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1 In the stomach, prostaglandins protect the gastric mucosa against injuries. One rate-limiting step in
prostaglandin synthesis is mediated by prostaglandin endoperoxide synthase (PGHS), the target enzyme
of non-steroidal anti-in¯ammatory drugs (NSAIDs). Two isoforms of PGHS exist: a constitutive
(PGHS-1) and an inducible (PGHS-2) enzyme. PGHS-1 is the major source of gastric prostaglandins
under physiological conditions. Inhibition of prostaglandin synthesis by traditional NSAIDs such as
indomethacin and diclofenac which non-selectively inhibit both PGHS-1 and PGHS-2, causes gastric and
intestinal ulceration and delays gastric ulcer healing in chronic models. It has been shown that selective
PGHS-2 inhibitors such as L-745,337 (5-methanesulphonamide-6-(2,4-di¯uorothio-phenyl)-1-indanone)
are not ulcerogenic and do not inhibit gastro-intestinal prostaglandin synthesis. However, minimal
information is available on the long-term e�ects of PGHS-2 inhibitors on the healing of previously
established gastric injuries. We assessed the cellular localization and expression of PGHS-1 and PGHS-2
during gastric ulcer healing and assessed the e�ects of L-745,337 on previously established cryoulcers in
the rat gastric stomach.

2 PGHS-1 and PGHS-2 were located and quanti®ed by immunohistochemistry during experimental
gastric ulcer healing. PGHS-2 immunoreactivity was only negligible in the normal gastric wall, but after
gastric ulcerations, it was strongly detected in monocytes, macrophages, ®broblasts and endothelial cells
below and between the regenerative glands. PGHS-1 immunoreactivity detected in normal gastric
mucosa, disappeared after gastric ulceration in the mucosa adjacent to the ulcer crater. However, it
reappeared in the regenerative glands from day 5 onwards. Thus, PGHS-1 and PGHS-2 were located at
di�erent sites and their maximal expression followed a di�erent time-sequence.

3 We assessed the e�ects of L-745,337, indomethacin and diclofenac on gastric ulcer healing and
histological healing parameters in rats. L-745,337, indomethacin and diclofenac dose-dependently
decreased the healing of gastric ulcers. L-745,337, indomethacin and diclofenac decreased epithelial cell
proliferation in the ulcer margin and microvessel density in the ulcer bed on day 8 and increased the
thickness of the granulation tissue below the ulcer crater and the gap between both edges of the
muscularis mucosae on day 15. Indomethacin and diclofenac, but not L-745,337, decreased synthesis of
6-keto-PGF1a and PGE2 in tissue fragments from the stomach and terminal ileum and decreased platelet
thromboxane B2 synthesis in clotting whole blood.

4 Dose-response curves for the inhibition of chronic gastric ulcer healing by L-745,337 (administered
twice daily intragastrically) showed an ID50 value of 1.7 mg (4.3 mmol) kg71. Dose-response curves for
the inhibition of PGE2 synthesis in in¯ammatory exudates in the acute carrageenin sponge rat model,
showed ID50 values of 1.1 mg (3.1 mmol) kg71 and 1.3 (3.3 mmol) mg kg71 for indomethacin and L-
745,337, respectively. Thus, inhibition of chronic gastric ulcer healing by L-745,337 occurs within a
potentially therapeutic dose-range.

5 In summary, PGHS-2 is markedly accumulated after gastric ulceration in monocytes, macrophages,
®broblasts and endothelial cells in regions of maximal repair activity. Selective inhibition of PGHS-2 by
L-745,337 delayed gastric ulcer healing though interference with epithelial cell proliferation, angiogenesis
and maturation of granulation tissue in a potentially therapeutic dose range. PGHS-2-derived
prostaglandins seem to have an important role in gastric ulcer healing.
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L-745,337 (5-methanesulphonamido-6-(2,4-di¯uorothiophenyl)-1-indanone); immunoreactivity; cellular localization;
gastric ulcer healing; anti-in¯ammatory action

Introduction

In the stomach, prostaglandins stimulate the secretion of
mucus and bicarbonate and protect the gastric mucosa against
injuries (Robert et al., 1979; Wallace, 1997). One rate-limiting
step in eicosanoid biosynthesis is the conversion of arachidonic

acid to prostaglandins by prostaglandin endoperoxide

synthase (PGHS), which is the target enzyme of non-steroidal
anti-in¯ammatory drugs (NSAIDs) (Vane, 1971). Two iso-
forms of PGHS exist: a constitutive (PGHS-1) and an
inducible (PGHS-2) enzyme (Xie et al., 1991; Vane 1994).

Under physiological conditions, PGHS-1 participates in the
production of tissue prostaglandins and has been localized to
the apical cytoplasm of mucous neck cells of the gastric glands

(Iseki, 1995). PGHS-2 expression in the normal stomach is2Author for correspondence.
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controversial, but investigators agree that much less PGHS-2 is
expressed than PGHS-1 (O'Neill & Ford-Hutchinson, 1993;
Kargman et al., 1996; Ferraz et al., 1997). It has been

suggested that the anti-in¯ammatory action of NSAIDs is due
to the inhibition of PGHS-2, whereas the gastro-intestinal side-
e�ects are due to inhibition of PGHS-1 (Vane, 1994a).

