JOURNAL OF PHYSIOLOGY AND PHARMACOLOGY 2005, 56, Supp 5, 5-31
www.jpp.krakow.pl

Review articles

S.J. KONTUREK*, P.C. KONTUREK, T. BRZOZOWSKI*

PROSTAGLANDINS AND ULCER HEALING

*Department of Clinical Physiology, Jagiellonian University Medical College, Cracow, Poland,
Department of Medicine I, University of Erlangen-Nuremberg, Erlangen, Germany.

Exogenous prostaglandins (PG) applied in small gastroprotective doses fail to affect
healing of gastro-duodenal ulcers but accelerate the healing when used in larger gastric
inhibitory doses that appear to enhance COX-2 expression and PGE, generation in the
ulcer area. COX-1 and COX-inhibitors delay ulcer healing, particularly when both COX
isoforms are suppressed such e.g. by indomethacin. Dexamethasone, that decreases the
expression of COX-2 and mucosal generation of PGE,, delays ulcer healing that can be
reversed by the addition of small dose of exogenous PGE,. Proton pump inhibitors (PPI)
such as omeprazole and PGE analogs, accelerate ulcer healing mainly due to potent
inhibition of gastric acid secretion, but they also augment the COX-2 expression and
enzyme activity in the ulcerated mucosa. Endogenous PG generated at ulcer margin
appear to be involved in ulcer healing promoted by growth factors and gut hormones
such as gastrin or CCK and melatonin acting, at least in part, through increase of
induction of COX-2 and local release of PGE, in the ulcer area . The ulcer healing
activity of growth factors (e.g. EGF, TGFo, HGF) and certain gut hormones (gastrin,
CCK) as well as melatonin, can be attenuated by treatment with COX-1 or COX-2
inhibitors which suppress the release of PGE, but enhance the expression of COX-2. It
is concluded that endogenous PG originating mainly from upregulated COX-2 at the
ulcer margin play crucial role in ulcer healing by exogenous PG, PPI, growth factors,
gut hormones and melatonin, while COX-1 and COX-2 inhibitors delay ulcer healing
by suppressing PG generation, and increasing COX-2 expression in the ulcer area.
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INTRODUCTION

Peptic ulcer is generally considered as a result of the imbalance between the
gastroduodenal mucosal defense mechanisms and damaging factors breaching in
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the mucosa and extending through the muscularis mucosae into the submucosa
and deeper. The recognition by Schwartz (1) in the first decade of the twentieth
century that the formation of gastroduodenal ulcers is caused by the aggressive
action of acid (his famous dictum was, "no acid-no ulcer") and that the decrease
of gastric acid favors the repair of gastric lesions, changed the surgical way of
thinking and opened new avenues of anti-ulcer strategies. The discovery of
cytoprotective effects of prostaglandins (PG) on gastric mucosa in experimental
animals (2) raised a hope that these PG may be an ideal remedy for ulcer
prevention and healing, but subsequent clinical trials failed to support their
clinical usefulness in ulcer therapy, mainly due to side effects. With the
identification of the histamine-2 receptor subtype and the development by Black
and his associates (3) of agents specifically capable of blocking acid secretion by
antagonism of this receptor revolutionized the management of peptic ulcer
disease and virtually obliterated surgery as a therapeutic option for peptic ulcer
disease, except that in the case of an emergency and complications. With
discovery of drugs that inhibit H*,K*ATPase, the proton pump of the parietal cell
(4), the most effective inhibitors of gastric acid secretion so called proton pump
inhibitors (PPI) are available and widely used in ulcer therapy (5).

Although gastric acid and pepsin are requisites for ulcer formation (1) and
appropriate acid suppression is required for optimal ulcer healing (6, 7), the most
notable aggressive factor in pathogenesis of peptic ulcerations appears to be
Helicobacter pylori (H. pylori) (8-10). Most of peptic ulcers have been associated
either with gastric H. pylori infection or with ingestion of nonsteroidal anti-
inflammatory drugs (NSAID). Numerous studies showed that peptic ulcer
recurred infrequently when either H. pylori infection or NSAID use is eliminated
(10). With the recognition of important role of H. pylori in pathogenesis of peptic
ulcer, its healing and recurrence, the antisecretory therapy has been combined
with antimicrobial treatment in order to accelerate ulcer healing, to reduce ulcer
complications and to prevent ulcer recurrence (10).

