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BACKGROUND AND PURPOSE

B; and B, kinin receptors are involved in pain transmission but they may have different roles in the muscle pain induced by
intense exercise or inflammation. We investigated the contribution of each of these receptors, and the intracellular pathways
involved, in the initial development and maintenance of the muscle pain associated with inflammation-induced tissue
damage.

EXPERIMENTAL APPROACH

Mechanical hyperalgesia was measured using the Randall-Selitto apparatus after injecting 5% formalin solution into the
gastrocnemius muscle in mice treated with selective antagonists for B; or B, receptors. The expression of kinin receptors and
cytokines and the activation of intracellular kinases were monitored by real-time PCR and immunohistochemistry.

KEY RESULTS

The i.m. injection of formalin induced an overexpression of B; and B, receptors. This overexpression was associated with the
mechanical hyperalgesia induced by formalin because treatment with By receptor antagonists (des-Arg°[Leu®]-BK, DALBK,

and SSR240612) or B, receptor antagonists (HOE 140 and FR173657) prevented the hyperalgesia. Formalin increased
myeloperoxidase activity, and up-regulated TNF-o, IL-13 and IL-6 in gastrocnemius. Myeloperoxidase activity and TNF-a
mMRNA expression were inhibited by either DALBK or HOE 140, whereas IL-6 was inhibited only by HOE 140. The hyperalgesia
induced by i.m. formalin was dependent on the activation of intracellular MAPKs p38, [NK and PKC.

CONCLUSIONS AND IMPLICATIONS
Inflammatory muscle pain involves a cascade of events that is dependent on the activation of PKC, p38 and JNK, and the
synthesis of IL-18, TNF-a. and IL-6 associated with the up-regulation of both B; and B, kinin receptors.

Abbreviations

DALBK, des-Arg9-[Leu8]-bradykinin; FR173657, (E)-3-(6- acetamido- 3-pyridyl)- N-[N- [2,4- dichloro- 3-

[(2-methyl-8- quinolinyl)oxymethyl]phenyl]-N-methylaminocarbonylmethyl]acrylamide; GF109203X, 3-[1-[3-
(dimethylamino)propyl]-1H-indol-3-yl]-4-(1H-indol-3-yl)-1H-pyrrole-2,5-dione monohydrochloride; HOE 140,D-Arg-L-
Arg-L-Pro-L-Hyp-Gly-L-(2-thienyl)Ala-L-Ser-D-1,2,3,4-tetrahydro-3-isoquinolinecarbonyl-L-(2alpha; 3 beta; 7 alpha beta)-
octahydro-1H-indole-2-carbonyl-L-Arg (Icatibantacetate); SSR240612, [(2R)-2-[((3R)-3-(1,3-benzodioxol-5-yl)-3-[[(6-
methoxy-2-naphthyl)sulfonyl]amino]propanoyl)amino]-3-(4-[[2R,6S)-2,6-dimethylpiperidinylJmethyl]phenyl)-N-
isopropyl-N-methylpropanamide hydrochloride]; SB203580, 4-(4-fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl)-1H-imidazole; SP600125, anthra[1-9-cd]pyrazol-6(2H)-one
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Introduction

Muscle pain represents a serious clinical problem and fre-
quently occurs in the population. However, the mechanisms
of the origin and maintenance of muscle pain have not been
completely elucidated. Therefore, studies in which the path-
ways triggered during this event might aid the design of
appropriate therapies for an effective treatment. Currently,
non-steroidal anti-inflammatory drugs are the first option
for the treatment of muscle pain because this particular pain
is usually associated with inflammatory process (Ziltener
et al., 2010). Regrettably, these drugs present low efficacy in
some patients and their prolonged use is frequently associ-
ated with numerous side effects (Rooks, 2007; Rainsford,
2009; Mackenzie and MacDonald, 2010; Khan and Lee,
2011).

The inflammatory events that result from muscle injury
are characterized by the release/synthesis of inflammatory
cytokines, calcitonin gene-related peptide, nerve growth
factor, PGE, and kinin peptides (Wallace et al., 2001; Schafers
et al., 2003; Mense, 2009; Manjavachi et al., 2010). In this
situation, kinin peptides, mainly bradykinin, directly activate
A and C-fibre primary sensory neurons, initiating pain trans-
mission (Dray and Perkins, 1997; Ferreira et al., 2004). Brady-
kinin, kalidin and their fragments are a group of peptides
formed in plasma and tissues by the action of the kallikrein-
kinin enzyme system in response to either a physiological
stimulus or during the inflammatory process. Their signalling
in the vascular endothelium induces vasodilatation, plasma
extravasation and increase in blood flow (Barnes, 1992; Lopes
etal., 1993; Polosa, 1993; Regoli et al., 1998; Calixto et al.,
2000; 2004).

