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1 E�ects of the cyclo-oxygenase (COX)-1 inhibitor SC-560 and the COX-2 inhibitors rofecoxib and
DFU were investigated in the normal stomach and after acid challenge.

2 In healthy rats, neither SC-560 nor rofecoxib (20 mg kg71 each) given alone damaged the
mucosa. Co-treatment with SC-560 and rofecoxib, however, induced severe lesions comparable to
indomethacin (20 mg kg71) whereas co-administration of SC-560 and DFU (20 mg kg71 each) had
no comparable ulcerogenic e�ect 5 h after dosing.

3 SC-560 (20 mg kg71) inhibited gastric 6-keto-prostaglandin (PG) F1a by 86+5% and platelet
thromboxane (TX) B2 formation by 89+4% comparable to indomethacin (20 mg kg71). Rofecoxib
(20 mg kg71) did not inhibit gastric and platelet eicosanoids.

4 Intragastric HCl elevated mucosal mRNA levels of COX-2 but not COX-1. Dexamethasone
(2 mg kg71) prevented the up-regulation of COX-2.

5 After acid challenge, SC-560 (5 and 20 mg kg71) induced dose-dependent injury. Rofecoxib
(20 mg kg71), DFU (5 mg kg71) and dexamethasone (2 mg kg71) given alone were not ulcerogenic
but aggravated SC-560-induced damage. DFU augmented SC-560 damage 1 but not 5 h after
administration whereas rofecoxib increased injury after both treatment periods suggesting di�erent
time courses.

6 Gastric injurious e�ects of rofecoxib and DFU correlated with inhibition of in¯ammatory PGE2.

7 The ®ndings show that in the normal stomach lesions only develop when both COX-1 and COX-
2 are inhibited. In contrast, during acid challenge inhibition of COX-1 renders the mucosa more
vulnerable suggesting an important role of COX-1 in mucosal defence in the presence of a
potentially noxious agent. In this function COX-1 is supported by COX-2. In the face of pending
injury, however, COX-2 cannot maintain mucosal integrity when the activity of COX-1 is
suppressed.
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Introduction

Two isoforms of cyclo-oxygenase (COX), the key enzyme in

prostaglandin (PG) and thromboxane (TX) biosynthesis,
referred to as COX-1 and COX-2, have been identi®ed. Each
enzyme is encoded by a separate gene (Hla & Neilson, 1992)

and has a distinct pattern of expression and biological
function. COX-1 is expressed constitutively and high levels
can be detected in most tissues (O'Neill & Ford-Hutchinson,

1993). In contrast, levels of COX-2 mRNA and protein are
usually low or undetectable under basal conditions but are
rapidly elevated during in¯ammation or mitogenic stimula-
tion (Raz et al., 1989; Kujubu et al., 1991). The COX

isoforms are the primary target enzymes for non-steroidal
anti-in¯ammatory drugs (NSAIDs). It was postulated that
inhibition of COX-2 mediates the anti-in¯ammatory and

chemopreventive e�ects of NSAIDs without relevant in¯uence

on homeostasis reactions, whereas inhibition of COX-1 is
responsible for the NSAID-associated side e�ects in the
gastrointestinal tract, cardiovascular system and kidney (Vane

& Botting, 1995). This concept was corroborated by studies
showing that e.g. the severity of gastrointestinal side e�ects
that occur during NSAID therapy correlates with the COX-1

selectivity of the drugs (Warner et al., 1999). Furthermore, it
was demonstrated that selective COX-2 inhibitors do not
induce gastric mucosal damage in experimental animals
(Futaki et al., 1993; Masferrer et al., 1994; Riendeau et al.,

1997; Schmassmann et al., 1998; Chan et al., 1999) and cause
signi®cantly less gastrointestinal side e�ects in humans than
standard NSAIDs that inhibit both COX-1 and COX-2

(Laine et al., 1999; Langman et al., 1999; Simon et al., 1999).
In contrast to the initial hypothesis, recent ®ndings

suggest that COX-2 contributes to prostaglandin biosynth-
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esis in physiological situations. Thus, COX-2 is expressed
constitutively in the brain (Lukiw & Bazan, 1997), kidney
(Harris, 1996) and pancreatic islets (Robertson, 1998). A

physiological role of COX-2 is supported by the ®nding that
COX-2 de®cient mice have defects in renal function
(Morham et al., 1995), female reproductive physiology
(Lim et al., 1997), and regulation of bone resorption (Raisz,

1999). Moreover, in healthy humans, urinary excretion of 6-
keto-PGF1a and the metabolite 2,3 dinor 6-keto-PGF1a was
signi®cantly suppressed by the COX-2 inhibitor celecoxib

implicating a major role for COX-2 in the biosynthesis of
renal and systemic PGI2 under physiological conditions
(McAdam et al., 1999). In rats, COX-2 inhibitors counter-

acted the gastroprotective e�ects of a mild irritant (Gretzer
et al., 1998) or luminal perfusion with peptone (Ehrlich et
al., 1998) and markedly aggravated gastric damage induced

by ischaemia-reperfusion (Maricic et al., 1999). COX-2
inhibitors delayed the healing of gastric ulcers in mice
(Mizuno et al., 1997) and rats (Schmassmann et al., 1998)
and inhibited angiogenesis, epithelial cell proliferation and

maturation of the granulation tissue in chronic gastric ulcers
(Schmassmann et al., 1998). Furthermore, in a rat colitis
model, COX-2 inhibitors were demonstrated to cause

exacerbation of colonic in¯ammation (Reuter et al., 1996).
On the other hand, in the rat stomach chronic administra-
tion of endotoxin increased the expression of both COX-1

and COX-2 mRNA but only the non-selective COX
inhibitor indomethacin and not a selective COX-2 inhibitor
counteracted the protective e�ect of endotoxin (Ferraz et al.,

1997). Hence, both COX-1 and COX-2 were found to
mediate gastrointestinal defence reactions in certain patho-
physiological situations.
Standard NSAIDs cause profound inhibition of gastric

mucosal prostaglandin formation and induce gastric mucosal
injury in experimental animals and humans. As selective
COX-2 inhibitors have a markedly reduced capacity to exert

gastrotoxic e�ects, it was postulated that in the healthy
stomach COX-1 is the exclusive COX isoform responsible
for the maintenance of mucosal integrity (Vane & Botting,

