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There is a possibility that the administration itself
induces the siress response. However, in a preliminary
study, we immunohistochemically checked the expres-
sion of HSP in the cochlea of animals that received phos-
phate-buflered saline in the right middle ear cavity, and
found no such upregulation.

After single-dose administration of GGA, mRNA
expression of HSP in the brain was observed from 4h
then slowly decreased, and disappeared by 48 h (Nikaido
et al, 2004). Western immunoblotting analysis in the rat
heart revealed that HSP was present from 6h and
peaked at 24h after GGA administration (Ooie et al..
2001). As shown in the present study, the effect of protec-
tion by HSP in the cochlea against trauma, gay also
peak at 24 h after GGA administration. o

" Inner ear disorders caused by inflammation in ihe
middle ear that are not treated early could lead to per-
manent inper ear damage. HSP has been considered to
protect cells during inflammation associated with the
toxicity of nitric oxide (Jacquier-Sarlin et al, 1994). A
study using an HSP-inducer, sodium arsenite, demon-
strated that the expression of HSP protected against
iNOS expression and attenuated hypotension in rafs
treated with LPS (JHauser et al., 1996). Other studies
have also shown that members of the HSP70 family
inhibited iNOS expression (Matsuda et al., 2000; Dobbin
et al.. 2002). The upregulation of HSP70 in the cochlea
following GGA administration, as seen in the present
study, prompted us to also investigate whether GGA
protects the cochlear lateral wall from damage induced
by inflammation.

The rebound effect we observed after the release of
AICA clamping is thought to reflect the autoregulation
of blood flow in the inner ear (Yamamoto et al.. 2003).
This finding demonstrates physiologically that GGA can
protect the lateral wall from damage induced by LPS-
inoculation. The result was confirmed morphologically
by electron microscopy, which revealed that the appear-
ance of the stria vasculans was virtually normal in rats
pretreated with GGA. GGA itself might influence iNOS
expression in the cochlea, but oral administration of
GGA was shown not to induce iNOS in rat hearts (Oote

‘et al. 2001). Antiapoptotic eflects following GGA
administration have been reported in the liver (Ikeyama
et al.. 2G01), and the cochlear lateral walls in the present
study might be partially protected by this mechanism.

GGA admunistration induced HSP70 in hair cells and
supporting cells of the organ of Corti, the spiral gan-
ghon, and the perivascular portion of modiolar vessels,
as well as in the lateral wall. These findings suggest that
GGA protects the cochlea against other injuries to these
target structures through the upregulation of HSP70,
such as induced by noise, ototoxic drugs, and ischemia.
GGA might induce other HSPs in the cochlea besides
HSP70, suggesting the prophylactic use of this drug in
chinical applications.
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We recently reported that nonsteroidal anti-inflam-
matory drug (NSAID)-induced gastric lesions involve
NSAID-induced apoptosis of gastric mucosal cells,
‘which in turn involves the endoplasmic reticulum stress
response, in particular the up-regulation of CCAAT/en-
hancer-binding protein homologous transcription fac-
tor (CHOP). 1n this study, we have examined the molec-
ular mechanism governing this WNSAID-induced
apoptiosis in primary cultures of gastric mucosal cells.
Various NSAIDs showed membrane permeabilization
activity that correlated with their apoptosis-inducing
activity. Various NSAIDs, particularly celecoxib, also in-
creased intracellular Ca?* levels. This increase was ac-
companied by K* efflux from cells and was virtually
absent when extracellular Ca®** had been depleted.
These data indicate that the increase in intracellular
Ca®* levels that is observed in the presence of NSAIDs is
due to the stimulation of Ca®* influx across the cytoplas-
mic membrane, which results from their membrane per-
meabilization activity. An intracellular Ca?* chelator
partially inhibited celecoxib-induced release of cyto-
chrome ¢ from mitochondria, reduced the magnitude of
the celecoxib-induced decrease in mitochondrial mem-
brane potential and inhibited celecoxib-induced apo-
ptlotic cell death. It is therefore likely that an increase in
intracellular Ca®* levels is involved in celecoxib-in-
duced mitochondrial dysfunction and the resulting apo-
ptosis. An inhibitor of calpain, a Ca®**-dependent cys-
teine protease, partially suppressed mitochondrial
dysfunction and apoptosis in the presence of celecoxib.
Celecoxib-dependent CHOP-induction was partially in-
hibited by the intracellular Ca** chelator but not by the
calpain inhibitor. These results suggest that Ca**-stim-
ulated calpain activity and CHOP expression play im-
portant roles in celecoxib-induced apoptosis in gastrie
mucosal cells.

Nonsteroidal anti-inflammatoery drugs (NSAIDs}' account
for nearly 5% of all prescribed medications (1). The anti-inflam-
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matory action of NSAIDs is mediated through their inhibitory
effect on cyclooxygenase (COX) activity. COX is an enzyme
essential for the synthesis of prostaglandins (PGs), which have
a strong capacity to induce inflammation. On the other hand,
NSAID use is associated with gastrointestinal complications
(2}, with about 15-30% of chronic users of NSAIDs suffering
from gastrointestinal ulcers and bleeding (3-6).

The inhibition of COX by NSAIDs at gastrointestinal mucosa
was previously thought to be the sole explanation for the gas-
trointestinal side effects of NSAIDs because PGs have a strong
protective effect on gastrointestinal mucosa {7, 8). However,
now it is believed that the induction of gastrointestinal lesions
by NSAIDs involves additional mechanisms, since the in-
creased incidence of gasirointestinal lesions and the decrease
in PG levels induced by NSAIDs do not always accur in parallel
(9, 10). We have previously demonstrated that NSAIDs induce
cell death (apoptosis and necrosis} in primary cultures of gas-
tric mucosal cells in 2 manner independent of COX inhibition
(11, 12). Furthermore. we recently suggested that both COX
inhibition and NSAID-induced cell death at gasiric mucosa are
required for NSAID-induced gastric lesions in vico (12). There-
fore, elucidation of the mechanisms governing NSAID-induced
cell death is important for understanding the mechanisms by
which NSAIDs cause gastric lesions and may allow the devel-
opment of new safer NSAIDs. We recently showed that all of
the NSAIDs tested have membrane permeabilization activiiy,
which is implicated in NSAID-induced apoptosis and necrosis
(13). However, the mechanism by which the membrane perme-
abilization activity of NSAIDs causes cell death and in partie-
ular apoptosis in gastric mucosal cells remains unknown.

Accumulation of unfolded protein in the endoplasmic reticu-

unfolded protein respense. Cells initially adapt to the accumula-
tion of unfolded proteins by inducing the expression of ER-resi-
dent molecular chaperones such as glucose-regulated protein 78
14 -17). However, if this adaptation does not prove sufficient, the
apoptotic response is initiated. which is primarily the induction
of the CCAAT/enhancer-binding protein homologous transerip-
tion factor (CHOP) (181 We recently reported that various
NSAIDs induce not only glucose-regulated protein 78 but also
CHOP expression. In addition to this, we showed, using CHOP-

tory drugs; COX, cyclooxygenase; PG. prostaglandin; PGE,. prosta-
glandin E,: ER. endoplasmic reticulum; CHOP, CCAAT/enhancer-bind-
ing protein homolegous transcription factor; SERCA, sarceendoplasmic
reticulum Ca** -ATPase; BAPTA-AM, 1,2-bis( 2-aminophenoxyiethane-
NN N'N'-tetraacetic acid: Ho 342, Hoechsi 33342; MTT, 3« 4.5-dimeth-
yhthiazol-2-¥1-2 5-diphenyltetrazolium bromide; DePsipher, 5.5 .6,6'-
tetrachlore-1, 1'.3,3 -tetraethylbenzimidaozolylcarbocyanine  iodide;
Z-Leu-Leu-H, carbobenzoxy-L-leucyl-t-leucinal; AMC, aminemethylcou-
marin; PIPES. 1 4-piperazinediethanesulfonic acid; CHAPS, 3-13-chol-
amidopropyhdimethylammaniol-1-propanesulfonic acid.

31059

-148-



31060

deflcient mice and a dominant negative form of CHOP, that this
CHOP induction is essential for NSAID-induced apoptosis (191
Therefore, NSAIDs seem to induce apoptosis by acting as ER
stressars. However, the mechanism by which NSAIDs induce the
ER stress response has remained unknown. Other groups have
pointed out the involvement of mitochondrial dysfunction in
NSAID-induced apoptosis; some NSAIDs (such as celecoxib)
stimulate the release of cytochrome ¢ from mitochondria and
decrease the mitochondrial membrane potential (20, 213, Various
mechanisms have been proposed for NSAID-induced mitochon-
drial dysfunction, such as inactivation of phosphatidylinositol
3-kinase/3-phosphoinositide-dependent kinase-1I/Akt or mitogen-
activated protein kinase/extracellular signal-regulated kinase
{20-22). However, data in these studies have some contradic-
tions (may be due to differences in cell species), and the mecha-
nisms by which NSAIDs cause mitochondrial dysfunction have
also not been fully characterized.