Kinins act as agonists of two subtypes of GPCR, B, and B,
receptors (Regoli and Barabe, 1980). The B, receptor is con-
stitutively expressed in both the central and peripheral
nervous system and it has also been found in myocytes;
whereas the B, receptor is poorly expressed in healthy periph-
eral tissue, but is increased after tissue injury and in response
to pro-inflammatory agents (Regoli and Barabe, 1980;
Figueroa et al., 1996; Marceau and Bachvarov, 1998; Calixto
et al., 2000; 2004; Couture et al., 2001). Several studies have
shown that both receptors are involved in pain transmission
(Dray and Perkins, 1997; Calixto et al., 2000; Pesquero et al.,
2000; Couture et al., 2001; Ferreira et al., 2002) and the role of
the B, receptor in muscle hyperalgesia after exercise has been
well-documented (Murase ef al., 2010). An i.m. injection of
bradykinin does not induce hyperalgesia in rats and induces
only mild pain in humans (Jensen et al., 1990; Babenko et al.,
1999; Boix et al., 2005; Murase et al., 2010). However, brady-
kinin is found in high concentrations in the trapezius inter-
stitial fluid of patients suffering from chronic musculoskeletal
pain (Gerdle etal.,, 2008). These findings suggest that B,
receptors may affect nociceptive transmission only after
intense exercise or after muscle injury. In contrast to B, recep-
tors, the participation of the B, receptor in muscle pain after
strenuous exercise has been ruled out (Murase et al., 2010).

In this context, it seems that these receptors have distinct
effects in muscle pain transmission and may have different
roles in the muscle pain induced by intense exercise or
inflammation. Taking this into account, the present study
was undertaken to address the contribution of B, and B, kinin
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receptors to the initial development and maintenance of
muscle pain after inflammation-induced tissue damage. The
aim was to elucidate the mechanisms of pain after a muscle
injury. For this purpose, we used an i.m. injection of forma-
lin, which initially sensitizes neurons through activation of
the transient receptor potential ankyrin 1 (Tian et al., 2009)
and then induces the release of inflammatory mediators
that mimic the inflammatory processes (Hunskaar and
Hole, 1987; Tjolsen et al., 1992; Sawamura et al., 1999). The
involvement of kinin receptors was evaluated by measuring
their gene expression and the effect of systemic treatments
with selective B, and/or B, receptor antagonists on mechani-
cal hyperalgesia. Other parameters, such as myeloperoxidase
activity, cytokine expression and kinase-dependent signal-
ling, were also analysed.

Methods

Animals

This study was carried out using male Swiss mice (25-35 g)
housed at a temperature of 22 + 2°C, 60-80% humidity,
under a 12:12 h light-dark cycle and with free access to food
and water. Approximately 280 mice were used for all experi-
mental procedures. The experiments were performed during
the light phase of the cycle. All experiments were conducted
in accordance with the ethical guidelines of the International
Association for the Study of Pain (Zimmermann, 1983) and
the National Institutes of Health guide for the care and use of
Laboratory animals (NHI Publication no. 85-23, revised in
1996). All experimental procedures were approved by the
Committee on the Ethical Use of Animals of the Universidade
Federal de Santa Catarina (protocol number 053/CEUA/PRPe/
2008). The intensity of the nociceptive stimuli was the
minimum needed to demonstrate a consistent effect of the
treatments.

Formalin-induced muscle pain

The procedure was essentially similar to the method
described previously (Schafers et al., 2003), with minor modi-
fications. Briefly, the mice (n = 6 per group) were anaesthe-
tized using a mixture of 3% isoflurane in oxygen before
receiving a unilateral i.m. injection of 5% formalin solution
(50 pL per site) or saline (0.9%) into the belly of the gastroc-
nemius muscle.

Mechanical hyperalgesia was evaluated at different time
points (3, 6, 24, 48, 72 and 168 h) following the formalin
injection and measured as the hind limb withdrawal thresh-
old in response to linearly increasing mechanical forces
(16 g-s™) applied to the gastrocnemius muscle and quantified
by means of Randall-Selitto apparatus (Ugo Basile, Comerio,
VA, Italy). Briefly, the mice were lightly restrained in a vented
tubular Plexiglas holder with openings that allow easy access
to the hind limb, and each leg was successively positioned so
that incremental pressure (maximum of 400 g) could be
applied to the mid-gastrocnemius muscle. The pressure
required to elicit hind limb withdrawal was determined, and
measurements were taken three times at 5 min intervals; the
mean value was taken as the hind limb withdrawal threshold.



A baseline (~300-400 g) measurement was taken before the
treatments.

Effect of kinin antagonists on
formalin-induced muscle pain in mice

The involvement of kinin B, and B, receptors in the muscle
nociception induced by formalin was evaluated after systemic
administration of the selective B; and/or B, receptor antago-
nists. The antagonists to the B; receptor, SSR240612 (a non-
peptide antagonist) and des-Arg’-[Leu®]-bradykinin (DALBK, a
peptide antagonist), were administered i.p., 30 min before
formalin, both at doses of 1 mg-kg™. The non-peptide antago-
nist to the B, receptor, FR173657, and the peptide antagonist,
HOE 140, were administered i.p. at doses of 10 mg-kg™" and
0.057 mg-kg™, respectively, 30 min before the formalin injec-
tion (Cloutier and Couture, 2000; Ferreira et al., 2002; Werner
et al., 2007; Paszcuk et al., 2008; Quintao et al., 2008). The
withdrawal threshold was analysed 3, 6 and 24 h after forma-
lin injection.

