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Resveratrol, a polyphenol found in grapes, suppresses oxidative damage
and stimulates apoptosis during early colonic inflammation in rats
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Abstract

Oxidative stress, neutrophil infiltration, proinflammatory cytokines and eicosanoid generation are clearly involved in the pathogenesis
of intestinal bowel disease. Resveratrol, a polyphenolic compound found in grapes and wine, has been shown to have anti-inflammatory,
antioxidant, antitumour and immunomodulatory activities, however, its effects on experimental colitis remain unknown. We have
investigated the effects of resveratrol on the colon injury caused by intracolonic instillation of trinitrobenzenesulphonic acid (TNBS) in
rats. We determined the production of prostaglandin (PG)E, and PGD, in colon mucosa and the expression of cyclo-oxygenases (COX)-1
and -2 immunohistochemically. The inflammatory response was assessed by histology and myeloperoxidase activity, as an index of
neutrophil infiltration. Interleukin-1f production, histological and histochemical analysis of the lesions were also carried out. Finally,
since resveratrol has been found to modulate apoptosis we intended to elucidate its effects on colonic mucosa under early acute
inflammatory conditions. Resveratrol (5-10 mg/kg/day) significantly reduced the degree of colonic injury, the index of neutrophil
infiltration and the levels of the cytokine. Resveratrol did not revert the increased PGE, levels but produced a significant fall in the PGD,
concentration. Compared with inflamed colon, no changes in staining for COX-1 were observed in colon of resveratrol and TNBS-treated
rats. In contrast, COX-2 expression was decreased. Furthermore, resveratrol enhanced apoptosis compared with already high level
induced by TNBS. In conclusion, resveratrol reduces the damage in experimentally induced colitis, alleviates the oxidative events and

stimulates apoptosis.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Resveratrol (3,5,4'-trihydroxy-trans-stilbene) is a natu-
rally occurring stilbene found in grape skins and the red
wines. The compound exerts striking inhibitory effects on
diverse cellular events associated with tumour initiation,
promotion, and progression [l1]. Resveratrol is also
reported to be a neuroprotective [2] and cardioprotective
agent [3]. The compound has been shown to exert a strong
inhibitory effect on lipid peroxides production and also to
modulate lipoprotein metabolism [4]. Several studies
within the last few years have shown that resveratrol
exhibits potent antioxidative and anti-inflammatory effects
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[5,6]. How exactly resveratrol exerts its anti-inflammatory
effects is not understood but they have been ascribed to its
ability to disrupt arachidonic acid metabolism by inhibiting
COX-1 and hydroxyperoxidase of COX-1 with an EDsq of
3.7 um [1]. This compound was also able to reduce COX-2
levels induced by lipopolysaccharide and phorbol 12-myr-
istate and impaired the overexpression of COX-2 [7-9].
Besides inhibiting COX-2, resveratrol has been shown to
suppress iNOS expression and subsequent NO production
in culture cells [7,10,11].

Ulcerative colitis (UC) is a nonspecific inflammatory
disorder involving primarily the mucosa and submucosa of
the colon. Activated immune cells, primarily represented
by neutrophils, macrophages, and cytotoxic T cells play the
role of aggressors that attack and destroy the intestinal
barrier either directly through physical contact or indirectly
through the release of reactive oxygen and nitrogen meta-
bolites, cytotoxic proteins, lytic enzymes, or cytokines
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such as tumour necrosis factor (TNF-a) and interleukin
(IL)-1B [12-14]. In particular, IL-1B appears to be a
primary stimulator of diarrhoea, the major symptom of
intestinal inflammation and is cleaved and activated by the
IL-1B converting enzyme [15].

The role of prostanoids in the intestinal inflammatory
process is not completely understood. Colonic prostanoid
generation is increased in UC and correlates well with
disease activity [16]. In contrast, previous reports suggest
that decrease of local prostaglandin PGE, is correlated
with colonic mucosal inflammation. In fact, experimental
colitis can be attenuated by pre-treatment with exogenous
PG [17]. PGE, is known to have immunoregulatory effects
inhibiting production of various cytokines such as TNF-a,
IL-1p and IL-12 by macrophages [18]. Indeed, PGD, is the
major PG produced by mucosal mast cells and has been
suggested to exert anti-inflammatory effects playing an
important role in down-regulating colon inflammation in
rats [19].

