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BACKGROUND AND PURPOSE
Bradykinin, through the kinin B2 receptor, is involved in inflammatory processes related to arthropathies. B2 receptor
antagonists inhibited carrageenan-induced arthritis in rats in synergy with anti-inflammatory steroids. The mechanism(s)
underlying this drug interaction was investigated.

EXPERIMENTAL APPROACH
Drugs inhibiting inflammatory mediators released by carrageenan were injected, alone or in combination, into the knee
joint of pentobarbital anaesthetized rats 30 min before intra-articular administration of carrageenan. Their effects on the
carrageenan-induced inflammatory responses (joint pain, oedema and neutrophil recruitment) and release of inflammatory
mediators (prostaglandins, IL-1b, IL-6 and the chemokine GRO/CINC-1), were assessed after 6 h.

KEY RESULTS
The combination of fasitibant chloride (MEN16132) and dexamethasone was more effective than each drug administered
alone in inhibiting knee joint inflammation and release of inflammatory mediators. Fasitibant chloride, MK571, atenolol,
des-Arg9-[Leu8]-bradykinin (B2 receptor, leukotriene, catecholamine and B1 receptor antagonists, respectively) and
dexketoprofen (COX inhibitor), reduced joint pain and, except for the latter, also diminished joint oedema. A combination of
drugs inhibiting joint pain (fasitibant chloride, des-Arg9-[Leu8]-bradykinin, dexketoprofen, MK571 and atenolol) and oedema
(fasitibant chloride, des-Arg9-[Leu8]-bradykinin, MK571 and atenolol) abolished the respective inflammatory response,
producing inhibition comparable with that achieved with the combination of fasitibant chloride and dexamethasone. MK571
alone was able to block neutrophil recruitment.

CONCLUSIONS AND IMPLICATIONS
Bradykinin-mediated inflammatory responses to intra-articular carrageenan were not controlled by steroids, which were not
capable of preventing bradykinin effects either by direct activation of the B2 receptor, or through the indirect effects mediated
by release of eicosanoids and cytokines.

Abbreviations
AU, arbitrary unit; MPO, myeloperoxidase; NSAID, nonsteroidal anti-inflammatory drug
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Introduction
Bradykinin is a nonapeptide released in plasma and tissues
through the cleavage of kininogen precursors by kallikrein
enzymes and which selectively binds to the kinin B2 receptor
(Leeb-Lundberg et al., 2005; receptor nomenclature follows
Alexander et al., 2011).

The kallikrein system is activated in several arthropathies
such as osteoarthritis, rheumatoid arthritis, gout and psori-
atic arthritis (Rahman et al., 1995; Nishimura et al., 2002;
Meini and Maggi, 2008). Bradykinin can contribute to
inflammation and structural alterations in the arthritic joints,
as its intra-articular administration in animals causes excita-
tion and sensitization of sensory nerves, evoking pain and
hyperalgesia, leukocyte recruitment, and an increase in vas-
cular permeability and vasodilation, producing local heating
and oedema (Cambridge and Brain, 1995; Lo et al., 1999;
Pawlak et al., 2008). Accordingly, joint inflammation can be
reduced by blocking bradykinin receptors, as already
observed in arthritis models with carrageenan, Freund’s adju-
vant, monosodium iodoacetate, lipopolysaccharides and
urate crystals (Damas and Remacle-Volon, 1992; Sharma and
Wirth, 1996; Cialdai et al., 2009; Valenti et al., 2010). Brady-
kinin has also been involved in endothelial cell proliferation,
cartilage matrix homeostasis and bone resorption, thus
potentially affecting the synovial angiogenesis, cartilage
destruction and subchondral bone remodelling, that charac-
terize arthritic joints (Colman, 2006; Brechter and Lerner,
2007; Meini and Maggi, 2008).

