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1 Immune response-modulating drugs such as thalidomide may be of therapeutic value in the
treatment of chronic in¯ammatory bowel diseases including Crohn's disease (CD). In the present
study, we have investigated whether thalidomide exerts this e�ect by impairing endothelial cell-
leukocyte interaction through down-regulation of the expression of pro-in¯ammatory gene products
in these cells.

2 Transient CD-like colitis was induced in male Wistar rats by single enema with trinitrobenzene
sulphonic acid (TNBS) in ethanol followed by macroscopic scoring, histology, intravital microscopy,
RT ±PCR and immunohistochemistry (IHC) analyses. Thalidomide or its analogue supidimide were
administered in olive oil by intragastric instillation 6 h prior to the induction of colitis and then
daily for one week.

3 Both thalidomide and supidimide (200 mg kg71 d71) signi®cantly attenuated TNBS-induced
colitis as compared to vehicle-treated control animals (44 and 37% inhibition, respectively), and this
e�ect persisted for 7 days post cessation of thalidomide treatment (46% inhibition).

4 Moreover, thalidomide signi®cantly reduced leukocyte sticking to postcapillary venular
endothelial cells in the submucosa (by 45%), improved functional capillary density and perfusion,
and attenuated endothelial interleukin-8 expression, as judged by IHC analysis. According to RT±
PCR analysis, both thalidomide and supidimide also signi®cantly reduced vascular cell adhesion
molecule-1 mRNA expression in the a�ected part of the descending colon.

5 These ®ndings suggest that thalidomide and one of its derivatives impairs CD-like TNBS-induced
colitis in the rat by down-regulating endothelial adhesion molecule and chemokine expression and,
as a consequence, the interaction of these cells with circulating leukocytes.
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Introduction

The endothelium may play a pivotal role in chronic
in¯ammation, including in¯ammatory bowel diseases
(IBD), as it represents the ®rst site of interaction of

circulating professional pro-in¯ammatory cells such as
neutrophils, monocytes and TH1-type T helper cells with
the a�ected tissue. Once initiated, an interaction between

these cells and possibly with other types of cells in the vessel
wall (e.g., smooth muscle cells) may lead to manifestation of
the in¯ammatory process in a vicious cycle (Panes &

Granger, 1998; Salmi et al., 1994). Recently, it was proposed
that the intestinal microcirculation, and especially the
microvascular endothelium, is involved in the generation of
the periodic in¯ammatory attacks that are typical for

Crohn's disease (Hodgson, 1998; Wake®eld et al., 1995).
This may be due to the aberrant expression of adhesion
molecules and chemokines by the endothelium, leading to an

enhanced recruitment and activation of circulating leuko-
cytes (Macdermott, 1999; Vainer, 1997). Moreover, cytokine
secretion, which is important for maintaining normal

gastrointestinal immune function, appears to be dysregulated
in Crohn's disease and thus may promote an excessive TH1
cell response to antigenic stimuli (Rogler & Andus, 1998;

Sartor, 1997; Strober et al., 1998). As a consequence, the
local concentration of pro-in¯ammatory cytokines may be
increased, reinforcing the in¯ammatory process not only by
stimulating the adherent or emigrating leukocytes but also

by enhancing the recruitment of additional leukocytes
through increasing endothelial adhesion molecule and
chemokine production.

Immune response-modulating drugs such as thalidomide
which is capable of inhibiting bacterial lipopolysaccharide
(LPS)-stimulated IL-12 and tumour necrosis factor-a (TNFa)
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synthesis in monocytes (Corral et al., 1999; Moller et al.,
1997), may a�ect this endothelial cell-leukocyte interaction in
chronic IBD. Indeed, recent pilot trials suggest that

thalidomide treatment accelerates the healing of di�erent
types of colitis including Crohn's disease (Ehrenpreis et al.,
1999; Vasiliauskas et al., 1999). To verify that thalidomide
exerts this bene®cial therapeutic e�ect by interfering with

endothelial cell-leukocyte interaction, we have employed a
Crohn's disease-like animal model, the trinitrobenzene
sulphonic acid (TNBS)-induced colitis in the rat (Morris et

al., 1989).