The anti-inflammatory and antioxidant activity of
resveratrol has been well documented in many studies.
However, there is no report related to its activity on
experimental UC, thus here we investigated the effects
of resveratrol on the colon injury caused by intracolonic
administration of TNBS in rats. In order to gain a better
insight into the mechanisms of action, we determined the
production of PGE, and PGD, in colon mucosa and
furthermore the expression of COX-1 and -2 by immuno-
histochemistry. The inflammation response was assessed
by histology and myeloperoxidase (MPO) activity, as an
index of quantitative inflammation and neutrophil infiltra-
tion in the mucosa. IL-1B production, histological and
histochemical analysis of the lesions was also carried
out. Finally, since resveratrol has been found to modulate
apoptosis [20] we aimed to study its effects in colonic
mucosa under early acute inflammatory conditions.

2. Materials and methods
2.1. Experimental animals

Male Wistar rats supplied by Animal Services, Faculty
of Medicine, University of Seville, Spain, and weighing
180-220 g, were placed singled in cages with wire-net
floors in a controlled room (temperature 24-25°, humidity
70-75%, lighting regimen of 12-hr light:12-hr dark) and
were fed a normal laboratory diet (Panlab). Rats were
deprived of food for 24 hr prior to the induction of colitis,
but were allowed free access to tap water throughout. They
were randomly assigned to groups of 8-15 animals.
Experiments followed a protocol approved by the local
animal Ethics Committee and the Local Government. All
experiments were in accordance with the recommendations
of the European Union regarding animal experimentation
(Directive of the European Counsel 86/609/EC).

2.2. Induction of colitis

Colitis was induced according to the procedure
described by Morris et al. [21]. Briefly, rats were slightly
anaesthetised with ether following a 24 hr fast, and then a
medical-grade polyurethane canal for enteral feeding
(external diameter 2 mm) was inserted into the anus and
the tip was advanced to 8 cm proximal to the anus verge.
TNBS (Sigma-Aldrich Company Ltd.) dissolved in 50%
ethanol were instilled into the colon through the cannula
(10 mg in a volume of 0.25 mL to induce acute colitis).
Following the instillation of the hapten, the animals were
maintained in a head-down position for a few minutes to
prevent leakage of the intracolonic instillate. Different
control groups were created for comparison with TNBS/
ethanol instillation: rats in the sham group received an
enema of physiological saline instead of the TNBS solu-
tion, and ethanol group received 0.25 mL of 50% ethanol.
Resveratrol (5-10 mg/kg; Sigma-Aldrich Company Ltd.)
was suspended in 0.9% saline solution and administered by
gavage 48, 24 and 1 hr prior to the induction of colitis and
24 hr later. Control groups received vehicle in a compar-
able volume (10 mL/animal). The animals were sacrificed,
using an overdose of anaesthetic, 48 hr after induction of
colitis. The rats were checked daily for behaviour, body
weight, and stool consistency.

2.3. Assessment of colitis

The severity of colitis was evaluated by an independent
observer who was blinded to the treatment. For each
animal, the distal 10 cm portion of the colon was removed
and cut longitudinally, slightly cleaned in physiological
saline to remove faecal residues and weighed. Macroscopic
inflammation scores were assigned based on clinical fea-
tures of the colon (score 0-10: 0 (no damage), 1 (focal
hyperaemia), 2 (ulceration without hyperaemia or bowel
wall thickening), 3 (ulceration with inflammation at 1 site),
4 (>2 sites of ulceration and inflammation), 5 (major sites
of inflammation >1 cm along the organ), 6-10 (major sites
of inflammation >2 cm along the organ)) [22]. The pre-
sence of adhesions (score 0-2), and/or stool consistency
(score 0-1) were evaluated according to the criteria of
Bobin-Dubigeon et al. [22]. Pieces of inflamed colon were
collected and frozen in liquid nitrogen for measurement of
biochemical parameters.

2.4. Histological studies

For examination with the light microscope we used
tissue samples from the distal colon of each animal fixed
in 4% buffered paraformaldehyde, dehydrated in grade
ethanol, and embedded in paraffin. Thereafter, sections of
tissue were cut at 5 um on a rotary microtome (Leica
Ultracut), mounted on clean glass slides and dried over-
night at 37°. Sections were cleared, hydrated, and stained
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with haematoxylin and eosin, Giemsa, and Alcian blue for
histological evaluation of colonic damage, cell infiltration
and mucus content, respectively, according to standard
protocols, and the slides were coded to prevent observer
bias during evaluation. All tissue sections were examined
in an Olympus BH-2 microscope for characterization of
histopathological changes.

