.4 £ 02"
3.8 mg/kg indomethacin p.o. 23+ 04"
3.8 mg/kg diclofenac p.o. 122 + 11"
7.5 mg/kg diclofenac p.o. 3.5+ 1.5
7.5 mg/kg etodolac p.o. 18.2 4 3.8
15 mg/kg etodolac p.o. 51414
30 mg/kg NS-398 p.o. 202 £ 3.2
15 mg/kg celecoxib p.o. 253 4 1.3
30 mg/kg rofecoxib p.o. 199 4 4.1

Rats were intravenously (i.v.) or orally (p.0.) administered with indicated
doses of NSAIDs. After 6 hr (p.o.) or 7 hr (i.v.), the leve] of PGE, in gastric
mucosa was determined by ELISA. Values are mean = SEM (N = 4-6).

LY

P < 0.001.
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Interestingly, a combination of intravenous administra-
tion 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 inhibition 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 intravenous 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 vivo.

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 a 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

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 [40-42]
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. SN

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. PGI,, 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 PGI, 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
{24,50,51). 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 (CLASS) 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.

Acknowledgments

This work was supported by Grants-in-Aid for Scientific
Research from the Ministry of Health, Labour, and Welfare
of Japan.

References

[1] Smalley WE, Ray WA, Daugherty JR, Griffin MR. Nonsteroidal
anti-inflammatory drugs and the incidence of hospitalizations for
peptic ulcer disease in elderly persons. Am J Epidemiol 1995;141:
539-45.

[2] Hawkey CJ. Nonsteroidal anti-inflammatory drug gastropathy. Gas-
troenterology 2000;119:521-35.

[3] Barrier CH, Hirschowitz BI. Controversies in the detection and
management of nonsteroidal antiinflammatory drug-induced side
effects of the upper gastrointestinal tract. Arthritis Rheum 1989;32:
926-32. )

[4] Gabriel SE, Jaakkimainen L, Bombardier C. Risk for serious-gastro-
intestinal complications related to use of nonsteroidal anti-inflamma-
tory drugs. A meta-analysis. Ann Intern Med 1991;115:787-96.

[5] Fries JF, Miller SR, Spitz PW, Williams CA, Hubert HB, Bloch DA.
Toward an epidemiology of gastropathy associated with nonsteroidal
antiinflammatory drug use. Gastroenterology 1989;96:647-55.

[6] Kurata JH, Abbey DE. The effect of chronic aspirin use on duodenal
and gastric ulcer hospitalizations. ] Clin Gastroenterol 1990;12:260-6.

[71 Singh G. Recent considerations in nonsteroidal anti-inflammatory
drug gastropathy. Am J Med 1998;105:315-8S.

[8] Vane JR, Botting RM. Mechanism of action of anti-inflammatory
drugs. Scand J Rheumato! Suppl 1996;102:9-21.

[9] Miller TA. Protective effects of prostaglandins against gastric mocosal
damage: current knowledge and proposed mechanisms. Am J Physiol
1983;245:G601-23.

[10] Vane J. Towards a better aspirin. Nature 1994;367:215-6.

{117 Smith CJ, Zhang Y, Koboldt CM, Muhammad J, Zweifel BS, Shaffer
A, Talley JJ, Masferrer JL, Seibert K, Isakson PC. Pharmacological
analysis of cyclooxygenase-1 in inflammation. Proc Natl Acad Sci
USA 1998;95:13313-8.

[12] Chan CC, Boyce S, Brideau C, Charleson S, CromLish W, Ethier D,
Evans J, Ford HA, Forrest MJ, Gauthier JY, Gordon R, Gresser M,
Guay J, Kargman S, Kennedy B, Leblanc Y, Leger S, Mancini J,
O'Neill GP, Quellet M, Patrick D, Percival MD, Perrier H, Prasit P,
Rodger 1, Tagari P, Therien M, Vickers P, Visco D, Wang Z, Webb J,
Wong E, Xu LJ, Young RN, Zamboni R, Riendeau D. Rofecoxib
[Vioxx, MK-0966; 4-(4'-methylsulfonylphenyl)-3-phenyl-2-(5H)-fur-
anone): a potent and orally active cyclooxygenase-2 inhibitor. Phar-
macological and biochemical profiles. J Pharmacol Exp Ther 1999;
290:551--60.