Following the discovery of cytoprotective activity of PG, stable PGE
analogues were obtained, suggesting that they could be useful in the treatment of
peptic ulcer, particularly that they were found to be effective gastric acid
inhibitors in humans (11). Indeed, several clinical trials (12-14) documented that
these analogues were effective in accelerating healing rate of gastroduodenal
ulcers not only accompanying NSAID therapy, when the deficiency of
endogenous PG exists (15), but also in NSAID-independent peptic ulcerations
(12-14). It was found that PGE, stable analog misoprostol, significantly lowered
the frequency of gastroduodenal ulcers occurring in patients with long term
therapy of NSAID (15). This analogue was, however, effective in enhancing
peptic ulcer healing mainly by gastric acid inhibition than by cytoprotective
activity, indicating that cytoprotection, exerting so dramatic preventive action
against acute gastric lesions in experimental animals (2), plays no part in healing
of chronic peptic ulcer that involves mucosal repair (16). Although in patients at



high risk for recurrent gastric ulcer, the use of cotherapy with misoprostol was
found to be almost equally affective as PPI such as lanzoprazole or omeprazole
(17, 18), exogenous PGE or its stable analogues are not widely used in peptic
ulcer therapy because of their diarrhogenic and abortifaciant effects. This,
"unfulfilled promise" (16), regarding the clinical usefulness of prostaglandin in
peptic ulcer therapy, does not exclude the possibility that endogenous PG
generated by cyclooxygenase (COX)-1 or COX-2 in the ulcer area are implicated
in the pathogenesis and healing of peptic ulcerations.

The purpose of this article is to overview the mechanisms of ulcer healing in
experimental model of acetic acid-induced chronic gastric ulceration in rats,
especially the role of endogenous PG generated by COX-1 and COX-2.

Role of exogenous and endogenous PG in healing of peptic ulcers

Healing of peptic ulcer is an active and complex process including the
reconstruction of the mucosa by formation of granulation tissue at the ulcer
base, formation of new vessels (angiogenesis) and re-establishment of
glandular architecture (19). PG generated especially at an ulcer margin by
COX-2, appear to play a crucial role in ulcer healing through triggering the cell
proliferation, promotion of angiogenesis and restoration of mucosal integrity.
Unlike COX-1, which is constitutively expressed in intact gastric mucosa to
produce PG that regulate mucosal blood flow and epithelial secretion of mucus
and bicarbonate, PGs from COX-2 influence epithelial proliferation and
endothelial-leukocyte adherence. COX-2 has been shown to be induced in
ulcerated and inflamed gastric mucosa (20-24).

In this study, we used an experimental ulcer model obtained by serosal
application of 100% acetic acid on the area of 28 mm? for 25 s according to our
modified method (25) (Fig. I). Histologically, such acute ulcer develops
immediately after serosal application of acetic acid on mid portion of the stomach
and involves the entire mucosa and submucosa to become chronic within 2-3
days. It heals spontaneously depending on initial size within 2-4 weeks without
perforation or penetration to surrounding organs. After recovery from surgery, the
animals start normal chow diet next day after ulcer induction and can be treated
either with vehicle (saline) or various substances such as PG, PPI, COX-inhibitor,
growth factors or gut hormones. The animals were then lightly anesthetized with
ether after 3, 7, 10 or 14 days upon ulcer induction, the abdomen was opened and
the gastric mucosal blood flow at the ulcer margin was determined using H,-gas
clearance technique. The stomach was then opened and the area of gastric ulcers
was determined using planimetry. In addition, the large (50 mg) of biopsy
samples were taken from the ulcer margin and intact mucosa and immediately
frozen in liquid nitrogen for further studies of gene or protein expression of COX-
1, COX-2. The blood samples were also taken for the assessment of plasma levels
of gastrin, melatonin and cytokines as described before (20, 26). Each
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Fig. 1. Production of gastric ulcer by serosal application of acetic acid in rats treated daily with
prostaglandins (PG), proton pump inhibitors, COX-1 or COX-2 inhibitors, growth factors, gut
hormones or melatonin without and with pretreatment with neurotoxic dose of capsaicin. At the end
of experiments the animals were anesthetized and the area of gastric ulcers were measured by
planimetry, mucosal blood flow was measured by H, gas clearance and biopsy samples were taken
for the determination of mucosal generation of PGE, and expression of COX-1 or COX-2.

experimental group included 6-10 animals that were fasted about 24 h before the
anesthesia. The studies were approved by Institutional Ethic Committee of the
Jagiellonian College of Medicine, Cracow, Poland.