Methods

Materials

Oligonucleotides and molecular biology reagents were from
Gibco Life Technologies BRL, Paisley, U.K. Thalidomide
and supidimide were provided by GruÈ nenthal GmbH,

Aachen, Germany. The polyclonal goat anti-CD62E
(mouse/rat) and the rabbit anti IL-8 (human/mouse/rat)
antibodies were obtained from Research Diagnostics Inc.,

Flanders, U.S.A. The biotinylated mouse-anti-goat/sheep, the
swine-anti-rabbit antibodies, the peroxidase-conjugated avi-
din and 3-amino-9-ethylcarbazole were obtained from

DAKO, Hamburg, Germany. The haematoxylin, eosin and
Giemsa solutions were from Merck, Darmstadt, Germany.
All other chemicals were from Roth, Darmstadt or Sigma-

Aldrich, Deisenhofen, Germany.

Animals

Non-fasted male Wistar rats (Winkelmann, Borchen/Westfa-
len, Germany) weighing 200 ± 250 g were used for the
experiments. All animals were fed standard rat chow and

had free access to water and food. The animals were kept
according to the German legislation on the protection of
animals with a 12 h day and night rhythm.

Induction of colitis

Colitis was induced by a single intracolonic application

of 20 mg TNBS dissolved in 35% ethanol (total
volume of 136 ml) into the descending colon. Rats
were placed under light ether anaesthesia and an 8 cm

long catheter ®tted onto a 1 ml syringe was inserted
through the anal canal into the descending colon. The
total volume was expelled with additional air and the

catheter removed.

Experimental groups

The study protocol depicted in Figure 1 was used with a
follow-up of 7 or 14 days. Each treatment group consisted of
9 ± 15 animals. Thalidomide (200 mg kg71 d71) and its

analogue, supidimide (200 mg kg71 d71), were suspended in
0.5 ml olive oil and administered once daily via intragastric
instillation. Olive oil alone served as a control. The

concentration of both drugs was chosen in analogy with
their therapeutic e�ects in a rat model of collagen-induced
arthritis (Oliver et al., 1998).

Assessment of colonic inflammation and damage

The animals were sacri®ced 7 or 14 days after induction of

colitis according to the study protocol (Figure 1) in deep
ether anaesthesia. The colon was removed and opened
longitudinally. Damage to the colon was assessed both
macroscopically and histochemically (see below). Macro-

scopic evaluation was done using a score originally described
by McCa�erty et al. (1994) with some modi®cations (Table
1). In addition, samples from the a�ected part of the

Figure 1 Scheme of the study protocol.

Table 1 Criteria for macroscopic scoring of colonic damage

Parameter Score

Diarrhea
No 0
Yes 1
Continuous 2

General condition
Normal 0
Reduced 1

Adhesions
None 0
Minor (colon can be easily separated from

other tissue) 1
Moderate 2
Major 3

Perforation
No 0
Yes 1

Necrosis
None 0
Minor 1
Moderate 2
Major 3
Severe (necrosis at two or more sites or extending

41 cm 4
Ulceration
Normal appearance 0
Focal hyperemia, no ulcers 1
Ulceration without hyperemia or bowel wall

thickening 2
Ulceration with inflammation at one site 3
Ulceration at two or more sites or extending

41 cm 4
Edema
No 0
Yes 1

Megacolon
No 0
Yes 1

Total score
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descending colon as well as from una�ected sites of the
ascending colon were taken for immunohistochemistry and
semi-quantitative RT ±PCR analysis of selected gene pro-

ducts (see below).

Immuno(histo)chemistry

Tissue samples were ®xed in 4% formaldehyde and embedded
in para�n. Five to 10 mm thick sections were mounted on
silanized slides (Dako), and after depara�nization stained

both histochemically (haematoxylin/eosin, Giemsa) and
immunohistochemically. For immunohistochemistry, haema-
toxylin-stained sections were incubated six times for 5 min in

0.01 M citrate bu�er (pH 6.0) in a microwave oven set to high
power (800 W). Thereafter they were incubated in 3%
hydrogen peroxide for 15 min to block unspeci®c endogenous

peroxidase activity followed by an overnight incubation at
48C with a polyclonal goat anti-CD62E or rabbit anti-IL-8
antibody, respectively, at a working dilution of 1 : 10. To
visualise the bound primary antibody, the following detector

components were applied at the recommended working
dilutions of the manufacturer (Dako): biotinylated secondary
mouse-anti-goat/sheep or swine-anti-rabbit antibody as a

linker, peroxidase-conjugated avidin as a label and 3-amino-
9-ethylcarbazole as a chromogen.

