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Abstract

Objective and design This study attempted to clarify the
roles of endothelins and mechanisms associated with ET 5/
ETjg receptors in mouse models of colitis.

Materials and methods Colitis was induced by intracolonic
administration of 2,4,6-trinitrobenzene sulfonic acid
(TNBS, 1.5 mg/animal) or dextran sulfate sodium (DSS,
3%). After colitis establishment, mice received Atrasentan
(ETA receptor antagonist, 10 mg/kg), A-192621 (ETg
receptor antagonist, 20 mg/kg) or Dexamethasone (1 mg/
kg) and several inflammatory parameters were assessed, as
well as mRNA levels for ET-1, ET-2 and ET receptors.
Results Atrasentan treatment ameliorates TNBS- and DSS-
induced colitis. In the TNBS model was observed reduction
in macroscopic and microscopic score, colon weight,
neutrophil influx, IL-1p, MIP-2 and keratinocyte
chemoattractant (KC) levels, inhibition of adhesion mole-
cules expression and restoration of IL-10 levels. However,
A192621 treatment did not modify any parameter. ET-1
and ET-2 mRNA was decreased 24 h, but ET-2 mRNA
was markedly increased at 48 h after TNBS. ET-2 was able
to potentiate LPS-induced KC production in vitro. ET and
ETg receptors mRNA were increased at 24, 48 and 72 h
after colitis induction.
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Conclusions Atrasentan treatment was effective in reduc-
ing the severity of colitis in DSS- and TNBS-treated mice,
suggesting that ET, receptors might be a potential target
for inflammatory bowel diseases.
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Introduction

Ulcerative colitis and Crohn’s disease are chronic,
immunologically mediated disorders collectively referred
to as inflammatory bowel diseases (IBD). Various factors,
such as genetic susceptibility, persistent intestinal infec-
tion, defective microbial clearance and/or mucosal barrier
function, combined with altered immune responses con-
tribute to the pathogenesis of IBD (for review see Wallace
[1] and Sartor [2]). Endothelins (ET-1, ET-2 and ET-3) act
on two receptor types cloned in humans (ET4 and ETpg) [3]
and are suggested to have a major role in colitis by their
vasoconstrictor properties.

Plasma levels of endothelin-1 (ET-1) were shown to be
significantly higher in patients with IBD than in healthy
controls [4, 5]. Among the Crohn’s disease patients, there
were more immunoreactive cells for endothelins in the
submucosa than in the lamina propria whereas the converse
was true for the ulcerative colitis group [6].

Local endothelin might contribute to vasculitis in IBD
by inducing intestinal ischaemia through vasoconstriction,
being an important step in the initiation of inflammation of
the intestine [6]. In this line, a recent study have demon-
strated that appendicitis/appendectomy (AA) protects
against colitis in an AA murine model [7]. The same group
showed that seven genes related with endothelin activity
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were downregulated 28 days post AA, suggesting that
suppression of endothelin vasoactivity led to vascular
remodeling which may contribute to the limitation of col-
itis in this model [8].

Data from the rat TNBS colitis model have shown that
two non-selective ET /g receptor antagonists, bosentan and
Ro 48-5695, ameliorate the progression of tissue damage
[9-11]. Nevertheless, there are controversies about the
efficacy of the treatment regimen. Hogaboam et al. [9] have
shown in a rat model of TNBS-induced colitis that
bosentan was not able to ameliorate macroscopic damage
when used in a protective regimen, while Anthoni and
collaborators [12] demonstrated, in a mouse model of
chronic DSS-induced colitis, that therapeutic administra-
tion of bosentan diminished tissue injury.

It is now widely accepted that neutrophils play a crucial
role in mediating tissue damage and clinical symptoms in
human and experimental colitis [13-15]. Neutrophils
express two CXC chemokine receptors, CXCRI and
CXCR2 [16], which play an important role in the patho-
genesis of inflammatory responses [17]. In mice, it has
been shown that keratinocyte chemoattractant (KC) pro-
motes neutrophil migration, mainly by activation of
CXCR?2 receptor [18]. In addition, the interaction of KC
with CXCR2 may contribute to angiogenesis, which has
been suggested to play an important role in the initiation
and perpetuation of IBD [19].Some authors have shown
that bosentan is able to reduce both the adhesion of
leukocytes in colonic submucosal venules and inflamma-
tion in a dextran-induced colitis model. However, it has
also been suggested that the injury-preventive role of
bosentan is independent of cell infiltration [20]. Thus, in
spite of the increasing evidence for a role of endothelin in
IBD, the mechanisms underlying its participation, as well
as the contribution of each receptor need further elucida-
tion. In the present study, we demonstrated that TNBS-
induced colitis enhanced ET, and ETg mRNA receptors;
however, prepro- ET-1 and ET-2 mRNA oscillated along
time. Moreover, ET, but not ETg receptor antagonists
ameliorate established colitis, by decreasing cell migration
and production of pro-inflammatory cytokines. Besides, we
observed a reduction in E-selectin and B,-integrin, as well
as, an increase in anti-inflammatory cytokines after
Atrasentan treatment.

Materials and methods
Animals
Male BALB/c mice were purchased from Universidade

Estadual de Campinas (Campinas, SP, Brazil) and housed in
collective cages (15-20 mice per cage) at 22 £ 1 °C under a
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12-h light/dark cycle (lights on at 07:00 a.m.), with free
access to laboratory chow and tap water, for at least
2 weeks prior to use at 8-10 weeks of age. Experiments
were performed during the light phase of the cycle. The
experimental procedures were previously approved by
UFSC’s Committee on the Ethical Use of Animals (CEUA,
PP00062), where the study was carried out, and conducted
in accordance with Brazilian regulations on animal welfare.

Induction of colitis

TNBS-induced colitis—the colitis model employed was
that originally described by Morris et al. [21]. and slightly
modified by Bento et al. [22]. Briefly, under anesthesia
with a mixture of ketamine and xylazine (80 and 10 mg/kg,
respectively, i.p.), one-day fasted mice were given TNBS
(1.5 mg in 100 pL of 35% ethanol) delivered using a
polyethylene PE50 catheter inserted into the colon 4 cm
proximal to the anus. As the vehicle constitutes part of the
colitis-inducing protocol, control mice received an equal
volume of sterile 0.9% NaCl solution. Following colonic
instillation, the animals were kept in a head-down position
for 2 min and refrained from food and water for 4 h (in a
separate cage) before transfer to their home cages.

