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Abstract

A major clinical problem encountered with the use of non-steroidal anti-inflammatory drugs (NSAIDs), is gastrointestinal complica-

tions. We previously reported that NSAIDs induce both necrosis and apoptosis in vitro. We here examined the cyclooxygenase (COX)

dependency of this cytotoxic effect of NSAIDs and its involvement in NSAID-induced gastric lesions. Necrosis and apoptosis by NSAIDs

was observed with all selective COX-2 inhibitors except rofecoxib and was not inhibited by exogenously added prostaglandin E2,

suggesting that cytotoxicity of NSAIDs seems to be independent of the inhibition of COX. Intravenously administered indomethacin,

which completely inhibited COX activity at gastric mucosa, did not produce gastric lesions. Orally administered selective COX-2

inhibitors, which did not inhibit COX at gastric mucosa, also did not produce gastric lesions. Interestingly, a combination of the oral

administration of each of all selective COX-2 inhibitors except rofecoxib with the intravenous administration of indomethacin clearly

produced gastric lesions. These results suggest that in addition to COX inhibition by NSAIDs, direct cytotoxicity of NSAIDs may be

involved in NSAID-induced gastric lesions.

# 2003 Elsevier Inc. All rights reserved.
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1. Introduction

NSAIDs are one of the most frequently used classes of

medicines in the world and account for nearly 5% of all

prescribed medications [1]. However, NSAID administra-

tion is associated with gastrointestinal complications, such

as gastric ulcers and bleeding, which sometimes become

life-threatening diseases [2]. About 15–30% of chronic

users of NSAIDs have gastrointestinal ulcers and bleeding

[3–6]. In the United States, about 16,500 people per year

die as a result of NSAID-associated gastrointestinal com-

plications [7]. Therefore, the molecular mechanism gov-

erning NSAID-induced gastrointestinal damage needs to

be elucidated in order to develop new NSAIDs that do not

have these side effects.

Inhibition of COX by NSAIDs, which is responsible for

their anti-inflammatory activity was previously thought to

be fully responsible for their gastrointestinal side effects [8].

This is because COX is an enzyme essential for the synth-

esis of prostaglandins (PGs), which have a strong cytopro-

tective effect on the gastrointestinal mucosa [9]. There are at

least two subtypes of COX, COX-1 and COX-2, which are

responsible for the majority of COX activity at the gastric

mucosa and tissues with inflammation, respectively

[10,11]. Therefore, it is reasonable to speculate that selec-

tive COX-2 inhibitors have anti-inflammatory activity

without gastrointestinal side effects [10]. In fact, a greatly

reduced incidence of gastroduodenal lesions was reported

for selective COX-2 inhibitors (such as celecoxib and

rofecoxib) both in animal and clinical data [12–15], how-

ever, recently published paper showed no difference in

serious gastrointestinal complications between celecoxib

and two non-selective NSAIDs [16]. Two lines of evidence

have worked against the idea that the gastrointestinal side
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effects of NSAIDs are caused only by the inhibition of

COX-1. The first is that a selective COX-1 inhibitor (SC-

560) induced no gastric injury even at high dosages, and

COX-1 knockout mice showed no detectable gastric ulcers

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

incidence of gastrointestinal lesions and the decrease in PG

levels induced by NSAIDs are not always linked with each

other. For example, higher doses of NSAIDs were required

for producing gastric lesions than were required for inhi-

biting COX at the gastric mucosa [21,22]. The former

contradiction can be explained by the recent proposal that

inhibition of both COX-1 and COX-2 was necessary for

NSAID-induced gastrointestinal lesions [17]. However, the

latter contradiction cannot be explained by this idea,

suggesting therefore that NSAID-induced gastrointestinal

lesions involve additional mechanisms [23]. Understand-

ing the additional mechanisms is necessary in order to

establish an alternative method for development of gastro-

intestinally safe NSAIDs other than simply increasing their

COX-2 selectivity. This new class of NSAIDs may be

clinically beneficial because clinical disadvantages (i.e.

