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Gastroprotective effect of ranitidine bismuth
citrate is associated with increased mucus bismuth
concentration in rats

S Tanaka, P H Guth, G Paulsen, J D Kaunitz

Abstract
Background-Antisecretory and bismuth
compounds protect the gastric mucosa
from injury resulting from non-steroidal
anti-inflammatory drugs.
Aim-To study the mechanism underlying
the gastroprotective effects of ranitidine
bismuth citrate (GG3 11) in rats.
Methods-Indomethacin rat injury model
and in vivo microscopy in which acid out-
put, surface cell intracellular pH (pHi),
gastric mucus gel thickness, and mucosal
blood flow were measured simultane-
ously.
Results-In injury studies, GG311 dose
dependently protected against severe
injury induced by indomethacin (60 mg/
kg subcutaneously). In in vivo micro-
scopic studies, indomethacin significantly
decreased mucus gel thickness and
increased the initial rate ofacidification of
gastric surface cells when the superfusate
pH was lowered from 7.4 to 1.0, and
impaired pHi during acid exposure.
Indomethacin had no effect on mucosal
blood flow or acid output. GG311 alone
had no effect on gel thickness, blood flow,
or pHi homeostasis during acid exposure,
but improved the initial acidification rate
and pHi during superfusion with pH 1.0
solutions in the presence ofindomethacin.
In separate experiments, indomethacin
pretreatment considerably increased
gastric mucus bismuth concentrations in
rats given GG311.
Conclusions-The gastroprotective effect
of GG311 against indomethacin induced
gastric injury is associated with high and
prolonged gastric mucus bismuth con-
centrations, which may impair proton
permeation across the mucus gel.
(Gut 1996; 39: 164-171)

Keywords: stomach, intracellular pH, ranitidine
bismuth citrate, gastric mucus, proton diffusion,
mucosal blood flow.

Bismuth salts protect the gastric mucosa from
damage caused by non-steroidal anti-inflam-
matory drugs (NSAIDs) by a yet undefined
mechanism.' 2 The most usual explanations
advanced have suggested that the primary
mode of action of bismuth on the gastric
mucosal barrier is at the pre-epithelial level.3-5
Antisecretory compounds, such as H2 receptor

antagonists, have also been shown to prevent
duodenal ulcers in patients taking NSAIDs.6 7

Ranitidine bismuth citrate (GG311) is a
novel drug that combines two compounds
known to protect the gastric mucosa: an H2
receptor antagonist and a bismuth salt. This
compound has been shown to prevent NSAID
induced gastric ulcers in an animal model8 and
in a clinical study.9 However, the mechanism
by which GG311 protects gastric mucosa has
not been clearly explained. The aim of this
study is therefore to ascertain the effect of this
novel compound on gastric defensive mech-
anisms, as determined with an established
gastric corpus injury model induced by
indomethacin,10 11 and with a novel system
developed in our laboratory that enables the
gastric barrier function to be measured in vivo.

Methods

ANIMALS
Male Sprague-Dawley rats weighing 200-250 g
were fasted overnight, but had free access to
water. All studies were approved by the Animal
Use Committee of the West Los Angeles
Veterans Administration Medical Center.

ASSESSMENT OF GASTRIC MUCOSAL LESIONS
Rats were killed in a carbon dioxide chamber,
the abdomens opened, and the stomachs
removed and opened along the greater curva-
ture. Severe lesions were assessed according to
previously described methods.'1 The lesions
were graded and scored by an observer who
was unaware of the drugs administered as fol-
lows: petechial lesions= 1, erosions less than 1
mm=2, erosions between 1 and 2 mm=3,
erosions between 2 and 4 mm=4, and erosions
greater than 4 mm=actual length in mm. The
individual lesion scores in each rat were
summed to provide a lesion score for each
animal.
For histological evaluation, three strips of

tissue were taken from across the entire
posterior wall (parallel to the limiting ridge):
(a) just below the limiting ridge, (b) the mid-
corpus, and (c) the distal-corpus. The severity
of gastric mucosal injury was evaluated on the
sections stained with haematoxylin and eosin
using a modification of established criteria.12
Damage was graded as follows: surface
mucous cell damage (surface damage);
erosions down to, but not deeper than, the
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mucous neck cell area (superficial erosions);
and erosions extending down into the parietal
cell area (deep erosions). At least 100 glands
were assessed in each specimen. The lesion
score was calculated by multiplying the
percentage of glands with no injury by 0, the
percentage with surface damage by 1, the
percentage with superficial erosions by 2, and
the percentage with deep lesions by 3. The
scores were then added and averaged among
the three specimens.