DSS-induced colitis—this model of colitis was
employed as previously described by Wirtz et al. [23] and
consisted of adding 3% w/v of dextran sulfate sodium (30-
50 kD, MP Biomedicals, Cleveland, OH, USA) to the
animals’ drinking water for 5 days, followed by another
2 days during which they were offered plain water. Control
mice received plain drinking water all along.

Treatment protocols

To evaluate the potential effects of endothelin receptor
antagonists in reversing TNBS-induced colitis, mice were
treated once daily for 3 days with either Atrasentan
(10 mg/kg per day, i.v.; selective ET 5 receptor antagonist),
A192621 (20 mg/kg per day, i.v.; selective ETg receptor
antagonist) or vehicles. The choice of doses was made on
the basis of results obtained in prior studies by our group
and others [24-26]. Drug treatments started 24 h after
TNBS administration, and were repeated at 48 h and 68 h.
Animals were killed 72 h after TNBS administration, i.e.,
4 h after receiving the last injection. Other groups of
TNBS-treated mice received Dexamethasone (1 mg/kg,
twice a day, s.c.), which was used as a positive control.

In the experiments involving DSS-induced colitis, mice
received Atrasentan (10 mg/kg, i.v.) or vehicle once daily,
starting concomitantly with DSS treatment until Day 7, and
were killed 4 h after receiving the last injection. Dexam-
ethasone and A-192621 were not tested in the DSS-treated
mice.
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RNA extraction and real-time PCR

Total RNA was extracted from colon samples taken from
anesthetized mice treated with vehicle or TNBS using the
TRizol® protocol (Invitrogen, Carlsbad, CA, USA). The
Reverse Transcription assay was carried out according to
the M-MLV Reverse Transcriptase protocol (Invitrogen,
Carlsbad, CA, USA). Briefly, a mixture of 2 pg of total
RNA, 1 pl of oligo dT 15, 1 pl of ANTP mix (10 mM) and
ultra pure water (completed to 12 pl) was heated for 5 min
at 65 °C and quickly chilled in ice. After further addition of
4 pl of first strand buffer [250 mM Tris—HCL (pH 8.3),
375 mM KCl and 15 mM MgCl,], 2 pl of 0.1 M Molecular
Grade DTT and 1 pl of RNAseOUT®, the mixture was
then incubated for 2 min at 37 °C before addition of 1 pl
(200 U) of M-MLV Reverse Transcriptase. Following
incubation for another 50 min at 37 °C, the reaction was
interrupted by heating to 75 °C for 15 min. The c-DNAs
were stored at 4 °C until performing the PCR reaction. To
this effect, cDNA was amplified in triplicate samples using
TagMan® Universal PCR Master Mix Kit (Applied
Biosystems, Sao Paulo, SP, Brazil) with specific primers,
the 3’ quencher MGB and FAM-labeled probes (all from
Applied Biosystems, Sao Paulo, SP, Brazil) for murine:
endothelin ET 5 receptor (Mm01243722_m1), ETy receptor
(MmO01224433_m1), preproendothelin-1 (Mm0043
8656_m1), preproendothelin-2 (Mm00432983_ml; actu-
ally prepro-vasoactive intestinal contractor) and GAPDH
(NM_008084.2; used as an endogenous control for nor-
malization purposes). The PCR reactions were performed
in a 96-well Optical Reaction Plate (Applied Biosystems)
and contained: 1 pL of cDNA, 5 pL. master mix, 0.5 puL
probe and 3.5 pL. DEPC water in a total of 10 pL.
Amplifications were carried out in a thermal cycler (Ste-
pOne Plus, Applied Biosystems) for 40 cycles. The
fluorescence was collected at each amplification cycle and
the data were analyzed using the 277 method for
expression of relative quantification. Expression of the
target genes was calibrated against the conditions found in
control animals, i.e., those which received vehicle.

Body weight change and disease activity index

Body weight was measured daily, starting on the day pre-
ceding colitis induction in the TNBS model (i.e., before
fasting) and then again just prior to intracolonic TNBS or
vehicle administration (after fasting) and up to 72 h after
treatment. Body weight was also assessed just prior DSS
administration and up to 7 days thereafter in the DSS
model. In the DSS model only, the clinical disease activity
index (DAI) was estimated daily using the protocol pro-
posed by Cooper et al. [27], which ranged from O to 4 and
was the sum of scores given for body weight loss (scored

as: 0 none; 1 1-5%; 2 5-10%; 3 10-20%; 4 over 20%),
stool consistency (scored as: O well-formed pellets; 2 loose
stools; 4 diarrhea) and the presence or absence of fecal
blood (scored as: 0 negative hemoccult test; 2 positive
hemoccult test; 4 gross bleeding).

Macroscopic and microscopic colonic damage

Three days after TNBS administration, mice were killed
and their distal colons removed, rinsed with saline and
macroscopic colonic damage was evaluated using the fol-
lowing scoring system: 0 no damage; 1 hyperemia without
ulcers; 2 hyperemia with bowel wall thickening but no
ulcers; 3 one site of ulceration without bowel wall thick-
ening; 4 two or more sites of ulceration or inflammation; 5
0.5 cm inflammation and major damage; 6, at least 1 cm
major damage (for every additional 0.5 cm of damage, the
score is increased by one to a maximum of 10); plus 1 for
presence of diarrhea, stricture; plus 1 or 2 for presence of
mild or severe adhesions, respectively [28]. To evaluate
microscopic colon damage by light microscopy, samples of
the distal colon were fixed immediately in 10%
formaldehyde solution, embedded in paraffin, cut into
5 pum thick transversal sections, mounted on glass slides,
deparaffinized and stained with H&E. Microscopic colonic
damage was evaluated using the following scoring system:
0 no inflammation; 1 very low inflammation level; 2 low
level of leukocyte infiltration; 3 high level of leukocyte
infiltration, high vascular density and colon wall thicken-
ing; 4 transmural infiltrations, loss of goblet cells, high
vascular density and colon wall thickening [29]. In the
DSS model, macroscopic damage was assessed according
to Kimball et al. [30]., as the sum of scores attributed to
stool condition (0 normal well-formed faecal pellets; 1
loosely shaped moist pellets; 2 amorphous, moist, sticky
pellets; 3 diarrhoea; plus 1 for presence of blood in stool);
colon damage (0 no inflammation; 1 reddening, mild
inflammation; 2 moderate or more widely distributed
inflammation; 3 severe and/or extensively distributed
inflammation); assessment of colon weight loss (0 for

