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Abstract

AIM: To determine the effect of non-selective cyclo-
oxygenase (COX) inhibitors, selective COX-2 inhibitors
and nitric oxide (NO)-releasing aspirin in the healing of
ulcerative colitis.

METHODS: Rats with 2,4,6 trinitrobenzenesulfon-
ic acid (TNBS)-induced colitis received intragastric
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(ig) treatment with vehicle, aspirin (ASA) (a non-
selective COX inhibitor), celecoxib (a selective COX-2
inhibitor) or NO-releasing ASA for a period of ten
days. The area of colonic lesions, colonic blood flow
(CBF), myeloperoxidase (MPO) activity and expres-
sion of proinflammatory markers COX-2, inducible
form of nitric oxide synthase (iNOS), IL-18 and tu-
mor necrosis factor (TNF)-a were assessed. The
effects of glyceryl trinitrate (GTN), a NO donor,
and 2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetra-
methyl-1H-imidazolyl-1-oxy-3-oxide, onopotassium
salt (carboxy-PTIO), a NO scavenger, administered
without and with ASA or NO-ASA, and the involvement
of capsaicin-sensitive afferent nerves in the mecha-
nism of healing the experimental colitis was also deter-
mined.

RESULTS: Rats with colitis developed macroscopic
and microscopic colonic lesions accompanied by a
significant decrease in the CBF, a significant rise in
colonic weight, MPO activity and plasma IL-1f8 and
TNF-a levels. These effects were aggravated by
ASA and 5-(4-chlorophenyl)-1-(4-methoxyphenyl)-
3-(trifluoromethyl)-1H-pyrazole (SC-560), but not cele-
coxib and counteracted by concurrent treatment with
a synthetic prostaglandin E> (PGE2) analog. Treatment
with NO-ASA dose-dependently accelerated colonic
healing followed by a rise in plasma NOx content and
CBF, suppression of MPO and downregulation of COX-2,
iNOS, IL-1B and TNF-o. mRNAs. Treatment with GTN,
the NO donor, significantly inhibited the ASA-induced
colonic lesions and increased CBF, while carboxy-PTIO
or capsaicin-denervation counteracted the NO-ASA-
induced improvement of colonic healing and the ac-
companying increase in the CBF. These effects were
restored by co-treatment with calcitonin gene related
peptide (CGRP) and NO-ASA in capsaicin-denervated
animals.

CONCLUSION: NO-releasing ASA, in contrast to ASA,
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COX-1 inhibitors, and SC-560, accelerated the heal-
ing of colitis via a mechanism involving NO mediated
improvement of microcirculation and activation of sen-
sory nerves releasing CGRP.

© 2011 Baishideng. All rights reserved.
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INTRODUCTION

In humans inflammatory bowel disease (IBD) includes
ulcerative colitis (UC) and Crohn’s disease, considered as
chronically relapsing disorders. The pathogenesis of IBD
is complex, with individuals displaying a genetic predispo-
sition, specific immunological properties of the gastroin-
testinal (GI) mucosa and the type of GI microflora all be-
ing involved" . The features of animal models of colitis
do not necessary mimic the human scenario of UC with
the use of chemical stimuli and the magnitude of inflam-
matory changes. However, it is believed that an increase
in mucosal prostaglandin (PG) synthesis, mainly cyclo-
oxygenase (COX)-2 derived, correlates with the discase
activity of human IBD and experimental colitis in rats”.
Nonsteroidal anti-inflammatory drugs (NSAIDs) are
commonly used in the treatment of pain and inflamma-
tion, but are also recommended prophylactically and used
as therapeutic strategies against both neurological and
cardiological disorders. The therapeutic effects and side
effects of NSAIDs in the gut are the consequence of the
inhibition of COX activity, which is the key enzyme in the
biosynthesis of prostanoids from arachidonate'”. Tt was
reported that COX-2 is undetectable or expressed at very
low levels in the healthy GI mucosa of humans and ani-
mals but is upregulated in the GI tract of individuals with
inflammatory conditions'. Thus, it has been suggested
that the anti-inflammatory action of NSAIDs depend
on the inhibition of COX-2 activity, whereas side effects,
such as gastrointestinal damage and renal toxicity, is a
consequence of COX-1 inhibition™. Tt is believed that
COX-2 detived PG play an important role in the healing
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process of colitis, which is similar to that observed for
the mechanisms of gastric ulcers' ™", Results of studies
on the influence of COX-2 inhibitors in experimental
colitis and human IBD thus far have provided conflicting
evidence for the exacerbation of colitis, and the attenua-
tion of inflammation by COX-2 inhibitors">'"".

The mechanism of ulcerogenic activity of NSAIDs
on the healing of the intestinal and colonic lesions has
not been fully explained. Reuter e a/'” reported that
NSAIDs can exacerbate colitis by a mechanism attribu-
table to the suppression of COX-2 detived PG synthe-
sis. Tanaka ez a/'" showed that the non-selective COX
inhibitor indomethacin, suppressed the mucosal prosta-
glandin E2 (PGE2) level, which in turn caused intestinal
damage that was accompanied by the upregulation of
COX-2 expression. It should be emphasized that nei-
ther a selective COX-1 inhibitor [5-(4-chlorophenyl)-
1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole
(8C-560)], nor a COX-2 selective inhibitor (rofecoxib)
when applied alone caused intestinal damage™>'*. Re-
cent evidence indicates that incorporation of a nitric
oxide (NO) generating moiety into the basic structure of
NSAIDs, such as aspirin, attenuates the ulcerogenic ac-
tivity of native NSAID"". Under basal conditions, NO
derived from the activity of constitutive NO synthase
(cNOS) contributes to the maintenance of intestinal in-
tegrity and the control of intestinal motility™"".

In human IBD and experimental colitis, the inducible
form of nitric oxide synthase (INOS), excessive produc-
tion of NO derived from iNOS and abundant amounts
of toxic peroxynitrite are observed”. On the other hand,
NO was shown to possesses anti-inflammatory proper-
ties and contributes to the resolution of intestinal in-
flammation'"”. Moreover, iNOS deficient mice with coli-
tis were more susceptible to inflammation as compared
to animals with normal iNOS expression”. The role of
NO released from NO-NSAIDs in the mechanism of
gastroprotection has been well documented"” ! but the
efficacy of NO-aspirin (ASA) in the healing of experi-
mental colitis has yet to be determined.

In this study, we focused mainly on the mechanism
of healing of colitis by NO-ASA and therefore we com-
pared the effect of vehicle, conventional NSAIDs such
as ASA and indomethacin, SC-560 (a selective COX-1
inhibitor), celecoxib (a selective COX-2 inhibitor) with
the new derivative of ASA, NO-releasing ASA, on the
intensity of inflammation and the accompanying altera-
tions in the colonic blood flow (CBF), myeloperoxidase
(MPO) activity and expression of mRNA for COX-2,
IL-1B, tumor necrosis factor (TNF)-o and iNOS and
their activities in rats with trinitrobenzenesulfonic acid
(INBS)-induced colitis. An attempt was made to de-
termine the involvement of NO in the mechanism of
healing of colitis by using NO-ASA and ASA-treated
rats with 2-(4-carboxyphenyl)-4, 5-dihydro-4, 4, 5,
5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide, onopotas-
sium salt (carboxy-PTIO), which is a NO scavenger and
glyceryl trinitrate (GTN), an NO donor, respectively.
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Also, the importance of sensory nerve neurotransmitters
in the healing of colitis were determined in rats by the
functional ablation of sensory nerves by capsaicin, in the
absence and the presence of NO-derivative of ASA.