Photographs taken from colon samples were digitised
using Kodak D290 Zoom camera Eastman Kodak Co, USA
and Motic®™ Images 2000 release 1.1 (MicroOptic Indus-
trial Group Co, Ltd.; B1 Series System Microscopes).
Analysis of the figures were carried out by Adobe®™ Photo-
shop™ Version 5.0 (Adobe Systems) image analysis pro-
gram.

2.5. Immunohistochemical study

Colonic tissues were fixed in 4% buffered paraformal-
dehyde, dehydrated through graded concentrations of etha-
nol, embedded in paraffin, and sectioned. Sections (5 pm
thick) were mounted on slides, cleared, and hydrated. All
of them were treated with a buffered blocking solution (3%
BSA) for 15 min. Then, sections were co-incubated with
primary antibodies for COX-1 and COX -2 (goat poly-
clonal, M-19 and M-20 of Santa Cruz Biotechnologies) at a
dilution of 1:400 at room temperature for 1 and 24 hr,
respectively. Sections were washed with PBS and co-
incubated with secondary antibody (anti-sheep IgG, per-
oxidase conjugated, Sigma-Aldrich Company Ltd.) (1:500
in PBS, v/v), at room temperature for 1 hr. Thereafter,
sections were washed as before and with Tris—=HC1 0.05 M,
pH 7.66, and then co-incubated with a 3,3’-diaminobenzi-
dine solution in the dark, at room temperature for 10 min.
Sections were washed with Tris—HCI, stained with hae-
matoxylin according to standard protocols and observed
under an Olympus BH-2 microscope.

2.6. Assessment of leukocyte involvement

MPO activity was assessed as a marker of neutrophil
infiltration according to the methods of Grisham ef al. [23].
In all animals one sample from the distal colon was
obtained. Samples were excised from each animal and
rapidly rinsed with ice-cold saline, blotted dry, and frozen
at —70°. The tissue was thawed, weighed and homogenized
in 10 vol. 50 mM PBS, pH 7.4. The homogenate was
centrifuged at 20,000 g, 20 min, 4°. The pellet was again
homogenized in 10 vol. 50 mM PBS, pH 6.0, containing
0.5% hexadecyl-trimethylammonium bromide (HETAB)
and 10 mM EDTA. This homogenate was subjected to one
cycle of freezing/thawing and a brief period of sonication.
A sample of homogenate (0.5 pL) was added to a 0.5 mL
reaction volume containing 80 mM PBS, pH 5.4, 0.5%
HETAB and 1.6 mM 3,3',5,5'-tetramethylbenzidine. The
mixture was incubated at 37° for 5 min and the reaction
started by the addition of 0.3 mM H,0,.

Each tube containing the complete reaction mixture was
incubated for exactly 3 min at 37°. The reaction was
terminated by the sequential addition of catalase (20 pg/
mL) and 2 mL 0.2 M sodium acetate, pH 3.0. The changes
in absorbance at 655 nm were measured with a spectro-
photometer. One unit of MPO activity was defined as the
amount of enzyme present that produced a change in
absorbance of 1.0 U/min at 37° in the final reaction volume
containing the acetate. Results were quantified as U/mg
protein.

2.7. Production of PGE,

Colonic mucosa was excised and rapidly rinsed with ice-
cold saline. The tissue was weighed and homogenized in
6 mL triethylammonium phosphate (TEAP) buffer (pH
3.24), which contained a COX inhibitor, lysine acetyl
salicylate (Sigma-Aldrich Company Ltd.). The homoge-
nate was centrifuged (1500 g, 10 min, 4°) and the super-
natant was removed and passed through a reverse-phase
octadecylsilica C18 Sep Pak cartridge which was washed
with 10 mL distilled water, 10 mL 15% ethanol, 10 mL
hexane and 10 mL ethylacetate, and the eluate collected.
Each fraction was evaporated with ethylacetate, and the dry
residue redissolved in ethanol. PGE, was determined by a
competitive ELISA kit (Assay Designs, Inc.). PGE, levels
were quantified as PGE,/mg tissue.

2.8. Production of PGD,

PGD, also was determined in colon tissue samples
obtained from each group. Briefly, colonic mucosa was
excised and rapidly rinsed with ice-cold saline. The tissue
was weighed and homogenized in TEAP buffer (pH 3.24)
which contained a COX inhibitor, lysine acetyl salicylate
(Sigma-Aldrich Company Ltd.). The homogenate was
centrifuged (1500 g, 10 min, 4°) and an aliquot of super-
natant must be methoximated due to its chemical instabil-
ity and rapid degradation. Later the supernatant was
removed and passed through a reverse-phase octadecylsi-
lica C18 Sep Pak cartridge which was washed with 10 mL
distilled water, 10 mL 15% ethanol, 10 mLL hexane and
10 mL ethylacetate, and the eluate collected. Each ethy-
lacetate fraction was evaporated, and the dry residue re-
dissolved in buffer. PGD, was determined by an ELISA kit
(Cayman Chemical). Results were expressed as PGD,/mg
tissue.

