
Gut, 1991,32,372-376

Nicotine induced gastric injury. A quantitative
macroscopic and microscopic analysis of the
protective effects of sucralfate and feeding

WM Hui, H Joana, BW Chen, C H Cho, C T Luk, S K Lam

Abstract
Nicotine, while an important component of
cigarettes, does not cause gross gastric
mucosal damage, although its microscopic
effect remains unknown. We have evaluated
the histology and the microvascular per-
meability of (a) the effect of nicotine alone or
in combination with ethanol on the gastric
mucosa of rats and (b) the effect of feeding
and sucralfate on the mucosa of rats treated
with nicotine and ethanol. Mucosal injury was
assessed histologically by the depth of injury
and microvascular permeability by the leak-
age of fluorescein isothiocyanate-labelied
albumin. Our results show that nicotine
induced microscopic mucosal damage and
accentuated the damage induced by alcohol.
The damaging effects on mucosa of nicotine
and ethanol, alone or in combination, were
reduced by pretreatment with sucralfate.
Similarly, feeding reduced the degree ofmuco-
sal injury. Nicotine and ethanol increased
leakage ofalbumin into the interstitium and the
leakage was reduced after sucralfate pretreat-
ment. This study substantiates the adverse
effect of smoking on mucosal damage. Vas-
cular factors are probably involved in the
pathogenesis.

While cigarette smoking is strongly associated
with peptic ulcer disease,'2 the pathogenetic role
ofcigarettes is unknown. Nicotine, an important
component of cigarettes, has been shown to
increase parietal cell mass and peak acid output. 3
Chronic nicotine administration has been shown
to worsen ethanol induced gastric mucosal injury
macroscopically in rats but by itself does not
cause mucosal ulceration.45 It is not known,

TABLE I Experimental protocolfor the study ofmacroscopic
and microscopic injury ofgastric mucosa

Fasted rats:
No pretreatment with nicotine:
1. 1-5 ml 0.25% methylcellulose+ 1-5 ml deionised water
2. 1-5 ml 0.25% methylcellulose+ 1-5 ml ethanol
3. Sucralfate 100 mg in 1-5 ml 0-25% methylcellulose+ 1-5 ml

ethanol
4. Sucralfate 200 mg in 1.5 ml 0 25% methylcellulose+ 15 ml

ethanol
Pretreatment with nicotine:
1. 1.5 ml 0 25% methylcellulose+ 1-5 ml deionised water
2. 1 5 ml 0 25% methylcellulose+ 1 5 ml ethanol
3. Sucralfate 100 mg in 1.5 ml 0 25% methylcellulose+ 1-5 ml

ethanol
4. Sucralfate 200 mg in 1-5 ml 0 25% methylcellulose+ 1-5 ml

ethanol
Fed rats without pretreatment with nicotine:

1. 1 5 ml 0 25% methylcellulose+ 15 ml ethanol
2. Sucralfate 100 mg in 1-5 ml 0.25% methylcellulose+ 1-5 ml

ethanol
3. Sucralfate 200 mg in 1.5 ml 0 25% methylcellulose+ 1.5 ml

ethanol

however, whether nicotine can induce micro-
scopic injury. Sucralfate, a site protective agent,
protects the gastric mucosa against ethanol
induced necrosis and increases gastric mucosal
blood flow in rats.67 It binds to the base of
peptic ulcers selectively8 and protects the gastric
mucosa from pepsin, acid, and bile.9 It is not
known whether sucralfate protects the gastric
mucosa against nicotine and ethanol induced
gastric mucosal injury. The present study was
undertaken to assess the effect of nicotine and
feeding on the gross appearance, histology, and
microvascular permeability of gastric mucosa
and whether sucralfate has any protective effect
against nicotine induced gastric mucosal injury.

Methods
Male Sprague-Dawley rats weighing 150-200 g
were used for the study. They were housed in an
air-conditioned room with the temperature kept
at 22±2°C and humidity at 65-70% and were fed
a standard pellet diet (Ralston Purina Co, North
Carolina, USA). They were anaesthetised by
pentobarbitone (Abbott) 50 mg/kg given intra-
peritoneally. A gastric chamber preparation was
made, which has been described in detail pre-
viously.'0 Sucralfate 100 mg and 200 mg sus-
pended in 1-5 ml 0.25% methylcellulose as
control was added to the chambers of groups of
six to eight rats. Methylcellulose was used as the
base because sucralfate forms a more stable and
homogeneous suspension with methylcellulose
than with deionised water. Fifteen minutes later
1-5 ml 100% ethanol or deionised water was
added to the chamber. The rats were sacrified 45
minutes after the addition of alcohol or control
substance, and the stomach was resected en bloc,
unfolded, and fixed in 0 5% formalin. The
experiments were performed in rats fasted and
fed, with and without pretreatment with nicotine
(Table I). Rats were fasted for 24 hours or fed ad
libitum until they were anaesthetised.

