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1 Neutrophil infiltration, proinflammatory cytokines, eicosanoid generation and oxidative stress
have been implicated in colitis. Resveratrol is a polyphenolic compound found in grapes and wine,
with multiple pharmacological actions, including anti-inflammatory, antioxidant, antitumour and
immunomodulatory activities. In a previous report, we documented that resveratrol decreases the
degree of inflammation associated with acute experimental colonic inflammation, but its effects on
chronic experimental colitis remain undetermined.

2 The aim of this research was to investigate the effects of resveratrol on the chronic colonic injury
caused by intracolonic instillation of trinitrobenzenesulphonic acid (TNBS) in rats. The inflammatory
response was assessed by histology and myeloperoxidase activity. Tumour necrosis factor alpha
(TNF-a) production, histological and histochemical analysis of the lesions were also carried out.
We determined the production of prostaglandin (PG) E2 and D2 in colon mucosa, as well as
cyclooxygenase (COX)-1 and -2 and nuclear transcription factor NF-kappa B (NF-kB) p65 protein
expression. Finally, since resveratrol has been found to modulate apoptosis, we intended to elucidate
its effects on colonic mucosa under chronic inflammatory conditions.

3 Resveratrol (10mg kg�1 day�1) significantly attenuated the damage score and corrected the
disturbances in morphology associated to injury. In addition, the degree of neutrophil infiltration and
the levels of TNF-a were significantly ameliorated. Resveratrol did not modify PGD2 levels but
returned the decreased PGE2 values to basal levels and also reduced COX-2 and the NF-kB p65
protein expression. Furthermore, treatment of rats with resveratrol caused a significant increase of
TNBS-induced apoptosis in colonic cells.

4 In conclusion, resveratrol reduces the damage in chronic experimentally induced colitis, alleviates
the oxidative events, returns PGE2 production to basal levels and stimulates apoptosis in colonic cells.
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Introduction

Ulcerative colitis and Crohn’s disease are the two major forms

of inflammatory bowel disease (IBD). The pathogenesis of

IBD is a multifactorial process. One of the earliest factors

involved includes the breach of the intestinal epithelial barrier

by unknown mechanisms, focus of current investigation and

controversy (Schmidt & Stallmach, 2005; Thompson-Chago-

yan et al., 2005). In addition, the development of an abnormal

immune and inflammatory response occurs, which is mediated

predominantly by activated neutrophils, monocytes and

macrophages and characterised by an enhanced formation of

reactive oxygen and nitrogen species. Various proinflamma-

tory cytokines such as interleukin (IL)-1, IL-6 and tumour

necrosis factor alpha (TNF-a), chemokines and adhesion

molecules are known to contribute to the pathogenesis of

IBD (Sandborn & Yednock, 2003; Kurtovic & Segal, 2004). In

particular, TNF-a plays a crucial activating role among the

cytokines that modulate endothelial functions; in fact, TNF-a
regulates the expression of some adhesion molecules and

cytokines on endothelial cells and also increases vascular

permeability (Sasaki et al., 2004).

Inhibition of nuclear factor-kappa B (NF-kB) activation has

been suggested as an anti-inflammatory treatment strategy

in IBD. The nuclear transcription factor NF-kB is a key*Author for correspondence; E-mail: calarcon@us.es
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regulator of the inducible expression of many genes involved in

immune and inflammatory responses in the gut. Stimuli such

as oxidative stress, cytokines (IL-1, IL-6, TNF-a), bacteria and

viruses can release NF-kB to allow translocation to the nucleus

(Dijkstra et al., 2002).

The polyphenolic phytoalexin resveratrol (3,5,40-trihydroxy-
trans-stilbene) is a naturally occurring stilbene found in

various foods, including mulberries, peanuts, grapes and the

red wines. Previous reports have demonstrated that resveratrol

regulates many biological activities, mainly concentrating on

tumour, oxidation and inflammation regulation (Amorati

et al., 2004; Baolin et al., 2004; Bode & Dong, 2004; Alarcón

de la Lastra & Villegas, 2005). It is also reported to be a

neuroprotective (Han et al., 2004) and cardioprotective agent

(Hung et al., 2000). Indeed, resveratrol has been shown to

modulate lipid oxidation and lipoprotein metabolism (Bel-

guendouz et al., 1998). The anti-inflammatory mechanism

of resveratrol is not understood completely, but a reduction

of cyclooxygenases COX-1 and COX-2 expression and activity

is also apparent (Martı́nez & Moreno, 2000; Martı́n et al.,

2004; Szewczuk & Penning, 2004). The role of prostanoids in

the intestinal inflammatory process is still controversial. We

have recently reported that the increased PGE2 production

during acute colitis is dependent upon the activity of COX-2

(Martı́n et al., 2003; 2004). On the other hand, previous reports

have suggested that decrease of local PGs is correlated with

colonic mucosal inflammation (Villegas et al., 2003a, b). In

fact, experimental colitis can be attenuated by pretreatment

with exogenous PGs (Fedorak et al., 1990; Tessner et al.,

1998). Moreover, recent studies have shown that inhibition

of COX-2 activity during the healing process is detrimental,

as it has been proven that this isoenzyme also exerts anti-

inflammatory effects (Gilroy et al., 1999; Ajuebor et al., 2000).