<5%:; 1 for 5-14%; 2 for 15-24%; 3 for 25-35%, 4 for
>35%) and colon length shortening (0 for <5%, 1 for
5-14%, 2 for 15-24%, 3 for 25-35%, 4 for >35%), up to a
maximum total score of 15. The intensity of microscopic
colonic damage was assessed according to the scoring
system described by Rath et al. [31]. and modified by Van
der Sluis et al. [32].

Myeloperoxidase assay
Neutrophil infiltration into the distal colon was assessed

indirectly by measuring the myeloperoxidase (MPO)
activity. Colon segments were homogenized in EDTA/
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NaCl buffer (pH 4.7) and centrifuged at 10,000 r.p.m. for
15 min at 4 °C. The pellet was resuspended in 0.5% hex-
adecyltrimethyl ammonium bromide buffer (pH 5.4) and
frozen in liquid nitrogen and thawed repeatedly three
times. Samples were then centrifuged again (10,000 r.p.m.,
15 min, 4 °C), and 25 pL of the supernatant was used for
the MPO assay. The enzymatic reaction was assessed by
addition of 25 pL of 1.6 mM tetramethylbenzidine in
80 mM NaPOy, plus 100 pL of 0.3 mM H,0,. MPO
activity was measured spectrophotometrically at 650 nm
and the results are expressed as optical density (OD) per
milligram of tissue.

Determination of cytokine levels

Colon segments were homogenized in phosphate buffer
containing 0.05% Tween 20, 0.1 mM phenylmethyl-
sulphonyl fluoride, 0.1 mM benzethonium chloride,
10 mM EDTA and 20 IU aprotinin A. The homogenates
were centrifuged at 3,000xg for 10 min and the super-
natants stored at —80 °C until assays for determination of
levels of the cytokines IL-1f3, MIP-2, KC, IL-10 and IL-13
were carried out. The amount of protein in each sample
was measured using the Bradford method [33], using
bovine serum albumin as a standard. The levels of each
cytokine  were evaluated using enzyme-linked
immunosorbent assay (ELISA) kits according to the man-
ufacturer’s recommendations (R&D systems, Minneapolis,
MN, USA), and the results are expressed in pg/mg of
protein in each sample.

Adhesion molecule expression

Fresh 5 pum thick distal colon slices were incubated over-
night and at 4 °C with primary anti-E-selectin (1:500), anti-
P-selectin (1:500) or anti-B-integrin (1:500) antibodies
(Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA)
dissolved in Renaiscence solution (Biocare Medical, Con-
cord, CA, USA). Prior incubation, high-temperature antigen
retrieval was performed placing the slides in 10 mM triso-
dium citrate buffer pH 6.0, in a water bath at 95-98 °C, for
45 min. The slides were then washed twice with PBS and
incubated with PicTure ™ MAX Polymer detection kit,
according to the manufacturer’s protocol. The sections were
counterstained lightly with Harris’s haematoxylin solution.
Control and experimental tissue sections were placed on
the same glass slide and processed under the same condi-
tions. Images of colon sections stained with antibodies
to E-selectin, P-selectin and B-integrin were acquired using
an light microscope (Olympus, BX-41) connected to a
digital camera (3.3 Mpixel QCOLOR3C, QimagingTM)
and an image acquisition software (Qcapture Pro 5.1,
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QImagingTM). All image analyses were performed using
NIH ImageJ 1.36b imaging software (National Institutes of
Health, Bethesda, MD, USA). Settings for image acquisi-
tion were identical for control and experimental tissue
sections, and four images were captured from each sec-
tion. The total pixels intensity was determined, and data
were expressed as optical density (OD).

Primary cultures of peritoneal leukocytes

Naive mice received an i.p. injection of 1 ml of 3% thio-
glycollate (BD, Franklin Lakes, NJ, USA). Four or 72 h
later, peritoneal exudate cells were harvested by three
consecutive lavages of the peritoneal cavity with 7 ml of
cold phosphate-buffered saline, interspersed with gentle
massages of the abdomen. Lavage samples recovered were
centrifuged at 200x g for 10 min at 4 °C and subjected to
hypotonic lysis to eliminate red blood cells, regardless of
the presence of a red pellet. Centrifugation was repeated
and after an additional wash the cells were resuspended in
DMEM supplemented with 10% heat inactivated calf
serum, 10 U/mL penicillin, 10 mg/mL streptomycin.
Exudate cell numbers and populations were determined by
Poch hemocytometry (Sysmex Corporation, Sdo Paulo, SP,
Brazil) and confirmed by total and differential cell counts
using Neubauer chamber and May-Grunwald Giemsa
stained cytospin preparations. Polymorphonuclear cells
comprised 85-90% of the cells present in exudate samples
collected at 4 h following thioglycollate injection, the
remaining cells constituted mononuclear cells. Due to their
high yield, relative to other cell types, these neutrophils
were used without additional purification steps. Samples
collected 72 h after thioglycollate injection contained
mainly mononuclear cells, from which macrophages were
purified by adherence to plastic, whereby 0.1 mL suspen-
sions of 2 x 10° cells/ml in culture medium were
distributed in 96-well plates, incubated for 2 h at 37 °C in
5% CO, and washed. Cells adhered to the wells were
considered macrophages. Peritoneal neutrophils and mac-
rophages (2 x 10° cells/mL) were stimulated with
lipopolysaccharide (LPS, 100 ng/mL) for 4 and 24 h,
respectively, either in the presence or absence of ET-1 or
ET-2 (each at 30 or 100 nM), BQ-123 (selective ET,
receptor antagonist, 1 uM) or BQ-788 (selective ETg
receptor antagonist, 1 pM). The choice of drugs concen-
trations used in in vitro experiments were based on the
previous studies [34-36]. Control cells were incubated with
the appropriate corresponding vehicles. After stimulation,
the plate was centrifuged (200xg, 10 min) and cell-free
supernatant was collected and stored at —70 °C until
determination of cytokine (MIP-2, KC and IL-1p) levels as
described above.
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Drugs and reagents

