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A role for bradykinin in the development of
anti-collagen antibody-induced arthritis
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Abstract

Objectives. Clinical and experimental observations have suggested that bradykinin, a major activation

product of the plasma kallikrein�kinin system, is involved in the pathogenesis of arthritis, but the patho-

genic role of bradykinin receptors remains inconclusive. In this study we examined whether bradykinin

receptors are important in the pathogenesis of anti-collagen antibody-induced arthritis (CAIA) using double

receptor�deficient (B1RB2R�/�) mice.

Methods. CAIA was induced in B1RB2R+/+ and B1RB2R�/� mice by injection of an anti-collagen antibody

cocktail on day 0 and lipopolysaccharide on day 3. Severity of disease was evaluated by measurement of

joint diameter and histological analysis. The expression of proinflammatory cytokines in joint tissue and

peripheral mononuclear cells was determined by ELISA and real-time RT-PCR.

Results. The absent expression of B1R and B2R mRNA in B1RB2R�/� mice was confirmed by RT-PCR.

Although B1RB2R+/+ mice developed severe CAIA, the severity of the disease was significantly attenuated

in B1RB2R�/� mice. In B1RB2R+/+ mice bearing CAIA, both B1R and B2R mRNA levels were increased in

joint tissue and peripheral mononuclear cells. Compared with B1RB2R+/+ mice, the production of IL-1b
and IL-6 in joint tissue and their mRNA expression in peripheral mononuclear cells were remarkably

reduced in B1RB2R�/� mice.

Conclusion. These observations provide genetic evidence that bradykinin plays an important role in the

pathogenesis of CAIA. B1R, whose expression is induced in inflamed joint tissue and peripheral inflam-

matory cells, is important in the development of CAIA.
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Introduction

The plasma kallikrein�kinin system (KKS) is important in a

variety of (patho)physiological processes, including in-

flammation, coagulation, angiogenesis and control of vas-

cular tone [1]. The KKS consists of four plasma proteins:

prekallikrein, factor XII, factor XI and high molecular

weight kininogen (HK) [1]. Upon activation, prekallikrein

is converted to the active form, kallikrein, which cleaves

HK to release bradykinin. Bradykinin is a potent peptide

that participates in inflammation, angio-oedema and vas-

cular dilation [2].

There is increasing evidence suggesting that KKS acti-

vation is involved in arthritis [3�7]. In patients with RA,

elevated levels of plasma kallikrein and bradykinin are de-

tected in synovial fluid and plasma, and bradykinin recep-

tor expression was also increased in their circulating and

synovial neutrophils [3, 5]. Observations in animal models

support the important role of the KKS in the pathogenesis

of arthritis. Lewis rats have a mutation in HK (S511N) ren-

dering it more susceptible to cleavage by plasma kallikrein

[8]. Administration of streptococcal cell wall polymers in

Lewis rats induces erosive polyarthritis and an increase in

plasma bradykinin [4]. Kininogen-deficient rats exhibit

attenuated arthritis [6]. Although these observations sug-

gest that the KKS is important in the pathogenesis of arth-

ritis, the mechanisms by which this system participates in

arthritis remains largely unknown. Recently we reported

that the inhibition of plasma kallikrein ameliorates arthritis
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in two Lewis rat models, and the effect of plasma kallikrein

is probably through bradykinin [9]. Previous studies have

shown that antagonists of B1R and B2R inhibit arthritis,

suggesting that both receptors are critical in arthritis.

However, a recent study by Song et al. [10] demonstrated

in a mouse model of anti-collagen antibody-induced arth-

ritis (CAIA) that B2R deficiency did not protect against

arthritis. Thus the role of bardykinin and its receptors in

the pathogenesis of arthritis still remains elusive.

In this study we investigated whether bradykinin recep-

tors are required for the pathogenesis of CAIA. Because

B1R knockout mice are not commercially available, we

used the double bradykinin receptor-deficient mouse

model (B1RB2R�/�). We found that the deficiency of B1R

and B2R significantly inhibits the development and sever-

ity of CAIA and down-regulates IL-1b and IL-6 in joint

tissue and circulating inflammatory cells. These observa-

tions provide the first genetic evidence showing that

bradykinin is critical in the pathogenesis of CAIA.