Thus, both COX-1 and COX-2 are necessary in order to yield

an amelioration of the damage (Berenguer et al., 2002).

In a previous study, we have demonstrated the efficacy of

this compound in early colonic inflammation (Martı́n et al.,

2004), but its effects on chronic experimental colitis remain

undetermined. Thus, here we investigated the effects of chronic

treatment with resveratrol on the colon injury caused by

intracolonic administration of TNBS in rats. We have studied

the inflammatory response by histology and myeloperoxidase

(MPO) activity, as an index of quantitative inflammation and

leukocyte infiltration in the mucosa. TNF-a production,

histological and histochemical analysis of the lesions were

also carried out. In order to gain a better insight into the

mechanism(s) of action, the observed protective effects of

resveratrol, the expression of the nuclear transcription factor

NF-kB p65, PGE2 and PGD2 generation, and the expression of

COX-1 and -2 by Western blotting and immunohistochemistry

have been investigated. Finally, since resveratrol has been

found to modulate apoptosis in acute colitis (Martı́n et al.,

2004), our aim was to study its effects in colonic mucosa under

chronic inflammatory conditions.

Methods

Experimental animals

Male Wistar rats supplied by Animal Services, Faculty of

Medicine, University of Seville, Spain, and weighing 180–

220 g, were placed individually in cages with wire-net floors in

a controlled room (temperature 24–251C, humidity 70–75%,

lighting regimen of 12L/12D) and were fed a normal

laboratory diet (Panlab, Barcelona, Spain). Rats were deprived

of food for 24 h prior to the induction of colitis, but were

allowed free access to tap water throughout. They were

randomly assigned to groups of 8–12 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).

Induction of colitis

Colitis was induced according to the procedure described by

Morris et al. (1989). Briefly, rats were slightly anaesthetised

with ether following a 24 h fast, and then a medical-grade

polyurethane canal for enteral feeding (external diameter

2mm) was inserted into the anus and the tip was advanced

to 8 cm proximal to the anus verge. A volume of 30mg of

TNBS (Sigma-Aldrich Company Ltd, Madrid, Spain) dis-

solved in a volume of 0.25ml of ethanol 50% (v v�1) was

instilled into the anus, to induce chronic 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 separated

for comparison with TNBS/ethanol instillation: rats in the

sham group received an enema of physiological saline instead

of the TNBS solution, and the ethanol group received 0.25ml

of 50% ethanol. Resveratrol (10mg kg�1; Sigma-Aldrich

Company Ltd, Spain) was suspended in 0.9% saline solution

and administered by gavage (p.o.) 24 h after TNBS instillation

and daily during the 2 weeks before killing of colitis. Control

groups received vehicle in a comparable volume (10ml per

animal). The dose of resveratrol (10mg kg�1) was selected

taking into account previous results (Martı́n et al., 2004). The

animals were killed, using an overdose of anesthetic, 14 days

after induction of colitis. The rats were checked daily for

behaviour, body weight, and stool consistency.

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 inflamma-

tion scores were assigned based on clinical features 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 (¼ or 42 sites of

ulceration and inflammation), 5 (major sites of inflammation

41 cm along the organ), 6–10 (major sites of inflammation

42 cm along the organ). The presence of adhesions between

colon and small bowel and other organs (score 0–2), and/or

stool consistency (score 0–1) were evaluated according to the

criteria of Bobin-Dubigeon et al. (2001). Pieces of inflamed

colon were collected and frozen in liquid nitrogen for

measurement of biochemical parameters.

874 A.R. Martı́n et al Resveratrol reduces inflammation and induces apoptosis

British Journal of Pharmacology vol 147 (8)



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 mm on a rotary microtome (Leica Ultracut), mounted on

clean glass slides and dried overnight at 371C. Sections were

cleared, hydrated and stained 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 char-

acterization of histopathological changes. Photographs taken

from colon samples were digitised using Kodak D290 Zoom

camera Eastman Kodak Co., U.S.A. and Motics Images 2000

release 1.1 (MicroOptic Industrial Group Co., Ltd; B1 Series

System Microscopes). Analysis of the figures was carried out

by AdobesPhotoshops Version 5.0 (Adobe Systems) image

analysis program. For measurement of the number of mucosal

mast cells, the sections were stained with 0.5% toluidine blue

(pH 0.5) (Wingren & Enerbäck, 1983). Light microphoto-

graphs of sections stained were taken using an Olympus BH-2

microscope (Olympus Optical Co., Ltd). To count mast cells,

10 high-power fields (� 20) were selected and the number per

10 fields was calculated.