Atrasentan and A-192621 ([2R-(2a,3b,4a)]-4-(1,3-benzo-
dioxol-5-yl)-1-[2-(2,6-diethylphenyl)amino]-2oxoethyl]-2-
(4-propoxyphenyl)-3 pyrrolidinecarboxylic acid) were
kindly provided by Abbott Laboratories (Abbott Park, IL,
USA). Dexamethasone, hexadecyltrimethylammonium
bromide (HTAB), E. coli lipopolysaccharide (batch num-
ber 076K4085), tetramethylbenzidine (TMB), hydrogen
peroxide, Tween 20, Tween 80, phenylmethylsulphonyl
fluoride (PMSF), benzethonium chloride, ethylenediamine
tetraacetic acid (EDTA), aprotinin, phosphate-buffered
saline (PBS), eosin, haematoxylin, penicillin, streptomycin
and 2,4,6-TNBS were all purchased from Sigma (St. Louis,
MO, USA). BQ-123 (cyclo[D-Trp-DAsp- Pro-D-Val-Leu])
and BQ-788 (N-cis-2,6-dimethylpiperidinocarbonyl-L-g-
methylleucyl-D-1-methoxycarboyl-norleucine) were from
RBI (Natick, MA, USA), ET-1 and ET-2 were from
American Peptides (Sunnyvale, CA, USA), ketamine was
from Sespo (Sao Paulo, Brazil), xylazine was from Vert-
brands (Sao Paulo, SP, Brazil), formaldehyde was from
Merck (Darmstadt, Germany) and Bradford reagent was
from Bio-Rad Laboratories (Richmond, CA, USA).
Atrasentan was dissolved in water containing 100 pL of
0.1 N NaOH, A192621 in warm water containing 3%
ethanol and 100 pL of 0.1 N NaOH, BQ-123 and BQ-788
in PBS and Dexamethasone was dissolved in saline.

Statistical analysis

All data are expressed as mean + sem. Statistical analysis
was performed using Kruskal-Wallis followed by Dunn’s
tests for non-parametric data, one-way ANOVA followed
by Newman-Keuls test for parametric data. All analyses
were conducted using GraphPad Prism 4 software
(GraphPad Software Inc., San Diego, CA). Differences
with p <0.05 were considered to be statistically
significant.

Results

Influence of TNBS-induced colitis on the colonic
endothelinergic system

Initially, in order to investigate whether TNBS-mediated
colitis might induces alterations in colonic endothelinergic
system, we evaluated the mRNA expression of mRNA
encoding for prepro-ET-1, prepro-ET-2 and endothelin
ET4 and ETj receptors, detected through quantitative RT-
PCR, in colonic samples collected at 24, 48 and 72 h after
intracolonic TNBS administration (Fig. 1). Samples from
control mice exhibited detectable mRNA levels for all four

proteins. Prepro-ET-1 and prepro-ET-2 mRNA levels were
significantly diminished at 24 h after colitis induction (by
50 and 60%, respectively). While prepro-ET-1 mRNA
levels returned to basal values thereafter, those of prepro-
ET-2 mRNA increased 2.4-fold over baseline values at
48 h and diminished again back to control levels at 72 h
after colitis induction. Notably, ET, and ETg receptor
mRNA levels were both consistently up-regulated by 1.8-,
2.9- and 3.5-fold, and by 2.4-, 4.1- and 3.2-fold at 24, 48
and 72 h after TNBS administration, respectively.

Influence of Atrasentan treatment on TNBS-induced
body weight loss and macroscopic colonic damage

Unlike controls, mice given TNBS failed to regain the
body weight they lost during fasting for at least 3 days after
its administration (Fig. 2a). After 72 h of TNBS adminis-
tration, mice developed signs of severe illness
characterized by bloody diarrhea and rectal prolapse (re-
sults not shown) and their colons displayed a 2.9-fold
increase in weight (Fig. 2b), as well as severe inflammation
associated with hyperemia, ulceration and occasionally
adhesion, leading to a high macroscopic damage score
(Fig. 2¢). Daily treatment with the selective ET, receptor
antagonist Atrasentan (10 mg/kg/day, i.v.), starting 24 h
after TNBS administration, i.e., at a time point when colitis
is already established [22], and repeated at 48 and 72 h,
significantly recovered body weight loss (Fig. 2a). At this
same dose, Atrasentan also fully reversed the increase in
colon weight and reduced the macroscopic damage score
(Fig. 2b, c). In sharp contrast, identical treatment of TNBS-
administered mice with the selective ETy receptor antag-
onist A-192621 (20 mg/kg/day, i.v.) was not able to reduce
macroscopic damage, colon weight or to recover the body
weight lost during fasting (Fig. 2a—c). On the other hand,
Dexamethasone treatment (1 mg/kg, twice daily, s.c.), used
as a positive control, markedly reduced TNBS-induced
increase in colonic weight and macroscopic damage score,
but failed entirely to restore body weight loss (Fig. 2a—c).