Increases in intracellular Ca®" levels, due to cellular Ca®”
overload or perturbation of intracellular Ca?" compartmental-
ization, trigger apoptosis. For example, many apoptotic stimuli,
such as activation of surface antigen receptors, increase the
intracellular Ca*" level, and compounds that directly increase
the intracellular Ca®” level (Ca®* jonophores and inhibitors for
sarcoendoplasmic reticulum Ca?” ATPase (SERCA)) have been
shown to induce apoptosis (23-25). Various mechanisms have
been proposed for the Ca®”-induced apoptosis pathway, such as
activation of protein kinase C, opening of permeability transi-
tion pores in mitochondria. and stimulation of reactive oxygen
species synthesis (26-29). In addition, calpain, a Ca?" -depend-
ent cysteine protease, plays an important role in the Ca®*-
induced apoptosis pathway. Calpain activates or inhibits Bax
and Bid or Bel-2 and Bel-X,, respectively, by their cleavage,
resulting in stimulation of the release of cytochrome ¢ from
mitochondria and a decrease in the mitochondrial membrane
potential. Then cytochrome ¢ activates caspase-9, which in turn
activates caspase-3 and induces apoptosis. It is also suggested
that calpain directly activates some caspases (26, 29-32). On
the other hand, recent reports show that Ca®" ionophores
induce the ER stress response and CHOP expression, suggest-
ing that increases in the intracellular Ca?" level can induce the
ER stress response and CHOP expression (26, 33).

Permeabilization of cytoplasmic membranes causes an in-
crease in intracellular Ca®" levels by stimulating Ca?” influx
across the cytoplasmic membrane. Some NSAIDs were shown
to increase intracellular Ca®" levels (13, 34). Therefore, it is
reasonable to speculate that increases in intracellular Ca*”
levels are involved in NSAID-induced apopiosis {Le. that the
increased intracellular Ca?” level connects the membrane per-
meabilization and CHOP induction activities of NSAIDs). Fur-
thermore, it 1s also possible that activation of calpain connects
the increases in intracellular Ca®” levels to mitochondrial dys-
function in the presence of NSAIDs. In this study, we showed,
in primary cultures of guinea pig gastric mucosal cells, that all
NSAIDs tested increased intracellular Ca*® levels, which ac-
companied the induction of apoptosis. An intracellular Ca®"
chelator partially inhibited CHOP induction, release of cyto-
chrome ¢ from mitochondria, the decrease in mitochondrial
membrane potential, and apoptotic cell death in the presence of
celecoxib (the most potent NSAID for apoptosis induction).
Furthermore, an inhibitor of calpain partially suppressed the
mitochondrial dysfunction and apoptotic cell death but did not
affect CHOP induction in the presence of celecoxib. These re-
sults suggest that the celecoxib-dependent increase in intracel-
lular Ca®” levels and the resulting calpain activation and
CHOP induction are involved in celecoxib-induced apoptosis in
gastric mucosal cells.

Ca*" Levels and NSAID-induced Apoptosis

EXPERIMENTAL PROCEDURES

Chenticals. Media. and Animals—Fetal bovine serum was frem In.
vitrogen. RPMI 1640 and Hanks' solution were obtained from Niseui
Pharmaceutical Co. Prenase E and type I collagenase were purchased
from Raken Pharmaceutical Co. and Nitta Gelatin Co., respectively.
Pluronic F127, fluo-3/AM. 1,2-bis{ 2-aminophenoxylethane-N NN’ N~
tetraacetic acid (BAPTA-AM), and BAPTA were from Dojindo Co. Nime-
sulide and flurbiprofen were from Cayman Chemical Co. Indomethacin
was from Wako Co. Hoechst 33342 (Ho 342), ibuprofen, diclofenac,
3-14.5-dimethylthiazol-2-y1-2 5-diphenyltetrazolium bremide (MTT3,
mefenamic acid. ketoprofen. and flufenamic acid were from Sigma.
5.5',6.6’-tetrachloro—1.1’.3,3;-tr.etrzxe‘thylbenzimidaozolyicarbocyanine
iodide {DePsipher) was from Trevigen. Celecoxib was from LKT Labo-
ratories Inc. Etodolac was a gift kindly provided by Nippon Shinyaku
Co. Peptides for the assay of caspase-3 or calpain and carbobenzoxy-L.-
leucyl-i.-leucinal {Z-Leu-Leu-H; were from Peptide Institute, lac. Egp
phasphatidylcholine was from Kanto Chemicals Co. Antibodies against
CHOP and actin were from Santa Cruz Biotechnology Inc. Antibedy
against eytochrome ¢ was from PharMingen. Male guinea pigs weighing
200-300 g were purchased from Kyudo Ce. The experiments and pro-
cedures diescribed here were carned out in accordance with the Guide
for the Care and Use of Laboratory Animals as adopted and promui-
gated by the National Tastitutes of Health and were approved hy the
Animal Care Committee of Kumamoto University.

In Vitru Assay of Cytotoxicity—Gastric mucosal cells were isolated
from guines pig fundic glands as described previously (35). Isolated
gastric mucosal cells were cultured for 12 h in RPMI 1640 containing
0.3% {viv) fetal bovine serum, 100 units/ml penicillin, and 100 pg/ml
streptomycin in type I collagen-coated plastic culture plates under
conditions of 5% CO,. 95% air and 37 °C. Nonadherent cells were
removed, and the cells attached to the plate were used in the experi-
ments. Guinea pig gastric mucosal cells prepared under these condi-
tions have previously been characterized, with the majority tabout 90%)
of cells identified as pit cells (351,

NSAIDs were dissolved in Me,50 or Na,CO, {for indomethacin only)
and control experiments {without NSAIDs) were performed in the pres-
ence of the same concentrations of Me,SO or Na,(0O,. Cells were ex-
posed to NSAIDs by changing the medium. Cell viability was deter-
mined by the MTT method.

Apoptotic chromatin condensation was monitored as described pre-
viously 36). Cells were washed with PBS, stamed with 10 pg/ml Ho
342, and observed under a fluorescence microscope.

Immunoblotting Analysis—Whole cell extracts were prepared ag de-
scribed previously {36). The protein concentration of the samples was
determined by the Bradford method. The samples were electrophoresed
on polyacrylamide gels contatning SDS, and the proteins were then
transferred to membranes and detected using antibodies.

Mitochondrial Membrene Potentic! Assay—Mitochondrial mem-
brane potential was assayed using a fluorometric mitochondrial perme-
ability assay kit {Trevigen} {36}. Briefly, after treatment with NSAIDs,
cells were treated with DePsipher t5 pg/ml for 20 min at 37 °C and
observed under a fluorescence microscope using 590 nm for red emis-
ston and 530 nm for green emission.

Measurement of the Intracellulor Ca®* Levef—Intracellular Ca2*
levels were monitored as described ¢37). The cells were washed with
assay buffer (115 mm NaCl, 5.4 mm KCJ, 1.8 my CaCl,,. 0.8 my MgCl,
20 my HEPES, and 13.8 mw glucose). For Ca®*-free conditions, the
modified assay buffer 1115 mum NaCl, 5.4 my KCL, 5 my EGTA, 20 mu
HEPES. and 13.83 mu glucose; was used instead of the normal assay
buffer. The cells were then incubated with 4 uM fluo-8/AM in assay
buffer supplemented with 0.1% bovine serum albumin, 0.04% pluronic
F127. and 2 mw» probenecid. for 40 min at 37 °C. After washing twice
with aszay buffer, cells were suspended in assay buffer supplemented
with 2 mM prebenecid. Cells were transferred te a water-jacketed cu-
vette (1.6 x 10° cells/cuvettel, and the fluo-3 Nuorescence was then
measured with a Hitachi F-4500 spectrofluorophotometer by recording
excitation signals at 490 nm and the emission signal at 530 nm at 1-s
intervals. Maximum and minimum fluorescence values (F, , and F )
were obtained by adding 10 uM ionomycin and 10 pM ionomyein under
Ca®"-free conditions, respectively, The intracellular Ca?* level was
calculated according to the equation, (Ca®"i, = KF ~ F_ WF, - F;,
where K, is the apparent dissociation constant (400 naf) of the fluores-
cent dye-Ca*" complex.

Membrane Permeability Assay—Permeabilization of calcein-loaded
liposomes was assayed as described previously (13} Liposomes were
prepared using the reversed-phase evaporation method. Egg phosphati-
dylcheline {10 pmol, 7.7 mg) was dissolved in chloroform/methanol (1:2,
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vivi, dred, dissolved in 1.5 ml of diethyl ether, and added to 1 ml of 100
mu caleein-NaOH (pH 7.4: The mixture was sonicated to obtain a
homogenous emulsion. The diethyl ether solvent was removed. and the
resulting suspensien of liposomes was centrifuged and washed twice
with fresh buffer A (10 mu potassium buffer, containing 150 my NaCl:
to remove untrapped caleein. The final liposome precipitate was resus-
pended in 5 ml of buffer A, A 0.3-m] aliquot of this suspension was
diluted with 19.7 ml of buffer A, and 400 al of this diluted suspension
was then incubated at 30 °C for 10 min in the presence of the NSAID
under investigation. The releaze of calcein from liposomes was deter-
mined by measuring fluorescence intensity at 520 nm (excitation at
490 nm;.

Assay for K Efflux from Cells—K~ efflux from cells was monitored
as described previously (38) with some modifications. Cells were
washed twice with buffer A and then suspended in fresh buffer A (6 x
10% cells/mli. After incubation with NSAIDs fer 30 min at 37 °C, K-
efflux from cells was measured with a K™ ion-selective electrode.