1995; Warner et al., 1999) with COX-2 contributing to
mucosal defence only under pathophysiological conditions.
This hypothesis seemed to be supported by the ®nding that
a selective COX-1 inhibitor (Smith et al., 1998) but not

selective COX-2 inhibitors (Mizuno et al., 1997; Schmass-
mann et al., 1998; Gretzer et al., 1998; Ehrlich et al., 1998;
Maricic et al., 1999) cause measurable inhibition of gastric

mucosal prostaglandin formation. The present study in-
vestigates in rats the e�ects of the selective COX-1 inhibitor
[5-(4-chlorophenyl)-1 - (4 -methoxyphenyl) - 3 -tri¯uoromethyl-

pyrazole] (SC-560) (Smith et al., 1998) and the selective
COX-2 inhibitors 4-[4-(methylsulphonyl)phenyl]-3-phenyl-
2(5H)-furanone (rofecoxib) (Chan et al., 1999) and 5,5-

dimethyl -3 -(3 -¯uorophenyl) - 4 - (4 -methylsulphonyl)phenyl -
2(5II)-furanone (DFU) (Riendeau et al., 1997) on gastric
mucosal integrity in the normal rat stomach and after
intraluminal acid instillation. The doses of the COX-2

inhibitors used in our experiments were selected with respect
to the reported anti-in¯ammatory e�ects of rofecoxib (Chan
et al., 1999) and DFU (Riendeau et al., 1997) in various

models of in¯ammation in rats. The ®ndings of this study
show that in the normal stomach mucosal damage only
develops when both COX-1 and COX-2 are inhibited. A

similar conclusion has recently been reached using other
COX-2 inhibitors in combination with SC-560 by Wallace et
al. (2000). In contrast to normal gastric mucosa, in acid-

challenged gastric mucosa selective inhibition of COX-1 is
su�cient to produce mucosal injury that is further increased
by simultaneous COX-2 inhibition. Some of this work has
been previously published in abstract form (Gretzer et al.,

2000).

Methods

Animal models

Male Wistar rats (180 ± 220 g) were fasted overnight with free
access to tap water. All experimental protocols were

approved by the Animal Care Committee of the Ruhr-
University of Bochum.

Normal gastric mucosa Rats were treated orally with

indomethacin (5 or 20 mg kg71), SC-560 (20 mg kg71), or
rofecoxib (20 mg kg71). Additional groups of rats received
concurrent oral treatment with SC-560 (20 mg kg71) and

rofecoxib (1 ± 20 mg kg71) or DFU (20 mg kg71). Controls
received the vehicle (2.5 ml kg71 of 0.25% methylcellulose).
Five hours after drug administration, rats were killed by

cervical dislocation. The stomach was removed and gross
mucosal damage was assessed in a blinded manner by
calculation of a lesion index (LI) using a 0 ± 3 scoring system

based on the number and severity factor of lesions. The
severity factor was de®ned according to the length of the
lesions. Severity factor 0 is=no lesions visible; I=lesions
52 mm; II=lesions 2 ± 4 mm; III=lesions 44 mm. The

lesion index was calculated as the total number of lesions
multiplied by their respective severity factor.

Acid-challenged gastric mucosa Rats were anaesthetized with
an intraperitoneal injection of sodium pentobarbitone
(50 mg kg71) and tracheotomized. After ligation of the

oesophagus and pylorus, 1 ml of HCl (200 or 300 mM) or
saline was instilled into the gastric lumen through the
forestomach. Sixty minutes later, the stomach was excised
and gross mucosal damage was assessed in a blinded manner

by calculation of a lesion index as described above.
Groups of rats were treated orally with indomethacin

(5 mg kg71), SC-560 (5 or 20 mg kg71), rofecoxib (20 mg

kg71), DFU (5 mg kg71) or dexamethasone (2 mg kg71).
Further groups of rats were treated orally with rofecoxib
(20 mg kg71), DFU (5 mg kg71) or dexamethasone (2 mg

kg71) concurrent with SC-560 (5 mg or 20 mg kg71). Sixty
minutes after drug administration, 1 ml of 200 mM HCl was
instilled intragastrically. For dexamethasone, the pretreat-

ment period was 2 h. Additional rats were treated orally with
indomethacin (5 mg kg71), SC-560 (5 mg kg71) or DFU
(5 mg kg71) concurrent with SC-560 (5 mg kg71) 60 min
before intragastric instillation of 1 ml of 300 mM HCl. To

assess the duration of action of the COX-2 inhibitors, other
groups of rats received combined treatments of SC-560
(5 mg kg71) and DFU (5 mg kg71) or rofecoxib (20 mg kg71)

5 h before acid instillation. Vehicle (0.25% methylcellulose)-
treated and acid-challenged rats were included as controls in
all experiments.
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Histology

For histological study, a strip of the stomach wall parallel to

the limiting ridge was processed using routine methods,
stained with H&E and examined under a light microscope in
a blinded randomized fashion by a pathologist who was not
aware of the treatment protocol. Histological injury was

assessed as surface mucus cell damage showing vacuolated
cells with pyknotic nuclei and hyalinized cytoplasm, and
surface cell damage plus disruption of cells lining the gastric

pits with the parietal cells having pyknotic nuclei and
hyalinized cytoplasm, loss of normal glandular architecture,
and cellular dropout. The length of mucosal areas showing

histological damage was determined and expressed as per
cent of the total section length studied.

Reverse transcription-polymerase chain reaction
(RT ±PCR)

Total RNA from gastric mucosa was extracted using Trizol.

After treatment with RNase-free DNase I to remove
contaminating DNA, RNA was puri®ed using a Nucleo-
Spin Kit. RT ±PCR was performed as described previously

using primers for COX-1, COX-2 and GAPDH as described
(Maricic et al., 1999). Three ml for COX-2 and 1 ml for
COX-1 and GAPDH of the reverse transcribed product were

ampli®ed. Cycling parameters were: 958C for 1 min; speci®c
annealing temperature 598C for 1 min; ®nal extension 7 min
at 728C. Thirty cycles were performed for COX-2 and for

COX-1 and 26 for GAPDH ampli®cation. The PCR
products were run on an agarose gel containing ethidium-
bromide.

