JOURNAL OF PHYSIOLOGY AND PHARMACOLOGY 2001, 52, 1, 93105

S. KAWAUCH]I, 8. SUGAMOTO, O. FURUKAWA *, H. MIMAKI, K. TAKEUCHI

STIMULATION BY NITRIC OXIDE OF GASTRIC ACID SECRETION

IN BULLFROG FUNDIC MUCOSA IN VITRO

Department of Pharmacology & Experimental Therapeutics, Kyoto Pharmaceutical University,

Misasagi, Yamashina, Kyoto 607-8414, Japan

* Present address: CURE, Bldg. 114, Suite 217 West LA VAMC 11301 Wilshire Blvd. Los Angeles,

CA 90073,

We examined the effect of NO on acid secretion in vitro using isolated preparations
of Bullirog stomach. The bullfrog fundic mucosa was bathed in unbuffered Ri
solution gassed with 100% O, on the mucosal side and HCO; Ringer’s solution
gassed with 95% 0O,/5% CO, on the serosal side, and the acid secretion was
measured at pH 5.0 using the pH-stat method and by adding 5 mM NaOH.
Serosal addition of a NO donor NOR-3 (10°°~107% M:
{ £ }(E)-ethyl-2-[(E)}-hydroxyimino]-5-nitro-3-hexnamine) caused an increase of acid
secretion in a dose-dependent manner, the effect lasting about | hr and reaching
a maximal level of 2-fold the basal values. The acid stimulatory effect of NOR-3 was
mimicked br another NO donor SNAP (1073 mel/L: S-nitroso-O-N-
-acetyl-penicillamine) and markedly and markedly inhibited by prior administration of
cimetidine (10~ mol/L) as well as compound 48/80 (the mast cell degranulator).
Likewise, the increased acid response to NOR-3 was significantly mitigatd by
pretreatment with carboxy-PTIQ (a NO scavenger) or superoxide dismutase (SOD),
but not by indomethacin or methylene blue (a guanylyl cyclase inhibitor). Neoither
L-NAME, L-arginine nor dibutyryl guanosine-3,5"-cyclic monophesphate (dbcGMP)
has any effect on the basal acid secretion. Serosal addition of NOR-3 caused
a significant increase in the luminal release of histamine, and this response was
inhibited by pretreatment with either compound 48/80, carboxy-PTIO or SOD. These
results suggest that the NO donor increases gastric acid secretion in the isolated frog
stomach #n vitro, and this action is mediated by endogenous histamine released from
mast cells, the process being cGMP-independent but requiring the presence of
superoxide radicals. In addition, it was speculated that the histamine releasing action
of NO may be due to peroxynitrite produced by NO and superoxide radicals.
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L-NAME — NC®-nitro-L-arginine methyl ECL — enterochromaffin-like

ester COX — cyclooxygenase
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INTRODUCTION

A growing body of evidence suggests that nitric oxide (NO) acts as
a transmitter is non-adrenergic and non-cholinergic nerves in the
gastrointestinal tissue and modulates various functions, including mucosal
blood flow, acid secretion, mucus secretion and bicardonate secretion (1—4).
Concerning gastric acid secretion, most studies in vivo have found an inhibitory
influence of NO on the secretion by both a direct action on the parietal cell and
an indirect action via suppression of histamine release (5—38). Barrachina et al.
(7) reported that acute inhibition by endotoxin of distension-induced
action secretion requires the synthesis of NO and the integrity of the
peripheral nervous system. More recently, Esplugues ef al. (8) showed
that physiologic inhibition of acid secretion observed during stress is
mediated by a nervous reflex involving a neuronal pathway that includes NO
synthesis in the brain, specifically in the dorsal motor nucleus of the vagus.
We also reported that a NO donor inhibited the acid secretory response to
pentagastrin and YM-14673 {an analogue of thyrotropin-releasing hormone
(TRH)] but not histamine, suggesting a suppression of histamine release
from enterochromaffin-like (ECL) cells (9). In addition, we showed that
the NO synthase inhibitor N%-nitro-L-arginine methyl ester (L-NAME)
stimulated gastric acid secretion in response to stomach distension or
in the damaged stromach (4, 10). In the former case, the enhanced
effect of L-NAME was attenuated by vapotomy, suggesting the existence
of regulatory for acid production triggered by a nervous reflex
involving NO.