MATERIALS AND METHODS

Animal studies were carried out on male Wistar rats
weighing 180-220 g. The animals had free access to water
and food and were adapted to laboratory conditions and
12 h day/night cycles for 10 d after TNBS administra-
tion. The study was approved by the local Ethical Com-
mittee at the Jagiellonian University Medical College in
Cracow, Poland and run in accordance with the Helsinki

declaration.

Colitis in rats was induced by rectal administration
of TNBS (Sigma, Slough, United Kingdom) at a dose
of 10 mg/kg, dissolved in 50% solution of ethanol as
reported in our previous study”. Briefly, the animals
were anaesthetized with phenobarbital (60 mg/kg ip)
and TNBS was administered into the colon in a volume
of 0.25 mL per rat at a depth of 8 cm from the rectum
with the use of a soft polyethylene catheter. Until the
moment of awakening the rats were positioned in the
Trendelenburg position so as to avoid loss of the TNBS
solution wia the rectum. Animals in the control group
were given 0.9% saline or in some cases 50% ethanol in
the same volume, corresponding to the rats that were
administered TNBS.

Animals with TNBS-induced colitis were randomized
into 8 experimental groups (A-H), consisting of 6-10 rats
per group. Rats received ig the following daily treatments:
A: vehicle (saline); B: ASA (80 mg/kg) or indomethacin
(5 mg/kg) suspended in 0.25% carboxy methylcellulose
(CMC); C: SC-560 (5 mg/kg); D: celecoxib (10 mg/kg);
E: NO-ASA (80 mg/kg; NicOx SA, Sophia Antipolis,
France); F: PGE2 (5 ug/kg) combined with non-selective
COX-1 (ASA) and selective COX-2 (celecoxib) inhibi-
tors; G: GTN (10 mg/kg ig), a NO donor combined
with ASA and carboxy-PTIO (5 mg/kg ig) combined
with NO-ASA, both NSAID administered in a dose of
80 mg/kg. In series H consisting of 30 rats, capsaicin was
administered in a large neurotoxic dose of 125 mg/kg ap-
plied in three doses of 25, 50 and 50 mg/kg 14 d prior to
TNBS administration to induce the functional ablation
of sensory nerves as described previouslymj. On day 15,
capsaicin-denervated rats received TNBS and were sub-
sequently given NO-ASA (80 mg/kg ig) with ot without
calcitonin gene related peptide (CGRP) (10 pg/kg sc),
and administration was similar to those treated with
vehicle (saline). The doses of NO-ASA and selective
COX-1 and COX-2 inhibitors were selected on the basis
of our group and others published evidence!"™">"" 1,
In the doses used in this study, the COX-1 and COX-2
selective inhibitors failed to produce gastrointestinal le-
sions after single or prolonged administration. The dose
of 80 mg/kg of ASA was selected based on our pre-

liminary determination of the dose-dependency of this
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conventional ASA applied in graded doses starting from
10 mg/kg up to 160 mg/kg on healing of TNBS colitis.
ASA given in a dose of 10 mg/kg failed to significantly
affect the healing of colitis but when this NSAID was
administered ig in graded doses of 40 mg/kg, 80 mg/kg
and 160 mg/kg, the area of colonic damage was signifi-
cantly increased by 23%, 42% and 74%, respectively, at
day 10 upon TNBS administration (data not shown).
We have previously published that 80 mg/kg of ASA is
equimolar to 128 mg/kg of NO-ASA and this dose of
NO-ASA by itself does not influence the gastrointestinal
integrity but markedly increases organ blood flow"".

After 1, 3, 10 and 14 d from induction of colonic
lesions with TNBS, the animals were weighed and anaes-
thetized to determine CBI using the Hz-gas clearance
techniquelzz’23j. The abdominal cavity was opened and af-
ter separation of the colon, the CBF in the areas of the
mucosa not affected by inflammatory lesions was mea-
sured. CBF was expressed as a percentage of the CBF in
the vehicle-control rats without TNBS administration.

At the termination of the experiment, the entire
colon was removed, isolated from surrounding tissues,
opened along the antimesenteric border, rinsed, weighed,
and processed for gross and histology determinations.
The areas of colonic damage were evaluated planimetri-
cally (Morphomat, Carl Zeiss, Berlin, Germany) by two
independent researchers. Subsequently, fragments of
the colon (2 mm X 10 mm) with colonic lesions were
sampled, fixed with formaldehyde, embedded in paraf-
fin and routinely stained with haematoxilin and eosin for
histological assessment.

The presence and intensity of histological changes
was evaluated for the following criteria: presence, area
and depth of ulceration, presence and intensity of in-
flammatory infiltrations, ulcerations and fibrosis™™/.

Determination of plasma IL-13 and TNF-c: levels, NO
concentration the mucosal generation of prostaglandin
E: and gastric mucosal MPO activity

Immediately after CBF measurements, a venous blood
sample was drawn from the vena cava and placed into
EDTA-containing vials and used for the determina-
tion of plasma IL-1f and TNF-q. Blood was collected
and placed into sterile, plastic syringes, kept in ice till
centrifugation. The blood samples were centrifuged at
a speed of 1000 g for 10 min at a temperature of 15 C
temperature and the sera were stored at -80 C. The
serum levels of proinflammatory cytokines IL.-1 and
TNF-a were evaluated with high sensitive enzyme-
linked immunosorbent assay (ELISA) (Quantikine HS,
R and D Systems, Minneapolis, Minn., United States) ac-
cording to manufacturer’s instructions. Intensity of the
color reaction was estimated in the spectrophotometer
Stat Fax 2100 (Awareness Technology Inc., Pal City, FL,
United States) at 490 nm. The intra-and inter-assay coef-
ficients of variation were 8.5% and 10.6%, respectively,
for TNF-qa, and 10.2% and 10.4%, respectively, for IL-
1B. The plasma NO concentration was quantified indi-
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Table 1 Primer sequence used in reverse transcription poly-

merase chain reaction determination of gene expression of
proinflammatory factors

Gene Primer

p-actin. Upstream  5-TTG TAA CCA ACT GGG ACG ATA TGG-3
Downstream 5-GAT CTT GAT CTT CAT GGT GCT AGG-3’

IL-18 Upstream  5-GCT ACC TAT GTC TTG CCC GT-3’
Downstream 5-GAC CAT TGC TGT TTC CTA GG-3

TNF-¢ Upstream  5-TAC TGA ACT TCG GGG TGA TTG GTC C-3’
Downstream 5-CAG CCT TGT CCC TTG AAG AGA ACC-3'

COX-2 Upstream  5-ACA ACA TTC CCT TCC TTC-3’
Downstream 5'-CCT TAT TTC CTT TCA CAC C-3'

iNOS Upstream  5-CCA CAA TAG TAC AAT ACT ACT TGG-3'
Downstream 5-ACG AGG TGT TCA GCG TGC TCC ACG-3’

TNF: Tumor necrosis factor; COX: Cyclooxygenase; iNOS: Inducible form
of nitric oxide synthase.

rectly as nitrate (NO3) and nitrite (NO2) levels using the
nitrate/nitrite kit purchased from Cayman Lab, Michi-
gan, United States as described before™”’. This method
is based on the Griess reaction and the generation of
a chromophore absorbing at 595 nm, according to the
original procedure reported previously™. Since NO in
the colonic mucosa is quickly transformed into NOs™ and
NOs™, the total nitrate and nitrite concentration (NO)
is routinely used as an index of NO production. In order
to determine NOx the blood was withdrawn and centri-
fuged for 10 min at 3000 r/min, the samples were mixed
with Griess reagent from the commercially available kit.