In order to evaluate the therapeutic effect of B, and B,
receptor antagonists, mice received the peptidergic antago-
nists DALBK (1 mg-kg™") or HOE 140 (0.057 mg-kg") 24 h
after an injection of formalin (post-treatment). The with-
drawal threshold was evaluated 0.5, 2 and 4 h after injection
of the antagonists. To verify any additive effect of B, and B,
antagonists, mice were treated with sub-active doses of
DALBK (0.3 mg-kg™, i.p) and HOE 140 (0.017 mg-kg", i.p.)
30 min before or 24 h after formalin for the pre- or post-
treatment schedule respectively.

For comparison, other groups of mice were treated with
the standard analgesic and anti-inflammatory drugs dipyrone
(120 mg-kg™!, i.p.), celecoxib (30 mg-kg’, i.p.), morphine
(10 mg-kg™, s.c.) and gabapentin (70 mg-kg™!, p.o.), 30 min
before formalin, and evaluated against the hyperalgesic
effects of formalin. Hyperalgesia was evaluated 3, 6 and 24 h
after formalin. The total inhibition caused by these drugs was
obtained by calculating the area under the curve (AUC) for
each individual treatment.

Effect of p38, JNK and PKC inhibitors on
formalin-induced muscle pain in mice

In order to determine the cell signalling pathway activated in
the gastrocnemius muscle by formalin, mice were treated
with inhibitors of PKC (GF109203X 0.4 ug per site, i.m.), p38
(SB203580 11 pg per site, i.m.) or JNK (SP600125 7 ug per site,
im.) 5 min before formalin injection (Motta et al., 2006).
Mechanical hyperalgesia was evaluated 1, 3, 6 and 24 h after
formalin through the application of a crescent force using the
Randall-Selitto apparatus, as described earlier.

Effect of kinin receptor antagonists on the
mechanical hyperalgesia induced by i.m.
injection of octapeptide wyeRACK

In order to evaluate the role of the PKCe on the mechanical
hyperalgesia in muscle pain, mice were treated with the PKC
isoform using octapeptide yeRACK (1 ug per site, SO uL).
Mechanical hyperalgesia was evaluated by the Randall-Selitto
apparatus from 15 min and up to 6 h after peptide adminis-
tration. In order to investigate the kinin-dependent mecha-
nism in the mechanical hyperalgesia induced by PKCe, the B,
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receptor antagonist (DALBK 1 mg-kg™, i.p.) or the B, receptor
antagonist (HOE 140; 0.057 mg-kg™', i.p.) was administered
30 min before i.m. injection of the octapeptide yeRACK (1 ug
per site, 50 pL).

Immunohistochemical assay

The mice (n=5) were pretreated with DALBK (1 mg-kg™’, i.p.),
HOE 140 (0.057 mg-kg™', i.p.) or vehicle 30 min before the 5%
formalini.m. injection. They were then anaesthetized with 7%
chloral hydrate 1 h after the formalin injection. The mice were
transcardially perfused with heparin (1000 U-mL™) in physi-
ological saline, followed by 4% paraformaldehyde in 0.9%
saline solution. The gastrocnemius muscles were extracted and
post-fixed overnight at room temperature in 4% paraformal-
dehyde. The immunohistochemistry technique was carried
out on paraffin-embedded muscle sections. The primary anti-
bodies were prepared at a specific concentration for each
protein: phosphorylated JNK (p-JNK, 1:200) and phosphory-
lated p38 MAPK (p-p38 1:60) antibodies (Cell Signaling Tech-
nology, Danvers, MA, USA). The quenching of endogenous
peroxidase was performed by incubating the segments with
3% hydrogen peroxide in methanol (v v') for 20 min. High-
temperature antigen retrieval was performed by immersion of
the slides in 10 mM trisodium citrate buffer pH 6.0 in a water
bath at 95-98°C for 45 min. The slides were then processed
using the Vectastain Elite ABC reagent (Vector Laboratories,
Burlingame, CA, USA) according to the manufacturer’s
instructions. The sections were covered with the appropriate
biotinylated secondary antibody and then developed with
3,3’-diaminobenzidine (Dako Cytomation, Carpinteria, CA,
USA) in chromogen solution and counterstained with Harris’s
haematoxylin. Control and experimental tissues were placed
on the same slide and processed under the same conditions.
Images of the gastrocnemius muscles were acquired using a
Sight DS-5 M-L1 digital camera (Nikon, Melville, NY, USA)
connected to an Eclipse 50i light microscope (Nikon). An OD
threshold that best discriminated staining from the back-
ground was obtained using NIH Image] 1.36b imaging soft-
ware (NIH, Bethesda, MD, USA). The total pixel intensity was
determined, and data were expressed as OD.