Immunohistochemical study

Colonic tissues were fixed in 4% buffered paraformaldehyde,

dehydrated through graded concentrations of ethanol, em-

bedded in paraffin, and sectioned. Sections (5 mm thick) were

mounted on slides, cleared and hydrated. All of them were

treated with a buffered blocking solution (3% bovine serum

albumin in phosphate-buffered saline (PBS)) for 15min. Then,

sections (except negative control) were coincubated with

primary antibodies for COX-1 and COX-2 (goat polyclonal,

M-19 (sc-1747) and M-20 (sc-1754), of Santa Cruz Biotechnol-

ogy, Inc. (Barcelona, Spain) at a dilution of 1 : 400 at room

temperature for 1 and 24 h, respectively. Sections were washed

with PBS and coincubated with secondary antibody (anti-

sheep IgG, peroxidase conjugated, Sigma, Spain) (1 : 500 in

PBS, v v�1), at room temperature for 1 h. Thereafter, sections

were washed as before and with Tris-HCl, 0.05M, pH 7.66, and

then coincubated with a 3,30-diaminobenzidine solution in the

dark, at room temperature for 10min. Sections were washed

with Tris-HCl, stained with haematoxylin according to

standard protocols, mounted with glycerin and observed in

an Olympus BH-2 microscope.

Assessment of leukocyte involvement

MPO activity was assessed as a marker of neutrophil

infiltration according to the methods of Grisham et al.

(1990). 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 �701C.

The tissue was thawed, weighed and homogenised in 10

volumes 50mM PBS, pH¼ 7.4. The homogenate was centri-

fuged at 20,000� g, 20min, 41C. The pellet was again

homogenized in 10 volumes 50mM PBS, pH¼ 6.0, containing

0.5% hexadecyl-trimethylammonium bromide (HETAB) and

10mM ethylenediamine tetraacetic acid (EDTA). This homo-

genate was subjected to one cycle of freezing/thawing and a

brief period of sonication. A sample of homogenate (0.5 ml)
was added to a 0.5ml reaction volume containing 80mM PBS,

pH 5.4, 0.5% HETAB and 1.6mM 3,30,5,50-tetramethylbenzi-

dine (TMB). The mixture was incubated at 371C for 5min and

the reaction started by the addition of 0.3mM H2O2.

Each tube containing the complete reaction mixture was

incubated for exactly 3min at 371C. The reaction was

terminated by the sequential addition of catalase (20 mgml�1)

and 2ml 0.2M sodium acetate, pH¼ 3.0. The changes in

absorbance at 655 nm were measured with a spectrophoto-

meter. MPO activity (1U) was defined as the amount of

enzyme present that produced a change in absorbance of

1.0Umin�1 at 371C in the final reaction volume containing the

acetate. Results were quantified as U� 103mg�1 tissue.

Production of PGE2

PGE2 was determined in colon tissue samples obtained from

each group following the protocol established previously

(Martı́n et al., 2003; 2004). Briefly, colonic mucosa was

excised and rapidly rinsed with ice-cold saline. The tissue was

weighed and homogenised in 6ml TEAP buffer (pH 3.24),

which contained a COX inhibitor, lysine acetyl salicylate

(Sigma Aldrich-Company Ltd, Spain). The homogenate was

centrifuged (1500� g, 10min, 41C) and the supernatant was

removed and passed through a reverse-phase octadecylsilica

C18 Sep Pak cartridge, which was washed with 10ml distilled

water, 10ml 15% (v v�1) ethanol, 10ml hexane and 10ml

ethylacetate, and the eluate collected. Each fraction was

evaporated with ethylacetate, and the dry residue redissolved

in ethanol. PGE2 was determined by a competitive enzyme

immunoassay kit (Assay Designs, Inc.). PGE2 levels were

quantified as PGE2mg�1 tissue.

Production of PGD2

PGD2 was determined in colon tissue samples obtained from

each group following the protocol established previously

(Martı́n et al., 2003; 2004). Briefly, colonic mucosa was

excised and rapidly rinsed with ice-cold saline. The tissue was

weighed and homogenised in TEAP buffer (pH 3.24) which

contained a COX inhibitor, lysine acetyl salicylate (Sigma-

Aldrich Company Ltd, Spain). The homogenate was centri-

fuged (1500� g, 10min, 41C) and an aliquot of supernatant

had to be methoximated due to its chemical instability and

rapid degradation. Later, the supernatant was removed and

passed through a reverse-phase octadecylsilica C18 Sep Pak

cartridge, which was washed with 10ml distilled water, 10ml

15% ethanol, 10ml hexane and 10ml ethylacetate, and the

eluate collected. Each ethylacetate fraction was evaporated,

and the dry residue re-dissolved in buffer. PGD2 was

determined by a competitive enzyme immunoassay kit (Cay-

man Chemical, Barcelona, Spain). Results are expressed as

PGD2mg�1 tissue.