In rats with colitis treated with or without concurrent
COX-1 and COX-2 inhibitors, the mucosal samples were
taken by biopsy (about 200 mg) from unchanged colon
mucosa without mucosal lesions to determine PGE:
generation by radioimmunoassay (RIA) as described
previously”*, Briefly, the mucosal samples were placed
in preweighed Eppendorf vial with 1 mL of Tris buffer
(50 mmol/L, at pH 9.5) added to each vial. The samples
were finally minced (15 s) with scissors, washed and cen-
trifuged for 10 s, with the pellet being resuspended again
in 1 mL of Tris. Then, each sample was incubated on a
vortex mixer for 1 min and centrifuged for 15 s. The pel-
lets were weighed and the supernatant was transferred
to a second Eppendorf vial containing indomethacin
(10 mmol/L) and kept at -20 C until the time for RIA.
The capability of the mucosa to generate PGE:2 was ex-
pressed in nanograms of wet tissue weight.

Fragments of colonic tissue weighing about 200 mg
were collected and frozen in -70 C for the determina-
tion of MPO activity by ELISA as reported before'™,

Expression of COX-2, IL-13, TNF-o. and iNOS transcripts
in the rat colonic mucosa determined by reverse
transcriptase-polymerase chain reaction

The mRNA expression for COX-2, IL-18, TNF-a
and iNOS were determined by reverse transcriptase-
polymerase chain reaction (RT-PCR) in the unchanged
colon mucosa of intact rats or those with TNBS colitis
given vehicle, ASA and NO-ASA. Samples of the colon
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mucosa (about 200 mg) were scrapped off into ice us-
ing glass slides and then immediately snapped frozen
in liquid nitrogen and stored at -80 C. The total RNA
was isolated from the colon mucosa according to the
technique using Trizol Reagent (Invitrogen, Carlsbad,
United States) and the manufacturer’s protocolm. The
first strand of cDNA was synthesized from total cellular
RNA (2 ng) using a Reverse Transcription System (Pro-
mega, Madison, United States). The PCR was carried
out in an automatic DNA thermal cycler, using 1 pg of
cDNA and Promega PCR reagents. For amplification of
B-actin, COX-2, TNF-q, IL-1p and iNOS cDNA, and
gene-specific primers (SIGMA-Aldrich St. Louis, United
States) were used. The sequences for primers used in
this study are presented in Table 1. Primer annealing was
cartied out as follows: at 56 C, 60 ‘C, 60 ‘C and 58 C
for COX-2, IL-1B, TNF-a and iNOS, respectively. Am-
plification of the control rat B-actin was performed on
the same samples to verify the RNA integrity. PCR prod-
ucts were separated by electrophoresis in 2% agarose
gel containing 0.5 pg/mL ethidium bromide and then
visualized under UV light. Location of the predicted
PCR product was confirmed by using O’Gene Ruler 50
bp DNA ladder (Fermentas, Life Sciences, San Francisco,
United States) as a standard marker. Comparison between
different treatment groups was made by determination of
COX-2, IL-1B, TNF-¢, and the iINOS/B-actin ratio of the
immunoreactive area by densitometry (Gel-Pro Analyzer,
Fotodyne Incorporated, Hartland, W1, United States).

Statistical analysis

Results are expressed as mean * SE. Statistical analysis
was done using Student 7 test or analysis of variance and
two-way ANOVA test with Tukey posz hoc test where ap-
propriate. Differences of P < 0.05 were considered sig-
nificant.

RESULTS

Effect of vehicle, non-selective and selective COX-1

and COX-2 inhibitors on TNBS-induced colitis and
accompanying changes in CBF and MPO activity
Intrarectal administration of TNBS caused sevete damage
to the colonic mucosa manifested by inflammatory chang-
es in the colon with extensive ulcerations of the mucosa.
The area of these lesions was at 2 maximum at 24 h, it was
not significantly decreased on day 3 but then it significantly
declined at day 10 and day 14 (Figure 1). The CBF was
decreased by about 46% and 43% on day 1 and 3, respec-
tively, but it was significantly increased on day 10 and 14
(Figure 1). The 10 d administration of NO-ASA applied
ig in gradual concentrations ranging from 20 mg/kg up
to 120 mg/kg produced a dose-dependent decrease in the
area of colonic lesions and this effect was accompanied by
a significant rise in plasma NOx concentrations and CBF
(Figure 2). In contrast, after 10 d of ASA, indomethacin
and SC-560 administration, a significant aggravation of the
area of colonic lesions and a significant fall in CBF when
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Figure 1 Time-sequence of the healing of trinitrobenzenesulfonic acid-
induced colonic lesions, and accompanying changes in the colonic blood
flow following day 1, 3, 10 and 14 upon induction of colitis. The area of
trinitrobenzenesulfonic acid-induced lesions was maximal on day 1 and then
it significantly declined on day 10 and day 14, respectively. Mean + SE of 6-8
rats. °P < 0.05 vs values obtained on day 3; °P < 0.05 vs values on day 3 and
day 10. TNBS: Trinitrobenzenesulfonic acid; CBF: Colonic blood flow.
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Figure 2 The effect of 10 d administration of nitric oxide-aspirin, applied
ig in gradual concentrations ranging from 20 mg/kg up to 120 mg/kg on
the area of colonic lesions, alterations in colonic blood flow and plasma
NOx concentrations in rats with trinitrobenzenesulfonic acid-induced
colitis on day 10. Mean + SE of 6-8 rats. “P < 0.05 vs vehicle (control) and
animals treated with a dose of 20 mg/kg nitric oxide-aspirin (NO-ASA). TNBS:
Trinitrobenzenesulfonic acid; CBF: Colonic blood flow.