risk of cardiovascular thrombotic disease) of selective

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

In addition to various possibilities proposed for this

additional mechanism (such as reduced blood flow, hyper-

motility, and activation of neutrophils) [26–28], a direct

cytotoxic effect of NSAIDs (topical irritant property) on

gastric mucosal cells was also proposed to be involved in

NSAID-induced gastric lesions [23,29]. As for this direct

cytotoxic effect, we previously reported that NSAIDs

(indomethacin and aspirin) induced both necrosis and

apoptosis in primary cultures of guinea pig gastric mucosal

cells [30]. In this study, we suggested that the direct

cytotoxic effect of NSAIDs is independent of the inhibition

of COX and suggest that in addition to COX inhibition by

NSAIDs, direct cytotoxic effect of NSAIDs is involved in

NSAID-induced gastric lesions in vivo by use of a combi-

nation of the oral administration of selective COX-2

inhibitors with the intravenous administration of non-

selective NSAIDs.

2. Materials and methods

2.1. Chemicals, media, and animals

FBS and trypan blue were from Gibco Co. Indometha-

cin, aspirin, and NS-398 were from Wako Co. Ibuprofen,

diclofenac, and 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyl

tetrazolium bromide (MTT) were from Sigma Co. Cele-

coxib was from LKT Laboratories Inc. Rofecoxib was

synthesized in our laboratory. We confirmed that this

rofecoxib has bioequivalence with that made by Merck,

by measuring their inhibitory effect on inflammatory PG

synthesis. Etodolac was gift kindly provided by Nippon

Shinyaku Co. The ELISA kits for PGE2 and 6-keto-PGF1a

quantitation were from Cayman Chemical Co. Male Wistar

rats weighing 160–190 g and male guinea pigs weighing

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

ments and procedures described here were carried out in

accordance with the Guide for the Care and Use of

Laboratory Animals as adopted and promulgated by the

National Institute of Health and were approved by the

Animal Care Committee of Okayama University.

2.2. In vitro assay of cytotoxicity and

DNA fragmentation

Gastric mucosal cells were isolated from guinea pig

fundic glands, as described previously [31,32]. Isolated

gastric mucosal cells were cultured for 12 hr in RPMI 1640

containing 0.3% (v/v) FBS, 100 U/mL penicillin, and

100 mg/mL streptomycin in type-I collagen-coated plastic

culture plates under the conditions of 5% CO2/95% air and

378. After removing non-adherent cells by washing with

RPMI 1640, cells that were attached to the plate at about

50% confluence were used. Guinea pig gastric mucosal

cells prepared under these conditions were previously

characterized, with the majority (about 90%) of cells being

identified as pit cells [31]. NSAIDs were dissolved in

DMSO and control experiments (without NSAIDs) were

performed in the presence of same concentrations of

DMSO. Cells were exposed to NSAIDs by changing the

entire bathing medium. Cell viability was determined by

the trypan blue exclusion test or the MTT method as

previously described [33].

Apoptotic DNA fragmentation was monitored as pre-

viously described [34]. Cells were collected using a rubber

policeman and suspended in 70 mL of lysis buffer, con-

sisting of 50 mM Tris–HCl (pH 7.8), 10 mM EDTA, and

0.5% sodium-N-lauroylsarcosinate. Proteinase K was

added to a final concentration of 1 mg/mL, and the lysate

was incubated at 508 for 2 hr. RNase A was then added to a

final concentration of 0.5 mg/mL and incubated at 508 for

30 min. These samples were analyzed by 2% agarose gel

electrophoresis in the presence of 0.5 mg/mL ethidium

bromide.

2.3. Gastric damage assay

Rats (24 hr fasted) were orally administered with selec-

tive COX-2 inhibitors or non-selective NSAIDs with 1%

methylcellulose in a volume of 5 mL/kg. Control rats

received an equal volume of the vehicle (1% methylcellu-

lose). In some experiments, 1 hr before the oral adminis-

tration, indomethacin (dissolved in PBS), aspirin

(dissolved in PBS), or vehicle (PBS) was administered

intravenously via the tail vein. Six hours after the oral

administration, the rats were anesthetized and the stomach

was removed and scored for hemorrhagic damage by an

observer unaware of the treatment that the rats had

received. The score involved measuring the area of all
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lesions in millimeters and summing the values to give an

overall gastric lesion index. Determination of PGE2 levels

at the gastric mucosa was done by ELISA as previously

described [35].