IN VIVO MICROSCOPIC MEASUREMENTS
An in vivo microfluorometric technique,
described in detail elsewhere,13-17 was used to
measure intracellular pH (pHi) and mucous
gel thickness. The initial acidification rate was
calculated from the fall of pHi during the first
two minutes of acid exposure as described
previously.14 Gastric mucosal blood flow was
measured by laser-Doppler flowmetry, as a
percentage of baseline, and acid secretion was
measured by back titration.18 In brief, the
technique entails microscopic observation of
the gastric mucosa of an urethane anaes-
thetised rat under epifluorescent illumination.
The mucosa is continuously superfused by
means of a perfusion chamber. Carbon parti-
cles, placed on top of the mucus gel, delineate
the mucus-luminal interface,19 enabling
measurement ofmucus gel thickness by up and
down focusing. Intracellular pH is measured
by a ratiometric technique using the trapped
intracellular dye 5,6 carboxyfluorescein dia-
cetate (CF). Image analysis is used to limit the
area of interest for pHi measurements to two to
three surface cells.

MEASUREMENT OF MUCUS AND SERUM
BISMUTH CONCENTRATION
The bismuth concentration in gastroduodenal
mucus was measured using a modification of
the method of Slikerveer et al,20 with mucus
collected according to the method of Mufioz
et al.21 Gastric and duodenal mucus were
gently scraped with a glass slide and weighed.
Blood was collected by cardiac puncture.
Mucus and serum were solubilised in 5 M
HNO3 for 12 hours at 70°C. Water was then
added for a final concentration of 0.5 M
HNO3. Bismuth concentration was measured
by inductive coupled plasma atomic emission
spectroscopy (ICP) by the UCLA Environ-
mental Analysis Laboratory, and expressed
as ,ug/g wet weight for mucus bismuth con-
centrations or ,ug/l for serum bismuth concen-
trations.

EXPERIMENTAL DESIGN - INJURY STUDIES
After an overnight fast, rats received GG311
(1 ml volume) or vehicle (water) by gavage.
One half hour later, the animals were treated
with 60 mg/kg indomethacin (1 ml volume) or
vehicle (PEG 400) by subcutaneous injection.
Six hours after receiving indomethacin, the
animals were killed and gastric lesions were
quantified.

EXPERIMENTAL DESIGN -IN VIVO MICROSCOPY
STUDIES
Rats were divided into six groups, control,
indomethacin, GG311, GG311+indometha-
cin, bismuth citrate+indomethacin, and
ranitidine+indomethacin. GG31 1 (100 mg/kg
in 1 ml volume), ranitidine (45 mg/kg),
bismuth citrate (57 mglkg) or vehicle (water)
were given by gavage. One half hour
later, the animals were treated with
60 mg/kg indomethacin (1 ml volume) or
vehicle (PEG 400) by subcutaneous injection.
Two hours after the injection of indomethacin
or vehicle, in vivo microscopic observation
was started, with measurement of acid
output, mucosal blood flow, surface
cell pHi, and mucus gel thickness. The cham-
ber was superfused with pH 7.4 Krebs'
solution for the first 30 minutes, then
the superfusate was changed to pH 1.0
solution.

EXPERIMENTAL DESIGN -BISMUTH
MEASUREMENTS
Rats were treated with indomethacin, 60
mg/kg or vehicle (PEG 400) subcutaneously,
and GG311, 100 mg/kg, orally as described
above. Two groups were studied: GG311+
vehicle, GG311 +indomethacin. Rats were
killed at one, three, six, and 12 hours after
GG311 treatment.

SOLUTIONS
The dye solution consisted of CF, which
was first dissolved in dimethylsulphoxide and
then diluted with Krebs' solution. The final
concentration of the solvent was less than
1%. Krebs' solution contains (in mM)
136 NaCl, 2.6 KCl, 1.8 CaCl2, N-2-
hydroxyethylpiperazine-N'-2-ethanesulphonic
acid (HEPES) for pH 7.4. For acid superfu-
sion, Krebs' solution was (in mM) 36 NaCl,
2.6 KC1, 1.8 CaCl2, HEPES, and titrated to
pH 1.0 with 5 N HC1. Indomethacin was dis-
solved in PEG 400. GG311, ranitidine, and
bismuth citrate were dissolved in distilled
water.