compared with vehicle was observed (Figure 3). Similarly
as shown in Figure 2, the treatment with NO-ASA applied
in a dose of 80 mg/kg ig produced a significant decrease
in the area of colonic damage and significantly increased
the CBI comparing to vehicle-control (Figure 3). Treat-
ment with celecoxib also significantly decreased the area
of colonic damage and produced a significant increase in
CBF; however, these changes were significantly less pro-
nounced as compared to those achieved with NO-releasing
ASA (Figure 3). Ten days after colitis induced by TNBS
treatment all animals had a significant reduction in body
weight compared with the control rats without TNBS
administration and this loss of body weight was counter-
acted by treatment with NO-ASA. In contrast, treatment
with ASA and indomethacin failed to attenuate the loss
of weight induced by TNBS administration (data not
shown). As shown in Figure 4A, the intact colonic mucosa
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Figure 3 Effect of administration of vehicle, aspirin or indomethacin, non-
selective cyclooxygenase inhibitors, a selective cyclooxygenase-1 inhibitor
5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole, a
selective cyclooxygenase-2 inhibitor (celecoxib) and nitric oxide releasing
aspirin, on the area of colonic lesions and alterations in colonic blood flow
on day 10 after colitis induction. Mean + SE of 6-8 rats. °P < 0.02 vs vehicle
(control); P < 0.05 vs aspirin (ASA)-, indomethacin- and 5-(4-chlorophenyl)-1-(4-
methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole (SC-560) groups; °P < 0.02 vs
vehicle, ASA, indomethacin, SC-560 and celecoxib groups. CBF: Colonic blood
flow; NO-ASA: Nitric oxide-ASA; TNBS: Trinitrobenzenesulfonic acid.

Figure 4 Gross appearance of the intact colon (A), and that of trinitroben-
zenesulfonic acid-induced colitis rats treated with vehicle (B), aspirin (C),
celecoxib (D) and nitric oxide-aspirin (E) at day 10 of colitis induction. In
aspirin-treated rats (C) the area of colonic damage was larger than in the con-
trol trinitrobenzenesulfonic acid rats, which were treated with vehicle (B). In the
celecoxib group (D), the area of colonic damage was significantly smaller when
compared to the aspirin (ASA) and vehicle groups. The healing of colonic le-
sions was significantly improved in nitric oxide-ASA treated rats as documented
by the small ulceration area and scar formation.

showed a normal macroscopic appearance. At day 10 after
TNBS administration, colonic damage was still observed
in vehicle-control animals (Figure 4B). This gross damage,
as reflected by the area of ulceration, was exacerbated by
treatment with ASA but significantly reduced by treat-
ment with celecoxib. The area of TNBS-induced damage
was significantly smaller in NO-ASA-treated animals as
compated to that in rats treated with vehicle or celecoxib
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Figure 5 Histological appearance of the intact colonic mucosa (A) and that treated with vehicle (B), aspirin (C), celecoxib (D) and nitric oxide releasing
aspirin on day 10 in rats with trinitrobenzenesulfonic acid-induced colitis. Intact rat colon shows regular colonic architecture and normal colonic mucosa conti-
nuity with no signs of inflammation (A). In trinitrobenzenesulfonic acid rats treated with vehicle, deep ulceration and an intense neutrophil infiltration with the presence
of numerous neutrophils penetrating the muscularis mucosa and submucosa were observed. The features of regeneration adjacent to the ulcer margin are clearly
visible. In aspirin (ASA)-treated rats with colitis (C), there is deep ulceration with necrosis and an intense inflammation followed by severe neutrophil infiltration and
the formation of granulation tissue penetrating the muscle layer of the muscularis propria. Less regeneration is observed with ASA (C) than vehicle (control) animals
(B). The partially healed epithelium and abnormal crypt architecture with much more pronounced regeneration was observed in the colonic mucosa of rats with colitis
treated with celecoxib (D) as compared with other cyclooxygenase inhibitors. In nitric oxide (NO)-ASA treated rats with colitis (E), the most advanced healing process
of colonic ulcers as reflected by scar formation, epithelial regeneration and significantly smaller neutrophil infiltration was observed. Part of the colonic crypts distant
to the scar already shows a normal appearance.

(Figure 4E). By histology, intact colonic mucosa showed clearly visible (Figure 5B). In ASA-treated rats with colitis

regular colonic architecture and continuity with no signs
of inflammation (Figure 5A). In vehicle-treated TNBS rats
on day 10 deep ulcerations and an intense infiltrate with
the presence of numerous neutrophils penetrating the 7zs-
cularis mucosa and submucosa were observed. In addition,
features of regeneration, adjacent to the ulcer margin were
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(Figure 5C) there was a deep ulceration with necrosis and
an intense inflammation followed by severe neutrophil
infiltration and formation of granulation tissue penetrating
the muscle layer of the muscularis propria. Less regeneration
was observed with ASA (Figure 5C) than in vehicle (control)
colonic mucosa (Figure 5B). The area of colonic damage
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Table 2 Evaluation of related markers in trinitrobenzene-
sulfonic acid rats treated ig with non-selective and selective

cyclooxygenase-1 and cyclooxygenase-2 inhibitors or nitric
oxide-aspirin throughout the period of 10 d in é-10 rats per
group (mean + SE)

Treatment Weight MPO IL1-B TNF-a
(mg) (ng/mL)  (pg/mL)  (pg/mlL)
Vehicle 1150+23.1 5181 42+34 4.8+0.6
ASA (80 mg/kg) 1580 £41.4° 78+9.3" 65+51° 85+0.95"
Indomethacin (5 mg/kg) 1450 +45.8° 65+52" 58+4.1° 7.8+0.62°
SC-560 (5 mg/kg) 1310 £324" 52+6.8"° 53+39" 7.5+046"
Celecoxib (10 mg/kg) 1082+14.9° 44+43° 36+22° 38033
NO-ASA (80 mg/kg) 710+£12.3° 35+3.2° 18+15° 24+0.21°

MPO: Myeloperoxidase; TNF: Tumor necrosis factor; ASA: Aspirin;
SC-560: 5-(4-chlorophenyl)-1-(4-methoxyphenyl)-3-(trifluoromethyl)-1H-
pyrazole; NO: Nitric oxide. *P < 0.05 vs vehicle; ‘P < 0.05 vs vehicle, ASA,
indomethacin or SC-560 groups; ‘P < 0.05 vs groups treated with non-
selective and selective COX-1 or COX-2 inhibitors.

was significantly smaller in celecoxib-treated animals and
in those treated with ASA and vehicle (Figure 5B and D).
Partially healed epithelium and abnormal crypt architecture
possessing a more pronounced regeneration were observed
in colonic mucosa of the rat with colitis treated with cele-
coxib (Figure 5D) when compared to those receiving ASA.
By histology, the area of colonic damage was significant-
ly decreased in NO-ASA treated colitis rats as compared
to all other COX inhibitors and vehicle-treated rats (Fig-
ure SE). NO-ASA treated rats showed the most advanced
healing of colitis, as reflected by the degree of epithelial
regeneration and the significantly smaller infiltration of
neutrophils. Part of the crypts, which were distant to the
scar, displayed a more normal appearance (Figure 5E).
In the indomethacin-group, similar to the ASA-group, the
massive hemorrhagic lesions and transmural necrosis coex-
isting with acute inflammatory infiltrate were observed (data
not shown).