On the other hand, Hasebe et al. (11) reported that inhibition of NO
production by NS-nitro-L-arginine (L-NNA) decreased basal acid secretion in
vitro using the isolated mouse stomach, in an L-arginine-sensitive manner.
Furthermore, they also showed that sodium nitroprusside stimulated the acid
secretion in the same stomach preparation through histamine release from
ECL cells (12). Thus, the influence of NO on gastric acid secretion remains
controversial.

The present study was therefore designed to investigate the influence of
a NO donor NOR-3 [(t)(E)-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexa-
namine] on acid secretion in vitro using isolated bullfrog stomachs, which
are devoid of blood supply and vagal innervation, and to analyze its effect
in relation to endogenous histamine. NOR-3 is a spontaneous NO releasing
drug, which has been shown to generate NO, much faster than sodium
nitroprusside (13).
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MATERIALS AND METHODS

Animais

Bullfrogs {Rana Catesbelana; Saitama, Japan) were housed at 4°C in 120 mM NaCl containing
tetracycline (50 mg/L) and used within one week of purchase. Studies were carried out using 4—6
tissues per group. All experimental procedures described here were approved by the Experimental
Aimal Research Committee of the Kyoto Pharmaceutical University.

Determination of Gastric Acid Secretion

The frogs were pithed, the stomachs and duodenums isolated, and the fundic mucosacs were
striped from the muscle layer by blunt dissection, The tissues were then mounted between two
halves of a lucite chamber (the exposed area: 0.8 mm?). Tissues were batheed in unbufferred Ringer
solution (mM: Na™, 120; CI~, 120) gassed with 100% O, on the mucosal side and HCO; Ringer’s
solution (mM: Na*, 87, C1~, 93; K*, 5; Mg?*, 1; Ca®*, 1.8; PO;, 1; HCO;, 18; glucose, 2} gassed
with 95% 0,/5% CO, on the serosal side, and these solutions were warmed at 28°C and circulated
by a gas-liftsystem. The acid secretion was measured by the pH-stat method (COMTITE-980,
CHIRANUMA Industries, Ibaraki, Japan) using 5 mmol/L NaOH as the titrant to keep the
mucosal pH at 7.0. Measurements were made every 10 min starting at least 1 hr after mounting the
tissues. After obtaining a stable acid secretion for 30 min, the following agents were added to the
serosal solution; NOR-3, a NO donor (107% ~ 107 mol/L), $-nitroso-N-acetyl-penicillamine
(SNAP: 1073 mol/L), cimetidine (10~* mol/L), L-arginine (10~! mol/L), NE-nitro-L-arginine
methyl ester; a NO synthase inhibitor (107 mol/L), and dibutyryl guanosine-3’,5"-cyclic
monophosphate (dbcGMP: 10> mol/L). In some cases, compound 48/80, a mast cell degranulator
(0.1 g/L), indomethacin (10* mol/L), a cyclooxygenase (COX) inhibitor or methylene blue
(5% 107% mol/L), a soluble guanylate cyclase inhibitor (14), was addedto the serosal solution 1 hr
before addition of NOR-3 (10~ mol/L), while carboxy-PTIO, a NO scavenger (10~ 3 mol/L) or
superoxide dismutase (SOD: 30000 units/L) was added to the serosa! solution 30 min before
NOR-3,

In a seprarate experiment, stomachs of male guinea pigs (Shimizu, Kyoto, Japan) were isolated
and mounted on a lucite chamber, and the acid secretion was measured in the same way as
described for bullfrog stomachs. The effect of NOR-3 (1072 mol/L) on the acid secretion was
examined by adding the agent to the serosal side.

Determination of Luminal Histamine Release

After stable acid secretion has been obtained at least for 60 min, both serosal and luminal
solutions were changed to fresh Ringer solutions every one hour. The amount of histamine in
luminal solution was determined by enzyme immunoassay (Histamine EIA kit, Immunotech,
Marscille, France) [10]. NOR-3 (10 * mol/L) was added 1o the serosal solution. In some cascs,
compound 48/80 (0.1 g/L) or SOD (30000 units/L) was added to the scrosal solution 1 hr before
addition of NOR-3.