Therefore, several PGHS-2 inhibitors have been developed
including L-745,337, L-748,731, NS-398, SC 58635, DuP 697
and melixocam (Donnelly & Hawkey, 1997). They do not
inhibit gastric prostaglandin synthesis and cause no visible

gastro-intestinal lesions in acute studies at doses with adequate
anti-in¯ammatory action (Chan et al., 1995; Panara et al.,
1995). L-745,337 (5-methane-sulphonamido-6-(2,4-di¯uor-

othiophenyl)-1-indanone) is a highly selective inhibitor of
PGHS-2 (PGHS-2/PGHS-1 selectivity in vitro 50.0005) with
well-characterized pharmacokinetic properties (Li et al., 1995;

Donnelly & Hawkey, 1997).
Traditional NSAIDs such as indomethacin and diclofenac,

nonselectively inhibit both PGHS-1 and PGHS-2 and delay
gastric ulcer healing (Schmassmann et al., 1995; Wallace,

1997). They interfere with epithelial cell proliferation in the
ulcer margin, angiogenesis in the ulcer bed and maturation and
contraction of granulation tissue below the ulcer crater (Levi et

al., 1990; Schmassmann et al., 1995). This interference
increases the thickness of the granulation tissue and the gap
between both edges of the muscularis mucosae (Ogihara &

Okabe, 1993; Schmassmann et al., 1995).
PGHS-2 mRNA and protein are markedly increased at

in¯ammation and repair sites in several animal and human

tissues including gastrointestinal tissue (Reuter et al., 1996;
Mizuno et al., 1997). PGHS-2 is expressed in ®broblasts after
stimulation of growth factor (Reddy et al., 1994), in
macrophages after stimulation by lipopolysaccharides and

interleukin 1 (Lee et al., 1992) and in endothelial cells after
stimulation by platelet microparticles (Barry et al., 1997). So
far, there has been little information on the e�ects of PGHS-2

inhibitors on preexisting gastrointestinal lesions. Two recent
studies (Reuter et al., 1996; Mizuno et al., 1997) showed that
selective inhibition of PGHS-2 decreased PGHS-2-mediated

prostaglandin synthesis and impaired experimental ulcer
healing in the mouse and caused exacerbation of experimental
colitis in the rat. These results suggest a role for PGHS-2-
derived prostaglandins in in¯amed or ulcerated gastro-

intestinal tissue. However, relevant information on the role
of PGHS-1- and PGHS-2-derived prostaglandins in the
gastrointestinal tract repair process is lacking. Therefore, in

the ®rst part of this study, we determined the cellular
localization and time-sequence of PGHS-1 and PGHS-2
during gastric ulceration. In the second part of the study, we

assessed the dose-dependent e�ects of indomethacin, diclofe-
nac and L-745,337 on the gastric ulcer healing process and on
prostanoid synthesis in the stomach, ileum and platelets. To

assess whether L-745,337 induced interference with gastric
ulcer healing processes at relevant doses, we further assessed
the anti-in¯ammatory action of various doses of indomethacin
and L-745,337 in an acute carrageenin-induced in¯ammation

model in rats.

Preliminary studies

All studies were approved by the Animal Study Committee of
the University of Bern, Switzerland. The preliminary studies

assessed the optimal doses and drug administration routes (s.c.
or intragastrically: i.g.). Ninety-six female Wistar rats (6 rats
per group) with cryoulcers and ®tted with a gastric cannula
(see below and Schmassmann et al., 1995) were treated twice

daily with various doses of indomethacin (0.1, 0.5, 0.75 and
1 mg kg71, s.c. and 0.1, 0.5, 0.75 and 1 mg k71, i.g.),
diclofenac (0.25, 1, 2.5 and 5 mg kg71, i.g.) and L-745,337

(0.25, 1, 2, 5 mg kg71, i.g.).
No signi®cant e�ects on ulcer healing were observed in rats

treated twice daily with: indomethacin 0.1 mg kg71, s.c. and

i.g., diclofenac 0.25 mg kg71, i.g. and L-745,337 0.25 mg kg71,
i.g. The bowel perforation rate was 0% for indomethacin 0.1
and 0.5 mg kg71, s.c., indomethacin 0.1 mg kg71, i.g.,
diclofenac 0.25 ± 1 mg kg71, i.g. and L-745,337 0.5 ±

2 mg kg71, i.g.; 33% for diclofenac 2.5 mg kg71, i.g. and L-
745,337 5 mg kg71, i.g., 50% for indomethacin 0.75 mg kg71,
s.c.; 67% for indomethacin 0.5 mg kg71, i.g. and 100% for

indomethacin 1 mg kg71, s.c., indomethacin 0.75 mg kg71,
i.g., indomethacin 1 mg kg71, i.g. and diclofenac 5 mg kg71,
i.g. Based on these preliminary data, we used indomethacin 0.1

and 0.5 mg kg71, s.c., diclofenac 0.25, 1 and 2.5 mg kg71, i.g.,
and L-745,337 0.5, 2, and 5 mg kg71, i.g. in the principal
study. Diclofenac and L-745,337 were given i.g. because this is
the preferred therapeutic route. Indomethacin was not

administered i.g. because of the high intestinal performation
rate at doses which signi®cantly delay gastric ulcer healing.

PGHS-1 and PGHS-1 immunoreactivity during gastric
ulcer healing

Rats with cryoulcers (4 rats per time-point) were killed 1, 2, 3,
5, 6, 8, 10, 15 and 21 days after ulcer induction. Six rats
without ulcers were used to assess immunoreactivity in the

normal gastric wall. A single i.p. injection of 100 mg kg71

bromodeoxyuridine (BrdU) was administered 1 h before the
stomach was removed.

Ulcer induction After feeding, the rats were anaesthetized
with ether and the abdomen opened by medical incision. A
cryo-injury was made on the serosal surface of the midcorpus

(Schmassmann et al., 1995). Brie¯y, a cryoprobe (diameter:
6.5 mm) cooled to 7608C by gaseous CO2 was applied to the
gastric wall for 45 s. The abdomen was closed and the rats kept

under normal laboratory conditions with free access to water
and a standard pelleted rat diet (Naphag, Gossau, Switzer-
land).