As shown in Table 2, treatments with ASA, indo-
methacin and SC-560 were accompanied by a greater
increase in the weight of colonic tissue and a significant
rise in MPO activity in TNBS-treated animals as com-
pared to vehicle control. In contrast, treatment with ce-
lecoxib decreased the weight of colonic tissue and MPO
activity below those in the vehicle group; however, these
changes were significantly smaller than those caused by
NO-ASA (Table 2). In contrast, treatment with NO-
ASA resulted in a significant decrease in the area of co-
lonic lesions and colonic tissue weight, accompanied by
a significant rise in CBF and a fall in MPO activity com-
pared to the respective values in rats treated with vehicle
or those treated with non-selective and selective COX-1

and COX-2 inhibitors (Table 2, Figure 3).

Effect of non-selective and selective COX-1 and COX-2
inhibitors on plasma proinflammatory cytokine levels
and PGE: generation

Plasma levels of proinflammatory cytokines IL.-13 and
TNF-a, which were negligible in intact rats (data not
shown), were markedly elevated in animals administered
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Table 3 The generation of prostaglandin E2 in intact rats and

those treated rats (mean + SE)

Group PGE: generation in the colonic mucosa
(pg/mg tissue weight)

Intact 182 +15.4

Vehicle 409 +£23.2°

ASA (80 mg/kg per day) 130 £11.7°
Indomethacin (5 mg/kg per day) 124 +£17.8°

SC-560 (5 mg/kg per day) 145 +15.6°

Celecoxib (10 mg/kg per day) 191 £18.3°

NO-ASA (80 mg/kg per day) 175+17.3°

PGE2: Prostaglandin Ez; ASA: Aspirin; SC-560: 5-(4-chlorophenyl)-1-(4-
methoxyphenyl)-3-(trifluoromethyl)-1H-pyrazole; NO: Nitric oxide. ‘P
< 0.05 vs intact colonic mucosa; ‘P < 0.05 vs vehicle (control); “P < 0.05 vs
ASA, indomethacin and SC-560 groups.

with ASA, indomethacin and SC-560, when compared
to those treated with vehicle (Table 2). Plasma I1-1 and
TNF-a levels were significantly attenuated by treatment
with the COX-2 inhibitor (celecoxib) when compared to
the levels of those cytokines achieved in animals treated
with non-selective COX inhibitors (ASA and indometha-
cin). NO-ASA was administered at a similar dose to that
of native ASA, which accelerated the healing of colonic
damage, and significantly attenuated plasma IL-1f and
TNF-a levels as compared to those achieved with non-
selective COX inhibitors (Table 2).

As shown in Table 3, the intestinal level of PGE:
increased in the colonic mucosa of animals with TNBS
colitis as compared to that measured in vehicle-controls
that did not receive TNBS. Administration of ASA and
indomethacin significantly reduced the colonic PGE:
content when compared to the respective value in ve-
hicle-treated control animals. Treatment with ASA and
SC-560, the selective COX-1 inhibitor, also significantly
reduced PGE2 generation; however this inhibition was
less potent than in the case of ASA and indomethacin
(Table 3). Administration of the selective COX-2 inhibi-
tor celecoxib, and NO-ASA significantly inhibited the
colonic PGE:2 generation when compared to the value
measured in vehicle-control rats (Table 3).

Effect of NO donor, GTN and NO scavenger carboxy
PTIO on area of colonic damage and alteration in CBF in
rats with TNBS colitis

As shown in Figure 6, the area of colonic damage was
significantly increased in animals treated for 10 d with
ASA and this effect was accompanied by a significant fall
in CBF as compared with the respective values observed
in vehicle-control animals. Concurrent treatment with
GTN, which by itself significantly attenuated the area
of colonic damage markedly decreased these lesions and
significantly improved the CBE.

Figure 7 shows the effect of 10 d administration of
NO-ASA applied ig at a dose of 80 mg/kg on the area of
colonic damage and accompanying alterations in CBE
Treatment with NO-ASA caused a similar decrease in
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Figure 6 The effect of concurrent administration of nitric oxide donor
glyceryl trinitrate on the area of colonic damage and alterations in colonic
blood flow in rats with trinitrobenzenesulfonic acid-induced colitis, treat-
ed with vehicle or aspirin, on day 10. Mean + SE of 6-8 rats. °P < 0.02 vs
vehicle (control); °P < 0.02 vs vehicle or aspirin alone. TNBS: Trinitrobenzene-
sulfonic acid; ASA: Aspirin; GTN: Glyceryl trinitrate; CBF: Colonic blood flow.
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Figure 7 The effect of concurrent administration of nitric oxide scavenger
2-(4-carboxyphenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-
oxide, monopotassium salt on the area of colonic damage and alterations
in colonic blood flow in rats with trinitrobenzenesulfonic acid-induced
colitis, treated with vehicle or nitric oxide-aspirin (80 mgl/kg per day ig) on
day 10. Mean + SE of 6-8 rats. °P < 0.05 vs vehicle group (control); °P < 0.05
vs vehicle or nitric oxide-aspirin (NO-ASA) without 2-(4-carboxyphenyl)-4,5-
dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide, monopotassium salt.
TNBS: Trinitrobenzenesulfonic acid; CBF: Colonic blood flow.

area of colonic damage and a significant rise in CBF as
presented in Figure 2. The concomitant treatment of
carboxy-PTIO, the NO scavenger, which by itself had
no influence on the CBE, completely abolished the ben-
eficial effect of NO-ASA on healing of TNBS-induced
colonic lesions and reversed an increase in CBF induced

by this agent (Figure 7).

Effect of replacement therapy with exogenous PGE:

on TNBS-induced colonic damage and changes in the
weight of colonic tissue, CBF, plasma IL-13 and TNF-o
levels in rats treated with COX inhibitors

The role of PGEz in the process of healing of colonic
lesions in TNBS-induced colitis animals given ASA and
celecoxib was determined using rats exogenously admin-
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Figure 8 The weight of colonic tissue and alterations in colonic blood
flow on day 10 after induction of trinitrobenzenesulfonic acid colitis in
rats treated with aspirin or celecoxib with or without 16, 16 dm prosta-
glandin E2 (5 pg/kg per day ig). Mean + SE of 6-8 rats. “P < 0.02 vs vehicle
(control); °P < 0.05 vs vehicle (control) and aspirin (ASA) groups; °P < 0.05 vs
ASA and celecoxib groups without concurrent prostaglandin Ez (PGEz) adminis-
tration. TNBS: Trinitrobenzenesulfonic acid; CBF: Colonic blood flow.

istered with PGE:2 in doses of 5 ug/kg added to both
COX-1 and COX-2 inhibitors. An increase in both the
area of colonic lesions and colonic weight as well as a
significant fall in CBF induced by ASA and celecoxib
were counteracted by concomitant treatment with ex-
ogenous PGE:2 (Figures 8 and 9). Moreover, the admin-
istration of this synthetic analogue of PGE2 not only
reduced the area of colonic damage but also significantly
suppressed the rise in plasma IL-1f and TNF-o com-
pared to those in ASA- or celecoxib-treated rats without
PGE: administration (Figure 8).