NICOTINE PREPARATION
The rats were allowed to drink nicotine bitartrate
25 ,ug/ml of tap water for 10 days (mean (SD)
39.3 (2.5) ml per day) before the gastric chamber
preparation was made.

ASSESSMENT OF MACROSCOPIC DAMAGE
The stomachs were examined macroscopically
for ulceration. An ulcer index was obtained from
the areas of the ulceration traced on a trans-
parency and projected onto graph paper with
1 mmx 1 mm squares.
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HISTOLOGICAL ASSESSMENT
From the glandular part of the stomach two
square pieces of approximately 8 mmx8 mm
were cut from the greater curvature of the
stomach. Two tissue blocks were taken from the
necrotic areas and another two blocks from
the non-necrotic areas from each piece of the
stomach, making a total of eight blocks for each
rat. Samples and blocks were taken from the
same region of the stomach of each rat to ensure
that they were comparable. The blocks of tissue
were fixed, dehydrated, and mounted on paraffin
blocks, and longitudinal sections of 0-25 im or
less were cut. These were examined after stain-
ing with haematoxylin and eosin. As the blocks
were cut as uniformly as possible, the span of
the tissue sampled from the necrotic and non-
necrotic areas was nearly constant (approxi-
mately 11 mm). The slides were assessed blind
by the pathologists who were unaware of the
treatments given to the rats.

MICROSCOPIC ANALYSIS
The severity of damage was graded according to
the depth of tissue damage and these criteria
have been reported- by Lacy and Ito." Briefly,
the damage was graded as follows: (a) Grade 0 -
all gastric mucosal cells appeared intact and had
normal shape, location, appearance, and den-
sity. Surface mucous cells were columnar to
cuboidal with varying amounts of apical mucous
granules. Gastric pits were ofexpected depth and
the gastric glands contained intact mucous neck,
parietal, chief, and endocrine cells. (b) Grade I -
surface mucous cells on the luminal free surface
were vacuolated, had pyknotic nuclei, lightly
stained cytoplasm, or lysed cytoplasm. Some
cell exfoliation was present. Gastric pit cells
were undamaged. (c) Grade II - in addition to
extensive luminal surface cell damage the cells
lining the gastric pits were also disrupted and
exfoliated. The gastric gland cells were dam-
aged. (d) Grade III - beneath the damaged
surface and gastric pits cellular damage was
evident in the gastric glands. Parietal cells
with lucent cytoplasm were common. Many
exfoliated cells and whole layers of necrotic
superficial epithelium were also present. The
lamina propria was often seen in direct con-
tinuity with the stomach lumen.
To determine the extent and degree of

mucosal injury, the span of the sections with

TABLE II Effect ofsucralfate after nicotine and ethanol
treatment on vascular permeability measured by the degree of
leakage offluorescein isothiocyanate-albumin

Rat preparation Degree ofleakage*

Fasted rats:
Methylcellulose alone 0
Ethanol alone 3
Nicotine alone 1-2
Nicotine+ethanol 3
Sucralfate 100 mg+ethanol 1
Sucralfate 100 mg+nicotine+ethanol 1-2
Sucralfate 200 mg+ethanol 0-1
Sucralfate 200 mg+ethanol+nicotine 1

Fed rats:
Methylcellulose alone 0
Ethanol alone 3
Nicotine alone 2

* 0=none; 1 =mild; 2=moderate; 3 =severe.

each degree of injury was measured with an
ocular micrometer (Nikon, Japan). For each rat
the following data were obtained: (i) the span of
the gastric mucosa of the sections from each
of the tissue blocks of each stomach and (ii) the
percentage of the mucosal span with each degree
of injury. From the necrotic area histology was
performed to confirm the span microscopically
equivalent to necrotic lesions. Comparisons were
made between the data for each group of six to
eight rats, each with four tissue blocks sampled
from the non-necrotic areas and four from the
necrotic area.

FLUORESCEIN ISOTHIOCYANATE-ALBUMIN STUDY
Fluorescein isothiocyanate-labelled albumin was
used to assess macromolecular permeability.'4 A
dose of 250 mg/kg was given intravenously and
30 minutes later the active drug or Sorensen's
phosphate buffer pH 7.4 was added to the
chamber of the ex vivo system followed by the
same sequence as for the histological study. The
animal was sacrified and the stomach fixed in
neutral phosphate buffered formalin. Each
experiment was performed on three rats. The
tissue was sectioned after embedding in paraffin
and examined by fluorescence microscopy for
leakage of fluorescein into the interstitium and
graded from 0-3, according to the degree of
leakage. The experiments were performed in
fasted rats and fed rats with methylcellulose,
ethanol, or nicotine alone (see Table II).