2.9. Measurement of IL-1[5 production

Mucosal level of this cytokine was assayed by using a
commercially available IL-1B enzyme-immunometric
assay (EIA) kit (Titerzyme®™ EIA rat IL-1B, Assay
Designs, Inc.). Briefly, colonic mucosal samples kept at
—70° were weighed and homogenized, after thawing, in
10 vol. of assay buffer. They were centrifuged at 2405 g for
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20 min, at 4°. One hundred microliters of the supernatants
and 100 pL of standards and assay buffer were added to
the wells of a microtiter plate with provided with an
immobilized polyclonal antibody to rat IL-1P. After
incubation at 37° for 1 hr, the excess sample or standard
was washed out and a monoclonal antibody to rat IL-1p
with the enzyme horseradish peroxidase was added. This
labelled antibody binds to the rat IL-1 captured on the
plate. After a short incubation, the excess labelled anti-
body was washed out and substrate was added. The
substrate reacts with the labelled antibody bound to
the rat IL-1 captured on the plate. The colour generated
with the substrate was read at 450 nm in a microplate
reader (Labysistem Multiskan EX), and was directly
proportional to the concentration of rat IL-1p in either
standards or samples. The IL-1p content were expressed
as IL-1PB/mg protein.

2.10. Apoptosis

Cytoplasmic DNA fragments, which are indicators of
apoptosis, were measured with a DNA cell death detection
ELISA PLUS KIT (Roche Diagnostics) according to the
manufacturer’s instructions. Results were expressed as
absorbance x 10°/mg protein.

10

2.11. Statistical analysis

All values in the figures and text are expressed as
arithmetic means + SEM. Data were evaluated with Graph
Pad Prism™ Version 2.01 software. The statistical signifi-
cance of any difference in each parameter among the
groups was evaluated by one-way ANOVA, using
Tukey-Kramer multiple comparisons test as post hoc test.
P values of <0.05 were considered statistically significant.
In the experiment involving histology or immunohisto-
chemistry, the figures shown are representative of at least
six experiments performed on different days.

3. Results

Forty-eight hours after intracolonic administration of
TNBS, rats showed postration, piloerection and hypomo-
tility. Macroscopic inspection of the cecum, colon and
rectum showed evidence of severe colonic mucosal
damage, with oedema, deep ulcerations and haemorrhage.
Lesions in the distal colon were quantified using a macro-
scopic damage score (mean: 7.2 + 1.1) (Fig. 1). In this
experimental group, body weight loss was elevated com-
pared with the sham animals. A significant increase of
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Fig. 1. Effects of acute administration of resveratrol on the colonic damage score. Colonic macroscopic damage resulting from TNBS (10 mg/animal)
instilled into rat colon was scored as indicated in Section 2. Scores were quantified in the absence of treatment, but with daily administration of the vehicle
saline solution (sham, TNBS and ethanol groups), or in the presence of resveratrol (R: 5 and 10 mg/kg/day). Data are expressed as the mean + SEM.

***P < 0.001 vs. sham. "P < 0.05 vs. TNBS.

Table 1

Parameters quantified after administration of resveratrol (R: 5 and 10 mg/kg) in rats with acute colitis induced by TNBS intracolonic instillation (10 mg/animal)

Group N Body weight Food consumption Adhesions Diarrhoea Colon weight/colon
changes (g) (g/rat per day) (score 0-2) (score 0-1) length (mg/cm)

Sham 11 16.0 + 4.3 25.7 0 0 133.42 £+ 6.06

EtOH 15 14 +29 27.5 0 0.2 +0.2 200.73 + 24.16

TNBS 14 -83 £ 123 185 1.5+03"" 0.7 £0.2 261.80 + 34.52°

RS 12 10.3 + 164 21.35 0.5+0.2 0.5+0.2 231.75 + 22.39

R 10 12 125 £ 9.7 20.5 0.6 £ 0.3 0.5+02 232.38 + 21.60

Colonic parameters were quantified in the sham group (N = 11), which received saline instillation. TNBS group (N = 14) received TNBS
intracolonically in a vehicle of 50% ethanol; ethanol group (N = 15) received 50% ethanol by intracolonic injection. Data are expressed as mean + SEM.