Effect of NO-ASA on TNBS-induced colonic damage and
alterations in CBF in rats with capsaicin induced sensory
denervation

Capsaicin-deactivation of sensory nerves, which by itself
increased the area of colonic lesions and produced a sig-
nificant fall in CBF when compared to those in vehicle-
controlled rats, significantly attenuated the NO-ASA
induced acceleration of healing of these colonic lesions
and the accompanying increase in CBF (Figure 10). Con-
current administration of CGRP (10 ug/kg sc) with NO-
ASA restored the healing of colonic damage as reflected
by the significant decrease in colonic damage and the
increase in CBF induced by this NO-detivative of ASA
in rats with capsaicin denervation.

Effect of vehicle, ASA and NO-ASA treatments on the
mucosal expression of COX-2, IL-13, TNF-o. and iNOS in
rats with colitis

As shown in Figure 11 (left panel), the signal for the expres-
sion of COX-2, I-13, TNF-o and iNOS was significantly
increased in vehicle-treated colonic mucosa (lane 2) in rats
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Figure 9 The area of colonic lesions and plasma levels of proinflammatory
cytokines IL-13 and tumor necrosis factor-o. on day 10 after induction of
colitis in rats treated with aspirin or celecoxib with or without 16, 16 dm pros-
taglandin Ez (5 uglkg per day ig). Mean + SE of 6-8 rats. °P < 0.02 vs vehicle
(control); °P <0.02 vs vehicle-treated and aspirin (ASA)-treated groups; °P < 0.02
vs ASA and celecoxib groups without concurrent prostaglandin E2 (PGEz) adminis-
tration. TNBS: Trinitrobenzenesulfonic acid; TNF: Tumor necrosis factor.

with colitis when compated to that in the intact mucosa
(lane 1). The ratio of COX-2, IL-13, TNF-¢ and iNOS
mRNA over B-actin mRNA, confirmed that expression of
COX-2, IL-1B, TNF-o and iNOS mRNAs were signifi-
cantly clevated in TNBS-treated animals (Figure 11, right
panel). Treatment with ASA resulted in a strong signal
of mRNAs for COX-2, IL-13, TNF-¢, and iNOS. The
semi-quantitative ratio of COX-2, IL-1f, TNF-q and
iNOS (lane 3) confirmed that the expression of these
inflammatory markers was significantly increased in the
colonic mucosa of rats treated with ASA (Figure 11, right
panel). In NO-ASA-treated animals the signal for COX-2,
IL-1B, TNF-o and iNOS mRNAs was less pronounced
(lane 4) and the determination of the ratio of COX-2,
IL-1B, TNF-a and iNOS confirmed that expression of
mRNAs for these inflammatory factors was significantly
inhibited as compared to those recorded in ASA-treated
animals (Figure 11, right panel).

DISCUSSION

Worldwide, NSAIDs are among the most widely pre-
scribed medications, and are often the drugs of choice
for the treatment of various inflammatory conditions.
Currently, NSAIDs, including ASA, are recommended as
a prophylactic therapy against neurological and cardiolog-
ic disorders including strokes and heart infarcts™. In hu-
mans, UC is a chronic relapsing disorder, characterized by
colon mucosa inflammation, ulcerations, diarrhea, bloody
stools and abdominal pain[1’3]. The inflamed mucosa of
the lower GI tract produces a high amount of PG de-
rived from COX-2 expression and activity in response
to stimulation by proinflammatory cytokines and growth
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Figure 10 The area of colonic damage and changes in colonic blood flow
on day 10 after colitis induction in rats with intact sensory nerves and in
those with capsaicin-sensory denervation treated with vehicle (saline) or
nitric oxide-aspirin (80 mg/kg per day ig) with or without administration
of calcitonin gene related peptide (10 ng/kg per day sc). Mean + SE of 6-8
rats. “P < 0.05 vs vehicle (control); °P < 0.05 vs trinitrobenzenesulfonic acid
(TNBS) rats without capsaicin denervation; °P < 0.02 vs rats with TNBS colitis
treated with nitric oxide-aspirin (NO-ASA). CGRP: Calcitonin gene related pep-
tide; CBF: Colonic blood flow.

factors, also co-expressed at a site of inflammation"". Al-
though the NSAIDs effect on the upper GI tract is well
documented, the mechanisms by which NSAIDs and
their new NO-releasing derivatives affect the course and
the healing of colitis in humans and experimental animals
has not been fully explored. In the present study, using a
rodent model of colitis we determined the effect of the
new ASA derivative NO-ASA, and selective and non-
selective COX-1 and COX-1 inhibitors on the healing
process of this colonic damage, and the effects on weight
of colonic tissue, the CBEF and MPO activity. Moreover,
we assessed the colonic expression of COX-2 which in
contrast to COX-1 expression is negligible in normal GI
mucosa, but has been shown to be significantly upregu-
lated in most Gl-related disorders such as gastritis, gastric
mucosal damage, ulcers and ulcerative colitis™' "'+,
Interestingly, the inhibition of COX-2 activity by
selective COX-2 inhibitors enhances gastric damage
induced by stress and ischemia-reperfusion and delays
the healing process of gastric ulcers in the GI tract”",
Moreover, a single application of either COX-1 or
COX-2 inhibitors does not cause GI damage, but con-
current treatment with inhibitors of COX-1 and COX-2
activity, resulted in both gastric and intestinal dam-
age. For instance, administration of celecoxib alone or
SC-560 alone failed to cause gastric damage, but admin-
istration of both selective COX-1 together with COX-2
inhibitors resulted in the formation of gastric mucosal
injury. It was concluded that both COX-1 and COX-2
are essential for the maintenance of the integrity of the
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Figure 11 The expression of mRNA for cyclooxygenase-2, IL-1p3, tumor necrosis factor-o. and inducible form of nitric oxide synthase in colonic mucosa of
intact rats (lane 1) those treated with vehicle (lane 2), aspirin (lane 3) and nitric oxide-aspirin (lane 4) at day 10 after induction of colitis. Mean + SE of 4 de-
terminations in 4 rats. °P < 0.05 vs intact colonic mucosa; °P < 0.05 vs rats with trinitrobenzenesulfonic acid colitis administered with vehicle (Veh); °P < 0.05 vs vehicle
and aspirin (ASA) groups. COX: Cyclooxygenase; TNF: Tumor necrosis factor; iNOS: Inducible form of nitric oxide synthase; M: Marker.

upper Gl-tract™. Tanaka ez a/™" have shown that only
TNF-q, was influenced by the administration of SC-560
or celecoxib but other cytokines were not affected in
mice models of dextran sulphate (DSS)-induced colitis.
In their model of colitis produced by adding 3% DSS
to drinking water, the inhibition of both COX-1 and
COX-2 resulted in exacerbation by these NSAIDs of a
widespread intestinal inflammation in mice. This model
has, however, different histological appearance charac-
teristics and time course of pathology” from that used
in our present study”". We have utilized a colitis model
with TNBS which rather mimics some features of hu-
man UC and Crohn’s disease (CD) which do not readily
apply to the DSS model.