Assay for Caspase Activiiy—The activity of caspase-3 was deter-
mined as described previcusly (36). Briefly, cells were collected by
centrifugation and suspended in extraction buffer (30 ms PIPES (pH
7.05, 50 mx KCL 5 my EGTA. 2 m MgCl,, and 1 muy dithiothreitoli.
Suspensions were sonicated and cenirifuged, after which the superna-.
tants were incubated with fluorogenic peptide substrates (acetyl-
DEVD-methylcoumarin amide} in reaction buffer (100 my HEPES-
KOH 1pH 7.51, 10% sucrose, 0.1% CHAPS, and 1 mg/ml bovine serum
albumin} for 15 min at 37 °C. The release of aminomethylcoumarin
(AMC) was determined using a fluorescence spectrophotometer. One
unit of protease activity was defined as the amount of enzyme required
to release 1 pmol of AMC/min.

Assay for Calpain Activity—The activity of calpain was determined
as described previously (30). Briefly, cells were collected by centrifuga-
tion, washed by Hanks' solution, and suspendad with the same solution
at 25 x 10" cells’ml. Suspensions were incubated with flucrogenic
peptide substraies succinyl-t-leucyl-L-leucyl-L-valyl-1.-tyrosine 4-meth-
yleoumaryl-7-amide for 3 min at 37 °C. The release of AMC was deter-
mined using a fluorescence spectraphatometer.

Statistical Anaiyses—All values are expressed as the means = S.E.
One-way analysis of vanance, followed by Scheffe’s multiple compari-
son, wag used for evaluation of differences between the groups. Stu-
dent’s ¢ test for unpaired results was performed to evaluate differences
between two groups. Differences were considered to be significant for
values of p < 0.05.

RESULTS

Close Relationship between NSAID-induced Apoptosis and
Membrane Permeabilization—We recently reported that some
NSAIDs tcelecoxib, mefenamic acid, flufenamic acid, nimesu-
lide, and flurbiprofen) cause not only apoptosis in primary
cultires of guinea pig gastric mucosal cells but also membrane
permeabilization in calcein-loaded liposomes (13). To examine
the relationship between the apoptosis-inducing and mem-
brane permeabilization activities of NSAIDs, in this study, we
have examined these activities of other NSAIDs. As shown in
Fig. 14, treatment of primary cultures of guinea pig gastric
mucosal cells with celecoxib for 16 h decreased cell viability in
a dose-dependent manner, and this is consistent with our pre-
vious results (13). Each of the NSAIDs tested here {(indometha-
cin, diclofenac, etedolac, ibuprofen, and ketoprofen) also de-
creased cell viability in a dose-dependent manner. Because cell
death under these conditions was accompanied by apoptotic
DNA fragmentation and chromatin condensation (data not
shown). it is most likely mediated by apoptosis.

Two subtypes of COX, COX-1 and COX-2, are responsible for
the majority of COX activity in gastric mucosal and inflamma-
tory tissues, respectively. and recently a number of COX-2-
selective NSAIDs have been developed (39). Among the
NSAIDs tested in Fig. 14, etodolac and celecoxib have selectiv-
ity for COX-2. No relationship was evident between NSAID-
induced apoptosis and selectivity for COX-2 (Fig. 14). We also
confirmed that exogenously added PGE, (either native PGE, or
16.16-dimethyl-PGE,} did not affect NSAID-induced apoptosis
even at a higher concentration of PGE, in the culture medium
than is present endogenously {10 ¥ M) (data not shown). These
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Fi6. 1. Apoptosis induced by NSAIDs. Cultured guinea pig gastric
mucosal cells were incubated with the indicated concentrations of each
NSAID for 16 h {4) or with 100 uM celecoxib for the indicated perinds

(B). Cell viability was determined by the MTT method. Values are
mean = S.E. (n = 3}

data show that NSAID-induced apoptosis is independent of
COX-inhibition by NSAIDs and are consistent with our previ-
ous conclusion (12, 13},

Calcein fluoresces very weakly at high concentrations due to
self-quenching, so the addition of membrane-permeabilizing
drugs to a medium containing calcein-loaded liposomes should
cause an increase in fluorescence by diluting out the calcein
(13). As shown in Fig. 24, not only celecoxib but alss other
NSAIDs increased the calcein fluorescence, suggesting that
they have membrane permeabilization activity.

Combining the results from the previous (13) and present
studies, we obtained dose-response curves of 10 different
NSAIDs for both induction of apoptosis and membrane perme-
abilization. To examine the relationship between NSAID-in-
duced apoptosis and membrane permeabilization, we deter-
mined EDg, values of the 10 NSAIDs for apoptosis
{concentrations of NSAIDs required for 50% inhibition of cell
viability by apoptosis) and ED,, values for membrane perme-
abilization (concentration of NSAIDs required for 20% release
of calcein} (Table 1). We used ED,, values instead of ED,,
values for estimating the activity of each NSAID for membrane
permeabilization, because ED,, values of etodolac for calcein
release could not to be determined (Fig. 24). Plotting ED;
values for apoptosis versus ED,; values for membrane perme-
abilization (calcein release) yielded an r* value of 0.929 (Fig.
34), which suggests that NSAID-induced apoptosis is mediated
by their ability to permeabilize membranes.

Mechanism whereby the Intracellular Ca** Level Is In-
creased by NSAIDs—Fig. 44 shows the effect of various
NSAIDs on the intracellular Ca®* Jevel. Not'only celecoxib hut
also all of the other NSAIDs tested increased the intracellular
Ca®" level in a dose-dependent manner. Since indomethacin
absorbs fluo-3 fluorescence (530 nm), we could not measure the
intracellular Ca®" level in the presence of indomethacin by this
assay system. In order to estimate the activity of each NSAID
for Ca®’ increase, we determined the concentration of each
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F16. 2. Membrane permeabilization by NSAIDs. Calcein-loaded
liposomes were incubated for 10 min with the indicated concentrations
of each NSAID {A) or with 100 uM celecoxib for the indicated periods {B).
The release of caleein from liposomes was determined by measuring
fluorescence intensity. Mehttin (10 u3) was used to determine the 100%
level of membrane permeabilization (35

Tasre I
NSAID concentrations required jor apoptosis, nembrane
permeabilization, and Ca” ™ increcse
ED,, values of NSAIDs for apoptosis {concentrations of NSAIDs
required for 50% inhibition of cell viability by apoptosis) were caleu-

lated based on results provided in Fig. 1 in the present study and Fig.

2B in our previous study (131 ED,, values of NSAIDs for caleein release
tconcentrations of NSAIDs required for 20% release of calcein) were
caleulated based on results provided in Fig. 2 in the present study and
Fig. 4 1n our previous study (13). EDy, ... values of NSAIDs for Ca™*
increase {concentrations of NSAIDs required for 2-fold increase in the
intracellular Ca®® levell were from Fig. 4 in the present study. ND, not
determined.

N EDyl EDggtelen KD ol G0
M
Indomethacin 0.6 0.5 ND
Diclofensac 0.8 09 0.15
Ibuprofen 1.8 17 0.3
Flurbiprofen 1.2 13 0.6
Ketoprofen 3.2 28 12
Mefenamic acid 0.7 3.0 0.5
Flufenamic acid 0.2 1.3 0.08
Celecoxib 0.08 .02 0.03
Nimesulide 1.6 14 0.55
Eiodolac 1.6 15 5.6

NSAID required for 2-fold increase in the intracellular Ca®’
level based on results in Fig. 44 (ED,, .. value for Ca®’
increase in Table I). Compared with EI),,, values for membrane
permeabilization {(calcein release), etodolac showed a very high
EDyuip1e value for Ca?” increase (Table 1). Plotting the EDy, ;.
value for Ca?' increase versus ED,, values for membrane
permeabilization (calcein release) of NSAIDs other than
etodolac and indomethacin vielded an 2 value of 0.738 (Fig.
3By, which suggests that increase in the intracellular Ca*
level by most of NSAIDs is mediated through their ability to
permeabilize membranes. The membrane permeabilizing activ-

Ca®’ Levels and NSAID-induced Apoptosis
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I, 3. Relationship beiween apoptosis-inducing, membrane
permeabilization, and Ca*‘-increasing activities of NSAIDs.
ED,, values for membrane permeabilization (calcein release), ED,,
values for apoptosis and ED, . values for Ca?" increase are from
Table 1. All 10 NSAIDs and NSAIDs except etodolace and indemethacin
are plotted in A and B, respectively.
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Fuw:. 4. Changes in the intracellular Ca** level induced by
NSAIDs. The intracellular Ca?* level was monitored using a flug-3/AM
assay system. Indicated concentrations of each NSAID were added to
fluo-3/AM-loaded c€lls, snd the time course of fluo-3 fluorescence
change was monitored. The maximum values for the intracellular Ca®~

a.

level {|Ca® 1) are shown (A). The time course of fluo-3 fluorescence
change in the presence of 100 ux celecoxib is shown (H).

ity of etodolac may cause apoptosis independently of the Ca**
increase; however, the mechanism is unknown at present. As
well as showing the greatest potency for induction of apoptosis
and membrane permeabilization (Figs. 1 and 21 (13), celecoxib
increased intracellular Ca®’ levels more potently than the
other NSAIDs (Fig. 44). We therefore selected celecoxib for use
in subsequent experiments.