As shown on Fig 2, in rats with chronic acetic acid-induced gastric ulcer the
mRNA expression for COX-1 was similar in the intact mucosa and at ulcer margin
with gastritis as well as in the ulcer base. It did not change significantly also
following healing of gastric ulcer. In contrast, the expression for COX-2 markedly
increased both in the margin of ulcer as well as in ulcer itself and disappeared
following the ulcer healing. PGE, generation rose significantly at the ulcer margin
and the ulcer base as compared to the intact mucosa to decline after ulcer healing.
These results indicate that the induction of gastric ulcer and accompanying
gastritis induce dramatic rise in expression of COX-2 as reported previously (20).

It is of interest that PG generated from COX-1 tonically suppress COX-2
activity in the GI tract. COX-2 is rapidly up-regulated after COX-1 inhibition,
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Fig. 2. Macrosopic and microscopic pictures of chronic gastric ulcer in rats induced by serosal
application of acetic acid (upper panel). COX-1 and COX-2 expression and mucosal generation of
PGE, in H. pylori negative intact gastric mucosa, at the ulcer margin H. pylori postive with gastritis,
at the H. pylori positive ulcer base and in the area of healed H. pylori eradicated ulcer. COX-2
generated PGE, stimulates the expression of growth factors in the mucosa.

when the mucosa is exposed to potentially damaging agents or when the mucosal
injury or ulceration occurs. Recent studies showed that PGE, release by
fibroblasts at the ulcer margin expressing COX-2 is accompanied by the release
of growth factors in the ulcer area that may contribute to mucosal repair and
angiogenesis (26) (Fig. 3).

The question remains what is the effect of exogenous PG on ulcer healing and
COX-1 and COX-2 expression in the ulcer area. We demonstrated before (25)
that the small non-antisecretory dose of 16,16 dimethyl PGE, (dmPGE,) failed to
affect the healing and these results have not been included. In this study we used
larger dose of dmPGE,, which in experiments with chronic gastric fistula rats
caused significant inhibition of gastric acid secretion. Such larger dose of this
PGE, analogue (50 pg/kg/d) was found in the present study to be as effective in
the acceleration of ulcer healing as omeprazole used in equipotent gastric
inhibitory dose (40 mg/kg/d). In vehicle-treated rats, the ulcer area gradually
decreased, the reduction in ulcer area being significant at day 7 and 10 to
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Fig. 3. Contribution of COX-1 and COX-2 to various aspects of gastric mucosal defense. PGE,
generated by COX-1 tonically suppresses COX-2 activity.

disappear almost completely at day 14 (Fig. 4). Thus, we can conclude that
exogenous PGE analogue, applied in larger dose, was equally effective in
acceleration of ulcer healing as omeprazole administered in equipotent gastric
inhibitory dose.

The question remained whether the ulcer healing effect of exogenous PGE
analogue and omeprazole, representing PPI, is only due to the inhibition of ga-
stric acid secretion or whether these agents also affect COX-PG system in the
ulcerated mucosa. Fig. 5 shows that administration of exogenoms PGE, analogue
or omeprarole in gastric inhibitory dose caused significant increase in mucosal
generation of PGE,, especially in the first days of drug application. As shown on
Fig.6, COX-1 showed similar expression in the intact mucosa and at ulcer mar-
gin in rats without or with administration of dmPGE, or omeprazole. In contrast,
COX-2, which showed only negligible expression in the intact mucosa was pro-
nounced at the ulcer area even of vehicle-treated controls, but treatment with
dmPGE, or omeprazole resulted in further significant elevation of COX-2 expres-
sion in the ulcerated mucosa (Fig. 7). Thus, the excessive generation of PGE, in
dmPGE,- or omeprazole-treated rats originated from the upregulation of COX-2
at the ulcer margin by the tested agents.