Preparation of Drugs

Drugs used were [( +){E)}-ethyl-2-[(E]-hydroxyimino]-5-nitro-3-hexanamine] (NOR-3), [2-4-
~carboxyphenyl)-4,4,4,5-tetramethylimidazoline- 1-oxyl-3-oxide] (carboxy-PTIO) (Dojindo, Kuma-
moto, Japan), S-nitroso-N-acetyl-penicillamine (SNAP), N®-nitro-L-arginine methyl ester
(L-NAME), N2,2-O-dibutryl guanosine-3', §-cyclic monophosphate Na (dbcGMP), cimetidine,
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indomethacin, compound 48/80 (Sigma Chemicals, St. Louis, Mo., USA)), methylenc blue,
L-arginine, superoxide dismutase (SOD) and tetracycline (Nacalai tesque, Kyoto, Japan). NOR-3,
SNAP, cimetidine, indomethacin, catrboxy-PTO and dbcGMP were dissolved in dimethyl
sulfoxide (>1%) (DMSO: Nacalai tesque) and diluted with distilled water to desired
concentrations. Compound 48/80 and SOD was dissclved in distilled water. All agents were
prepared immediately before use and added to the serosal solution in 2 volume of 0.1 mL

Statistics

Data are presented as the means +SE for 4—6 tissues from each group. Statistical analyses
were performed using a two-tailed Dunnett’s multiple comparison test or Student’s t-test, and
values of P < 005 were considered as significant.

RESULTS

Effect of NOR-3 on Gastric Acid Secretion

Isolated bullfrog fundic mucosa consistently secreted acid at rates of
02~03 pEq/10 min/cm? as basal secretion. Serosal addition of NOR-3
(107~10"* mol/L) caused an increase of acid secretion in
a concentration-dependent manner (Fig. I A). The acid secretion remained
unchanged at th concentration of 10~° mol/L and tended to increase in
response to 10~ * mol/L. At the highest concentration of 103 mol/L, the acid
secretion markedly increased and reached a peak of 1.7 times the basal rates,
the action persisting for abour 2 hr after addition of NOR-3. Total acid output
at 1073 10~* and 1072 mol/L of NOR-3 was 2.77+0.14, 3.28+0.16 and
3.94 +0.36 pEq/2 hr, respectively, and the values at 10~? mol/L were significant
when compared to those (2.64 +£0.10 nEqg/2 hr) in the control group (Fig. ! B).
Similarly, a significant increase of the acid secretion was also observed by
another NO donor SNAP at 1072 mol/L, the total acid output being
3.351+0.14 pEq/2 hr.

To confirm the acid stimulatory action of a NO donor, we examined in
a preliminary study the effect of NOR-3 on gastric acid secretion in isolated
guinea pig stomachs. Serosal addition of NOR-3 (10~ 3 mol/L) caused a clear
increase of acid secretion in all tissues tested; the degree of increase was in the
‘range of 190~300%, the mean peak response being 228.4+26.3% of basal
values (not shown).

Effects of L-Arginine, dbeGMP and L-NAME on Gastric Acid Secretion

Serosal addition of neither dbcGMP (10~2 mol/L), L-arginine (10~ mol/L)
nor L-NAME (10~3 mol/L) produced an effect on basal acid secretion in
bullfrog stomachs (Fig. 2 A&2 B).



Fig. 1. Effects of WNOR-3
(107°~1077 mol/L) and SNAP
(10~2 mol/L} on acid secretion in
in wvitro preparations of Bullfrog
stomach. NOR-3 or SNAP was
added to the nutrient solution.
Values in B show the total acid
output for 2 hr after addition of

97

Eh e85k

Gastric Acid Secretion
{¢Eq/10min/cm’)
o © o

2
o

s
n

w
tn

(2]
(-]

Acld Output (UEqg/2hr) ﬂ
F
=S

nN
n

30 60 0 120

NOR-3 or SNAP. Data are 20 Bontrol
presented as the means+ SE from on
4~6 tissues per group.
* Significant difference  from
control at P < 0.05.
i N=4-6
3.0 I
=t 7
Z
20 /
4

Acid OQutput (UEq/2hr)

1.0 g

Control 10°M

dul BE
/20 HE
HAE
HEE
7 b
%

0°M 10'M

7 Journal of Physiolopgy and Pharmacology

Fig. 2. Effects of dbcGMP
(107* mol/L), L-NAME
(1073 mol/L), and L-arginine
(107' mol/L) on acid
secretion in in vitro pre-
parations of Bullfrog stomach.
Each drug was added to the
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presented as the means+SE
from 4~6 tissues per group.
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Effects ofcarboxy-PTIO, Methylene blue and Indomethacin on Acid Secretion
Induced by NOR-3