Therefore, bradykinin antagonists could represent a
promising alternative to the conventional therapies for
treating joint arthritis, such as anti-inflammatory steroids
and nonsteroidal anti-inflammatory drugs (NSAIDs). The
initial clinical trials indicated that intra-articular adminis-
tration of a kinin B2 receptor antagonist (icatibant) was very
well tolerated and reduced pain at rest and during activity
in patients affected by osteoarthritis, although no anti-
inflammatory effect was demonstrated (Sorbera et al., 2006;
Song et al., 2008). We have recently observed an interesting
synergistic drug interaction between kinin B2 receptor
antagonists and anti-inflammatory steroids in controlling
inflammatory symptoms in carrageenan-induced arthritis
models in rats (Valenti et al., 2010). Intra-articular fasitibant
chloride (MEN16132), a selective nonpeptide kinin B2 recep-
tor antagonist, or dexamethasone, given separately exerted
maximal inhibition of about 50% of knee joint incapacita-
tion, swelling and myeloperoxidase activity measured 6 h
after carrageenan administration, whereas their combina-
tion abolished these symptoms and showed a greater inhibi-
tory effect than the sum of each drug acting alone. A similar
outcome was achieved by combining the peptide kinin B2

receptor antagonist, icatibant and dexamethasone, as well
as fasitibant chloride and hydrocortisone (Valenti et al.,
2010). Therefore, a beneficial interaction between the kinin
B2 receptor antagonists and the anti-inflammatory steroids
seems to be a general characteristic of this combination that
could be used to selectively amplify the anti-inflammatory
activity of very low doses of glucocorticoids, thus reducing
their adverse side effects. This approach has also been
implemented successfully with the combination of pred-
nisolone and the antithrombotic drug dipyridamole in rat

models of acute inflammation and arthritis (Zimmermann
et al., 2009).

The aim of this study was to investigate the mechanism(s)
underlying this drug interaction by using a range of pharma-
cological tools acting on different targets known to be
involved in carrageenan-induced inflammation.

Methods

Animals
All animal care and experimental procedures were conducted
in compliance with the principles and guidelines of the Euro-
pean Union (2010/63/UE) and the Italian government regu-
lations, and approved by the ethical committee of Menarini
Ricerche. Experiments were performed in male Wistar rats
(Harlan Laboratories, Udine, Italy) weighing 250–300 g.

Induction of inflammatory arthritis
Under pentobarbital (40 mg·kg-1, i.p.) anaesthesia, rats
received 25 mL of a sterile solution of drugs in saline solution
(filtration through MillexGV 0.22 mm, Millipore, Billerica,
MA, USA) via injection into the right knee joint and 25 mL of
sterile saline solution into the contralateral (left) knee. Fasit-
ibant chloride (100 mg per knee), dexamethasone (100 mg per
knee) and dexketoprofen (300 mg per knee) were used at their
maximally effective dose against the carrageenan-induced
inflammatory responses in the rat knee joint (Valenti et al.,
2010). Atenolol (50 mg per knee) and des-Arg9-[Leu8]-
bradykinin (100 mg per knee) were administered at doses
inhibiting the hyperalgesia evoked by intraplantar IL-8 in rats
(Cunha et al., 1991) or by intra-articular carrageenan in rats
(Tonussi and Ferreira, 1999) respectively. The dose selected
for MK571 (100 mg per knee) was maximally effective in
blocking the carrageenan-induced recruitment of neutrophils
in the synovium of the rat knee. Thirty minutes after drug
administration, 25 mL of 2% l-carrageenan, previously dis-
solved in saline solution and autoclaved, were injected into
the right knee, whereas the left knee of all animals and the
right knee of the control group once again received 25 mL of
sterile saline solution. After each injection, the knee was
flexed and extended repeatedly to allow the diffusion of the
drugs and carrageenan in the joint. Animals recovered from
anaesthesia within 60–90 min.

In all the tests, the drugs were only administered in com-
bination after each one had proven its efficacy in that par-
ticular test.

