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Abstract

Nitric oxide (NO) synthesis is increased in ulcerative colitis, but the role of NO in colitis is poorly
understood. The present study employed NY-nitro-L-arginine methyl ester (L-NAME), a nitric oxide
synthase inhibitor, in rats to evaluate the effect of NO on 2,4,6-trinitrobenzenesulphonic acid (TNB)-
induced colitis.

L-NAME solutions were placed in subcutanequs, osmotic mini-pumps which continuously released
L-NAME at 0-042, 0-208, 0-417, or 1-667mgkg™" h™'. L-NAME dose-dependently enhanced lesions in
TNB-induced colitis. The two higher doses of L-NAME significantly increased colonic mucosal damage,
although there was slight, nonsignificant reduced lesion formation with the lowest dose of L-NAME,
0-042mgkg~'h~'. A single dose of L-NAME at 100mgkg~' subcutaneously injected daily in TNB-
treated rats also increased lesions, and these ulcerogenic actions of L-NAME were reversed by L-arginine
but not by p-arginine (both at 500mgkg~', s.c.). Only the highest dose of L-NAME (mini-pump)
significantly depressed myeloperoxidase (MPO) activity. Faecal occult bleeding showed a close relation-
ship with severity of colitis.

These findings suggest that there may exist a balance between NO protective and aggressive effects. In
TNB-induced colitis, antagonism of endogenous NO generation was intensified, whereas slight inhibition
of NO synthesis reduced lesions. Variations in responses, related to timing or dose changes in L-NAME,

may reflect the differences in inducible vs constitutive NO synthase isoforms.

Nitric oxide (NO), identified as endothelium-derived relax-
ing factor (Ignarro 1990; Moncada et al 1991), plays an
important role in the maintenance of mucosal integrity in
the gastrointestinal tract (Whittle et al 1990). Acute (Ogle &
Qiu 1993) or chronic (Pfeiffer 1994) treatment with an NO
inhibitor intensified stress- or ethanol-induced gastric
ulceration in rats. However, there remains disagreement
on the role of NO in the intestine. Hutcheson et al (1990)
showed that synthesis of NO from rL-arginine may have a
role in maintenance of the microvascular integrity of the
intestinal mucosa, and that NO inhibitor pretreatment
enhanced both the macroscopic and histological intestinal
damage following acute endotoxin challenge. Recently, it
was reported that NO synthase activities in mucosa and
muscle from the colon of patients with ulcerative colitis were
significantly elevated (Boughton-Smith 1993). Middleton et
al (1993) also demonstrated that NO synthesis was increased
in ulcerative colitis, and they further suggested that mucosal
NO biosynthesis may have a pathogenic role in this disease.
Indeed, excessive production of NO, characteristic of
inflamed states, may have deleterious effects through its
ready conversion (in the presence of O,) to peroxynitrite,
which promotes lipid and sulphydryl oxidation (Beckman et
al 1990). All of these observations suggest that NO may be
involved in colitis, but the mechanism requires further
elucidation. The present study attempted to clarify the
relationship between NO and colitis induced experimentally
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by 2,4,6-trinitrobenzenesulphonic acid (TNB), by using N*¥-
nitro-L-arginine methyl ester (L-NAME), an NO-synthase
inhibitor. This colitis model is not only histopathologically
relevant to human inflammatory bowel disease, particularly
Crohn’s disease, but it also has a relatively long duration of
inflammation which provides a suitable period in which
potential treatments can be assessed (Morris et al 1989).
The severity of acute inflammation of the colon has been
closely correlated with myeloperoxidase (MPO) activity
(Krawisz et al 1984) and therefore colonic MPO was also
assessed in this study. Since medical management of colitis is
clinically problematic and its pathophysiology is still
unclear, a better understanding of effects of NO in this
disease may facilitate development of therapy.

Materials and Methods

General

Male Sprague-Dawley rats, 240—-270 g, had free access to a
conventional pellet diet (Ralston Purina) and tap water and
were housed in a room with controlled temperature
(22 £ 1°C) and humidity (65-70%). Two animals were
housed per cage.

Implantation of mini-osmotic pumps

The method was similar to that of Ogle et al (1994).
L-NAME (Sigma) solutions of appropriate concentrations
were placed in mini-osmotic pumps (Alzet, Model 2002)
which continuously released L-NAME at 0, 0-042, 0-208,
0-417, or 1667 mgkg~' h™!. The mini-osmotic pumps were
surgically implanted subcutaneously in the nape of the neck
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of rats lightly anaesthetized with nitrous oxide and oxygen
plus halothane (Airco Medical Gases, Industrial Gas and
Supply, Knoxville, TN). Mini-osmotic pumps containing a
solution of only 0:9% w/v NaCl were implanted into rats
and served as a control. All animals were rectally instilled
with TNB 5 days after pump implantation, and were killed 3
days after TNB administration.