[13] Silverstein FE, Faich G, Goldstein JL, Simon LS, Pincus T, Whelton
A, Makuch R, Eisen G, Agrawal NM, Stenson WF, Burr AM, Zhao
WW, Kent JD, Lefkowith JB, Verburg KM, Geis GS. Gastrointestinal
toxicity with celecoxib vs. nonsteroidal anti-inflammatory drugs for
osteoarthritis and rheumatoid arthritis: the CLASS study: a rando-
mized controlled trial. Celecoxib Long-term Arthritis Safety Study.
JAMA 2000;284:1247-55.

[14] Bombardier C, Laine L, Reicin A, Shapiro D, Burgos VR, Davis B,
Day R, Ferraz MB, Hawkey CJ, Hochberg MC, Kvien TK, Schnitzer
TJ. Comparison of upper gastrointestinal toxicity of rofecoxib and
naproxen in patients with rheumatoid arthritis. VIGOR Study Group.
New Engl J Med 2000;343:1520-8 [2 pages following 1528].

[15] FitzGerald GA, Patrono C. The coxibs, selective inhibitors of cycloox-
ygenase-2. New Engl J Med 2001;345:433-42,

[16] Juni P, Rutjes AW, Dieppe PA. Are selective COX 2 inhibitors superior
to traditional non steroidal anti-inflammatory drugs? BMJ 2002;324;
1287-8.

[17] Wallace JL, McKnight W, Reuter BK, Vergnolle N. NSAID-induced
gastric damage in rats: requirement for inhibition of both cycloox-
ygenase 1 and 2. Gastroenterology 2000;119:706-14.

[18] Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI,
Chulada PC, Mahler JF, Lee CA, Goulding EH, Kluckman KD, Kim
HS, Smithies O. Prostaglandin synthase 1 gene disruption in mice
reduces arachidonic acid-induced inflammation and indomethacin-
induced gastric ulceration. Cell 1995;83:483-92.

[19] Tanaka A, Araki H, Hase S, Komoike Y, Takeuchi K. Up-regulation of
COX-2 by inhibition of COX-1 in thé rat: a key to NSAID-induced
gastric injury. Aliment Pharmacol Ther 2002;16(Suppl 2):90-101,

[20] Gretzer B, Maricic N, Respondek M, Schuligoi R, Peskar BM. Effects
of specific inhibition of cyclo-oxygenase-1 and cyclo-oxygenase-2 in

R



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

the rat stomach with normal mucosa and after acid challenge. Br J
Pharmacol 2001;132:1565-73.

{211 Ligumsky M, Golanska EM, Hansen DG, Kauffman GJ. Aspirin can
inhibit gastric mucosal cyclo-oxygenase without causing lesions in rat.
Gastroenterology 1983;84:756-61.

[22] Ligumsky M, Sestieri M, Karmeli F, Zimmerman J, Okon E, Rach-
milewitz D. Rectal administration of nonsteroidal antiinflammatory
drugs. Effect on rat gastric ulcerogenicity and prostaglandin E2
synthesis. Gastroenterology 1990;98:1245-9.

23] Lichtenberger LM. Where is the evidence that cyclooxygenase in-
hibition is the primary cause of nonsteroidal anti-inflammatory drug
(NSAID)-induced gastrointestinal injury? Topical injury revisited.
Biochem Pharmacol 2001;61:631-7.

[24] Mukherjee D, Nissen SE, Topol EJ. Risk of cardiovascular events .

associated with selective COX-2 inhibitors. JAMA 2001;286:954-9.

[25] Mukherjee D, Selective cyclooxygenase-2 (COX-2) inhibitors and
potential risk of cardiovascular events. Biochem Pharmacol 2002;63:
817-21.

{26] Takeuchi K, Ueki S, Okabe S. Importance of gastric motility in the
pathogenesis of indomethacin-induced gastric lesions in rats. Dig Dis
Sci 1986,31:1114-22.