PGHS-1 and PGHS-2 immunoreactivity To decrease non-
speci®c staining, depara�nized sections (5 mm) were treated
with 3% hydrogen peroxide for 5 min and, after washing,

incubated in 20% normal goat serum for 20 min. The
sections were then incubated in TBS with primary antibodies
for PGHS-1 and PGHS-2 alone (1 : 400), or after an

overnight, at room temperature, preincubation with 100 ±
2000 ng ml71 of the corresponding peptide as a preabsorp-
tion control. After being washed (TBS, 3610 min), the

sections were incubated with biotinylated goat-anti-rabbit
immuno-globulin G (1 : 200) for 1 h at room temperature,
washed with TBS and incubated for further 45 min with
streptavidin-conjugated horseradish peroxidase. After being

washed, the sections were incubated for 7 min with
biotinylated tyramine (1 : 50) to amplify the signal, washed
and then incubated with streptavidin-conjugated horseradish

peroxidase (1 : 500) for 30 min. Aminoethyl carbazole was
used as a chromogen. The slides were slightly counterstained
with Mayer's haematoxylin.

The number of cells expressing PGHS-1 was measured in a
600 mm wide region of normal mucosa and in a 600 mm wide
region of the mucosal ulcer margin adjacent to the ulcer crater.
The results are expressed as a percentage of the total number
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of epithelial cell nuclei. The number of cells expressing PGHS-
2 was measured in a 600 mm wide and 300 mm deep region of
granulation tissue below the regenerative glands adjacent to

the ulcer crater. The results are expressed as a percentage of the
total number of non-epithelial cell nuclei. The mean value per
rat was determined by examining 10 sections.

BrdU immunoreactivity Epithelial cell proliferation was
assessed by immunohistochemical detection of DNA synthetic
phase cells with antibodies against BrdU (Schmassmann et al.,

1994; 1995). The percentage of BrdU-labelled epithelial cells in
a 600 mm wide region of the mucosa adjacent to the ulcer
crater was determined in rats treated for 8 days. Ten sections

per rat were evaluated to calculate the mean.

E�ects of drugs on gastric ulcer healing

Study groups A gastric cannula (steel, inner diameter: 8 mm)
allowing video endoscopial examination of the gastric mucosa,
was placed into the rumen of female Wistar rats (body weight:

180 ± 200 g). Three weeks later, standardized gastric ulcers
were produced by a cryoprobe as described above (Schmass-
mann et al., 1995). Rats without standardized (round ulcers

with an ulcer diameter of 3 ± 5 mm) ulcers at the ®rst video
endoscopy were excluded from the trial. One day after cryo-
injury, 178 rats were randomly assigned to one of thirteen

treatment groups. Rats received twice daily doses of the
following: (1) placebo (sterile normal saline) s.c. for 8 days (8
rats) and 15 days (24 rats); (2) placebo, i.g. (8 rats); (3)

omeprazole 20 mmol kg71, s.c. (8 rats); (4) indomethacin
0.1 mg (0.28 mmol) kg71, s.c. (6 rats); (5) indomethacin 0.5 mg
(1.4 mmol) kg71, s.c. for 8 days (8 rats) and 15 days (16 rats);
(6) indomethacin 0.5 mg (1.4 mmol) kg71, s.c. +

20 mmol kg71 omeprazole, s.c. (8 rats); (7) diclofenac 0.25 mg
(0.78 mmol) kg71, i.g. (6 rats); (8) diclofenac 1 mg
(3.14 mmol) kg71, i.g. (12 rats); (9) diclofenac 2.5 mg

(7.85 mmol) kg71, i.g. for 8 days (8 rats) and 15 days (16 rats);
(10) L-745,337 0.5 mg (1.28 mmol) kg71, i.g. (6 rats), (11) L-
745,337 2 mg (5.12 mmol) kg71, i.g. (12 rats); (12) L-745,337

5 mg (12.8 mmol) kg71, i.g. for 8 days (8 rats) and 15 days (16
rats), and (13) L-745,337 2 mg (5.12 mmol) kg71, i.g. +
20 mmol kg71 omeprazole, s.c. (8 rats). The drugs were given
at 08 h 00 min and 16 h 00 min. Groups 1, 5, 9 and 12 were

treated for 8 and 15 days and the others for 15 days. Rats were
killed 1 h after the last dosing which was combined with a
single i.p. injection of 100 mg kg71 BrdU.

Video endoscopy This was performed on days 3, 8 and 15,
without fasting (Schmassmann et al., 1995). Brie¯y, the rats

were immobilized in Bollman cages without anaesthesia.
Food present in the stomach was washed out through the
gastric cannula. The endoscope, equipped with a video

camera, was introduced through the cannula. To measure
the ulcer size, a piece of calibration paper (diameter 4 mm)
was placed close to the ulcer crater. Both the ulcer and
calibration paper were recorded by the video endoscopy and

the image transferred to a personal computer. The gastric
lumen was fully distended by air insu�ation. The ulcer
diameter was calculated according to the formula: diameter

= 26H(area/p). To eliminate the in¯uence of the initial
variation in ulcer diameter, all results are expressed as a
percentage of the initial ulcer size on day 3. The ulcer healing

rate (ulcer size reduction per day) from days 8 ± 15 was
calculated with the formula: (D (in %) on day 8) 7 (D (in
%) on day 15) / 7 (Schmassmann et al., 1995). The rats
showed no sign of discomfort during endoscopy.

Quantitative histomorphometric assessment The rats were
anaesthetized with ether and a laparotomy was performed.
The stomach was opened along the greater curvature and

slightly stretched on a para�n panel to prevent mucosal
folding. Gastric specimens were ®xed for 4 h in 4% bu�ered
paraformaldehyde, then dehydrated gradually in ethanol,

embedded in para�n and cut into 5 mm sections. Coded
gastric sections were stained with haematoxylin and eosin
before light microscope evaluation (Olympus BH-2, Tokyo,
Japan). Morphometric analysis was performed by use of a

video camera (Ci-20 P Canon, Tokyo, Japan) and a
semiautomatic image analysis system (Microvid software,
Leica, ZuÈ rich, Switzerland). The following parameters were

determined in ten histological sections (Schmassmann et al.,
1994): (1) mucosal thickness, (2) ulcer area, (3) thickness of
granulation tissue in the ulcer bed at the ulcer centre and (4)

gap between both edges of the muscularis mucosae measured
at the ulcer centre. The number of microvessels in the ulcer bed
was determined after identi®cation by immunohistochemistry
with antibodies against von Willebrand factor (factor VIII-

related antigen), which is localized in the endothelial cells
(Schmassmann et al., 1995). The number of microvessels in the
granulation tissue was counted on coded sections under a

4006 microscopic magni®cation. Microvessel density was
expressed as the number of microvessels mm72 granulation
tissue and the mean density was assessed from 10 histological

sections from rats treated for 8 days.

