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1 Diosmectite is a natural silicate effectively used in the treatment of infectious diarrhoea. Its
antidiarrhoeal properties involve adsorption of toxins and bacteria and modifications of the
rheological characteristics of gastrointestinal mucus. Hence, the aim of this study was to test the
intestinal anti-inflammatory activity of diosmectite.

2 Diosmectite (500mgkg�1 day�1, p.o.) was administered as a post-treatment to rats with chronic
trinitrobenzene sulphonic acid colitis. Colonic status was checked 1 and 2 weeks after colitis induction
by macroscopic, histological and biochemical examination.

3 Diosmectite post-treatment resulted in amelioration of the morphological signs (intestinal weight,
macroscopic damage, necrosed area, histology) and biochemical markers (myeloperoxidase activity,
glutathione levels, MUC2 expression, inducible nitric oxide synthase and interleukin-1b (IL-1b) and
leukotriene B4 synthesis), as well as in the reduction of the severity of diarrhoea. The effect of the clay
was comparable to that of sulphasalazine (50mgkg�1 day�1).

4 Diosmectite exhibited a dose-dependent capacity to adsorb proteins in vitro as well as a dose-
dependent inhibitory effect on the basolateral secretion of IL-8 by lipopolysaccharide (LPS)-
stimulated HT29 cells.

5 Diosmectite had a dose-dependent inhibitory effect on IL-1b production by LPS-stimulated THP-
1 cells.

6 The effect of diosmectite on MUC2 was post-transcriptional, since mRNA levels were unaffected.
However, diosmectite is able to upregulate MUC2 mRNA levels in HT29-MTX cells.

7 Diosmectite has anti-inflammatory activity administered as a post-treatment. Possible mechanisms
include adsorption of luminal antigens, increase of colonic mucin levels and possibly a direct
modulatory action of cytokine production by mucosal cells.
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Introduction

Inflammatory bowel disease (IBD) is a denomination that

refers essentially to two different but closely related conditions,

ulcerative colitis and Crohn’s disease. Both are chronic

disorders that have a substantial prevalence in the developed

world (Sandler, 1994) and are currently difficult to cure

pharmacologically (Sands, 2000). In fact, IBD represents one

of the pathological disorders posing the most compelling need

for new therapeutic strategies. Glucocorticoids, immuno-

suppressants and aminosalicylates comprise the mainstay of

pharmacological therapy in IBD (Sands, 2000). However,

despite their proven efficacy in managing these conditions,

these drugs have a significant profile of side effects that are all

the more important in the context of continued administration.

IBD (Brennan et al., 1995; Jung et al., 1995) is one of the

gastrointestinal conditions, including infectious diarrhoea

(Powell, 1994; Mathan et al., 1995) and food allergy (Heyman

& Desjeux, 1992; Heyman et al., 1994), in which the intestinal

barrier is weakened by the release of proinflammatory

cytokines due to the abnormal activation of the epithelial cells

(Jung et al., 1995) and the underlying immune system (Adams

et al., 1993; Castro & Powell, 1994).

Barrier disruption by inflammation leads to increased

stimulation by luminal antigens, such as food antigens,

bacterial toxins and microorganisms, of the different types of

cells in the lamina propria, including immune cells, nerve

plexus cells, mast cells and mesenchymal cells. In this

connection, mucosal inflammation can be considered a self-

perpetuating process in which the disruption of the epithelial

layer plays a central role (Heyman & Desjeux, 1992). In the
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case of IBD, namely Crohn’s disease, a mucosal permeability

defect has been reported to precede inflammation (Hollander

et al., 1986). Restoration of the epithelial barrier might be

achieved by acting on the basal or lamina propia side of the

epithelium; for instance, antibodies directed against tumour

necrosis factor (TNF) have been found to prevent the effect of

TNF in vitro (Heyman et al., 1994) and have a therapeutic

value in vivo (Bell & Kamm, 2000). An alternative approach

would be to act on the luminal side of the epithelium by

removing the offending antigens or restoring the integrity of

the epithelial barrier. Diosmectite is a natural clay consisting

of an insoluble double silicate of aluminium and magnesium

that has been effectively used in the treatment of several

gastrointestinal diseases, like infectious diarrhoea and food

allergy (Dupont et al., 1992; Theodorou et al., 1994). In acute

diarrhoea in children, this beneficial effect was manifested by

reductions in the duration of diarrhoea, the frequency of liquid

stools and the number of cases of prolonged diarrhoea

(Madkour et al., 1993). The mechanism of action of

diosmectite has been claimed to involve adsorption of toxins

and bacteria and modifications of the gastrointestinal mucus

that reinforces the mucosal barrier (Fioramonti et al., 1990). In

fact, diosmectite treatment induces changes in the chemical

nature of mucopolysaccharides (More et al., 1987), thus

modifying their rheological properties (Droy et al., 1985).