CHEMICALS
CF was purchased from Molecular Probes
(Eugene, OR, USA). Indomethacin, bismuth
citrate, ranitidine, and PEG400 were pur-
chased from Sigma Chemicals (St Louis, MO,
USA). Ranitidine bismuth citrate (GG31 1)
was a gift from Glaxo Research and
Development (Greenford, UK).

STATISTICAL ANALYSIS
Results were expressed as means (SEM).
Comparisons between the two groups were
calculated by the Student's t test. Multiple
group comparisons were performed by analysis
of variance (ANOVA, factorial or repeated
measures) followed by Fisher's contrast.
A probability level <0-05 was considered
significant.
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Figure 1: Inhibitory effect of GG311 on gastric damage induced by subcutaneous injection of 60 mg/kg indomethacin.
Rats received GG311 or vehicle by gavage 30 minutes before indomethacin (60 mg/kg subcutaneous) treatment. Six hours
after receiving indomethacin, gastric lesions were assessed as described in Methods. (A) Effect ofGG31 1 on gross gastric
damage. (B) Effect ofGG31 1 on histological gastric damage. Results are the mean of rats per group. In this and
subsequentfigures, vertical error bars represent SEM. *p<0.05, **p<0.01, ***p<0.001 v vehicle treated rats by
ANO VA.

Results

INJURY MODEL
Severe lesions were present in indomethacin
injected, vehicle pre-treated rats (lesion
score=33-4 (3-3), n=24). GG311 decreased
the lesion scores in a dose dependent fashion.
Lesion scores were 23.5 (7.8) (n=8), 8.0 (4.4)
(n=8), and 1-6 (1 1) (n=8) in rats treated with
10, 30, and 100 mg/kg GG31 1, respectively
(Fig 1A). Lesion scores in rats treated with the
two highest doses were significantly decreased
from the lesion scores in untreated rats. The
histological lesion score in rats treated with
indomethacin alone was 134 (10) (n=8).
Pretreatment with 10 mg/kg GG311 signifi-
cantly increased the lesion score to 160 (5)
(n=8), although pre-treatmnent with GG311, 30
and 100 mg/kg decreased the scores to 106 (8)
(n=8) and 77 (11) (n=8), respectively (Fig
1B). Deep lesions, defined as injury extending
into the glandular portion of the gastric pits
were significantly prevented by the highest dose
(100 mg/kg) of GG311. Deep lesions were

present in 4.7 (1.1)%, 5.3 (1.4)%, 3.0 (1.7)%,
and 0 5 (0.3)%, ofglands in rats pretreated with
0, 10, 30, and 100 mg/kg GG311, respectively.

IN VIVO MICROSCOPIC STUDY

Acid output
Acid output was significantly suppressed, as
expected, by GG3 11 or ranitidine. Acid output
was 0-45 (0.05) pumol/min/cm2 in controls
(n= 10), 0 1 1 (0-03) pumolmin/cm2 in GG31 1
treated rats (n=9), 0-31 (0-06) pmol/min/cm2
in indomethacin treated rats (n=9), 0-09
(0-03) pRmolmin/cm2 in GG31 1 +indo-
methacin treated rats (n=8), 0-39 (0-06)
pumolmin/cm2 in bismuth citrate+indo-
methacin treated rats (n=6), and 0-13 (0-03)
gmol/min/cm2 in ranitidine+indomethacin
treated rats (n= 6). Acid output was thus
significantly decreased in groups treated with
GG311 or ranitidine (p<0-05 v controls, by
ANOVA).
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Figure 2: Effect ofGG311 and its components on relative gastric mucosal bloodflow. Rats
were pretreated with GG31 1, bismuth citrate (Bis), ranitidine (Ranit) or vehicle by
gavage 30 minutes before subcutaneous injection of 60 mg/kg indomethacin (Indo) or
vehicle. Two hours after indomethacin or vehicle injection, gastric mucosal bloodflow
measurement by laser-Dopplerflowmetry was started.