Induction of chronic colonic inflammation

The method of TNB-induction of colitis was similar to that
of Morris et al (1989). The rats were randomized into
treatment groups, then lightly anaesthetized as described
above. A polyethylene tube (Fr. 5, SF-FT 0580, Terumo,
Japan) was inserted rectally into the colon such that the tip
was 8 cm proximal to the anus, approximately at the splenic
flexure. 2,4,6-Trinitrobenzene sulphonic acid (TNB) (Wako
Pure Chemical Industries Ltd, Japan) dissolved in 40%
ethanol (v/v) was instilled into the lumen of colon through
the polyethylene tube. Two hundred and fifty microlitres of
40% ethanol containing 40 mg TNB was instilled into each
rat. The instillation was divided equally into three sites; one-
third at 8cm and the other two-thirds divided at 2-:2cm
intervals distally.

Assessment of colonic inflammation and damage

Three or seven days after TNB was administered, the rats
were killed by hypercapnia. The colon was removed, opened
by longitudinal incision, and immediately examined under a
stereomicroscope for any visible damage, which was scored
on a 0-5 scale by the method of Morris et al (1989), which
appraises ulceration and inflammation. However, if the
ulcer index reached 4—5 on this scale, the areas of lesions
varied from 10—60 mm?; hence, we utilized an additional
area index to measure the colonic damage. The ulcer areas
were measured on transparent graph paper with a 1-mm?
grid. A 4-mm? area of oedema, petechiae or inflammation
was also considered as equivalent to 1-mm? area of ulcer.
This index consisted of a summation of such lesion areas.
Both of these systems were adopted in the present investiga-
tion to better assess the severity of colitis.

Measurement of myeloperoxidase ( MPO) activity

The method of measurement of MPO was similar to that
used by Krawisz et al (1984). The colonic mucosa was
carefully scraped off with a glass slide and weighed on an

electronic balance. The specimen was minced in a beaker
containing 1 mL hexadecyltrimethylammonium bromide
(HTAB; Sigma) buffer on ice (0:5% HTAB in 50mm
phosphate buffer, pH 6-0). HTAB is a detergent that releases
MPO from the primary granules of the neutrophil (Schultz
& Kaminker 1962; Patriarca et al 1971). The samples were
then transferred to a test-tube and homogenized with a
Polytron homogenizer (three times for 30s each, on ice).
After homogenization, the homogenizer was rinsed twice
with 1 mL HTAB. The pooled homogenate and washes were
sonicated for 10s, freeze-thawed three times, and centri-
fuged at 40000 g for 15 min. The supernatant was assayed
for MPO activity. Myeloperoxidase activity was measured
spectrophotometrically; 0-1 mL supernatant was combined
with 2-9mL 50mm phosphate buffer, pH 6.0, containing
0-167mgmL~" o-dianisidine hydrochloride (Sigma) and
0-0005% hydrogen peroxide (Sigma). The change in absor-
bance at 560 nm was measured with a spectrophotometer
(UA-160 Shimadzu, Japan). One unit of MPO activity was
defined as that degrading 1 gmol peroxide min™' at 25°C.

Measurement of body weight and faecal occult bleeding
Rats were weighed at 0900-1000h before mini-pump
implantation and before TNB administration as well as
before necropsy. Faecal occult bleeding was examined
immediately after animals were killed. Faecal samples
were taken from the colon, with careful avoidance of contact
with blood. The faecal occult bleeding was tested by QUIK -
CULT assay (Laboratory Diagnostics Co., Inc.).

Drug administration

In the experiment without mini-pump implantation, a daily
single dose of L-NAME (100mgkg ™', s.c.) was injected
1 day before and 3 or 7 days after TNB administration to
evaluate possible benefit of complete NO blockade in TNB-
induced colitis. One group of animals was injected subcuta-
neously with saline (2mLkg™!) as a control. L-Arginine
(Sigma) or p-arginine (Sigma; both 500mg kg™', s.c.) was
injected with L-NAME (100mgkg™', s.c.) in additional
control groups. All of the drugs were freshly prepared in
0-9% NaCl.

Statistical analyses
Results are expressed as mean +s.e.m. Data were analysed
by the two-tailed Student’s r-test. Differences amongst

Table 1. Effects of L-NAME on TNB-induced colitis in rats.