These changes strongly reduce the penetration of toxins

through the mucus layer, since a protective action of

diosmectite against toxin-induced digestive disturbances has

been observed only after several days of treatment and when

toxins were given at a time when the last dose of diosmectite

had been eliminated from the digestive tract (Fioramonti et al.,

1987). Diosmectite treatment may also repair mucosal

integrity, as suggested by the normalization of the urinary

lactulose/mannitol ratio found in children with acute diar-

rhoea (Dupont et al., 1992) and by the restoration of luminal

surface integrity in experimental bacterial infection (Rateau

et al., 1982; Fioramonti et al., 1987). In addition, diosmectite

has been shown to increase the effectiveness of the mucus

barrier against mucosal damage by pepsin in vivo (Leonard

et al., 1994), and to protect against the allergic digestive

disturbances induced in guinea-pigs sensitized to cow’s

milk (Theodorou et al., 1994). Recently, it has been demon-

strated that diosmectite restores the epithelial barrier defect

induced by the proinflammatory cytokine TNF in the

intestinal cell line HT29-19A, as shown by the significant

decrease in ionic conductance and the decreases in mannitol

and horseradish peroxidase permeabilities (Mahraoui et al.,

1997), by an unknown mechanism. These results suggest

that diosmectite may reduce the consequences of intestinal

inflammation by acting from the luminal side of the

epithelium. It should be noted that, despite the aforementioned

pieces of evidence, diosmectite has not gained wide acceptance

in gastrointestinal pharmacotherapy. This should be

regarded as a consequence of causes beyond scientific proof,

since both the antidiarrhoeal activity of diosmectite and its

remarkable absence of adverse effects have been demonstrated

by large controlled studies (Madkour et al., 1993; Guarino

et al., 2001).

Here, we present evidence that diosmectite, administered as

a post-treatment, is effective in controlling hapten-induced

colonic inflammation with an efficacy comparable to that of

sulphasalazine, through a mechanism that may involve

adsorption of proteins, mucus protection and possibly a direct

modulation of the production of proinflammatory mediators

by the colonic mucosa.

Methods

Animals

Female Wistar rats (250–300 g) obtained from the Laboratory

Animal Service of the University of Granada were used,

housed in makrolon cages and maintained in our laboratory in

air-conditioned animal quarters with a 12 h light–dark cycle.

Animals were provided with free access to tap water and food

(Panlab A04, Panlab, Barcelona, Spain). This study was

carried out in accordance with the Directive for the Protection

of Vertebrate Animals used for Experimental and other

Scientific Purposes of the European Union (86/609/EEC).

Induction of colitis

Colitis was induced by the method of Morris et al. (1989) with

minor modifications. Animals were fasted overnight and

anaesthetized with halothane. Under these conditions, animals

were given 10mg of trinitrobenzene sulphonic acid (TNBS)

dissolved in 0.25ml of 50% ethanol (v v�1) by means of a

Teflon cannula inserted 8 cm through the anus.

Experimental design

Rats were randomly assigned to four groups: control (group C,

n¼ 12), which received 0.25ml of phosphate-buffered saline
(PBS); TNBS (group T, n¼ 16), diosmectite (group D, n¼ 16)
and sulphasalazine (group S, n¼ 16), which received the

TNBS/ethanol enema and were given vehicle (1% methyl-

cellulose p.o.), diosmectite (500mgkg�1 day�1 p.o.) or sulpha-

salazine (50mgkg�1 day�1 p.o.), respectively, starting 1 day

after the TNBS challenge. Animals from all groups were killed

by cervical dislocation 1 and 2 weeks after colitis induction.

After diosmectite maximal effect was found to occur at 1 week,

additional experiments (n¼ 20–24 per group) were performed
in order to obtain new samples for the determination of

mucins, inducible nitric oxide synthase (iNOS) and interleukin-

1b (IL-1b) expression, histological analysis and diarrhoeal

scores. Some additional animals were used for glycoprotein

determination. Animal body weight and total food intake for

each group were recorded daily in each case. Diarrhoeal status

was scored according to the criterion of Kerr et al. (1999).