[27] Asako H, Kubes P, Wallace J, Gaginella T, Wolf RE, Granger DN.
Indomethacin-induced leukocyte adhesion in mesenteric venules: role
of lipoxygenase products. Am J Physiol 1992;262:G903-8.

[28] Ashley SW, Sonnenschein LA, Cheung LY. Focal gastric mucosal
blood flow at the site of aspirin-induced ulceration. Am J Surg
1985;149:53-9.

[291 Lichtenberger LM, Wang ZM, Romero JJ, Ulloa C, Perez IC, Giraud
MN, Barreto JC. Non-steroidal anti-inflammatory drugs (NSAIDs)
associate with zwitterionic phospholipids: insight into the mechanism
and reversal of NSAID-induced gastrointestinal injury. Nat Med 1995;
1:154-8.

[30] Tomisato W, Tsutsumi S, Rokutan K, Tsuchiya T, Mizushima T.
NSAIDs induce both necrosis and apoptosis in guinea pig gastric
mucosal cells in primary culture. Am J Physiol Gastrointest Liver
Physiol 2001;281:G1092-100. ] :

[311 Hirakawa T, Rokutan K, Nikawa T, Kishi K. Geranylgeranylacetone
induces heat shock proteins in cultured guinea pig gastric mucosal
cells and rat gastric mucosa. Gastroenterology 1996;111:345-57.

[32] Tomisato W, Takahashi N, Komoto C, Rokutan K, Tsuchiya T, Mi-
zushima T. Geranylgeranylacetone protects cultured guinea pig gastric
mucosal cells from indomethacin. Dig Dis Sci 2000;45:1674-9.

{331 Tomisato W, Tsutsumi S, Tsuchiya T, Mizushima T. Geranylgerany-
lacetone protects guinea pig gastric mucosal cells from gastric stres-
sor-induced necrosis by induction of heat-shock proteins. Biol Pharm
Bull 2001;24:887-91.

{34] Tsutsumi S, Tomisato W, Takano T, Rokutan K, Tsuchiya T, Mizush-
ima T. Gastric irritant-induced apoptosis in guinea pig gastric mucosal
cells in primary culture. Biochim Biophys Acta 2002;1589:168--80.

[35] Futaki N, Arai I, Hamasaka Y, Takahashi S, Higuchi S, Otomo S.
Selective inhibition of NS-398 on prostanoid production in inflamed
tissue in rat carrageenan-air-pouch inflammation. ] Pharm Pharmacol
1993;45:753-5.

[36] Chen MF, Chen JC, Chiu DF, Ng CI, Shyr MH, Chen HM. Prosta-
cyclin analogue (OP-2507) induces delayed ex vivo neutrophil apop-
tosis and attenuates reperfusion-induced hepatic microcirculatory
derangement in rats, Shock 2001;16:473-8.

{371 Cutler NS, Graves-Deal R, LaFleur BJ, Gao Z, Boman BM, White-
head RH, Terry E, Morrow JD, Coffey RIJ. Stromal production of
prostacyclin confers an antiapoptotic effect to colonic epithelial cells.
Cancer Res 2003;63:1748-51.

{38) Kawai S, Nishida S, Kato M, Furumaya Y, Okamoto R, Koshino T,
Mizushima Y. Comparison of cyclooxygenase-1 and -2 inhibitory
activities of various nonsteroidal anti-inflammatory drugs using hu-
man platelets and synovial cells. Eur J Pharmacol 1998;347:87-94.

[39] Wallace JL, Bak A, McKnight W, Asfaha S, Sharkey KA, MacNaugh-
ton WK. Cyclooxygenase | contributes to inflammatory responses in
rats and mice: implications for gastrointestinal toxicity. Gastroenter-
ology 1998;115:101-9: - - e

{401 Henry D, Dobson A, Turner C. Variability in the risk of major
gastrointestinal complications from nonaspirin nonsteroidal anti-in-
flammatory drugs. Gastroenterology 1993;105:1078-88.

