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Effects of indomethacin, piroxicam and selected
prostanoids on gastric acid secretion by the rat isolated
gastric mucosa
J.J. Reeves & R. Stables

Department of Neuropharmacology, Glaxo Group Research Limited, Ware, Hertfordshire, SG12 ODJ

1 The effects of the cyclo-oxygenase inhibitors indomethacin and piroxicam have been investigated
on histamine- and dibutyryl cyclic AMP-induced acid secretion in the rat isolated gastric mucosa. The
relative potencies of a number of prostanoids as inhibitors of histamine-induced acid secretion were
determined in an attempt to classify the prostaglandin receptor mediating this response.

2 Indomethacin (8 x 10-9-2.7 x 10-6 M) and piroxicam (3 x 10-6 M) potentiated the secretory
responses elicited by histamine. This effect might be due to inhibition of the biosynthesis of
antisecretory prostanoids. Indomethacin (2.7 x 10-6 M) and piroxicam (3 x 10-6 M) also potentiated
the secretory response to dibutyryl cyclic AMP, but since prostaglandin E2 (PGE2, 10- M) did not
inhibit this secretory response, the mechanism of the potentiation may differ from that of histamine.
3 The potency of the thromboxane mimetic U-46619 as an inhibitor of histamine-induced acid
secretion was markedly reduced in the presence of indomethacin, suggesting that U-46619 may release
endogenous antisecretory prostanoids.
4 In the presence of indomethacin (2.7 x 10-6 M) all the prostanoids tested produced concentration-
related inhibitions of histamine-induced gastric acid secretion. PGE-analogues were the most potent
compounds, the rank order of potency being 16,16 dimethyl PGE2> PGE2 > PGF2 > U-46619 >
PGD2> PGI2. This order of potency is very similar to that obtained in smooth muscle preparations
containing 'EP' receptors, suggesting that this receptor type also mediates inhibition of histamine-
induced acid secretion in the rat.

Introduction

It is well established that prostaglandins, particularly
of the E series, are potent inhibitors of gastric acid
secretion in many species including rat (Frame &
Main, 1980; Boughton-Smith & Whittle, 1981), dog
(Robert et al., 1967) and man (Karim et al., 1973;
Konturek et al., 1976). Although the inhibition of acid
secretion in the rat is well documented no attempt has
been made to classify the prostaglandin receptor
mediating this response. A system for the characteriza-
tion of prostanoid receptors has been proposed by
Kennedy et al. (1982), who compared the rank order of
agonist potency of the naturally occurring prostaglan-
dins, prostaglandin D2 (PGD2), PGE2, PGF2. and
PGI2 as well as the thromboxane A2 mimetic, U-
46619, on a variety ofisolated smooth muscle prepara-
tions and suggested that distinct receptor types (DP,
EP, FP, IP and TP respectively) existed for each of
these compounds.
The rat stomach is capable ofproducing prostaglan-

dins, notably PGE2 and PGI2 (Coceani et al., 1967;
Singh 1980; Boughton-Smith& Whittle, 1983), but the
possible role of these endogenous substances remains
unclear. Indomethacin, an inhibitor of prostaglandin
synthesis has been found to potentiate acid secretion
induced by pentagastrin in the anaesthetized rat and
this might indicate an inhibitory role of prostaglandins
in the rat stomach. However, in other studies in-
domethacin had no effect on basal, pentagastrin or
histamine-stimulated acid secretion but resulted in a
potentiation ofdibutyryl adenosine 3': 5'-cyclic mono-
phosphate (db cyclic AMP)-induced secretion in vitro
(Main & Pearce, 1978; Frame & Main, 1980; Donald-
son & Main, 1981). This was surprising since pros-
taglandins lower intracellular cyclic AMP levels in
parietal cells (Major & Scholes, 1978; Soll, 1980) but
do not inhibit gastric acid secretion induced by
exogenous db cyclic AMP (Main & Pearce, 1978).
The aims of the present study in the rat isolated

- The Macmillan Press Ltd 1985



678 J.J. REEVES & R. STABLES

gastric mucosal preparation were two fold: firstly to
determine the effects of two cyclo-oxygenase in-
hibitors, indomethacin and piroxicam, on histamine-
and db cyclic AMP-induced acid secretion; secondly to
determine the antisecretory potencies of a number of
prostanoids. A comparison could then be made bet-
ween the rank order of potency obtained and that
reported for these prostanoids on other preparations
(Kennedy et al., 1982) in an attempt to identify the
prostanoid receptor mediating the inhibition ofgastric
acid secretion.
A preliminary account of this work has been

presented to the British Pharmacological Society
(Bunce et al., 1983).

