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Background and purpose: Kinins are implicated in many pathophysiological conditions, and recent evidence has suggested
their involvement in colitis. This study assessed the role of the kinin B1 receptors in a mouse model of colitis.
Experimental approach: Colitis was induced in mice by 2,4,6-trinitrobenzene sulphonic acid (TNBS), and tissue damage and
myeloperoxidase activity were assessed. B1 receptor induction was analysed by organ bath studies, binding assay and reverse
transcription PCR.
Key results: TNBS-induced colitis was associated with tissue damage, neutrophil infiltration and time-dependent increase of
colon B1 receptor-mediated contraction, with the maximal response observed at 72 h. The upregulation of the B1 receptor at
this time point was also confirmed by means of binding studies. B1 receptor mRNA levels were elevated as early as 6 h after
colitis induction and remained high for up to 48 h. TNBS-evoked tissue damage and neutrophil influx were reduced by the
selective B1 receptor antagonist SSR240612, and in B1 receptor knockout mice. In vivo treatment with inhibitors of protein
synthesis, nuclear factor-kB activation, inducible nitric oxide synthase (iNOS) or tumour necrosis factor a (TNFa) significantly
reduced B1 receptor agonist-induced contraction. Similar results were observed in iNOS and TNF receptor 1-knockout mice.
Conclusions and implications: These results provide convincing evidence on the role of B1 receptors in the pathogenesis of
colitis. Therefore, the blockade of kinin B1 receptors might represent a new therapeutic option for treating inflammatory bowel
diseases.
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Introduction

Bradykinin (BK) and its related peptides are effectors of the

kallikrein–kinin system. They are formed from high and low

molecular weight kininogens, by the action of serine

protease kallikreins, in both plasma and peripheral tissues

(Moreau et al., 2005). There is compelling evidence indica-

ting that kinins are rapidly generated after tissue injury. They

seem to modulate several events observed during the

inflammatory process, including vasodilatation, increase of

vascular permeability, plasma extravasation, cell migration,

pain, hyperalgesia and synthesis of inflammatory mediators

such as eicosanoids, cytokines and nitric oxide (Calixto et al.,

2000, 2004). Most kinin effects are mediated by the

activation of the two G-protein-coupled receptors named

B1 and B2 (Moreau et al., 2005). B2 receptors are distributed in

a constitutive manner throughout the central and peripheral

tissues and present high affinity for BK and Lys-BK peptides.

Nevertheless, B1 receptors display high affinity for the

metabolites des-Arg9-BK and Lys-des-Arg9-BK. Interestingly,

B1 receptors, with rare exceptions, are normally absent, but

they can be extensively and rapidly upregulated either in vivo

or in vitro (Calixto et al., 2000).

Inflammatory bowel diseases (IBDs) are chronic inflam-

matory conditions of the gastrointestinal tract, clinically

present as two disorders: Crohn’s disease and ulcerative

colitis. The inflammation of the intestinal mucosa in IBDs is

characterized by an influx of neutrophils and macrophages,

accompanied by the production of cytokines, eicosanoids,
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proteolytic enzymes and free radicals that lead to inflammation

and ulceration (Bamias and Cominelli, 2007; Van Limbergen

et al., 2007). Of note, several studies have demonstrated that

the kallikrein–kinin system plays relevant pathophysiologi-

cal roles in the gastrointestinal tract (Cuthbert and

Margolius, 1982). Animal models of colitis and human IBD

suggest that kinins contribute greatly to the development

and maintenance of gastrointestinal diseases, such as IBD. In

1973, Zeitlin and Smith demonstrated that kallikrein con-

tents are increased in patients with ulcerative colitis. Later, a

specific plasma kallikrein inhibitor, Bz-Pro-Phe-boroArg

(P8720), was shown to attenuate intestinal inflammation

(for review, see Stadnicki, 2005). Recently, we have demon-

strated that in a model of colitis induced by 2,4,6-

trinitrobenzene sulphonic acid (TNBS) there was a marked

increase of BK-elicited contraction in vitro, associated with an

enhancement of specific B2 receptor-binding sites in the

mouse colon (Hara et al., 2007). Moreover, treatment with

selective B2 receptor antagonists was able to ameliorate

dextran sulphate sodium-induced colitis in both mice and

rats (Arai et al., 1999; Kamata et al., 2002). Finally, an

alteration in both the distribution and levels of B1 receptors

was observed in the intestinal tissue of patients with IBD,

suggesting a role for this receptor in intestinal inflammation

(Stadnicki et al., 2005).

The present study employed pharmacological and mole-

cular approaches to investigate the role of B1 receptors in the

TNBS mouse model of colitis. We also attempted to

investigate some of the mechanisms involved in B1 receptor

upregulation in this paradigm. Herein, we report for the first

time, that either pharmacological blockade or genetic

disruption of B1 receptors markedly improves TNBS-induced

colitis. Our study also demonstrates that functional upregu-

lation of B1 receptors in TNBS-induced colitis is dependent

on de novo protein synthesis, nuclear factor (NF)-kB activa-

tion, tumour necrosis factor a (TNFa) release and inducible

nitric oxide synthase (iNOS) induction. The characterization

of kinin B1 receptor upregulation in the inflamed colon

points to this receptor as a potential therapeutic target in

IBD.

Materials and methods

Animals

All experimental procedures followed the ‘Principles of

Laboratory Animal Care’ from the National Institutes of

Health (NIH) publication number 85-23, and were approved

by the Animal Ethics Committee of the Universidade Federal

de Santa Catarina.