In order to reveal the mechanism by which intracellular Ca2*
levels are increased by celecoxib, we moniiored intracellular
Ca?" levels under Ca®"-free conditions {see “Experimental Pro-
cedures”). As shown in Fig. 54, the increase in the intracellular
Ca®" level induced by 50~100 pu celecoxib {apoptosis-inducing
conditions) was drastically inhibited under Ca®" -free conditions.
suggesting that most of the increase is derived from extracellular
Ca*" and not from intracellular compartments (such as the ER
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F16. 5. Mechanism for celecoxib-induced increases in the in-
tracellular Ca®* level. Indicated concentratons of celecoxib were
added to fluo-3/AM-loaded cells under Ca?* -containing i +; or Ca?"-free
{-~) conditions (A and B). Fluo-%AM-loaded cells were pretreated with
I M thapsigargin for 10 min before the celecoxib treatment {B). The
maximum value for the intracellular Ca?" level {{Ca®*),) was deter-
mined as described in the legend to Fig. 4 1A and B). Cultured guinea
pig gastric mucosal cells were incubated with the indicated concentra-
tions of celecoxib for 30 min (C and D). Cells were pretreated with
BAPTA-AM for 10 min before the celecoxib treatment (D). The level of
K~ efflux was measured using a K~ 1on-selective electrode. Melittin (10
#M) was used to determine the 100% level of K* efflux (38). Values are
mean = SE, (n = 3). "™ p < 0.001: n.s., not significant (C and D).

and mitochondria). In other words, stimulation of Ca®® influx
across the cytoplasmic membrane due to membrane permeabili-
zation by celecoxib seems to be responsible for the increase in the
intracellular-Ca®* level in the presence of 50-100 uM celecoxib.
Since permeabilization of eytoplasmic membranes should stimu-
late K efflux from cells, we examined the effect of celecoxib on
K’ concentrations in the medium. As shown in Fig. 5C, K~
concentration in the medium was increased, depending on the
dose of celecoxib, suggesting that celecoxib stimulated K* efflux
across the cytoplasmic membranes. These data suggest that cele-
coxib (50-100 pM) makes the cytoplasmic membranes permeable
and stimulates Ca®" influx, resulting in the observed increase in

2]

the intracellular Ca®" level.

31063

Since the increase in intracellular Ca®' levels by 10-20 M
celecoxib was not clearly inhibited under Ca®' -free conditions
(Fig. 5, A and B}, a mechanism other than stimulation of Ca%*
influx across the cyloplasmic membranes seems to be involved.
We examined the contribution of the ER Ca?" pool to the
celecoxib-induced increase in the intracellular Ca2” levels.
Cells were pretreated with thapsigargin, an inhibitor of
SERCA, which pumps Ca*" from the cytoplasm to the ER, and
then treated with celecoxib under either Ca'*"kcontaining or
Ca*’ -free conditions (Fig. 5Bi. This pretreatment with thapsi-
gargin depleted the ER Ca®" pool idata not shown). The in-
crease in the intracellular Ca®’ level induced by 10-20 M
celecoxib was inhibited more drastically by this thapsigargin
preireatment than by the depletion of extracellular Ca?’ (Fig.
5B). This contrasts with the results for 50-100 pM celecoxib
(Fig. 5B). These results suggest that the ER Ca®" pool (and
perhaps permeabilization of ER membrane) plays an important
role in the increase in the intracellular Ca®" level induced by
10-20 pM celecoxib. In other words, the results indicate that
most of the increase in intracellular Ca®” levels that is induced
by 10-20 um celecoxib is derived from the ER and not from
extracellular sources. A previous report showed that celecoxib
inhibits SERCA (34). Therefore, the inhibitory action of cele-
coxib on SERCA may alse contribute to the increase in the
intracellular Ca®" level induced by 10-20 puM celecoxib. In the
presence of various concentrations of celecoxib, pretreatment
with thapsigargin under Ca?’ -free conditions caused almost
complete inhibition of the celecoxib-induced increase in intra-
cellular Ca?* levels (Fig. 5B). Therefore, both stimulation of
Ca?" influx across cytoplasmic membranes and depletion of the
ER Ca®" pool are responsible for the celecoxib-dependent in-
crease in intracellular Ca®?* levels, which is consistent with
previous results (34, 40).

Contribution of the Increase in the Intracellular Co?™ Level to
Celecoxib-induced Apoptosis—In order to examine the contri-
bution of the membrane permeabilization and the resulting
increase in intracellular Ca®* level to celecoxib-induced apo-
ptosis, at first, we examined the kinetics of celecoxib-induced
apoptosis, membrane permeabilization, and increase in intra-
cellular Ca?* level (Figs. 1B, 2B, and 48). Comparing to induc-
tion of apoptosis by celecoxib, the membrane permeabilization
{calcein release) and increase in intracellular Ca®* level by
celecoxib occurred very rapidly, suggesting that the membrane
permeabilization and the resulting increase in intracellular
Ca*" level are located upstream of the induction of apoptosis.

We then examined induction of apoptosis under Ca?*-free
conditions that is achieved by the addition of BAPTA, Ca**
chelator, to the culture medium. As shown in Fig. 64, the
activation of caspase-3-like activity in cells treated with cele-
coxib for 6 h was partially suppressed by the addition of
BAPTA, suggesting that the increase in intracellular Ca®*
level by celecoxib is important for celecoxib-induced apoptosis.
However, depletion of Ca®* in medium was toxic to cells; treat-
ment of cells with 1 ms BAPTA for 16 h or incubation of cells
with Ca®" -free medium decreased the cell viability even in the
absence of celecoxib (data not shown). Furihermore, since
BAPTA is not permeable for cytoplasmic membranes. BAPTA
cannot chelaie intracellular Ca®". In order to address these
issues, we used BAPTA-AM, an intracellular Ca®" chelator
that is permeable for cytoplasmic membranes. As shown in Fig.
68, BAFTA-AM partially inhibited celecoxib-induced cell
death. At the concentrations used, BAPTA-AM did not affect
celi viability in the absence of celecoxib (data not showni.
Furthermore, treatment of cells with celecoxib caused apoptotic
chromatin condensation, which was also partially inhibited by
the addition of BAPTA-AM in culture medium {Fig. 6, [? and K.
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Fii. 6. Effect of Ca®* chelators or an inhibiior of calpain on
celecoxib-induced apoptosis. Cultured guines pig gastric mucosal
cells were preincubated with indicated concentrations of BAPTA-AM
(B, D, and £} o Z-Leu-Leu-H{C-E} for 1 h. Cells were further incubated
with or without 100 uM celecoxib for 6 h () or 16 h tB-E?} under the
same conditions as the preincubation step tmedium containing BAPTA
was used fer A1 Caspase-3-like activity was measured using fluorogenic
peptide substrates {acetyl-DEVD -methyicoumarin amide; (A} Cell via-
bility was determined by the MTT method (B and C). Values are
mean = SE. (o = 3). **, p < 0.001; **, p < 0.01 (A-C). Afler staining
with Ho 342, cells were observed using a flucrescence microscope. The
arrous show condensed chromatin (D). The numbers of apoptotic cells
with condensed chromatin were counted from representative photomi-
crographs and are expressed as a percentage of total cell number in =
100). Values are mean = S.E.{n = 3L *** p <« 0.001 (£}

Ca?' Levels and NSAID-induced Apoptosis

Therefore, the increase in intracellular Ca®” levels caused by
celecoxib seems to be involved in celecoxib-induced apoptosis.
BAPTA-AM did not affect the celecoxib-dependent stimulation
of K* efflux (Fig. 5D), suggesting that the membrane perme-
abilization by celecoxib is located upstream of increase in in-
tracellular Ca”" level and induction of apoptosis by celecoxib.

. We also examined mitochondrial dysfunction in the presence
of celecoxib. As shown in Fig. 74, treatment of cells with cele-
coxib increased the amount of cytochrome ¢ in the cvtoselic
fractions, suggesting that celecoxib stimulated the release of
cytochrome ¢ from mitochondria. The addition of BAPTA-AM
partially suppressed this increase in the amount of cytochrome
¢ (Figs. 7, A and B). suggesting that the celecoxib-dependent
release of cytochrome ¢ from mitochondria is partly due to the
increase in the intracellular Ca®" level.

We also examined mitochondrial dysfunction by monitoring
the mitochondrial membrane potential, using DePsipher, a mi-
tochondrial dye. This mitochondrial dye normally exists in solu-
tion as a monomer emitting green {luorescence (530 nm) and
forms a dimer emitting red fluorescence (590 nm) in a reaction
that is driven by the mitochondrial membrane potential. Thus, a
decrease in the mitochondrial membrane potential should reduce
the red fluorescence. As shown in Fig. 7E, the red fluorescence
was apparent in control cells (without celecoxib) but was mark-
edly decreased in celecoxib-treated cells. However, when cells
were treated with celecoxib in the presence of BAPTA-AM, the
red fluorescence was partially recovered (Fig. 7, E and F?, sug-
gesting that the celecoxib-dependent decrease in mitochondrial
membrane potential is partly due to the celecoxib-induced in-
crease in the intracellular Ca®" level. These results show that the
observed increase in the intracellular Ca?” level is involved in
celecoxib-induced mitochondrial dysfunction.