Serosal addition of carboxy-PTIO (10~ mol/L) did not have any influence
on basal rates of acid secretion in bullfrog stomachs (not shown). However, this
agent almost totally attenuated the acid secretion in response to serosal
addition of NOR-3 (1072 mol/L), and the rate of acid secretion remained
unchanged before and after NOR-3 treatment (Fig. 3 A&3 B). By contrast, the
acid secretory response induced by NOR-3 was not significantly affected by
serosal addition of methylene blue at the dose (5x 10™% mol/L) that inhibits
soluble guanylate cyclase by over 50% (14). Similar to methylene blue,
indomethacin (107° mol/L) had no effect on the acid secretory response
induced by NOR-3. Neither methylene blue nor indomethacin at the dose had
any effect on basal rates of acid secretion, similar to carboxy-PTIO (not
shown).
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Effects of Cimetidine, Compound 48/80 and SOD on Acid Secretion Induced by
NOR-3

NOR-3 (107 * mol/L) added to the serosal solution increased the acid
secretion from 0.25+0.02 pEq/10 min/cm? to a peak value of 0.42+0.02
uEq/10 min/cm? in isolated bullfrog stomachs. Serosal addition of cimetidine
(10~5 mol/L) by itself slightly decreased the rates of basal acid secretion and
almost the increase of acid secretion in response to NOR-3; the total acid
output after addition of NOR-3 was 1.3240.14 pEq/hr, which is significantly
lower than that (3.87+0.31 pEq/2 hr) in control tissues (Fig. 4 A&B). Likewise,
the acid secretory response to NOR-3 was significantly attenuated when the
tissue was pretreated by serosal addition of compound 48/80 (0.1 g/L). After
addition of compound 48/80, the basal acid secretion decreased gradually with
time, and did not increase any further after subsequent addition of NOR-3; the
total acid output after NOR-3 was 2.0510.29 uEq/2 hr. On the other hand, the
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increased acid response to NOR-3 was also significantly mitigated by the
concurrent addition of SOD (30000 units/L), scavenging superoxide radicals
(Fig. 5). The rate of basal acid secretion was not altered by serosal addition of
SOD, but the acid secretory response to NOR-3 was suppressed in the presence
of SOD, the total acid output after NOR-3 being 2.64 +0.21 pEq/2 hr, which is
significantly lower than that in control tissues given NOR-3 alone.
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Luminal Histamine Release by NOR-3

Under normal conditions, bullfrog stomachs spontaneously released
histamine into the luminal solution, the values being 276.9 +42.6 pmol/hr. The
luminal release of histamine was significantly increased following serosal
addition of NOR-3 (10~3 mol/L), reaching the value of 600.8 + 124.8 pmol/hr
1 after the treatment (Fig. 6). The increased release of histamine by NOR-3 was
significantly suppressed by prior addition of compound 48/80 (0.1 g/L) and
carboxy-PTIO (10~ 3 mol/L) as well as SOD (30000 units/L), the values for the
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initial 1 hr after NOR-3 treatment being 292.5+42.5, 324.7+49.5 and
328.6 + 23.6 pmol/hr, respectively, either of which was significantly lower than
those obtained by NOR-3 alone.
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Fig. 6. Effect of NOR-3 on luminal histamine release in in vitre preparations of bullfrog fundic

mucosa. NOR-3 was added to the serosal selution at a concentration of 10~ 3 mel/L. The release of

histamine was measured every 1 hour for 3 hr, 1 hour before and 2 hr after the addition of NOR-3.

Compound 48/80 (0.1 g/L) was added to serosal solution 1 hr before addition of NOR-3, while

carboxy-PTIO (5% 103 mol/L) or SOD (30000 units/L) was added 30 min before addition of

NOR-3. Data are presented as the means+SE from 7 different tissues per group. * Significant
difference at P < 0.05 *from Before; # from NOR-3 alone (1 hr).

DISCUSSION

In the present study, we found that NOR-3, a NO donor, stimulated gastric
acid secretion in isolated preparations of bullfrog stomach in vitre. This action
was independent of cGMP and mediated by endogenous histamine released
from mast cells.