2.4. Caspase activity assay

The activity of caspase 3 was determined as described

previously [30]. Briefly, cells were collected by centrifu-

gation and suspended in extraction buffer (50 mM PIPES

(pH 7.0), 50 mM KCl, 5 mM EGTA, 2 mM MgCl2, and

1 mM DTT). Suspensions were sonicated and centrifuged,

after which the supernatants were incubated with fluoro-

genic peptide substrate (Ac-DEVD-MCA) in reaction

buffer (100 mM HEPES–KOH (pH 7.5), 10% sucrose,

0.1% CHAPS, and 1 mg/mL BSA) for 15 min at 378.
The release of AMC was determined using a fluorescence

spectrophotometer. One unit of protease activity was

defined, as the amount of enzyme required to release

1 pmol AMC/min.
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Fig. 1. Necrosis and apoptosis induced by various NSAIDs. Cultured guinea pig gastric mucosal cells were incubated with indicated concentrations of

various NSAIDs for 1 hr (A, C) or 16 hr (B, C). Cell viability was determined by the MTT method (A, B). Chromosomal DNA was extracted and analyzed by

2% agarose gel electrophoresis (C). Values are mean � SEM (N ¼ 3).
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2.5. Statistical analysis

All values are expressed as the mean � standard error

(SEM). One-way ANOVA followed by Scheffe’s multiple

comparison was used for evaluation of differences between

the groups. A Student’s t 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

Fig. 1. (Continued ).
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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

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 PGE2 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 PGE2 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 PGE2

synthesis. For example, celecoxib was the strongest com-

pound in terms of cytotoxicity, but the weakest for inhibit-

ing PGE2 synthesis. Therefore, it seems that the cytotoxic

Table 1

Activation of caspase 3 by NSAIDs

Incubation

(hr)

NSAIDs Caspase 3-like activity

(U/mg protein)

1 Control 10 � 3

4 mM indomethacin 11 � 1

4 mM diclofenac 13 � 6

10 mM ibuprofen 13 � 2

10 mM etodolac 10 � 3

2 mM NS-398 11 � 5

0.5 mM celecoxib 10 � 5

6 mM rofecoxib 10 � 4

16 Control 14 � 4

1 mM indomethacin 525 � 23***

1 mM diclofenac 564 � 50***

3 mM ibuprofen 591 � 32***

3 mM etodolac 455 � 29***

0.25 mM NS-398 473 � 33***

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 ¼ 3).
***P < 0:001.

Fig. 2. Inhibition of PGE2 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 PGE2 in the media were determined by ELISA. Values are expressed as

relative to control (without NSAIDs) (2 � 10�9 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 PGE2 on necrosis and apoptosis induced by indo-

methacin. Exogenously added PGE2 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 PGE2 than is present

endogenously in medium (10�9 M) (Fig. 3).

It was recently reported that prostacyclin (PGI2) protects

cells from apoptosis [36,37]. Therefore, we also measured

the level of PGI2 in the medium. Since PGI2 is very

unstable in medium, we determined the level of 6-keto-

PGF1a (metabolite of PGI2) instead of PGI2. In the absence

of NSAIDs, the concentration of 6-keto-PGF1a in the

medium was 0.7 nM. The IC50 value of indomethacin

and celecoxib for inhibiting 6-keto-PGF1a synthesis was

about 5 � 10�9 M. We also examined the effect of exo-

genously added PGI2 on necrosis and apoptosis induced

by indomethacin. Due to the instability of PGI2 in medium,

we used carbaprostacyclin (stable analogue of PGI2)

instead of PGI2. 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 PGI2 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

pharmacological experiments, it is necessary to separate

Fig. 3. Effect of PGE2 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 PGE2 (A, B) or carbaprostacyclin (C, D). Cell

viability was determined by the trypan blue exclusion test. Values are mean � SEM (N ¼ 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 1 hr, 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 ¼ 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 NSAIDs at the gastric

mucosa following intravenous administration is much lower

compared to when NSAIDs are orally administered. On the

other hand, oral administration of selective COX-2 inhibi-

tors (except rofecoxib) may cause direct cytotoxicity to the

gastric mucosa without inhibition of COX-1, and thus PG

synthesis may be maintained.