0-9% NaCl L-NAME L-NAME 0-1 gkg™!
2mLkg™! 01 gkg™!
+ L-argmme + D-argmme
0-5 gkg™! 0-5gkg™!
A. Three days after induction
Ulcer index 3-8 045" 46 +026% 3940:3% 4-4+£032%
Lesion area (mm?) - 11-4 +2-57% 19-4 + 2:48% 12:5+2-26* 17-8 +2-98*
B. Seven days after induction
Ulcer index 2-8£0-49% 33+0-53%F 2:9+0-52% 3-4+0-50"
Lesion area (mm?) 44+ 146" 11-0 £ 2:44% 58+ 1-75%F 109 +£2:25%"+

All values indicate mean + s.e.m. of eight rats. * P < 0-05 when compared with its saline group in same horizontal

group.

*P <005 when compared with its corresponding group in A. *P<0-01 when compared with its

corresponding control group (before TNB) with values of zero. All treatments were given subcutaneously.
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Table 2. Effects of 5-day L-NAME (mini-pump) pretreatment on TNB-induced (3 days) colitis.

0-9% NaCl L-NAME (mini-pump, mgkg™' h™1)
2puLkg 'h!
0-042 0-208 0-417 1-667
Ulcer index 374029 3140237 3-8 +0-31 4-5+0-19° 4-6£0-26"
Lesion area (mm?) 10-8+1-54 78+ 110" 11-2+£1-56 17-2+£2-29 21-1+3-68

All values indicate mean + s.e.m. of eight rats (saline group nine rats). * P < 0-05, ™" P < 0-02 when compared with
its saline group in similar parameter. *0-05 < P < 0-1 when compared with its saline group in similar parameter.

Table 3. Effects of L-NAME on TNB induced colonic myeloperoxidase activity (units g~"), body weight gain

(g/rat/day) and faecal occult bleeding in rats.

0-9% NaCl L-NAME L-NAME 0-1 gkg™!
2mLkg™! 01 gkg™!
+ L-arginine + p-arginine
05 gkg™! 05 gkg™!
A. Before induction
Myeloperoxidase 0-8 £0-36 09 £0-46 0-8 +£0-37 09 +0-41
activity
Body weight gain 46 + 036 43 + 048 43+056 43 4 0-32
Occult bleeding 0+0 0+0 00 0+0
B. Three days after induction
Myeloperoxidase 65 + 0-96% 67 & 0-86" 63 4+ 0-97% 66 + 0-91%
activity
Body weight gain —1-5 £ 0-76" —22 £ 0-48* —1-4 £ 0-56% —2:0 £ 0-52%
Occuit bleeding 2:0£027% 24 £0-18% 2:1 £ 023 23+£0-25%
C. Seven days after induction
Myeloperoxidase 45+ 0-51% 52 4 0-62# 49 +0-52% 544 0-57%
activity
Body weight gain 17 £0-33%* 14 +021%% 17+ 0-22¢7 1-5 £ 0-19%*
Occult bleeding 10 + 0-33% 2:0 +0-27% 1-1 £0-35% 2:1+023

All values indicate mean + s.e.m. of eight rats. ¥ P <0-01 compared with its corresponding group in B.
#P < 0-01 when compared with its corresponding group in A. All treatments were given subcutaneously. Occult

bleeding: (—)=0, (+)=1, (+)=2, (+ +)=3.

groups exposed to the same experimental conditions were
also statistically examined by one-way analysis of variance.
Both ulcer index and lesion area in the same rat were
analysed by linear regression. With all statistical analyses,
an associated probability (P value) of < 5% was considered
significant.

Results

TNB at 40mg in 2-5mL 40% ethanol induced significant
inflammatory colonic lesions (Table 1, all P<0-01). The
lesions were severe at 3 days after TNB administration and
declined after 7 days.

Treatment with L-NAME at 100 mgkg™' subcutaneously
enhanced colonic lesions and the lesion area was signifi-
cantly (P <0-05) larger than in saline-treated control rats
pretreated with TNB at 3 or 7 days (Table 1). L-Arginine,
but not p-arginine, at 500 mg kg ™! significantly antagonized
the adverse action of L-NAME in TNB-induced colitis
(Table 1).

Chronic L-NAME pretreatment by implanted mini-pump
infusion dose-dependently enhanced the colonic lesions
induced by TNB (Table 2). The lesion areas in those animals
pretreated with L-NAME at 0-417 or 1-667mgkg™' h~!

were significantly larger and, lesions were much deeper than
observed in control animals (Table 2, P < 0-05 at 0-417 and
P <002 at 1-667mgkg™" h™"). There was a slight reduction
of lesion size in rats pretreated with L-NAME (mini-pump)
at the lowest dose, 0-042mgkg™' h™!, but this was not
statistically significant (Table 2, 0-05 < P <0-1).