Expression of B;, B,, TNF-o, IL-18 and IL-6
mRNA by Real-Time-PCR

The RNA was extracted using TRIzol reagent following the
manufacturer’s instructions (Invitrogen, Sdo Paulo, Brazil).
The concentration of total RNA was determined by measur-
ing the absorbance at 260 nm. One microgram of the total
RNA was reverse transcribed to cDNA using 500 pug-mL™
oligo(dT), 10 mM deoxynucleotide, 100 mM dithiothreitol,
40 mU-mL" RNaseOUT and 200 U of SuperScript reverse
transcriptase (Invitrogen) in a reaction buffer (2.5 mM MgCl,,
50 mM KCI, and 20 mM Tris-HCIl, pH 8.4), with a final
volume of 12.5 pL. The samples were incubated for 5 min at
65°C, 5 min at 4°C, 50 min at 42°C, 5 min at 70°C and 5 min
at 4°C. The cDNA (100 ng) was amplified in duplicate using
TagMan-based chemistry with specific primers and
6-Carboxyfluorescein-labelled  probes for mouse B;
(MmO00432059_s1) and B, (MmO01339907_m1), or 4,7,2'-
trichloro-7’-phenyl-6-carboxyfluorescein-labelled probes for
mouse TNF-oo (Mm00443258_m1), IL-1 (MmO01336189_m1),
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IL-6 (Mm99999064_m1) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (MmO01843776_s,) as an endog-
enous control for normalization (Applied Biosystems, War-
rington, UK). Amplifications were carried out in a thermal
cycler (StepOne Plus, Applied Biosystems) for S0 cycles; the
fluorescence was collected for each amplification cycle and
the data analysed using the 2*“* method for the relative
quantification of expression. Expression of the target genes
was calibrated against the conditions found in saline or naive
animals, i.e. without treatment.

The mice received 5% formalin or saline i.m., as described
earlier. The gastrocnemius was harvested 3, 6 and 24 h after
formalin injection for quantification of B; and B, mRNA.
Distinct groups of mice were pretreated (30 min before forma-
lin) with DALBK (1 mg-kg™, i.p.) or HOE 140 (0.057 mg-kg ',
i.p.). One hour after formalin injection, the tissues were col-
lected, and mRNA for TNF-q, IL-1B and IL-6 was quantified.

Mpyeloperoxidase activity assay

Neutrophil activation and recruitment into the gastrocne-
mius muscle was indirectly estimated by measuring the activ-
ity of myeloperoxidase. The activity of the enzyme was
assayed as previously described (Bradley et al., 1982). Animals
(n = 5) were treated with DALBK (1 mg-kg™, i.p.), HOE 140
(0.057 mg-kg™, i.p.) or saline (0.9%) 30 min before the i.m.
injection of formalin (5%). The gastrocnemius muscle was
removed 3 h after formalin injection. The muscles were
homogenized at 20% w v in EDTA/NaCl buffer (pH 4.7) and
centrifuged at 11200 g for 15 min at 4°C. The pellet was
resuspended in 0.5% hexadecyltrimethyl ammonium
bromide buffer (pH 5.4), and the samples were frozen and
thawed three times in liquid nitrogen. The samples were
centrifuged (11200 g, 15 min, 4°C) and 25 pL of the superna-
tant was used for the myeloperoxidase assay. The enzymatic
reaction was assessed with 1.6 mM tetramethylbenzidine,
80 mM sodium phosphate buffer pH 7.2 and 0.3 mM hydro-
gen peroxide. The absorbance was measured at 650 nm. The
results are expressed as the OD mg™ tissue.

Statistical analysis

The results are presented as the mean + SEM of six animals
for the behavioural tests and of three to five animals for the
RT-PCR analyses. The data were analysed by one-way ANOVA
with repeated measures for mechanical hyperalgesia, fol-
lowed by Bonferroni’s test when appropriate. The AUC was
calculated using the GraphPad Software (San Diego, CA,
USA). The % inhibition was calculated from AUC data in the
behavioural tests. Thus, the effect of the drug treatment was
obtained throughout the entire experiment. A P < 0.05 was
considered to be indicative of significance.

Reagents

The B, receptor antagonist FR173657 was kindly donated by
Fujisawa Pharmaceutical Co. (Osaka, Japan); the B, receptor
antagonist SSR240612 was kindly donated by °Sanofi-Aventis
(Bridgewater, NJ, USA); the B, receptor antagonist HOE 140
was kindly donated by Hoechst (Frankfurt Main, Germany).
The B; receptor antagonist des-Arg’-[Leu®]-bradykinin
(DALBK) was purchased from Sigma Chemical Co. (St. Louis,
MO, USA). The kinase protein inhibitors GF109203X,
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SB203580 and SP60015 were purchased from Tocris Bio-
science (Ellisville, MO, USA). The primers and probes for
mouse B;, B,, TNF-q, IL-1B, IL-6 and GAPDH were obtained
from Applied Biosystems. Hydrogen peroxide (H,O,), Tween
20 and PBS tablets were purchased from Sigma Chemical Co.
The B, receptor, B, receptor, JNK and p38 MAPKs antibodies
were acquired from Cell Signaling Technology. The peptide
agonist of PKCe, the octapeptide WYeRACK, was obtained from
EZBiolab (Westfield, IN 46074, USA). The secondary antibody
Envision Plus, the streptavidin-horseradish peroxidase
reagent and 3,3-diaminobenzidine chromogen were pur-
chased from Dako Cytomation. The drugs were prepared in
saline solution (0.9% NacCl).

Results

The i.m. injection of formalin up-regulates
mRNA expression of B; and B, receptors in
gastrocnemius muscle

The involvement of B, and B, receptors in muscle pain was
first demonstrated by the increase in mRNA expression of
these receptors (Figure 1). Quantification of the mRNA
revealed that both B, and B, receptors are continuously syn-
thesized in the muscle from naive mice, demonstrating that,
even in the absence of injury, there is a constant turnover of
these receptors in muscle (Figure 1). An increase in the syn-
thesis of both B; and B, receptors was identified as early as 3 h
after formalin injection in the gastrocnemius muscle. This
up-regulation was present at all of the time points investi-
gated (3, 6 and 24 h).