Carrageenan-soaked sponge model of inflammation

Release of PGE2 into in¯ammatory exudates was determined

to ascertain that rofecoxib and DFU at the doses that
interfered with gastric mucosal integrity inhibit COX-2
catalyzed prostaglandin formation. Sterile polyester sponges

(1.360.760.4 cm), soaked in 2% carrageenan (w v71) in
saline, were implanted s.c. to produce an in¯ammatory
response as described previously (Gretzer et al., 1998).
Groups of 5 ± 6 rats were treated orally with rofecoxib

(20 mg kg71) or DFU (5 mg kg71) 30 min before sponges
were implanted for 5 h. To reveal a short-lasting e�ect,
additional experiments were performed with DFU

(5 mg kg71) administered orally 10 min before implantation
of sponges for 2.5 h. After removal, sponges were immersed
in 2 ml of phosphate (0.01 M, pH 7.4) ± bu�ered saline

containing 5 u ml71 heparin. They were then squeezed, the
exudates were immediately centrifuged at 48C for 10 min and
the supernatants were kept frozen at 7808C until analysis of

PGE2.

Assessment of eicosanoid formation

Formation of gastric mucosal 6-keto-PGF1a After assessment
of gross mucosal damage, fragments of the mucosa were
excised, blotted, weighed and aliquots (40 mg) were in-

cubated in triplicate in oxygenated Tyrode solution at 378C
for 10 min. Release of 6-keto-PGF1a into the medium was
determined using radioimmunoassay (RIA).

Formation of platelet TXB2 Release of TXB2 from
platelets was determined during clotting of whole blood.
Blood was obtained by cardiac puncture after cervical

dislocation. The sample was divided into three aliquots
and incubated at 378C for 60 min. After separation of
serum from cellular elements concentrations of TXB2

were measured by RIA.

Formation of in¯ammatory PGE2 The amounts of PGE2 in
the exudates accumulating in the carrageenan-soaked sponges

during 2.5 and 5 h were determined using RIA.

Statistical analysis

Results are expressed as mean+s.e.mean of n values.
Comparisons between groups were made using Student's t-

test for unpaired data or the Wilcoxon rank test for non-
parametric data. A P value of 50.05 was considered to be
signi®cant.

Materials

SC-560 was kindly provided by Dr R.A. Marks (Searle,

Skokie, IL, U.S.A.). DFU was a generous gift from Dr
R. Young (Merck-Frosst Canada, Montreal, Canada).
Rofecoxib (Vioxx1) was purchased at the pharmacy.

Trizol was obtained from Life Technologies, Lofer,
Austria, DNase I from Roche, Vienna, Austria and
Nucleo-Spin Kit from Machery and Nagel, DuÈ ren,

Germany. COX-1 and COX-2 primers were synthesized
at the Department of Biotechnology, Technical University
of Graz, and primers for GAPDH were purchased from
Clontech (Palo Alto, CA, U.S.A.). Reverse Transcription

System and PCR Core kit were obtained from Promega,
Mannheim, Germany. All other chemicals were purchased
from Sigma Chemicals Co. (St. Louis, MO, U.S.A.). 3[H]-

TXB2 and 3[H]-6-keto-PGF1a were from New England
Nuclear Co. (Dreieich, Germany).

Results

Normal gastric mucosa

In the normal stomach, indomethacin (5 and 20 mg kg71)
induced dose-dependent mucosal damage 5 h after oral

administration. Whereas damage produced by indomethacin
at 5 mg kg71 was minor, substantial damage was observed at
the 20 mg kg71 dose. In contrast, mucosal injury was not

observed 5 h after oral administration of SC-560
(20 mg kg71). Rofecoxib (20 mg kg71) given alone did not
cause mucosal injury but addition of rofecoxib (1, 5 and

20 mg kg71) to the SC-560 treatment (20 mg kg71) damaged
the gastric mucosa in a dose-dependent manner. The
injurious e�ect of the combined treatment was also dose-
dependent for SC-560 (5 ± 20 mg kg71, p.o., data not shown).

Co-administration of DFU (20 mg kg71) and SC-560
(20 mg kg71) did not cause substantially more injury than
SC-560 alone. Results are shown in Figure 1.

Rats treated with indomethacin (20 mg kg71) showed
signi®cant histological mucosal injury 5 h after drug admin-
istration. In contrast, histological damage was negligible in
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rats treated with SC-560 (20 mg kg71) alone or rofecoxib
(20 mg kg71) alone. However, substantial histological injury
was found in rats after concurrent administration of SC-560

(20 mg kg71) and rofecoxib (20 mg kg71). No histological
damage occurred in rats after co-treatment with SC-560
(20 mg kg71) and DFU (20 mg kg71). Results are shown in
Figure 2.

Indomethacin (5 and 20 mg kg71) signi®cantly inhibited
gastric mucosal formation of 6-keto-PGF1a by 76+4 and
88+3% and platelet TXB2 release by 81+9 and 97+2%,

respectively, 5 h after drug administration. Similarly, SC-560
(20 mg kg71) induced near-maximal inhibition of gastric
mucosal 6-keto-PGF1a by 86+5% and platelet TXB2 release

by 89+4%. Rofecoxib (20 mg kg71) did not inhibit gastric
mucosal 6-keto-PGF1a and platelet TXB2 formation. Further-
more, the SC-560-induced inhibition of gastric mucosal 6-

keto-PGF1a formation and platelet TXB2 release was not
enhanced by concurrent administration of rofecoxib or DFU.
Results are shown in Figure 3.

Acid-challenged gastric mucosa

Gastric mucosal COX-1 mRNA as assessed by RT±PCR

was readily detectable 60 min after instillation of saline and
was not modi®ed by instillation of HCl (300 mM). In
contrast, COX-2 mRNA was just above the detection limit
in the gastric mucosa of rats instilled with saline but was

substantially up-regulated 60 min after acid instillation.
Pretreatment with dexamethasone (2 mg kg71) prevented the
acid-induced induction of COX-2. Representative agarose

gels and the COX/GAPDH ratios as assessed by densito-
metry are shown in Figure 4.