Intestinal perforation Autopsy was performed on all rats

which died during the treatment course. Special care was taken
to assess ascites and to localize the site of intestinal
perforation. These were excluded from morphometric ana-
lyses.

Plasma gastrin concentration Plasma gastrin measured at the
start and at death as previously described (Schmassmann et al.,

1995).

Acute model for assessing induction of gastro-intestinal
ulceration

Assessment of the gastric ulcers Thirty rats were deprived of
food and treated with indomethacin (5 mg (14.0 mmol) and
20 mg (56.0 mmol) kg71, i.g.), L-745,337 (5 mg (12.8 mmol)
and 20 mg (51.2 mmol) kg71, i.g.) or placebo (5 rats per active
treatment group, 10 vehicle rats). Gastric mucosal damage was

assessed 5 h after drug administration from a lesion index with
a 0 ± 3 scoring system (severity factor 1: lesions 52 mm;
severity factor 2: lesions 2 ± 4 mm, severity factor 3: lesions

44 mm) (Lambrecht et al., 1993). Measurement of prosta-
glandin synthesis in the oxyntic mucosa is described later.

Assessment of the intestinal ulcers Fifty fed rats were treated
with indomethacin (5 and 20 mg kg71, i.g.), L-745,337 (5 and
20 mg kg71, i.g.) or placebo (5 rats per active treatment group,
10 rats in vehicle group) (Beck et al., 1990). Rats were killed 5

or 24 h after dosing. The small intestine was removed and
opened on the side opposite the mesentery and the lesions were
assessed as described above for gastric ulcers. The values are

the number of lesions multiplied by the respective severity
factor in the distal 10 cm of ileum. Measurement of
prostaglandin synthesis in the terminal ileum (20 mg full wall)

is described later.
In additional experiments, ®fteen non-fasted rats were

treated daily either with placebo, indomethacin (265 mg
(14.0 mmol) kg71) or L-745,337 (265 mg (12.8 mmol) kg71)
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i.g. for 4 days (5 rats per group). On the morning of day 5, one
hour after the last dosing, the intestine was removed and
assessed as described above, and prostaglandin synthesis in the

gastric mucosa and terminal ilium was assessed as described
below.

Prostanoid synthesis in the gastrointestinal tract and
blood

Acute and chronic ulcer models One hour after dosing, the

synthesis of 6-keto-PGF1a and PGE2 was assessed in tissue
fragments of intact gastric oxyntic mucosa (20 mg, mucosa
only) and terminal ileum (20 mg, total wall) as well as platelet

thromboxane (TX) B2 synthesis in clotting whole blood
(incubation at 378C for 60 min) (Lambrecht et al., 1993;
Panara et al., 1995).

Gastric or intestinal tissues (20 mg) were incubated in
0.6 ml of oxygenated Tyrode solution at 378C for 10 min.
Release of 6-keto-PGF1a (stable metabolite of prostacyclin)
and PGE2 into the incubation medium were determined with a

speci®c radioimmunoassay (RIA) (Lambrecht et al., 1993).

Acute model for assessing anti-in¯ammatory action of
NSAIDs

To compare gastro-intestinal toxicity and anti-in¯ammatory

action, indomethacin (s.c.) and L-745,337 (i.g.) were adminis-
tered in the in¯ammation model by the same route as in the
chronic ulcer healing model. Sterile polyester sponges

(1.360.760.4 cm) were soaked in 2% carrageenin (w/v) in
saline. They were implanted s.c. into forty-three male Wistar
rats. Five hours after implantation, the sponges were removed
under ether anaesthesia and immersed in 2.0 ml phosphate

(0.01 M, pH 7.4)-bu�ered saline containing 5 u ml71 heparin.
They were then squeezed and the exudates centrifuged
(15006g, 48C, 10 min). The supernatants were analysed for

their PGE2 content with RIA. Indomethacin (0.05 ±
5 mg kg71, 12 rats) was injected s.c., L-745,337 (0.05 ±
5 mg kg71, 17 rats) and dexamethasone (3 mg kg71, 4 rats)

were administered i.g. immediately before sponge insertion
(Peskar et al., 1991). Dexamethasone was administered to
inhibit selectively synthesis of PGHS-2-derived prostaglandins.

Methods

Materials

The polyclonal rabbit antibodies against ovine PGHS-1 and

murine PGHS-2, including their corresponding antigens, were
obtained from Cayman (Ann Arbor, MI). The bromodeox-
yuridine (BrdU), the primary antibodies against BrdU (mouse

clone Bu20a), the rabbit anti-human von Willebrand factor
and the avidin-biotin-peroxidase kit were obtained from Dako
(Glostrup, Denmark). The secondary anti-mouse immunoglo-
bulins were from Milan (La Roche, Switzerland), the normal

goat serum from GIBCO (Grand Island, NY), the pepsin from
Serva (Heidelberg, Germany), ABS-the Kit from Dako
(Denmark) and the signal ampli®cation kit, TSA-Indirect,

from DuPont (Boston, MA). The prostanoids were obtained
from Paesel and Lorei (Hanau, Germany) and the tritiated
prostanoids from New England Nuclear (Dreieich, Germany).

The chromogen ethyl-carbazole and all other compounds were
obtained from Sigma Chemicals (St. Louis, U.S.A.).