[41] Komoike Y, Takeeda M, Tanaka A, Kato S, Takeuchi K. Prevention by
parenteral aspirin of indomethacin-induced gastric lesions in rats:
mediation by salicylic acid. Dig Dis Sci 2002;47:1538-45,

[42] Wallace JL, McKnight GW. Characterization of a simple animal
mode} for nonsteroidal anti-inflammatory drug induced antral ulcer.
Can J Physiol Pharmacol 1993;71:447-52.

[43] Redfern JS, Feldman M. Role of endogenous prostaglandins in pre-
venting gastrointestinal ulceration: induction of ulcers by antibodies to
prostaglandins. Gastroenterology 1989;96:596-605.

[44] Mizuno H, Sakamoto C, Matsuda K, Wada K, Uchida T, Noguchi H,
Akamatsu T, Kasuga M. Induction of cyclooxygenase 2 in gastric
mucosal lesions and its inhibition by the specific antagonist delays
healing in mice. Gastroenterology 1997;112:387-97.

{451 McAdam BF, Catella LE, Mardini 1A, Kapoor S, Lawson JA, FitzGer-
ald GA. Systemic biosynthesis of prostacyclin by cyclooxygenase
(COX)-2: the human pharmacology of a selective inhibitor of COX-2.
Proc Natl Acad Sci USA 1999;96:272-7.

{46] 'Catella LF, McAdam B, Morrison BW, Kapoor S, Kujubu D, Antes L.,
Lasseter KC, Quan H, Gertz BJ, FitzGerald GA. Effects of specific
inhibition of cyclooxygenase-2 on sodium balance, hemodynamics,
and vasoactive eicosanoids, J Pharmacol Exp Ther 1999;289:735-41.

[47] Belton O, Byrne D, Kearney D, Leahy A, Fitzgerald DJ. Cycloox-
ygenase-1 and -2-dependent prostacyclin formation in patients with
atherosclerosis. Circulation 2000:102:840-5.

[48] Cheng Y, Austin SC, Rocca B, Koller BH, Coffman TM, Grosser T,
Lawson JA, FitzGerald GA. Role of prostacyclin in the cardiovascular
response to thromboxane A2. Science 2002;296:539-41.

[49]1 Murata T, Ushikubi F, Matsuoka T, Hirata M, Yamasaki A, Sugimoto
Y, Ichikawa A, Aze Y, Tanaka T, Yoshida N, Ueno A, Oh IS, Narumiya
S. Altered pain perception and inflammatory response in mice lacking
prostacyclin receptor. Nature 1997,388:678-82.

{50} Hennan JK, Huang 1, Barrett TD, Driscoll EM, Willens DE, Park AM,
Crofford LJ, Lucchesi BR. Effects of selective cyclooxygenase-2
inhibition on vascular responses and thrombosis in canine coronary
arteries. Circulation 2001;104:820-5.

[51] Dowd NP, Scully M, Adderley SR, Cunningham AJ, Fitzgerald DJ.
Inhibition of cyclooxygenase-2 aggravates doxorubicin-mediated car-
diac injury in vivo. J Clin Invest 2001;108:585-90.

[52] Fiorucci S, de Lima Jr OM, Mencarelli A, Palazzetti B, Distrutti E,
McKnight W, Dicay M, Ma L, Romano M, Morelli A, Wallace JL.
Cyclooxygenase-2-derived lipoxin A4 increases gastric resistance to
aspirin-induced damage. Gastroenterology 2002;123:1598-606.



Q2

04-2770

Induction of Claudin-4 by Nonsteroidal Anti-inflammatory Drugs and
Its Contribution to Their Chemopreventive Effect

Shinji Mima,' Shinji Tsutsumi,” Hironori Ushijima,] Miho Takeda,' Ikue Fukuda,
Kazumi Yokomizo, Keitarou Suzuki,' Kuniaki Sano,_3 Tohru Nakanishi,'
Wataru Tomisato,” Tomofusa Tsuchiya,2 and Tohru Mizushima'

Graduate School of Medical and Pharmaceutical Sciences, Kumamoto University, Kumamoto, Jupan and *Fuculty of Pharmaceutical

Sciences and *Graduate School of Medicine and Dentistry, Okayama University; ‘Department of Clinical Pharmacy,