Mucosal bloodflow
Figure 2 depicts relative gastric mucosal blood
flow. Relative gastric mucosal blood flow was
not affected by any treatment during in vivo
microscopic experiments. Blood flow gradually
declined in all groups to a level of 83.8 (1.4)%
(n= 10), 78-1 (4.9)% (n=9), 79-1 (2-5)%
(n=8), 90-8 (5.4)% (n=8), 81*7 (4.1)%
(n=6), and 88-8 (3.3)O/O (n=6) of baseline in
control, GG311, indomethacin, GG311+
indomethacin, bismuth citrate+indomethacin,
and ranitidine+indomethacin treated groups,
respectively, measured at 60 minutes. Consis-
tent with our prior studies,22 acid superfusion
did not affect mucosal blood flow.

Mucus gel thickness
Figure 3 depicts mucus gel thickness, as
measured by the fluorometric technique.
Indomethacin significantly decreased mucus
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Figure 3: Effect of GG311 and its components on mucus gel thickness. Rats z
with GG311, bismuth citrate (Bis), ranitidine (Ranit) or vehicle by gavage .
before subcutaneous injection of 60 mg/kg indomethacin (Indo) or vehicle. Tt
indomethacin or vehicle injection, measurement ofmucus gel thickness was ste
*p<0.05 v controls by repeated ANOVA.

gel thickness over the 50 minute me
period (p<0 05 v control, by
ANOVA). At time=0 min, gel thi
119.8 (5.7) Kim (n=10), 112.0
(n=9), 90.0 (5.0) ,um (n=9), 88.9
(n=8), 78A4 (7.3) mm (n=6), and
mm (n= 6) in the control, GG
methacin, GG31 1 +indomethacin
citrate+indomethacin, and ranitic
methacin treated groups, respective
pretreatment did not affect gel thick
control or indomethacin pre-treated
accord with our prior studies,22 a
fusion had no effect on gel thicknes

IntracellularpH and initial acidificati
During superfusion with pH 7*4 Kr
pHi remained stable in the range of'
to 7.11 (0.04), with no statistical
between any of the groups. During s
with pH 1.0 buffer, pHi was signific
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methacin groups than in the con
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Figure 4: Effect of GG311 and its components on intracellularpH (pHi) ofA
cells. Rats were pretreated with GG31 1, bismuth citrate (Bis), ranitidine (Rx
vehicle by gavage 30 minutes before subcutaneous injection of 60 mg/kg indo,
(Indo) or vehicle. Two hours after indomethacin or vehicle injection, gastric p
measurement was started. IntracellularpH was compared among six groups E
superfusion with pH 7-4 andpH 1 0 solutions by repeatedANOVA. *p<O. (
tp<0-05 v indomethacin treated group by repeatedANOVA for the period o
superfusion (20-50 min, inclusive).

(p<005, by repeated ANOVA during acid
superfusion), and was significantly higher in
the GG31l+indomethacin, and bismuth
citrate+indomethacin groups compared with
the indomethacin group (p<005, by repeated
ANOVA during acid superfusion). GG311
itself had no significant effect on pHi during

=n 8) acid superfusion in the absence of indo-
methacin (Fig 4).
The initial acidification rate was calculated

from the initial drop of pHi after the super-
fusion of pH 1(0 buffer. Initial acidification

n f6)urate was7o53 (0153)mMb min (n=20),6a63
(0'54) miM/min (n=20), 11.75 (0.55)
mM/min (n= 18), 8&08 (0.54) mM/min

50 (n= 16), 9.32 (0.98) mM/min (n= 12), and
were pretreated 1034 (0.94) mM/min (n= 12) in the control,
30 minutes GG3 11, indomethacin, GG311 +indometha-wo hours after
arted. cin, bismuth citrate+indomethacin, and

ranitidine+indomethacin treated groups,
respectively. The acidification rates in the

easurement GG3 11, GG311 +indomethacin, and bismuth
repeated citrate+indomethacin groups were statistically

ickness was similar to that of the controls, and was
(4.8) ,um significantly faster in the indomethacin, and

2 (5.6) ,um ranitidine+indomethacin groups (p<0 05
L83-5 (6.1) v control, by ANOVA).
311, indo-
L. bismuth
dine+indo- MUCUS BISMUTH CONCENTRATIONS
ly. GG3 11 Figure 5 shows mucus bismuth concentration
kness ofthe in rats treated with either GG311 alone or
1 groups. In GG311 plus indomethacin. Bismuth concen-
acid super- trations in the gastric mucus was 7.3 (2.8) ,ug/g
Is. wet weight (n= 5) at baseline. In rats treated

with GG311 alone, gastric mucus bismuth
concentrations were 4903 (2519) (n=4),

,on rate 149.6 (53.5) (n=5), 40.8 (12.2) (n=6), and
.ebs' buffer, 31.9 (14.3) ,ug/g (n=3) at one, three, six, and
6.98 (006) 12 hours, respectively. Indomethacin in-
differences creased the bismuth concentration in GG311
superfusion treated rats to 6944 (1596) (n=4, NS), 2017
,antly lower (456) (n= 5, 13-5-fold increase, p<001), 1788
dine+indo- (669) (n=6, 494-fold increase, p<0O05), and
itrol group 207-3 (20.2) (n=3, 65-fold increase, p<0l01)