Incapacitance test, knee size measurement
and sample collection
Carrageenan-induced pain and oedema were assessed by mea-
suring the knee joint incapacitation and diameter, as
described previously (Valenti et al., 2010). Briefly, the weight
distribution on the two hind limbs of rats was recorded at 6 h
after carrageenan administration, using the Incapacitance
Tester MkV (Linton Instrumentation, Norfolk, UK). Rats were
then anaesthetized with urethane, the diameter of the right
knee measured with callipers, and the skin and patellar liga-
ment removed to perform a synovial lavage via infusion of
sterile saline solution into the joint cavity at a rate of
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100 mL·min-1 through a peristaltic pump until 250–300 mL
were collected. The synovial lavage fluid was centrifuged
(10000¥ g for 5 min at 4°C) and the supernatant was collected
for the assay of prostaglandins. Finally, the anterior side of
the knee capsule was removed to assess the myeloperoxidase
(MPO) activity and cytokine levels in the joint tissues. All
samples were stored at -80°C until being tested.

MPO assay
The infiltration of neutrophils was evaluated by assessing the
MPO activity in the knee joint capsule homogenates, as
described previously (Valenti et al., 2010). The joint capsule
was homogenized in cold lysis buffer (6 mM hexadecyltrim-
ethylammonium chloride in 10 mM of citric acid/sodium
citrate buffer, pH 5) and sonicated twice for 30 s. Homoge-
nates were centrifuged at 25 000¥ g for 10 min at 4°C, and
75 mL of the supernatant, appropriately diluted in lysis buffer,
were added to 75 mL of substrate solution (3 mM 3′,5,5′-
tetramethylbenzidine, 120 mM resorcinol and 2.2 mM H2O2

in distilled water) in a 96-well plate. The change per minute
of the absorbance at 620 nm in the linear range of the reac-
tion kinetics was determined and the corresponding value of
enzymatic activity in iu was obtained via interpolation with
a standard curve (MPO from human leukocytes 0.02–
5 iu·mL-1). Data were expressed as iu per mg of tissue (wet
weight).

Prostaglandin assay in the synovial fluid
PGE2 is rapidly degraded in vivo; therefore we estimated its
actual production through an assay of the prostaglandin E2

metabolites using an enzyme immunoassay kit according
to the manufacturer’s instructions (Cayman Chemical
Company, Ann Arbor, MI, USA). Prostaglandin levels were
expressed as total pg recovered in the synovial lavage fluid.

Cytokine (IL-1b, IL-6 and GRO/CINC-1)
assay in the knee joint tissues
The joint capsule was dried by lyophilization, weighed and
homogenized with a glass Dounce homogenizer in 1 mL of
cold phosphate buffered saline solution containing 1%
bovine serum albumin and 0.05% Tween 20. Homogenates
were sonicated twice for 10 s, centrifuged (10 000¥ g, for
15 min at 4°C) and the supernatant collected. The levels of
IL-1b, IL-6 and the chemokine GRO/CINC-1 (the rat ortho-
logue of human IL-8) were assayed in the supernatant using
an ELISA kit according to the manufacturer’s instructions
(Immuno-Biological Laboratories, Gunma, Japan). Data for
both IL-1b and GRO/CONC-1 (as IL-8) were expressed as pg
per mg of tissue (dry weight), whereas data for IL-6 were
expressed as arbitrary unit (AU, corresponding to the ED50 in
a rat IL-6-dependent cell line growth test, as indicated in the
assay kit) per mg of tissue.

Statistical analysis
The effect of carrageenan was compared with the control
group response by the unpaired Student’s t-test, whereas the
differences with the drug-treated groups were analysed using
the one-way ANOVA followed by Dunnett’s multiple compari-
son test. Differences were considered statistically significant
at a level of P < 0.05.