Materials and methods

Animals

B1RB2R�/� mice that have been backcrossed onto

C57BL/6 background for more than 10 generations

(Jackson Laboratory, Bar Harbor, ME, USA) and their

B1RB2R+/+ littermates were used. Mice were maintained

in a pathogen-free facility and monitored in accordance

with the guidelines from the Institutional Animal Care and

Use Committee. Eight-week-old mice with body weight

between 20 and 24 g were used.

Induction of CAIA

Mice received a single-dose intraperitoneal (i.p.) injection

of anti-collagen II antibody cocktail (6 mg/mouse;

Chondrex, Redmond, WA, USA) on day 0 and an i.p. in-

jection of 50mg of lipopolysaccharide (LPS) on day 3.

Isolation of mouse peripheral blood mononuclear cells

Isolation of mouse peripheral blood mononuclear cells

(PBMCs) was carried out as previously described [11].

Extraction of protein and RNA from joint tissue

Joints were frozen in liquid nitrogen and homogenized in

ice-cold PBS supplemented with protease inhibitor cock-

tail (P8849, Sigma-Aldrich, St Louis, MO, USA).

Homogenates were centrifuged at 14 000 g for 20 min

and the protein concentration of the supernatant was

determined by the bicinchoninic acid assay (BCA)

method (Bradford). Total RNA was isolated using an

RNeasy minikit (Qiagen, Valencia, CA, USA).

Measurement of mRNA expression by RT-PCR and
quantitative real-time RT-PCR

One-step RT-PCR (SuperScript One-Step RT-PCR with

platinum Taq, Invitrogen, Carlsbad, CA, USA) was

performed as previously described [9]. The following pri-

mers were used: B2R: forward, 50-TGTCCTCAGCGTGTT

CTTCC-30, reverse, 50-GGTCCTGAACACCAACATGG-30;

B1R: forward, 50-GTTTCAACTGGCCCTTTGGA-30, re-

verse, 50-CACCAGGAAGATGCTGATGA-30; b-actin: for-

ward, 50-GTGCTATGTTGCTCTAGACTTCG-30, reverse,

50-ATGCCACAGGATTCCATACC-30. Quantitative real-

time PCR was performed using the Maxima SYBR

Green/ROX qPCR Master Mix kit (Fermentas, Hanover,

MD, USA) according to the manufacturer’s instructions.

The mRNA levels were normalized according to levels of

b-actin. The following primers were used: B1R: forward,

50-CCCCTCCCAACATCACCTC-30, reverse, 50-GGACAG

GACTAAAAGGTTCCCC-30; B2R: forward, 50-GGGTTTCT

GTCGGTGCATGA-30, reverse, 50-TTGTGTGGTGACGTTG

AACAT-30; IL-1b: forward, 50-TGTGTCTTTCCCGTGGAC

CT-30, reverse, 50-CAGCTCATATGGGTCCGACA-30; IL-6:

forward, 50-GGTGACAACCACGGCCTTCCC-30, reverse,

50-AAGCCTCCGACTTGTGAAGTGGT-30. In an ABI 7500

system (Applied Biosystems, Carlsbad, CA, USA), real-

time PCR was conducted as previously described [9].

Measurement of cytokine levels

Cytokine levels in the joint extract were measured using

an ELISA kit (R&D Systems, Minneapolis, MN, USA).

Histological analysis

Images of hind ankle joint sections stained with

haematoxylin and eosin were obtained as previously

described [9].

Plasma kininogen level measurement

Plasma kininogen levels were functionally assayed using a

protocol as previously described [6].

Western blotting

Cleavage of HK in plasma was examined by immunoblot-

ting using an anti-bradykinin antibody (Santa Cruz

Biotechnology, Dallas, TX, USA).