,ug/g at one, three, six, and 12 hours, respec-
tively (Fig 5A). Bismuth concentrations in the
duodenal mucus was 12-8 (8.5) ,ug/g wet
weight (n=5) at baseline. In rats treated with
GG311 alone, duodenal mucus bismuth con-
centrations were 1133 (608) (n=4), 16.6
(12.1) (n=5), 15.6 (10.5) (n=6), and 15-0
(5.4) ,ug/g (n=3) at one, three, six, and
12 hours, respectively. Indomethacin also
increased the duodenal mucus bismuth con-
centration to a lesser extent. Bismuth concen-

k11 + Ilndo*t trations in indomethacin+GG311 treated rats
{n-I6) were 1296 (687) (n=4, NS), 208.9 (66.9)
+| Indo* (n=5, 12-5-fold increase, p<005), 51.2 (7.6)

In -12) (n=6, 3-2-fold increase, p<0.05), and 29.7
(12.9) (n=3, NS) ,ug/g at one, three, six, and
12 hours, respectively (Fig 5B).
Administration of GG311 resulted in low

levels of bismuth absorption. Basal serum
,gast"rc surface bismuth concentration was 14.0 (7.0) ,ug/lanit) or
methacin (n=4). In rats treated with GG311 alone,
pHi serum bismuth concentrations were 68.0
both during (32.3) (n= 3), 173.3 (115.7) (n= 3), and 112-9
0f acid ' (44 8) (n=3) jig/l at three, six, and 12 hours,

respectively. In indomethacin+GG3 11 treated

n. .

a 1 1 a
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Figure 5: Bismuth concentration in gastroduodenal mucus gel. Rats were pretreated with GG311 by gavage 30 minutes
before subcutaneous injection of 60 mg/kg indomethacin (Indo) or vehicle. Rats were killed at one, three, six, and 12 hours
after GG31 1 treatment. Bismuth concentration was measured by inductive coupled plasma atomic emission spectroscopy as
described in Methods. (A) Bismuth concentration in gastric mucus gel. (B) Bismuth concentration in duodenal mucus gel.
*p<0.05, **p<0.01 v rats treated with GG311 alone by the Student's t test.

rats, serum bismuth concentrations were 97.8
(35'3) (n=3), 84.9 (25.1) (n=3), and 37.3
(7.1) ,uUg/l (n=3) at three, six, and 12 hours,
respectively. There was no statistically signifi-
cant difference between the two groups.

Discussion
GG3 11 dose dependently prevented severe

mucosal lesions in indomethacin treated rats
and prevented microscopic injury at the 30 and
100 mg/kg doses, and prevented deep injury to
the gastric glands at the 100 mg/kg dose.
GG311 (100 mg/kg) significantly suppressed
acid output. No treatment affected relative
mucosal blood flow. Indomethacin signifi-
cantly reduced mucus gel thickness, increased
the initial acidification rate, and impaired pH,
homeostasis during luminal acid superfusion.
In indomethacin treated rats, GG311 (100
mg/kg) normalised the initial acidification rate
to control values without affecting gel thick-
ness, and improved pHi homeostasis during
acid superfusion. The most striking and novel
finding was that indomethacin substantially
increased at times >one hour the gastric and
duodenal mucus gel bismuth content of
GG3 11 treated rats.

Although bismuth compounds have been
used for several centuries to treat gastro-
intestinal problems, their mechanism of action
has remained incompletely understood.
Bismuth salts including GG3 11 have been
shown to protect the gastric mucosa against
a variety of injurious stimuli, including
NSAIDs.1 2 8 9 23 This latter effect suggests that
bismuth might exert at least some of its protec-
tive effect in a prostaglandin independent
fashion. Mechanisms that have been proposed
to explain the gastroprotective effects of bis-
muth include inhibition of pepsin activity,4
binding of epidermal growth factor,24 binding
to ulcers,25 stimulation of prostaglandin syn-
thesis and bicarbonate secretion,26 27 antibac-
terial activity,28 and binding to mucus.29
Antisecretory compounds such as the H2
receptor antagonist ranitidine have also been
shown to protect the stomach against injury.30
The primary protective action of H2 receptor

antagonists presumably stems from their anti-
secretory effect, and not from an enhancement
of gastroprotective factors.