* P < 0.05 significantly different from sham.
P < 0.05 significantly different from EtOH.
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weight/length of the rat colon, an indicator of inflamma-
tion, and presence of adhesions to adjacent organs were
frequently observed in TNBS-treated rats (Table 1).

The histopathological features included transmural
necrosis, oedema and diffuse inflammatory cells (poly-
morphonuclear leukocytes, lymphocytes, and eosinophils)
infiltration in the mucosa. We assessed focal ulceration of
the colonic mucosa extending through the muscularis

mucosae as well as desquamated areas or loss of the
epithelium. The architecture of the crypts was distorted
and the lamina propria was thickened in peripheral areas of
distorted crypts, especially in basal areas (Figs. 2C, 3C and
D). Some areas showed accumulation of mucus and cell
remnants. However, Alcian blue positive cells were less
numerous. In addition, the mucin layer of the epithelium
was missing (Fig. 2D).

Fig. 2. Acute colitis model induced by TNBS: effect of resveratrol on colon injury. Histological appearance of rat colonic mucosa after haematoxylin and
eosin stain (H-E) or Alcian blue stain (AB): sham (A and B), and treated with TNBS 10 mg/animal (C and D), and resveratrol 10 mg/kg (E and F).
Histopathological features of the colon in association with colitis. (A and B) No histological modification was present in the sham animals. (C and D)
Mucosal injury was produced after TNBS administration, characterized by necrosis of epithelium, focal ulceration of the mucosa and diffuse infiltration of
inflammatory cells in the mucosa and submucosa. (E) Treatment with resveratrol (10 mg/kg) reduced the morphological alteration associated with TNBS
administration protecting the mucosal architecture. (F) Some areas showed accumulation of mucus and cell remnants, however, Alcian blue positive cells
were less numerous, and the mucin layer of the epithelium was missing. Original magnification 10x.
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Fig. 3. Rat colon segments stained with Giemsa: sham (A and B), and treated with TNBS 10 mg/animal (C and D), and resveratrol 10 mg/kg (E and F).
Infiltration of inflammatory cells was highly observed in the colonic mucosa of TNBS-treated animals. Resveratrol prevented development of inflammatory

changes. Original magnifications 20 and 40x.

Treatment of TNBS-rats with resveratrol reduced the
loss in body weight and the presence of adhesions to
adjacent organs. There was also no significant increase
in the weight/length of the rat colon, an indicator of
inflammation in TNBS rats, which had been treated with
resveratrol (Table 1). The polyphenolic compound attenu-
ated the extent and severity of the colonic injury (Fig. 1). In
fact, resveratrol was able to reduce the macroscopic
damage score down to 3.28 £ 0.6 (P < 0.05) with the
highest dose. On histological examination there was an
attenuation of morphological signs of cell damage and
inflammatory cells were not found in lamina propria. In

some areas, the epithelium remained intact and the mucin
layer was clearly visible with Alcian blue positive cells,
however, in ulcerative areas, exfoliation of epithelial cells,
dilated crypts, inflammatory cells and vascular congestion
were observed (Figs. 2E, F and 3E, F).

As shown in Table 2, a marked increase in MPO activity,
an indicator of the infiltration of the colon with polymor-
phonuclear leukocytes also characterized the colitis caused
by TNBS. This result was consistent with the histological
findings. Treatment of TNBS-treated rats with resveratrol
significantly (P < 0.05) reduced the degree of polymor-
phonuclear neutrophil infiltration. Colonic injury by TNBS
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Table 2

Myeloperoxidase activity (MPO, U/mg protein) and interleukin 1-beta
levels (IL-1B, pg/mg protein) after resveratrol (R: 5 and 10 mg/kg,
respectively) in rats with acute colitis produced by TNBS intracolonic
instillation (10 mg/animal)

Group N MPO N IL-1B

(U/mg protein) (pg/mg protein)
Sham 11 5.66 =+ 0.63 8 0.25 + 0.06
EtOH 15 7.12 + 0.66 9 469 + 1.71
TNBS 14 9.80 + 0.83*° 9 33.78 + 7.86°¢
RS5 8 7.73 + 0.84 11 18.06 + 0.71°
R 10 11 7.20 + 1.02° 12 14.06 + 3.318

Colonic mucosal MPO activity and IL-1f levels were quantified in the
absence of treatment, but with daily administration of the vehicle saline
solution (sham, TNBS and ethanol groups), or in the presence of
resveratrol (5 and 10 mg/kg/day). Data are expressed as the mean £ SEM.