L-745,337 was kindly provided by Merck Frosst, Quebec,
Canada. Diclofenac was obtained from Sigma (Switzerland)

and omeprazole was provided by AB HaÈ ssle (MoÈ lndal,
Sweden) and dissolved in 40% polyethylene glycol. Indo-
methacin trihydrate (Indocid) was obtained from Merck,

Sharp & Dohme (Glattbrugg, Switzerland) and diluted in
deionized water.

Statistical analysis

All results are expressed as mean+s.e.mean. Di�erences were
tested by a one-way analysis of variance. Correlation analyses

were performed according to Pearson. Probability values of
P50.05 were regarded as signi®cant (Sachs, 1973).

Results

Histology during gastric ulcer healing

Histology shows characteristic features of healing which were
described in detail in our previous papers (Schmassmann et al.,

1994; 1995; Tarnawski & Halter, 1995). Brie¯y, in the early
healing phase (days 0 ± 8 after ulceration), epithelial cells as
well as granulocytes, monocytes, macrophages, ®broblasts and

endoethelial cells adjacent to the ulcer crater constitute a
region with maximal repair activity, with many cells in the
DNA-synthetic phase (immunoreactive for BrdU). Gastric

glands in the ulcer margin contained poorly-di�erentiated
cells. The submucosa adjacent to the ulcer crater and the
granulation tissue below the regenerative glands and the ulcer

crater, were strongly in®ltrated by in¯ammatory cells,
®broblasts and endothelial cells. In the middle phase (days
8 ± 15), epithelial cells in the ulcer margin further proliferate
and migrate over and into the ulcer crater. In the late phase

(days 15 ± 21), the ulcer crater was completely reepithelialized
and replaced by the mucosal scar, which consisted of dilated
glands lined with cells resembling poorly-di�erentiated mucous

cells. Parietal and chief cells were absent in the ®rst three weeks
of healing.

Immunoreactivity of PGHS-2 and PGHS-1

PGHS-2 immunoreactivity was negligible in the normal gastric
wall, but after gastric ulceration, PGHS-2 immunoreactivity

was strongly detected in the cytoplasm of monocytes,
macrophages, ®broblasts and endothelial cells in regions of
maximal repair activity below (days 3 ± 15) and between (day

22) the regenerative glands (Figures 1 and 2). PGHS-1
immunoreactivity was detected in 13+2% of all epithelial
cells and localized to the apical cytoplasm of mucous neck

cells. PGHS-1 immunoreactivity disappeared after gastric
ulceration in the mucosa adjacent to the ulcer crater, but it
reappeared from day 5 onwards in the apical cytoplasm of the

regenerative epithelial cells (Figure 1). The time-sequence of
immunoreactivity for BrdU in epithelial cells and PGHS-2 in
non-epithelial cells revealed a close association between BrdU
and PGHS-2 (Figure 2).

Chronic model of gastric ulcer healing and intestinal
perforation

There were no postoperative complications in rats treated with
placebo, omeprazole or the lowest dose of NSAIDs, and the

rats had the same weight gain in all groups (252+3 g at start
and 265+2 g at death). Some rats treated with higher doses of
NSAIDs developed intestinal perforation, as described later,
and the data from these rats were excluded.
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The mean thickness of the normal oxyntic mucosa in rats
without gastric ulcers was 618+9 mm. The ulcer size, as

assessed by viedo endoscopy, correlated closely (r=0.93) with
the ulcer size, as assessed by quantitative histomorphometry.
We could not detect any di�erences between the placebo

administered by the s.c. or the i.g. route, and all placebo data
were pooled for further analysis.

In the placebo-treated rats in the chronic gastric ulcer

healing model, ulcer diameters on days 3, 8 and 15, as assessed
by repeated viedo endoscopy, were 3.8+0.2 mm (100%),
2.2+0.1 mm (58% of initial size), and 0.9+0.1 mm (24% of

initial size), respectively. Indomethacin, diclofenac and L-
745,337 dose-dependently decreased ulcer healing, resulting in
larger gastric ulcers on day 15 (Figures 3 and 4). Compared
with placebo treatment, inhibition of gastric acid secretion by

omeprazole decreased the ulcer diameter on day 15 and

reversed indomethacin-induced and L-745,337-induced e�ects
on ulcer diameter (Figures 3 and 4).

Indomethacin, diclofenac and L-745,337 dose-dependently
decreased the epithelial cell proliferation in the ulcer margin on
day 8 (Figure 5a), decreased the microvessel density in the

ulcer bed on day 8 (Figure 5b), increased the thickness of the
granulation tissue of the ulcer bed on day 15 (Figure 5c) and
increased the gap between both edges of the muscularis

mucosae on day 15 (Figure 5d).
Intestinal perforation occurred in 1 of 16 rats treated with

0.5 mg (1.4 mmol) kg71 indomethacin, s.c., 2 of 12 rats with

1 mg (3.14 mmol kg71 diclofenac, i.g., 7 of 16 rats with 2.5 mg
(7.85 mmol) kg71 diclofenac, i.g., 2 of 12 rats with 2 mg kg71

L-745,337, i.g., and 6 of 16 rats with 5 mg (12.8 mmol) kg71 L-
745,337, i.g. (all doses administered twice daily). Intestinal

perforation predominantly occurred on days 10 ± 15.