Mechanism for Ca® " -dependent Celecoxib-induced Apuptosis—
Then we examined the pathway for celecoxib-induced apoptosis
downstream of the increase in the intracellular Ca? " level. First.
we examined the contribution of the intracellular Ca?” level to
celecoxib-induced CHOP expression, which was shown to play an
important role in NSAID-induced apoptosis {19). Treatment of
cells with celecoxib increased the amount of CHOP, as was pre-
viously reported (19 (Fig. 8, A and B). However, when cells were
treated with celecoxib in the presence of BAPTA-AM, this CHOP
induction was partially inhibited, suggesting that CHOP induc-
tion by celecoxib is partly due to the celecoxib-induced increase in
the intracellular Ca?’ level.

We also examined the participation of calpain in celecoxib-
induced apoptosis. We found that the activity of calpain was
increased in celecoxib-treated cells by use of cell-permeable
calpain substrate (Fig. 9). This calpain activation was par-
tially inhibited by pretreatment of cells with BAPTA-AM
tFig. 9), suggesting that this activation is partially due to an
increase in the intracellular Ca®” level in the presence of
celecoxib. An inhibitor of calpain, Z-Leu-Leu-H, partially
suppressed the celecoxib-dependent decrease in cell viability
and apoptotic chromatin condensation {(Fig. 6, C-E). At the
concentrations used, Z-Leu-Leu-H did not affect cell viability
in the absence of celecoxib (data not shown). These results
suggest that calpain is involved in NSAID-induced apoptosis.
As shown in Fig. 7, C-F, both the celecoxib-stimulated re-
lease of cytochrome ¢ from mitochondria and the celecoxib-
dependent decrease in mitochondrial membrane potential
were also partially suppressed by the addition of Z-Leu-
Leu-H. From these observations, it is likely that calpain also
plays an important role in celecoxib-dependent mitochondrial
dysfunction. In other words, activation of calpain by the
celecoxib-induced increase in the intracellular Ca®’ level
seems to damage the mitochondria. On the other hand, in
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contrast to BAPTA-AM, addition of Z-Leu-Leu-H did not sig-
nificantly affect CHOP induction in the presence of celecoxib
‘Fig. 8, C and D), suggesting that induction of CHOP hy
celecoxib is independent of calpain.

+ BAPTA-AM (1 183)

+ ZLeu-Leu-H (5 108)

Fic. 8. Effect of an intracellular
Ca®* chelator or an inhibitor of cal-
pain on celecoxib-dependent CHOP
induction. Cultured guinea pig gastric
mucosal cells were preincubaied with in-
dicated concentrations of BAPTA-AM (A
and Bj or Z-Leu-Leu-H (C and D; for 1 h.
Cells were further incubated with or
without 100 pu celecoxib under the same
conditions as the preincubation step.
Whole cell extracts were analyzed by im-
muncblotting with an antibody against
CHOP or actin i4 and C}. The intensity of
: the actin bands was used to correct for

differences in sample loading, and the rel-
ative amounts of CHOP to control iwith
celecoxib but without BAPTA-AM or 2Z-
Leu-Leu-H} are expressed as intensity.
Values are mean = SE.tn = 3). ** p <
0.01; =, p < 0.03: n.s., not significant (B
and D3,
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DISCUSSION
In this study, we aimed to identify the pathway for celecoxib-
induced apoptosis using primary cultures of gastric mucosal
cells. First, using 10 different NSAIDs, we demonstrated the
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Fic. 9. Activation of calpain by celecoxib. Cultured guinea pig
gasiric mucosal cells were preincubated with er without 1 M
BAPTA-AM for 1 h. Cells were further incubated with or without 100
M celecoxib for 16 h under the same conditions as the preincubation
step. Calpain activity was measured using fluorogenic peptide sub-
strates {succinyl-L-leucyl-L-leueyl-L-valyl-L-tyrosine 4-methylcoumaryl-
T-amide). Values are mean = S.E. tn = 3% **7, p < 0.00L; ¥, p <« 0.05.

close relationship between their apoptosis-inducing and mem-
brane permeabilization activities. Therefore, it seems that
membrane phospholipids are the primary target of NSAIDs for
the induction of apoptosis. To investigate the mechanism by
which the membrane permeabilization activity of NSAIDs
causes apoptosis, we focused on the intracellular Ca®" level,
because permeabilization of cvtoplasmic membranes increases
the intracellular Ca®" level by stimulating Ca®” influx, and the
intracellular Ca* " level is a key regulator of apoptosis. We have
concluded that intracellular Ca®" levels are involved in cele-
coxib-induced apoptosis, since each of the NSAIDs that we
tested increased the intracellular Ca?® level, this Ca®*-in-
creasing activity of NSAIDs (except etodolac) correlated with
their membrane permeabilization activity, and an intracellular
Ca®" chelator {BAPTA-AM) partially inhibited celecoxib-de-
pendent apoptoesis and mitochondrial dysfunction. To elucidate
the mechanism by which the increase in the intracellular Ca?’
level causes apoptosis, we focused on calpain, because Ca*’
activates this enzyme, and activation of this enzyme can induce
apoptosis. We have demonstrated the involvement-of calpain in
celecoxib-induced apoptosis by showing that an inhibitor of
calpain (Z-Leu-Leu-H) partially inhibited celecoxib-dependent
apoptosis and mitochondrial dysfunction. Cleavage by calpain
activates and inhibits Bax and Bid and Bel-2 and Bel-X, re-
spectively. Since Bax and Bid cause mitochondrial membrane
permeabilization (stimulate release of cytochrome ¢ from the
mitochondria and decrease the mitochondrial membrane po-
tential) (25, 30-32), whereas Bcl-2 and Bel-X; protect mito-
chondrial membrane from permeabilization, activation of cal-
pain by increasing the intracellular Ca®’ level seems to play an
important role in celecoxib-induced mitochondrial dysfunction.
Calpain cleaves and thereby activates procaspase-12 and apo-
ptosis-inducing factor and cleaves and thereby inhibits the
X-linked inhibitor of apoptosis (26, 27, 41). These events may
be involved in celecoxib-induced apoptosis.

Suppression of celecoxib-induced apoptosis by BAPTA-AM
was partial, suggesting that a Ca®"-independent pathway is
also involved in this process. One candidate is the death recep-
tor signaling pathway. It was recently reported that celecoxib
induces expression of death receptors, especially DRS5, and
small interfering RNA for DR5 partially suppresses celecoxib-
induced apoptosis in lung cancer cells (42), Induction of death
receptors causes activation of caspase-B, and it has been shown
that celecoxib activates caspase-8 and that an inhibitor of
caspase-8 partially suppresses celecoxib-dependent apoptosis
(42). We previously reported that various NSAIDs activate

Ca®" Levels and NSAID-induced Apoptosis

caspase-8 in cultured gastric mucosal cells (11). This DR5-
dependent pathway may be involved in celecoxib-induced apo-
ptosis in cultured gastric mucosal cells. As described in the
Introduction, inactivation of phosphatidylinositol 3-kinase/3-
phosphoinositide-dependent kinase-1/Akt and mitogen-acti-
vated protein kinasefextracellular signal-regulaied kinase
signal transduction systems may also be involved in NSAID-
induced apoptosis {20-22). However, at present, it is not clear
whether these pathways are Ca®’-dependent or Ca? -inde-
pendent, because upstream signals for these svstems have not
yet been revealed.

Suppression of celecoxib-induced apoptosis by Z-Leu-Leu-H
was also partial, and this implies that a calpain-independent
pathway is involved in this process. Of course, logically, the
Ca*"-independent pathways discussed above may be responsi-
ble for the calpain-independent pathway. However, we have
considered the contribution of Ca®”-dependent but calpain-
independent pathways to celecoxib-induced apoptosis. One
candidate for such a pathway is the ER stress response, in
particular the induction of CHOP. We recently reported that
NSAlID-induced apoptosis is suppressed in cultured guinea pig
gastric mucosal cells by expression of the dominant negative
form of CHOP and in peritoneal macrophages from CHOP-
deficient mice (19). In the current study, we have shown that
celecoxib-dependent CHOP induction is suppressed by
BAPTA-AM but not by Z-Leu-Leu-H, suggesting that in the
celecoxib-induced apoptosis pathway, CHOP induction is lo-
cated downstream of the increase in the intracellular Ca®"
level but not of ealpain activation. Furthermore, various Ca®”-
dependent but calpain-independent signal pathways other
than CHOP induction may be involved in celecoxib-induced
apoptosis. For example, Ca®" -dependent activation of protein -
kinase C3, a protein kinase C isoform, induces release of cyto-
chrome ¢ from mitochondria (43). Calcineurin, a Ca?* -depend-
ent serine-threonine phosphatase, dephosphorylates BAD (a
proapoptotic member of the Bcel-2 family) and stimulates
apoptosis (445, Opening of permeability transition pores in
mitochondria and stimulation of reactive oxygen species synthe-
sis are also possible Ca®*-dependent but calpain-independent
pathways for celecoxib-induced apoptosis (26-29).