Assessment of colonic damage

The colon was removed and placed on an ice-cold plate,

cleaned of fat and mesentery and blotted on filter paper. Each

specimen was weighed and its length measured under a

constant load (2 g). The large intestine was longitudinally

opened and scored for macroscopically visible damage on a 0–

10 scale by an observer unaware of the treatment, according to

the criterion previously proposed by Bell et al. (1995). The

colon was subsequently divided longitudinally in several pieces

for biochemical determinations. The fragments were immedi-

ately frozen at �301C except for the sample for total

glutathione content determination, which was immediately

weighed and frozen in 1ml of 5% (w v�1) trichloroacetic acid,
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and the fragments for leukotriene B4 (LTB4) synthesis and

Western blot analysis (see below). Myeloperoxidase (MPO)

activity was measured according to the technique described by

Krawisz et al. (1984), using 0.5% hexadecyltrimethylammo-

nium bromide in PBS (pH¼ 6.0) for tissue homogenization
and o-dianisidine dihydrochloride (533mM) as chromogen. The
results are expressed as MPO units (mmolmin�1) per gram of

wet tissue. The total glutathione content was quantitated with

a recycling assay using 5,50-dithiobis-2-nitrobenzoic acid as
chromogen and glutathione reductase to regenerate oxidized

glutathione (Akerboom & Sies, 1981). The results are

expressed as nmol gwet tissue�1.

The colonic levels of IL-1b and iNOS were determined by
immunoblotting. In addition, the expression of mucins 2, 3 and

4, as well as of trefoil factor 3 (TFF3) was examined by reverse

transcription and polymerase chain reaction (RT–PCR) and

also by immunoblotting where applicable. For MUC2, colonic

specimens were immediately minced and homogenized for

1min in 6M guanidine hydrochloride with 100mM dithio-

threitol and protease inhibitors (1,10-phenanthroline, phenyl-

methylsulphonylfluoride, aprotinin), stirred for 24 h at 41C,

dialysed against PBS and centrifuged at 10,000� g for 10min
(Tytgat et al., 1995). For MUC4 and iNOS, the colonic

samples were homogenized in lysis buffer (0.1% SDS, 0.1%

sodium deoxycholate, 1% Triton X-100 in PBS) with

protease inhibitors, the supernatants were boiled for 4min in

Laemmli buffer, separated by SDS–PAGE, transferred to

nitrocellulose membranes and immunoblotted with the

corresponding antibodies. The bands were detected by

enhanced chemiluminescence (NEN, Zaventem, Belgium)

and quantitated with National Institutes of Health software

(Scion Image).

For the RT–PCR analysis of MUC2, MUC3, MUC4 and

TFF3, colonic fragments were frozen immediately post

mortem in liquid nitrogen. Total RNA was extracted with

Trizol (Life Technologies, Rockville, MD, U.S.A.). RNA

(5 mg) per sample were subjected to reverse transcription using
the First-strand cDNA synthesis kit (Amersham Pharmacia

Biotech, Barcelona, Spain). Polymerase chain reaction (PCR)

amplification was performed using 2 ml of cDNA for a final

PCR reaction volume of 25 ml. The primers were: actin (sense,
50-GGC CAA CCG TGA AAA GAT G-30; antisense, 50-GGA
TCT TCA TGA GGT AGT CTG TC-30); MUC2 (sense, 50-
GCT CAA TCT CAG AAG GCG ACA G-30; antisense, 50-
CCA GAT AAC AAT GAT GCC AGA GC-30); MUC3
(sense, 50-CAC AAA GGC AAG AGT CCA GA-30; antisense,
50-ACT GTC CTT GGT GCT GAA TG-30); MUC4 (sense, 50-
CGT ACT AGA GAA CTT GGA CAT G-30; antisense, 50-
GGT AGG AGA ACT TGT TCA TGG-30); TFF3 (sense, 50-
ATG GAG ACC AGA GCC TTC TG-30; antisense, 50-ACA
GCC TTG TGC TGA CTG TA-30).
For the determination of LTB4 synthesis, colonic samples

(100–300mg) were minced, diluted 1 : 10 (w v�1) in 10mM PBS

and incubated for 20min in a shaking bath at 371C. The

samples were centrifuged at 9000� g for 30 s at 41C and the

supernatants were kept at �801C until assay. LTB4 levels were
quantitated by enzyme-linked immunosorbent assay (Amer-

sham Pharmacia Biotech, Barcelona, Spain). IL-1b levels were
assayed in samples obtained as above, boiled in Laemmli

buffer, separated by 15% SDS–PAGE, electrotransferred onto

nitrocellulose membranes and immunoblotted. Quantitation of

band density was carried out as described above.

Histological analysis

The samples for the histological study were taken from the

edge of the necrosed area, coded, fixed in formaldehyde and

processed for routine analysis using haematoxylin/eosin

staining. The sections were scored for microscopic damage

by an investigator blinded to the sample identity as described

previously (Stucchi et al., 2000).