Shujitsu University School of Pharmacy, Okayama, Japun

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
techniques to search for genes whose expression is induced by
the NSAID indomethacin in hnman gastric carcinoma (AGS)
cells. Among identified genes, we focused on those related to
tight junction function (claudin-4, clandin-1, and occludin),
particularly claudin-4. Induction of claudin-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®* conceniration. Other drugs that increased
the intracellular Ca®* concentration (thapsigargin and ion-
omycin) also induced claudin-4. Furthermore, an intracellular
Ca® clielator [1,2-bis(2-aminophenoxy)ethane-N,N.N' V' -tet-
raacetic acid] inhibited the indomethacin-dependent induc-
tion of clandin-4. These results strongly suggest that induction
of claudin-4 by indomethacin is mediated through an increase
in the intracellular Ca®' concentration. Overexpression of
claudin-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 claudin-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 claudir-4 and other tight
junction—related genes by NSAIDs may be involved in the
chemopreventive effect of NSAIDs through 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 agenls 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 grow'th
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 anti-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 E,
(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 sulindac,
does not inhibit COX activity and has been shown to display
antitumor activity in vive as well as induce apoptosis and inhibit
cell growth in tumor cells in vitro (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 physiologic barrier
separating the apical and basolateral spaces; in other words, they
create a paracellular permeability barrier. Tight junctions contain
the transmembrane proteins occludin and 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 several 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
unpaired resulls was done for the evaluation of differences between two
groups, which were considered to be significant for values of P < 0.05.

Resulis

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 weie treated with 0.3 mmol/L
indométhacin for 4 hours before microarray analysis. As shown in
Fig. 14, 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

Table 1, 34 genes were identified. Induction of some of these genes, T1

such as CCAAT/enhancer binding protein 3 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-I,
claudin-4, and occludin), particularly on claudin-4, 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 claudin-4 suppressed anchorage-independent
growth and the invasive potential of pancreatic cancer cells (19).
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
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100 Indomethacin 0.3 mM — 4 - ¢+
¥ 80
2
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8
& 40f C. ‘
3 Indomethacin 0 01 03 05 (mM)
201 Claudin-4 — | & s & &
0 02 03 04 05 06 07
Indomethacin (mM)
D. E. F. S
Indomethacin 0 0.1 03 0.5(mM) Indomethacin 0 0.1 0.3 0.5(mM) Celecoxib "0 001 002 0.04 (mM)
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Figure 1.

Induction of tight junction-retated genes by NSAIDs. AGS (A-D and G) or MKN-45, KATO-Il, 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). Resulls for cells cultured without NSAIDs (G). Cell viability was determined by the

3-(4,5- d|meihynh|azol-2-yl) -2,5-diphenylietrazofium bromide method. Columns, mean (n = 3); bars, SE (A). Total RNA was extracled and subjected to RT-PCR by
use of a specific primer for each gene. GAPDH (G3FPDH; B) or actin (G) was used as a control. Reaction products were analyzed by agarose (1%) gel electrophoresis
(B and G). Total RNA samples were analyzed by Northern blotting experiments using a specific DNA probe for claudin-4, Bands of rRNA (288) stained with
ethidium bromide (C). Whole cell exiracts (2.5 pg protein) were analyzed by immunoblotting with an antibody against claudin-4 or actin (D-F).
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Gene name Accession no.  Function Fold change
Claudin-1 AF115546 Tight junction 2.00
Claudin-4 AK026651 Tight junction 2.54
Occludin 049184 Tight junction 2.24
Tissue factor pathway inhibitor 2 NM_006528 Blood coagulation 246
Zinedin AF212940 Calmodulin binding protein 2.01
Arginine-rich protein AA582041 Carcinogenicity 2.00
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 lipoprotein receptor gene, exon 18 L00352 Cholesterol homeostasis 343
Low-density lipoprotein receptor (familial hypercholesterolemia) NM_000527 Cholesterol homeostasis 275
Epithelial protein lost in neoplasm B AA594624 Cytoskeleton 2.58
Keratin 8 . Al1978932 Cytoskeleton 2.37
Immediate early response 3 A1022951 Differentiation 2.36
Prostate differentiation factor AB000584 Differentiation 2.00
Procollagen-proline J02783 Disulfide isomerase/oxidoreductase 2.50
Glucosidase {3, acid (includes glucosylceramidase) AF023268 Glucocerebrosidase 2.01
Tumor necrosis factor--induced protein 6 M31165 Hyaluronan binding protein family 2.14
Basigin X64364 Immunoglobulin superfamily 2.15
Solute carrier family 7 M80244 w-Amino acid transporter 3.00
Cathepsin D M11233 Lysosomal proteinase 240
Pim-1 oncogene M24779 Protein kinase ‘ 252
Cytochrome ¢ oxidase subunit VIII J04823 Respiratory 290
3,4-Dityydroxy-i-phenylalanine decarboxylase M76180 Synthesis of dopamine and serotonin 227
(aromatic }-amino acid decarboxylase)