The mechanism of COX-2 upregulation at an ulcer margin, particularly
following treatment with dmPGE, or omeprazole is unknown, but we suspect
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Fig. 4. Healing of gastric ulcers in rats treated with intragastric vehicle (saline), dmPGE, (50
ung/kg/d) or omeprazol 40 mg/kg/d. Mean +SEM of 6 experiments on 6 rats. Asterisk indicates
significant decrease below the value recorded in vehicle-treated animals (unpublished results).

that this could be attributed, at least in part, to the hypergastrinemia that was
found to be accompanying the production of gastric ulceration itself and the
administration of gastric inhibitory dose of dmPGE, or omeprazole (Fig. 8).
The upregulation of COX-2 by gastrin, released in higher amounts following
administration of gastric inhibitors such as lanzoprazole, has been suggested
before by Tsuji et al. (28), who reported that the protective effects of this PPI,
against ethanol-induced gastric damage could be attributed to the upregulation
of COX-2 due to the action of gastrin released in excessive amounts because the
blockade of specific gastrin receptors abolished lanzoprazole-induced
enhancement of PGE,-generation and the upregulation of COX-2. The
acceleration of ulcer healing combined with upregulation of COX-2 and
elevated generation of PGE, in our tests with dmPGE, could also be attributed
to hypergastrinemia resulting from gastric inhibition by this PGE,-analogue as
reported previously(11-13). An alternative explanation could be that exogenous
stable PGE analogue by itself could directly increase the COX-2 expression and
activity in similar fashion to that exerted by this PGE analogue in prostate
cancer cells (29) but this possibility requires confirmation in the model of
gastric ulceration (Fig. 7).
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Fig. 5. Mucosal PGE, generation during ulcer healing in rats treated with dmPGE, (50 pg/kg/d),
omeprazole (40 mg/kg/d) or vehicle (unpublished results).
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Fig. 6. COX-1 expression in intact gastric mucosa and at ulcer margin of rats treated with vehicle,
dmPGE, or omeprazole at day 3, 7 and 10 upon ulcer induction (unpublished results).
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Fig. 7. COX-2 expression in intact gastric mucosa and at ulcer margin of rats treated with vehicle,
dmPGE, or omeprazole at day 3, 7 and 10 upon ulcer induction. Asterisk indicates significant
increase above the value recorded in gastric mucosa of intact rats. Cross indicates significant
increase above the value recorded in vehicle-treated rats (unpublished results).

In summary, the ulcer healing efficacy of omeprazole (and probably other
PPI) and exogenous potent PGE analogues could be attributed not only to their
gastric acid inhibitory action but also to the upregulation of COX-2 in the ulcer
area (Fig. 8).

If endogenous PGE, generated by the upregulated COX-2 at the ulcer margin,
contributes to ulcer healing it is expected that the inhibition of COX-1 and/or
COX-2 should delay ulcer healing as shown by other studies (30) including our
own (20). This delay in ulcer healing by NSAID has been associated with the
inhibition of endothelial cell proliferation and the reduction in angiogenesis at the
ulcer site. In the present report we confirmed that specific inhibitor of either
COX-1 (SC-56) or COX-2 (NS-398) as well as nonspecific inhibitor of both
COX-1 and COX-2 (indomethacin) delayed ulcer healing (Fig. 9). This delay in
ulcer healing by COX-inhibitors was accompanied by expected strong reduction
in PGE, generation, especially in ulcerated gastric mucosa normally exhibiting
more pronounced release of PGE. The inhibition of PGE, generation was more
impressive after the application of indomethacin than of specific COX-2 inhibitor
(NS-398) because the former agent is known to inhibit non-specifically both
COX-1 and COX-2 activity, and, therefore, is more effective inhibitor of PGE,
generation than NS-398 (Fig. /0). This remains in agreement with studies of
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Fig. 8. Schematic presentation of the arachidonic metabolism via COX-1 and COX-2 under
physiological and pathological conditions such as gastric ulcerations treated with exogenous dmPGE,
or proton pump inhibitor (PPI) such as omeprazole. Enhanced release of plasma gastrin is possibly
responsible for the upregulation of COX-2 at the ulcer margin and accelerated ulcer healing.

Wallace and Devchand (26), who proposed that selective inhibition of only COX-
1 or only COX-2 activity results in rather small mucosal damage, but suppression
of both isoforms of COX, as achieved with indomethacin, causes significantly
more pronounced mucosal damage. As endogenous PGE, release was more
suppressed by indomethacin than by NS-398, it is obvious that the COX-2
expression was more enhanced with indomethacin than with NS-398.