Data analysis

The data were calculated as the average (S.E.M.). In one-

way analysis of variance (for multiple groups) or Student’s

t-test (for comparisons between two groups), differences

with P-values <0.05 were considered statistically

significant.

Results

B1RB2R deficiency attenuates anti-CAIA

In this study we investigated the role of bradykinin recep-

tors in the pathogenesis of CAIA using the B1RB2R

double-deficient (B1RB2R�/�) mouse model. The absence

of B1R and B2R mRNA in B1RB2R�/� mice was verified by

RT-PCR (Fig. 1A). In a CAIA model, 6 days after injection

of anti-collagen antibodies, the B1RB2R+/+ mice began to

develop joint swelling and exhibited severe stable joint

swelling after day 8 (Fig. 1B). In contrast, the development

of arthritis was delayed and the severity of their arthritis

was significantly reduced in B1RB2R�/� mice, and the joint

swelling started to resolve after day 9 (Fig. 1B). On day 12,

although B1RB2R+/+ mice exhibited severe joint swelling
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and redness, these signs of joint inflammation were

remarkably attenuated in B1RB2R�/� mice (Fig. 1C).

Histological analysis of joint sections revealed severe syn-

ovial hyperplasia, inflammatory cell infiltration and erosive

bone damage in B1RB2R+/+ mice; in contrast, B1RB2R�/�

mice exhibited minimal arthropathy (Fig. 1D).

B1RB2R deficiency reduces proinflammatory cytokine
levels in joint tissue and PBMCs

The suppressed development of CAIA in B1RB2R�/� mice

suggests that bradykinin receptors are involved in the in-

flammatory response. To determine the altered expres-

sion of B1R and B2R in inflamed joint tissue and

circulating PBMCs, total RNA was isolated and analysed

by RT-PCR. As shown in Fig. 2A(i), both B1R and B2R

mRNA levels were increased in the joints of diseased

mice, especially that of B1R. Moreover, compared with

non-diseased mice, both B1R and B2R mRNA expression

in PBMCs was markedly up-regulated in the mice bearing

CAIA [Fig. 2A(ii)]. These results suggest that both of these

receptors participate in joint and systemic inflammation.

To determine whether these bradykinin receptors are

required for the production of proinflammatory cytokines

in joints, we measured the levels of IL-1b and IL-6, which

have been shown to be important for the development of

CAIA. Both IL-1b and IL-6 levels were markedly increased

in the joint tissue of wild-type (WT) mice with CAIA com-

pared with non-diseased mice (Fig. 2B). However, the

production of IL-1b and IL-6 was significantly reduced in

joint tissue of B1RB2R�/� mice (Fig. 2B). In contrast, TNF-a
production was not significantly decreased in the joint

tissue of B1RB2R�/� mice (data not shown).

Since arthritis is a systemic disease, we tested whether

circulating inflammatory cells are also regulated by brady-

kinin receptors. In the CAIA model, on day 12, PBMCs

were isolated and their cytokine mRNA levels were quan-

tified by real-time RT-PCR. mRNA expression of IL-1b (i),

IL-6 (ii) and TNF-a (iii) in PBMCs from WT mice was sig-

nificantly increased (Fig. 2C) compared with cells from

non-diseased mice. In contrast, mRNA levels of IL-1b
and IL-6, but not TNF-a, in B1RB2R�/� cells were signifi-

cantly attenuated (Fig. 2C). Also, we could not detect the

difference in TNF-a level in plasma between B1RB2R+/+

mice and B1RB2R�/� mice on day 12 (data not shown).

Discussion

Experimental and clinical observations have demon-

strated that the KKS plays a critical role in the pathogen-

esis of arthritis, however, the molecular and cellular

FIG. 1 B1RB2R deficiency attenuates CAIA in mice

(A) B1R and B2R mRNA are absent in B1RB2R�/� mice.

Total RNA isolated from B1RB2R+/+ (+/+) and B1RB2R�/�

(�/�) mice was reversely transcribed into cDNA and

subsequently analysed by PCR. The PCR products of B1R

and B2R were identified by agarose gel electrophoresis.