The B; and B, receptors contribute to
mechanical hyperalgesia in inflammatory
muscle pain

The next step was to investigate whether or not the overex-
pressed B; and B, receptors were really functional and
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Figure 1

Expression of mRNA of B; and B, receptors in formalin-induced
inflammatory muscle pain. The quantification of mRNA for (A) B; and
(B) B, was performed by RT-PCR. Data were normalized to mRNA
levels for GAPDH. ‘N’ represents the naive group and ‘S’ represents
non-inflamed mice that received an i.m. injection of 0.9% saline
solution (50 pL per site). Data represent the mean = SEM (n=5). The
symbols denote a significant difference: *P < 0.05 compared to the
saline group. Statistical analyses were performed using one-way
ANOVA followed by Bonferroni’s test.
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Figure 2

Effect of pre- and post-treatment with the kinin B; receptor antagonists on the mechanical hyperalgesia induced by formalin in gastrocnemius
muscle. (A) DALBK or (B) SSR240612 was administered i.p. 30 min before formalin injection and hyperalgesia was assessed 3, 6 and 24 h after
the formalin injection. (C) DALBK was administered i.p. 24 h after the formalin injection (post-treatment). The hyperalgesia was assessed 0.5, 2
and 4 h after the DALBK injection. B, represents the baseline measurement (immediately before formalin injection). Data represent the mean *
SEM (n = 5-7). The symbols denote a significant difference: *P < 0.05 compared to the naive group and *P < 0.05 compared to the formalin i.m.
group. Statistical analyses were performed using one-way ANOVA (repeated measures) followed by Bonferroni’s test.

whether they would in fact contribute to inflammatory
muscle pain or not. The i.m. injection of formalin induced
mechanical hyperalgesia from the third hour after its admin-
istration. This hyperalgesia was significant for up to 72 h
(3 days) and disappeared 7 days after formalin injection (data
not shown). From these results, we selected three time points,
3, 6 and 24 h, to evaluate the behaviour in mice treated with
kinin receptor antagonists.

Pretreatment with the B, receptor antagonist DALBK
(1 mg-kg™", i.p.) significantly reduced the mechanical hyper-
algesia induced by formalin (Figure 2A). The inhibition cal-
culated from the AUC was 44 = 9%. Likewise, pretreatment
with the non-peptide selective antagonist SSR240612
(1 mg-kg', i.p.) significantly inhibited formalin-induced
hyperalgesia (Figure 2B), with an inhibition percentage of
43 * 15%. In addition, the systemic post-treatment with
DALBK significantly decreased the hyperalgesia induced by
formalin. The calculated inhibition was 41 * 1% (Figure 2C).

Similar to the B, receptor antagonists, pretreatment with
the peptide B, receptor antagonist HOE 140 (0.057 mg-kg™’,
i.p.) significantly inhibited the hyperalgesia induced by for-
malin (Figure 3A). The % inhibition revealed that the antago-
nism of B, and B, receptors had a similar effect in decreasing
muscle pain. The calculated value was 38 * 6%. Systemic
pretreatment with the non-peptide B, receptor antagonist
FR173657 (10 mg-kg™, i.p.) inhibited the hyperalgesia only
6 h after formalin injection (Figure 3B), with a total inhibi-
tion of 32 = 6%. Systemic post-treatment with HOE 140 was
also effective at decreasing hyperalgesia (Figure 3C), with an
inhibition of 34 + 9%.

Low doses of DALBK (0.3 mgkg') or HOE 140
(0.017 mg-kg™") were ineffective when the antagonists were
given alone. However, the combination of both antagonists

significantly prevented the hyperalgesia induced by forma-
lin. Pretreatment with DALBK plus HOE 140, 30 min before
formalin, prevented the hyperalgesia at all time points
tested (3-24 h, Figure 4A), whereas post-treatment with the
mixture of the antagonists was active only at the second
hour after treatment (Figure 4B). The calculated inhibitions
were 61 = 5% and 83 * 4% for the pre- and post-treatment,
respectively.

Systemic treatment of mice with standard analgesic and
anti-inflammatory drugs significantly inhibited the hyperal-
gesia induced by formalin injected in the gastrocnemius
muscle. The effect of these drugs was comparable to the
effects observed for the B; and B, receptor antagonists. The
inhibition values were obtained by calculating the AUC in
each individual treatment. The results are presented in
Table 1.