Negligible mucosal damage was observed 60 min after

instillation of 200 or 300 mM HCl. Pretreatment with
indomethacin (5 mg kg71) signi®cantly damaged the muco-
sa challenged with 200 or 300 mM HCl. Pretreatment with

SC-560 (5 and 20 mg kg71) induced dose-dependent
damage of the mucosa exposed to 200 or 300 mM HCl.
Rofecoxib (20 mg kg71) and DFU (5 mg kg71) given alone
60 min before acid instillation had no signi®cant e�ect on

gastric mucosal integrity but markedly aggravated the
injury induced by SC-560. Lower doses of rofecoxib had

Figure 1 Lesion formation in healthy rats 5 h after oral adminis-
tration of the non-selective COX inhibitor indomethacin, the COX-1
inhibitor SC-560 and the COX-2 inhibitors rofecoxib and DFU.
Values are mean+s.e.mean of 4 ± 12 rats. *P50.001 vs vehicle-
treated controls; *P50.001, &P50.05 vs SC-560 alone.

Figure 2 E�ects of indomethacin, SC-560, rofecoxib and DFU on
mucosal histology in normal mucosa. Healthy rats were treated with
drugs and histological injury was assessed 5 h later. The length of
mucosal areas with histological injury was determined and expressed
as per cent of the total section length studied per stomach. Rats
treated with COX inhibitors were compared with vehicle-treated
control rats. Values are mean+s.e.mean of 4 ± 7 rats. }P50.05 vs
controls; ^P50.02 vs SC-560 alone.

Figure 3 E�ects of indomethacin, SC-560, rofecoxib and DFU on
gastric mucosal 6-keto-PGF1a (A) and platelet TXB2 (B) formation in
healthy rats. Gastric mucosal fragments were harvested 5 h after drug
administration and incubated in Tyrode solution at 378C for 10 min.
Blood was collected by cardiac puncture 5 h after drug administra-
tion and was incubated at 378C for 60 min. Release of 6-keto-PGF1a
and TXB2 was measured using RIA. E�ects of COX inhibitors were
compared with vehicle-treated control rats. Values are mean+
s.e.mean of 4 ± 9 rats. #P50.01, *P50.001 vs controls.
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no e�ect (data not shown). The results obtained after
gastric challenge with 200 mM HCl are shown in Figure 5.
Drug e�ects on the gastric mucosa after challenge with

300 mM HCl were qualitatively identical (data not shown).
When the pretreatment period was prolonged to 5 h, co-
administration of rofecoxib (20 mg kg71) still enhanced the
injurious e�ect of SC-560 (5 mg kg71) in the stomach

challenged with 200 mM HCl. In contrast, 5 h after drug
administration the e�ect of DFU (5 mg kg71) on damage
induced by SC-560 (5 mg kg71) in the mucosa challenged

with 200 mM HCl was lost (Figure 6) indicating a shorter
duration of action of DFU as compared with rofecoxib.
As shown in Figure 7 dexamethasone (2 mg kg71) given

alone did not increase acid-induced injury but signi®cantly
augmented the damage elicited by SC-560 (5 mg kg71).

Effect of rofecoxib and DFU on release of PGE2 into
inflammatory exudates

Five hours after implantation, the exudates accumulated in

the carrageenan-soaked sponges in vehicle-treated control
rats contained large amounts of PGE2 (7.4+0.6 ng ml71,
n=5). Treatment with rofecoxib (20 mg kg71) reduced

PGE2 concentrations in the exudates 5 h after implantation
by 73+3% (P50.001, n=5). Treatment with DFU
(5 mg kg71) had no e�ect on release of in¯ammatory

PGE2 during the 5 h period of sponge implantation. When
the duration of sponge implantation was shortened to
2.5 h, accumulation of PGE2 in the exudates of vehicle-

treated control rats was 2.6+0.3 ng ml71 (n=6). During
the 2.5 h implantation period DFU (5 mg kg71) signi®-
cantly reduced accumulation of PGE2 in the exudates by
47+8% (P50.02, n=6) indicating that DFU inhibits

COX-2 in the rat but has a limited duration of action.
Work published previously has demonstrated that dexa-
methasone near-maximally inhibits release of PGE2 into

in¯ammatory exudates during a 5 h sponge implantation
period (Schmassmann et al., 1998). Results are shown in
Figure 8.

Figure 4 E�ect of acid instillation on mRNA expression of COX-1
and COX-2. Total RNA was extracted from gastric mucosa of rats
instilled with 1 ml of 300 mM HCl or 1 ml of saline. The agarose gels
show representative RT±PCRs speci®c for COX-1, COX-2 and
GAPDH (as internal standard). The lanes show samples obtained
from saline-treated control rats, HCl-treated rats and HCl-treated
rats after pretreatment with dexamethasone (2 mg kg71) (A) The
relative signal intensities of COX-1 and COX-2 to that of GAPDH
were quanti®ed and the ratio of control rats was set to 100% (B).
Values are mean+s.e.mean of four rats. #P50.01 vs controls;
~P50.01 vs HCl alone.

Figure 5 Lesion formation in rats after acid challenge. Rats were
treated orally with indomethacin, SC-560, rofecoxib or DFU 60 min
before instillation of 1 ml of 200 mM HCl and gastric mucosal
damage was assessed 60 min later. Controls received the vehicle
before 1 ml of 200 mM HCl. Values are mean+s.e.mean of 4 ± 7 rats.
}P50.05, *P50.001 vs controls; &P50.05. ^P50.02, ~P50.01,
*P50.001 vs the corresponding dose of SC-560 alone.
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Discussion

A non-selective COX-inhibitor suppressed gastric mucosal

prostaglandin formation and simultaneously induced gastric
mucosal lesions in a dose-dependent manner. In contrast, in
healthy rats the selective COX-1 inhibitor SC-560 did not
cause mucosal injury, although formation of gastric 6-keto-

PGF1a and platelet TXB2 was substantially inhibited. A
previous study has shown that SC-560 did not reduce the
release of COX-2-derived PGE2 into the in¯ammatory

exudate in the carrageenan-airpouch rat model (Wallace et
al., 2000) indicating that SC-560 selectively inhibits COX-1.
In our study the inhibitory e�ect of SC-560 on gastric

prostaglandin and platelet thromboxane formation was
equivalent to that observed with the 20 mg kg71 dose of
indomethacin which caused severe gastric mucosal injury.