Materials
Fasitibant chloride (MEN16132; 4-(S)-amino-5-(4-{4-[2,
4-dichloro-3-(2,4-dimethyl-8-quinolyloxymethyl)phenylsul-
fonamido]- tetrahydro-2H-4-pyranylcarbonyl}piperazino)-5-
oxopentyl](trimethyl)ammonium chloride hydrochloride)
was synthesized at the Chemical Development Department
of Menarini Ricerche in Pisa, Italy. Dexketoprofen was
obtained from A. Menarini Manufacturing Logistics and Ser-
vices, Florence, Italy. Des-Arg9-[Leu8]-bradykinin (Peninsula
Laboratories Inc., San Carlos, CA, USA) and MK571 sodium
salt (Calbiochem, San Diego, CA, USA) were purchased. Dex-
amethasone 21-phosphate disodium salt (dexamethasone),
atenolol, l-carrageenan and all the other reagents, if not
specified, were obtained from Sigma-Aldrich Co. (St. Louis,
MO, USA).

Results

Carrageenan-induced knee
joint incapacitation
Carrageenan-treated rats only maintained 24.4 � 1.2% (n =
12) of their weight on the inflamed (right) hind limb, shifting
the remaining weight onto the contralateral leg, whereas rats
of the control group evenly distributed their weight between
both hind limbs.

Fasitibant chloride, dexamethasone (100 mg per knee) or
dexketoprofen (300 mg per knee), reached a comparable
maximal inhibitory effect of about 40–45% on the
carrageenan-induced joint pain, whereas after treatment with
the combination of fasitibant chloride and dexamethasone,
full inhibition was achieved (Figure 1). The combination of

Figure 1
Carrageenan-induced knee joint incapacitation, 6 h after its intra-
articular administration in rats. Right knee, 30 min before injection of
saline (control group) or l-carrageenan (2%, 25 mL), received, alone
or in combination, fasitibant chloride (100 mg), dexamethasone
(100 mg), dexketoprofen (300 mg), des-Arg9-[Leu8]-bradykinin
(DALBK; 100 mg), atenolol (50 mg) or MK571 (100 mg). Data are the
mean � SEM of 6–12 rats. °P < 0.05, significantly different from the
control group; unpaired Student’s t-test and *P < 0.05, significantly
different from the carrageenan-treated group; one-way ANOVA fol-
lowed by Dunnett’s post-test. Dotted lines indicate the control value
(upper) and the response after carrageenan treatment (lower).
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fasitibant chloride and dexketoprofen, however, showed the
same activity as the two drugs alone, with no signs of inter-
action between them (Figure 1).

Des-Arg9-[Leu8]-bradykinin (100 mg per knee), atenolol
(50 mg per knee) and MK571 (100 mg per knee) were also
partially effective against carrageenan-induced joint pain,
indicating that in addition to bradykinin and prostaglandins,
des-Arg9-BK, catecholamines and leukotrienes also contribute
to the algesic effect of carrageenan (Figure 1).

Knee joint incapacitation was markedly reduced by the
co-administration of fasitibant chloride, dexketoprofen, des-
Arg9-[Leu8]-bradykinin, atenolol and MK571. The presence of
the kinin B2 receptor antagonist in this cocktail of drugs was
essential, as without fasitibant chloride, significantly less
inhibition was observed.

Carrageenan-induced knee joint oedema
Intra-articular carrageenan increased the knee joint diameter
and fasitibant chloride or dexamethasone (100 mg per knee)
given separately inhibited this response by about 50%
but abolished the increase when administered together
(Figure 2).

Des-Arg9-[Leu8]-bradykinin (100 mg per knee), atenolol
(50 mg per knee) and MK571 (100 mg per knee) also exerted a
partial but significant inhibitory effect, therefore bradykinin,
des-Arg9-BK, catecholamines and leukotrienes all contribute
to carrageenan-induced knee joint oedema, whereas dexketo-
profen was ineffective as previously described (Valenti et al.,
2010), indicating that prostaglandins are not involved in this
inflammatory response (Figure 2).

The combination of fasitibant chloride, des-Arg9-[Leu8]-
bradykinin, atenolol and MK571 almost achieved complete

inhibition and this effect was significantly diminished by
omitting fasitibant chloride from this combination of drugs
(Figure 2).