A number of studies have investigated the effects of NO synthese inhibitors
on gastric acid secretion in various species of animals such as rats, dogs and
mice [2, 4—6, 7—12, 15], although the results remain controversial. Pique et
al. [2] reported that the NO synthase inhibitor L-NMMA did not affect basal
or pentagastrin-stimulated acid secretion in rats. Martinez-Cuesta et ai. [5]
showed that the NO synthase inhibitor L-NAME antagonized the inhibitory
action of lipopolysaccharide on acid secretion induced by gastric distension or
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pentagastrin in rats, We also showed that the NO donor NOR-3 suppressed
the acid secretory response to pentagastrin and TRH analogue but not
histamine in rats, suggesting a negative effect of NO on histamine release from
ECL celis (9). In addition, we recently reported that the acid secretory response
to stomach distension was markedly potentiated by L-NAME, accompanied
by an increase of histamine release (10]. Under in vitro conditions,
Brown et al. (6) found that a high concentration of NO donor,
S-nitroso-N-acetyl-penicillamine (SNAP), inhibits acid secretion using rat
isolated parietal cells, suggesting a direct inhibitory action at the parietal cell.
These results together suggest that NO has a negative influence on acid
secretion. In contrast, Bilski ez al. (15) reported that the NO synthase inhibitor
did not affect basal acid secretion but reduced the acid secretion in response to
feeding or pentagastrin in dogs, probably because of a decreased mucosal
blood flow. More recently, Hasebe et al. (11) showed using isolated mouse
whole stomach that L-NNA decreased the acid secretion induced by
pentagastrin or vagal electrical stimulation. Since NO-containing neurons have
been identified in the central nervous system as well as in the gastrointestinal
mucosa (16), and since NO plays a role as a neuromodulator in some
non-adrenergic non-cholinergic neurons in the gut (3), it is possible that NO
decreases vagally-mediated acid secretion by suppressing neuronal activity of
the vagus nerves, even if NO has a stimulatory influence on acid production.

In the present study, we found that the NO donor NOR-3
dose-dependently increased acid secretion accompanied by an increase of
luminal histamine release in isolated bullfrog stomachs. Similar results were
obtained by NOR-3 in guinea pig stomachs and by another NO donor SNAP
in the bullforg stomach in vitro. In addition, we also found that the acid
secretory résponse to NOR-3 was almost totally attenuated by both cimetidine
and compound 48/80, a mast cell degranulator, strongly suggesting that the
NO induces acid secretion under in vitro conditions, mediated by endogenous
histamine. These results are in agreement with the findings by Horie et al. (12),
who showed that the NO donor SNP stimulated acid secretion in isolated
mouse stomach with an enhanced release of histamine from ECL cells. In the
present study, the acid stimulatory action of NOR-3 was totally blocked by
carboxy-PTIO, a NO radical scavenger, but not affected by methylene blue, an
inhibitor of guanylate cyclasem suggesting that the NOR-3 action is accounted
for by NO generated from this compound, but is not mediated by ¢cGMP.
Indeed, we noted that dbcGMP even at 10~ *mmol/L did not stimulate acid
secretion in the present study. Since this action of NOR-3 was also totally
blocked by compound 48/80, it is assumed that NOR-3 stimulates acid
secretion mediated by endogenous histamine but not by acting directly on the
parietal cell. Horie et al. (12), however, reported that dbcGMP stimulated acid
secretion in isolated mouse stomach similar to SNP, suggesting the
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involvement of cGMP in the acid stimulatory action of NO. At present, the
reason for these different results is unknown, but they may bedue to different
experimental conditions, including species differences or the doses used.

We observed a significant increase of histamine release after addition ofa
NO donor. Salvemini et al. (17), however, showed that exogenous NO inhibits
the release of histamine in rat mast cells mediated by a ¢cGMP-dependent
mechanism. Wallace et al. (18) showed that interleukin-1p exhibited an
antisecretory action against pentagastrin by suppressing histamine release, in
an L-NAME-sensitive manner. We also reported that NOR-3 inhibited
pentagastrin-induced acid secretion by suppressing histamine release from
ECL cells in rats (9). The reason for these different results also remains
unexplained.