In this study, indomethacin reduced mucus
gel thickness and impaired pHi homeostasis
during acid exposure. The mucus gel layer
covering the epithelial surfaces of gastric
mucosa constitutes the first line of mucosal
defence against luminal acid. The thinned
mucus gel in indomethacin treated rats is
either caused by diminished mucus synthesis
or increased degradation. In previous studies,
indomethacin thinned the adherent mucus gel,
and decreased the synthetic rate of gastric
mucus31 32 rendering the first possibility
plausible. On the other hand, it has been
shown that gastric mucus content is increased
after fasting, which is assumed to be due to the
decreased mechanical abrasion of the gastric
mucosa.33 Therefore, it is also possible that
gastric hypercontraction, which is a known
effect of ulcerogenic doses of indomethacin,34 35
may increase the degradation of the gastric
mucus resulting in the thinned mucus gel.
Gastric mucosal blood flow, which has been
shown to affect pHi homeostasis during
superfusion with acidic solutions22 is known to
be decreased by indomethacin.36 37 Laser-
Doppler flowmetry used in this study is a good
technique to measure relative blood flow
changes, but is not suitable for the measure-
ment of absolute blood flow because its
accuracy is dependent on the pressure and
direction of the laser probe.38 Although relative
gastric mucosal blood flow was not different
among all of the groups during the experi-
ments, absolute mucosal blood flow may be
decreased in indomethacin treated rats. The
decrease in absolute blood flow would reduce
delivery of bicarbonate needed for the preser-
vation of pHi during acid exposure.
The explanation most consistent with the

finding that bismuth compounds protected the
stomach from indomethacin associated injury
is that bismuth, present in high concentrations
in the gastric mucus gel, decreased its acid
permeability. This impaired permeability
was manifest as a slowed acidification rate
and improved pHi homeostasis during acid
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superfusion, compared with rats treated with
indomethacin alone. We assume that the rate
of rapid, initial drop ofpHi (initial acidification
rate) is primarily dependent on the rate of acid
permeation through the mucus gel. We have
previously shown that the initial acidification
rate is inversely correlated to mucus gel thick-
ness - that is, the thicker the gel, the slower the
diffusion.39 Other homeostatic mechanisms
that change pH1 such as increased Na+/H+
exchange are induced relatively slowly, and
thus would have little effect on the initial drop
in pHi.40 41 Although GG3 11 decreased acid
secretion, luminal pH was held constant by the
high flow rate of the superfusate. Furthermore,
the small change in acid secretory state of the
mucosa - that is, from basal to fully inhibited -
was unlikely to change pHi regulation, as we
have shown previously in cimetidine treated
rats,22 and also in this study in the ranitidine
only group. On the basis of the foregoing
considerations, the most plausible explanation
for the normal acidification rate despite a
thinned mucus gel in the indomethacin+
GG3 11 group is decreased proton perme-
ability of the adherent mucus gel.
The mechanism for the decreased perme-

ability of adherent gastric mucus in the
presence of NSAIDs, and high concentration
ofbismuth, however, is unclear. Indomethacin,
if anything, increased mucus proton perme-
ability in and of itself, as the increase in initial
acidification rate (56%) in indomethacin
treated rats was greater than would have been
predicted from the 19% fall in gel thickness.*
The initial acidification rate in the GG3 11
group was unchanged from control rats,
suggesting that GG311 alone had no measur-
able effect on mucus proton permeability.
Thus, high mucus bismuth concentrations,
found only in the indomethacin+GG31 1
group at three hour time point, correlated with
decreased proton permeability of adherent
gastric mucus. This suggests a direct, probably
physical interaction between bismuth and the
mucus gel. The nature of this interaction is not
clear, although there is experimental evidence
suggesting that divalent cations such as Mg2+,
Ca2+, and Fe2+ can alter the physical proper-
ties of adherent mucus.4244 Moreover, Lee
found that precipitated gastric mucus glyco-
protein complexed with colloidal bismuth
subcitrate in vitro produced a mucus-bismuth
complex that impeded proton permeability.45
These in vitro experiments thus provide a
plausible basis for hypothesis that bismuth, in
high concentrations, changes the physical
structure of adherent gastric mucus so as to
decrease its permeability to protons.
The reason why indomethacin increased

gastric mucus bismuth concentrations by the
substantial extent observed is also not obvious.
One possibility is that bismuth might be
adhering to damaged areas or an inflammatory
exudate in the gastric mucosa. Indeed, it