Intravenous administration of indomethacin (3 mg/kg) in

rats did not produce gastric lesions (Fig. 4A) even though

the level of PGE2 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). PGE2 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.

Fig. 4. (Continued ).

Table 2

Inhibition of gastric PGE2 synthesis by NSAIDs in vivo

NSAIDs Gastric PGE2 (ng/g tissue)

Control 26.8 � 1.0

3 mg/kg indomethacin i.v. 1.4 � 0.4***

100 mg/kg aspirin i.v. 1.4 � 0.2***

3.8 mg/kg indomethacin p.o. 2.3 � 0.4***

3.8 mg/kg diclofenac p.o. 12.2 � 1.1***

7.5 mg/kg diclofenac p.o. 3.5 � 1.5***

7.5 mg/kg etodolac p.o. 18.2 � 3.8

15 mg/kg etodolac p.o. 5.1 � 1.4***

30 mg/kg NS-398 p.o. 20.2 � 3.2

15 mg/kg celecoxib p.o. 25.3 � 1.3

30 mg/kg rofecoxib p.o. 19.9 � 4.1

Rats were intravenously (i.v.) or orally (p.o.) administered with indicated

doses of NSAIDs. After 6 hr (p.o.) or 7 hr (i.v.), the level of PGE2 in gastric

mucosa was determined by ELISA. Values are mean � SEM (N ¼ 4–6).
***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 PGE2 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.

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. PGI2, 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 A2, 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 PGI2 or thromboxane A2 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. J Clin Gastroenterol 1990;12:260–6.

[7] Singh G. Recent considerations in nonsteroidal anti-inflammatory

drug gastropathy. Am J Med 1998;105:31S–8S.

[8] Vane JR, Botting RM. Mechanism of action of anti-inflammatory

drugs. Scand J Rheumatol Suppl 1996;102:9–21.

[9] Miller TA. Protective effects of prostaglandins against gastric mucosal

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.

[11] 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, Ouellet M, Patrick D, Percival MD, Perrier H, Prasit P,

Rodger I, 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-(40-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 the 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

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



the rat stomach with normal mucosa and after acid challenge. Br J

Pharmacol 2001;132:1565–73.

[21] 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.

[29] Lichtenberger LM, Wang ZM, Romero JJ, Ulloa C, Perez JC, 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.

[31] 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.

[33] 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. J Pharm Pharmacol

1993;45:753–5.

[36] Chen MF, Chen JC, Chiu DF, Ng CJ, 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.

[37] Cutler NS, Graves-Deal R, LaFleur BJ, Gao Z, Boman BM, White-

head RH, Terry E, Morrow JD, Coffey RJ. 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 1 contributes to inflammatory responses in

rats and mice: implications for gastrointestinal toxicity. Gastroenter-

ology 1998;115:101–9.

[40] 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

model 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.

[45] McAdam BF, Catella LF, Mardini IA, 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] 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 J, 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.

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


	Role of direct cytotoxic effects of NSAIDs in the induction of gastric lesions
	Introduction
	Materials and methods
	Chemicals, media, and animals
	In vitro assay of cytotoxicity and DNA fragmentation
	Gastric damage assay
	Caspase activity assay
	Statistical analysis

	Results
	In vitro necrosis and apoptosis induced by various NSAIDs, and their relationship with COX inhibition
	Development of gastric lesions by a combination of the oral administration of selective COX-2 inhibitors with the intravenous administration of non-selective NSAIDs

	Discussion
	Acknowledgements
	References