TNF-a production

Distal colon samples were weighed and homogenised, after

thawing, in 100mg sample per 0.9ml PBS solution (pH 7.2) at
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41C. They were centrifuged at 6000� g for 20min. Mucosal

TNF-a level was assayed by using a commercially available

TNF-a enzyme-linked immunosorbent assay (ELISA) kit

(Genzyme Diagnostics, Cambridge, U.K.). The TNF-a values

were expressed as pgmg�1 tissue.

Isolation of cytoplasmic and nuclear proteins and Western
blot assay

Nuclear proteins were isolated by the method of Helenius et al.

(1996). Frozen colonic tissues were weighed and homogenised

in ice-cold hypotonic buffer (1.5mM MgCl2, 10mM KCl,

0.2mM phenylmethylsulphonyl fluoride (PMSF), 1.0mM

dithiothreitol (DTT) and 10mM HEPES, pH 7.9). Homo-

genates were incubated for 10min on ice and centrifuged

(25,000� g, 15min, 41C). Cytoplasmic proteins were collected

from the supernatants and nuclear proteins from the pellets.

These were washed once and centrifuged at 10,000� g,
15min, 41C), after which they were suspended in ice-cold

low-salt buffer (25% v v�1 glycerol, 1.5mM MgCl2, 0.2mM

EDTA, 0.2mM PMSF, 1.0mM DTT, KCl, HEPES, pH 7.9).

Nuclear proteins were released by adding a high-salt

buffer (25% glycerol, 1.5mM MgCl2, 0.2mM EDTA,

0.2mM PMSF, 1.0mM DTT, 1.2M KCl, 20mM HEPES,

pH 7.9) drop by drop to a final concentration of 0.4M

KCl. Samples were incubated on ice for 30min, with smooth

shaking. Soluble nuclear proteins were recovered by centrifu-

gation (25,000� g, 30min, 41C) and proteins were stored at

�801C.

Protein concentration of the homogenate was determined

following Bradford’s colorimetric method. Aliquots of super-

natants containing equal amounts of protein (30 mg) were

separated on 10% acrilamide gel by sodium dodecyl sulphate–

polyacryamide gel electrophoresis. In the next step, the

proteins were electrophoretically transferred onto a nitrocellu-

lose membrane and incubated with specific primary antibodies

(Santa Cruz Biotechnology, CA, U.S.A.) for COX-1 (M-20) at

a dilution of 1 : 2000, COX-2 (M-19) at a dilution of 1 : 400 and

NF-kB p65, at a dilution of 1 : 200, respectively. Each filter was

washed three times for 15min and incubated with the

secondary horseradish peroxidase-linked anti-goat (for COX-

1 and COX-2) or anti-rabbit immunoglobulin G (for NF-kB
p65) antibodies (sc-2020, Santa Cruz Biotechnology, Inc.).

To prove equal loading, the blots were analysed for b-actin
expression using an anti-b-actin antibody (Santa Cruz

Biotechnology, CA, U.S.A.). Immunodetection was performed

using an enhanced chemiluminescence light-detecting kit

(Amersham, Arlinghton Heights, IL, U.S.A.). Densitometric

data were studied following normalisation to the control

(house-keeping gene). The signals were analysed and quanti-

fied by a Scientific Imaging Systems (KODAK 1D Image

Analysis Software).

Apoptosis

Cytoplasmic DNA fragments, which are indicators of apop-

tosis, were measured with a DNA cell death detection ELISA

PLUS KIT (Roche Diagnostics) according to the manufac-

turer’s instructions. Results were expressed as absorban-

ce� 103mg�1 tissue.

Statistical analysis

All values in the figures and text are expressed as arithmetic

means7standard error (s.e.m.) of the mean. Data were

evaluated with Graph Pad Prisms Version 2.01 software.

The statistical significance of any difference in each parameter

among the groups was evaluated by one-way analysis of

variance (ANOVA), using Tukey–Kramer multiple compar-

isons test as post hoc test. P-values of o0.05 were considered

statistically significant. In the experiment involving histology

or immunohistochemistry, the figures shown are representative

of at least six experiments performed on different days.

Results

At 14 days after intracolonic administration of TNBS,

the control animals underwent severe anorexia with a marked

body weight loss. Colitis gave rise to diarrhoea in the majority

of animals. Macroscopic inspection of the cecum, colon

and rectum showed a flaccid appearance and evidence of

bowel wall thickening, inflammation and ulcers. Lesions in the

distal colon were quantified using a macroscopic damage score

(mean: 5.171.1) (Figure 1). A significant increase of weight/

length of the rat colon, an indicator of inflammation,

and presence of adhesions to adjacent organs were frequen-

tly observed in TNBS-treated rats. However, no significant

increase in the weight/length of the rat colon was observed

in TNBS rats, which had been treated with resveratrol

10mgkg�1 (Table 1). In addition, the polyphenolic compound

significantly attenuated the extent and severity of the

colonic injury (Figure 1). In fact, resveratrol was able to

reduce the macroscopic damage score down to 2.070.4

(Po0.01).