Influence of Atrasentan treatment on TNBS-induced
colonic neutrophil accumulation and microscopic
damage

Colonic samples taken from TNBS-treated mice 3 days
after colitis induction displayed 20-fold higher MPO levels
relative to controls (from 0.145 £ 0.05 to 2.9 £+ 0.2 OD/
mg tissue; Fig. 3a). Treatment with Atrasentan at 10 mg/
kg/day or Dexamethasone (1 mg/kg/twice daily, s.c.) sig-
nificantly reduced the TNBS-induced increase in colonic
MPO levels by 83.0 £ 5.7 and 94.4 + 4.1%, respectively.
A-192621 (20 mg/kg/day, i.v.) also failed to modify MPO
levels (data not shown) and no further experiments were
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Fig. 1 Changes in colonic mRNA levels encoding for prepro-ET-1,
prepro-ET-2 and endothelin ET, and ETy receptors induced by
TNBS. Colonic samples from control mice exhibited
detectable mRNA levels for ET, and ETg receptors and for prepro-
ET-1, prepro-ET-2, ET (a) and ETg (b) receptor mRNA levels were
both consistently up-regulated at 24, 48 and 72 h after TNBS
administration. Prepro-ET-1 (¢) and prepro-ET-2 (d) mRNA levels

carried out with this antagonist in the TNBS colitis model.
Microscopic damage scores obtained by histological
examination of H&E stained colon sections taken from
TNBS-treated animals were 16.5-fold greater than those of
control tissue samples (Fig. 3b). As illustrated in Fig. 3c,
samples from TNBS-treated animals exhibited a dramatic
infiltration of leucocytes into the lamina propria and
colonic mucosa, substantial thickening and exudate (which
suggests plasma extravasation), distortion of crypts and
loss of goblet cells. Again, treatment with Atrasentan and
Dexamethasone reduced microscopic damage scores by
914 £ 54 and 70.9 £ 7.3%, respectively, and largely
suppressed the inflammatory changes induced by TNBS.

Influence of Atrasentan treatment on TNBS-induced
changes in colonic adhesion molecule expression
and cytokine levels

To further characterize the inflammatory changes promoted
by TNBS and the anti-inflammatory properties of
Atrasentan, colon samples were collected 3 days after
colitis induction, sectioned and stained with antibodies
against P-selectin, E-selectin or B,-integrin (Fig. 4a-c). As
shown in Fig. 4, tissue sections from control mice
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were significantly diminished at 24 h after colitis induction. Prepro-
ET-1 mRNA levels returned to basal values thereafter, but prepro-ET-
2 mRNA increased over baseline values at 48 h and diminished again
back to control levels at 72 h after colitis induction. GAPDH was
used as an endogenous control. Each column represents the
mean = SEM of 4-7 mice per group. #P < 0.05, versus control
group; *P < 0.05 versus TNBS-treated group

exhibited very low levels of specific staining for P-selectin
and E-selectin only in endothelial cells and for B,-integrin
only in leukocytes. In comparison, P-selectin, E-selectin
and [,-intregrin staining in corresponding tissues from
TNBS-treated mice was increased by 5.2-, 5.7- and 3.7-
fold, respectively, as revealed by densitometry. In colon
samples taken from TNBS animals treated with Atrasentan
(10 mg/kg/day, i.v.) or Dexamethasone (1 mg/kg/twice
daily, s.c.) the intensities of immunostaining were inhibited
by 764 + 154 and 70.1 £ 18.2% for P-selectin,
857+ 80 and 829 + 124% for E-selectin and
73.8 £ 11.4 and 66.0 & 13.0% for PB,-integrin, respec-
tively, relative to the values detected in tissues from TNBS
mice treated with the corresponding vehicles.

On the other hand, colonic levels of the pro-inflamma-
tory cytokines IL-13, MIP-2 and KC were markedly
elevated at 72 h after inducing colitis with TNBS,
achieving values of 6.5-, 3.4- and 3.7-fold higher than
those measured in control samples, respectively. Atrasen-
tan administration fully abrogated the TNBS-induced
increases in colonic levels of IL-18, KC and MIP-2
(96.1 &+ 2.6, 95.0 + 3.0% and >100%, respectively), and
qualitatively similar results were observed following
treatment with Dexamethasone (Fig. 5a—c). Conversely,
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Fig. 2 Therapeutic treatment with Atrasentan reduces the severity of
TNBS-induced colitis. Mice were given TNBS (1.5 mg in 100 pL of
35% ethanol) and were treated with Atrasentan (AT, 10 mg/kg, i.v.),
A192621 (20 mg/kg, i.v.), Dexamethasone (Dex, 1 mg/kg, twice a
day, s.c.) or vehicle, starting 24 h after TNBS administration. Control
mice received an equal volume of sterile 0.9% NaCl solution.
Throughout the experiment mice were monitored for body weight loss

TNBS-induced colitis was associated with significant
decreases in the colonic levels of the anti-inflammatory
cytokines IL-10 and IL-13, to values corresponding to
43.3 £ 9.4 and 58.1 & 2.8% of those measured in colon
samples from control mice. While treatment with Dexam-
ethasone restored the levels of both anti-inflammatory
cytokines to those detected in control tissues, treatment
with the ET receptor antagonist only normalized IL-10
(1.6-fold increase over corresponding value of the control
TNBS-treated group; Fig. 5d, e) but not IL-13 levels.

Effects of LPS and endothelins on primary cultures
of neutrophils and macrophages

The reduction in IL-18, MIP-2 and KC levels induced by
Atrasentan in TNBS-treated colon could be due to direct
blockade of ET, receptors on leukocytes, which produce
them, or to inhibition of cell migration into colonic tissue.
We thus stimulated primary cultures of peritoneal macro-
phages and neutrophils with LPS, an important component
of colitis-induced damage, and tested the effects of BQ-123
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T
Control

TNBS (1.5 mg/animal)

and at 72 h after TNBS administration, colitis severity was assessed.
Treatment with Atrasentan recovered mouse weight (a), decreased
colon weight (b), and reduced the macroscopic score (c). Treatment
with A192621 did not alter the parameters analyzed. Each column
represents the mean & S.E.M. of 5-7 mice per group. *P < 0.05,
versus control group; *P < 0.05 versus TNBS-treated group