STATISTICAL COMPARISON
Comparisons between groups were done by
analysis of variance, using the Duncan proce-
dure of multiple comparison to avoid over-
optimistic results obtained by using the multiple
t test.'2 '3 The results were expressed as mean
(SD).

Results

SPAN OF MUCOSA ASSESSED
The mean span of the mucosa assessed varied
from 10.6 mm to 11.3 mm in the groups of rats
studied and there was no significant difference
between the various groups.

ASSESSMENT OF THE NECROTIC AREAS
Microscopically, over 98% of the span of the
mucosa was confirmed as necrotic lesions.
Therefore, only macroscopic assessment and a
comparison of areas of ulceration (ulcer index)
were made.

EFFECT OF ETHANOL
Neither macroscopic nor microscopic damage
was detected in the control rats treated with
methylcellulose. After the addition of ethanol
both macroscopic injury (mean (SD) ulcer
index 46.4 (7-1) mm2) and microscopic injury
were detected (percentage mucosal injury: grade
I= 16 (4.4)%, grade II=32 (4-l)%, grade III=40
(4 1)%).
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Figure 1: Ethanol induced macroscopic injury (ulcer index)
and different degrees ofmicroscopic injurv in fasted andfed
rats. Grade III injury was significantly higher infasted than in
fed rats (p<005).

EFFECT OF FEEDING
The mean ulcer index was higher in fasted than
in fed rats but the difference was not significant
(Fig 1). Microscopically, the percentage of
mucosa with grade III injury was significantly
higher in fasted than in fed rats (p<005). For
grade I and II injuries, however, the percentage
was significantly lower in fasted than in fed rats
(p<0 05) (Fig 1).

EFFECT OF NICOTINE
Macroscopically, no ulcer was detected in rats
treated with nicotine alone. Pretreatment with
nicotine resulted in a significantly higher ulcer
index with subsequent ethanol treatment
(p<005, Fig 2).

Microscopically, treatment with nicotine
alone resulted in a significant increase in grade I
to III mucosal injury when compared to control
(p<0 05) (Fig 3). With subsequent ethanol treat-
ment, however, there was no difference in the
percentage of the mucosa with grade III injury
whether the rats had received nicotine treatment
or not (Fig 4), as ethanol alone had already
produced appreciable mucosal damage. Similar
findings were observed with grade I and II
mucosal injuries (data not shown).

EFFECT OF SUCRALFATE
The ulcer index was significantly lower with
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Figure 3: Microscopic injury induced by nicotine. Rats treated
with nicotine had a significantly higher percentage ofmucosa
with grades I, II, and III injury.

sucralfate 100 mg and 200 mg than control
(methylcellulose alone) in ethanol treated rats
irrespective ofwhether they had been pretreated
with nicotine or not (both p<005) (Fig 4).

Microscopically, the percentage of mucosa
with grade III damage was significantly lower
after treatment with sucralfate 100 mg or 200 mg
in ethanol treated rats with or without pretreat-
ment with nicotine (p<0 05) (Fig 5). In rats
treated with both ethanol and nicotine, grade I
injury was significantly higher in rats treated
with sucralfate 100 mg and 200 mg than the
control (methylcellulose), indicating that sucral-
fate reduced injury to a less severe grade
(p<O05) (Fig 6). In rats treated with ethanol
alone there was no significant difference in grade
I and II injuries between rats treated with
sucralfate 100 mg and 200 mg and the control.

COMPARISON OF THE EFFECT OF SUCRALFATE WITH
FEEDING
In ethanol treated rats the ulcer index was
significantly lower in fasted rats given sucralfate
200 mg, but not 100 mg, than in fed rats
(p<005). Microscopically, in ethanol treated
rats the percentage of the mucosa with grade III
injury was significantly lower in fasted rats given
sucralfate 200 mg or 100 mg than in fed rats
(p<005) (data not shown).
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Figure 2: Ulcer index ofrats treated with ethanol with and
without pretreatment with nicotine. No macroscopic ulcer was
observed in control (methylcellulose) or nicotine treated rats.
Pretreatment with nicotine resulted in a significantly higher
ulcer index with subsequent ethanol treatment.
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Figure 4: Effect ofsucralfate on ulcer index induced by
ethanol in rats with or without pretreatment with nicotine. In
both groups the ulcer indices were significantly lower after the
addition ofsucralfate 100 mg or 200 mg when compared with
control (all with p<0 05).
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Figure 5: Effect ofsucralfate on grade III injury in rats given
ethanol with and without pretreatment with nicotine. In both
groups mucosal injury was significantly lower after the
addition ofsucralfate 100 mg or 200 mg compared with control
(all p<0 05).
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FLUORESCEIN ISOTHIOCYANATE-ALBUMIN
The results of using fluorescein isothiocyanate-
albumin are shown in Table II. Vascular leakage
was greater in nicotine treated rats than in
control rats. When sucralfate 100 mg was added
to rats treated with either ethanol or nicotine and
ethanol combined vascular leakage was reduced
from grade 3 to grade 1, and with sucralfate
200 mg this was reduced to grade 0 (Fig 7). There
was no difference in vascular leakage between
the fasted and fed rats given methylcellulose,
ethanol, or nicotine alone.