Experiments were conducted using male Swiss (30–40 g),

C57Bl6, B1R knockout, TNF receptor 1 knockout and iNOS

knockout mice (25–30 g) fed on a standard commercial diet.

They were kept in controlled room temperature (22±2 1C)

and humidity (60–80%) under a 12 h light–dark cycle. B1

receptor, TNF receptor-1 and iNOS knockout mice are on the

C57Bl6 background, constructed as described previously

(Rothe et al., 1993; MacMicking et al., 1995; Pesquero et al.,

2000).

Induction and evaluation of experimental colitis

Colitis was induced according to the methodology described

by Wallace et al. (1989) and adapted by Hara et al. (2007).

After a fasting period of 18–24 h with free access to 5%

glucose solution, mice were randomly divided into control

and colitis groups. The animals were anaesthetized with

2,2,2-tribromoethanol (0.125 g kg�1, i.p.) and then a catheter

was carefully inserted into the colon (4 cm proximal to the

anus). To induce colitis, 0.1 mL of the hapten-forming

reagent TNBS (in 50% ethanol) was slowly administered. To

assure the distribution of TNBS within the entire colon, mice

were carefully maintained at a 451 angle (head down

position) for 2 min, and then returned to their cages. Control

mice received the same volume of saline solution. At 72 h

following TNBS administration, the animals were killed and

the colon was removed, dissected and opened lengthwise.

The severity of colon damage was macroscopically assessed

using the criteria previously established for TNBS-induced

colitis. A score ranging from 0 to 10 was employed, as

follows: 0, no damage; 1, hyperaemia without ulcers; 2,

hyperaemia and wall thickening without ulcers; 3, one

ulceration site without wall thickening; 4, two or more

ulceration sites; 5, 0.5 cm extension of inflammation or

major damage; 6–10, 1 cm extension of inflammation or

severe damage and the score was increased by 1 for every

0.5 cm of damage up to a maximal score of 10; 0 or 1,

absence or presence of diarrhoea; 0 or 1, absence or presence

of stricture; 0, 1 or 2, absence or presence of mild or severe

adhesion.

Organ bath studies

After different intervals of time following TNBS administra-

tion (6–96 h), the animals (n¼6 per group) were killed by

cervical dislocation and the entire colons were removed,

isolated (4 cm) and carefully cleaned and separated from

adherent tissues (but not opened) (Hara et al., 2007). Saline-

treated animals were used as controls. Briefly, full thickness

longitudinal colon segments (1.5 cm) were set up vertically

in individual 5-mL organ baths containing Krebs–Henseleit

solution (mM: NaCl, 113; KCl, 4.7; CaCl2, 2.5; NaHCO3, 25;

MgSO4, 1.1; KH2PO4, 0.9 and D-glucose, 11; pH 7.4),

maintained at 37 1C and continuously gassed with 95% of

O2 and 5% of CO2. Preparations were set up in a force-

displacement transducer (Narco Biosystems, Houston, TX,

USA) under a resting tension of 1 g, and were allowed to

equilibrate for at least 40 min before the incubation of any

drug, during which the bath solution was renewed every

15 min. Isometric contractions were recorded on a poly-

graph. The contractile responses in all experiments are

expressed as the percentage of the contraction induced by

carbachol (CCh) (100 mM). Complete cumulative concentra-

tion–response curves for the selective kinin B1 receptor

agonist des-Arg9-BK (0.1–10 000 nM) were obtained as

previously described by Van Rossum (1963). The contact

time of each concentration of the kinin B1 receptor agonist,

des-Arg9-BK, with colon strips was at least 1 min and the time

to complete the full cumulative concentration–response

curve was about 12 min. No more than one complete curve

was recorded for each colon. In some experiments, a single
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concentration of des-Arg9-BK (1mM) was used. All experi-

ments were performed in the presence of captopril (3 mM) to

prevent the degradation of peptides.

In a separate group of experiments, the colon segments

were set up 72 h following TNBS treatment, and concentra-

tion–response curves for des-Arg9-BK (0.1–10 000 nM) were

performed in the absence or presence of the selective B1

receptor antagonist R-715 (1–10 nM) or the selective B2

receptor antagonist FR173657 (100 nM) (El Sayah et al.,

2006). The antagonists were added to the preparation

10 min before the construction of the concentration–

response curves.

Myeloperoxidase activity assay

The polymorphonuclear infiltration was indirectly measured

by means of myeloperoxidase (MPO) activity according to

the methodology described by Souza et al. (2000). Briefly, the

entire colons obtained from mice treated with saline or TNBS

(72 h earlier) were homogenized at 5% (w v�1) in EDTA,

NaCl/phosphate buffer (pH 4.7) and centrifuged at 12 500 g

for 15 min, at 4 1C. The pellet was resuspended in hexadecyl-

trimethyl ammonium bromide 0.5% in Na phosphate buffer

(pH 5.4) and the samples were frozen in liquid nitrogen and

thawed three times. Upon thawing, the samples were re-

centrifuged (12 500 g, 15 min, 4 1C) and 25 mL of the super-

natant was used for the MPO assay. The enzymatic reaction

was assessed with 1.6 mM tetramethylbenzidine, 80 mM

NaPO4 and 0.3 mM hydrogen peroxide. The absorbance was

measured at 690 nm and the results are expressed in optical

density per milligram of tissue.