Carrageenan-induced neutrophil infiltration
in the synovium
Intra-articular carrageenan markedly increased the MPO
activity, reflecting the infiltration of neutrophils, in the knee
joint capsule homogenates (Figure 3). Given separately, either
fasitibant chloride or dexamethasone (100 mg per knee)
reduced the neutrophil infiltration in the synovium by about
60% and inhibited it more strongly when administered in
combination (Figure 3) MK571 (100 mg per knee), given
alone, exerted an almost full inhibitory effect, whereas dexke-
toprofen, des-Arg9-[Leu8]-bradykinin and atenolol had no
effect on this response, indicating that the action of cysteinyl
leukotrienes was essential for neutrophil infiltration induced
by carrageenan (Figure 3).

Carrageenan-induced release of
prostaglandins in the synovial fluid
Intra-articular carrageenan increased the level of PGE
metabolites in the synovial fluid by about 10-fold to 7.5 �

0.9 pg (Figure 4). Fasitibant chloride and dexamethasone
(100 mg per knee) reduced the release of prostaglandins by
about 30%, when administered alone. When administered in
combination, these two drugs achieved nearly the same
inhibitory effect (about 80%) as that obtained with dexketo-
profen alone (300 mg per knee) (Figure 4).

Figure 2
Carrageenan-induced knee joint oedema 6 h after its intra-articular
administration in rats. Right knee, 30 min before injection of saline
(control group) or l-carrageenan (2%, 25 mL), received, alone
or in combination, fasitibant chloride (100 mg), dexamethasone
(100 mg), dexketoprofen (300 mg), des-Arg9-[Leu8]-bradykinin
(DALBK; 100 mg), atenolol (50 mg) or MK571 (100 mg). Data are the
mean � SEM of 6–12 rats. °P < 0.05, significantly different from the
control group; unpaired Student’s t-test and *P < 0.05, significantly
different from the carrageenan-treated group; one-way ANOVA fol-
lowed by Dunnett’s post-test. Dotted lines indicate the control value
(lower) and the response after carrageenan treatment (upper).

Figure 3
Carrageenan-induced neutrophil infiltration, measured as MPO activ-
ity in the synovial capsule homogenates, 6 h after its intra-articular
administration in rats. Right knee, 30 min before injection of saline
(control group) or l-carrageenan (2%, 25 mL), received, alone
or in combination, fasitibant chloride (100 mg), dexamethasone
(100 mg), dexketoprofen (300 mg), des-Arg9-[Leu8]-bradykinin
(DALBK; 100 mg), atenolol (50 mg) or MK571 (100 mg). Data are the
mean � SEM of 6–12 rats. °P < 0.05, significantly different from the
control group; unpaired Student’s t-test and *P < 0.05, significantly
different from the carrageenan-treated group; one-way ANOVA fol-
lowed by Dunnett’s post-test. Dotted lines indicate the control value
(lower) and the response after carrageenan treatment (upper).
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Carrageenan-induced release of cytokines in
the knee joint tissues
The levels of IL-1b, IL-6 and GRO/CINC-1 (the rat orthologue
of human IL-8) in the knee joint capsule were markedly
increased following the carrageenan–treatment (Figure 5).
Both fasitibant chloride and dexamethasone (100 mg per
knee) were equipotent in inhibiting the release of IL-1b
(Figure 5A), IL-6 (Figure 5B) and GRO/CINC-1 (Figure 5C).
The release of IL-1b and GRO/CINC-1 were more sensitive
than that of IL-6 to treatment with these drugs. The combi-
nation of fasitibant chloride and dexamethasone was more
effective than the drugs administered alone, in reducing the
levels of all three cytokines, IL-1b, IL-6 and GRO/CINC-1.