a b

c d e f

g

Figure 1 Immunoreactivity of PGHS-1 and PGHS-2 during gastric ulcer healing. Overview of ulcer margin (right ulcer crater, left
intact mucosa): immunoreactivity on day 8 for PGHS-2 (a+c) and PGHS-1 (b+e). (g) Immunoreactivity on day 3 for PGHS-2
(lower part of the mucosa, muscularis mucosae and submucosa). Control slides with preabsorbed antibodies for PGHS-2 (d) and
PGHS-1 (f). PGHS-2 immunoreactivity was detected in monocytes, macrophages, ®broblasts and endothelial cells which were
localized in regions of maximal repair activity: (1) below the regenerative glands of the ulcer margin and scar (a, c, g), (2) in a 1 ±
2 mm wide region of submucosa adjacent to the ulcer crater (g) and (3) in the basal layer of the lamina propria of the mucosa
adjacent to the ulcer crater (g). PGHS-2 immunoreactivity was negligible in the normal gastric wall (left side of a). PGHS-1
immunoreactivity was detected both in the neck region of the intact mucosa (left side of b) and in the regenerative glands of the
ulcer margin predominantly in the cytoplasm close to the apical membrane (right side of b, e). Bar = 100 mm.
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The plasma gastrin levels in placebo-treated rats were 109+11
and 95+11 pmol l71 on days 1 and 15, respectively. In

comparison, the plasma gastrin levels were signi®cantly
(P50.001) increased 5 fold in all (n=24) omeprazole-treated
rats. Indomethacin, diclofenac and L-745,337 monotherapy

did not a�ect plasma gastrin levels.
The ulcer healing rate from days 8 ± 15 was 4.8+0.5%

(n=32) in placebo-treated rats and was substantially
(P50.001) decreased by indomethacin (260.5

(1.4 mmol) mg mg71, s.c., n=15), diclofenac (262.5 mg
(7.85 mmol) kg71, i.g., n=9), and L-745,337 (265 mg
(12.8 mmol) kg71, i.g. n=10), to 2.6+0.4%, 1.4+0.3%, and

1.6+0.3%, respectively (maximal inhibition: 4.8% (placebo) -
1.4% (diclofenac) = 3.4%) (Figure 6a).

Acute model for assessing induction of gastro-intestinal
ulceration

L-745,337 caused no gastric ulceration (even at 20 mg
(51.2 mmol) kg71, i.g.). In contrast, indomethacin caused
dose-dependent gastric ulceration 5 h after i.g. administration
(lesion score: 4+1 at 5 mg (14.0 mmol) kg71 and 17+3 at

20 mg (56.0 mmol) kg71). Twenty-four hours after dosing, L-
745,337 (20 mg (51.2 mmol) kg71, i.g.) had not caused any
detectable intestinal lesions, whereas indomethacin (20 mg

(56.0 mmol) kg71, i.g.) caused intestinal ulceration (lesion
score: 63+8). L-745,337 (265 mg (12.8 mmol) kg71, i.g.),
administered daily for 4 days, did not cause any detectable

intestinal ulceration. However, daily administration of in-
domethacin (265 mg (14.0 mmol) kg71, i.g.) caused intestinal
ulceration and intestinal perforation in all rats, usually on the
second day of treatment.
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Figure 2 Time-sequence of immunoreactivity for PGHS-2, PGHS-1
and BrdU. Time-sequence of immunoreactivity of PGHS-2 in non-
epithelial cells in the connective tissue below the regenerative glands,
PGHS-1 in the epithelial cells of the ulcer margin and BrdU in
epithelial cells of the ulcer margin. The maximal immunoreactivities
for PGHS-2 and BrdU were on day 5.
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Figure 3 Ulcer diameter ± time curve. All inhibitors of prostaglan-
din endoperoxide synthase (PGHS) decreased gastric ulcer healing.
The selective PGHS-2 inhibitor L-745,337 (265 mg
(12.8 mmol) kg71, i.g.) delayed gastric ulcer healing similarly to that
of the two non-selective PGHS inhibitors diclofenac (262.5 mg
(7.8 mmol) kg71, i.g.) and indomethacin (260.5 mg (1.4 mmol) kg71,
s.c.). Inhibition of gastric acid secretion by omeprazole accelerated
gastric ulcer healing. *P50.002.
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Figure 4 Ulcer diameter on day 15 (as % of day 3). All inhibitors of
prostaglandin endoperoxide synthase (PGHS) dose-dependently
increased the gastric ulcer diameter on day 15. Compared with
placebo treatment, inhibition of gastric acid secretion by omeprazole
(Omepr) decreased the ulcer diameter on day 15 and reversed
indomethacin (Indo)-induced and L-745,337-induced e�ects on ulcer
diameter compared with placebo results. *P50.002.
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Prostanoid synthesis in chronic and acute gastro-
intestinal models

In placebo-treated rats in the chronic gastric ulcer healing

study, the synthesizing capacity of the intact oxyntic mucosa
for 6-keto-PGF1a and PGE2 was 911+106 and
577+71 pg mg71 10 min71, respectively. The synthesizing

capacity in the terminal ileum for 6-keto-PGF1a and PGE2

was 787+67 and 1224+91 pg mg71 10 min71, respectively.
TXB2 concentration in the serum was 90 ng ml71. Both

indomethacin (260.5 mg (1.4 mmol) kg71, s.c.) and diclofenac
(262.5 mg (7.8 mmol) kg71, i.g.) decreased (P50.01) gastric
6-keto-PGF1a synthesis by 42% and 88%, respectively, and
decreased (P50.05) 6-keto-PGF1a synthesis in the terminal

ileum by 38% and 65%, respectively. Furthermore, indo-

methacin and diclofenac decreased (P50.01) platelet TXB2

synthesis by 76% and 67%, respectively. L-745,337, at all
tested doses, did not signi®cantly a�ect prostanoid synthesis in
the stomach, terminal ileum or platelets.