On histological examination of the colon from sham-treated

rats, the histological features of the colon were typical of a

normal structure (Figures 2a, b, 3a and b). In TNBS-treated

rats, the inflammation extended through the mucosa, muscu-

laris mucosae and submucosa. The mucosa adjacent to ulcers

showed extensive crypt distortion. In some sections of

ulcerated areas, necrotic tissue adjacent to surface cells could

be observed (Figure 2c). Extensive granulation tissue with the

presence of fibroblasts, monocytes and lymphocytes and

inflammatory cell infiltrate, mainly eosinophils and basophils,

was apparent (Figures 3c and d). Globet cells were totally

absent in the mucosa (Figure 2d).

After administration of resveratrol, histologically, there was

an attenuation of morphological signs of cell damage; the

colonic mucosa showed ulcers in the process of healing,

evolution to a more chronic inflammatory infiltrate, with

mononuclear cell predominance and initiation of a repair

process (Figures 2e, 3e and f). In regions with re-epithelisation

of the mucosal layer, globet cells with Alcian blue-positive cells

(acid glucoproteins such as sialomucins) were clearly visible

(Figure 2f). Staining with toluidine blue gave a light blue

background, which permitted mapping of the metachromatic

mast cells with purplish blue-staining granules in their

cytoplasm in relation to the other tissue components within

the specimen (Figure 4). After treatment with TNBS, a marked

increase in the number of mucosal mast cells was observed in

the submucosa of colon with inflammation (14.771.8 cells per
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field). Treatment with resveratrol did not significantly reduce

this parameter (13.071.0 cells per field).

As shown in Figure 5, the colitis caused by TNBS was also

characterised by a marked increase in MPO activity, an

indicator of the infiltration of the colon with polymorpho-

nuclear leukocytes. This result was consistent with the

histological findings. Treatment of TNBS-treated rats with

resveratrol significantly (Po0.01) reduced the degree of

polymorphonuclear neutrophil infiltration. Colonic injury by

TNBS administration was also characterised by an increase of

the proinflammatory cytokine TNF-a. In contrast, the levels of

this cytokine were significantly lower (Po0.05) in rats treated

with resveratrol.

The levels of expression of NF-kB p65 and COX were

measured by Western blotting of nuclear and cytosolic

extracts, respectively, from colonic mucosa (Figure 6). NF-

kB p65 protein was not detected in nuclei of normal colon

mucosa, whereas a high expression of nuclear factor appeared

in colon mucosa from control TNBS-treated rats. Nonetheless,

upon treatment with resveratrol, the protein expression of NF-

kB p65 was drastically decreased. As shown in this figure, the

levels of COX-1 protein remained unchanged in all groups,

indicating that COX-1 protein was constitutively expressed in

the colonic tissue and was not significantly changed after

TNBS-enema or in the presence of resveratrol. On the other

hand, COX-2 protein was slightly increased by TNBS

(Po0.001), indicating that the COX-2 protein expression

could be induced at the chronic stage of colonic lesion caused

by TNBS. Nevertheless, oral administration of resveratrol

(10mg kg�1) was able to diminish the upregulation of COX-2

(Po0.01) (Figure 6).

Our data showed that PGE2 content decreased significantly

(Po0.05) in colonic mucosa of TNBS group compared with

that of sham animals. Interestingly, under our experimental

conditions, treatment with resveratrol significantly increased

(Po0.001 vs TNBS) PGE2 generation and returned the PGs

values to basal conditions (Table 2). In contrast, there was

a significant (Po0.05) increase in the mucosal generation of

PGD2 after TNBS administration; however, resveratrol did

not modify PGD2 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 immunosignals (Figures 7b

and c). In the basal part of the crypts, COX-1 expression was

restricted to individual cells, which, according to morpholo-

gical criteria, are endocrine cells, a specialised epithelial cell

type of the lower crypt (data not shown). COX-2-specific

immunolabelling was occasionally observed in colonocytes of

the normal surface epithelium of matched control colon as

shown in Figure 8a.

Compared with normal colon, significant changes in the

cellular distribution of COX-1 and COX-2 were observed

in animals treated with TNBS; in these, cells of the surface

epithelium and in the granulation tissue of mucosa were

decorated by the COX-1-specific antiserum (Figures 7d and e),

whereas prominent COX-2 expression was induced in cells

of the surface epithelium and in cells of the inflammatory

infiltrate in the area of maximum ulceration (Figures 8b and

d). Compared with inflamed colon, no significant changes in

the cellular localisation and the degree of positive staining for

COX-1 were observed in the colon of resveratrol-treated rats

(Figures 7f and g); nevertheless, oral administration of

resveratrol diminished the induced upregulation of COX-2,

except in apical epithelial cells of inflamed colon from

resveratrol-treated rats, where there was an increase (Figures

8c, e and f).
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Figure 1 Effects of chronic administration of resveratrol on the
colonic damage score. Colonic macroscopic damage resulting from
trinitrobenzene sulphonic acid (30mg per animal) instilled into rat
colon was scored as indicated in Methods. Scores 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:
10mgkg�1 day�1). Data are expressed as the mean7s.e.m. of 10–
11 animals in each group. ***Po0.001 vs sham. þ þPo0.01 vs
TNBS.