Discussion and conclusions

The negatively charged macromolecular surface of carrag-
eenan initiates the contact activation of plasma kallikrein,
generating bradykinin, which exerts a pivotal role in eliciting
knee joint inflammation (Ferreira et al., 1993). Bradykinin acts
through stimulation of the kinin B2 receptor either directly
(Cambridge and Brain, 1995; Cheng and Ji, 2008) or indirectly,
releasing other mediators such as prostaglandins, leukot-
rienes, catecholamines and cytokines (Green et al., 1993;
Sharma and Buchanan, 1994). Ferreira et al. (1993) reported
that intra-articular carrageenan stimulates the bradykinin-
mediated release of TNF-a, which in turn induces IL-1b, IL-6
and IL-8 production. However, carrageenan can also initiate

this cascade of cytokines independently of bradykinin, if the
inflammatory stimulus is of sufficient magnitude (Valenti
et al., 2010). Both IL-1b and IL-6 evoke joint pain through the
synthesis of prostaglandins, whereas the nociceptive effects of
IL-8 are mainly mediated by the release of sympathetic amines
(Cunha et al., 1992). Des-Arg9-bradykinin, deriving from
the metabolic cleavage of bradykinin, is also involved in
carrageenan-induced inflammation through stimulation of
inducible kinin B1 receptors (Sharma and Buchanan, 1994).

Figure 6 summarizes the carrageenan-activated inflamma-
tory cascade and illustrates the main mediators involved in
the carrageenan-induced inflammatory response in the syn-
ovium of the rat knee joint as demonstrated in our experi-
mental conditions and according to the pharmacological
tools we used. In fact, our findings have shown that by
blocking the effects of the inflammatory mediators investi-
gated, complete inhibition of the inflammation was achieved
at the 6 h time-point. Nevertheless, the role and relevance of
the mediators involved in the carrageenan effects may vary
when measured in other tissues or at different time-points. In
addition to these mediators, carrageenan can also induce the
activation of the complement system (Capasso et al., 1975;
Miyama et al., 2002; Ting et al., 2008) and the release of
histamine, 5-HT, tachykinins and platelet activating factors
(Di Rosa and Sorrentino, 1970; Di Rosa et al., 1971a; Hwang
et al., 1986; Gilligan et al., 1994). However, we cannot rule
out the possibility that if the model had been followed for
longer than 6 h, when the leukocyte infiltration and the
prostaglandin synthesis would have been higher (Di Rosa
et al., 1971b), the effect of the bradykinin receptor antago-
nists might have been less prominent than those of the anti-
inflammatory steroids and NSAIDs.

We have previously observed that the kinin B2 receptor
antagonists and the anti-inflammatory steroids act on dis-
tinct pathways in the network of inflammatory mediators
that are active at 6 h after intra-articular carrageenan, so
that their combination yields full inhibition of the inflam-
matory responses such as joint pain, oedema and neutro-
phil infiltration (Valenti et al., 2010). In order to explore the
mechanisms responsible for this drug interaction, pharma-
cological tools able to block the effects of bradykinin, pros-
taglandins, cysteinyl leukotrienes, sympathetic amines and
des-Arg9-bradykinin, were used. In particular, tests were con-
ducted with fasitibant chloride, a potent and selective non-
peptide kinin B2 receptor antagonist (Cucchi et al., 2005;
Valenti et al., 2005), dexketoprofen, a non-selective COX-
inhibitor, MK571, a CysLT1 receptor antagonist, atenolol, a
b-adrenoceptor antagonist, and des-Arg9-[Leu8]-bradykinin, a
kinin B1 receptor antagonist, alone or in combination.

Each drug, when administered alone, affects joint pain
indicating that in addition to bradykinin, prostaglandins,
leukotrienes, catecholamines and des-Arg9-bradykinin also
contribute to the nociceptive effects of carrageenan. These me-
diators also play a role in carrageenan-induced joint oedema,
apart from the prostaglandins, which did not affect this
inflammatory response, in agreement with previous findings
obtained with other COX-inhibitors (Francischi et al., 2002).