In acute studies, 5 h after a single dose of 5 mg (14.0 mmol)
or 20 mg (56.0 mmol) kg71 indomethacin, i.g., PGE2 synthesis
in the stomach was (P50.01) reduced by 71% and 81%,

respectively. Five hours after a single dose of 5 mg (14.0 mmol)
or 20 mg (56.0 mmol) kg71 indomethacin, i.g., PGE2 synthesis
in the ileum was (P50.01) reduced by 61% and 68%,

respectively. In contrast, L-745,337 did not signi®cantly a�ect
prostaglandin (6-keto-PGF1a and PGE2) synthesis in the
stomach or the ileum. After daily dosing of L-745,337
(265 mg (12.8 mmol) kg71) for 4 days, no ulcers were detected

in the stomach or intestine. 6-Keto-PGF1a and PGE2 synthesis,
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Figure 5 Quantitative histological changes: all inhibitors of prostaglandin endoperoxide synthase signi®cantly changed the
following histological healing parameters. (a) Epithelial cell proliferation in the ulcer margin on day 8; (b) microvessel density in the
ulcer bed on day 8; (c) thickness of granulation tissue of the ulcer bed on day 15; (d) gap between both edges of the muscularis
mucosae on day 15. Doses of indomethacin: 260.5 mg (1.4 mmol) kg71, diclofenac 262.5 mg (7.8 mmol) kg71 and L-745,337: 265
(12.8 mmol) mg kg71. *P50.01.
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assessed 1 hour after dosing, were not signi®cantly in¯uenced
by the L-745,337 treatment.

Acute model for assessing the anti-in¯ammatory action
of NSAIDs

In placebo-treated rats, PGE2 concentration in the exudate was
3.4+0.5 ng ml71. Indomethacin and L-745,337 dose-depen-
dently inhibited PGE2 synthesis in the in¯ammatory exudates
of the carrageenin sponge model (Figure 6b). Leucocyte in¯ux

into the carageenin sponge was signi®cantly reduced by
indomethacin (5 mg (14.0 mmol) g71, s.c.), L-745,337 (5 mg
(12.8 mmol) kg71, i.g.) and dexamethasone (3 mg

(7.7 mmol) kg71) by 88%, 60% and 73%, respectively.

Discussion

The gastric ulcer repair process, both in man and in
experimental ulcer models, is mediated by the secretion of

growth factors, enzymes and extracellular matrix components
(Tarnawski & Halter, 1995). This repair process is delayed if
gastric prostaglandins are depleted (Schmassmann et al.,

1995). In this study, we provide evidence that PGHS-2-derived
prostaglandins are important mediators of this repair process.

After experimentally-induced gastric ulceration, epithelial

cells as well as monocytes, macrophages, ®broblasts and
endothelial cells adjacent to the ulcer crater constitute regions
of maximal repair activity. We strongly detected PGHS-2

immunoreactivity in monocytes, macrophages, ®broblasts and
endothelial cells in regions of maximal repair activity below
and between the regenerative glands. This cellular localization
is in agreement with results performed in other in¯ammatory

or repair models (Fu et al., 1990; Lee et al., 1992; Reddy &
Herschman, 1994; Hull et al., 1996; Barry et al., 1997). In
contrast, PGHS-2 immunoreactivity was negligible in the

normal gastric wall (Kargman et al., 1996; Ferraz et al., 1997).
The change in immunoreactivity of PGHS-2 over time was

comparable to results obtained in other models (Vane et al.,

1994; Mizuno et al., 1997). It revealed a close association
between the maximal PGHS-2 expression in regions of
maximal repair activity and maximal epithelial cell prolifera-
tion in regenerative glands. In contrast, after gastric ulceration

PGHS-1 immunoreactivity disappeared from the mucosa
adjacent to the ulcer crater, but reappeared in regenerative
epithelial cells from day 5 onwards.

It is important to emphasize that PGHS-1 and PGHS-2 are
located at di�erent sites and that their maximal expressions
follow a di�erent time-sequence. PGHS-1 has been located

predominantly in the apical cytoplasm of both in mucous neck
cells (Iseki, 1995) and regenerative epithelial cells, which
supports the concept that PGHS-1-derived prostaglandins are

predominantly responsible for maintaining the integrity of the
gastric mucosa. In contrast, PGHS-2 has been detected in the
cytoplasm of di�erent cell types located in regions of maximal
repair activity. Since prostaglandins act over small distances,

depletion of PGHS-2-derived prostaglandins in these regions
may delay healing, despite the normal prostaglandin levels in
the intact mucosa and regenerative glands.

Our results indicated that the PGHS-2 enzyme may play an
important role in gastric ulcer healing and repair. We
compared the e�ects of the selective PGHS-2 inhibitor

L-745,337, with those of the nonselective PGHS inhibitors
indomethacin and diclofenac. Daily administration of L-
745,337, indomethacin and diclofenac for 8 and 15 days
caused dose-dependent, signi®cant impairment of gastric ulcer
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Figure 6 E�ects of di�erent doses of L-745,337 on gastric ulcer
healing and inhibition of prostaglandin synthesis in the carrageenin-
induced in¯ammation model. (a) Dose-response curve for inhibition
of gastric ulcer healing rate from days 8 ± 15 by L-745,337 which was
administered twice daily i.g. (ID50: 1.7 mg (4.3 mmol) kg71). (b)
Dose-response curves for inhibition of PGE2 synthesis in in¯amma-
tory exudates in the carrageenin sponge rat model. Indomethacin
(5 mg (14 mmol) kg71, s.c.) completely inhibited prostaglandin
synthesis. L-745,337 (5 mg (12.8 mmol) kg71, i.g.) and dexametha-
sone (3 mg (7.7 mmol) kg71, i.g.) inhibited prostaglandin synthesis by
88% and 86%, respectively. ID50 values were 1.1 (3.1 mmol) mg kg

71

and 1.3 (3.3 mmol) mg kg71 for indomethacin and L-745,337,
respectively.
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healing, decrease of epithelial cell proliferation in the ulcer
margin, decrease of angiogenesis in the ulcer bed and
interference with maturation of granulation tissue in the ulcer

bed (Levi et al., 1990; Folkman et al., 1991, Hirose et al., 1991;
Schmassmann et al., 1995). Quantitative and qualitative
histological analysis of gastric ulcers did not, in fact, detect

any di�erences between rats treated with L-745,337, indo-
methacin or diclofenac. The dose of L-745,337 used in the
present experiment had no e�ect on the basal prostaglandin
levels in the intact gastric mucosa or in the mucosal ulcer

margin. Thus, the delayed healing of gastric ulcers may have
been exclusively caused by the inhibition of synthesis of
PGHS-2 derived prostaglandins by L-745,337.