Expression of b-actin mRNA serves as the control. (B) To

induce CAIA, B1RB2R+/+ and B1RB2R�/� mice received

i.p. injections of anti-collagen antibodies on day 0, fol-

lowed by i.p. injection of LPS on day 3 (n = 6). (i) The se-

verity of arthritis was assessed by triplicate measurement

of hind paw thickness with digital callipers (Ultra-Call Mark

III, F.V. Fowler, Newton, MA, USA) every day. The change

in joint diameter in millimetres from the baseline on day 0

was recorded and indicated as mean (S.E.M.). Closed box:

B1RB2R+/+ mice; closed circle: B1RB2R�/� mice.

*P< 0.01, **P< 0.005, ***P< 0.001. (ii) On day 12 the hind

paw was photographed. (iii) On day 12 the mice were

euthanized and the hind ankle joints were removed. After

the joints were fixed and decalcified, they were embedded

in paraffin and the paraffin sections were stained with

haematoxylin and eosin. The sections were viewed and

photographed under a microscope. A representative

stained section shows the histopathological features of

FIG. 1 Continued

arthritis, including synovial hyperplasia, bone or cartilage

erosions and mononuclear cell infiltration (original magni-

fication 100�). a: inflamed synovial tissue; b: bone; c: joint

space. Scale bar represents 50 mm. i.p.: intraperitoneal;

CAIA: anti-collagen antibody-induced arthritis; LPS:

lipopolysaccharide.
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FIG. 2 B1RB2R deficiency reduces the levels of cytokines in joint tissue and circulating PBMCs

As indicated in the legend for Fig. 1, B1RB2R+/+ and B1RB2R�/� mice received injections of PBS (control) and anti-

collagen antibodies plus LPS (CAIA). At the end of the experiments (day 12), the mice were euthanized, followed by

removal of the ankle joints and collection of blood. (A) The RNA was purified from (i) joint tissue and (ii) PBMCs of

B1RB2R+/+ mice that received injection of PBS (CAIA negative) and anti-collagen antibodies plus LPS (CAIA positive).

The mRNA expression of B1R and B2R was evaluated by RT-PCR and real-time RT-PCR, respectively. (B) The levels of (i)

IL-1b and (ii) IL-6 in joint tissue were measured using ELISA. *P< 0.05, **P< 0.01, ***P< 0.001. (C) The cytokine mRNA

levels in PBMCs were quantitated by real-time RT-PCR (i�iii). The results were normalized against mRNA of b-actin and

relative levels of quantification were calculated. Open column: B1RB2R+/+ mice; filled column: B1RB2R�/� mice.

*P< 0.05, ** P< 0.01, ***P< 0.001. PBMCs: peripheral blood mononuclear cells; LPS: lipopolysaccharide; CAIA: anti-

collagen antibody-induced arthritis.
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mechanisms by which activation of the KKS mediates

arthritis remain unknown. We recently reported that

plasma kallikrein mediates synovial inflammation in rat

models of arthritis [9]. In this study we further character-

ized a downstream event of plasma kallikrein and deter-

mined the role of receptors for bradykinin, which is a

product of kallikrein cleavage of HK. Using double-

receptor knockout mice, we found that deficiency of

B1RB2R attenuates CAIA and inhibits the production of

proinflammatory cytokines IL-1b and IL-6 in joint tissue

and circulating PBMCs. Thus these observations provide

the first genetic evidence that bradykinin plays an import-

ant role in the pathogenesis of CAIA.

The inflammatory response in arthritis is composed of

an acute phase with oedema, pain and neutrophil migra-

tion, all of which are known to be associated with the

effect of bradykinin. A decrease in plasma HK level was

observed at an early stage of CAIA (see supplementary

Fig. S1, available at Rheumatology Online), suggesting

activation of the KKS and generation of bradykinin at an

acute phase of the disease. The function of bradykinin

receptors in arthritis seems universal, including local

joint tissue and circulating inflammatory cells. First, the

innate immune system plays an important role in CAIA,

as evidenced by the expression in joint tissue of mono-

cyte/macrophage-derived cytokines such as IL-1b and IL-

6 [12]. The KKS components can enter the synovial joint

space either by transudation from the plasma or from

degranulating neutrophils chemotactically attracted into

the synovium [13]. Up-regulated expression of bradykinin

receptors in joints may increase cytokine production.