Rofecoxib given alone did not damage the gastric mucosa.
However, combined treatment with SC-560 and rofecoxib
produced severe mucosal damage 5 h after drug administra-
tion comparable to the injury observed with indomethacin at

20 mg kg71. The injurious e�ect of the combined treatment
was dose-dependent for both compounds.

In contrast to rofecoxib, addition of DFU to SC-560

did not result in a substantial increase of the ulcerogeni-
city of the COX-1 inhibitor in normal gastric mucosa.
Both rofecoxib (Chan et al., 1999) and DFU (Riendeau et

al., 1997) at the doses used in the present investigation
have previously been found to exert potent and dose-
dependent anti-in¯ammatory e�ects in various models of

in¯ammation in rats. Furthermore, our results show that
both compounds inhibit the release of PGE2 into
in¯ammatory exudates elicited by s.c. implantation of
carrageenan-soaked sponges. Prostaglandins generated dur-

ing carrageenan-induced in¯ammation are supposed to be
synthesized primarily via the COX-2 pathway and their
production was found to be suppressed by various

selective COX-2 inhibitors and dexamethasone but not
by SC-560 (Masferrer et al., 1994; Seibert et al., 1994;
Schmassmann et al., 1998; Wallace et al., 2000). Neither

rofecoxib nor DFU inhibited the COX-1-derived TXB2

formation in platelets indicating that they act as selective
COX-2 inhibitors under the experimental conditions used.
However, whereas rofecoxib reduced in¯ammatory PGE2

formation during a 5 h sponge implantation period, DFU
inhibited in¯ammatory PGE2 release only during 2.5 h but
not during 5 h of sponge implantation. The short duration

of action of DFU was con®rmed by the observations
made in the acid-challenged stomach. Thus, DFU
aggravated the injurious e�ect of SC-560 when adminis-

tered 60 min before acid instillation, whereas no aggrava-
tion was observed when the pretreatment interval was
prolonged to 5 h. This is in contrast to the e�ect of

rofecoxib which augmented the SC-560-induced damage in
the acid-challenged stomach after a 60 min as well as after
a 5 h pretreatment interval. This could explain the lack of
a substantial e�ect of DFU during co-administration with

SC-560 in the normal rat stomach as this model uses a
5 h treatment period. Whether other factors in addition to
the duration of biological activity contribute to the

di�erence in the ulcerogenic potency of DFU and
rofecoxib in the normal stomach in the presence of
COX-1 suppression remains to be investigated.

Figure 7 E�ect of dexamethasone on lesion formation in rats after
acid challenge. Rats were treated orally with SC-560 (60 min) or
dexamethasone (120 min) before instillation of 1 ml of 200 mM HCl
and gastric mucosal damage was assessed 60 min later. Controls
received the vehicle before 1 ml of 200 mM HCl. Values are
mean+s.e.mean of 4 ± 6 rats. }P50.05, *P50.001 vs controls;
~P50.01 vs SC-560 alone.

Figure 8 E�ect of rofecoxib and DFU on release of PGE2 into
in¯ammatory exudates elicited by s.c. implantation of carrageenan-
soaked sponges. Concentrations of PGE2 in the in¯ammatory
exudates were measured 2.5 or 5 h after sponge implantation.
Columns represent the mean+s.e.mean of 5 ± 6 experiments.
!P50.02, *P50.001 vs vehicle controls.

Figure 6 Comparison of the e�ects of rofecoxib and DFU on
mucosal damage induced by SC-560 in the acid-challenged stomach
using di�erent pretreatment periods. Rats were treated orally with
SC-560, rofecoxib or DFU 60 min or 5 h before instillation of 1 ml
of 200 mM HCl and gastric mucosal damage was assessed after a
further 60 min period. Values are mean+s.e.mean of 4 ± 7 rats.
&P50.05, ~P50.01, *P50.001 vs SC-560 alone.
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Our results indicate that simultaneous inhibition of both
COX-1 and COX-2 is necessary to produce damage in the
healthy stomach. During preparation of this manuscript a

similar conclusion has been published by Wallace et al.
(2000). The ®ndings are in line with observations made in
mice with COX-1 and COX-2 gene disruption. Thus, COX-1-
de®cient mice had no gastric pathology even though their

gastric PGE2 levels were about 1% of the levels observed in
wild-type animals (Langenbach et al., 1995). Similarly, mice
lacking COX-2 did not develop spontaneous gastric lesions

(Morham et al., 1995).
Although indomethacin and SC-560 caused comparable

near-maximal inhibition of gastric mucosal formation of 6-

keto-PGF1a, only indomethacin induced severe gastric
lesions. This indicates that reduction of total gastric
prostaglandin biosynthesis as measured by the techniques

used in the present study does not correlate with NSAID-
induced gastrotoxicity. This study and previous investiga-
tions (Schmassmann et al., 1998; Gretzer et al., 1998;
Ehrlich et al., 1998; Maricic et al., 1999) could not

demonstrate suppression of gastric mucosal prostaglandin
production after isolated administration of COX-2 inhibi-
tors. Likewise, neither DFU nor rofecoxib caused a

signi®cant increase in the inhibitory e�ect of SC-560 on
eicosanoid formation during combined treatment. This may
be due to the fact that in the gastric mucosa the majority

of prostaglandins is generated via the COX-1 pathway and
COX-2 derived prostaglandins represent only such a small
part of the total prostaglandin pool that isolated inhibition

of the COX-2 isoenzyme does not result in a substantial
and therefore measurable reduction of the total amount of
prostaglandins generated. COX-1 and COX-2 di�er in
cellular source and distribution of intracellular activity.

Thus, in normal human and/or rat gastric mucosa COX-1
expression was found mainly in epithelial cells, glandular
cells, and mucous neck cells (Iseki, 1995; Tarnawski et al.,

1996; Donnelly et al., 1997) whereas COX-2 was expressed
predominantly in endothelial cells, myo®broblasts, surface
mucous cells, and mononuclear cells (Iseki, 1995; Tarnawski

et al., 1996; Donnelly et al., 1997) in addition to surface
epithelial cells and parietal cells (McCarthy et al., 1999).
Although COX-1 and COX-2 are present in the same
subcellular locations, the endoplasmic reticulum and nuclear

envelope, the activity of COX-1 occurs primarily in the
endoplasmic reticulum whereas that of COX-2 is concen-
trated over the surface of the nucleus (Morita et al., 1995).