Methods

All experiments were carried out using a rat isolated
gastric mucosal preparation similar to that of Main &
Pearce (1978).
Female Wistar rats weighing between 70 and 110 g

were anaesthetized with sodium pentobarbitone,
60mg kg-' i.p., the stomach exposed and the muscle
separated from the mucosa by injecting saline between
the two layers. After removing the muscle layers the
mucosa was tied over a small perfusion chamber
(Figure 1) which was then immersed in a 20 ml organ
bath containing Krebs-Henseleit solution at 37TC
(serosal solution) gassed with 95% 02/5% CO2. The
mucosal surface of the tissue was continuously per-
fused at 0.5 ml min-' with an unbuffered Krebs solu-
tion (mucosal solution) which had been gassed with

Mucosal solution
at 0.5 ml min-'
(gassed with 100% 02)

Serosal solution - -
370C

95% 02/5% CO2

100% 02. The ionic composition (mM) ofthe solutions
were: serosal, NaC 118.5, NaHCO3 25.0, KCl 4.7,
MgSO4 0.6, KH2PO4 1.2, CaCI2 1.3 and glucose 11.1;
mucosal, NaCI 144.7, KC14.7, MgSO4 0.6, CaCl2 1.3
and glucose 1 1.1. The pH of the effluent perfusate was
continuously monitored and acid output measured as
nmol H+ min -'cm

The effect ofindomethacin or piroxicam on the acid
secretory responses to histamine or db cyclic AMP

Sequential secretory concentration-response curves
were constructed to histamine on mucosae bathed in
serosal solution containing indomethacin (0 to 2.7 gtM)
or piroxicam (3.0 jM). Because the secretory responses
to histamine were slow in onset and offset only 5
concentrations of histamine were tested on each
preparation. In the presence of the highest concentra-
tion ofindomethacin (2.7 gM), histamine was tested at
concentrations from 5 x 10-7 to 3 x 10-5 M, but since
the maximum response to histamine was not clearly
attained a second series ofexperiments was carried out
on histamine concentrations from 10-6 to 10-4M, and
results from the two series of experiments combined.
Secretory curves were also obtained for db cyclicAMP
in control solutions, or solutions containing 2.7 gM
indomethacin or 3 LM piroxicam. Since the secretory
responses to db cyclic AMP were even slower in onset
and offset than those to histamine a full concentration-
response curve could not be obtained in a single
experiment and results have been combined from two
series of experiments. In the first series db cyclic AMP
was tested at concentrations from 10- 5 to 3 x 10-4 M,

pH electrode b pm

Flat bee
recorde

Gastric mucosa (1.54 cm2)

Figure 1 Experimental apparatus for the rat isolated gastric mucosa preparation.
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and in the second series at concentrations of 1i-4M
and 10-M only. Secretory responses to db cyclic
AMP at 10-4 M were of similar magnitude in both
series ofexperiments. Each treatment was tested on at
least 6 separate preparations.