Intravital microscopy

In two additional series of experiments, rats (minimum of

three animals per treatment group) were subjected to intravital
microscopy 7 days after induction of colitis. Under ether
anaesthesia they were placed on a heated table to keep the
body temperature constant. The trachea was cannulated to

facilitate breathing. For continuous monitoring of blood
pressure and application of dyes, a ®ne polyurethane catheter
was inserted into the right carotid artery. The abdomen was

then opened through a midline incision and the abdominal
cavity inspected for adhesions or perforation. The descending
colon was freed from adhesions and exteriorized on a specially

designed stage attached to the microscope. The tissue was
superfused with warmed (378C) Ringer lactate solution to
avoid drying. Special care was taken to avoid tension on the
mesentery because this would have caused alterations in

perfusion of the mucosa. To study the mucosal microcircula-
tion, a longitudinal incision was placed at the antimesenteric
border of the bowel wall followed by intravital microscopy of

the mucosa on the opposite side of the incision.
Rather than determining colonic blood ¯ow only (Foitzik

et al., 1999), the microcirculatory analysis method described

for the small bowel was adopted (Heuser et al., 2000; Ruh et
al., 2000) to analyse the perfusion status of the colon.
Intravital microscopy was performed with an Axiotech Vario

100 microscope for epi¯uorescence measurements (Zeiss)
®tted with a HBO 100 mercury lamp. By using 106(long
distance), 206 and 406(water immersion) objectives, a
magni®cation of 2436, 4766 and 9336 was reached.

Changes in ¯uorescence intensity were monitored with a
CCD video camera (CF 8/1, Kappa) attached to a video
system for o�-line evaluation.

The intestinal microcirculation was visualized after injec-
tion of 0.8 ml 0.5% ¯uoresceine isothyocyanate (FITC)-
labeled dextran (Sigma). A minimum of 10 randomly chosen

regions of the mucosa were analysed for 40 ± 60 s to obtain
representative values for the perfusion index (PI) and the
functional capillary density (FCD). PI was de®ned as per cent

of perfused capillaries per mucosal area plus 0.5x% of all
irregularly perfused capillaries per mucosal area at 2436
magni®cation, and FCD as length of perfused nutritive
capillaries per mucosal area at 2436 magni®cation (Heuser

et al., 2000). A minimum of 10 capillaries per region (total
100 capillaries) were analysed to measure red blood cell
velocity (RBCV in mm s71 at 9336 magni®cation).

Functional capillary density was assessed by computer-
assisted image analysis and RBCV by line to shift analysis
with the CAPIMAGE software package (Zeintl). To study

leukocyte-endothelial cell interactions, submucosal postcapil-
lary venules were monitored without opening the bowel. For
leukocyte visualization, 0.2 ml 0.1% rhodamine-6 G (Sigma)

was injected intraarterially. Adherent leukocytes (stickers)
were de®ned in each vessel segment (100 mm) as cells that did
not move or detach from the endothelium within 20 s, and
calculated as number of cells per mm2 of endothelial surface

which by assuming a cylindrical geometry was inferred from
the diameter and length of the venule.

RT±PCR analysis

The frozen intestinal segments were minced under liquid N2

with the aid of a mortar and pestle. Total RNA was isolated
with the Qiagen RNeasy kit (Qiagen, Hilden, Germany)
followed by semi-quantitative RT ±PCR analysis for CD40,

CD40 ligand (CD154), CD106 (VCAM-1), elongation factor-
2 (EF-2) as an internal standard, inducible nitric oxide
synthase (iNOS), interleukin-12 p40 (IL-12), and monocyte
chemoattractant protein-1 (MCP-1), essentially as described

previously (Krzesz et al., 1999; Lauth et al., 2000). Individual
PCR conditions are provided in Table 2. To be within the
exponential phase of the PCR reaction, the appropriate

number of cycles was newly established for each set of
samples. The identity of the ampli®cation products was
veri®ed by cloning and sequencing (Krzesz et al., 1999; Lauth

et al., 2000). EF-2 cDNA ampli®cation was essentially the
same irrespective of whether the extracted mRNA was
derived from in¯amed or non-in¯amed tissue.