The treatment with B; and B, receptor
antagonists decreased myeloperoxidase
activity and TNF-a synthesis

The injection of formalin in the gastrocnemius muscle
resulted 3 h later in a significant increase in myeloperoxi-
dase activity (Figure 5A). The systemic pretreatment with
either the B, or B, receptor antagonists, DALBK and HOE
140, significantly prevented myeloperoxidase activity
(Figure 5A). One hour after formalin injection, we detected a
significant increase in the mRNA for TNF-o, IL-1B and IL-6
(Figure 5B, C and D). Interestingly, both kinin antagonists
inhibited TNF-oo mRNA synthesis (Figure 5B) without affect-
ing the synthesis of IL-1f (Figure 5C). Furthermore, the B,
antagonist HOE 140 significantly inhibited the synthesis of
new IL-6 (Figure 5D).
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Effect of pre- and post-treatment with the kinin B, receptor antagonists on the mechanical hyperalgesia induced by formalin in gastrocnemius
muscle. (A) HOE 140 or (B) FR173657 was administered i.p. 30 min before the formalin injection and hyperalgesia was assessed 3, 6 and 24 h
after the formalin injection. (C) HOE 140 was administered i.p. 24 h after the formalin injection (post-treatment). The hyperalgesia was assessed
0.5, 2 and 4 h after DALBK injection. B, represents the baseline measurement (immediately before formalin injection). Data represent the mean
+ SEM (n = 5-7). The symbols denote a significant difference: *P < 0.05 compared to the naive group and *P < 0.05 compared to the formalin
i.m. group. Statistical analyses were performed using one-way ANOVA (repeated measures) followed by Bonferroni’s test.
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Effect of the co-treatment with the kinin B; and B, receptor
antagonists on the mechanical hyperalgesia induced by formalin in
gastrocnemius muscle. DALBK (0.3 mg-kg™ i.p.) or HOE 140
(0.017 mg-kg™") or both were administered 30 min before formalin
in (A) or 24 h after formalin in (B). The assessment of hyperalgesia
was performed as described in Figures 2 and 3. B, the baseline
measurement (immediately before formalin injection). Data repre-
sent the mean = SEM (n = 5-7). The symbols denote a significant
difference: *P < 0.05 compared to the naive group and *P < 0.05
compared to the formalin i.m. group. Statistical analyses were per-
formed using one-way ANOVA (repeated measures) followed by Bon-
ferroni’s test.
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Systemic treatment with the B; and B,
receptor antagonists prevented
formalin-induced MAPK phosphorylation in
gastrocnemius muscle

The p38 and JNK MAPKs were slightly activated (phosphory-
lated) after the i.m. injection of saline. However, the i.m.
injection of formalin caused a marked activation of both
MAPKs. As depicted in Figure 6, JNK was clearly more sensi-
tive to formalin-induced muscle injury than p38. The peak of
phosphorylation detected for these enzymes was 1 h after
formalin injection. The activation of p38 and JNK declined 6
and 3 h after formalin injection, respectively (Figure 6A and
B). It was noteworthy that the activation of both p38 and JNK
MAPKs was significantly prevented by the treatment with
DALBK and HOE 140 (Figure 6C and D). The phosphorylated
forms of these MAPKs mostly surrounded the nuclei of the
cells (Figure 6D).

The mechanical hyperalgesia induced by an
i.m. injection of formalin is dependent on the
activation of intracellular kinases

In accordance with the above results, the hyperalgesia
induced by formalin was clearly dependent on the activation
of intracellular kinases, p38, JNK and PKC (Figure 7). In fact,
treatment with the p38 inhibitor, SB203580, or the JNK
inhibitor, SP60015, prevented the early hyperalgesia induced
by formalin. However, they were unable to provide protec-
tion in the later periods of formalin administration (Figure 7A
and B), which is in agreement with the time course for the
activation of these proteins (Figure 6A and B). Local admin-
istration of the PKC inhibitor, GF109203X, also prevented
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Table 1

Effect of B; and B, antagonists and standard analgesic drugs on the hyperalgesia induced by formalin

AUC Supported weight

Treatment (mean = SEM) (% of naive group)
Naive 7916 = 212 100 = 2.6

Formalin 3015 £ 286* 38 = 3.6*

Formalin + DALBK (1 mg-kg™ i.p.) 5227 + 470* 66 + 5.9*

Formalin + HOE 140 (0.057 mg-kg™ i.p.) 4875 = 298* 61 = 3.8*

Formalin + Dipyrone (120 mg /kg i.p.) 6384 + 892" 80 = 11*

Formalin + Celecoxib (30 mg-kg™' i.p.) 7985 + 412" 100 = 5.2*

Formalin + Morphine (10 mg-kg™ s.c.) 5925 + 338" 75 £ 4.2¢

Formalin + Gabapentin (70 mg-kg™' p.o.) 5482 + 403" 69 = 5%

Data represent the mean = SEM (n = 6). Mechanical hyperalgesia was evaluated at 3, 6 and 24 h after formalin injection. The drugs were
administered 30 min before formalin via i.p., s.c. or p.o. The area was calculated as the AUC for each individual treatment. Statistical analysis
was performed using one-way ANOVA followed by Bonferroni’s test. The symbols denote a significant difference, *P < 0.05 compared to the
naive group and *P < 0.05 compared to the formalin group.
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Figure 5

Myeloperoxidase (MPO) activity and expression of mRNA for TNF-c, IL-1B and IL-6 in formalin-induced inflammatory muscle pain. (A)
Myeloperoxidase activity and mRNA quantification for (B) TNF-a, (C) IL-18 and (D) IL-6 in the muscle of formalin-injected mice. Mice were
pretreated, i.p., with saline, DALBK or HOE 140. Data were normalized to mRNA levels for GAPDH. Control mice received an i.m. injection of 0.9%
saline solution (50 uL per site). Data represent the mean = SEM (n = 3-5). The symbols denote a significant difference: *P < 0.05 compared to
the control (saline i.m.) group and #P < 0.05 compared to the formalin i.m. group. Statistical analyses were performed by one-way ANOVA followed
by Bonferroni’s test.