* P < 0.05 significantly different from sham.

P < 0.05 significantly different from EtOH.

€ P < 0.001 significantly different from sham.

4P < 0.001 significantly different from EtOH.

€ P < 0.01 significantly different from TNBS.

fP < 0.05 significantly different from TNBS.

& P < 0.001 significantly different from TNBS.

administration was also characterized by an increase of the
proinflammatory cytokine IL-1f. In contrast, the levels of
this cytokine were significantly lower (P < 0.01) in rats
treated with resveratrol.

Our data showed that PGE, content increased signifi-
cantly (P < 0.01) in colonic mucosa of TNBS group
compared with sham animals. In addition, under our
experimental conditions, the tested doses of resveratrol
did not suppress the increased PGE, levels. The PGD,
production in colon of sham-treated rats averaged
2414.34 4+ 249.06 pg/mg tissue nearly five times higher
than the PGE, values reached in basal conditions. As
shown in Fig. 4 after TNBS administration, there was a
decrease in the mucosal generation of PGD, and treatment

3000

with resveratrol produced a significant (P < 0.05 vs.
TNBS) fall in the PGD, concentration.

In normal colon, specific immunosignals for COX-1
were obtained in surface epithelium, and in the upper half
of the crypts. Mononuclear cells of the lamina propria and
the regional lymphatic nodules as well as cells of the
muscularis mucosae showed COX-1 specific immuno-
signals (Fig. 5B). In the basal part of the crypts, COX-1
expression was restricted to individual cells, which accord-
ing to morphological criteria are endocrine cells, a spe-
cialized epithelial cell type of the lower crypt (Fig. 5C).
COX-2 specific immunolabelling was occasionally
observed in colonocytes of the normal surface epithelium
of matched control colon as shown in Fig. 6A.

Compared with normal colon, significant changes in the
cellular distribution of COX-1 and COX-2 were observed
in animals treated with TNBS in that colonocytes of the
surface and the crypt epithelium were only weakly deco-
rated by the COX-1 specific antiserum (Fig. 5G and F),
whereas prominent COX-2 expression was found in cells
of surface epithelium and in cells of the inflammatory
infiltrate (Fig. 6B and D). Compared with inflamed colon,
no significant changes in the cellular localization and the
degree of positive staining for COX-1 were observed in the
colon of resveratrol-treated rats (Fig. 5D and E) whereas
COX-2 expression was decreased in apical epithelial cells
of inflamed colon from resveratrol-treated rats (Fig. 6C, E
and F).

Since COX inhibitors have been found to modulate
apoptosis we wished to know what were their effects in
colonic mucosa under early acute inflammatory conditions
by an ELISA that specifically detected cytoplasmic his-
tone-associated DNA fragments, mononucleosomes, and
oligonucleosomes. As shown in Fig. 7 apoptosis was rarely
observed in the colonic mucosa of sham animals. DNA
fragmentation was dramatically increased in TNBS-treated

2500 ~
2000 -
1500 A
1000 4

500 4 I

PGE2 and PGD2 (pg/mg tissue)

L] pGE,
[ rcp,

Sham EtOH

TNBS RS R10

TNBS + Resveratrol

Fig. 4. Prostaglandin E, (pg/mg tissue) and D, (pg/mg tissue) after resveratrol administration (5 and 10 mg/kg) in rats with acute colitis produced by TNBS
intracolonic instillation (10 mg/animal). Prostanoids synthesis in the colonic tissue was quantified in the absence of treatment, but with daily administration
of the vehicle saline solution (sham, ethanol and TNBS groups), or in the presence of resveratrol (R: 5 and 10 mg/kg/day). Data are expressed as the
mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. sham. TP < 0.05 vs. TNBS.
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Fig. 5. Immunohistochemical localization of COX-1 isoenzyme in sections of colon. Negative control (A). In normal colon, colonocytes of the upper half of
the crypts were found to be COX-1-positive (B). COX-1 expression in endocrine cells is particularly evident in this image of normal colonic mucosa (C).
COX-1 expression in the colon of TNBS-control rats (F and G). COX-1 expression of inflamed colon treated with resveratrol 10 mg/kg (D and E). Original
magnifications 20 and 40x.
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Fig. 6. Immunohistochemical localization of COX-2 isoenzyme in sections of colon. COX-2 expression in normal colonic mucosa (A). COX-2 is strongly
expressed in the colon of TNBS-control rats (B and D). COX-2 expression was decreased in apical epithelial cells of inflamed colon treated with resveratrol

10 mg/kg (C, E and F). Original magnifications 20 and 40x.

rats. Furthermore, treatment of rats with resveratrol caused
a significant (P < 0.05) increase of TNBS-induced apop-
tosis.