and BQ-788 (selective antagonists of ET, and ETjy
receptors, respectively; 1 pM) on IL-18, MIP-2 and KC
production. As illustrated in Fig. 6, in vitro stimulation of
macrophages with LPS for 24 h increased MIP-2 and KC
levels by 2.1- and 9.2-fold, respectively. Notably, MIP-2
production by LPS-stimulated macrophages was unaltered
by co-incubation with endothelin-1 or endothelin-2 (30 or
100 nM), but KC production was similarly enhanced
~1.6-fold by both doses of endothelin-2 (Fig. 6b). The
production of MIP-2 and KC by LPS-stimulated macro-
phages was significantly reduced by co-incubation with
BQ-123 (80.9 £ 5.2 and 70.8 & 8.8% inhibition, respec-
tively), but not with BQ-788 (Fig. 6a, b). Cultured
neutrophils stimulated with LPS displayed 22- and 3.2-fold
increases in MIP-2 and IL-1 production over basal levels,
respectively, and these responses were unaltered by co-
incubation with either endothelin-1 or endothelin-2
(Fig. 6¢, b). The effect of LPS on neutrophil MIP-2 pro-
duction was reduced by BQ-123, but not BQ-788, whereas
neither antagonist affected the increase in IL-1f production
(Fig. 6¢, d). Importantly, neither endothelin-1 nor
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Fig. 3 Therapeutic treatment with Atrasentan inhibits cell influx and
improves microscopic colon damage. Mice were given TNBS (1.5 mg
in 100 pL of 35% ethanol) and were treated with Atrasentan (AT,
10 mg/kg, once daily, i.v.) or Dexamethasone (Dex, 1 mg/kg, twice a
day, s.c.) or vehicle, starting 24 h after TNBS administration. Control
animals received an equal volume of sterile 0.9% NaCl solution.
Seventy-two hours following colitis induction, the histopathological
tissue damage and the MPO activity were determined. Treatment with

endothelin-2 (30 or 100 nM) altered the basal production
of any of these cytokines in control macrophages or neu-
trophils (i.e., incubated in the absence of LPS; data not
shown).

Effects of Atrasentan in the DSS-induced colitis
model

To investigate if Atrasentan treatment would also prove to
be beneficial in another preclinical model of colitis, we
have tested its effects on some parameters of colitis
induced by DSS addition to the drinking water of Balb/c
mice for 5 days, followed by washout for another 2 days.
DSS administration was associated with significant body
weight loss on Days 6 and 7, increases in the clinical DAI
from Day 3 onwards and colon length reduction (Fig. 7a—c,
respectively). Atrasentan treatment (10 mg/kg/day, i.v.),
starting concomitantly with DSS administration, fully
prevented the loss of body weight and markedly attenuated
the disease activity index from Day 4 onwards, particularly
by ameliorating stool consistency and reducing rectal
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Atrasentan decreased MPO activity (a) and the microscopic score (b).
¢ shows colon sections from control mice, TNBS, Atrasentan (AT) or
Dexamethasone-(DEX) treated mice, stained with H&E. The images
are representative of at least three mice per group. Original
magnifications, x20 (c). Each column represents the mean £ SEM
of five to seven mice per group. *P < 0.05 versus control group;
*P < 0.05 versus TNBS-treated group

bleeding (Fig. 7a, b). In addition, as evaluated on Day 7,
Atrasentan treatment partially prevented colon length
reduction (Fig. 7c) and also decreased markedly colonic
macroscopic and microscopic damage scores and the
increase in MPO levels induced by DSS (Fig. 7d-,
respectively). As shown in Fig. 7g, histological analysis of
colon sections from DSS-treated mice revealed large areas
of epithelial crypt loss, prominent infiltration of leucocytes
throughout the mucosa. All of these aspects were prevented
by Atrasentan treatment.

Discussion

The current study provides ample evidence that consistently
implicate endothelins, acting through ET 5 receptor-coupled
mechanisms, in the manifestation of TNBS-induced colitis
in mice. It shows that TNBS dynamically changes mRNA
levels encoding for endothelins and their receptors, and that
treatment with Atrasentan, a highly selective ET 5 receptor
antagonist, initiated 24 h after the onset of colitis, restores
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Fig. 4 Therapeutic treatment with Atrasentan decreased the expres-
sion of P-selectin, E-selectin and B,-integrin induced by TNBS. Mice
were given TNBS (1.5 mg in 100 pL of 35% ethanol) and were
treated with Atrasentan (AT, 10 mg/kg, once daily, i.v.), Dexam-
ethasone (Dex, 1 mg/kg, twice a day, s.c.) or vehicle, starting 24 h
after TNBS administration. Control animals received an equal volume
of sterile 0.9% NaCl solution. Seventy-two hours following colitis

body weight, reduces colonic damage, leukocyte infiltration
and overproduction of pro-inflammatory cytokines and
augments levels of the anti-inflammatory cytokine IL-10.
Furthermore, as Atrasentan also corrected the body weight
loss and reduced DAI and macroscopic and microscopic
colonic damage associated with DSS-induced -colitis,
endothelin ET 4 receptor antagonists might constitute highly
effective agents for treatment of IBD.

The colon contains all elements needed for a functional
endothelin system, including all three endothelin isoforms,
ECE-1 (endothelin-converting enzyme-1) and both ET,
and ETg receptors [37-41]. ET-1 mRNA was detected in
the epithelium, macrophages and stromal cells of the
lamina propria in human large intestine [40, 42] and ET-1
and ET-3 peptides were found on the mucosa of the rat
intestine [43].

(10 mg/kg, iv.) (1 mg/kg, s.c.) (10 mg/kg, iv.) (1 mg/kg, s.c)

TNBS (1.5 mg/animal) TNBS (1.5 mg/animal)

induction, colonic tissues were collected, sectioned and stained with
antibodies against P-selectin, E-selectin or P-integrin. Treatment
with Atrasentan decreased P-selectin (a), E-selectin (b) and f,-
intregrin (c) expression, as observed by the immunostaining intensity.
Each column represents the mean = SEM of four mice per group.
#p < 0.05, versus control group; *P < 0.05, versus TNBS-treated

group

ET-1-like immunoreactivity was also observed in the
neurons of human colon, and it has been suggested that ET-
1 modulates intestinal motility and secretion, acting as a
neuropeptide [38, 44]. In addition, it has been reported that
in rat intestine ET-2 mRNA is predominantly expressed in
stromal cells of the lamina propria [39] and studies with
ET-3 deficient mice have suggested that this isoform is
essential for the development of enteric neurons [45].
However, no detailed information on the expression and
distribution of ET-2 is available.