Is endogenous NO involved in the occurrence of basal acid secretion? To
answer this question, we examined the effects of L-arginine and L-NAME on
basal acid secretion in bullfrog stomachs. As evidenced in Fig. 2, neither
L-arginine (0.1 mol/L) nor L-NAME (10~ mol/L) had any effect on the basal
rate of acid secretion. Thus, it is assmed that NO generated endogenously is
not involved in the regulation of basal acid secretion. Since the acid
stimulatory action of NOR-3 was observed at high concentration, over 10~
mol/L, and since this NO action is not mediated by cGMP, it is likely that the
acid response to NOR-3 is a nonspecific action of this molecule. NO stimulates
soluble guanylyl cyclase to produce cGMP and also reacts with other free
radicals. Since gastric surface mucous cells possess a phagocyte NADPH
oxidase-like system and secrete abundant superoxide anion (O,) (19), and since
the reaction of NO with O; results in production of the toxic species,
peroxynitrite (ONOO) (20), it may be speculated that this molecule damages
mast cells to result in a release of histamine. This contention is supported by
the fact that both acid secretory and histamine releasing effects of NOR-3 were
significantly mitigated in the presence of SOD, a scavenger of superoxide
radicals. In the present study, the isolated stomach is devoid of blood supply
and perfused with oxygen in place of blood circulation. It may be possible that
the tissue metabolism would favor the production of superoxide radicals under
such conditions. Thus may also explain why NO affects the acid secretion in
opposite directions between in vivo and in vitro conditions. In any case, further
studies including the direct measurement of peroxynitrite after NOR-3
treatment should be done to verify this speculation, concerning the role of
peroxynitrite in the acid stimulation action of NO in vitro.

Several studies have shown that NO orNO donors stimulate prostaglandin
E, (PGE,) production in various organs and cells (21-—24). Uno et al. (24)
demonstrated that the NO donor, SNAP, stimulates PGE, generation in rat
gastric epithelial cells. We also reported that NOR-3 stimulates HCO;
secretion in the bullfrog duodenum, mediated by PGE, (25). These studies
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suggest that NO directly activate cyclooxygenase, independent of the cGMP
pathway. However, in the present study, the acid stimulatory action of NOR-3
was not affected by indomethacin, excluding a possible mediated of this action
by endogenous PGs. These results suggest no interaction between NO and PG
generation, at least, in the acid stimulated action of NOR-3.

In summary, the present study suggests that the NO donor NOR-3 increase
gastric acid secretion in the isolated frog stomach in vitro, and this action is
mediated by endogenous histamine released from mast cells, the process being
c¢GMP-independent but dependent on the presence of superoxide radicals.
Although we did not provide any direct evidence, it is speculated that the
histamine releasing action of NO may be due to peroxynitrite produced by NO
and superoxide radicals.

REFERENCES

1. Brown JF, Hanson PJ, Whittle BJR. Nitric oxide donors increase mucus gel thickness in rat
stomach. Eur J Pharmacol 1992; 223: 103—104.

2. Pique JM, Esplugues JV, Whittle BJR. Endogenous nitric oxide as mediator of gastric mucosal
vasodilation during and aecretion. Gastroenterology 1992: 102: 168—174.

3. Moncada S, Palmer RMJ, Higgs EA. Nitric oxide: Physiology, pathophysiology and
pharmacology. Pharmacol Rev 1993; 43: 109—142.

4. Takeuchi K, Ohuchi T, Okabe S. Endogenous nitric oxide in gastric alkaline response in the
rat stomach after damage. Gastroenterology 1994; 106: 367—374,

5. Martinez-Guesta MA, Barrachina MD, Pique JM, Whittle BJR, Esplugues JV. The role of
nitric oxide and platelet-activating factor in the inhibition by endotoxin of
pentagastrin-stimulated gastric acid secretion. Ewr J Pharmacol 1992; 218: 351—354,

6. Brown JF, Hanson PJ, Whittle BJR. The nitrix oxide donor S-nitroso-O-N-acetyl-
-penycillamine inhibits secretory activity in rat isolated parietal cells. Biochem Biophys Res
Commun 1993; 195: 1354—1359.

7. Barrachina MD, Whittle BIJR, Moncada S, Esplugues JV. Endotoxin inhibition of
distension-stimulated gastric acid secretion in rat: mediation by NO in the central nervous
system. Br J Pharmacol 1995; 114: 8—12.

8. Esplugues JV, Barrachina MD, Beltran B, Calatayud S, Whittle BIR, Moncada S. Inhibition of
gastric acid secetion by stress: A protective reflex mediated by cerebral nitric oxide. Proc Nar!
Acad Sci USA 1996; 93: 14839—14844.

9. Kato §, Kitamura M, Korolkiewitz RP, Takeuch K. Role of nitric oxide in regulation of gastric
acid secretion in rats: Effects of No and NO synthase inhibitor. Br J Pharmacol 1998; 123;
839—846.