Glycoprotein synthesis

The rate of colonic glycoprotein synthesis was estimated in a

subgroup of rats (from groups T and D, at 1 week of colitis) by

in vivo labelling with [6-3H]glucosamine, administered as an

intraperitoneal dose (15 mCi) (Asfaha et al., 2001). The animals
were killed after 4 h and the colonic mucosa was gently scraped

and vortexed in PBS. This suspension was centrifuged at

1000� g and the supernatant was mixed with an equal volume
of 10% trichloroacetic acid/1% phosphotungstic acid for

30min at 41C to precipitate the proteins. The pellet obtained

after centrifugation (2000� g, 10min) was resuspended in

scintillation liquid (Optifase Hisafe 2, Wallac, Turku, Finland)

for measurement of radioactivity. For the determination of

glycoproteins in HT29-MTX cells, [6-3H]glucosamine was

added to culture medium (1 mCiml�1) with varying concentra-
tions of diosmectite. After 24 h, the cells were washed to

remove the excess marker and stimulated for 15 h with

carbachol (50 mM), 3-isobutylmethylxanthine (100mM) and
PMA (1 mM). Both the culture medium and cells were

processed as above to measure radioactivity.

Cell culture

HT29 cells, a human colonic epithelial cell line, were used as a

model intestinal epithelium (passages 136–142). The cells were

grown in Dulbecco’s modified Eagle’s medium (DMEM)

supplemented with 10% foetal bovine serum (Boëhringer

Mannheim, Barcelona, Spain), 2mM L-glutamine, 50,000U l�1

penicillin/streptomycin and 2.5mg l�1 amphotericin B, in a

humidified 5% CO2 atmosphere at 371C. THP-1 cells, which

have a human monocytic phenotype, were cultured in RPMI

medium with inactivated foetal bovine serum, antibiotics and

amphotericin B as above. HT29-MTX cells (passages 13–16), a

kind gift from Dr Thecla Lesuffleur (INSERM), were cultured

like HT29 cells but with inactivated foetal bovine serum. HT29

and THP-1 cells were obtained from the cell culture facility of

the University of Granada.

Effect of diosmectite on cytokine and mucin production
in vitro

For the cytokine production studies, HT29 cells were seeded at

50,000 cells cm�2 on polycarbonate Transwells filters with a

pore diameter of 0.4mm and a surface area of 4.7 cm2 (Costar,

Brumath, France). At 3–4 days after confluence, intestinal cells

were incubated on their apical side with 1, 10, 50 or 100mgml�1

diosmectite and stimulated on their basolateral side with

10mgml�1 lipopolysaccharide (LPS) (from Escherichia coli

serotype 055:B5). After 20 h, supernatants were harvested,

cleared at 7000� g for 10min and stored at �801C for the

determination of IL-8 levels by enzyme-linked immunosorbent

assay (Biosource International, Nivilles, Belgium) and L-lactate
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dehydrogenase (EC 1.1.1.27, LDH) activity (as an index of

cytotoxicity). LDH activity was measured by the sodium

pyruvate-dependent disappearance of b-NADH and expressed

as mUml�1. THP-1 cells, a human monocytic cell line, were

used to assess the effects of diosmectite on IL-1b production. In
order to separate the clay from the cells, the latter were placed

in the upper chamber of Transwells inserts, while diosmectite

was added to the medium in the lower reservoir. THP-1 cells

(106ml�1) were stimulated with LPS (10mgml�1) and 4-a-
phorbol 12-myristate 13-acetate (PMA, 1mM) for 1 h and then
washed in regular medium prior to exposure to diosmectite (1–

50mgml�1). This protocol prevents the possibility of direct

binding of LPS to diosmectite. The levels of IL-1b were

examined in cell lysates and culture medium 16h after cell

stimulation.

The effect of diosmectite on mucin expression was examined

in HT29-MTX cells, which display a goblet cell phenotype.

HT29-MTX cells were cultured as confluent monolayers for 3

weeks and exposed to diosmectite (1–100mgml�1) for 24 h,

after which RNA was obtained as above. The primers were: b-
actin (sense, 50-CCA TGG ATG TGA TAT CGC CG-30;
antisense, 50-GCC TAG AAG CAT TTG CGG TGG-30);
MUC2 (sense, 50-CTG CAC CAA GAC CGT CCT CAT G-30;
antisense, 50-GCA AG G ACT GAA CAA AGA CTC AGA-

30); MUC3 (sense, 50-GCA AGT CAG TAA CGA GCC TCA

G-30; antisense, 50-GGG GAA AGG ATA CAG GAA TGA

G-30); MUC4 (sense, 50-GTT CTT CGG CAT CTT CTT TGG
GGC-30; antisense, 50-CAC CTT CCC TTT TCC AGT

CTC CCA-30). Samples were electrophoresed on a 2%

agarose gel.