Table 1 Parameters quantified after administration of resveratrol (R: 10mg kg�1) in rats with chronic colitis induced by
TNBS intracolonic instillation (30mg per animal)

Group n Body weight
changes (g)

Adhesions
(score 0–2)

Stool consistency
(score 0–1)

Colon weight/colon
length (mg cm�1)

Sham 10 88.3716.4 0 0 12.170.8
EtOH 8 81.7716.4 0 0 15.171.9
TNBS 10 76.0720.7 1.870.2a,b 0.670.2 30.478.4a

TNBS+R 10 11 78.6713.6 1.670.1a,b 0.370.2 22.372.0

n: number of animals per group
Colonic parameters were quantified in the sham group (n¼ 10), which received saline instillation. TNBS group (n¼ 8) received
trinitrobenzene sulphonic acid intracolonically in a vehicle of 50% ethanol; ethanol group (n¼ 8) received 50% ethanol intracolonic
injection. Data are expressed as mean7s.e.m.
aPo0.05 significantly different from sham.
bPo0.05 significantly different from EtOH.
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Since resveratrol has been found to modulate apoptosis, we

wished to know what their effects were in colonic mucosa

under chronic inflammatory conditions by an ELISA that

specifically detected cytoplasmic histone-associated DNA

fragments, mononucleosomes and oligonucleosomes. As

shown in Figure 9, a basal level of apoptosis was observed

in the colonic mucosa of sham animals. DNA fragmentation

was dramatically increased in TNBS-treated rats. Further-

more, treatment of rats with resveratrol caused a significant

(Po0.05) increase of TNBS-induced apoptosis.

Figure 2 Chronic colitis model induced by TNBS: effect of resveratrol on colon injury. Histological appearance of rat colonic
mucosa after haematoxylin and eosin stain (e–h) or Alcian blue stain (a, b): sham (a, b), and treated with TNBS 30mg per animal
(c, d), and resveratrol 10mgkg�1 (e, f). Histopathological features of the colon in association with colitis. (a, b) No histological
modification was present in the sham animals. (c, d) Mucosal injury was produced after TNBS administration, characterised by
necrosis, oedema and higher fibrosis. (e) Treatment with resveratrol (10mgkg�1) 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
� 10.
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Discussion

The results of the present study indicate that daily adminis-

tration of resveratrol during 14 days reduced the severity and

extension of the chronic colonic damage induced by TNBS.

Our results also revealed that resveratrol increased the

amount of mucus stained by Alcian blue in colon mucosa.

The protective effect of mucus as an active barrier may be

attributed largely to its viscous and gel-forming properties,

which are derived from mucin glycoprotein constituents.

Alcian-blue-positive cells seem to be associated with regen-

erative processes of the mucosa (Torres et al., 1999), while

reduction in the amount stained has been related to a

decreased resistance of the mucosa and paralleled by altera-

tions in the normal pattern of maturation of mucin in globet

cells (Einerhand et al., 2002).

Infiltration of leukocytes into the mucosa has been

suggested to contribute significantly to the tissue necrosis

and mucosal dysfunction associated with colitis, as they

represent a major source of reactive oxygen and nitrogen

Figure 3 Rat colon segments stained with Giemsa: sham (a, b), treated with TNBS 30mg per animal (c, d), and resveratrol
10mgkg�1 (e, 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 � 40.
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species in the inflamed colonic mucosa (Liu et al., 2003; Deniz

et al., 2004). Reactive oxygen species and peroxynitrite induce

cellular injury and necrosis via several mechanisms, including

peroxidation of membrane lipids, protein denaturation and

DNA damage. Activated neutrophils produce superoxide

anion, the main free radical in tissues, through NADPH

oxidase, which reduces molecular oxygen to the superoxide

anion radical, and through the enzyme MPO, which catalyses

the formation of such potent cytotoxic oxidants as hypo-

chlorous acid from hydrogen peroxide and chloride ions

and N-chloramines.

It has been suggested that proinflammatory cytokines, such

as IL-1b, interferon-g and TNF-a, induce the production of

chemoattractants for neutrophils, which regulate endothelial

adhesion molecule expression. Reports from other studies

(Lawrance et al., 2003; Martı́n et al., 2003; Kim et al., 2004)

indicated that TNF-a production plays an important role in

TNBS-induced chronic colitis. Our findings, as in the above-

cited papers, show that MPO activity and the production of

the proinflammatory cytokine TNF-a were correlated with the

development of colonic inflammation. Interestingly, the ability

of the polyphenolic stilbene to partially reduce the inflamma-

tory cell infiltrate in the colon could in part explain the

observed reduction in the levels of the cytokine. Similar results

were obtained in a model of colitis under acute experimental

conditions (Martı́n et al., 2004). Likewise, these results are in

agreement with published in vitro data, where resveratrol has

been shown to reduce the levels of these inflammatory

mediators (Nawada et al., 1998; Gao et al., 2001; Estrov

et al., 2003; Bi et al., 2005).