Regarding the endothelin receptor subtypes, the pres-
ence of both, ET, and ETy receptors, in the rats’ intestine
was reported by Koseki et al. [37], which was corroborated
by Yoshimura et al. [46], based on [125I]-ET-1 ligand
binding assay on guinea pigs’ intestine tissue sections.
These authors have showed that ET receptors were
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Fig. 5 Treatment with Atrasentan changes colonic cytokine produc-
tion. Mice were given TNBS (1.5 mg in 100 pL of 35% ethanol) and
were treated with Atrasentan (AT, 10 mg/kg, once daily, i.v.),
Dexamethasone (Dex, 1 mg/kg, twice a day, s.c.) or vehicle, starting
24 h after TNBS administration. Control animals received an equal
volume of sterile 0.9% NaCl solution. Seventy-two hours following
colitis induction the levels of IL-1f, KC, MIP-2, IL-10 and IL-13

localized mainly to the mucosal layer, submucous plexus
and the myenteric plexus of the muscle layer.

Despite the evidence that release of ET-1/2 does not
contribute to human IBD [47], a number of studies sug-
gested the opposite [4, 6]. Indeed, the present study and
others, using different experimental models of colitis,
support the role of endothelins in the pathophysiology of
this disease. In a rat model of TNBS-induced colitis,
Hogaboam et al. [9]. have demonstrated that bosentan
dose-dependently reduced colonic damage and MPO
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were measured in the colon tissue. Therapeutic treatment with
Atrasentan decreased IL-1f (a), KC (b) and MIP-2 (c¢) production
induced by TNBS. TNBS decreased IL-10 (d), and IL-13 (e) levels,
and Atrasentan treatment restored IL-10, but not IL-13 levels. Each
column represents the mean £ S.E.M. of 5-7 mice per group.
#P < 0.05 versus control group; *P < 0.05 versus TNBS-treated

group

activity when it was given 24 h prior to colitis induction. In
addition, Giilliioglu et al. [10]. reported that bosentan
treatment significantly reduced MPO activity and protein
oxidation level, suggesting the involvement of ETs in the
pathogenesis of colonic injury in this animal model of
colitis. In line with these observations, Padol et al. [11].
demonstrated that oral administration of Ro 48-5695
(10 mg/kg), a non-selective ETA/ETg receptor antagonist,
ameliorated TNBS-induced damage by reducing MPO
level and incidence of diarrhea and adhesions. Likewise,
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Fig. 6 ET4 receptor blockade decreased pro-inflammatory cytokine
production in pleural macrophages and neutrophils stimulated with
LPS. Macrophages (2 x 10° cells/mL) or neutrophils (2 x 10 cells/
mL) were stimulated in vitro with LPS (100 ng/mL), for 24 h, either
in presence or absence of ET-1 or ET-2 (each at 30 or 100 nM), BQ-
123 (selective ET receptor antagonist, 1 pM) or BQ-788 (selective
ETg receptor antagonist, 1 uM). BQ-123 incubation reduced MIP-2

Lee et al. [48]. found that SM-19712, an ECE-1 inhibitor,
was able to attenuate DSS-induced increases in loose
stools, fecal blood, weight loss, histologic signs of
inflammation, and immunostaining of PECAM-1. Fur-
thermore, bosentan treatment was able to reduce colonic
tissue damage induced by DSS mainly by reducing the
adhesion of leucocytes in colonic submucosal venules [12].

Corroborating the existing data, the present study
demonstrated the effectiveness of a selective ET 5 receptor
antagonist Atrasentan in TNBS and DSS-induced colitis
models in mice. In the TNBS model, Atrasentan treatment
restored body weight, reduced colonic damage, leukocyte
infiltration and overproduction of pro-inflammatory
cytokines and augmented levels of the anti-inflammatory
cytokine IL-10. Furthermore, in the DSS model, Atrasentan
also corrected the body weight loss and reduced DAI and
macroscopic and microscopic colonic damage, suggesting
that the anti-inflammatory effect of Atrasentan was not
dependent on the animal model used.

A point of controversy is the efficacy of the treatment
regimen with endothelin receptor antagonists, which refers
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(a) and KC (b) production by macrophages (a, b) and by neutrophils
(¢, d). In addition, ET-2 (30 or 100 nM) co-incubation enhanced KC
production induced by LPS (b), whereas neither antagonist affected
the increase in IL-1B production (d). Each point represents the
mean + SEM of four experiments performed in triplicate. *P < 0.05,
versus control group; *P < 0.05, versus LPS-treated group

to the role of endothelins in initiating and/or maintaining
the inflammatory process in the colon. Hogaboam et al. [9].
have shown in a rat model of TNBS-induced colitis, that
bosentan at 30 mg/kg was able to reduce macroscopic
damage, only when given in a protective regimen, but not
1 h after colitis induction. On the other hand, Anthoni and
collaborators [12] demonstrated that therapeutic adminis-
tration (i.e., 2630 days after colitis induction) of bosentan
at the same dose (30 mg/kg) decreased tissue injury in a
mouse model of chronic DSS-induced colitis. In agreement
with this latter study, our data demonstrated that the
curative treatment with Atrasentan significantly attenuated
colonic injury and inflammation parameters in TNBS-in-
duced colitis in mice.

Altogether, these results may suggest differences in
ETA/ETg receptors expression and/or in ET-1/ET-2 release
when colitis is induced by TNBS or DSS. In this regard, it
has been shown, that in the rat TNBS model of colitis, the
content of prepro-ET-1 RNAm and the release of ET-1/ET-
2 peptides were increased at 24 h [47]; while in the DSS-
induced colitis in mice it was reported a down regulation of
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Fig. 7 Atrasentan treatment ameliorates DSS-induced colitis. Mice
received DSS for 5 days followed by another 2 days during which
they were offered DSS-free (i.e., plain) drinking water. Animals were
treated with Atrasentan (AT, 10 mg/kg, i.v., once daily) from day O to
day 7. DSS induced a long-lasting body weight loss (a), increased the
disease activity index (b), reduced the colon length (c), and decreased
the macroscopic score (d), the microscopic score (e) and the MPO

ET-2 peptides at this time point [41]. To further explore
this hypothesis, we analyzed not only prepro-ET-1 and ET-
2 RNAm but also ET and ETy receptors expression. Our
results indicated that both ET receptors were up-regulated
from 24 up to 72 h after colitis induction, but prepro-ET-1
and prepro-ET-2 expression oscillated along time, sug-
gesting important differences in the regulation of the
endothelinergic system according to the experimental
model employed.