CCAAT/enhancer binding protein 3 ‘W93514 Transcription factor 4.76
Predicted using Genefinder, preliminary prediction CAB60892 Twmor protein p53 2.18
ATPase, H* transporting, lysosomal (vacuolar proton pump) 21 kDa Al1567477 Vacuolar proton pump 2.39
Ribosomal protein S21 BE221408 Unknown 2.34
Human genomic DNA, chromosome 22q11.2, BCRL2 region AP000553 Unknown 2.23
Ubiquinal-cytochrome c reductase (6.4 kDa) subunit AW163002 Unknown 2,13
IFN-induced transmembrane protein 3 (1-8U) X57352 Unknown 210
Conserved hypothetical protein AAF96700 Unknown 2.07
KIAA0316 gene product AB002314 Unknown 2.06
Sequence 100 from patent W09951727 AX015425 Unknown 2.03
Ribosomal protein 528 AW161288 Unknown 2.03
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 minol/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, claudin-4, and occludin mRNA, respectively, in
response to treatment of cells for 4 hours with 0.3 mmol/L
indomethacin. In addition, the induction by indomethacin of
claudin-4 mRNA or claudin-4 protein was confirmed using
Northern blot analysis (Fig. 1C) 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 KATOQ-III 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. 1FE, indomethacin induced claudin-4 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). Some 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, MKN-45,
and Caco-2 cells, whereas COX-2 mRNA expression is very low in
KATO-III and HCT-15 cells (29-33). 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 lacking 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 claudin-4 independently of COX-
inhibition. '

Cancer Res 2005; 65: (5). March 1, 2005
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Mechanism for Induction of Claudin-4 by Indomethacin. For
further confirmation that NSAIDs induce clandin-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 level of
claudin-4 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 claudin-4 by indomethacin.

Recent studies suggest that indomethacin and other NSAIDs act
as agonists of the peroxisome proliferator-activated receptor-y
(35). To test the contribution of this activity to the induction of
claudin-4 by indomethacin, we examined the effect of a peroxisome
proliferator-activated receptor-y antagonist (GW9662) on the
induction of claudin-4 by indomethacin. As shown in Fig. 2B,
GW9662 did not inhibit but rather slightly heightened the
induction of clandin-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 claudin-4 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 claudin-4 by indomethacin, we examined
the effects of the antioxidants N-acetylcysteine and SOD. As shown in
Fig. 2C and D, neither N-acetylcysteine 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 NSAIDs

of the mitogen-activated protein kinase pathways—has been reportéed
to stimulate the expression of claudin-4. Although some NSAIDs have
been reported to activate the extracellular 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-acetylcysteine,
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.

Some NSAIDs have been reported to increase the mtracellular
Ca® concentration, [Ca®); (39, 40). In this study, we tested whether
an increase 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 observed. 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 clandin-4.