Davies et al (31) were first to observed significant upregulation of COX-2 in
the rats following the administration of aspirin and suggested that diminished
mucosal generation of PGE, by this NSAID was responsible for triggering this
upregulation of COX-2. In this study we found that marked reduction in PGE,
generation due to inhibition of COX-1 and COX-2 activity was not accompanied
by any change in expression of COX-1 (Fig. 1I). In contrast, the COX-2
expression was significantly upregulated in tests with indomethacin but not with
NS-398 that produced smaller fall in PGE, generation. (Fig. 12). It is of interest
that even small doses of exogenous dmPGE, given to rats treated with COX-1 or
COX-2 inhibitors restored completely the healing of gastric ulcers and increased
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Healing of gastric ulcers in rats treated with inhibitors of COX-1
(SC-560), COX-2 (NS-398) or Indomethacin (COX-1/COX-2)
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Fig. 9. Mean area of gastric ulcers measured at day 0, 3, 7, 10 and 14 upon ulcer induction in
vehicle-treated control rats and those treated with indomethacin, SC-560 or NS-398. Mean + SEM
of 6 experiments on 6 rats. Asterisk indicates significant increase, above the value in vehicle-treated
rats (unpublished data)
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Fig. 10. PGE, generation in the ulcerated and non-ulcerated gastric mucosa of rats treated with
vehicle, SC-560, NS-398 or indomethacin. Mean = SEM of 6 experiments on 6 rats. Single asterisk
indicates significant decrease, below the value in vehicle-treated rats. Double asterisks indicate
significant decrease below the value obtained after inhibition of COX-2 by NS398. (unpublished data)
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Fig. 11. COX-1 expression in intact gastric mucosa and at ulcer margin of rats treated with vehicle,
SC-560, NS-398 or indomethacin or at day 3, 7 and 10 upon ulcer induction (unpublished results).
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Fig.12. COX-2 expression in intact gastric mucosa and at ulcer margin of rats treated with vehicle,
indomethacin or SC-560 or NS-398 at day 3, 7 a dnl0 upon ulcer induction. Asterisk indicates
significant increase above the value recorded in gastric mucosa of vehicle-treated rats. Cross
indicates significant increase above the value recorded in vehicle-treated rats (unpublished results).
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Ulcer healing and gastric blood flow (GBF) in rats treated with
COX-1 or COX-2 inhibitors without and with dmPGE, (5 ng/kg)
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Fig. 13. It is of interest that minute amount of exogenous dmPGE, (5 pg/kg/d) administered to rats
receiving vehicle, SC-560, NS-398 or indomethacin abolished the delay in ulcer-healing and
restored gastric blood flow caused by pretreatment with COX-1 or COX-2-inhibitor or by
indomethacin. Asterisk iondicates significant change as compared to vehicle-treated rats, Cross
indicates significant change as compared to the value obtained in SC-560, NS-398 or indoemthacin
administration. (unpublished results)

mucoal blood flow (Fig. 13). These observations lead to hypothesis that
inhibition of COX-1 activity is associated with delay of ulcer healing and that
decrease in local PGE, release is combined with an increase in COX-2 expression
in the ulcerated mucosa (Fig. /4). Thus, inhibition of COX-1 and COX-2 activity
by nonselective inhibitors such as indomethacin reduces COX activity and
elevates the expression of COX-2 at the ulcer area, while specific COX-2
inhibitor does not affect the expression of this COX isoform (Fig. 14).

Effects of corticosteroids on peptic ulcer healing

The ulcerogenic effect of corticosteroids in the stomach is controversial.
While some investigators suggested that there is no association between
corticosteroids therapy and ulcerogenesis, others emphasized an increased risk of
peptic ulcer and its complications (33-37) or reported that peptic ulcer is rather
rare complications of corticosteroid therapy (34) and prophylaxis should be
considered only in patients with increased risk factors such as concurrent NSAID
therapy or previous history of peptic ulceration (35,36). Animal experiments with
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Fig. 14 Schematic presentation of the arachidonic metabolism via COX-1 and COX-2 under
physiological and pathological conditions such as gastric ulcerations treated with nonspecific
NSAID or specific COX-2 inhibitors;

gastric ulcers showed that hydrocortisone (37), dexamethasone (38) or
prednisolone (39) delayed gastric ulcer healing and this healing could be
improved by the addition of exogenous PGE (37, 39).