Statistical analysis

Unless indicated otherwise, all data in the ®gures and text are

expressed as means+s.e.mean of n independent observations
(i.e., samples from di�erent animals). Statistical evaluation was
performed either by one-way analysis of variance followed by

Bonferroni multiple comparisons test (comparison of three or
more groups) or unpaired two-tailed Students t-test (compar-
ison of two groups) where appropriate with the Instat for

WindowsTM statistics software package (GraphPad Software)
and a P value 50.05 considered statistically signi®cant.

Results

Characteristics of the colitis model

After testing various combinations of TNBS (5 ± 50 mg) and
ethanol (20 ± 50%), a single enema consisting of 20 mg TNBS
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in 35% ethanol was found to reproducibly induce a transient
Crohn's disease-like colitis with a maximum in¯ammatory

response at 3 ± 5 days and spontaneous healing after
approximately 4 weeks.
Seven days after the administration of TNBS/ethanol,

signi®cant oedema formation together with focal ulcerations,
necrosis and adhesions was observed in almost all control
animals (total score 8.7+0.7 of a maximum of 17, cf. Table
1, n=11). Histologically, damage to the intestinal wall

appeared to be discontinuous with areas of normal mucosa
next to severely necrotic ones (Figure 2a,b) or with one side
of the mucosa only being a�ected. Moderate ®brosis was

frequently apparent as well as neovascularization (Figures 2d
and 5b) and, above all, a prominent in®ltration of leukocytes,
namely neutrophils but also monocytes and lymphocytes

which tended to accumulate in or around venule-like

Table 2 Primers and PCR conditions

Annealing Forward/reverse GenBank No.
Product (species) Size No. of cycles temperature primer (5'?3') (sequence)

CD40 (mouse) 441 bp 28 ± 32 548C GTGTGTTACGTGCAGTGACAA M83312 (74 ± 515)
ATCCTCACAGCTTGTCCA

CD154 (rat) 319 bp 32 ± 36 588C TCCTTGCTCAACTGTGAGGAG AF013985 (238 ± 557)
CGTTGACTCAAAGGTTCCCGA

EF-2 (human) 218 bp 19 ± 24 588C GACATCACCAAGGGTGTGCAG Z11692 (1990 ± 2207)
GCGGTCAGCACAATGGCATA

IL-12p40 (rat) 246 bp 28 ± 32 638C GCCATGTGGGAGCTGGAGAAAG U16674 (80 ± 326)
GCAGCAGATGTGAGTGGCTCA

iNOS (rat) 826 bp 27 ± 32 588C ATGGCTTGCCCCTGGAAGTTTCTC L12562 (103 ± 929)
CCTCTGATGGTGCCATCGGGCATCTG

MCP-1 (rat) 453 bp 27 ± 32 588C ACCTGCTGCTACTCATTCACT M57441 (136 ± 589)
CATCTTGCATTTAAGGATTTCT

VCAM-1 (human) 1104 bp 25 ± 30 538C TGGAGCAAGAAATTAGATAATGG X53051 (772 ± 1876)
CACATGTACAGGAGATGATGAC

Figure 2 Morphology of TNBS/ethanol-induced colitis 7 days after the enema (representative histology data of at least six animals
in each group). Whereas no pathological disorder was present in the descending colon of control rats (A), a�ected areas of the
descending colon of TNBS-treated animals revealed ulcers (B), leukocyte in®ltrates (B ±E) and neovascularisation (D). Staining:
Haematoxylin/eosin (A,B,D), Giemsa (C), haematoxylin plus secondary swine-anti-rabbit antibody (negative control for IL-8
immunoreactivity; E). Arrows in C indicate the presence of polymorphonuclear neutrophils.

Table 3 E�ects of daily treatment with thalidomide or
supidimide (200 mg kg71 d71) on macroscopic appearance
of the descending colon 7 days after the TNBS/ethanol
enema

Parameter (range) Olive oil Thalidomide Supidimide

Diarrhea (0 ± 2) 1.3+0.2 1.0+0.0 1.2+0.2
General condition (0 ± 1) 0.7+0.1 0.6+0.2 0.9+0.1
Adhesions (0 ± 3) 2.0+0.3 0.8+0.1* 1.1+0.2*
Perforation (0 ± 1) 0.3+0.1 0.0+0.0* 0.0+0.0*
Necrosis (0 ± 4) 2.7+0.4 1.0+0.5* 1.0+0.5*
Ulceration (0 ± 4) 2.9+0.4 1.9+0.3 1.8+0.4
Edema (0 ± 1) 0.9+0.1 1.0+0.0 1.0+0.0
Megacolon (0 ± 1) 0.3+0.1 0.0+0.0* 0.0+0.0*
Total score 11.1+1.3 6.2+0.8* 7.0+1.0*
Number of animals 15 12 9