10. Kitamura M, Sugamoto S, Kawauchi S, Kato S, Takeuchi K. Modulation by endogenous
nitric oxide of acid secretion induced by gastric distension in rats: Enhancement by nitric oxide
synthase inhibitor. J Pharmacol Exp Ther 1999; 291: 181—187.

L1. Hasebe K, Horic S, Yano S, Watanabe K. Inhibitory effect of N%-nitro-L-arginine on gastric
secretion induced by secretagogues and vagal strimulation in the isolated stomach. Eur
J Pharmacol 1998; 350: 229—236.

12. Horie S, Hasebe K, Koshikawa H, Tsuchiya S, Yano S, Watanabe K. Involvement of nitric
oxide, cyclic AMP and cyclic GMP in the peripheral control of gastric acid secretion via



21.

23

24.

25.

103

histamine-containing cells in mouse isolated stomach. Dig Dis Sci (abstract: A-19) 1998; 43
2343,

. Kita Y, Hirasawa Y, Maeda K, Nishio M, Yoshida. Spontaneous nitric oxide release accounts

for the potent pharmacological actions of FK409. Eur J Pharmacol 1994; 257: 123—130.

. Mayer B, Brunner F, Schmidt K. Inhibition of nitric oxide synthesis by methylene blue.

Biochem Pharmacol 1998; 45: 367—374.

. Bilski J, Konturek SJ, Cieszkowski M, Czarnobilski K and Pawlik WW. Endogenous nitric

oxide in the regulation of gastric acid secretion, gastrin release and blood flow. Biomed
Res1994; 15 (Suppl 2): 63—64.

Bredt DS, Hwang PM and Snyder SH. Localization of nitric oxide synthase indicating a neural
role of nitric oxide. Nature 1990; 347. 768—770.

. Salvemini D, Masini E, Alvemini D, Masini E, Pistelli A, Mannaioni PF, Vane J. Nitric oxide:

a regulatory mediator of mast cell reactivity. J Cardiovas Pharmacel 1991; 17: (Suppl. 3
258—264.

. Wallance JL, Cucala M, Mugridge K, Parente L. Secretagogues-specific effects of interleukin-1

on gastric acid secretion, Am J Physiol 261 G559—G564, 1991.

. Teshima S, Rokutan K, Nikawa T, Kishi K. Guinea pig gastric mucosal ceils produces

abundant superoxide anion through an NADPH oxidase-like system. Gastroenterology 1998;
115: 1186—1196.

. Beckman JS, Beckman TW, Chen J, Marshall PA, Freeman BA. Apparent hydroxyl radical

production by peroxynitrite: implication for endothelial injury from nitric oxide and
superoxide. Proc Natl Acad Sci USA 1990, 87: 1620—1624.

Salvemini D, Misko TP, Masferrer JL, Seibert K, Currie MG, Needleman P. Nitric oxide
activates cyclooxygenase enzymes. Prac Natl AcadSci USA 1993; 90: 7240—4244.
Salvemini D, Seibert K, Maslerrer JL, Misko TP, Currie MG. Needleman P. Endogenous
nitric oxide enhances prostaglandin production in a model of renal inflammation. J Clin Invest
1994; 93: 1940—1947.

Uno H, Arakawa T, Fukuda T, Yu H, Fujiwara Y, Higuchi K, Inoue M, Kabayashi K. Nitric
oxide stimulates prostaglandin synthesis in cultured rabbit gastric cells. Prostaglanding 1997;
53: 153—162.

Walkins DN, Garlepp MIJ, Thompson PJ. Regulation of the inducible cyclo-oxygenase
pathway in human cultured airway epithelial (A 549) cells by nitric oxide. Br J Pharmacol 1997;
121: 1482—1488.

Furukawa O, Kitamura M, Sugamoto S, Takeuchi K. Stimulatory effect of nitric oxide on
bicarbonate secretion in Bullfrog duodenums in vitro. Digestion 1999; 6(r 324—331,

Received: August 4, 2000
Accepted: January 10, 2001

Author’s address: Koji Takeuchi, PhD. Department of Pharmacology and Experimental

Therapeutics, Kyoto Pharmaceutical University, Misasagi, Yamashina, Kyoto 607-8414, Japan
Tel.: 075-595-4679; Fax: 075-595-4774.

E-mail- takeuchi@mb. kyoto-phu.ac.jp