Antisecretory activity ofprostanoids

Effect ofPGE2 and U-46619 on histamine-induced acid
secretion in untreated mucosae Four consecutive
secretory responses to a submaximal concentration of
histamine (1.4 x 10-5M) were obtained in each
mucosa. After each secretory response the serosal
solution bathing the tissue was changed several times
and secretion allowed to recover to basal levels. Each
secretory response was expressed as the increase in
gastric acid output (in nmol H+ min-' cm-2) over the
basal level measured immediately before addition of
the histamine dose. Saline (0.05 ml), PGE2
(l08- I0- M) or U-46619 (10-8 10-6 M) was added
serosally 15 min before the third addition of histamine
and percentage change in secretion calculated between
the second and third histamine responses. Each treat-
ment was tested on at least 3 preparations. From these
data the concentration of each prostanoid required to
inhibit gastric secretion by 50% (IC50) was calculated.
The fourth secretory response to histamine was used to
measure the degree of recovery of the tissue after
washing out the prostanoid. Since full recovery was
achieved after all the prostanoids tested, data on these
fourth secretory responses are not included in this
paper.

with 95% confidence limits, were calculated by the
method of least squares.

Drugs and solutions

The solutions of the drugs used were prepared as
follows: histamine acid phosphate (BDH), and
dibutyryl cyclicAMP (dibutyryl adenosine 3': 5'-cyclic
monophosphate sodium salt; Sigma) were dissolved in
0.9% w/v NaCl solution (saline). Indomethacin and
piroxicam (Sigma) were dissolved in 10% sodium
bicarbonate solution. U-46619 (I la, 9a-epoxymeth-
ano-prostaglandin H2) 16,16 dimethyl PGE2, PGD2,
PGI2 (synthesized by Glaxo Group Research Ltd) and
PGE2 (Glaxo Group Research Ltd or East Anglia
Chemicals) were dissolved in 3% ethanol/0.01%
Tween 80 solution. PGF2m was obtained in solution as
dinoprost tromethamine (Upjohn). All dilutions were
made in saline.

Results

Effects of indomethacin and piroxicam

The rat gastric mucosa spontaneously secreted acid
reaching a steady basal secretory rate of approximate-
ly 60 nmol H+ min-' cm 2 within 2 h. This secretory
rate did not alter in the presence of indomethacin or
piroxicam.

In untreated preparations, concentration-related
increases in acid secretion were produced by histamine

Effect ofprostanoids on histamine-induced acid secre-
tion in mucosae treated with indomethacin Through-
out these experiments indomethacin (2.7 x 10-6 M)
was present in the serosal bathing solution. The
protocol for these experiments was the same as above
except that the histamine concentration was 10-5 M.
The antisecretory effects of 16,16 dimethyl PGE2
(0.003-0.03 Mm), PGE2 (0.03-0.3gM), PGI2
(1O-30IM), PGF2, (0.3-3gM) PGD2 (3-30gM) and
U-46619 (3-301gM) were investigated. Six prepara-
tions were tested at each concentration of the prostan-
oid. Inhibitory IC50 values were calculated for each
prostanoid and equipotent concentration-ratios cal-
culated relative to PGE2 (i.e. PGE2 = 1).

Effect of PGE2 on db cyclic AMP-induced acid secre-
tion The effect of PGE2 (l0-5M) on submaximal
responses to db cyclic AMP (5 x 10- M) was inves-
tigated in 6 indomethacin-treated mucosae using the
same protocol.

Statistical analysis

Results are expressed as mean ± s.e.mean. IC50 values,
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Figure 2 The effects of indomethacin 0.008 (A), 0.027
(U), 0.27 (0), and 2.7 gM (0) and piroxicam 3.0 pM (A)
on histamine-induced gastric acid secretion in the rat
isolated gastric mucosa. (0) Control secretion in absence
of indomethacin or piroxicam.
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(5 x 10-6 to 3 x 10-5 M), with a maximum increase in
output over basal of 29.7 ± 5.3 nmol H+ min' cm2
Indomethacin (8.0 x 10-9 to 2.7 x 10-7M) produced
concentration-related increases in both threshold sen-
sitivity and maximum response to histamine (Figure
2). Increasing the indomethacin concentration to
2.7 x 10-6 M produced no further potentiation of the
histamine response. The maximum increase in gastric
acid output elicited by histamine in the presence of
indomethacin 2.7 x 10-6 M was 126.7 ± 10.1 nmol
H+ min- cm-2, a four fold greater response than that
produced in the absence of indomethacin. Piroxicam
3.0 x 10-6M had a similar potentiating effect on
histamine-induced acid secretion.