In our study, chronic inflammatory conditions were

accompanied by the presence of detectable quantities of NF-

kB p65 in the nuclear extracts, while the nuclear protein

expression of NF-kB p65 was drastically decreased upon

treatment with resveratrol. Recently, it has been suggested that

the stilbene acts on NF-kB by the inhibition of the I-kB kinase,

which results in the prevention of NF-kB translocation into

the nucleous (Holmes-McNary & Baldwin, 2000) or through

its sirtuin activity, which deacetylates NF-kB (Howitz et al.,

2003; Yeung et al., 2004). The p65 subunit activation has

significance in IBD because it is highly activated in the

mucosal biopsy specimens of patients with ulcerative colitis

and Crohn’s disease (Chung et al., 2000). The p65 antisense

oligonucleotide treatment also aborts chronic intestinal

inflammation in a murine model of inflammation (Lawrance

et al., 2003). NF-kB has been shown to activate, via

transcription of genes encoding proinflammatory cytokines

(TNF-a, IL-1b, IL-12 and IL-6) in different cell types, the

expression of enzymes (e.g. inducible nitric oxide synthase and

COX-2) (Dubuquoy et al., 2002). Thus, it is possible that one

mechanism underlying the protective effects of resveratrol

involves a reduction of neutrophil infiltration into the colonic

Figure 4 Rat colon segments stained with toluidine blue: sham (a),
treated with TNBS 30mg per animal (b), and treated with
resveratrol 10mgkg�1 (c). The number of mucosal mast cells was
observed in the colonic submucosa of TNBS-treated animals.
Resveratrol did not modify this parameter. Original magnification
� 20.
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Figure 5 MPO activity (U� 103mg�1 tissue) and TNF-a levels
(pgmg�1 tissue) after resveratrol (R: 10mgkg�1) in rats with chronic
colitis produced by TNBS intracolonic instillation (30mg per
animal). Colonic mucosal MPO activity and TNF-a levels 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
(10mgkg�1 day�1). Data are expressed as the mean7s.e.m. of 8–10
animals in each group. ***Po0.001 vs sham. þPo0.05 and
þ þPo0.01 vs TNBS. The MPO activity and TNF-a levels of
colonic mucosa were quantified as described in Methods.
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mucosa, possibly via inhibition of TNF-a production and NF-

kB activation, although further investigation will be required

to confirm this possibility.

In the present study, we have also demonstrated that (1) a

decrease in PGE2 colonic levels and an increase in PGD2

production are associated with macroscopic damage. (2) COX-

2 expression is increased in colon 14 days after the induction of

colitis and (3) resveratrol treatment increased PGE2 produc-

tion and returned PG values to basal conditions. These results

are consistent with the observation of Allgayer et al. (1989)

and Tessner et al. (1998), who demonstrated that exogenously

applied PGE2 attenuated experimental colitis and reduced the

inflammatory response, suggesting that endogenous PGE2

is the mediator of mucosal protection. PGE2 exerts anti-

inflammatory effects, including suppression of neutrophil

function or prevention of mast cell degranulation, as well as

suppressor T-cell induction and inhibition of the production

and release of proinflammatory cytokines (Ajuebor et al.,

2000). In that study, the decrease of PGE2 in the inflamed

colon is consistent with a recent observation that PGE2 in

caecal tissues of TNBS-treated rats increases at 1 week post-

TNBS, but returns to basal values by 2 weeks post-TNBS

(Zamuner et al., 2003).

Mast cells produce regulatory and immunomodulating

mediators such as PG, mainly PGD2 and cytokines, and they

might play an important role in the process of fibrosis and in

the resolution of colonic inflammation in rats, possibly by

downregulating neutrophil infiltration into the mucosa. It has

further been suggested that this prostanoid is primarily derived

from COX-2 (Gilroy et al., 1999). Our results showed an

increase in PGD2 synthesis and COX-2 expression in relation

to basal levels. The high number of mast cells found in the

colon from TNBS-treated rats would explain, in part, the

observed increase of PGD2 production in this group. These

data are in accordance with Zamuner et al. (2003), who

observed an increase in PGD2 synthesis and COX-2 expression

during the period of healing of the colonic injury.