In vivo treatment protocols

To determine the involvement of kinin B1 receptors in the

experimental colitis model, two treatment protocols were

employed using the selective non-peptide B1 receptor

antagonist SSR240612. The animals received SSR240612

twice a day (10 mg kg�1, p.o., every 12 h) from the beginning

of the fasting period (preventive treatment) or starting at

24 h after colitis induction (therapeutic treatment). Similar

treatment protocols were carried out using dexamethasone

(1 mg kg�1, s.c., every 12 h) as a positive control. After 72 h,

the animals were killed and the severity of colitis was

evaluated by means of macroscopic score determination and

MPO activity. In some experiments, the colitis was induced

in wild-type (WT; C57Bl6) or B1R knockout mice and

evaluated as described above.

To assess the possible mechanisms involved in kinin B1

receptor upregulation in TNBS-induced colitis, the animals

were systemically treated from the fasting period to death

with several groups of drugs. The colitis was induced as

previously described and following 72 h, the animals were

killed and the functional upregulation of B1 receptors was

evaluated in colonic tissue by means of organ bath studies.

Control animals received saline solution (NaCl 0.9%,

10 mL kg�1) at the same intervals of time. The contribution

of de novo protein synthesis to B1R upregulation in experi-

mental colitis was assessed in animals treated with the

glucocorticoid dexamethasone (1 mg kg�1, every 12 h, s.c.) or

the protein synthesis inhibitor cycloheximide (2.5 mg kg�1,

every 12 h, i.p.). The role of transcription factor NF-kB in the

functional upregulation of B1R was evaluated in a separate

group of animals, treated with the NF-kB inhibitor pyrroli-

dinedithiocarbamate (PDTC) (30 mg kg�1, every 24 h, i.p.).

To investigate the participation of the cytokine TNFa in

TNBS-induced kinin B1 receptor upregulation, separate

groups of animals received the chimaeric anti-TNFa mono-

clonal antibody infliximab (2 mg kg�1, every 24 h, s.c.) or the

TNFa synthesis inhibitor thalidomide (50 mg kg�1, every

24 h, p.o.). To estimate the contribution of the enzyme

iNOS, other animals were treated with the selective iNOS

inhibitor 1400W (10 mg kg�1, every 12 h, s.c.). In some

experimental groups, colitis was induced in WT (C57Bl6),

TNF receptor-1 or iNOS knockout mice.

The choice of the doses of each drug was based on previous

data described in the literature (Kankuri et al., 2001; Rejdak

et al., 2001; Cuzzocrea et al., 2002; Steed et al., 2003; Gougat

et al., 2004; Shi et al., 2006; Rodrigues et al., 2007; Fries et al.,

2008; Genovese et al., 2008). At the schedules adopted for in

vivo treatments in our study, we have not observed any clear

toxic effects, such as piloerection, hypoactivity or abdominal

constrictions.

[3H]des-Arg10-kallidin-binding studies

The density of B1 receptors in control and inflamed mouse

colons was assessed by means of binding studies. At 72 h

after TNBS treatment, the entire colons were removed and

their macroscopic damage was graded as previously de-

scribed. For the membrane preparation, six inflamed (scored

from 4 to 10) and six control colons were used. Membrane

preparation was carried out according to the method

described by Scherrer et al. (1999); Hara et al. (2007), with

some modifications. The colons were homogenized in a cold

sucrose solution (0.25 M) and centrifuged at 1000 g for 10 min

at 4 1C. The first supernatant was stored and the resulting

pellet was re-suspended in cold sucrose solution (0.25 M),

homogenized and centrifuged at 1000 g for 10 min at 4 1C.

The second supernatant was mixed with the first, and then

diluted in 10 mL of buffer (25 mM (N-trishydroxymethyl)-

methyl-2-aminoethane sulphonic acid (TES), 1 mM phenan-

throline; pH 6.8) and centrifuged at 35 000 g for 30 min at

4 1C. The remaining pellet was diluted in 2 mL of binding

buffer (25mM TES, 1 mM phenanthroline, 1mM dithiothreitol,

140 mg mL�1 bacitracin, 10 mM captopril, 0.1% bovine serum

albumin; pH 6.8). Protein levels were determined according

to the method of Bradford (1976) and used at 0.8 mg mL�1.

For the binding assay, the membranes (125 mL) were

incubated in binding buffer at 25 1C in the presence of

increasing concentrations of [3H]des-Arg10-kallidin (specific

activity 82.00 Ci mmol�1) (0.03–10 nM). As nonspecific bind-

ing, unlabelled des-Arg9-Leu8-BK was included at a final

concentration of 1 mM. After 90 min of incubation, the

membranes were transferred to filters presoaked in 0.1%

aqueous polyethyleneimine and then washed immediately

under vacuum eight times with 1 mL of cold Tris-HCl

(50 mM, pH 7.4) buffer solution. The radioactivity was

counted by liquid scintillation techniques. Specific binding

was defined as the difference in the amount of radioactivity
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bound in the absence and presence of unlabelled des-Arg9-

Leu8-BK, which enabled the determination of the maximal

specific binding on saturation curves (Bmax) and the

dissociation constant (KD).

Reverse-transcription PCR

Semiquantitative reverse transcription -PCR was performed

as described previously by Leite et al. (2007) with some

adaptations. Total RNA was extracted from entire colons

obtained from mice treated with saline or TNBS (6–96 h) by

using 1.5 mL of TRIzol reagent, according to the manufac-

turer’s recommendations. The reverse transcription was

performed with the reverse transcriptase M-MLV (200 U).