Dibutyryl cyclic AMP (10-5 to I-3M) produced
large concentration-related increases in gastric acid
secretion, even in the absence of indomethacin (Figure
3). For example the secretory response to 10-3M db
cyclic AMP of 154.5 ± 8.8 nmol H + min'cm-2 was
even greater than the maximum response to histamine
in the presence of indomethacin 2.7 x 10-6M. This
concentration of indomethacin neither increased the
maximum response nor the threshold sensitivity to db
cyclic AMP, but responses at intermediate concentra-
tions (3 x 10-5-3 x 10-4 M) were potentiated. Thus
the potentiation of the effect of db cyclic AMP
by indomethacin was different in profile from, and
much less marked than that of histamine. Piroxicam
(3 x 10-6 M) had a similar potentiating effect to
indomethacin on the response to db cyclic AMP, for
example in this series of experiments the response to
db cyclic AMP 10-4M was increased from 32.8 ± 6.0
to 102.8 ± 16.2 nmol H+ min-cm-

Antisecretory effects ofprostanoids

Effect of PGE2 and U-46619 in untreated mucosae
Repeated exposure to histamine (1.4 x 10-SM)
produced consistent acid secretory responses, the
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Figure 3 The effect of indomethacin 2.7lZM (0) on
dibutyryl cyclic AMP-induced gastric acid secretion in
the rat isolated gastric mucosa. (0) Control secretion in
absence of indomethacin.

mean change between the second and third response to
histamine being + 6.0 ± 7.5%. In these experiments
histamine produced a mean secretory output of
24.1 ± 2.6 nmol H + min-' cm-2 above basal levels.
Both PGE2 and U-46619 inhibited this secretory
response in a concentration-related manner and were
of similar potency in this respect (Table 1). PGE2 had
no effect on basal acid secretion whereas U-46619
inhibited basal acid secretion by 50.3 ± 3.4% at
10-6M

Effect ofprostanoids in indomethacin-treated mucosae
In these experiments, performed on mucosae treated
with indomethacin (2.7 x 10-6 M), histamine (10-5 M)

Table 1 The effect of prostaglandin E2 (PGE2) and U-46619 on histamine-induced acid secretion in untreated
mucosae

Mean (± s.e.) % change
Molar in the secretory
conc. response to histamine

IC50 ()AM)
(95% confidence limits)

Saline
Control
PGE2 10-8

3 x 10-8
lo-,

U-46619 lo-8
l0-,
10-6

+ 6.0 ± 7.5 (7)
- 7.5 ± 4.6 (4)
- 40.2 ± 10.8 (4)
-72.0± 7.6(4)
- 29.8 ± 10.8 (6)
- 64.3 ± 12.6 (6)
- 100± 0 (3)

The number of experiments (n) is shown in parentheses.

0.044
(0.031-0.071)

0.035
(0.008-0.088)
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Figure 4 The inhibitory effect of 16,16 dimethyl prostaglandin E2 (0), prostaglandin E2 (PGE2) (0), PGF2, (A),
PGD2 (0), PGI2 (U) and U-46619 (A) on histamine-induced gastric acid secretion in the rat isolated gastric mucosa.

produced consistent secretory responses of
85.7 ± 7.1 nmol H' min-' cm-2.

All the prostanoids tested produced concentration-
related inhibitions of the acid secretory response to
histamine. The results are summarized in Figure 4 and
Table 2. Indomethacin had no significant effect on the
antisecretory potency of PGE2, but produced a 200
fold reduction in the potency of U-46619. In the
presence of indomethacin, 16,16 dimethyl PGE2 was
the most potent compound tested, being approximate-
ly 8 times more potent than PGE2. The PGE2
analogues were markedly more potent than PGF2.
which in turn was more potent than PGD2 and U-
46619. PGI2 was virtually inactive at concentrations

up to 3 x 10-5 M. Table 2 also shows the equipotent
concentration-ratios (relative to PGE2) for these
prostanoids for their ability to contract strips of
guinea-pig fundus muscle (from Kennedy et al., 1982).
The equipotent concentration-ratios for 16,16
dimethyl PGE2 and PGF20, on the guinea-pig fundic
strip are similar to those on the rat gastric mucosa. U-
46619 and PGD2 are of similar potency on the same
tissue, but are relatively more potent on the mucosa
than the fundic strip, and PGI2 is markedly more
potent on the fundic strip. However, with the excep-
tion of PGI2, the rank order of potency of these
prostanoids is very similar in both preparations.
None of the prostanoids, with the exception ofPGI2