Furthermore, COX-1 and COX-2 utilize di�erent arachido-
nate substrate pools coupled to di�erent extracellular
stimuli and di�erent phospholipase systems (Smith et al.,

1996). The speci®c location and substrate access of the
COX isoforms may lead to a compartmentalization of the
eicosanoids synthesized. A dissociation between inhibition

of prostaglandin formation and biological e�ect was also
reported for SC-560. Thus, in a standard model of
in¯ammation and pain, the carrageenan foot paw oedema,
SC-560 reduced PGE2 levels to the same extent as was

observed after treatment with the COX-2 inhibitor celecox-
ib, but did not a�ect established hyperalgesia (Smith et al.,
1998). Taken together, these results suggest that not tissue

levels of prostaglandins but e�ects on speci®c biosynthetic
pathways in speci®c cell types and intracellular locations
determine the biological response to COX inhibition.

The ®nding that in the normal stomach even marked
suppression of total gastric mucosal prostaglandin formation
is not ulcerogenic when the COX-2 pathway is preserved may

open the possibility to develop potent anti-aggregatory drugs
without relevant gastrointestinal side e�ects. Formation of
thromboxane in platelets occurs predominantly or even
exclusively via the COX-1 pathway. Our study shows that

SC-560 causes near-maximal inhibition of platelet TXB2

biosynthesis without relevant production of gastric mucosal
lesions. Thus, similar to the development of selective COX-2

inhibitors as anti-in¯ammatory and analgesic drugs with
reduced gastrointestinal toxicity, selective COX-1 inhibitors
could possibly represent a new class of anti-platelet drugs

with low incidence of gastrointestinal side e�ects.
Intragastric instillation of acid signi®cantly elevated gastric

mucosal levels of COX-2 mRNA which were close to the

detection limit in normal gastric mucosa. Levels of COX-1
mRNA were high in normal gastric mucosa and were not
modi®ed by intragastric acid instillation. Pretreatment with
dexamethasone prevented the acid-induced increase in

mucosal expression of COX-2 mRNA without a�ecting levels
of COX-1 mRNA. Recently, it was reported that in organ
culture experiments of mucosal explants of Barrett's

oesophagus acid added in vitro to the incubation medium
induced expression of COX-2 and decreased expression of
COX-1 protein (Shirvani et al., 2000). The results of our

study show that acid-induced up-regulation of COX-2
mRNA also occurs in normal gastric mucosa in vivo. COX-
2 mRNA levels increased rapidly and a signi®cant elevation

was observed already 60 min after acid instillation. Whether
the elevation of COX-2 mRNA levels is associated with
increased expression of COX-2 protein and/or enzyme
activity remains to be established. In the rat stomach in vivo,

acid challenge did neither increase nor decrease mucosal
mRNA levels of COX-1.
The role of COX-1 in mucosal defence is di�erent in

the stomach challenged with exogenous acid. In this
situation inhibition of COX-1 has ulcerogenic potential
even without concurrent administration of a COX-2

inhibitor. Thus, whereas instillation of acid alone did not
produce overt gastric injury, pretreatment with SC-560
damaged the acid-challenged mucosa in a dose-dependent
manner. In contrast, neither rofecoxib nor DFU given

alone augmented injury of the gastric mucosa after acid
exposure. Both compounds, however, signi®cantly aggra-
vated the severity of mucosal lesions after acid challenge

induced by SC-560. Similarly, suppression of acid-induced
up-regulation of COX-2 mRNA by dexamethasone
markedly increased mucosal injury associated with COX-1

inhibition.
In conclusion, the results of our study show that in the

healthy rat stomach neither isolated inhibition of COX-1 nor

of COX-2 is ulcerogenic. Gastric mucosal lesions only
develop when both isoenzymes are inhibited. In contrast,
during acid challenge speci®c inhibition of COX-1 alone
renders the mucosa more vulnerable suggesting an important

role of COX-1 in mucosal resistance responsible for
minimizing damage in the presence of a potentially noxious
agent. In this function COX-1 is supported by COX-2 but, in

contrast to normal gastric mucosa, COX-2 alone is not
su�cient to maintain full mucosal integrity in the face of
pending injury.

British Journal of Pharmacology vol 132 (7)

COX inhibitors and gastric mucosal damageB. Gretzer et al 1571



References

CHAN, C.C., BOYCE, S., BRIDEAU, C., CHARLESON, S., CROMLISH,

W., ETHIER, D., EVANS, J., FORD-HUTCHINSON, A.W., FORR-

EST, M.J., GAUTHIER, J.Y., GORDON, R., GRESSER, M., GUAY,

J., KARGMAN, S., KENNEDY, B., LEBLANC, Y., LEGER, S.,

MANCINI, J., O'NEILL, G.P., OUELLET, M., PATRICK, D.,

PERCIVAL, M.D., PERRIER, H., PRASIT, P., RODGER, I.,

TAGARI, P., THEÂ RIEN, M., VICKERS, P., VISCO, D., WANG, Z.,

WEBB, J., WONG, E., XU, L.J., YOUNG, R.N., ZAMBONI, R. &

RIENDEAU, D. (1999). Rofecoxib [Vioxx, MK-0966; 4-(4'-
Methylsulfonylphenyl)-3-phenyl-2-(5H)-furanone]: A potent
and orally active cyclooxygenase-2 inhibitor. Pharmacological
and biochemical pro®les. J. Pharmacol. Exp. Ther., 290, 551 ±
560.

DONNELLY, M.T., HULL, M.A., JENKINS, D. & HAWKEY, C.J.

(1997). Immunohistochemical distribution of constitutive cy-
clooxygenase (COX-1) and inducible cyclooxygenase (COX-2) in
benign and malignant gastric mucosa. Gastroenterology, 112,
A105.

EHRLICH, K., PLATE, S., STROFF, T., GRETZER, B., RESPONDEK,M.

& PESKAR, B.M. (1998). Peptidergic and cholinergic neurons and
mediators in peptone-induced gastroprotection: role of cycloox-
ygenase-2. Am. J. Physiol., 274, G955 ±G964.

FERRAZ, J.G., SHARKEY, K.A., REUTER, B.K., ASFAHA, S., TIGLEY,

A.W., BROWN, M.L., MCKNIGHT, W. & WALLACE, J.L. (1997).
Induction of cyclooxygenase 1 and 2 in the rat stomach during
endotoxemia; role in resistance to damage. Gastroenterology,
113, 195 ± 204.