The reaction was carried out using 5 mg of RNA, 1mL of oligo

dT (0.5 mg mL�1), 1mL of dNTP mix (10 mM), 40 U of RNAse

OUT, 2mL of dithiothreitol (0.1 mM) and 4mL of M-MLV

buffer reaction (250 mM Tris-HCl (pH 8.3), 375 mM KCl and

15 mM MgCl2). The cDNA was obtained as described in

reverse transcriptase M-MLV protocol in a total of 20 mL and

stored at 4 1C until use. The PCR reaction was performed

using 0.5mg of cDNA, 0.2mL of dNTP mix (10 mM), 0.3 mL

of MgCl2 (50 mM), 0.5mL of the antisense primer (10 mM)

for B1 receptors (50-GACATAAATCAGTGGGTTC-3), or b-actin

(CGTCTCCGGAGTCCATCACA), 0.5 mL of the sense primer

(10 mM) for B1 receptors (50-AACCGTTTCAACTGGCCC-30), or

b-actin (TCCTTCGTTGCCGGTCCACA), 1 mL of Taq poly-

merase buffer and 0.4mL of Taq polymerase, in a total of

10 mL. The PCR was performed in a DNA thermal cycler

(Eppendorf Mastercycler Personal, Hamburg, Germany) and

the conditions for PCR were 5 min at 95 1C followed by 31

cycles of 15 s at 95 1C, 30 s at 52 1C and 1.5 min at 72 1C. The

PCR products were size fractionated in 1.8% agarose gels

stained with 1 mL of GoldView. The DNA band sizes were

confirmed by the 50 bp DNA Ladder.

Statistical analysis

All values are expressed as means±s.e.mean, except the KD

values (the molar concentrations of agonist required to

produce 50% of the maximal specific binding) that are given

as the geometric means accompanied by their 95% con-

fidence limits. Statistical analysis was performed by means of

unpaired Student’s t-test or by ANOVA followed by Student–

Newman–Keuls test when appropriate. P-values less than

0.05 were considered as indicative of significance.

Drugs and chemical reagents

The nomenclatures of drugs and molecular targets adopted

in this study are according to Alexander et al. (2008).

The following drugs and reagents were used: ((E)-3-(6-

acetamindo-3-pyridyl)-N[N-2-4-dichloro-3-[(2-methyl-8-qui-

nolinyl)oxy-methyl]phenyl]-N-methylamino-carbonyl-ethyl]

acrylamide) (FR 173657) (kindly donated by Fujisawa

Pharmaceutical Co., Osaka, Japan); DNA Ladder, reverse

transcriptase M-MLV, RNAse OUT, TRIzol reagent (Invitrogen,

Scotland, UK); Taq polymerase (Luwig, Porto Alegre, Brazil)

[3H]des-Arg10-kallidin (specific activity 82.00 Ci mmol�1)

(Perkin Elmer Life and Analytical Science, Paris, France);

dNTP mix (Promega, Madison, WI, USA); [(2R)-2-[((3R)-3-(1,3-

benzodioxol-5-yl)-3-{[(6-methoxy-2-naphthyl)sulphonyl]amino}

propanol)amino]-3-(4-{[2R,6S)-2,6-dimethylpiperidinyl]methyl}-

phenyl)-N-isopropyl-N-ethylpropanamide hydrochloride]

(SSR240612) (kindly donated by Sanofi Recherche, Montpel-

lier, France); bacitracin, bovine serum albumin protease free,

captopril, CCh, cycloheximide, des-Arg9-BK, des-Arg9-[Leu8]-

BK, dexamethasone, dithiothreitol, hexadecyltrimethyl

ammonium bromide, phenanthroline, polyethyleneimine,

PDTC, (TES, tetramethylbenzidine, 2,2,2-tribromoethanol,

TNBS, Trizma base (minimum 99.9% titration), (all from

Sigma Chemical Co., St Louis, MO, USA); N-[[3-(amino-

methyl)phenyl]methyl]-ethanimidamide dihydrochloride

(1400W), thalidomide (Tocris Bioscience, Ellis Ville, MO,

USA). The R-715 was kindly donated by Dr Férnand Gobeil

(Department of Pharmacology, University of Sherbrooke,

Sherbrooke, QC, Canada). Stock solutions were stored at

1–10 mM (�20 1C) and diluted to the desired concentration

just before use in phosphate-buffered saline. In some cases,

the drugs were dissolved in absolute ethanol or dimethyl

sulphoxide. The concentration of solvents in the organ bath

never exceeded 0.02%, which had no effect per se on the tone

of the preparations or on B1 receptor agonist-induced

contraction.

Results

Kinin B1 receptor upregulation in TNBS-induced colitis

We initially assessed the contractile response induced by

the selective B1 receptor agonist des-Arg9-BK in the isolated

colons under normal (Figure 1a) and inflammatory condi-

tions (Figure 1b) as demonstrated in typical records. At

different time points following colitis induction, the entire

colon was removed and prepared for organ bath studies. As

shown in Figure 1c, a single concentration of des-Arg9-BK

(1mM) caused a marked and time-dependent increase of

contraction in colon preparations obtained from TNBS-

treated animals. The increase in the contractile response

was significant as early as 6 h after colitis induction, reaching

the maximal response at 72 h, and decreasing thereafter.