We recently proposed that both COX inhibition at gastric
mucosa and direct gastric mucosal cell damage {such as induc-
tion of apoptosis) by NSAIDs are required for the production of
gastric lesions in vivo. Gastric lesions develop in a manner that
depends on both an intravenously administered low dose of
indomethacin {inhibition of COX activity at the gastric mucosa
without direct gastric mucosal cell damage) and an orally ad-
ministered COX-2-selective NSAID, such as celecoxib (causes
direct gastric mucosal cell damage without inhibition of COX at
gastric mucosa) {12). Therefore, based on the results in this
study, it may be suggested that NSAIDs without membrane-
permeabilizing activity and intracellular Ca?" level-increasing
activity may have reduced gastrointestinal side effects com-
pared with other NSAIDs. An issue that was recently raised
concerning the use of COX-2-selective NSAIDs, a class of gas-
trointestinally safe NSAIDs, is their potential risk for promot-
ing cardiovascular thrombotic events (43). Prostacyelin, a po-
tent anti-aggregator of platelets and a vasodilator, is mainly
produced by COX-2 in vascular endothelial cells, whereas
thromboxane A,, a potent aggregator of platelets and a vaso-
constrictor, is mainly produced by COX-1 in plaielets (46, 47).
Until recently, rofecoxib and celecoxib were leading COX-2-
selective NSAIDs in the market. Rofecoxib was withdrawn
from the market due to the risk of its promoting cardiovascular
thrombotic events, and the United States Food and Drug Ad-
ministration advised physicians to consider alternatives to
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celecoxib due to the risk of its causing cardiovascular throm-
botic events (48, 49). Based on our findings, NSAIDs that do not
exhibit membrane permeabilization activity may be safe for the
gastrointestinal tract even if they are not highly selective for
COX-2. This type of NSAID may be of clinical benefit, because
they are predicted to be safe for both the gastrointestinal tract
and cardiovascular system.

On the other hand, much attention has also been given to the
direct cytotoxicity of NSAIDs in relation to cancer therapy.
Epidemiological studies have shown that prolonged use of as-
pirin or other NSAIDs reduces the risk of cancer (50, 51).
Furthermore, several NSAIDs are presently under clinical de-
velopment as anti-cancer drugs. A number of in civo and in
vitro studies have revealed that NSAIDs cause apoptosis {or
stunulate apoptosis by anti-cancer reagentis) in cancer cells and
that these activities of NSAIDs are involved in their anti-
cancer activity (52). PGs, such as PGE,, inhibit apoptosis (53).
Furthermore, overexpression of COX-2 has been reported in
various tumor cells and tissues (54, 55). Therefore, the inhibi-
tion of COX by NSAIDs was previously thought to be solely
responsible for their chemopreventive effect. However. several
hines 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 anti-tumor activity in vive as
well as induce apoptosis and inhibit cell growth in tumor cells
in vitro (56, 57). Moreover, NSAID induction of apoptosis and
inhibition of cell growth in COX-null fibroblasts and tumor
cells in which COX expression was absent have been reported
58, 59). Therefore, an understanding of COX-independent
mechanisms for the induction of apoptosis by NSAIDs is very
important in order to develop more effective NSA1Ds for cancer
therapy. If the results presented here can be applied to the case
of cancer cells, NSAIDs with more potent membrane-permeabi-
lizing and Ca®" -increasing activity may have more potent anti-
cancer effects than other NSAIDs.
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ABSTRACT

Direct gastric mucosal cell damage mediated by nonsteroidal
anti-inflammatory drugs (NSAIDs) is involved in the formation of
NSAID-induced gastric lesions. We recently suggested that this
direct cytotoxicity of NSAIDs is caused by their membrane-
permeabilization activity. Geranylgeranylacetone (GGA), a clin-
ically used antiulcer drug, can protect gastric mucosa against
lesion formation mediated by NSAIDs. However, the mecha-
nism by which this occurs is not fully understood. In this study,

we show that GGA acts to stabilize membranes against
NSAIDs. GGA suppressed NSAID-induced permeabilization of
calcein-loaded liposomes and NSAID-induced stimulation of
K*-efflux across the cytoplasmic membrane in cells. GGA was
effective even when coadministered with NSAIDs and was also
able to restore membrane fluidity that had been compromised
by NSAIDs. This mechanism seems to play an important role in
the antiulcer activity of GGA.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are of sig-
nificant clinical value, accounting for nearly 5% of all pre-
scribed medications (Smalley et al., 1995). Nonetheless,
NSAID use is often associated with gastrointestinal compli-
cations (Hawkey, 2000), with approximately 15 to 30% of
long-term users experiencing gastrointestinal ulcers and
bleeding (Barrier and Hirschowitz, 1989; Fries et al., 1989;
Kurata and Abbey, 1990; Gabriel et al., 1991). In the United
States alone, approximately 16,500 people per year die as a
result of these complications (Singh, 1998). Therefore, in
general, antiulcer drugs are prescribed in combination with
NSAIDs to prevent the NSAID-induced side effects.

Geranylgeranylacetone (GGA) was developed in Japan and
has become the leading antiulcer drug on the Japanese mar-
ket (Murakami et al., 1981). In both preclinical and clinical
studies, it has been shown to protect the gastric mucosa
against the development of lesions induced by various irmi-
tants, including NSAIDs, without affecting gastric acid se-
cretion (Murakami et al., 1981; Terano et al., 1986; Pappas et
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al., 1987). Various mechanisms have been proposed for this
protective effect of GGA. First, it stimulates the synthesis of
mucus (Terano et al., 1986; Bilski et al., 1987; Rokutan et al.,
2000) and increases mucosal blood flow, an important factor
in maintaining the integrity of the mucosa (Kunisaki and
Sugiyama, 1992). It has also been reported recently that
GGA induces heat shock proteins (HSPs), a novel activity of
GGA that has been shown to be involved in its ability to
protect the gastric mucosa against NSAIDs (Hirakawa et al.,
1996; Mizushima et al., 1999; Tomisato et al., 2001b; Takano
et al., 2002). However, the rapid anti-ulcer activity of GGA
against NSAIDs observed in clinical situations cannot be
fully explained by these indirect actions of GGA, given that
this ameliorating effect is observed even when GGA is coad-
ministered with NSAIDs. Therefore, GGA is also believed to
have unknown direct actions.

The anti-inflammatory action of NSAIDs is mediated
through their inhibitory effect on cyclooxygenase (COX) ac-
tivity. COX is an enzyme essential for the synthesis of pros-
taglandins (PGs), which have a strong capacity to induce
inflammation. The inhibition of COX was believed to be the
sole explanation for the gastric complications of NSAIDs,
given that PGs exert a strong protective effect on gastric
mucosa (Miller, 1983; Vane and Botting, 1996). However, it is
now believed that the induction of gastric lesions by NSAIDs
involves additional mechanisms, because the increased inci-

ABBREVIATIONS: NSAID, nonsteroidal anti-inflammatory drug; GGA, geranylgeranylacetone; HSP, heat shock protein; COX, cyclooxygenase,

PG, prostaglandin; PC, phosphatidylcholine.
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dence of gastric lesions and the decrease in PG levels induced
by NSAIDs do not always occur in parallel (Ligumsky et al.,
1983, 1990). We have demonstrated previously that NSAIDs
induce in vitro cell death (apoptosis and necrosis) indepen-

dent of COX inhibition and have suggested that both COX -

inhibition and NSAID-induced cell death are required to
produce gastric lesions in vivo (Tomisato et al., 2001a,
2004b). Furthermore, we have shown recently that all of the
NSAIDs tested have membrane-permeabilization activity,
which seems to be responsible for the NSAID-induced apo-
ptosis and necrosis (Tomisato et al., 2004a). In this study, we
have found that GGA protects membranes from permeabili-
zation by NSAIDs. This is the first report showing that a
clinically used antiulcer drug has membrane-stabilization
activity in the presence of NSAIDs. We have also demon-
strated that GGA restores the membrane fluidity that is
compromised by NSAIDs.

Materials and Methods

Chemicals, Media, and Animals. Fetal bovine serum was pur-
chased from Invitrogen (Carlsbad, CA). RPMI 1640 medium was
obtained from Nissui (Tokyo, Japan). Indomethacin was purchased
from Wako Pure Chemicals (Tokyo, Japan), whereas ibuprofen, di-
clofenac, mefenamic acid, flufenamic acid, and ketoprofen came from
Sigma-Aldrich (Tokyo, Japan). Nimesulide and flurbiprofen were
obtained from Cayman Chemical (Ann Arbor, MI), and egg phos-
phatidylcholine (PC} was from Kanto Chemicals Co. (Tokyo, Japan).
GGA was kindly provided by Eisai Co. (Tokyo, Japan). Celecoxib was
purchased from LKT Laboratories, Inc. (St. Paul, MN). Etodolac was
a gift, kindly provided by Nippon Shinyaku Co. (Kyoto, Japan).