In this preliminary study we used non-ulcerogenic dose of dexamethasone
(38) and confirmed that such dose delayed gastric ulcer healing rate after 7 and
10 days of treatment (Fig. 15). Addition of dmPGE at a small dose (10ug/kg/d),
that by itself failed to affect ulcer healing rate when given alone (data not shown),
reversed the delay of healing caused by dexamethosone. We confirmed that
dexamethasone reduced the generation of PGE, (Fig. 16) and decreased both
expression and activity of COX-2 but not COX-1 at the ulcer area (Figs /7 and
18). We can conclude, therefore, that corticosteroids such as dexamethasone at
the dose used delayed ulcer healing most likely due to the inhibition of both
expression and activity of COX-2 (Fig. 19). Our results coincide with previous
reports showing that dexamethasone at non-ulerogenic dose (38) causes an
inhibition of both COX-1 and COX-2 activity and this is required for induction
by this corticosteroid of gastric mucosal damage (40). The mechanism by which
dexamethasone induced reduction in COX-2 expression and attenuated PGE,
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Fig. 15. Mean area of gastric ulcers measured at day 0, 3, 7 and 10 upon ulcer induction in vehicle-
treated control rats and those treated with vehicle, dexamethasone (0.2 mg/kg) alone and
dexamethasone combined with dmPGE, (10 pg/kd) Mean + SEM of 6 experiments on 6 rats. Asterisk
indicates significant increase, above the values in vehicle-treated rats. (unpublished results)
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Fig. 16. Mucosal generation of PGE, in intact rats and in those with gastric ulceration treated with
vehicle and dexamethasone (0.2 g/kg/d) at day 3, 7 and 10 upon ulcer induction. Mean = SEM of 6
experiments on 6 rats. Asterisk indicates significant increase above the value recorded in intact
mucosa. Cross indicates significant decrease below the value recorded at ulcer margin in vehicle-
treated rats (unpublished results).
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Fig. 17. COX-2 expression in the mucosa of intact rats and at the ulcer margin of rats treated with
vehicle or dexamethasone. Mean + SEM of 6 experiments on 6 rats. Asterisk indicates significant
increase above the value recorded in intact mucosa. Cross indicates significant decrease below the
value recorded in vehicle-treated rats (unpublished results).
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Fig. 18. COX-1 expression in intact gastric mucosa and that at ulcer margin of rats treated with
vehicle or dexamethasone at day 3, 7, and 10 upon ulcer induction. Mean + SEM of 6 experiments
on 6 rats (unpublished results)
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Role of PG in Corticosteroids Action on
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Fig. 19. Schematic presentation of the inhibitory action of corticosteroids on COX-2 induction and
COX-2 activity in gastric mucosa of rats with gastric ulcer.

formation could delay ulcer healing is not obvious, but it could be related to the
decrease in the proliferation of gastric epithelial cells (41) and angiogenesis (42),
that are normally enhanced by COX-2-derived PGE, and associated with
induction of hepatocyte growth factor expression (41). Depletion of mucosal
PGE, by dexamethasone seems to play a key role in delay of ulcer healing as
supplementation with dmPGE, returned the ulcer healing rate back to normal
level observed in vehicle-treated animals. In conclusion, ulcer production by
acetic acid activate the repair system in the gastric mucosa including epithelial
cell proliferation and angiogenesis at ulcer margin that are mediated by COX-2-
PGE, and hepatocyte growth factor production. The interference of
dexamethazone in COX-2-PGE, system appears to deter the above repair
mechanisms leading to worsening of the ulcer healing process (Fig. 19).

Effects of growth factors and gut hormones on ulcer healing

It is well-known that ulcer healing involves local expression of various growth
factors in the ulcer area such as epidermal growth factor (EGF), transforming
growth factor (TGFa), hepatocyte growth factor (HGF) and basic fibroblast
growth factor (bFGF) as well as gastrin (27). According to our observations
besides COX-PG system, the most effective in the acceleration of ulcer healing
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Acceleration of ulcer
healing by growth factors
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Fig. 20. Mean area of gastric ulcers in rats with daily treatment with various growth factors and
gastrin at a dose of 10 pg/kg/d injected i.p. Asterisk indicates significant decrease below the
value obtained at day 0. Cross indicates significant decrease below the value obtained in rats
treated with vehicle.