Conversely, des-Arg9-BK displays only a slight contractile

response in preparations obtained from control mice (Figures

1c and d). The induction of colitis by TNBS caused a striking

change in the concentration–response curves for des-Arg9-

BK, with an increase of about 15-fold in the maximal

response (Rmax), when assessed 72 h following TNBS treat-

ment, in comparison to control animals (Figure 1d). The

preincubation of the preparations with the selective B1

receptor antagonist R-715 (1–30 nM), but not the selective B2

receptor antagonist FR173657 (100 nM), caused a concentra-

tion-dependent shift to the right of the concentration–

response curves for des-Arg9-BK accompanied by a reduction

of the Rmax, indicating mixed competitive and non-compe-

titive mechanisms (data not shown).

The upregulation of kinin B1 receptors in TNBS-induced

colitis was further confirmed by binding studies. The data

indicate a marked increase in B1 receptor densities (without a

significant alteration of affinity), according to assessment

72 h following colitis induction (Figure 1e). In control mice,
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Figure 1 Upregulation of kinin B1 receptors in 2,4,6-trinitrobenzene sulphonic acid (TNBS)-induced colitis. Colitis was induced by
intracolonic administration of TNBS (2.5 mg per mouse, in 50% ethanol), and the colons were collected at different time points following TNBS
treatment (6–96 h) for experimental analysis. (a) Typical record showing cumulative concentration–response curve for des-Arg9-BK in a colon
preparation obtained from control mice. (b) Typical record showing cumulative concentration–response curve for des-Arg9-BK in a colon
preparation obtained 72 h after colitis induction. (c) Contractile responses to des-Arg9-BK (1mM) in colon preparations obtained at different
time intervals following colitis induction (6–96 h). (d) Mean cumulative concentration–response curves for des-Arg9-BK in colon preparations
obtained from control or TNBS-treated mice (6–96 h). Results are expressed as percentages of the contraction induced by carbachol (CCh
100 mM). (e) [3H]des-Arg10-kallidin saturation binding assay performed on colon preparations obtained 72 h following saline or TNBS
administration. (f) Representative reverse transcription-PCR analysis showing B1 receptor mRNA expression and quantification of the ratio
between B1 receptor and b-actin mRNA expression obtained at different time intervals following colitis induction (6–96 h). Each point or
column represents the means±s.e.mean, of 5–7 mice per group. *Po0.05 and **Po0.01 versus control group.

Kinin B1 receptors and colitis
DB Hara et al1280

British Journal of Pharmacology (2008) 154 1276–1286



the Bmax obtained was 2.9±0.5 fmol mg�1 of protein, with a

KD value of 4.1 nM (95% confidence interval of 2.9–6.0 nM).

In TNBS-treated mice, an increase of about 1.9-fold in the

Bmax value (5.3±0.4 fmol mg�1 of protein) was observed,

whereas the KD value was not significantly modified (KD of

3.7 nM; 95% confidence interval of 3.5–3.8 nM). The increase

in specific binding sites for B1 receptors was preceded by a

3.6-fold rise in B1 receptor mRNA expression, which was

evident as early as 6 h after colitis induction, and remained

upregulated for up to 48 h (Figure 1f).

Kinin B1 receptor blockade ameliorates TNBS-induced colitis

As kinin B1 receptors were found to be upregulated in the

colonic tissue obtained from TNBS-treated mice, we next

evaluated whether or not the B1 receptor might be

implicated in the pathophysiology of colitis in mice. For

this purpose, we induced colonic inflammation in WT

(C57Bl6) and B1 receptor�/� mice as previously described.

As shown in Figure 2a, genetic disruption of B1 receptors

resulted in a significant reduction (55±3.6%) of the macro-

scopic score observed for colonic tissue, in comparison to

WT mice. In addition, the MPO activity in the colon tissue

was significantly reduced in B1 receptor�/� mice by 54±7.1%

(Figure 2b). Corroborating these observations, Swiss mice

subjected to the preventive treatment with SSR240612

(selective B1 receptor antagonist) exhibited a striking

decrease in both macroscopic score and MPO activity, with

reduction percentages of 82±9.1 and 46±10.9%, respec-

tively (Figures 2c and d). Similar results were observed for

the preventive treatment with dexamethasone (reduction of

86±9.9 and 59±14.2%, respectively). To analyse the

therapeutic potential of the B1 receptor blockade in our

model, the animals were treated with SSR240612 after colitis

establishment. Therapeutic treatment with the B1 receptor

antagonist, that is, starting 24 h after induction of colitis,

resulted in a significant reduction of the macroscopic score

(58±7.7%; Po0.01) and a nonsignificant reduction in MPO

activity (29±5.3%; P¼0.1201). The positive control dexa-

methasone, given similarly, diminished macroscopic score

and the MPO activity by 66±8.8 and 77±6.2%, respectively

(Figures 2c and d).

Mechanisms underlying functional B1 receptor upregulation after

TNBS-induced colitis

We subsequently evaluated some of the possible mechanisms

underlying B1 receptor upregulation in TNBS-induced colitis.