Treatment of Cells with NSAIDs. Human gastric carcinoma

(AGS) cells were cultured in RPMI 1640 medium containing 10% .

fetal bovine serum. Cells were exposed to NSAIDs by replacement of
the entire bathing medium with fresh medium containing the
NSAID under investigation. NSAIDs were dissolved in dimethyl
sulfoxide; control experiments (without NSAIDs) were performed in
the presence of the same concentration of dimethyl sulfoxide.
Membrane Permeability Assay. Permeabilization of calcein-
loaded liposomes was assayed as described previously (Tomisato et
al.,, 2004a), with some modifications. Liposomes were prepared using
the reversed-phase evaporation method. Egg PC (10 umol, 7.7 mg)
was dissolved in chloroform/methanol (1:2; v/v), dried, dissolved in
1.5 ml of diethyl ether, and added to 1 ml of 100 mM calcein-NaOH,
pH 7.4. The mixture was then sonicated to obtain a homogenous
emulsion. The diethyl ether solvent was removed, and the resulting
suspension of liposomes was centrifuged and washed twice with
fresh buffer A {10 mM phosphate buffer (Na,HPO,-NaH,PO,, pH
6.8) containing 150 mM NaCl] to remove untrapped calcein. The
final liposome precipitate was resuspended in 5 ml of buffer A. A
30-pl aliquot of this suspension was diluted with buffer A up to 20
ml, and 400 ul of this diluted suspension was then incubated at 30°C
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for 10 min in the presence of the NSAID under investigation. The
release of calcein from liposomes was determined by measuring
fluorescence intensity at 520 nm (excitation at 490 nm).

Assay for K* Efflux from Cells. K* efflux from cells was mon-
itored as described previously (Katsu et al., 1987), with some modi-
fications. Cells were washed twice with buffer A and then suspended
in fresh buffer A (2.4 X 10° cells/ml). After incubation with NSAIDs
for 10 min at 37°C, K* efflux from the cells was measured with a K*
ion-selective electrode.

Fluorescence Polarization. Membrane fluidity was measured
using the fluorescence polarization technique (Makise et al., 2002).
Diphenylhexatriene (1%, mol/mol, of egg PC) was used as a fluores-
cence probe. Liposomes were prepared using a reversed-phase evap-
oration method similar to that used in the membrane-permeability
experiments, except for the addition of 1 ml of buffer A instead of 100
mM calcein-NaOH. Measurements were carried out using a Hitachi
F-4500 - fluorospectrophotometer (Hitachi Software Engineering,
Yokohama, Japan). The degree of polarization (P) was calculated
according to the following equation: P = (Iyy — Celyg) Iy + Celyy),
where I is the fluorescence intensity and subscripts V and H refer,
respectively, to the vertical and horizontal orientations of the exci-
tation (first) and emission (second) polarizers. C; (= Iyy/lyy) is a
correction factor.

Statistical Analyses. All results were expressed as the mean *
S.E.M. One-way analysis of variance followed by Scheffe’s multiple
comparison was used for the evaluation of differences between the
groups. A Student’s ¢ test for unpaired results was performed to
evaluate differences between two groups. Differences were consid-
ered significant for values of P < 0.05.

Results

GGA Suppresses NSAID-Induced Membrane Perme-
abilization. We have reported recently that some NSAIDs
(celecoxib, mefenamic acid, flufenamic acid, nimesulide, and
flurbiprofen) cause membrane permeabilization in calcein-
loaded liposomes (Tomisato et al., 2004a). In this study, we
first confirmed the membrane-permeabilization activity of a
number of NSAIDs using the same assay. Calcein fluoresces
very weakly at high concentrations caused by self-quenching,
so the addition of mermbrane-permeabilizing drugs to a me-
dium containing calcein-loaded liposomes should cause an
increase in fluorescence by diluting the calcein (Tomisato et
al., 2004a). As shown in Fig. 1, each of the NSAIDs tested
increased the calcein fluorescence in a dose-dependent man-
ner, indicating that they have membrane-permeabilization
activity. Results for some NSAIDs were consistent with our
previous reports (Tomisato et al., 2004a). Indomethacin, di-
clofenac, and celecoxib were selected for further study be-
cause their membrane-permeabilization activity was higher
than that of the other NSAIDs.

1001 100+
- ~O-Ketoprofen ~ _ ~T" Flurbiprofen
) ~©~Etodolac g O~ Mefenamic acid  Fig. 1. Membrane permeabilization
Y @ i ;
9 -8 Indomethacin 4 ~#- Celecoxib by NSAIDS. Calcem-load.ed h.posomes
o 9 were incubated for 10 min with vary-
£ " Tbuprofen & ~® Diclofenac ing concentrations of each NSAID.
£ . . £ L The release of calcein from the lipo-
s ~*"Nimesulide ] T Flufenamic acid o0 0o then determined by mea-
3 3 suring fluorescence intensity. Melit-
20 20 tin (10 M) was used to establish the
1 100% level of membrane permeabili-
0 0- zation (Katsu et al., 1987).
001 0.1 1 10 100 001 0.1 10 100
NSAIDs (mM) NSAIDs (mM)
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The effect of GGA on indomethacin-induced membrane
permeabilization is illustrated in Fig. 2A. GGA decreased the
calcein fluorescence in a dose-dependent manner in the pres-
ence of 6 or 8 mM indomethacin. Treatment with GGA had no
effect on fluorescence when calcein-loaded liposomes were
studied in the absence of indomethacin (data not shown).
Furthermore, GGA did not directly affect calcein fluorescence
(data not shown). These results suggested that GGA was
protecting the liposome membranes from permeabilization
by indomethacin. As shown in Fig. 2, B and C, GGA also
protected liposome membranes against diclofenac and cele-
coxib, although relatively higher concentrations of GGA
(greater than 10™° M) were required in the case of celecoxib.

In vivo, gastric mucosa can be exposed not only to NSAIDs
but also to various other lesion-inducing irritants (such as
ethanol, gastric acid, and reactive oxygen species) against
which GGA provides protection. We therefore examined the
membrane-permeabilization activity of these irritants using
the same assay. Ethanol, but not hydrochloric acid or hydro-
gen peroxide, showed membrane-permeabilization activity
-under our assay conditions (data not shown). As shown in
Fig. 2D, GGA protected liposome membranes from permeabi-
lization by 10 or 20% ethanol, suggesting that the effect of
GGA is nonspecific.

GGA Protects Membranes against NSAIDs even
when Coadministered. As for the experiments described
above, calcein-loaded liposomes were preincubated with GGA
and were subsequently treated with various NSAIDs in the
presence of the same concentration of GGA, as in the prein-
cubation step. As shown in Fig. 3A, GGA suppressed the
indomethacin-induced membrane permeabilization under

A Indemethacin 6 mM Indomethacin 8 mM
< 100 5
g ® 1001
@@ “1 2] g
5 80 % 80
' 601 T 60
E 4ol 8
S 207 3 201
0- L . 0 ., i i
0 107 10 105 10 0 107 10° 105 10
GGA (M) GGA (M)
C Celecoxib 0.08 mM Celecoxib 0.12 mM

s 80 100
g 60 @ 80
g g

3 3 60
: 40 :

8 2 320

¢ 107 10° 10° 10° 0 107 10° 10° 10
GGA (M) GGA (M)

these conditions (“pretreated” in Fig. 3A). However, a similar
result was obtained even when GGA was added simulta-
neously with indomethacin (“cotreated” in Fig. 3A). Treat-
ment with GGA and either diclofenac or celecoxib (Fig. 3, B
and C) also produced a similar outcome. These results
showed that GGA very rapidly protects liposome membranes
against NSAIDs. In contrast, GGA did not significantly affect
the calcein fluorescence when it was added after NSAID-
treatment (“post-treated” in Fig. 3), again supporting the
notion that the activity of GGA in this paradigm cannot be
explained by its direct effect on calcein fluorescence.

GGA Protects Cell Membranes from NSAID-Medi-
ated K* Efflux. We next examined whether GGA can pro-
tect cell membranes against NSAIDs. Permeabilization of
cytoplasmic membranes should stimulate K* efflux from
cells. Here we examined the effect of various NSAIDs on K*
efflux from AGS cells. The K* concentration in the medium
increased depending on the dose of not only celecoxib but also
indomethacin or diclofenac (Fig. 4), showing that each of

~these NSAIDs stimulated K™ efflux from the cells or, in other

words, permeabilized the cytoplasmic membranes. As shown
in Fig. 5, the increase in K* concentration in the medium was
not as great in the presence of GGA. GGA alone had no effect
(data not shown). These findings suggest that GGA pro-
tects the cytoplasmic membrane from permeabilization by
NSAIDs.

GGA Increases Membrane Fluidity. We have recently
reported that some NSAIDs (celecoxib, mefenamic acid, flufe-
namic acid, nimesulide, and flurbiprofen) decrease mem-
brane fluidity (Tomisato et al., 2004a). Here, we examined
the effect of GGA on membrane fluidity in the presence or
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Fig. 2. Effect of GGA on membrane permeabilization. Calcein-loaded liposomes were preincubated with varying concentrations of GGA for 10 min and
then treated with NSAID (A-C) or ethanol (D) in the presence of the same concentration of GGA. The release of calcein from liposomes was determined
and expressed as described in the legend of Fig. 1. Values shown are mean * SEM. (n = 3). *** P < 0.001; **, P < 0.01; *, P < 0.05.
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absence of NSAIDs using the fluorescence polarization tech-
nique. In such experiments, the higher the calculated P
value, the lower the membrane fluidity. We first examined
the effect of various NSAIDs on the membrane fluidity of PC
liposomes. As described previously (Tomisato et al., 2004a),
celecoxib increased the P value (i.e., decreased the membrane
fluidity) (Table 1). Indomethacin and diclofenac had a similar
effect, although the extent of the decrease differed between
NSAIDs (Table 1). In contrast, GGA decreased the P value in
a dose-dependent manner, reflecting an increase in mem-
brane fluidity (Table 1).