Expression of TNF-q is considered an important
pathogenic feature of human IBD, especially CD'""”. An-
other cytokine, 1L-1f, plays an immunoregulatory role
in amplifying the inflammatory response by inducing
the cascade activation of immune cells. In high doses,
IL-1B is responsible for the formation of epithelial cell
necrosis, edema and neutrophil infiltration™. In our
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study TNBS-induced colonic damage was accompanied
by a prominent increase in colon tissue weight as well as
the rise in the MPO, the gene expression and the plasma
levels of both IL-13 and TNF-q. This data is in keeping
with previous observations'” that pathogenesis of colitis
is associated with an increase in expression and activity
of TNF-q and IL-1f. Furthermore, treatment with the
non-selective COX-1 and COX-2 inhibitors such as ASA
or indomethacin in our study produced a further rise in
plasma IL-1f and TNF-q levels. In contrast, the admin-
istration of celecoxib moderately improved the healing
of colitis followed by a minor increase in plasma IL-1f3
and TNF-q levels, while a significant improvement of
this healing, accompanied by the suppression of these
proinflammatory cytokines, was observed in NO-ASA-
treated animals. We have also found significant differenc-
es not only in macroscopic and microscopic appearance
of the colonic mucosa treated with the selective COX-2
inhibitor and NO-releasing ASA »s the conventional
NSAID (aspirin) on healing of colonic lesions but also
in functional alterations such as CBF and MPO activity.
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We documented that an increase in plasma levels of
1L-1B and TNF-q in colitis was reduced to a greater
extent by treatment with NO-ASA and to a lesser extent
by a COX-2 inhibitor, which was not the case with the
non-selective COX inhibitor, ASA. In ASA-treated rats,
the expression and activity of these cytokines were both
enhanced. The involvement of PG in healing of colitis
is supported by our finding that an exogenously admin-
istered synthetic analog of PGE: reversed the delay in
this healing, the increase in colonic weight and the rise
in plasma levels of both IL-13 and TNF-q, induced by
ASA and celecoxib. It is concluded that the lack of in-
testinal PGEz2 plays a crucial role in the pathomechanism
of exacerbation of inflammatory colonic lesions and
the perturbations in CBF in animals administered non-
selective COX inhibitors but not to the same extent as in
the case of selective COX-2 inhibitors. This is in keep-
ing with the observation that PGE: is essential to the
process of regeneration of epithelial crypts during the
time course of DSS-induced colitis™. In another report,
PGE:2 was shown to inhibit production of proinflamma-
tory cytokines, particularly that of TNF-o™. We found
an apparent increase in MPO activity, which is consid-
ered to be an indicator of neutrophil-induced inflam-
matory infiltration, which was significantly elevated in
colitis. The colonic MPO activity was further enhanced
by non-selective COX inhibitors and selective COX-1
inhibitors such as ASA, indomethacin and SC-560,
respectively, while both celecoxib and especially NO-
ASA attenuated MPO activity in colitis rats treated with
vehicle. This deleterious effect of non-selective COX-
inhibitors, ASA and indomethacin, observed in out study
could not be attributed to GI toxicity of these NSAIDs,
since e.g, indomethacin was used in our study in a dose
which by itself failed to induce gastric mucosal lesions
but as shown before, prolonged the healing of acute and
chronic gastric ulcers, mostly due to inhibition of protec-
tive PG, Indomethacin was previously reported to in-
duce experimental colitis at doses up to 10 mg/ kgm that
was higher than that in our present study.

We were particularly interested in exploring the me-
chanism of accelerated colonic healing of the new class
of so-called “safer NSAID” such as NO-ASA. In our
study the TNBS-induced colitis was associated with a fall
in CBE, but this impairment in the colonic microcircula-
tion was worsened by native ASA and indomethacin. Ce-
lecoxib moderately enhanced colonic healing and slightly
increased CBE, suggesting that this COX-2 inhibitor
exerts the opposite effect on colonic microcirculation
than non-selective COX inhibitors. In clear contrast,
NO-ASA greatly improved CBF and reduced both MPO
activity and the expression of mRNAs and reduced
plasma IL-1f and TNF-q, levels thus contributing to the
process of healing of inflammatory lesions. We conclude
that these healing and anti-inflammatory effects could be
attributed to NO being released from NO-ASA, which
ultimately was responsible for the improvement of CBF
observed in our study. This is supported by the fact that
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GTN which is an NO donor, when co-administered
with ASA, significantly reduced colonic damage and
counteracted the fall in CBF induced by this NSAID.
Moreover, the mechanism of the acceleration of colonic
healing involves the release of NO from NO-ASA. This
notion is supported by the observation that NO-ASA
dose-dependently accelerated healing of these lesions
followed by an increase in plasma NOx levels. Second,
carboxy-PTIO, an NO-scavenger, abolished the healing
efficacy of this NO-derivative of ASA and the accom-
panying increase in CBE In addition, NO released from
NO-ASA could contribute to the intestinal elimination
of bacteria, protozoa and fungi as reported previously”.
In other studies, the addition of a NO-releasing moiety
to mesalamine exerted an immunomodulatory effect and
suppressed intestinal inflammation by inhibiting T-helper
cells while stimulating the activity of the antiinflamma-
tory cytokine IL-10, TGFfB and mucosal Treg pathway
whereas standard mesalamine was less effectivel”.

It is known that the maintenance of GI mucosal
integrity depends on different protective mechanisms
against injury, which involves the stimulation of two
populations of afferent nerves, vagal and spinal. As
shown previously, these sensory neurons are involved
in GI protection via activation of vasodilatory and anti-
inflammatory reflexes””. Tt was reported that the affer-
ent neurons from the dorsal root ganglia play a role in
the local regulation of GI circulation, secretion, motil-
ity and the process of mucosal repair and healing after
injury””. CGRP, a neurotransmitter, is released from
the peripheral fibers of sensory neurons and plays an
important role in GI mucosal defense”. Capsaicin, an
active ingredient of red pepper has been found to act on
the capsaicin sensitive afferent nerves releasing CGRP™,
When applied in small doses, capsaicin induces a protec-
tive response, but a large dose of this neurotoxin renders
the gastric mucosa more susceptible to damage induced
by indomethacin, ischemia and reperfusion and cold

329 This has also been shown to result in a delay

stress
in the process of gastric ulcer healing, an event associ-
ated with decreased tissue levels of gastric CGRP",

In our study, capsaicin-induced functional ablation of
sensory nerves with capsaicin, which by itself markedly
prolonged the healing process of colonic lesions, attenu-
ated the increase in the healing of these lesions and the
accompanying rise in CBF induced by NO-ASA. The
impaired healing and evident fall in CBF were restored
by concurrent administration of CGRP with NO-ASA in
capsaicin-denervated rats. These findings suggest that sen-
sory nerve neuropeptides such as CGRP may contribute
to the healing effect and hyperemia induced by NO-ASA.
Both CGRP and NO contribute to hyperemia in the GI
tract mucosa and facilitate other mechanisms of defense,
such as bicarbonate secretion””. Existing evidence in the
lower GI tract revealed an increased inflaimmatory reac-
tion in experimental colitis of transient receptor potential
vanilloid-1 (TRPV-1) knockout mice”™, TRPV-1 is ex-

pressed by many afferent nerves and its activation results
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in the release of vasodilatory peptides such as CGRPP*.