Figure 2 Pharmacological blockade or genetic disruption of B1 receptor diminished 2,4,6-trinitrobenzene sulphonic acid (TNBS)-induced
colitis. Colitis was induced by intracolonic administration of TNBS (2.5 mg per mouse, in 50% ethanol) in wild-type (WT) (C57Bl6) and B1

receptor�/� mice, or in Swiss mice treated with vehicle or B1 receptor antagonist SSR240612 (10 mg kg�1, p.o. every 12 h) from the beginning
of the fasting period in the colitis induction protocol (preventive treatment) or 24 h after colitis induction (therapeutic treatment). At 72 h
following TNBS administration, the severity of the colitis was assessed by macroscopic score and myeloperoxidase (MPO) activity
determination. (a) Macroscopic score and (b) MPO activity in colonic tissues from WT or B1R�/� mice. (c) Macroscopic score of colons from
vehicle- or SSR240612-treated Swiss mice. (d) MPO activity in colonic tissue from Swiss mice treated with vehicle or SSR240612. Each column
represents the means ±s.e.mean, of 5–7 mice per group. *Po0.05 and **Po0.01 versus control group; #Po0.05 and ##Po0.01 versus TNBS-
treated group.
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Initially, to assess the requirement of de novo protein

synthesis, mice were systemically treated with the gluco-

corticoid dexamethasone (1 mg kg�1, s.c., every 12 h) or

with the inhibitor of protein synthesis cycloheximide

(2.5 mg kg�1, i.p., every 12 h). The results depicted in Figures

3a and b demonstrate that both treatments resulted in a

significant decrease of B1 receptor-mediated contractile

response in the mouse colon (reduction in Rmax of 83±1.8

and 39±5.7%, respectively).

We next attempted to determine the involvement of the

transcriptional factor NF-kB in the functional upregulation

of B1 receptors after colitis induction. The administration of

the NF-kB inhibitor PDTC (30 mg kg�1 i.p., every 24 h)

caused a marked decrease in des-Arg9-BK-induced contractile

response (reduction in Rmax of 54±5.2%; Figure 3c).

NF-kB regulates the expression of many inflammatory

mediators such as the cytokine TNFa, which displays a

pivotal role in ulcerative colitis (Ben-Neriah and Schmidt-

Supprian, 2007). As TNFa has been widely associated with B1

receptor upregulation in several inflammation models

(Calixto et al., 2004), we subsequently evaluated the

relevance of TNFa for the functional B1 receptor upregula-

tion in experimental colitis. To test this hypothesis, the

colitis was induced as described beforehand in WT or TNF

receptor-1�/� mice, and after 72 h the contractile responses

elicited by des-Arg9-BK were assessed as described before.

Data in Figure 4a demonstrate that B1 receptor-mediated

contraction was significantly reduced in TNF receptor-1�/�

mice (reduction in Rmax of 55±6.8%) when compared to WT

mice. Moreover, the treatment of Swiss mice with the anti-

TNFa antibody infliximab (2 mg kg�1, s.c., every 24 h) or

thalidomide (50 mg kg�1 p.o., every 24 h) also caused a

significant decrease of the maximal contractile response

induced by des-Arg9-BK, in colon preparations obtained 72 h

after TNBS treatment (38±4.9 and 47±6.0%, respectively)

(Figures 4b and c).

Besides the involvement of TNFa, the induction of iNOS

enzyme also appears to contribute to functional B1 receptor

upregulation in this model, as the contraction induced by

des-Arg9-BK following TNBS administration was markedly

reduced (45±4.8%) in colon preparations obtained from

iNOS�/� mice in comparison to WT mice (Figure 5a). Similar

results were observed in Swiss mice treated with the selective

inhibitor of iNOS activity 1400W (10 mg kg�1, s.c., every

12 h) (Figure 5b). In 1400W-treated mice, we observed a

reduction of 33±4.2% in Rmax in comparison to control

animals.

Discussion

It has been postulated that kinins could contribute to the

inflammatory response and symptoms of IBD (Stadnicki,

Figure 3 The B1 receptor functional upregulation in 2,4,6-
trinitrobenzene sulphonic acid (TNBS)-induced colitis is dependent
on de novo protein synthesis and nuclear factor (NF)-kB activation.
Mice were treated with the glucocorticoid dexamethasone (Dexa)
(1 mg kg�1, s.c., every 12 h), the protein synthesis inhibitor
cycloheximide (2.5 mg kg�1, i.p., every 12 h), or the NF-kB inhibitor
pyrrolidinedithiocarbamate (PDTC) (30 mg kg�1, i.p., every 24 h). At
72 h following colitis induction by TNBS (2.5 mg per mouse, in 50%
ethanol), mice were killed, the colons were isolated and cumulative
concentration–response curves for des-Arg9-BK were obtained.
Mean cumulative concentration–response curves for des-Arg9-BK in
preparations obtained from mice treated with vehicle or (a)
dexamethasone, (b) cycloheximide or (c) PDTC. Results are
expressed as percentages of the contraction induced by carbachol
(CCh 100 mM). Each point represents the means±s.e.mean, of at
least six preparations. *Po0.05 and **Po0.01 versus vehicle-treated
group.
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2005). The present report extends this notion and demon-

strates the importance of the induction of kinin B1 receptors

for the initiation and maintenance of TNBS-induced colitis

in mice.

The relevance of kinins has been well demonstrated in

several biological systems (Calixto et al., 2000, 2004; Moreau

et al., 2005). Regarding the gastrointestinal tract, only a few

studies have so far assessed the physiological roles played by

kinins. It has been shown previously that kallikrein–kinin

system is implicated in enzymatic processing of mucopro-

teins, ion transport across the epithelium and regulation of

local blood flow (Cuthbert and Margolius, 1982; Cuthbert

and MacVinish, 1986). Activation of plasma kallikrein has

been documented in patients with the active phase of

ulcerative colitis (Stadnicki et al., 1997). Furthermore, a

selective plasma kallikrein inhibitor has been shown to

attenuate acute and chronic enterocolitis in the Lewis rat

(Stadnicki et al., 1998). Devani et al. (2005) demonstrated

that levels of tissue inflammation observed in Crohn’s

disease and ulcerative colitis samples correlate well with

the kallikrein depletion from goblet cells and increased

interstitial kallikrein reactivity.