Protein binding

Diosmectite (1–100mgml�1) was incubated for 24 h at 371C in

culture medium (DMEM) containing one of the following:

LDH (2000mUml�1), horseradish peroxidase (EC 1.11.1.7,

2000mUml�1), glutathione transferase (EC 2.5.1.18,

500mUml�1), powdered nonfat milk (1% wv�1) or a

concentrated lactoserum (1% wv�1), a kind gift from Dr

Emilia Guadix. At the end of this period, the samples

were centrifuged at 7000� g for 10min at 41C and the

supernatants were assayed for protein content (Bradford,

1976) or enzyme activity. Glutathione transferase was quanti-

tated using 1-chloro-2,4-dinitrobenzene as a substrate

(Warholm et al., 1985). Horseradish peroxidase was

measured using o-dianisidine as the electron donor, in the

same manner as MPO. The results are expressed as the

percentage of concentration or enzyme activity cleared by

centrifugation.

Materials and reagents

Diosmectite was supplied by Beaufour IPSEN Industrie

(Dreux, France). Except where indicated, all reagents were

obtained from Sigma (Madrid, Spain). The polyclonal anti-

body against murine MUC2 was a generous gift from Dr Jan

Dekker. The MUC4 monoclonal antibody developed by Dr

Kermit L Carraway was obtained from the Developmental

Studies Hybridoma Bank developed under the auspices of the

NICHD and maintained by the Department of Biological

Sciences, University of Iowa, Iowa City, IA, U.S.A. The iNOS

antibody was purchased from Transduction Laboratories, now

BD Biosciences (Franklin Lakes, NJ, U.S.A.). All other

antibodies were purchased from Santa Cruz Biotechnology

(Heidelberg, Germany). The composition of the Ringers

solution was (in mM): 115 NaCl, 25 NaHCO3, 1.2 CaCl2, 1.2

MgCl2, 2.4 K2HPO4, 0.4 KH2PO4, 10 glucose.

Statistical analysis

The results are expressed as mean7s.e.m. Differences among
means were tested for statistical significance by one-way

analysis of variance and a posteriori least significance tests on

preselected pairs. Nonparametric data (colonic damage,

histological and diarrhoeal status scores) were expressed as

median (25–75% quartiles) and analysed by Kruskal–Wallis

analysis of variance on ranks or by the Mann–Whitney test.

Differences in the incidence of diarrhoea were analysed by the

w2 test. Data from the control groups were not significantly

different and were therefore pooled together and presented as

a single group. All statistical analyses were carried out with the

SigmaStat program (Jandel Corporation, San Rafael, CA,

U.S.A.). Statistical significance was set at Po0.05.

Results

Effect of diosmectite on TNBS-induced colitis

As expected, TNBS administration elicited an intense inflam-

matory response in the rat colon. At 1 week postchallenge, this

was characterized by extensive epithelial necrosis, oedema,

bowel wall thickening and adhesions with neighbouring tissue

(Table 1 and Figure 1). The severity of the inflammatory

reaction decreased at the second week, particularly with regard

to the extension of the necrotic lesion (Table 1), but healing

was far from complete. Experimental colitis was accompanied

by marked anorexia and loss of body weight during the first

few days after TNBS challenge (data not shown). Diarrhoea,

as evidenced indirectly by perianal fur soiling, was prominent

Table 1 Evolution of the parameters of macroscopic damage in TNBS colitic rats

Damage score Extension of necrosis (cm) Colonic weight/length ratio (mgcm�1)
1 (week) 2 (week) 1 (week) 2 (week) 1 (week) 2 (week)

Control 0 (0–0) 0 69.173.5
TNBS 5 (5–6) 4 (3–4) 2.370.2 0.870.1 170.2713.4+ 92.373.9+

Diosmectite 5 (1.8–5)* 3 (2–4) 1.070.2* 0.770.2 119.079.9+* 94.876.0+

Sulphasalazine 4 (4–6) 4 (2–4) 1.570.3 0.770.2 154.079.6+ 83.874.9+

Results are expressed as median (25–75% quartiles) and mean7s.e.m., respectively. *Po0.05 compared with TNBS group. Groups
TNBS, diosmectite and sulphasalazine were significantly different from the control group at all time points (not shown).
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among colitic animals at 1 week, but generally was absent at

the second week. Histologically, TNBS colitis was character-

ized by mucosal ulceration and intense leucocytic infiltration

in the mucosa and submucosa, sometimes extending to the

muscular layers and serosa (Figure 1). The infiltrate was

composed mainly of granulocytes (neutrophils, eosinophils) as

well as macrophages. Neutrophilic infiltration was also

evidenced by the 21-fold increase in MPO activity at 1 week

(Figure 2). The synthesis of LTB4, one of the main

chemoattractants in the inflamed intestine, was similarly

elevated (Figure 2). On the other hand, the total levels of

glutathione in the rat colon were significantly decreased up to

2 weeks after administration of the hapten (Figure 2). Further

examination of the status of rats at 1 week of colitis revealed

that the production of IL-1b and iNOS was markedly

upregulated (Figure 3). On the contrary, colitic rats showed

decreased mRNA levels of mucins (Figure 4). The correspond-

ing mucin protein levels (MUC2 and MUC4) were lower in the

TNBS group, but the difference did not reach statistical

significance (Figure 3). TFF3 expression was not modified

significantly, although the level was higher in colitic rats.