are growth promoting factors such as EGF, HGF, TGFa and bFGF (Fig. 20).
These growth factors were found to be expressed at the ulcer margin during ulcer
healing and could contribute to the healing process (43). It is of interest that
expression of these growth factors, coincides with the inhibition of gastric acid
secretion and increased mucosal blood flow at the ulcer margin as well as
hypergastrinemia (44). Administration of gastrin, that increases gastric acid
secretion, also accelerates ulcer healing (see Fig. 20), indicating that the healing
effect of this hormone is unrelated to its gastric acid stimulation. Furthermore,
gastrin receptors (CCK,-receptors) were found to be expressed in the regenerative
mucosal ulcer margin as demonstrated by RT-PCR and autoradiography (45),
reinforcing the concept that in addition to growth factors, gastrin also contributes
to the mucosal cell proliferation at the ulcer margin (46, 47). It is of interest that
the acceleration of ulcer healing by growth factors or gastrin can be attenuated by
local application of antibodies against these growth factors or gastrin (27),
emphasizing the specificity of their ulcer healing promotion through stimulation
of mucosal growth and angiogenesis at the ulcer margin. It may be important to
stress that treatment with growth factors does not affect the gene expression of
COX-1, but elevates COX-2 expression in the ulcerated mucosa (Fig. 21). As
acceleration of ulcer healing by growth factors can be delayed by the
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Fig. 21. Gene expression of COX-1 and COX-2 (presented as ratio of COX to beta-actin) in the
intact gastric mucosa and at the gastric ulcer margin in rats treated for 13 days with EGF, HGF and
bFGF. Asterisk indicates significant increase above the value recorded in intact mucosa. Cross
indicates significant increase above the value obtained in vehicle-treated mucosa.

administration of COX-1 and COX-2 inhibitors such as indomethacin and is
accompanied by the upregulation of COX-2 at the ulcer margin, it is reasonable
to conclude that COX-2 derived PG mediate the acceleration of ulcer healing by
various growth factors expressed at the ulcer margin (Fig. 22).

The list of ulcer healing factors includes several others factors of
gastrointestinal origin such as cholecystokinin (CCK), gastrin releasing peptide
(GRP), ghrelin, leptin, somatostatin and insulin (50-53). As shown on Fig. 23, the
ulcer healing activity of various gut hormones is accompanied by the stimulation
of mucosal growth (except somatostatin) and depends, in most instances, on the
mucosal generation of PG due to elevation of COX-2 expression (Fig. 23).

The ulcer healing action of various gut hormones controlling food intake such
as CCK, leptin or ghrelin is independent on gastric acid secretion but involves the
activation of brain-gut axis via stimulation of peripheral sensors and afferent
nerves. This is supported by the finding that inactivation of sensory nerves with
neurotoxic dose of capsaicin attenuated the ulcer healing effects of these appetite-
regulating gut hormones (49-53).
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COX-1 and COX-2 in the healing of gastric ulcer in rats
treated with growth factor or gut hormones
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Fig. 22. Schematic presentation of the mechanism of stimulatory action of growth factors and
certain gut hormones such as gastrin on the induction of expression and activity of COX-2 that
contribute to the stimulation of ulcer healing effects of these substances.
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Fig. 23. List of gut hormones affecting the ulcer healing, mucosal growth, gastric acid secretion and
prostaglandin generation in the gastric mucosa
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30 Effects of melatonin or L-Tryptophan
on healing of chronic ulcers
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Fig. 24. Time sequence of healing rate of preexisting ulcers by melatonin and its precursor, L-
tryptophan. Asterisk indicates significant difference compared to initial value at day 0. Cross
indicates significant difference compared to vehicle control. (unpublished results)

Melatonin that was thought to originate primarily from the pineal glands, but
recently it has been detected in large amounts in the digestive organs, such as
stomach, gut and the pancreas (54, 55). Although its gastroprotective activity has
been attributed to scavenging of reactive oxygen species and increase of
antioxidative enzymes (56), we found that this indole, as well as its substrate L-
tryptophan, accelerates ulcer healing (Fig. 24), at least in part, by activation of
COX-PG system because it was accompanied by the increase in gastric mucosal
generation of PGE, and the inhibition of COX-1/COX-2 system by indomethacin
delayed the ulcer healing promoted by melatonin (Fig. 25). Furthermore, the
deactivation of sensory nerves with neurotoxic dose of capsaicin reversed the
healing acceleration by metalonin and L-tryprophan and supplementation with
calcitonin-gene related peptide (CGRP), a neuropeptide that is deficient in such
sensory deactivated animals, restored the healing effects of melatonin and its
precursor (Fig. 26). Its is, therefore, reasonable to assume that melatonin
enhances ulcer healing through the activation of brain-gut axis and stimulation of
afferent sensory nerves (54-58).