Some drugs that are known to increase [Ca®']; were examined
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®* ionophore ionomycin were thus
tested on AGS cells. As shown in Fig. 34-C, in addition to
increasing [Ca®];, both thapsigargin and ionomycin induced
claudin- 4 in a dose-dependent manner. Furthermore, an intracel-
lular Ca®* chelator, 1,2-bis(2-aminophenoxy)ethane-N,N,N' N’ -tet-
raacetic acid, was found to inhibit the induction of clandin-4 not
only by ionomycin but also by indomethacin (Fig. 3D). 1,2-Bis(2-
aminophenoxy)ethane-NN,N' N’ -tetraacetic acid did not affect cell
viability at the concentration used in these experiments (data not
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Indomethacin - + Indomethacin - +
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Figure 2. Mechanism for the induction of claudin-4 by indomethacin, AGS cells were incubated with or without 0.3 mmoV/L indomethacin for 24 hours in the presence
of indicated concentrations of PGE; (A), GW9662 (B), N-acetylcysteine (NAC; C), SOD (D), or PD88059 (E). Levels of claudin-4 and actin were estimated .
by immunoblotting experiments as described in Fig. 1. One unit of SOD was evaluated based on its inhibitory effect on the reduchon of eytochrome ¢ as described

in the manufacturer's instructions. -
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shown). These results strongly suggest that induction of claudin-4
by indomethacin is mediated via an increase in [Ca™];.

Role of Claudin-4 Induction in the In vitro 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 claudin-4 did not affect the growth of AGS cells. Therefore,
induction of claudin-4 by NSAIDs does not seem to be involved in
the inhibition of cell growth by NSAIDs.

We also examined the effect of overexpression of claudin-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 viability. 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 colony formation in soft agar, is important for
tumor progression. NSAIDs are known to inhibit colony
formation of some cancer cells in soft agar (13); recently, it
was reported that overexpression of claudin-4 in pancreatic
cancer cells inhibited colony 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 claudin-4 is
involved in the indomethacin-dependent inhibition of AGS cell
colony formation in soft agar. .

The migration activity of tumor cells is also very important
for tumor progression. We examined the relationship betweéen
expression of claudin-4 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 claudin-4 overexpression nor
addition of NSAIDs affected the growth of AGS cells (Fig. 4B;
data not shown), a smaller cell-free area is indicative of a higher

activity for cell migration. As shown in Fig. 54, claudin-4- F5

overexpresing cells (clone 7) showed less cell migration activity

clone6 clone 1, clone1l clone 7

mock
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Figure 4. Effect of overexpression of claudin-4 on cell growth, apoptosis, and colony formation of AGS cells In soft agar. The extent of expression of claudin-4 in
each clone (stable transfectant of claudin-4 expression plasmid) was estimated by immunoblotting experiments as described in Fig. 1 (A). Cells of each clone

were cultured for indicated periods, and cell numbers were determined by direct cell counting (B). Cells of each clone were cultured in the presence of

indicated concentrations of indormethacin for 24 hours and cell viability was determined by the 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide method
(C). Cells of each clone (D) or nontransfected AGS cells (£) were layered over soft agar in the presence (E) or absence (D) of indicated concentrations .

of indomethacin. Afier 10 days, cells were stained with crystal violet and colonies were counted (D and E). Expression of claudin-4 mRNA afler treatment of cells
with indicated concentrations of indomethacin for 24 hours was monitored by real-time RT-PCR (F). Points, mean (n = 3); bars, SE (C). Columns, mean (n = 3); bars,

SE (D and E). ***, P < 0.001; ™, P < 0.01 (D and E).
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Figure 5. Effect of claudin-4 overexpression or of indomethacin on AGS cell
migration. AGS cells of stable transiectant of claudin-4 expression plasmid
(clone 7 in Fig. 4) and mock transfectant control AGS cells (A) or AGS cells
transfected or nontransfected with siRNA for claudin-4 (B) were wounded and
cultured for 24 hours in the presence (B) or absence (A} of indicated
concentrations of indomethacin. The cell-free area was measured after 24 hours
of incubation and expressed as relative to that before incubation. Columns,
mean (n = 3); bars, SE. ***, P < 0.001 or #it#, P < 0.001; “P < 0.05 (A and B).
AGS cells transfected or nontransfected with siRNA for claudin-4 were cultured
for 24 hours in the presence or absence of 0.3 mmol/L indomethacin for 24
hours, Levels of claudin-4 and actin were estimated by immunoblotting
experiments as described in Fig. 1.

than the mock transfectant control. Furthermore, transfection of
siRNA for claudin-4 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 claudin-4 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 support 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 stimulate the function
of tight junctions. For example, tumor necrosis factor-o, trans-
forming growth factor-o, and interleukin-1 disrupt tight junctions,
whereas transforming growth factor-p, 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 claudin-4. 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 drugs on claudin-4 expression should be examined
more extensively. .