FUTAKI, N., YOSHIKAWA, K., HAMASAKA, Y., ARAI, I., HIGUCHI,

S., IISUKA, H. & OTOMO, S. (1993). NS-398, a novel non-steroidal
anti-in¯ammatory drug with potent analgesic and antipyretic
e�ects, which causes minimal stomach lesions. Gen. Pharmacol.,
24, 105 ± 110.

GRETZER, B., EHRLICH, K., MARICIC, N., LAMBRECHT, N.,

RESPONDEK, M. & PESKAR, B.M. (1998). Selective cyclo-
oxygenase-2 inhibitors and their in¯uence on the protective
e�ect of a mild irritant in the rat stomach. Br. J. Pharmacol., 123,
927 ± 935.

GRETZER, B., MARICIC, N., SCHULIGOI, R. & PESKAR, B.M. (2000).
E�ect of SC-560, a selective cyclooxygenase (COX)-1 inhibitor,
and its modi®cation by COX-2 inhibition in the rat stomach.
Gastroenterology, 118, A240.

HARRIS, R.C. (1996). The macula densa: recent developments. J.
Hypertens., 14, 815 ± 822.

HLA, T. & NEILSON, K. (1992). Human cyclooxygenase-2 cDNA.
Proc. Natl. Acad. Sci. U.S.A., 89, 7384 ± 7388.

ISEKI, S. (1995). Immunocytochemical localization of cyclooxygen-
ase-1 and cyclooxygenase-2 in the rat stomach. Histochem. J., 27,
323 ± 328.

KUJUBU, D.A., FLETCHER, B.S., VARNUM, B.C., LIM, R.W. &

HERSCHMAN, H.R. (1991). TIS10, a phorbol ester tumor
promoter-inducible mRNA from Swiss 3T3 cells, encodes a
novel prostaglandin synthase/cyclooxygenase homologue. J.
Biol. Chem., 266, 12866 ± 12872.

LAINE, L., HARPER, S., SIMON, T., BATH, R., JOHANSON, J.,

SCHWARTZ, H., STERN, S., QUAN, H. & BOLOGNESE, J. (1999).
A randomized trial comparing the e�ect of rofecoxib, a
cyclooxygenase 2-speci®c inhibitor, with that of ibuprofen on
the gastroduodenal mucosa of patients with osteoarthritis.
Gastroenterology, 117, 776 ± 783.

LANGENBACH, R., MORHAM, S.G., TIANO, H.F., LOFTIN, C.D.,

GHANAYEM, B.I., CHULADA, P.C., MAHLER, J.F., LEE, C.A.,

GOULDING, E.H., KLUCKMAN, K.D., KIM, H.S. & SMITHIES, O.

(1995). Prostaglandin synthase 1 gene disruption in mice reduces
arachidonic acid-induced in¯ammation and indomethacin-in-
duced gastric ulceration. Cell, 83, 483 ± 492.

LANGMAN, M.J., JENSEN, D.M., WATSON, D.J., HARPER, S.E.,

ZHAO, P.L., QUAN, H., BOLOGNESE, J.A. & SIMON, T.J. (1999).
Adverse upper gastrointestinal e�ects of rofecoxib compared
with NSAIDs. JAMA, 282, 1929 ± 1933.

LIM, H., PARIA, B.C., DAS, S.K., DINCHUK, J.E., LANGENBACH, R.,

TRZASKOS, J.M. & DEY, S.K. (1997). Multiple female reproduc-
tive failures in cyclooxygenase 2-de®cient mice. Cell, 91, 197 ±
208.

LUKIW,W.J. & BAZAN, N.G. (1997). Cyclooxygenase 2 RNAmessage
abundance, stability, and hypervariability in sporadic Alzheimer
neocortex. J. Neurosci. Res., 50, 937 ± 945.

MARICIC, N., EHRLICH, K., GRETZER, B., SCHULIGOI, R., RE-

SPONDEK, M. & PESKAR, B.M. (1999). Selective cyclo-oxygenase-
2 inhibitors aggravate ischaemia-reperfusion injury in the rat
stomach. Br. J. Pharmacol., 128, 1659 ± 1666.

MASFERRER, J.L., ZWEIFEL, B.S., MANNING, P.T., HAUSER, S.D.,

LEAHY, K.M., SMITH, W.G., ISAKSON, P.C. & SEIBERT, K. (1994).
Selective inhibition of inducible cyclooxygenase-2 in vivo is
antiin¯ammatory and nonulcerogenic. Proc. Natl. Acad. Sci.
U.S.A., 91, 3228 ± 3232.

MCADAM, B.F., CATELLA-LAWSON F., MARDINI, I.A., KAPOOR, S.,

LAWSON, J.A. & FITZGERALD, G.A. (1999). Systemic biosynth-
esis of prostacyclin by cyclooxygenase (COX)-2: the human
pharmacology of a selective inhibitor of COX-2. Proc. Natl.
Acad. Sci. U.S.A., 96, 272 ± 277.

MCCARTHY, C.J., CROFFORD, L.J., GREENSON, J. & SCHEIMAN,

J.M. (1999). Cyclooxygenase-2 expression in gastric antral
mucosa before and after eradication of Helicobacter pylori
infection. Am. J. Gastroenterol., 94, 1218 ± 1223.

MIZUNO, H., SAKAMOTO, C., MATSUDA, K., WADA, K., UCHIDA,

T., NOGUCHI, H., AKAMATSU, T. & KASUGA, M. (1997).
Induction of cyclooxygenase 2 in gastric mucosal lesions and its
inhibition by the speci®c antagonist delays healing in mice.
Gastroenterology, 112, 387 ± 397.

MORHAM, S.G., LANGENBACH, R., LOFTIN, C.D., TIANO, H.F.,

VOULOUMANOS, N., JENNETTE, J.C., MAHLER, J.F., KLUCK-

MAN, K.D., LEDFORD, A. & LEE, C.A. (1995). Prostaglandin
synthase 2 gene disruption causes severe renal pathology in the
mouse. Cell, 83, 473 ± 482.