Our group has recently demonstrated that BK produces a

concentration-related contraction of colon preparations

obtained from control mice by activating B2 receptors,

whereas the selective B1 receptor agonist des-Arg9-BK causes

only a slight contractile response in this preparation

(Hara et al., 2007). These results suggest the presence of

constitutive kinin B2 receptors (but not B1 receptors) in the

mouse colon, a pattern of expression described for most

tissues (Calixto et al., 2004). Nevertheless, in epithelial cells

of human intestinal tissue, both kinin receptors have been

detected under normal conditions (Stadnicki et al., 2005). In

this study, kinin B1 receptors have been found to be

expressed in the basal area of enterocytes in the normal

intestine, and in the apical portion of enterocytes in the

inflamed tissue (Stadnicki et al., 2005). This immunolocali-

zation might give an alternative explanation for the modest

contraction induced by des-Arg9-BK in preparations obtained

from control mice.

Under inflammatory conditions, a shift of kinin receptor

subtypes from B2 to B1 has been reported in both in vitro and

in vivo models (Phagoo et al., 1999; Rashid et al., 2004).

Conversely, we have previously demonstrated a marked

increase of B2 receptor-mediated contractile responses and

specific binding sites in colon preparations obtained from

TNBS-treated mice (Hara et al., 2007). In the present work, B1

receptors were also found to be greatly upregulated in

experimental colitis, as indicated by functional, biochemical

and molecular experimental approaches. First, B1 receptor

Figure 4 Tumour necrosis factor a (TNFa) plays an important role
in kinin B1 receptor functional upregulation in 2,4,6-trinitrobenzene
sulphonic acid (TNBS)-induced colitis. Colitis was induced by
intracolonic administration of TNBS (2.5 mg per mouse, in 50%
ethanol) in wild-type (WT) (C57Bl6) or TNF receptor-1�/� mice, or in
Swiss mice treated with vehicle, the anti-TNFa antibody infliximab
(2.0 mg kg�1, s.c.), or the TNFa synthesis inhibitor thalidomide
(50 mg kg�1, p.o.), every 24 h. At 72 h following colitis induction the
mice were killed, the colons were isolated and cumulative
concentration–response curves for des-Arg9-BK were obtained.
Mean cumulative concentration–response curves for des-Arg9-BK in
control colon preparations or in colon preparations from (a) TNF
receptor-1�/� mice, (b) infliximab- or (c) thalidomide-treated mice.
Results are expressed as percentages of the contraction induced by
carbachol (CCh 100 mM). Each point represents the means±s.e.
mean, of at least six preparations. *Po0.05 and **Po0.01 versus
respective control group.
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mRNA expression was noticeably increased between 6 and

48 h following colitis induction in mice. Furthermore,

binding assay experiments revealed a significant increase of

specific kinin B1 receptor-binding sites, according to assess-

ment 72 h after colitis induction, at the same time point in

which des-Arg9-BK-induced contraction was maximal. We

have also shown that des-Arg9-BK-induced contraction was

markedly inhibited by the selective B1 receptor antagonist

R-715, whereas the selective B2 receptor antagonist FR173657

had no effect. Our data corroborate and extend those from

Stadnicki et al. (2005) showing that B1 receptor protein

expression is significantly increased in the intestines of

patients with IBD. On the basis of present results, it is not

possible to precisely indicate the exact site(s) or cell type(s)

involved in B1 receptor upregulation. Increased expression of

B1 receptors might well occur in enteric nerves, in mucosa or

muscle cells. We have observed that B1 receptor-mediated

contraction in mouse colon is a tetrodotoxin-insensitive

event (data not shown). Therefore, one might suggest that

modulation of B1 receptors takes place in the muscle cells,

although this remains to be further investigated.

It has been previously shown that treatment with the non-

peptide B1 receptor antagonist SSR240612 prevents both the

intestinal tissue damage and the neutrophil accumulation

following splanchnic artery occlusion-reperfusion injury

(Gougat et al., 2004). The present study undoubtedly

demonstrates an important role for kinin B1 receptors in

TNBS-induced colitis in mice. Our results revealed that B1

receptor knockout mice were more resistant to TNBS-

induced colitis and presented a reduced cellular influx.

Similarly, the preventive oral treatment with the selective B1

receptor antagonist SSR240612 diminished the tissue

damage and MPO activity observed in TNBS-treated mice,

suggesting that the B1 receptor is involved in the onset of

colonic inflammation. In an interesting manner, the B1

receptor antagonist SSR240612 was also able to reduce the

tissue damage even after inflammation had been established.

These data highlight the potential of selective non-peptide

B1 receptor antagonists as new alternatives for treating IBD.

Many reports showed that glucocorticoids, or protein

synthesis inhibitors, are able to reduce the upregulation of

B1 receptors, indicating its dependence on de novo protein

synthesis (Calixto et al., 2004). The present results show that

in vivo treatment with either dexamethasone or cyclohexi-

mide was able to reduce des-Arg9-BK-induced contraction,

suggesting an interference with B1 receptor upregulation.