Table 2 A comparison of the antisecretory potencies of selected prostanoids in rat gastric mucosa

Rat isolated gastric mucosa
IC50 (AM) Equipotent conc.

(95% confidence limits) ratio (PGE2 = 1)

0.088(0.054-0.14)
0.011(0.008-0.017)

2.7(2.1-3.4)
7.2(4.5-10.0)
8.9(5.8-35.0)

>30

1.0
0.13

30.7
81.8
101.1
> 340

Guinea-pig fundic strip*
Equipotent conc.
ratio (PGE2 = 1)

1.0
0.1**
33
660
650
20

* From Kennedy et al. (1982).
** Unpublished data.

Rank order of potency for, rat gastric mucosa: 16,16 dimethyl PGE2> PGE2> PGF2g> U-46619> PGD2> PGI2;
guinea-pig fundic strip: 16,16 dimethyl PGE2> PGE2> PGI2> PGF2.> PGD2> U-46619.
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and U-46619, affected basal acid output. PGI2 and U-
46619, at a concentration of 3 x 10- M, produced
inhibitions of 11.1 ± 2.5% and 36.4 ± 3.4%, respec-
tively.

Effect ofPGE2 on db cyclic AMP-induced acid secre-
tion In these experiments, with indomethacin
(2.7 x 10-6M) present, db cyclic AMP (5 x 10-5M)
elicited reproducible acid secretory responses of
109.1 ± 11.8nmol H'min-' cm-'. PGE2 at the re-
latively high concentration of IO-5 M, which inhibited
histamine-induced acid secretion by 87.2 ± 2.6%, had
no effect (+ 3.3 ± 13.0%) on the secretory response to
db cyclic AMP.

Discussion

In the present study both histamine and db cyclic
AMP stimulated acid secretion in a concentration-
related manner in the rat isolated gastric mucosa
preparation. In the absence of indomethacin,
secretory responses to db cyclic AMP were much
greater than those to histamine, the response to db
cyclic AMP 10-3 M being 5 times the maximum
response to histamine. The maximum response
obtained to histamine in this study was approximately
65% of that reported by Main & Pearce (1978), and
secretory responses to db cyclic AMP were similar to
those found by Donaldson & Main (1981). It has been
previously shown that indomethacin has no effect on
secretory responses to histamine (Donaldson & Main,
1981) in the rat gastric mucosa. However, in our study
indomethacin, although not affecting basal acid secre-
tion produced a concentration-related increase in both
the threshold sensitivity and maximum response to
histamine, the maximum being increased four fold by
indomethacin 2.7 x 10-6M. The non-steroidal anti-
inflammatory drug, piroxicam, which is of similar
potency to indomethacin as an anti-inflammatory
agent (Wiseman et al., 1976) and as an inhibitor of
PGE2 synthesis (Egg, 1983) had similar effects to
indomethacin on histamine-induced acid secretion.
These results suggest that the rat gastric mucosa is
producing endogenous substances via the cyclo-
oxygenase pathway (e.g. prostaglandins) that have an
inhibitory effect on acid secretory responses. This is
consistent with the finding that the antisecretory
effect, in this preparation, of arachidonic acid, a
precursor for prostaglandin biosynthesis, is abolished
by indomethacin (Frame & Main, 1980).
The secretory responses to db cyclic AMP were also

potentiated by indomethacin or piroxicam but the
profile of this effect was different from that of
histamine. Neither the threshold sensitivity of the
mucosae nor the maximum response to db cyclicAMP
was increased, but responses to intermediate concen-