British Journal of Pharmacology (2012) 166 1127-1139 1133



FC Meotti et al.

A

=3 Saline i.m.

I Formalin 5% i.m.

= + DALBK (1 mg kg'i.p.)

== + HOE 140 (0.057 mg kg™i.p.)

3+ " 8- * = e
— * —
(=) o 61
S 21 S
© X 44
% 2
a 1 a 24
0- 0-
s 1 3 6 24 S 1 3 6 24
Formalin (h) Formalin (h) p-p38 p-JNK
D . .
Saline Formalin + DALBK + HOE 140
1 ol ‘.f :‘} by (':q._:/‘ i","'-'»"__) & o ; B
gg - i & "":" 2L v [ e
2 il &R 4N (7 5
& @ CHT S~ \‘!,a"_{' (: - I :
el oy o0 ' o : A
7] B =, s o g N id -
v e S » |Pe CBEED o P oD @
? > o : | 59 € - oy 8 :
o A7 o [ A T e o, b y
f )= 5 e D A £ @
~ e B Py )T 3 = : g —=
Figure 6

Activation of MAPKs in formalin-induced inflammatory muscle pain. Mice received 5% formalin via the i.m. route. The tissues were obtained at
different time points after formalin injection for immunohistochemical analyses of (A) p-p38 or (B) p-JNK. Two other groups of mice were
pretreated with DALBK (1 mg-kg™. i.p.) or HOE 140 (0.057 mg-kg™, i.p.) 30 min before formalin. One hour after formalin injection, the tissues
were obtained for immunohistochemical analyses for (C) p-p38 and p-JNK. (D) Representative photomicrography of (C). Control mice received
an i.m. injection of 0.9% saline solution (50 uL per site) (S). Data represent the mean = SEM (n = 5). The symbols denote a significant difference:
*P < 0.05 compared to the control group and #P < 0.05 compared to the formalin i.m. group. Statistical analyses were performed using one-way

ANOVA followed by Bonferroni’s test.

the hyperalgesia induced by formalin. The protective effect
was evident up to 6 h after formalin injection (Figure 7C).

Effect of B; and B, receptor antagonists on
the PKCe-dependent hyperalgesia

In order to further explore the role of PKC in mechanical
hyperalgesia, we investigated whether direct activation of the
PKCe isoform would reproduce such a hyperalgesic response.
Interestingly, i.m. injection of the octapeptide yeRACK, a
specific activator of PKCe, induced nociceptive behaviour to
the mechanical pressure as early as 15 min. This hyperalgesia
remained for 4 h following peptide administration (Figure 8).
Interestingly, treatment with the B, antagonist HOE 140 did
not prevent the hyperalgesia induced by the PKCe activator,
demonstrating that the activation of PKCe occurs down-
stream to the B, receptor and, therefore, antagonism of the
receptor was not sufficient to prevent hyperalgesia to this

1134 British Journal of Pharmacology (2012) 166 1127-1139

stimulus. On the other hand, the B, receptor antagonist
DALBK significantly prevented the hyperalgesia induced by
PKCe activation from only the second hour after the admin-
istration of octapeptide yeRACK. This time-dependent effect
on DALBK is consistent with the up-regulation of the B;
receptor promoted by PKC (Figure 8).

Discussion

The results presented in this study demonstrate the critical
role exerted by both B; and B, kinin receptors in muscle
hyperalgesia after a harmful inflammatory stimulus induced
by formalin. Previous investigations reported that the i.m.
injection of formalin is a reliable model for evaluating muscle
pain in rodents (Schafers et al., 2003; Vadakkan et al., 2006).
Our results expanded these previous findings and revealed
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Involvement of MAPK kinases and PKC in the mechanical hyperalgesia induced by formalin in gastrocnemius muscle. Mice were treated with the
protein kinase inhibitors (A) p38 (SB203580 11 ug per site, i.m.), (B) JNK (SP60015 7 ug per site, i.m.) or (C) PKC (GF109203X 0.4 ug per site,
i.m.) 5 min before the i.m. injection of formalin. The mechanical hyperalgesia was evaluated from 1 h after formalin injection. B, baseline
measurement (before formalin injection). Data represent the mean = SEM (n=5). The symbols denote a significant difference: *P < 0.05 compared
to the naive group and *P < 0.05 compared to the formalin i.m. group. Statistical analyses were performed using one-way ANOVA (repeated

measures) followed by Bonferroni’s test.
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Figure 8

Effect of the By and B, antagonists on the mechanical hyperalgesia
induced by the PKCe activator octapeptide yeRACK. Mice received
DALBK or HOE 140 i.p. 30 min before an i.m. injection of the
octapeptide weRACK. The mechanical hyperalgesia was evaluated
from 15 min after the injection of octapeptide yeRACK. Data repre-
sent the mean + SEM (n = 5). The symbols denote a significant
difference: *P < 0.05 compared to the naive group and *P < 0.05
compared to the octapeptide yeRACK i.m. group. Statistical analyses
were performed using one-way ANOVA (repeated measures) followed
by Bonferroni’s test.

that an i.m. injection of formalin induced a marked hyper-
algesia within 24 h after its administration, an effect that
remained for up 72 h (data not shown). The mechanisms of
formalin-induced pain are closely related to the activation of
both B, and B, receptors (Correa and Calixto, 1993), and the
role of these receptors in pain and inflammation has been
broadly demonstrated (Regoli and Barabe, 1980; Calixto et al.,
2000; 2004; Couture et al., 2001; Marceau and Regoli, 2004;
Mizumura et al., 2009).