Studies conducted by Ni et al. (1998) revealed the existence

of a binding site for NF-kB in the promoter region of the

human B1 receptor gene, which seems to be essential for the

control of receptor transcription following exposure to

certain inflammatory agents such as TNFa. In this context,

it has been demonstrated that specific NF-kB blockers are

able to prevent B1 receptor upregulation both in vitro and

in vivo (Calixto et al., 2004). Our current results support the

published data indicating the participation of NF-kB in the

kinin B1 receptor upregulation following the induction of

colitis.

An imbalance in the production of pro- and anti-

inflammatory mediators has been suggested during IBD.

More specifically, the correlation between increased TNFa
production and IBD development has been exemplified in

several animal models by the use of specific neutralizing

antibodies, antisense oligonucleotides or cytokine gene

receptor knockouts. The central role of TNFa in the

pathophysiology of human Crohn’s disease has been con-

firmed by the effect of a chimaeric monoclonal antibody

against TNFa (infliximab) in patients with a refractory

clinical state (Järnerot et al., 2005). However, the role of this

cytokine in chronic inflammation of the colon has not yet

been completely elucidated. The present results provide

Figure 5 The induction of inducible nitric oxide synthase (iNOS) is
implicated in kinin B1 receptor functional upregulation in 2,4,6-
trinitrobenzene sulphonic acid (TNBS)-induced colitis. Colitis was
induced by intracolonic administration of TNBS (2.5 mg per mouse,
in 50% ethanol) in wild-type (WT) (C57Bl6) or iNOS�/� mice, or in
Swiss mice treated with vehicle or the selective iNOS inhibitor
1400W (10 mg kg�1, s.c., every 12 h). After 72 h, the mice were
killed, the colons were isolated and cumulative concentration–
response curves for des-Arg9-BK were obtained. Mean cumulative
concentration–response curves for des-Arg9-BK in control colon
preparations or in colon preparations from (a) iNOS�/� mice or (b)
1400W-treated mice. Results are expressed as percentages of the
contraction induced by carbachol (CCh 100mM). Each point
represents the means±s.e.mean, of at least six preparations.
*Po0.05 and **Po0.01 versus respective control group.
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convincing evidence on the role of TNFa in the upregulation

of B1 receptors following TNBS colitis induction in mice.

First, B1 receptor-mediated contraction was markedly

reduced in TNF receptor-1�/� mice, when compared to WT

mice. Subsequently, in vivo treatment with either infliximab

or thalidomide also significantly decreased the contractile

response induced by des-Arg9-BK, in colon preparations

obtained 72 h after TNBS administration. On the basis of

the present data, it is possible to infer that TNFa might

regulate TNBS-induced colitis, at least in part, by controlling

the upregulation of kinin B1 receptors. In fact, a role for

TNFa in B1 receptor upregulation has already been demon-

strated (Rocha et al., 2005).

Increased NO production has been described in human

IBD, as well as in animal models of intestinal inflammation.

However, there are some controversial results on the precise

role of NO in modulating intestinal inflammation. It has

been shown that iNOS�/� mice are less susceptible to dextran

sulphate sodium-induced colitis, whereas iNOS deficiency

does not alter the severity of TNBS-induced colitis (Beck

et al., 2004). Additionally, treatment with the selective iNOS

inhibitor 1400W dramatically reduces the severity of TNBS-

induced colitis in rats (Kankuri et al., 2001). We found that

either inhibition of iNOS activity or deletion of the iNOS

gene reduced des-Arg9-BK-induced contraction in TNBS-

treated mice. To our knowledge, this is the first report

showing the control of kinin B1 receptor expression by NO

production. The resistance to dextran sulphate sodium or

TNBS-induced colitis reported in the iNOS�/� mice appears

to involve reduced leukocyte recruitment, alterations in the

cell subsets of the inflammatory cell infiltrate, reduced

cytokine expression and decreased TNFa production. The

present study reveals an additional mechanism, by which

NO might alter TNBS-induced colitis via kinin B1 receptor

upregulation.

Although progress in research has increased our compre-

hension about the mechanisms involved in IBD, the

limitations of current medical approaches continue to drive

the search for better therapeutic agents. The present work

has clearly revealed that B1 receptors are highly upregulated

following TNBS colitis induction in mice, via mechanisms

involving de novo protein synthesis, NF-kB and iNOS

activation, and TNFa generation. We have also demonstrated

that both B1 receptor gene deletion and pharmacological

blocking of B1 receptors are able to markedly prevent the

inflammatory changes observed during TNBS-induced colitis.

Concerning the pathological significance of our experimen-

tal model, B1 receptors appear to play an important role in

the inflammatory alterations observed in TNBS-induced

colitis. By some means, changes in these receptors produces

a marked alteration of mouse colon contractility. Whether or

not these changes are of clinical relevance remain to be

evaluated. In our opinion, it is tempting to correlate the

clinical signs observed during colitis with the upregulation

of B1 receptor-mediated contractile responses.

The evidence provided in the present study opens up new

and important approaches towards the possible use of

selective B1 receptor antagonists for the treatment of human

IBD. In fact, the pharmaceutical industry is spending much

effort to identify new orally active and selective kinin B1

receptor antagonists (Campos et al., 2006). Despite the lack

of knowledge regarding the potential side effects resulting

from B1 receptor antagonism, this strategy might well

represent an attractive alternative for the management of

IBD and other inflammatory diseases that remain without an

adequate therapy.
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