When drugs that are effective against joint pain (fasit-
ibant chloride, des-Arg9-[Leu8]-bradykinin, dexketoprofen,
MK571 and atenolol) and joint oedema (fasitibant chloride,
des-Arg9-[Leu8]-bradykinin, MK571 and atenolol) were

Figure 4
Carrageenan-induced prostaglandin release in the synovial fluid. Car-
rageenan (2%, 25 mL) or saline (control group) were injected into the
right knee of rats. After 6 h, a joint lavage was performed by saline
perfusion and synovial levels of prostaglandin E metabolites (PGEMs)
were measured. Fasitibant chloride (100 mg), dexamethasone
(100 mg) or dexketoprofen (300 mg) were given alone or in combi-
nation in the right knee, 30 min before carrageenan administration.
Data are the mean � SEM of 10 rats. °P < 0.05, significantly different
from the control group; unpaired Student’s t-test and *P < 0.05,
significantly different from the carrageenan-treated group; one-way
ANOVA followed by Dunnett’s post-test.
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administered in combination, almost full inhibition of the
respective inflammatory response was observed, similar to
the inhibition obtained from co-administration of fasitibant
chloride and dexamethasone. The same combination of
drugs, without the bradykinin B2 receptor antagonist, exerted
a lower inhibitory effect, which was comparable with that
obtained with dexamethasone alone, indicating that among
the inflammatory mediators investigated, bradykinin was the
only one not controlled by dexamethasone, in agreement
with the finding that dexamethasone did not antagonize paw
oedema induced by intraplantar bradykinin in rats (Campos
and Calixto, 1995). Conversely, dexamethasone was able to
block the effects of prostaglandins, leukotrienes, catechola-

mines and des-Arg9-bradykinin. In fact, anti-inflammatory
steroids do not prevent the release of bradykinin produced
by the carrageenan-induced kallikrein contact activation
(Valenti et al., 2010); however, they can control the synthesis
of eicosanoids through multiple actions such as inhibition of
COX-2 expression, induction of the formation of annexin A1
and prevention of the migration of leukocytes (Angel et al.,
1994; Yang et al., 1997; Perretti and Dalli, 2009; Coutinho
and Chapman, 2011). Anti-inflammatory steroids also inhibit
the effect of des-Arg9-bradykinin, preventing expression of
kinin B1 receptors (Zhang et al., 2005), as well as the effects of
IL-1b, IL-6 and IL-8 through the repression of their encoding
genes and the trans-repression of the transcriptional regula-
tors of pro-inflammatory genes (Coutinho and Chapman,
2011). On the contrary, steroids are able to control the effects
of bradykinin when it is released by cytokines, activated
neutrophils or complement activation (Tonussi and Ferreira,
1999; Cassim et al., 2009; Kaplan and Ghebrehiwet, 2010), by
blocking the primary inflammatory events which lead to
bradykinin release, as observed in LPS-induced arthritis in
rats (Valenti et al., 2010).

As demonstrated, the combination of a steroid with a
kinin B2 receptor antagonist should be capable of yielding the
block of all carrageenan-induced inflammatory stimuli, at
least in our experimental conditions. Therefore, in the
cascade of mediators released by carrageenan, as described in
Figure 6, the anti-inflammatory steroids potentially act by
blocking the effects not mediated by bradykinin and the
indirect effects of bradykinin, whereas they do not affect
direct stimulation of the kinin B2 receptor by bradykinin.
However, this hypothesis does not explain why fasitibant
chloride and dexketoprofen exerted a comparable analgesic
effect when administered alone or in combination, indicating
either that both drugs act on the same prostaglandin-
mediated pain pathways or that bradykinin does not directly
induce pain, but indirectly through the release of prostaglan-
dins. Therefore, dexamethasone could not completely
control the bradykinin-mediated algesic effect of carrageenan
because it is unable to inhibit the release of prostaglandins
induced by bradykinin.