Figure 1 Histological sections of TNBS colitic rats at 1 week. (a)
Control group. (b). TNBS group. (c) Diosmectite group. Bar: 200mm.
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Figure 2 Biochemical parameters of TNBS colitic rats. The colonic
levels of MPO, LTB4 and glutathione are shown.

þPo0.05 vs group
C; *Po0.05 vs group T.
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Diosmectite administration to TNBS-challenged rats re-

sulted in a markedly lower degree of colonic inflammation.

Thus at 1 week, animals from the diosmectite group exhibited

a 30 and 65% reduction in colonic weight length ratio (Table 1)

and MPO activity (Figure 2), respectively (Po0.05), as well as
a significant decrease in colonic damage score and a 57%

reduction in the extension of the necrotic area (Table 1). At the

histological level, diosmectite-treated animals presented a

lower severity of ulceration and a less marked degree of

leucocyte infiltration in the mucosa and submucosa (Figure 1).

The histological score was significantly reduced by diosmectite

treatment (15.0 (13.2–19.5) vs 21.0 (17.5–22.0), Po0.05). The
incidence of diarrhoea was lower in the diosmectite-treated

group (20.0 vs 60.0%, Po0.05). A separate experiment using

individually housed rats in which diarrhoea was scored for the

severity and presence of mucus and blood was performed,

confirming the beneficial effect of diosmectite on diarrhoea,

which reached statistical significance at 5–7 days (2 (1–2.3) vs 4

(2–4), Po0.05). Glutathione depletion was also partially

counteracted by diosmectite treatment, although this effect

was significant only at 2 weeks (Figure 2). In addition, the

levels of IL-1b and iNOS were significantly lower than in the
TNBS controls at 1 week (Figure 3). On the other hand,

diosmectite treatment was associated with a dramatic increase

in colonic MUC2 expression level (Figure 3). The level of

MUC4 was comparable to that of the control, but there were

no significant differences overall. Interestingly, the corre-

sponding mRNA levels of MUC2, MUC4 and also MUC3

were unaffected by the treatment (Figure 4). In a separate

experiment, total glycoprotein synthesis, as assessed lay

[6-3H]glucosamine, was unchanged by diosmectite treatment

(not shown). TFF3 expression was comparable to that of the

control rats (Figure 4). There were no significant changes in

LTB4 synthesis, body weight, food intake or incidence of

adhesions (Figure 2 and data not shown).

The therapeutic effect of diosmectite on TNBS colitis was

comparable to that of sulphasalazine, one of the drugs

currently used to treat IBD. Thus in the first week

sulphasalazine inhibited MPO increase as effectively as the

clay and counteracted glutathione depletion (Figure 2). How-

ever, diosmectite appeared to be more effective on the

macroscopic parameters (Table 1), as well as in reducing the

incidence of diarrhoea (37.5%, P40.05 vs control). Unlike
diosmectite, the beneficial effect of sulphasalazine on neutro-

phil infiltration extended to the second week postchallenge,
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since it significantly inhibited MPO activity compared to the

TNBS group (Figure 2).

In vitro experiments

In order to ascertain the mechanisms involved in the anti-

inflammatory activity of diosmectite, the HT29 human

epithelial cell line was used as a model for the interaction

between the clay and the colonic epithelium. Our results show

that diosmectite dose dependently inhibits the secretion of IL-8

by intestinal epithelial cells stimulated by LPS (Figure 5). This

was not attributable to a deleterious effect on the cells, because

the levels of LDH in the culture medium were similar in the

control and diosmectite groups (data not shown). In separate

experiments, diosmectite did not show a significant impact on

cell proliferation or viability (data not shown). On the other

hand, diosmectite inhibited the production of IL-1b by THP-1
cells, suggesting that it may have similar effects if granted

access to the lamina propria (Figure 5). Finally, the addition of

clay to HT29-MTX cells, which are a model of goblet cells, for

24 h modulated significantly the mucin expression pattern

(Figure 6). Thus, diosmectite increased specifically the expres-

sion of MUC2 at 1mgml�1 (Po0.05), but had little effect on
MUC3 or MUC4. Again, diosmectite exposure did not modify

total glycoprotein synthesis, since both the amount of tritium

in the cells and that secreted to the culture medium in response

to a stimulating drug cocktail were similar in the control and

diosmectite groups (data not shown).