trations were potentiated. This effect cannot be totally
explained by the inhibition ofendogenous prostaglan-
din formation, at least not that of PGE2, because
exogenous PGE2 at a concentration that almost
abolished the secretory response to histamine had no
effect on the secretory response to db cyclic AMP. This
lack of activity ofPGE2 against db cyclic AMP-induced
secretion has been observed previously (Main &
Whittle 1974) and it is thought that prostaglandins
mediate their effects by inhibiting the histamine
stimulated increase in cyclic AMP within the parietal
cells (Major & Scholes, 1978; Soll 1980) and thus can
only inhibit at a stage prior to cyclicAMP production.
It is possible that the potentiation ofdb cyclic AMP by
indomethacin may be due to the inhibition of phos-
phodiesterase, since other studies suggest that in-
domethacin can inhibit this enzyme (Beatty et al.,
1976; Silvola et al., 1982). However, no information on
the effect of piroxicam on phosphodiesterase could be
found.

In the absence of indomethacin, PGE2 and the
thromboxane mimetic U-46619 were equipotent in-
hibitors of histamine stimulated acid secretion.
However, the activity of U-46619 was dramatically
decreased when indomethacin was present (see Tables
1 and 2) suggesting that U-46619 may act, at least
partly, through an indirect mechanism involving the
formation of endogenous prostaglandins (eg PGE2).
U-46619 also tended to inhibit basal acid secretion, an
effect that does not appear to have been previously
described for prostanoids tested on the rat isolated
gastric mucosa. This may be a direct effect ofU-46619,
since it occurred both in the absence and presence of
indomethacin, and PGE2 did not inhibit basal secre-
tion. The mechanism involved is not known and merits
further investigation.

Studies comparing the antisecretory potencies of
selected prostanoids were carried out in the presence
of indomethacin to eliminate the possible influence of
endogenous prostanoids. PGI2, which is produced in
comparatively large quantities in the gastric mucosa
(Whittle et al., 1978b) and is reported to be a potent
antisecretory prostaglandin in the rat (Whittle et al.,
1978a), had virtually no effect in this study on
histamine stimulated acid secretion. This lack of
activity could result either from rapid inactivation of
PGI2 in the aqueous serosal solution (Johnson et al.,
1976) or possibly the antisecretory effect of PGI2 seen
in other preparations may not involve direct inhibition
at the parietal cell. PGI2 has been found to be
approximately 100 times less potent than PGE2 on
canine isolated parietal cells (Skoglund et al., 1982).

In the present study PGE2 and the synthetic
analogue 16,16 dimethyl PGE2 were the most potent
antisecretory prostanoids tested, being at least 30
times more potent than PGF2,. The rank order of
potency of the prostanoids tested was 16,16 dimethyl
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PGE2> PGE2 > PGFu> U-46619 > PGD2> PGI2.
This order of potency is very similar to that found for
these prostanoids in another PGE-sensitive prepara-
tion, the guinea-pig isolated fundic strip (Table 2),
classified by Kennedy et al. (1982) as an 'EP' receptor
containing preparation. We therefore suggest that the
inhibition of histamine-induced acid secretion in the
rat mucosa by prostanoids is mediated by 'EP' recep-
tors. 'EP'-receptors may also be involved in the
inhibition of acid secretion in other species since a
similar order of potency was described in canine
isolated parietal cells (Skoglund et al., 1982). Further
characterization of this antisecretory response awaits
the development of specific antagonists for the effects
of E-prostaglandins.

In conclusion, the results of the present study
suggest that products of the cyclo-oxygenase pathway
are produced by the rat isolated gastric mucosa
preparation which could have modulatory effects on
acid secretory mechanisms. Prostaglandins of the E
series are the most potent inhibitors of acid secretion
in this preparation, suggesting that inhibition is
mediated via 'EP'-receptors.

We wish to thank members of the Chemical Research
Department at Glaxo Group Research Ltd, for synthesizing
PGE2, 16,16 dimethyl PGE2, PGD2, PGI2 and U-46619 used
in this study.
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