Stated are the mean score values rounded to one
decimal+s.e.mean (*P50.05 vs olive oil)
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structures in the submucosa (Figure 2c,d). This enhanced
leukocyte in®ltration could also be inferred from the
intravital microscopy data which revealed a more than 5

fold increase in the number of leukocytes sticking to the
endothelium in the postcapillary venules of the submucosa
(Figure 3a). In addition, functional capillary density and
mucosal perfusion were clearly reduced in animals treated

with TNBS/ethanol (Figure 3b ± e).
According to RT±PCR analysis, expression of CD154,

iNOS and VCAM-1 mRNA was signi®cantly increased in

the a�ected intestinal wall (cf. Figure 4a ± c), indicative of
the ongoing in¯ammatory response. There was also a trend
towards an increased expression of MCP-1 mRNA while

expression of CD40 and IL-12 were essentially unchanged
(not shown, cf. Table 5). Basal expression of the
aforementioned gene products in the non-a�ected proximal
colon was not di�erent from that in control animals not

receiving TNBS/ethanol (not shown). Moreover, immuno-
histochemistry revealed a prominent increase in expression
of IL-8 by the microvascular endothelium (cf. Figure 5a,b)

Table 4 E�ects of thalidomide (200 mg kg71 d71) on
macroscopic appearance of the descending colon 7 days
post cessation of treatment (i.e., at day 14)

Parameter (range) Olive oil Thalidomide

Diarrhea (0 ± 2) 1.0+0.0 1.1+0.1
General condition (0 ± 1) 0.0+0.0 0.0+0.0
Adhesions (0 ± 3) 0.8+0.3 0.4+0.2
Perforation (0 ± 1) 0.0+0.0 0.0+0.0
Necrosis (0 ± 4) 0.1+0.1 0.0+0.0
Ulceration (0 ± 4) 1.1+0.3 0.5+0.3
Edema (0 ± 1) 0.9+0.1 0.1+0.1*
Megacolon (0 ± 1) 0.0+0.0 0.0+0.0
Total score 3.9+0.5 2.1+0.5*
Number of animals 10 10

Stated are the mean score values rounded to one
decimal+s.e.mean (*P50.05 vs olive oil)

Table 5 Summary of the e�ects of thalidomide or
supidimide on gene expression in the rat descending colon
determined on day 7 following the TNBS/ethanol enema

Gene Type of
product expression Supidimide Thalidomide Parameter

CD40 Basal ± ± mRNA/PCR
CD154 Stimulated ± ± mRNA/PCR
E-selectin Stimulated ± ± protein/IHC
IL-8 Stimulated ; ; protein/IHC
IL-12 Basal ± ± mRNA/PCR
MCP-1 Stimulated ND ND mRNA/PCR
iNOS Induced ; ; mRNA/PCR
VCAM-1 Stimulated ; ; mRNA/PCR

IHC, immunohistochemistry; ND, not determined. `Type of
expression' indicates whether gene expression in the colon of
TNBS/ethanol-treated animals was signi®cantly increased
over basal levels

Figure 3 E�ects of treatment with thalidomide (thal) or vehicle (oil) on (A) leukocyte adhesion to the submucosal endothelium in
the descending colon, (B) perfusion index in the mucosa, (C) red blood cell velocity (RBCV) in the mucosa, (D,E) functional
capillary density (FCD) in the mucosa and circular muscle, respectively, and (F) capillary diameter in rats 7 days after the TNBS/
ethanol enema as compared to the situation in control animals not receiving TNBS (n=3 for each group with 10 randomly chosen
regions analysed per animal; *P50.05 vs olive oil, {P50.05 vs thalidomide).
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and a di�use increase in E-selectin abundance in the a�ected
distal colon, presumably representing soluble E-selectin (not
shown).

Fourteen days after the enema, damage to the colon was
still apparent but clearly reduced as compared to the
situation at day 7 (cf. Tables 3 and 4). Of the eight gene
products analysed, only expression of VCAM-1 remained

signi®cantly elevated at this point in time (Figure 4d).