MORITA, I., SCHINDLER, M., REGIER, M.K., OTTO, J.C., HORI, T.,

DEWITT, D.L. & SMITH, W.L. (1995). Di�erent intracellular
locations for prostaglandin endoperoxide H synthase-1 and -2. J.
Biol. Chem., 270, 10902 ± 10908.

O'NEILL, G.P. & FORD-HUTCHINSON, A.W. (1993). Expression of
mRNA for cyclooxygenase-1 and cyclooxygenase-2 in human
tissues. FEBS Lett., 330, 156 ± 160.

RAISZ, L.G. (1999). Prostaglandins and bone: physiology and
pathophysiology. Osteoarthritis Cartilage, 7, 419 ± 421.

RAZ, A., WYCHE, A. & NEEDLEMAN, P. (1989). Temporal and
pharmacological division of ®broblast cyclooxygenase expres-
sion into transcriptional and translational phases. Proc. Natl.
Acad. Sci. U.S.A., 86, 1657 ± 1661.

REUTER, B.K., ASFAHA, S., BURET, A., SHARKEY, K.A. &

WALLACE, J.L. (1996). Exacerbation of in¯ammation-associated
colonic injury in rat through inhibition of cyclooxygenase-2. J.
Clin. Invest., 98, 2076 ± 2085.

RIENDEAU, D., PERCIVAL, M.D., BOYCE, S., BRIDEAU, C., CHAR-

LESON, S., CROMLISH, W., ETHIER, D., EVANS, J., FALGUEYR-

ET, J.P., FORD-HUTCHINSON, A.W., GORDON, R., GREIG, G.,

GRESSER, M., GUAY, J., KARGMAN, S., LEÂ GER, S., MANCINI,

J.A., O'NEILL, G., OUELLET, M., RODGER, I.W., THEÂ RIEN, M.,

WANG, Z., WEBB, J.K., WONG, E., XU, L., YOUNG, R.N.,

ZAMBONI, R., PRASIT, P. & CHAN, C.C. (1997). Biochemical
and pharmacological pro®le of a tetrasubstituted furanone as a
highly selective COX-2 inhibitor. Br. J. Pharmacol., 21, 105 ± 117.

ROBERTSON, R.P. (1998). Dominance of cyclooxygenase-2 in the
regulation of pancreatic islet prostaglandin synthesis. Diabetes,
47, 1379 ± 1383.

SCHMASSMANN, A., PESKAR, B.M., STETTLER, C., NETZER, P.,

STROFF, T., FLOGERZI, P. & HALTER, F. (1998). E�ects of
inhibition of prostaglandin endoperoxide synthase-2 in chronic
gastro-intestinal ulcer models in rats. Br. J. Pharmacol., 123,
795 ± 804.

SEIBERT, K., ZHANG, Y., LEAHY, K., HAUSER, S., MASFERRER, J.,

PERKINS, W., LEE, L. & ISAKSON, P. (1994). Pharmacological and
biochemical demonstration of the role of cyclooxygenase 2 in
in¯ammation and pain. Proc. Natl. Acad. Sci. U.S.A., 91, 12013 ±
12017.

British Journal of Pharmacology vol 132 (7)

COX inhibitors and gastric mucosal damageB. Gretzer et al1572



SHIRVANI, V.N., OUATU-LASCAR, R., KAUR, B.S., OMARY, M.B. &

TRIADAFILOPOULOS, G. (2000). Cyclooxygenase 2 expression in
Barrett's esophagus and adenocarcinoma: Ex vivo induction by
bile salts and acid exposure. Gastroenterology, 118, 487 ± 496.

SIMON, L.S., WEAVER, A.L., GRAHAM, D.Y., KIVITZ, A.J., LIPSKY,

P.E., HUBBARD, R.C., ISAKSON, P.C., VERBURG, K.M., YU, S.S.,

ZHAO, W.W. & GEIS, G.S. (1999). Anti-in¯ammatory and upper
gastrointestinal e�ects of celecoxib in rheumatoid arthritis: a
randomized controlled trial. JAMA, 282, 1921 ± 1928.

SMITH, C.J., ZHANG, Y., KOBOLDT, C.M., MUHAMMAD, J.,

ZWEIFEL, B.S., SHAFFER, A., TALLEY, J.J., MASFERRER, J.L.,

SEIBERT, K. & ISAKSON, P.C. (1998). Pharmacological analysis of
cyclooxygenase-1 in in¯ammation. Proc. Natl. Acad. Sci. U.S.A.,
95, 13313 ± 13318.

SMITH, W.L., GARAVITO, R.M. & DEWITT, D.L. (1996). Prostaglan-
din endoperoxide H synthases (cyclooxygenases)-1 and -2. J.
Biol. Chem., 271, 33157 ± 33160.

TARNAWSKI, A., WAHLSTROM, K., GERGELY, H. & SARFEH, I.J.

(1996). Expression of cyclooxygenase-1 and -2 (COX-1 and
COX-2) in normal gastric mucosa. E�ect of antacid (hydrotalcit)
treatment. Gastroenterology, 110, A275.

VANE, J.R. & BOTTING, R.M. (1995). New insights into the mode of
action of anti-in¯ammatory drugs. In¯amm. Res., 44, 1 ± 10.

WALLACE, J.L., MCKNIGHT, W., REUTER, B.K. & VERGNOLLE, N.

(2000). NSAID-induced gastric damage in rats: requirement for
inhibition of both cyclooxygenase 1 and 2. Gastroenterology, 119,
706 ± 714.

WARNER, T.D., GIULIANO, F., VOJNOVIC, I., BUKASA, A., MITCH-

ELL, J.A. & VANE, J.R. (1999). Nonsteroidal drug selectivities for
cyclo-oxygenase-1 rather than cyclo-oxygenase-2 are associated
with human gastrointestinal toxicity: a full in vitro analysis. Proc.
Natl. Acad. Sci. U.S.A., 96, 7563 ± 7568.

(Received September 29, 2000
Revised January 15, 2001

Accepted January 15, 2001)

British Journal of Pharmacology vol 132 (7)

COX inhibitors and gastric mucosal damageB. Gretzer et al 1573


	fig_xref1
	fig_xref2
	fig_xref3
	fig_xref4
	fig_xref5
	fig_xref6
	fig_xref7
	fig_xref8
	bib_xref
	bib_xref
	fig_xref