Myeloperoxidase (units g-')
a

[0] 0.042 0.208 0.417
L-NAME (mg kg™")

1.667

F1G. 1. The effects of 5-day L-NAME pretreatment on TNB-
induced colonic myeloperoxidase activity (units g~°) in rats killed
3 days post-TNB. All values indicate mean +s.e.m. of eight rats
(saline group nine rats). *P < 0-05 when compared with its saline
group for the same parameter.
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Table 4. Lack of effect of 5-day L-NAME (mini-pump) pretreatment on TNB-induced faecal occult bleeding in rats

killed three days after TNB administration.

0-9% NaCl L-NAME (mini-pump, mgkg~' h™!)
12 uLkg 'h~!

0-042 0-208 0-417 1-667
2:0+ 024 1-6+£0-32 214030 234031 2:14 4+ 026

All values indicate mean * s.e.m. of eight rats (saline group nine rats). *P < 0-05 when compared with its saline
group in similar parameter. Occult bleeding: (£ )=1, (+)=2, (+ +)=3.

Table 5. The effects of 5-day L-NAME pretreatment on body weight change in rats.

0-9% NaCl L-NAME (mini-pump, mgkg™' h™")
12 uLkg 'h7!
0-042 0-208 0-417 1-667
Five-day mini-pump implantation, without TNB
5-0+0-58* 46 +0-53 4:6 £ 049 454062 4-8 +0-41

Five-day mini-pump implantation followed by TNB and killed three days later

—1-6x+ 064 —-1:5+0:52

—1-4+0-34 —1-6£0-51

—1-84£0-56

* All figures represent body weight change in g/rat/day. The values are means + s.e.m. of eight rats (saline group

nine rats).

In every group the index and the lesion area of the same
rat showed a direct linear relationship (P < 0-01).

TNB administration also significantly enhanced colonic
mucosal MPO levels (Table 3, P <0-01), which paralleled
the severity of colitis. At 3 days after TNB administration,
there was an elevated MPO level, and by 7 days post-TNB
the MPO level began to decline but still remained elevated
(Table 3, P <0-01). Injection of L-NAME, L-arginine, or
p-arginine alone did not affect colonic mucosal MPO activ-
ity (Table 3). Chronic L-NAME pretreatment (mini-pump)
with concentrations of 0042, 0-208, or 0-417mgkg ' h~'
did not influence MPO, but the highest dose of L-NAME
(1-667mgkg~'h™') decreased MPO significantly (Fig. 1,
P < 0-05).

The severity of colitis showed a close direct relationship
with faecal occult bleeding, and reduction of colonic lesions
was associated with decreased bleeding (Tables 3, 4).

Body weight gain was about 4-56 g/rat/day for control
rats. By 3 days after TNB administration, there was an
initial but nonsignificant (P > 0-05) weight loss; however,
the animals began to gain but still remained below the
normal body weight by 7 days (Table 5). Five-day mini-
pump L-NAME pretreatment did not affect the body weight
(Table 5), and L-NAME, tr-arginine, or p-arginine treat-
ments also did not influence body weight in the animals
(Table 3).

Discussion

The present results confirmed that intracolonic administra-
tion of the hapten, TNB, combined with the mucosal barrier
breaker, 40% ethanol, resulted in long-lasting ulceration
and inflammation of the rat colon. This prolonged inflam-
mation, which resembles human inflammatory bowel dis-

ease, provides a suitable model with some advantages over
other experimental colitis models (MacPherson & Pfeiffer
1976), in which the role of NO metabolism can be assessed.
With this TNB-ethanol colitis preparation, we evaluated
colonic ulceration, oedema, and inflammation by a standard
ulcer scale (Morris et al 1989) as well as a lesion-area index,
and these two indices both displayed a significant, linear
regression which taken together accurately described the
severity of colitis.

Previous findings in our laboratory had shown that
subcutaneous injection of the NO synthase inhibitor,
L-NAME, at 100mgkg~' significantly antagonized NO
synthesis (Ogle & Qiu 1993; Pfeiffer 1994; Qiu et al 1994).
Since NO had been suspected to be a pathogenic factor in
colitis (Rachmilewitz et al 1993), we evaluated the possible
benefit of inhibition of NO synthesis for colitis therapy.
Insofar as subcutaneous L-NAME at 100 mg kg~ ' enhanced
the lesion area significantly, this suggests that inhibition of
NO synthesis may not have therapeutic value in colitis.
L-NAME at 100mgkg™" is a high dose which reportedly
produced significant vasoconstriction and hypertension
after multiple daily doses (Qiu et al 1994); thus, the possi-
bility of ischaemia followed by reperfusion may exist with
the present L-NAME pretreatment method. Accordingly,
mucosal free-radical production may have been enhanced,
which would have intensified the TNB-induced colitis. We
therefore decided to block continuously NO synthesis by use
of osmotic mini-pumps, but we still observed significant
enhancement in severity of TNB-induced colitis.