As for a mechanism of claudin-4 induction by NSAIDs, wi
postulate that it is mediated by an increase in [Ca®"); based on
the following observations: (a) NSAIDs increased [Ca®']; and
induced clandin-4 simultaneously, (b) thapsigargin and ionomyecin
increased [Ca®'); and induced claudin-4, and {(c) the intracellular
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
reticullum) and stimulation of the influx of extracellular Ca2*
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 related to their ability to increase [Ca®'];, suggesting that
NSAIDs permeabilize membranes and stimulate the influx of
extracellular Ca®* (42). .

NSAIDs seem to achieve their chemopreventive effect via several
mechanisms, such as stimulation of apoptosis, cell growth
suppression, inhibition of angiogenesis, and inhibitien of metasta-
sis (4, 5). In this study, we examined the contribution of claudin-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 grov(rth
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, il
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 inhibited,

thereby suppressing tumor progression.
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Prodrugs of non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for clinical
purposes because they are not harmful to the gastrointestinal mucosa. We recently showed
that NSAIDs have direct cytotoxicity in NSAID-induced gastric lesions. We show here that
under conditions where the NSAIDs indomethacin and celecoxib clearly induce cell death,
an NSAID prddmg, nabumetone, and its active metabolite 6—methoxy—2-naphtﬁylacetic dcid
(6MNA), did.not have such effects.  Moreover, nabumetone and 6MNA exhibited much
lower membrane permeabilizing activities than did indomethacin and celecoxib. We
recently reported that when an orally administered NSAID was used in combination with a
low dose of intravenously administered indomethacin, the severity of gastric lesions
produced in rats depended on the cytotoxicity of the orally administered NSAID. Using a
similar protocol, we show here that gastric lesions were produced when the orally
administered NSAID was celecoxib, but not when nabumetone was used. We thus propose
that the low direct .cytotoxicity of nabumetone observed in vifro is maintained in fivo, an.d

that the use of nabumetone does not harm the gastric mucosa.

KEY WORDS: nabumetone; gastric mucosal cells; membrane permeabilization; gastric

lesions
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Non-steroidal 'anti-inﬂaxmnatory drugs (NSAIDs) are very popular and effective
medicines used in the treatment of pain, inflammation and fever. The anti-inflammatory
action of NSAIDs is mediated by their inhibition of cyclooxygenase (COX) activity.” COX is
an enzyme that is essential for the synthesis of prostaglandins (PGs), which have a strong
cap‘acity to induce inflammation. On the downside, the use of NSAIDs is associated with
gastrointestinal side-effects (1), with about 15-30% of chronic users of NSAIDs suffering
from gastrointestinal ulcers and bleeding (2, 3). This negative aspect of NSAID use was
previously thought to be due only to the inhibition of COX, because PGs have a strong
protgétive effect on the gastrointestinal mucosa (4). In order to overcome the
gastrointestinal side-effects of NSAID use, NSAIDs that inhibit COX activity in
inflammatory tissues but not in the gastric mucosa are thereforé required. Selective COX-2
inhibitors belong to such a category of NSAIDs. COX has two subtypes, COX-1 and COX-
2, which are responsible for the majority of COX activity in the gastric mucosa and in
“inflamed tissues, respectively (5, 6). While a greatly reduced incidence of gastroduodenal
lesions was reported for selective COX-2 inhibitors (such as rofecoxib and celecoxib) both
in animal and clinical data (7, 8), their use however Iias been recently questioned because of
their potential for causing cardiovascular thrombotic events owing to their specificity for
COX-2 (9-12).

NSAID prodrugs (such as loxoprofen sodium and nabumetone) are generally safe
for use on the gastrointestinal mucosa and are widely used for clinical purposes, especially in

Japan where highly specific COX-2 inhibitors (such as celecoxib) are not presently available

Lo