Effects of thalidomide

After having established the colitis model, we asked the
question whether thalidomide or its analogue is capable of

attenuating colonic in¯ammation. There was a signi®cant
reduction in overall damage (macroscopic score) both in the
thalidomide (44% reduction) and in the supidimide group

(37% reduction) as compared to the vehicle-treated control
animals (Table 3). Of note was that the most severe type of
damage, necrosis, was reduced both in the thalidomide and in
the supidimide group to about one-third of that in the olive

oil-treated control group. There were also signi®cant
reductions in the severity of adhesions, perforation and
megacolon formation in both treatment groups (Table 3).

This anti-in¯ammatory e�ect of thalidomide was long lasting
for evaluation of colonic damage 7 days post cessation of
thalidomide treatment (i.e., at day 14) still revealed a

signi®cant protective e�ect (46% reduction in the total score
as compared to the olive oil-treated control group, Table 4).
Both thalidomide and supidimide treatment signi®cantly

reduced the increase in iNOS and VCAM mRNA abundance,

but not that of CD154 at day 7 (Figure 4a ± c). CD40 and IL-
12 mRNA expression as well as E-selectin immunoreactivity,
on the other hand were not a�ected by both agents (cf. Table

5, not shown). Immunohistochemistry analysis, on the other
hand, revealed a strong reduction in IL-8 expression in the
microvascular endothelium of rats treated with thalidomide,

and to a lesser extent also in the supidimide group (Figure
5c,d). This result was in good agreement with the inhibitory
e�ect of thalidomide (45% inhibition) on endothelial cell-

leukocyte interaction in the postcapillary venules of the
submucosa (Figure 3a) and overall leukocyte in®ltration
(Figure 5c). Moreover, thalidomide treatment improved
perfusion index (Figure 3b), blood ¯ow velocity (Figure 3c),

and functional capillary density in the mucosa (Figure 3d)
but not in the circular muscle (Figure 3e). Treatment of
control rats with thalidomide (200 mg kg71 d71) only for 7

Figure 4 (A-C) E�ects of daily treatment with thalidomide (thal), supidimide (supid) or vehicle on (A) CD154, (B) iNOS and (C)
VCAM-1 mRNA abundance (expressed relative to the mRNA level of the house-keeping gene, EF-2) in the ascending colon (Ca;
i.e., una�ected region) and descending colon (Cd; i.e., a�ected region) of rats 7 days after the TNBS/ethanol enema (n=7±9,
*P50.05 vs Ca, {P50.05 vs olive oil). (D) Abundance of CD154, iNOS and VCAM mRNA in the Ca and Cd of control rats 14
days after the TNBS/ethanol enema (n=5±6, *P50.05 vs Ca).
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days, on the other hand, had no signi®cant e�ect on these

parameters (Figure 6). Similarly, short-term treatment with
200 mg kg71 thalidomide 1 day before and on the day of
analysis had no e�ect on leukocyte sticking to the

endothelium in the submucosal venules of the small intestine
(229+36 leukocytes/mm2 vs 209+30 leukocytes/mm2, n=3).

Discussion

The present ®ndings demonstrate that thalidomide attenu-
ates TNBS-induced colitis in the rat, an established model
for human Crohn's disease (Morris et al., 1989), and this
e�ect is maintained for several days post cessation of

treatment. In a separate series of experiments with six
animals per treatment group, administration of thalido-
mide for 1 week also seemed to accelerate the

spontaneous healing process at 2 weeks post TNBS/
ethanol administration, hence acting in a therapeutic
manner (not shown).

Thalidomide was e�ective at a dose of 200 mg kg71 d71

which is almost two orders of magnitude greater than the
clinically e�ective dose in man (Ehrenpreis et al., 1999;

Vasiliauskas et al., 1999) but typical for rodents where the
half-life of this type of drug is much shorter (2 ± 3 h as
compared to 6 ± 8 h in humans) with an almost complete
excretion (Becker et al., 1982). Thus, relatively high doses are

required in most animal experiments to observe the
immunomodulatory e�ects of thalidomide. In the rat arthritis
model, thalidomide was administered orally at 200 mg kg71

once or twice daily (Oliver et al., 1998). In a hamster cheek
pouch model for studying endothelial cell-leukocyte interac-
tion, thalidomide was given i.p. in the dose range of 20 ±