*Our previous data demonstrated that the per cent change in
initial acidification rate was 68% of the per cent change in
mucus gel thickness. We would thus predict that for a 19%
decrease in mucus gel thickness, initial acidification rate would
increase by only 13%.

has been shown that bismuth binds to
injured gastric mucosa in a human study45 and
experimental ulcer models.25 In this study,
however, severe and histological injury were
nearly absent under the conditions in which
mucus bismuth concentrations were studied.
Recently, several reports have suggested that
the pathogenesis of indomethacin induced
gastric injury involves gastric hypercontraction
and microvascular disturbance in addition to a
prostaglandin deficiency.34 35 46 47 Takeuchi
et a146 47 reported that an ulcerogenic dose of
indomethacin induced a pronounced increase
in frequency and amplitude of gastric con-
tractions, which was associated with oscillatory
fluctuations of mucosal blood flow, and
increased extravasation of Evans blue dye.
These findings occurred prior to the appear-
ance of gastric lesions. Therefore, it is plausible
that bismuth was bound to an exudate derived
from microvessels before the appearance of
gastric lesions. The second prospect is that
indomethacin slowed gastric emptying, allow-
ing more contact time between GG3 11 and the
gastric mucosa. This latter hypothesis is not
supported by experimental motility studies,
which suggest that gastric emptying, if changed
at all, is hastened by indomethacin.48 49
Furthermore, gastric hypercontraction in-
duced by indomethacin may enhance the
mechanical contact between GG311 and the
gastric mucosa, increasing the diffusion of
bismuth particles into the gastric mucus gel.
Another explanation is that indomethacin
changed the chemical composition of the
gastric mucus gel in such a manner as to
increase binding to cationic metals. For
example, indomethacin decreased the amount
of lipids in rat gastric mucus.50 The NSAID
aspirin also decreased the density of phospho-
lipids and the hydrophobicity of canine gastric
mucus.51 52 Indomethacin, by decreasing the
hydrophobicity and lipid content of the surface
of the adherent mucus, may have increased the
accessibility of the mucus to exogenous
bismuth. The studies with bismuth citrate and
ranitidine alone strongly suggest that the
bismuth, and not the ranitidine component of
GG3 11 decreases the permeability of gastric
mucus.
The potentiation of bismuth concentrations

in the gastric mucus by indomethacin has
significance beyond the observed alterations of
acid permeability and protection against
indomethacin induced gastric mucosal injury.
Helicobacter pylori, the organism associated
with chronic gastritis and recurrent peptic
ulcer disease, resides in the juxtamucosal
region of the gastric mucus. This organism is
sensitive to bismuth in vitro,53 although
clinical trials in which bismuth compounds
were used as monotherapy to eradicate Hpylori
have been disappointing.54 55 Furthermore,
H pylori infection is associated with decreased
gastric mucus bismuth concentrations in
human postmortem specimens treated in vitro
with colloidal bismuth subcitrate.21 This study
suggests that the combination of a bismuth
containing compound such as GG311 com-
bined with an NSAID such as indomethacin,
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by virtue of its high and prolonged concen-
tration of bismuth in mucus, might be a
logical combination for the large scale
eradication ofH pylori in selected clinical pop-
ulations.

In conclusion, this study indicates that
bismuth concentrations in the gastric mucus
are increased during the inapparent gastric
injury induced by indomethacin, and are
associated with impaired acid permeability of
the mucus gel. Thus, GG311 protects gastric
mucosa from indomethacin induced injury
by strengthening pre-epithelial defence
mechanisms in addition to inhibiting acid
secretion. As gastroprotective properties of
bismuth compounds may also result from
inhibition of pepsin activity, binding of bile
acids and epidermal growth factor, and induc-
tion of PG synthesis, and because bismuth
compounds also protect the gastric mucosa
from other noxious stimuli such as ethanol and
cold restraint stress,2 23 it is possible that other
mechanisms may also be involved in the
gastroprotective effect ofGG3 11.
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