4. Discussion

Intestinal bowel disease (IBD), which include UC and
Crohn’s disease are chronic nonspecific inflammatory
disorders with unknown aetiology. Various mucosal
inflammatory mediators (cytokines, eicosanoids and reac-
tive oxygen metabolites (ROM)) and immunoreactive cells

(neutrophils, lymphocytes and macrophages) have been
investigated concerning their contribution to the pathogen-
esis of this disease. Activated neutrophils pass out of the
circulation and enter the inflamed mucosa and submucosa
of the large intestine during acute inflammation, leading to
overproduction of reactive oxygen and nitrogen species.
Neutrophils can also release proteases, lactoferrin and lipid
mediators that can contribute to intestinal injury [12,22].
Quantitatively, the principal free radical in tissues is super-
oxide anion (O, ) which is converted to the secondary
oxidant H,O, by superoxide dismutase. O,  can be pro-
duced by both endothelial cells through xanthine oxidase
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Fig. 7. Apoptosis observed in the colonic mucosa after acute colitis induced by TNBS (10 mg/animal). Apoptosis were quantified in the absence of
treatment, but with daily administration of the vehicle saline solution (sham group, trinitrobenzene sulphonic acid group and ethanol group), or in the
presence of resveratrol (R: 5 and 10 mg/kg/day). Data are expressed as the mean + SEM. “P < 0.05 and ***P < 0.001 vs. sham. *P < 0.05 vs. TNBS.

and activated neutrophils through NADPH oxidase, which
reduces molecular oxygen to the O, radical, and through
the enzyme MPO. This enzyme catalyzes the formation of
such potent cytotoxic oxidants as hypochlorous acid from
H,0, and chloride ions and N-chloramines.

In our experiments, the cellular infiltrate and the inflam-
mation of colon tissue caused by TNBS were substantially
reduced in rats treated with the polyphenolic compound.
Previous reports have shown the anti-inflammatory action
and antioxidant effects of resveratrol [8,24]; this drug in
particular has been effective in reducing carrageenan-
induced inflammation in rats [1] and also in inhibiting
MPO, oxidized glutathione reductase and superoxide dis-
mutase activities [24]. Likewise, using unopsonized zymo-
san-stimulated cells and human monocytes and
neutrophils, it was demonstrated that resveratrol inhibited
ROM generation [25]. Moreover, resveratrol exerted a
strong inhibitory effect on ROM production stimulated
by lipopolysaccharide (LPS) or 12-O-tetradecanoylphor-
bol-13-acetate (TPA) [8]. We suggest that the antioxidant
properties of resveratrol might be exerted through a bio-
chemical mechanism related to its anti-inflammatory and
protective effects in UC.There is good evidence that the
proinflammatory cytokine IL-1B helps to propagate the
extension of a local or systemic inflammatory process. IL-
1B is a key immunoregulatory cytokine that amplifies the
inflammatory response by activating a cascade of immune
cells and appears to be a primary stimulator of diarrhoea,
the major symptom of intestinal inflammation [26]. IL-1
in high doses produces epithelial cell necrosis, oedema,
neutrophil infiltration and, globet cell depletion. Blocking
of the action of endogenous IL-1 attenuates acute and
chronic experimental colitis and its systemic complications
[27]. Our results showed a significant suppression of IL-1f3
in the resveratrol-treated rats. The ability of the polyphe-
nolic stilbene to partially reduce the inflammatory cell
infiltrate in the colon could in part explain the observed

reduction in the levels of the cytokine. Similar reduction of
cytokine production by resveratrol was observed in cul-
tured rat hepatic Kupffer cells stimulated with LPS [28], in
splenic lymphocytes, peritoneal macrophages [29] and
leukaemia cell lines [30]. These effects were produced
in part through the inhibition of the transcription factor
NF-xB [29,31].