In summary, conventional NSAIDs, such as ASA
and indomethacin or selective COX-1 inhibitors such as
SC-560"", delay the healing of experimental colitis and
this effect is accompanied by a fall in CBF and an en-
hancement in gene expression and release of proinflam-
matory cytokines IL-1f and TNF-q. These deleterious
effects are less pronounced with the use of the selective
COX-2 inhibitor, celecoxib, which differs with respect
to colonic healing with that of conventional ASA. NO-
ASA exerts the opposite effects to those of native ASA
and selective COX-1 inhibitors on the delay in healing of
TNBS colitis and accompanying fall in colonic microcir-
culation induced by these agents. The beneficial healing
action of NO-ASA, involves the NO mediated suppres-
sion of proinflaimmatory cytokines and the activation
of sensory nerves resulting in a local release of sensory
vasodilatatory neuropeptides such as CGRP.
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Background

Nonsteroidal anti-inflammatory drugs (NSAIDs), including aspirin, are among
the most prescribed drugs because of their anti-inflammatory, antipyretic,
analgesic effects. Inhibition of prostaglandin synthesis seems to be the major
mechanism implicated in both the beneficial and adverse effects of NSAIDs.
Aside from the systemic activity of NSAIDs, resulting from the inhibition of main-
ly cyclooxygenase (COX)-1 activity, the NSAIDs exert a deleterious influence
on the upper and lower gastrointestinal (GI) mucosal integrity by affecting the
local inflammatory mechanisms, such as neutrophil recruitment, the activation
of proinflammatory cytokines, impairment of microcirculation and the release of
free oxygen metabolites. A new class of nitric oxide (NO)-releasing NSAIDs was
developed to limit the serious adverse effects associated with NSAIDs inges-
tion, but their effect in lower GI healing with respect to colitis in animal models
has not been carefully investigated. Sensory neurons releasing neuropeptides
such as calcitonin gene related peptide (CGRP) are involved in the mechanism
of Gl protection and ulcer healing due to activation of vasodilatatory mediators
such as CGRP. Currently, it is unknown whether these sensory neuropeptides
could influence the healing of ulcerative colitis (UC) in animals treated with NO-
releasing aspirin (ASA).

Research frontiers

Both UC and Crohn'’s disease belong to the category of inflammatory bowel dis-
eases (IBD). It is believed that three major factors influence the pathogenesis
of these two diseases: an individual's susceptibility, microflora of the gastroin-
testinal tract and immunological properties of the gastrointestinal mucosa. UC
is a disease of the colon which is characterized in humans by chronic inflam-
mation in both the mucosal and submucosal layer with a cellular and humoral
immunological response. Patients suffering from UC frequently require anti-
inflammatory analgesics such as NSAIDs because of inflammatory conditions
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such as arthritis, sacroilitis or osteoporosis-related fractures. On the other hand
conventional NSAIDs may either induce development of colitis in the healthy
colon or exacerbate preexisting colitis. Previous studies revealed that COX
exists in the following two isoforms: the inducible COX-2, which is detected at
the site of inflammation, and COX-1, which functions in a housekeeping fash-
ion, is present in the majority of human tissues and organs, and is responsible
for homeostasis and Gl tract integrity. PGs induced by COX-2 are involved in
maintaining the intestinal mucosa integrity, in the healing of gastrointestinal
ulcers and the modulation of IBD. But the inhibition of both COX-1 and COX-2
isoforms seems to be necessary to induce significant intestinal damage. The
new class of NSAIDs containing the NO moiety, such as NO-releasing ASA,
could be an alternative strategy in the attenuation of Gl side effects of conven-
tional NSAIDs such as ASA. This is due to the fact that NO released from ASA
possesses anti-inflammatory properties and contributes to the resolution of
intestinal inflammation.

Innovations and breakthroughs

The authors attempted to determine the involvement of NO released from
NO-ASA and its role in the mechanism of the healing of colitis. This was ac-
complished by using NO-ASA and glyceryl trinitrate (GTN), an NO donor,
added to classic ASA to mimic the protective action of NO-ASA. Treatment
with NO-ASA improved the healing of colitis, with these effects as well as the
anti-inflammatory properties of NO-ASA being attributed to the NO released
from NO-ASA, which was ultimately responsible for the improvement of colonic
blood flow (CBF) observed in this study. Furthermore, the authors found that
both NO and the activation of sensory nerve neuropeptides such as CGRP
may contribute to the healing effects and the hyperemia induced by NO-
ASA. This could be responsible for the attenuation of the expression and the
release of pro-inflammatory cytokines such as IL-1f3 and tumor necrosis factor
(TNF)-c.. This is supported by the fact that GTN, which is an NO donor, when
co-administered with ASA, significantly decreased colonic damage and coun-
teracted the decrease in CBF induced by this NSAID. The study demonstrates
that NO-ASA is beneficial when compared to its parent drug ASA in the healing
of experimental colitis. Furthermore, celecoxib, the selective COX-2 inhibitor,
showed greater efficacy in healing colitis than was observed with non-selective
COX-1 and COX-2 inhibitors (conventional ASA, indomethacin). However, the
prolonged use of coxibs in clinical practice may be associated with prothrom-
botic action and increased risk of acute myocardial infarction. This significant
finding of the authors with respect to selective COX-2 inhibitors and healing of
ulcerative colitis requires further investigation and confirmation in clinical trials.

Applications

(1) Inhibition of both COX-1 and COX-2 isoforms by non-selective and selective
COX-1 inhibitors exacerbates colonic damage and leads to functional impairment
of the colonic mucosa blood flow during the process of healing of calitis; (2) The
importance of PG inhibition by NSAIDs in the pathogenesis of colitis is confirmed
by the finding that supplementation with exogenous PGs of animals concurrently
treated with COX-1 or COX-2 inhibitors attenuated the colonic damage and the
decrease of CBF induced by these agents; and (3) The NO released from ASA
may be an alternative option to native ASA in patients with lower Gl tract disorders
such as UC.

Terminology

Incorporation of NO generating moiety into the basic structure of NSAIDs, such
as aspirin (NO-ASA) attenuates the ulcerogenic activity of native NSAID. Un-
der basal conditions, NO derived from the activity of constitutive NO synthase
(cNOS) contributes to the maintenance of intestinal integrity and the control of
intestinal motility. NO and CGRP exhibit a protective action against NSAIDs
induced impairment of colonic healing. GTN, an NO donor, and 2-(4-carboxy-
phenyl)-4,5-dihydro-4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide, monopo-
tassium salt, an NO scavenger were used for the evaluation of the involvement
of NO in the process of colonic healing in rats with colitis. CGRP is a sensory
neurotransmitter released from the peripheral endings of afferent sensory
neurons implicated in the defense mechanism of the GI mucosa. Capsaicin, an
active ingredient of red pepper, has been found to induce a functional ablation
of the capsaicin-sensitive afferent nerves releasing CGRP. Previous studies
revealed that when applied in small doses capsaicin exerts a protective action,
but large doses of this neurotoxin render the GI mucosa more susceptible to
damage induced by various ulcerogens and stressors.

Peer review
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