Discussion
The present study confirms our previous obser-
vation45 that nicotine aggravates macroscopic
injury induced by ethanol, though nicotine alone
does not produce macroscopic damage. Further-
more, the study also shows that nicotine induces
microscopic gastric mucosal injury, thus ex-
plaining why nicotine aggravates mucosal injury
induced by alcohol. The pathogenetic mechan-
isms are not understood. Short term administra-
tion of nicotine is known to increase gastric acid
secretion'5 but when given at the dose and
duration used in this study it does not affect

Figure 7: Fluorescence micrograph oflongitudinal section of
the gastric mucosa after administration ofintravenous
fluorescein isothiocyanate-albumin intravenously in (A)
control rats with the addition ofSorenson's buffer, showing no
leakage into the interstitium; in (B) rats treated with alcohol,
showing the leakage offluorescence into the interstitium; (C)
after the addition ofsucralfate leakage was significantly
decreased.
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Figure 6: Effect ofsucralfate on grades I and II microscopic
injury in rats given ethanol and nicotine in combination.
Grade I injury was significantly higher after the addition of
sucralfate 100 mg and 200 mg compared with control
(p<005). This, coupled with the reduction ofgrade III injury
(as shown in Fig 5), indicates that sucralfate reduces mucosal
injury to a less severe grade.

gastric acid secretion.'6 At the dose used it has
been shown to exert a depolarising blocking
effect and produce ganglion blockade at the
coeliac ganglion."5'7 Though the resulting ad-
verse effects of this blockade are uncertain, it is
well known that the nerve supply affects gastric
mucosal blood flow,'8 which is thought to be
essential in the gastric mucosal defence.'9
Furthermore, the study has shown that vascular
permeability increased after treatment with nico-
tine alone. It is possible that vascular factors play
a part in nicotine induced damage. In this
experiment rats were given nicotine (25 [ig/ml)
in doses simulating the daily intake of a heavy
cigarette smoker.20 Our results showed that
exposure to this dose of nicotine for nine days
resulted in microscopic injury. This is reflected
clinically by smokers with duodenal ulcers
having higher relapse rates2' and lower healing
rates for ulcers22 compared with the non-
smokers.
The effect of feeding on mucosal protection is
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of interest. We showed previously that feeding
lessened the fall in gastric mucosal blood flow but
the ulcer index was not significantly different
between the fasted and fed rats.6 This was
confirmed in the present experiment. On micro-
scopic analysis, however, the percentage of deep
mucosal injury (grade III) was significantly lower
in the fed rats, indicating that feeding does
protect the mucosa from damage by ethanol. The
mechanism for this is unknown but may be
related to effect of feeding on increasing gastric
mucosal blood flow. The importance of mucosal
blood flow is illustrated by the association of
gastric mucosal damage with decreased gastric
mucosal blood flow induced by haemorrhagic
shock. 19 The study has further shown that sucral-
fate, a site protective antiulcer agent, reduces
macroscopic and microscopic injury induced by
ethanol and nicotine either alone or in combi-
nation. The protective effect of sucralfate against
damage by ethanol was significantly better than
the effect of feeding. As noted before, the dose of
nicotine given in the present experiment is
similar to the amount taken by a heavy smoker.2021
This correlates clinically with the finding that
sucralfate overcomes the adverse effect of
smoking on ulcer healing.22
The present experiment also shows that both

ethanol and nicotine induced vascular injury, as
shown by the leakage of the fluorescein isothio-
cyanate-albumin into the interstitium. This
supports a pathogenetic role of vascular factors
in mediating tissue damage.23 Sucralfate has been
shown to increase gastric mucosal blood flow in a
dose-dependent manner.6 The fact that sucral-
fate reduced leakage into the interstitium indi-
cates that the mucosal protective effect may be
mediated through vascular protection. This also
supports the importance of mucosal blood flow
in maintaining the integrity of the mucosa. Feed-
ing in the present experiment did not protect
against the vascular injury.
We have shown that nicotine induces micro-

scopic mucosal and vascular damage and that
sucralfate protects the mucosa against this dam-
age. Feeding protects the mucosa from ethanol
induced gastric damage both macroscopically
and microscopically. These results also substan-
tiate the adverse effect of smoking on mucosal
integrity and suggest that vascular factors play a
part in its pathogenesis.
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