The binding capacity of diosmectite to different proteins was

also studied (Figure 7). The clay was found to have a marked
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binding capacity for all the substrates tested. In addition, IL-8

was undetectable when cells were grown on nonpermeable

supports, thus allowing direct contact between IL-8 and the

clay (data not shown), suggesting that diosmectite may also

have significant affinity for this cytokine.

Discussion

Diosmectite is one of the clays long used in the treatment of

diarrhoeal conditions (Madkour et al., 1993). The mechanism

of action proposed involves the adsorption of toxins and

bacteria as well as changes in the properties of secreted mucus

(Dupont et al., 1992). However, its potential therapeutic value

in chronic intestinal inflammation had not been examined to

date. Therefore, we carried out the present study to test

formally this hypothesis. The dose assayed (500mg kg�1) is

based on previous studies in animals (More et al., 1987;

Fioramonti et al., 1987; Theodorou et al., 1994) and humans

(Dupont et al., 1992). Our results demonstrate that diosmectite

is effective in the treatment of established colonic inflamma-

tion in an experimental setting. The therapeutic role of

diosmectite is based on amelioration of the morphological

signs of the disease (intestinal weight, observable macroscopic

damage, necrosed area, histology), as well as on the significant

impact on several biochemical markers (MPO, glutathione

levels, IL-1b, iNOS, mucins). Treatment of colitic animals with
diosmectite also ameliorated colonic functional status in vivo,

as evidenced by the significant decrease in the severity of

diarrhoea, one of the capital signs of both IBD and TNBS

colitis (Musch & Chang, 1994). It is important to note that the

overall efficacy of diosmectite in the downregulation of the

inflammatory response was comparable to that of a standard

drug used in IBD therapy, namely sulphasalazine. In fact,

diosmectite appeared to be better than sulphasalazine in terms

of protection against macroscopic injury at the time of

maximal inflammation, that is, 1 week. Conversely, the

therapeutic effect of sulphasalazine but not diosmectite

extended to the second week after the TNBS challenge, based

on the significant inhibition of MPO activity (see below).

IBD, comprising Crohn’s disease and ulcerative colitis, is a

severe condition that is usually treated with corticoids,

aminosalicylates and immunosuppressants (Sands, 2000).

Although these drugs are generally effective in reducing the

intensity of inflammatory bouts and in maintaining clinical

remission, they have a wide profile of considerable side effects.

Therefore, the search for new therapeutic strategies is much

warranted. This objective is hampered to a great extent by the

fact that the aetiology of IBD is largely unknown. Never-

theless, there is a growing consensus that IBD is the result of

an exacerbated immune response to a stimulus that is

innocuous for the general population (Fiocchi, 1998). This

hypothesis is strongly supported by studies in which experi-

mental colitic inflammation, including TNBS colitis, is

significantly downregulated when animals are reared in a

germ-free environment (Strober & Fuss, 1999). In fact,

systemic endotoxaemia correlates positively with the presence

and extent of intestinal ulceration and with the activity of the

disease, and may contribute to the development of toxic

megacolon, abnormalities of liver histology and other extra-

intestinal manifestations of IBD (Gardiner et al., 1993). This

pathogenic role of intestinal flora in colonic inflammation

should not be confused with an infectious aetiology, since

immunosuppressive therapy ameliorates rather than worsens

the progression of the disease, an effect just opposite to what

would be expected in the latter case (Sands, 2000). In this

regard, it should be noted that oral administration of

adsorbents like kaolin and terra fullonica is able to reduce

endotoxaemia in experimental colitis (Gardiner et al., 1993).

Therefore, by adsorpting the antigenic load to the intestinal

mucosa, diosmectite may be expected to reduce colonic

inflammation. In fact, one of the main effects of diosmectite

was a dramatic reduction of MPO and IL-1b, suggesting a
diminished infiltration/activation of neutrophils and mono-