The exact mechanisms by which NSAIDs interfere with
healing is not entirely clear. However, at least some growth-
factor mediated repair processes seem to be dependent on

prostaglandins. Hepatocyte growth factor (HGF) which is
secreted by gastric ®broblasts, improves epithelial cell
proliferation in the ulcer margin and has been shown to
improve epithelial cell migration and gland lumen formation

(Schmassmann et al., 1997). It has also been found that
prostaglandins strongly induce the secretion of HGF from
human cultured gastric ®broblasts. Furthermore, HGF

mRNA is down-regulated at the edges of NSAIDs-induced
human gastric ulcers where prostaglandins are depleted
(Takahashi et al., 1996).

Angiogenesis and maturation of the granulation tissue were
profoundly impaired in rats treated with L-745,337, indo-
methacin or diclofenac. PGHS-2 immunoreactivity in en-

dothelial cells in the granulation tissue of the ulcer bed has
been detected in our study as well as in microvessels of human
gastric ulcers (Hull et al., 1996). Furthermore, PGHS-2
immunoreactivity has been detected in cultured human gastric

endothelial cells during angiogenesis (Hull et al., 1996).
Angiogenesis and maturation of the granulation tissue in the
ulcer bed are crucial steps in the repair process and are

correlated with the NSAID-induced healing delay (Folkman et
al., 1991; Schmassmann et al., 1995).

Although cryoinjury-induced ulceration of the stomach in

the rat is a model for gastric ulcers in man, the development of
gastric ulcers in the animal model is not equivalent to that in
man. The most plausible hypothesis of NSAID-induced gastric
ulcerations in man is that defects in prostaglandin synthesis in

and action on the gastric mucosa weaken the mucosal
resistance or impair mucosal repair, leading to the develop-
ment of chronic ulcers (Wright et al., 1982). However,

regardless of the cause of ulceration, once an ulcer develops
it undergoes comparable biological and morphological
changes in di�erent species (Tarnawski & Halter, 1995).

Prostaglandin levels in the ulcerated stomach seem to be
greater than those in the intact mouse stomach (Mizuno et al.,
1997). Our immunohistochemical results support the concept

that in the ulcerated stomach both PGHS-1- and PGHS-2-
derived prostaglandins contribute to the total synthesis of
prostaglandins (Mizuno et al., 1997). If the investigated tissue
contains both regenerative glands and connective tissue,

expressing both PGHS-1 and PGHS-2, selective PGHS-2
inhibitors decrease the increased PGHS activity to normal
values (Mizuno et al., 1997).

Acute intragastric administration of indomethacin caused
dose-dependent gastric and intestinal ulceration (Beck et al.,
1990). Furthermore, indomethacin and diclofenac signi®cantly

decreased the synthesis of 6-keto-PGF1a and PGE2 in tissue
fragments from the stomach and terminal ileum, and decreased
platelet thromboxane B2 synthesis in clotting whole blood. In

contrast, L-745,337 (5 ± 20 mg kg71, i.g.) had no e�ect on the
synthesis of these prostanoids and did not cause acute gastric
or intestinal ulceration. These results essentially con®rm
previous ®ndings (Boyce et al., 1994; Chan et al., 1995).

Administration of indomethacin, diclofenac and L-745,337
for 15 days caused dose-dependent intestinal perforation. The
rather high intestinal toxicity of indomethacin is due to its

increased enterohepatic circulation (Beck et al., 1990;
Schneider et al., 1990). NSAID toxicity in the small bowel is
not well understood and may be caused by a PGHS-

independent mechanism (Ligumsky et al., 1990), making the
PGHS speci®city of the NSAID irrelevant in trying to prevent
this kind of damage (Bjarnason et al., 1993).

The e�ects of L-745,337 and indomethacin on prostaglan-

din synthesis in in¯amed tissue demonstrated in our study,
concord well with data from previous studies (Isomaki et al.,
1984; Chan et al., 1995; Li et al., 1995). L-745,337 inhibited

formation of PGHS-2-derived prostaglandins in in¯amed
tissue in a similar manner to that of dexamethasone, and it
did not inhibit formation of PGHS-1-derived prostanoids in

the gastrointestinal tract or in platelets. Analysis of the dose-
response curves of L-745,337 for inhibition of the ulcer healing
rate and prostaglandin synthesis in in¯ammatory exudates,

revealed that the delay of ulcer healing by L-745,337 occurs
within a potentially therapeutic dose-range. There is un-
doubtedly uncertainty when these data are extrapolated to the
situation in man. Nevertheless, they give supportive evidence

that the safety margin of L-745,337 may be critical for long-
term administration in the presence of preexisting gastric
lesions.

A direct comparison of the e�ects of L-745,337, indo-
methacin and diclofenac in vivo is di�cult because of the
di�erent pharmacological and pharmacokinetic properties of

the compounds (Beck et al., 1990). Whether long-term
administration of selective inhibitors of PGHS-2 is in fact
safer for the gastrointestinal tract that non-selective inhibitors
needs further study, and it seems to depend predominantly on

the exact role of PGHS-1- and PGHS-2-derived prostaglandins
under both physiological and healing conditions.

In summary, PGHS-2 is markedly accumulated after gastric

ulceration in monocytes, macrophages, ®broblasts and
endothelial cells in regions of maximal repair activity. Selective
inhibition of PGHS-2 by L-745,337 causes impairment of ulcer

healing in a potentially therapeutic dose range. PGHS-2-
derived prostaglandins may have an important role in
mediating the repair process during gastric ulcer healing.

Further studies are necessary to assess whether selective
PGHS-2 inhibitors delay gastric ulcer healing in man at
therapeutic doses.

This work was supported by grants from the Swiss National Science
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