NO is released by peritoneal neutrophils (McCall et al
1989), and excessive production of NO in colonic tissue
associated with increased nitric oxide synthase activity may
play a role in vascular damage in colitis (Boughton-Smith et
al 1993, 1994; Middleton 1993). However, the role of NO or
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its inhibition in colitis is complicated by factors such as
origin and timing of NO synthesis and dose and timing of
NO synthase-inhibitor administration. Earlier workers
(Stark & Szurszewski 1992; Takeuchi et al 1995) considered
NO to be protective for the gastrointestinal mucosa and
endogenous NO formed from L-arginine has been hypothe-
sized to help maintain the microvascular integrity of the
intestinal mucosa following acute endotoxin challenge
(Hutcheson et al 1990). Boughton-Smith et al (1994), how-
ever, reported that endotoxin increased nitric oxide synthase
.more in colonic mucosa than in colonic muscle and that
distinct nitric oxide synthase isoforms may exist. Since
citrulline concentrations were reportedly increased in
rectal biopsy specimens from patients with active ulcerative
colitis, and incubation of biopsy samples from patients
with ulcerative colitis with N®-monomethyl-L-arginine
(L-NMMA) inhibited citrulline production, this suggested
that NO synthesis was increased in colitis (Middleton et al
1993). Boughton-Smith et al (1993) also demonstrated that
NO synthase activity was enhanced in ulcerative colitis but
not in Crohn’s disease. It was observed by reflectance
spectrophotometry that mucosal blood flow was signifi-
cantly increased in the affected intestinal areas of patients
with ulcerative colitis or Crohn’s disease. A second measure-
ment, when the disease activity was in remittance, demon-
strated normal mucosal perfusion (Su et al 1989). It has been
suggested that augmented mucosal blood flow and increased
NO production should not be considered as harmful to the
intestinal mucosa (Guslandi 1993).

The pathophysiology of TNB-induced colitis is still
poorly understood, but increased inflammatory cell infiltra-
tion has been observed (Morris et al 1989), and the present
study also showed that colonic mucosal MPO increased,
which parallels the number of neutrophils and macrophages
(Krawisz et al 1984). Also, TNB increased MPO levels in the
mucosa of guinea-pigs with ileitis (Miller et al 1993). Hence,
TNB-induced colitis could produce peroxynitrite and exo-
genous peroxynitrite at high doses has been shown to induce
colitis in rats (Rachmilewitz et al 1993). Our findings also
showed that a low dose of L-NAME (0-042mgkg~'h™")
reduced the lesions in TNB-induced colitis. It is possible that
TNB stimulated NO synthesis and release, which could elicit
a protective action via improvement of mucosal blood flow.
Conversely, excessive production of NO could further
damage the neutrophils and macrophages which would
generate more NO; this reaction, duplicated again and
again, could lead to tissue damage. Slight inhibition of
NO, which would halt overproduction of NO, but not
completely antagonize NO synthesis, may have some benefit
in colitis therapy. Reduction of lesions by the small dose of
L-NAME used in the present study, could also suggest that
TNB induced excessive NO production.

In the present study, MPO activity, which is directly
proportional to neutrophil number, was unchanged after
mini-pump administration of L-NAME at a dose of
0-417mgkg™'h™!, and it was significantly lower after
L-NAME at the highest dose, 1:667 mgkg™' h™', although
both doses enhanced the lesions. Since L-NAME is well
known to depress mucosal blood flow, it is possible that the
lesion exacerbation was due to mucosal blood flow reduc-
tion. The higher dose of L-NAME may have strongly

constricted blood vessels, which would lead to ischaemia
and depression of MPO activity by decreasing inflammatory
cell infiltration. This suggests that mucosal blood flow has
an important role in maintaining integrity of the colonic
mucosa, and the inflammatory cells are not the sole intensi-
fying factor in colitis.

The present findings suggest that there may exist a
balance between modulation of colonic mucosal blood
flow by NO, and the production of free radicals. Lower
levels of endogenous NO generation may play a protective
role, whereas excessive NO production may, conversely,
initiate an adverse reaction.
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