Excessive release of kinins in synovial tissues may release

neurotransmitters (substance P, acetylcholine) and stimu-

late the synthesis of a second wave of proinflammatory

mediators (IL-1b, IL-6, prostaglandins, leukotrienes and

histamine) to produce inflammatory joint disease [3, 14].

Second, up-regulated bradykinin receptor expression in

circulating PBMCs may enhance systemic inflammation

and their homing to inflamed synovial tissue. Expression

of B1R in CAIA can be induced by proinflammatory cyto-

kines such as IL-1b and IL-6, and the increase in B1R

expression (Fig. 2A) probably occurs as part of a proin-

flammatory feedback mechanism. B1RB2R deficiency

significantly inhibited IL-1b and IL-6 mRNA expression,

but not that of TNF-a mRNA (Fig. 2), suggesting that

bradykinin receptors differently regulate expression of

these cytokines and their role in the pathogenesis of

CAIA is, at least in part, through regulation of IL-1b and

IL-6.

It has been proposed that bradykinin receptors are

therapeutic targets for the treatment of arthritis [15].

Although both B1R and B2R belong to the G protein-

coupled receptors and are activated by bradykinin, their

biological functions and effect are distinct in many re-

spects. For example, B2R is ubiquitously and constitu-

tively expressed in vascular cells and responds to

stimulation with a short, strong signal but also immedi-

ately undergoes rapid desensitization of functional

responses [16]. B1R expression, undetectable in

physiological conditions, is induced following tissue

injury and inflammation on lymphocytes, monocytes and

vascular endothelium [16]. Although a B2R antagonist has

been shown to inhibit acute inflammation and arthritis [7],

other studies have demonstrated that the effect of B2R

antagonists is very limited in the treatment of arthritis [17,

18]. Correspondingly, B2R deficiency did not inhibit CAIA

[10], thus the role of B2R in CAIA is probably dispensable.

We found that, unlike the phenotype of B2R-deficient

mice, the mice lacking both B1R and B2R display attenu-

ated arthritis (Fig. 1), indicating that B1R is probably a key

receptor that mediates the proinflammatory effect of

bradykinin in CAIA. If this is the case, B1R might be a

better target for the treatment of inflammatory arthritis.

Kaufman et al. [19] also found that B1R antagonist pre-

vents OA. B1R might be a main receptor for bradykinin in

the inflammatory response and widely involved in different

joint inflammation. On the other hand, overexpression of

B1R up-regulates B2R expression [20] and an increase in

both B1R and B2R is often observed in the same patho-

logical settings [16]. Their relative functional roles, spa-

tially and temporally, in arthritis is more complex than

originally believed [16], and their reciprocal expression

and synergistic effects in the progression of arthritis

need to be investigated.

Taken together, this study demonstrates for the first

time that bradykinin receptors are required for CAIA,

which underlies an important role of KKS activation

in the pathogenesis of arthritis. This study not only

provides novel insight into the mechanisms by which

KKS activation mediates arthritis, but also leads to a

new concept that B1R is a better therapeutic target for

anti-arthritic treatment. Further understanding of the cel-

lular and molecular mechanisms for its specific role

should improve our understanding of the pathogenesis

of arthritis.

Rheumatology key messages

. Bradykinin receptors in joint tissue and peripheral
blood mononuclear cells (PBMCs) are up-regulated
in anti-collagen antibody-induced arthritis (CAIA).

. Bradykinin receptor deficiency attenuates CAIA.

. Bradykinin receptor deficiency reduces cytokine
levels in joint tissue and PBMCs in CAIA.
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