We next examined the effect of GGA on membrane fluidity
in the presence of NSAIDs. Membrane fluidity in the pres-
ence of various concentrations of celecoxib was restored by
GGA in a dose-dependent manner (Table 1). GGA (107* M)
also partially restored membrane fluidity in the presence of 2
mM indomethacin or diclofenac but had no effect in the
presence of 1 mM indomethacin or 5 or 10 mM diclofenac.

Protection by Geranylgeranylacetone against NSAIDs 1159

Discussion

In this study, we have shown that GGA suppresses
NSAID-induced K* efflux from cells, suggesting that GGA
protects the cytoplasmic membranes from permeabilization.
Because a similar effect was observed in calcein-loaded lipo-
somes, which consist only of phospholipids (without mem-
brane proteins), the membrane stabilization activity of GGA
seems to be mediated by its direct interaction with phospho-
lipids, a conclusion supported by the observation that GGA
increases the membrane fluidity of PC liposomes. This is the
first report that a clinically used antiulcer drug protects
membranes from permeabilization by NSAIDs and other gas-
tric irritants (ethanol). GGA is clinically used at 150 mg/day.
The maximum serum concentration under this administra-
tion is approximately 5 uM (5 X 107® M) in patients (data
from interview form from the manufacturer). The maximum
concentration of GGA at gastric mucosa should be higher,
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Fig. 3. Rapid protection of membranes by GGA. Calcein-loaded liposomes were either preincubated with GGA for 10 min and then incubated with
NSAID in the presence of GGA (pretreated), simultaneously incubated with GGA and NSAID (cotreated), or preincubated with NSAID for 10 min and
then treated with GGA in the presence of NSAID (post-treated). The release of caleein from liposomes was determined and expressed as deseribed in
the legend to Fig. 1. Values shown are mean = S.E.M. (n = 3). **, P < 0.01.
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Fig. 4. Stimulation of K* efflux from cells by NSAIDs. AGS cells were incubated with varying concentrations of each NSAID for 10 min, and the level
of K*-efflux was measured using a2 K* ion-selective electrode. Melittin (10 pM) was used to establish the 100% level of K* efflux (Katsu et al., 1987).
Values shown are mean = SEM. (n = 3). *, P < 0.05; **, P < 0.01; *** P < 0.001.
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suggesting that concentrations of GGA used in this study are
clinically significant.

From our previous studies (see below), we consider that
this novel activity of GGA 1is involved in its antiulcer activity
against NSAIDs. We recently proposed that both COX inhi-
bition at the gastric mucosa and direct gastric mucosal cell
damage (necrosis and apoptosis in gastric mucosal cells) are
required for the productior{ of gastric lesions by NSAIDs in
vivo; in this experimental paradigm, gastric lesions devel-
oped in a manner that depended on both an intravenously
administered low dose of indomethacin (inhibition of COX
activity at the gastric mucosa without direct gastric mucosal
cell damage) and an orally administered cytotoxic COX-2—
selective NSAID, such as celecoxib (direct gastric mucosal
cell damage without inhibition of COX) (Tomisato et al.,
2004b). We subsequently suggested that the direct gastric
mucosal cell damage is caused by the membrane permeabi-
lization activity of NSAIDs; the ED,, values of the 10
NSAIDs for gastric mucosal cell death (concentrations of
NSAID required for 50% inhibition of cell viability by necro-
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K* efflux (%)
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Diclofenac 2 mM
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sis or apoptosis) correlated well with the ED,, values for
membrane permeabilization (concentration of NSAID re-
quired for 20% release of calcein); plotting ED;, values for
necrosis or apoptosis versus ED,, values for membrane per-
meabilization yielded an rZ value of 0.94 or 0.93, respectively
(Tomisato et al., 2004a; Tanaka et al., 2005). We therefore
consider that the membrane stabilization activity of GGA
causes suppression of NSAID-induced direct gastric mucosal
cell damage, conferring protection against the development
of ulcers. This raises the possibility that the membrane sta-
bilization assay can be used as a rapid screening technique
for potential new antiulcer drugs.

As outhined in the Introduction, GGA has a number of
pharmacological activities that are believed to be involved in
its antiulcer activity. These include stimulating the synthesis
of gastric mucus, increasing gastric mucosal blood flow, and
inducing HSPs in gastric mucosal cells (Terano et al., 1986;
Bilski et al., 1987; Kunisaki and Sugiyama, 1992; Hirakawa
et al., 1996; Mizushima et al., 1999; Tomisato et al., 2000;
Takano et al.,, 2002). However, these activities cannot be

Celecoxib 0.2 mM

K* efflux (%)

166 105 10 0 107 10°¢ 105 10*
GGA (M)

Fig. 5. Effect of GGA on K" efflux from cells in the presence of NSAIDs. AGS cells were preincubated with varying concentrations of GGA and then
treated with NSAID in the presence of the same concentrations of GGA. The level of K* efflux was measured and expressed as described in the legend
to Fig. 4. Values shown are mean = S.E.M. (n = 3). **, P < 0.01; *** P < 0.001.

TABLE 1

Effect of GGA on membrane fluidity in the presence or absence of various NSAIDs

The degree of polarization of PC liposomes in the presence of GGA and/or various NSAIDs was measured as described under Materials and Methods. The final lipid
concentration was adjusted to 30 p M. Fluorescence polarization was measured by excitation at 360 nm and emission at 430 nm using a Hitachi F-4500 fluorospectropho-
tometer equipped with polarizers and thermoregulated cells. Values shown are mean = SEM. (n = 3).

Degree of Polarization

NSAIDs
PC + GGA 1075 + GGA 1074
M
Control 0.121 = 0.007 0.097 % 0.005** 0.071 = 0.003%**
Indomethacin
1 mM 0.172 = 0.033 0.165 = 0.037 0.170 = 0.020
2 mM 0.217 = 0.017 0.177 = 0.021 0.165 = 0.024*
Diclofenac
2 mM 0.149 + 0.012 0.153 = 0.008 0.114 = 0.007*
5 mM 0.151 = 0.012 0.152 = 0.010 0.154 = 0.010
10 mM 0.159 + 0.015 0.167 = 0.010 0.160 = 0.014
Celecoxib
0.1 mM 0.133 = 0.006 0.113 = 0.004** 0.080 = 0.007***
0.5 mM 0.210 = 0.006 0.175 * 0.005%** 0.148 = 0.010%**
1 mM 0.210 = 0.009 0.187 = 0.005* 0.159 = 0.006***
*P < 0.05.
** P < 0.01.
P < 0.001.
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measured experimentally without an initial incubation pe-
riod (for example, induction of HSPs by GGA requires at least
1 h incubation both in vitro and in vive) (Hirakawa et al.,
1996). In contrast, in clinical situations, GGA can suppress
gastric lesions even when administered simultaneously with
NSAIDs, suggesting a more direct protective mechanism,
such as the membrane stabilization proposed here. Nonethe-
less, longer-term indirect actions of GGA may also play a role
in its antiulcer activity and that the different time courses of
these effects could confer a clinical advantage.

In the present study, we also demonstrated that GGA
restores membrane fluidity that has been compromised by
NSAIDs. At present, it is not certain that this activity of GGA
underpins its membrane-stabilizing ability. Nor is the rela-
tionship between decreased membrane fluidity and NSAID-
induced membrane permeabilization clear, given that we
have shown previously that most but not all of the NSAIDs
tested (mefenamic acid, flufenamic acid, celecoxib, and nime-
sulide, but not flurbiprofen) decrease membrane fluidity, and
that cholesterol, which ameliorates the NSAID-induced de-
crease in membrane fluidity, renders liposomes resistant to
some but not all NSAIDs (Tomisato et al., 2004a). Restora-
tion of membrane fluidity by GGA also differed between
NSAIDs (Table 1), suggesting that this effect cannot fully
explain the membrane stabilization activity of GGA. How-
ever, if holes develop in membranes, such holes become more
stable (in other words, the membrane becomes more perme-
able) when membrane fluidity decreases. It is also possible
that a GGA-mediated increase in membrane fluidity is in-
volved in the maintenance of surface hydrophobicity at the
gastric mucosa, which is believed to be important for main-
taining mucosal integrity. Lichtenberger and his coworkers
have proposed that NSAIDs disrupt the hydrophobic barrier
properties of the gastric mucosal surface, rendering it sus-
ceptible to attack by luminal acid. They showed that NSAIDs
cause a marked decrease in surface hydrophobicity and ob-
served a close relationship between a decrease in gastric
surface hydrophobicity and gastric lesion score in rats (Dar-
ling et al., 2004; Lichtenberger et al., 1995). They also sug-
gested that an NSAID-induced decrease in membrane fluid-
ity is related to the decrease in surface hydrophobicity
mediated by NSAIDs (Giraud et al., 1999). However, further
studies are necessary to elucidate the effect of GGA on mem-
brane fluidity and its influences on antiulcer activity.
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