A possible mechanism underlying the role of endothe-
lins in the pathophysiology of colitis is the regulation of
colon blood flow. In this regard, in the rat TNBS model of
colitis it was shown a dramatic decrease in colonic blood
flow, which was restored by LU-135252 (selective ETa
receptor antagonist), bosentan (dual ETA/ETg receptor
antagonist), and BQ-485 (ET-1 antagonist), but not by BQ-
788 (selective ETg receptor antagonist), indicating that
blood flow alterations were mediated by ET, receptors
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levels (f). Atrasentan treatment improved all these parameters.
Histological analysis showed that the large areas of epithelial crypt
loss and prominent infiltration of inflammatory cells induced by DSS
was minimized by Atrasentan (g). Each column represents the
mean + SEM of six mice per group. *P < 0.05, versus control group;
* P < 0.05, versus DSS-treated group

[20, 49]. However, Lee et al. [48]. have reported that
colonic blood flow rate did not change following DSS
treatment. We have also observed a participation of ET,
but not ETy receptors in TNBS-induced colitis, which was
associated with a decrease in cell influx, but the possibility
that these changes are due to modulation of blood flow
remains to be investigated.

Several studies also support a crucial role of neutrophils
in mediating tissue injury and clinical symptoms in colitis
[13—15]. However, increasing evidence suggests that the
tissue damage may occur independently of cell migration.
According to Kruschewski and colleagues [49], treatment
with BQ-485 improved macroscopic injury induced by
TNBS but not inhibited colonic MPO activity, while
treatment with LU135252 did not ameliorate microscopic
damage, but diminished leukocyte sticking. On the other
hand, it was shown that treatment with bosentan was able
to reduce both the adhesion of leukocytes in colonic
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submucosal venules and inflammation in a DSS-induced
colitis model [12]. Our data reinforce this latter observation
and support a role for endothelins, via ET, receptors
activation, in neutrophil influx, which is, at least in part,
responsible for tissue injury.

To gain further insights into the mechanisms through
which ET, receptors mediate cell migration, we have
assessed the content of chemotactic factors (IL-1p, MIP-2
and, KC) and the expression of adhesion molecules after
colitis induction. Our results demonstrated that Atrasentan
almost totally suppressed the increase of IL-1f, MIP-2 and
KC, as well as, of E-selectin and P2-integrin. It is also
important to point out that stimulation of endothelial cells
in culture with ET-1 led to an up-regulation in the
expression of ICAM-1, VCAM and E-selectin [36, 50-53].

Our present data suggest that endogenous endothelins
affect recruitment of leucocytes, especially neutrophils, by
regulating adhesion molecule expression in leukocytes and
colonic endothelial cells. In this regard, it is important to
mention that endothelins can be produced by activated PMN
leucocytes infiltrating the mucosa [54], acting as important
autocrine/paracrine modulators of neutrophil functions.
Endothelins have been found to stimulate neutrophil
migration in vitro [55-57] and in vivo [58-62]. Moreover,
ET-1 induces an increase of neutrophil chemokinetics
in vitro [55] and promotes neutrophil aggregation [63, 64].

Besides the regulation of neutrophil functions,
endothelins are able to modulate the production of IL-8 and
IL-1 in macrophages, endothelial and epithelial cells
[57, 65-67]. Moreover these cytokines as well as MIP-2
and KC are important to cell migration in colon [22].
Therefore, inhibition of endothelin receptors could con-
tribute to decrease of cell influx by diminishing
chemotactic factors production. However, since the
inflammatory cells produces cytokines and chemokines, the
reduction on IL-1B, MIP-2 and KC levels could be just a
consequence of decreased migration. To further strengthen
this view, we have performed neutrophil and macrophage
cultures, and have shown that BQ-123 reduced production
of MIP-2 and KC in macrophages and partially decreased
MIP-2 release by neutrophils. These data suggest that
endothelins may modulate cell activation, mainly macro-
phages, decreasing cytokines production, contributing to
reduction of adhesion molecules expression. In a process
that depends on a cascade effect, it is difficult to pinpoint
the fundamental event being affected and what represents
the consequences of the primary event. It is important to
mention that prepro-ET-2 levels were up regulated 48 h
after TNBS administration, but prepro-ET-1 was not. In
addition, ET-2 potentiates LPS-induced KC production
in vitro. It might suggest that ET-2 play an important role
in colonic inflammation after TNBS administration, once

Atrasentan blocks ET 4 receptors, which are also activated
by ET-2.

Also of interest were the data showing significant
recovery of the anti-inflammatory cytokine IL-10 after
Atrasentan treatment. This effect might be explained by the
decrease of neutrophil influx [68]. This cytokine is known
to deactivate respiratory burst and to inhibit proinflamma-
tory mediator production, playing a negative modulatory
role, with an effect on PMN accumulation and chemokine
generation [69]. On the other hand, Atrasentan failed to
restore IL-13 levels, a cytokine that has been reported to
present immunoregulatory properties in patients with
inflammatory bowel disease [70]. The fact that IL-10 and
IL-13 can be released by different cell types could explain
the differential effect of Atrasentan.

In conclusion, in the present study we have demon-
strated a major role for endothelins, possibly ET-2, in
maintaining colitis inflammatory parameters in two dif-
ferent models. Our findings indicated that ET, receptor
inhibition decreased infiltration of neutrophils into the
inflamed tissues by reducing levels of chemotactic factors
and expression of adhesion molecules, contributing greatly
to the reduction of tissue damage and signs of inflamma-
tion. Of high interest, Atrasentan has a curative property
being able to attenuate TNBS-induced colitis after the
establishment of inflammation. Our data indicates that the
ETA receptor may represent an interesting and attractive
target for the management of IBD, for which current
therapies remain inadequate.
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