In addition, resveratrol did not significantly reduce the

number of mast cells found in the submucosa and did not

modify PGD2 concentration, but reduced COX-2 protein

expression. These results suggest that resveratrol reduced the

colonic damage by a mechanism independent of PGD2

synthesis by the COX-2 pathway. In accordance with reports

in the literature, the production of this prostanoid was

markedly elevated very early after induction of colitis (1–
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Figure 6 (a) Expression of COXs after 14 days of TNBS
administration as detected by Western blot analysis. COX-1 protein
remained unchanged in all groups (sham, ethanol, TNBS and
TNBSþ resveratrol 10mgkg�1 (R)); however, resveratrol induced
downregulation of COX-2 in the treated groups vs TNBS control.
Densitometric data were studied following normalisation to the
control (house-keeping gene). The results are representative of three
experiments performed on different samples and data are expressed
as the mean7s.e.m. ***Po0.001 vs sham. þ þPo0.01 vs TNBS.
(b) Expression of nuclear transcription factor NF-kB p65 after 14
days of TNBS administration by Western blot analysis. The protein
expression of NF-kB p65 was drastically decreased in the
TNBSþ resveratrol 10mgkg�1 (R) group.

Table 2 Prostaglandin E2 (pgmg�1 tissue) and D2

(pgmg�1 tissue) after resveratrol administration
(10mgkg�1) in rats with chronic colitis produced by
TNBS intracolonic instillation (30mg per animal)

Group n PGE2
(pgmg�1

tissue)

n PGD2

(pgmg�1

tissue)

Sham 10 826.3778.4 8 803.6718.6
EtOH 6 622.97111.3 6 899.5742.2
TNBS 10 444.8798.38a 8 1113.7790.1a

TNBS+R 10 11 1090.97145.7b 9 983.0772.9

n: number of animals per group.
Prostanoids synthesis in the colonic tissue was 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: 10mgkg�1 day�1). Data are expressed as the
mean7s.e.m. The synthesis of prostanoids were quantified as
described in Methods and are expressed as pgmg�1 tissue.
aPo0.05 significantly different from sham.
bPo0.001 significantly different from TNBS.
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3 h), but not thereafter. The initial increase in PGD2 synthesis

was paralleled by an increase in COX-2 expression, but it

declined despite the continued elevation of COX-2 expression

(Ajuebor et al., 2000). Resveratrol did not inhibit COX-2

activity; however, it suppressed COX-2 expression. Our data

are consistent with a previous study by Kankuri et al. (2001),

where the glucocorticoid dexamethasone, which did not inhibit

COX-2 activity, suppressed COX-2 expression, and also

reduced colonic damage and neutrophil infiltration. Indeed,

48 h after intracolonic administration, resveratrol also inhib-

ited the expression of COX-2, without affecting its activity

(Martı́n et al., 2004).

Figure 7 Immunohistochemical localisation 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, c). COX-1 expression in the colon of TNBS-control
rats (d, e). COX-1 expression of inflamed colon treated with resveratrol 10mgkg�1 (f, g). Original magnifications � 10, � 20
and � 40.
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IBD evoke a damage-repair process accompanied by the

activation of apoptotic genes. Previous studies have shown

significant apoptosis in colonic epithelial cells during mild

inflammation induced by TNBS, and it is suggested that

expression of apoptosis markers is related to the degree of

colitis (Yue et al., 2001; D’Argenio et al., 2004). In addition,

deregulated apoptosis seems to be a major cause of the

impaired barrier function, leading to the invasion of patho-

genic microorganisms, and to an increase of leukocyte survival

with exacerbation of the disease (Yue et al., 2001). These

findings are in accordance with the present study, in which

colonic cell death was associated with apoptosis in the colon

lesion 14 days after intracolonic administration of TNBS. In

addition, we have previously demonstrated that resveratrol

stimulates the apoptosis during early colonic inflammation in

rats (Martı́n et al., 2004) and now we confirm the results

Figure 8 Immunohistochemical localisation 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, d). COX-2 expression of inflamed colon treated with
resveratrol 10mgkg�1 (c, e, f).
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during chronic colonic inflammation. An increase in apoptosis

linked to resveratrol has already been documented in in vitro

and in vivo studies (Hayashibara et al., 2002; Bernhard et al.,

2003; Boscolo et al., 2003; Cal et al., 2003; Dong, 2003; Zhou

et al., 2003; Aziz et al., 2005). In these studies, it has been

suggested that the p53 protein (wild type or mutant) probably

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.

However, in certain cancer lines, resveratrol also induced

apoptosis independently of p53 (Dong, 2003). The modulation

of apoptosis by resveratrol in this experimental model may

represent an additional protective mechanism against chronic

inflammation development.

In conclusion, we have shown that resveratrol

exerts protective effects in chronic experimental colitis.

The anti-inflammatory effects seem to be related to impair-

ment of neutrophil function, absence of upregulation of

TNF-a and decrease of nuclear NF-kB p65 expression.

Resveratrol also returned to basal values the levels of PGE2

and PGD2 and reduced the overexpression of COX-2. We also

found that the polyphenolic compound caused a significant

increase of TNBS-induced apoptosis. These and our previous

results strongly suggest the use of resveratrol in controlling

IBD.
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