200 mg kg71 with a clear dose-dependent e�ect (Schneider et

al., 1997). Furthermore, the anti-angiogenic activity of
thalidomide was evident at oral doses of 200 mg kg71 twice
daily but not at 50 mg kg71 in a rabbit model (Joussen et al.,

1999). At the experimental animal level, the present ®ndings
thus con®rm the recently documented therapeutic e�ect of
thalidomide in patients with Crohn's disease (Ehrenpreis et

al., 1999; Vasiliauskas et al., 1999).
The protective e�ect of thalidomide in the rat model, which

is mimicked by its analogue supidimide, appears to be

brought about by two mechanisms: (i) a more general
antiin¯ammatory e�ect as suggested by the inhibition of
iNOS mRNA expression, but not that of CD40, CD154, IL-
12 or E-selectin (Table 5) in the in¯amed intestinal wall; and

(ii) a more speci®c attenuation of endothelial cell-leukocyte
interaction in postcapillary venules of the submucosa,
presumably brought about by inhibiting the release of IL-8

from the microvascular endothelium and, in addition, by
limiting the enhanced expression of VCAM-1 by these cells.
Interestingly, chronic IBD in humans also presents with an

increased expression of iNOS and IL-8 (McLaughlan et al.,
1997). IL-8 is not only a potent chemokine for polymorpho-
nuclear neutrophils, but also activates leukocytes at sites of

in¯ammation by up-regulating expression of the b2 integrin
CD11b/CD18 (Mac-1) in these cells (Detmers et al., 1991).
CD11b/CD18 interacts with ICAM-1 or E-selectin on the
endothelial cells, and therefore IL-8 release may represent a

crucial step in the e�ector phase of colonic in¯ammation
(Strober et al., 1998). Indeed, antibodies blocking CD11b/
CD18 have been shown to reduce in¯ammation in TNBS-

induced colitis in the rat (Palmen et al., 1995). Moreover, a
monoclonal antibody against IL-8 suppressed both endothe-
lial cell-leukocyte interaction and the signs of colonic

Figure 5 Abundance and localization of IL-8 protein in TNBS/ethanol-induced colitis 7 days after the enema. Representative
sections showing weak IL-8 immunoreactivity in and around submucosal blood vessels of the descending colon from (A) control
rats and (C) TNBS-treated animals receiving thalidomide, but moderate to strong IL-8 immunoreactivity in animals receiving (D)
supidimide or (B) olive oil only. Comparable results were obtained with at least ®ve additional specimens in each group of animals.
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in¯ammation in a related rat model of chronic IBD (Arndt et
al., 1996). In line with these ®ndings is a recent report stating
that thalidomide is capable of attenuating IL-8 synthesis in

endothelial cells stimulated with LPS but not TNFa
(Dunzendorfer et al., 1999). As endothelial cell-leukocyte
interaction was still markedly elevated 7 days after the

initiation of colitis, an e�ect that was signi®cantly attenuated
by thalidomide treatment, it would appear, and this can also
be inferred from the IHC and RT±PCR data, that IL-8

release and VCAM-1 expression by the microvascular
endothelium is still elevated at this point in time, thus
perpetuating the in¯ammatory response. That thalidomide

can directly interfere with endothelial cell-leukocyte interac-
tion has also been demonstrated in the hamster cheek pouch
model mentioned before where systemic thalidomide inhibited
the numbers of rolling, ®rmly adherent and migrating

leukocytes irrespective of the stimulus used, i.e. topical LPS
or TNFa (McLaughlan et al., 1997).
In contrast to IL-8, the role of iNOS in TNBS-induced

colitis is less clear (McLaughlan et al., 1997). Enhanced
production of nitric oxide in the colon may have both
bene®cial and deleterious e�ects. It would appear, however,

that the deleterious e�ects prevail such as the induction of a
toxic megacolon (Guslandi, 1998), an increase in macrophage
cytokine production including IL-8 (Southey et al., 1997),
and an increased cytotoxicity due to peroxynitrite formation

(Dijkstra et al., 1998). This assumption is also supported by a
recent study showing that genetic disruption of the iNOS
gene signi®cantly attenuates TNBS-induced colitis in mice