In additional studies, we determined the production of
PGE,; and PGD, in colon mucosa and the expression of
COX-1 and -2 by immunohistochemistry. Our data showed
that PGE, content increased significantly in colonic
mucosa of TNBS group compared with that of sham
animals. Resveratrol did not suppress the increased
PGE, levels but produced a significant fall in the PGD,
concentration. Previous studies found that the increased
PGE, production during TNBS-induced acute colitis is due
to enhanced activity of COX-2 pathway [32,33]. In accor-
dance with reports in the literature, resveratrol inhibited
COX-1 activity without affecting COX-2 activity when
incubated with microsomes derived from sheep seminal
vesicles as a crude source of COX-1 and the recombinant
human COX-2 [1]. In in vivo studies resveratrol has been
described as a selective COX-1 inhibitor in doses of 5—
10 mg/kg [34,35]. These findings support our data and
further suggest that resveratrol reduced colonic damage by
a mechanism independent of PGE, synthesis by the COX-2
pathway. Topically applied reservation did not alter the
expression of COX-1 and -2 induced by TPA in mouse skin
[24], however, as judged by previous reports [8,36] and
also shown in the current investigation, expression of
COX-2 was enhanced by TNBS treatment, these increases
could contribute to the inflammatory responses and tissue
damage. Nevertheless, resveratrol although did not alter
the expression of COX-1, down-regulated COX-2 expres-
sion. Our data are consistent with a previous study by
Kankuri et al. [33] where the glucocorticoid dexametha-
sone that did not inhibit COX-2 activity, suppressed COX-
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2 expression and, also reduced colonic damage and neu-
trophil infiltration [33].

PGD; is known to be an important mediator during acute
and chronic inflammation. Production of this prostanoid
was markedly elevated very early after induction of colitis
(1-3 hr) but not thereafter. The initial increase in PGD,
synthesis was paralleled by an increase in COX-2 expres-
sion, but it declined despite the continued elevation of COX-
2 expression [19]. Accordingly, our results showed no
significant changes of this prostanoid in TNBS-treated
animals, which is in agreement with the worsening of colitis
damage and with the augment in MPO activity. In contrast, a
significant reduction of PGD, content in resveratrol-treated
rats was produced. The possible explanation of this data, i.e.
the factors responsible for the down regulation of PGD,
synthase expression by resveratrol remains to be identified.

The protective effect of mucus as an active barrier may
be attributed largely to its viscous and gel-forming proper-
ties that are derived from mucin glycoprotein constituents.
Our results revealed that resveratrol increased the amount
of mucus stained by Alcian blue (acid glucoproteins such
as sialomucins) in colon mucosa. Alcian blue positive cells
seem to be associated with regenerative processes of the
mucosa [37]; by contrast, its reduction has been related to a
decreased resistance of the mucosa and paralleled by
alterations in the normal pattern of maturation of mucin
in globet cells [38].

Apoptosis of individual cells may represent a protective
mechanism against neoplasic development in the organism
by eliminating genetically damaged cells or excess cells
that have improperly been induced to divide by a mitotic
stimulus. However, deregulated apoptosis seems to be a
major cause of the impaired barrier function, leading to the
invasion of pathogenic microorganisms, to an increase of
leukocyte survival with exacerbation of the disease [39].
Previous studies have shown significant apoptosis in colo-
nic epithelial cells during mild acute inflammation induced
by dextran sulphate sodium [40] and TNBS-induced colitis
[39]. These findings are in accordance with the present
study, in which colonic cell death was associated with
apoptosis in the colon lesion 48 hr after intracolonic
administration of TNBS. In addition, treatment of rats
with resveratrol caused a significant increase of TNBS-
induced apoptosis.

An increase in apoptosis linked to resveratrol has
already been documented in in vitro studies, for instance,
various cell lines including colon cancer lines, JB6 epi-
dermal cells, human leukaemia HL-60 cells, human oeso-
phageal carcinoma cells, HCT116 colon carcinoma cells
among others [20,41-46]. In these studies, it has been
suggested that the p53 protein (wildtype or mutant) prob-
ably is required for resveratrol-induced apoptosis. The
MAP kinases, ERKs, JNKs, or p38 kinases, might also
be involved in resveratrol-induced activation of p53 and
apoptosis [41]. However, in certain cancer lines, resvera-
trol also induced apoptosis independently of p53 [20,41].

Together, our data confirm that resveratrol exerts pro-
tective effects in acute experimental colitis. The anti-
inflammatory effects seem to be related to impairment
of neutrophil function, absence of up-regulation of IL-1p
and increase of mucus production in colon mucosa.
Resveratrol also reduced PGD, production and the over-
expression of COX-2. We also found that resveratrol
caused a significant increase of TNBS-induced apoptosis.
In conclusion, taking into account the anti-inflammatory
and powerful antioxidant properties of resveratrol our data
suggest that the polyphenolic compound may have a
chemopreventive role in UC.
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