Figure 5
Carrageenan-induced cytokine release in the synovium. Carrageenan (2%, 25 mL) or saline (control group) were injected into the right knee of
rats. After 6 h, the levels of IL-1b, IL-6 and GRO/CINC-1 (rat orthologue of human IL-8) were measured in the synovial capsule homogenates.
Fasitibant chloride (100 mg) or dexamethasone (100 mg) were given alone or in combination in the right knee, 30 min before carrageenan
administration. Data are the mean � SEM of 10 rats. °P < 0.05, significantly different from the control group; unpaired Student’s t-test and
*P < 0.05, significantly different from the carrageenan-treated group; one-way ANOVA followed by Dunnett’s post-test).

Figure 6
Diagram representing the inflammatory pathways activated by intra-
articular carrageenan. B2R, kinin B2 receptor; dABK, des-Arg9-
bradykinin; LT, leukotrienes; PG, prostaglandins; SA, sympathetic
amines.
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This evidence was confirmed by the assay of PGE metabo-
lites in the synovial fluid, which indicated that fasitibant
chloride and dexamethasone only partially reduced the release
of prostaglandins when administered alone at their maximally
effective doses. The combination of these drugs exerted a
greater inhibition of PGE metabolites, comparable with that
obtained by blocking the synthesis of prostaglandins with
the COX inhibitor, dexketoprofen. Cyclooxygenases are the
source of prostaglandins in the inflamed joint tissue, either in
constitutive (COX-1) or inducible (COX-2) isoforms, and dex-
amethasone can interfere with their activity as described
earlier. However, in vitro studies carried out in cultured human
airway smooth muscle cells, showed that dexamethasone did
not affect the bradykinin-induced short-term release of PGE2

due to constitutive COX-1, whereas it reduced the bradykinin-
stimulated long-term release of PGE2 preventing COX-2
expression (Pang and Knox, 1997). On the contrary, dexam-
ethasone abolished the release of prostaglandins stimulated by
cytokines, such as IL-1b, which act by inducing COX-2 expres-
sion in these cells (Belvisi et al., 1997; Pang et al., 1998).
Accordingly, we can hypothesize that intra-articular carrag-
eenan generates a pool of prostaglandins, whose formation
was sensitive to treatment with anti-inflammatory steroids,
deriving from the direct activation of the cytokine cascade by
carrageenan, together with another pool of prostaglandins
stimulated by bradykinin through kinin B2 receptor activa-
tion, which is resistant to anti-inflammatory steroids.

A similar conclusion can be advanced for the com-
bination of fasitibant chloride and dexamethasone on
carrageenan-induced neutrophil infiltration. In fact, the
CysLT1 receptor antagonist, MK571, blocked the increase of
MPO activity in joint tissues, confirming that leukotrienes
were the main mediators responsible for neutrophil recruit-
ment (Kim et al., 2006). The combination of fasitibant chlo-
ride and dexamethasone blocked this response; however,
these drugs were only partially effective when administered
separately. It follows that dexamethasone failed to control
the release of leukotrienes stimulated by bradykinin as
already observed for the release of prostaglandins. Interaction
between fasitibant chloride and dexamethasone was also
observed in inhibiting the release of cytokines in the syn-
ovium because their combination was more effective than
single drugs in reducing the levels of IL-1b, IL-6 and IL-8.

In conclusion, we have demonstrated that bradykinin,
released by carrageenan-induced contact activation of plasma
kallikrein, exerts both direct and indirect inflammatory
effects in the rat knee joint that cannot be controlled by
anti-inflammatory steroids, and that the interaction between
fasitibant and dexamethasone mainly involves inflammatory
mediators such as prostaglandins, des-Arg9-bradykinin, leu-
kotrienes, catecholamines and cytokines. Consequently, the
kinin B2 receptor antagonists could represent a new class of
anti-inflammatory drugs that may act synergistically with
steroids in acute arthritis, suggesting the possibility of reduc-
ing their effective doses and side effects.
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