(Zingarelli et al., 1999). The inhibitory e�ect of both
thalidomide and supidimide on iNOS mRNA expression
may thus have contributed to their anti-in¯ammatory e�ect.
In mice, TNBS-induced colitis appears to be induced by a

polarized TH1 response in the lamina propria that is not
counteracted by transforming growth factor-b producing T
cells, and involves the release of IL-12 from antigen-

presenting cells. The resulting unfettered interferon-g produc-
tion leads to the activation of macrophages, release of pro-
in¯ammatory cytokines, and development of colitis (Elson et

al., 1995; Strober et al., 1998). This classical delayed-type
hypersensitivity response to a contact allergen (which
bypasses the normal oral tolerance mechanisms) is thought

to play an important role also in Crohn's disease (Battaglia et
al., 1999; Liu et al., 1999; Sartor, 1997; Strober et al., 1998).
If this sequence of events was also true for TNBS-induced
colitis in the rat, one would expect an increased expression of

IL-12 (e.g., derived from antigen-presenting cells) and CD154
(as a marker for the activated TH1 cells) in the in¯amed
colon. While there was no appreciable increase in IL-12

mRNA abundance, CD154 expression was indeed signi®-
cantly enhanced 7 days after the TNBS/ethanol enema.
However, thalidomide or supidimide treatment did not a�ect

CD154 expression, suggesting that their bene®cial e�ect is
unrelated to a suppression of T cell in®ltration and/or
activation. Moreover, contrary to what may be inferred from

its inhibitory e�ect on IL-12 synthesis in human peripheral
blood monocytes (Moller et al., 1997), thalidomide did not
a�ect basal IL-12 mRNA expression in the rat colitis model.
However, interpretation of these RT ±PCR data should be

done with some caution. Despite being based on monitoring
expression of a house-keeping gene as an internal standard,
this method only allows for a relative comparison of mRNA

abundance between samples from the ascending and descend-
ing colon of the same animal. Moreover, RT ±PCR analysis
can only provide a gross overview of the changes in gene

expression in the intestinal wall rather than ascribing these to
individual populations of cells.
The aforementioned results nonetheless suggest that

thalidomide speci®cally rather than uniformly attenuates the

expression of pro-in¯ammatory gene products in the rat
colitis model. On the other hand, thalidomide treatment
signi®cantly ameliorated perfusion index, functional capillary

density and blood ¯ow velocity in the mucosa 7 days after
the TNBS/ethanol enema, suggesting that the drug may have
an additional e�ect on the synthesis or mechanism of action

of an endogenous vasoconstrictor substance. Preliminary
evidence from this laboratory suggest that there is indeed
an increase in endothelin-2 mRNA expression in the

intestinal wall and in particular in the terminal branches of
the mesenteric artery of TNBS/ethanol-treated rats 7 days
after the enema which may contribute both to the
microcirculatory disturbances (Miura et al., 1996) and the

increased endothelial cell-leukocyte interaction (Boros et al.,
1998). Clearly this hypothesis warrants further investigation.
What also remains to be tested is whether the anti-

in¯ammatory e�ect of thalidomide is perhaps even more
pronounced if the drug is administered as a suppository
rather than a `tablet'.

Figure 6 E�ects of thalidomide treatment alone for 7 days (thal), as
compared to daily thalidomide treatment after the TNBS/ethanol
enema (TNBS+thal), on (A) endothelial cell-leukocyte interaction,
(B) perfusion index, (C) red blood cell velocity (RBCV) and (D)
functional capillary density (FCD) in the mucosa of the descending
colon (n=3 for each group with 10 randomly chosen regions
analysed per animal; *P50.05 vs thalidomide). Note that due to
the larger size of the venules analysed in these animals, the absolute
number of leukocytes sticking to the endothelium as well as absolute
RBCV di�er from the values shown in Figure 3.
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In summary, the aforementioned ®ndings suggest that
thalidomide impairs Crohn's disease-like TNBS-induced
colitis in the rat, and that this e�ect is mediated at least in

part by downregulating endothelial chemokine and adhesion
molecule expression and, as a consequence, the recruitment of
circulating leukocytes, namely polymorphonuclear neutro-
phils, which may represent a crucial step in the e�ector phase

of colonic in¯ammation. Moreover, these ®ndings may help

to explain the therapeutic e�ect of thalidomide in patients
with Crohn's disease.

This work was supported by the Deutsche Forschungsgemeinschaft
(SFB 402, project C9). The authors are indebted to Renate
Dohrmann and Annette Bennemann for expert technical assis-
tance.
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