As indicated in the introduction, H. pylori infection and NSAID are known to
delay ulcer healing in humans but it is not clear how these two factors interact on
the healing process of experimental ulcer. Using our acetic acid model in rats with
or without H. pylori infection, we found that infection significantly delays ulcer
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Effects of melatonin or L-Trp on ulcer healing in rats
with intact and suppressed PGE,-generation
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Fig. 25. Effects on melatonin and its substrate, L-tryptophan, on the area of gastric ulcers, mucosal
blood flow (GBF) and mucosal generation of PGE, after 8 days upon ulcer production in rats without
an with treatment with indomethacin. Mean + SEM of 6 experiments on 6 rats. Asterisk indicates
significant decrease below the value in vehicle-treated rats. Cross indicates significant change as
compared to the values recorded in rats without pretreatment with indomethacin. (unpublished results)
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Fig. 26. Role of COX-1 and COX-2 expression in melatonin induced acceleration of ulcer healing.
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H. pylori infection and NSAID (ASA, Rofecoxib) applied separately
delay ulcer healing, but H. pylori attenuates NSAID ulcerogenesis
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Fig. 27. Mean ulcer area, gastric blood flow (GBF) at the ulcer margin and plasma level of tumor
necrosis factor (TNFo) in rats given saline (control) or inoculated with H. pylori without or with
administration for 9 days of aspirin, rofecoxib. Asterisk indicates significant change as compare to
the value recorded in in vehicle-treated rats. Cross indicates significant change as compared to the
value obtained in rats treated with aspirin or rofecoxib but not inoculated with H. pylori.
(unpublished results)

healing as compared with vehicle control (Fig.27). Similar effects are exerted by
the application of aspirin (50 mg/kg/d) or rofecoxib (10 ng/kg/d). With the
combination of H. pylori infection and addition of aspirin or rofecoxib, the ulcer
area was significantly reduced as compared to that obtained with aspirin or
rofecoxib alone without H. pylori infection. The increased ulcerogenicity of
aspirin or rofecoxib in rats without H. pylori infection could be simple attributed
to the inhibiton of PG generation with subsequent decrease in mucus alkaline
secretion, attenuation of mucosal blood flow and neutrophil adherence to vascular
epithelium. The reduced ulcerogenicity of aspirin and rofecoxib in H. pylori-
infected rats could result from activation of the inflammatory cascade, release of
various cytokines and most important from the increased expression of COX-2
and enhanced generation of PGE, by the presence of H. pylori in the ulcer area
but this requires further documentation. Clinical implication of this finding would
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be that the eradication of H. pylori in NSAID ingesting patients should not be
recommended except when ulcer complications occur, but this is the controversial
issue requiring further studies.

In conclusion, PG of E series are involved in mucosal repair and healing at
least in part, due to increased expression and activity of COX-2 in the ulcer area.
Exogenous PGE enhance ulcer healing only at higher gastric inhibitory dose and
exerts similar stimulatory action on COX-2 activity and its expression at ulcer
margin to that of proton pump inhibitors. Both nonspecific NSAID and specific
COX-2 inhibitor reduce the activity of COX-1 and COX-2, while enhancing the
expression of COX-2. Corticosteroids inhibit both the expression and activity of
COX-2 and this is probably the major mechanism of their ulcerogenic effects.
Growth factors and certain gut peptides such as gastrin and CCK or melatonin
accelerate ulcer healing due to stimulation of mucosal cell proliferation and, at
least in part, expression and activity of COX-2-PG system in the ulcer area as
well as activation of brain gut-axis. The infection of gastric mucosa with H. pylori
while increasing by itself the ulcerogenesis, appears to reduce the ulcerogenicity
of NSAID in our experimental model possibly due to increase in the expression
and activity of COX and release of PG in the ulcer area.
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