cytes, respectively, as would be expected from a reduced

antigenic load. The lower levels of iNOS and the histological

analysis also are consistent with this scenario. The fact that

both diosmectite and sulphasalazine failed to reduce signifi-

cantly colonic LTB4 synthesis may reflect a relative lack of

effect on neutrophils compared to macrophages. Alternatively,

it may simply reflect a lack of statistical power to detect real

differences, as suggested by the data in Figure 2. Our results

confirm the adsorptive capacity of diosmectite, which binds

in vitro to all the proteins tested to a great extent, albeit

somewhat variably. It should be noted, however, that these in

vitro data may not reflect an actual binding activity of

diosmectite in vivo. As diosmectite binds to the mucus layer,

its location in the intestine is ideal to provide protection for the

colonic epithelium (Gardiner et al., 1993). In addition,

diosmectite has been shown to confer protection to secreted

mucus in vitro (Leonard et al., 1994). The main secretory, gel-

forming mucin in the colon is MUC2, while MUC3 and

MUC4 are important membrane-bound mucins in the large

intestine and are involved in various functions such as cell

signalling, adhesion and growth (Tytgat et al., 1995; Shirazi

et al., 2000). MUC2 has been reported to be specifically

inhibited in IBD (Tytgat et al., 1996). In our study, diosmectite

treatment resulted in an increase in the colonic levels of

MUC2. Thus, mucus protection from inflammatory damage

may contribute to the therapeutic effects of diosmectite. While

the clay appears to upregulate MUC2 in the HT29/MTX

goblet cell model, the effect observed in vivo is clearly of post-

transcriptional nature, since mRNA levels were unchanged.

These results, together with the fact that overall glycoprotein

synthesis is unchanged by the clay both in vivo and in vitro,

suggest that diosmectite may exert its effect by binding mucins,

protecting them from inflammatory damage.

Apart from the mechanisms explained above, we investi-

gated the possibility that diosmectite exerted a direct

modulatory effect on intestinal cells. Owing to the large size

of the diosmectite particles (sheets 1.2–1.5 nm thick) (Alben-

gres et al., 1985), the clay is expected to be confined to the

luminal side of the epithelium, at least in the absence of ulcers

or epithelial erosions. Therefore enterocytes, in addition to

goblet cells, would be the main cell type directly exposed to

diosmectite. Enterocytes are involved in the immunological

response of the intestine by expressing major histocompat-

ibility complex class II molecules and secreting a number of

cytokines and chemokines (Hershberg & Mayer, 2000). We

used the HT29 cell line as a model epithelium in vitro.

Intestinal epithelial cells, including HT29 cells, respond to LPS

stimulation with an increased production and release of IL-8.

As LPS receptors are located basolaterally, this is interpreted

as a proinflammatory signal in response to the mucosal
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penetration of endotoxin- or endotoxin-bearing microorgan-

isms, generally as a consequence of an epithelial permeability

defect. Since initial experiments suggested that diosmectite

binds IL-8 avidly, cells were seeded on Transwells filters,

which allow separate apical exposure to diosmectite and

basolateral exposure to LPS. Under these conditions, dios-

mectite showed a dose-dependent inhibitory effect on the

basolateral secretion of IL-8. This effect was not attributable

to cytotoxicity, since basolateral LDH levels were unchanged.

Furthermore, diosmectite was shown to have no effect on cell

viability or proliferation in parallel experiments. Although the

mechanism, whereby diosmectite exerts this modulatory effect

on enterocytes, is unknown, our data suggest the existence of

novel, direct actions of this drug on the inflamed intestine. Of

course, direct extrapolation is not possible and it should be

kept in mind that at present we cannot demonstrate that such

mechanisms are actually operative in vivo. At any rate, there is

a precedent of such a direct action reported by Mahraoui et al.

(1997), who showed that, using a similar experimental

protocol, HT29-19A cells apically exposed to diosmectite were

protected from the alterations in barrier function elicited by

basolaterally added TNF and interferon-g. However, the
authors were unable to establish a putative mechanism of

action, owing to the difficult traceability of the clay. The

inhibition of IL-8 synthesis by the epithelium is in accordance

with the diminished leucocyte infiltration (as determined by

MPO activity) observed in the diosmectite group, since IL-8 is

a powerful chemoattractant in the intestinal tissue.

On the other hand, the hypothesis that an ulcerated mucosa

can be accessible to diosmectite led us to examine its effects on

the model human monocytic cell line THP-1. Our results show

that the levels of IL-1b, one of the main cytokines produced by
monocytes/macrophages, are lowered by exposure to diosmec-

tite in this experimental system. This opens up the possibility

that the clay may exert more powerful anti-inflammatory

effects when the integrity of the epithelium is affected. In fact,

such a circumstance could explain why its effects are

prominent at 1 week but not 2 weeks, since epithelial barrier

function is restored in a few days in this model (Bell et al.,

1995; Sanchez de Medina et al., 2002a, b). The mechanisms of

the effects of diosmectite on HT29 and THP-1 cells in vitro are

unknown, but may be related to the binding of molecules

involved in the autocrine/paracrine regulation of these cells.

For example, IL-1b has been shown to exert such effects in
THP-1 cells, creating a positive feedback loop that may be

interrupted by the clay (Toda et al., 2002).

In summary, we have demonstrated that diosmectite has

anti-inflammatory activity in experimental chronic colitis

administered as a post-treatment, which is comparable to that

of a established treatment like sulphasalazine. At least three

different mechanisms may account for this effect: (1) adsorp-

tion of luminal antigens; (2) protection of colonic mucin; and

(3) a possible modulation of the mucosal inflammatory

response.
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