The putative participation of bradykinin in chronic
muscle pain in humans was recently reported. In this study,
the concentration of the peptide was elevated in the trapezius
interstitial fluid of patients suffering from myalgia compared
to control patients (Gerdle et al., 2008). It is of interest that
the effect of bradykinin in muscle pain seems to be significant
only in the presence of injury or after strenuous exercise
(Murase et al., 2010). In agreement with this, a direct infusion
of bradykinin induced hyperalgesia only when administered
in combination with other mediators like 5-HT, prostaglan-
din or histamine (Babenko et al., 1999; Mork et al., 2003).
This suggests that bradykinin evokes a mild hyperalgesia in
muscle and its effects depend on the presence of inflamma-
tory mediators. In contrast to the B, receptor, the role of the
B; receptor in muscle pain has been less well-researched; as
this receptor is not usually expressed in peripheral healthy
tissue, it may comprise a negligible effect in muscle pain
processes that are not related to inflammation. In fact,
antagonism of the B, receptor did not ameliorate hyperalgesia
in a model of strenuous exercise (Murase et al., 2010).

Our results demonstrated that both B; and B, receptors are
up-regulated after inflammation induced by formalin and the
antagonism of these receptors effectively reduced mechanical
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hyperalgesia in this state. Interestingly, pretreatment with
either the B;- or B,-selective receptor antagonists presented a
long-lasting anti-hyperalgesic action. In agreement with our
results, the vascular and anti-oedema effects of HOE 140 were
shown to extend to all time points measured (up to S h)
(Wirth etal., 1991). However, in previous studies the B,
antagonist SSR240612 was found to have a shorter inhibitory
effect on hyperalgesia and inflammation induced by different
agents (Gougat ef al., 2004). The main difference between our
results and those obtained previously may due to differences
in the treatment schedule; we administered the antagonists
before the formalin injection (in the pretreatment schedule),
which resulted in the hyperalgesia being inhibited even 24 h
after the treatment. This suggests that the antagonism of the
receptor at an early stage in the onset of an inflammatory
response would prevent any further damage and would
prevent the complete development of inflammation.

The signal events triggered by the activation of kinin
receptors include the production of other inflammatory and
pain mediators, such as prostanoids, tachykinins, cytokines
and nitric oxide (Marceau and Bachvarov, 1998; Brechter and
Lerner, 2002; Calixto et al., 2004; Costa-Neto ef al., 2008;
Meini and Maggi, 2008). In this study, we observed an
increase in the activity of myeloperoxidase in the gastrocne-
mius, indicating the migration of inflammatory cells to the
site of injury. The myeloperoxidase is mostly expressed in
neutrophils, but can also be expressed in resident stimulated
macrophages (Klebanoff, 1991; Sugiyama et al., 2001). No
evidence has been presented showing that myeloperoxidase
is expressed in fibroblasts, so we assumed that the increase in
myeloperoxidase activity is mostly due to the migration and
activation of neutrophils and/or macrophages. Interestingly,
myeloperoxidase activity was significantly inhibited by sys-
temic treatment with both B, and B, receptor antagonists,
demonstrating that neutrophil and/or macrophage chemot-
axis and activation is partially dependent on the functional-
ity of these receptors.

Further, we demonstrated that, after an initial burst of
mediators, a rapid up-regulation of mRNA for TNF-o, IL-1B
and IL-6 occurred. In this context, the continuous overex-
pression of these cytokines is likely to be responsible for the
maintenance of a more persistent hyperalgesia. In accord
with these findings, previous studies have demonstrated that
TNF-0, IL-1p and IL-6 mediate muscle pain (Schafers et al.,
2003; Rosendal et al., 2005; Manjavachi et al., 2010), and that
IL-6 is the main contributor to chronic latent pain in inflam-
matory muscle conditions (Dina et al., 2008a). Interestingly,
antagonism of the B, receptor was only effective in prevent-
ing the mRNA transcription of TNF-o, whereas blockade of
the B, receptor prevented the transcription of both TNF-o. and
IL-6 without affecting IL-13 mRNA. The different effects of
the various kinin receptor antagonists on the transcriptional
regulation of cytokines may be attributed to a cell-type spe-
cific response, but this hypothesis clearly requires further
investigation.

The B, and B; receptors belong to the classic seven trans-
membrane GPCR family, and their activation releases inositol
1,4,5-triphosphate from membranes via a PLC-mediated
mechanism. The signal transduction followed by bradykinin
binding to receptor B, activates the formation of cAMP, the
phosphorylation of the intracellular kinases tyrosine kinase,
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PKC, MAPKs, the ribosomal protein S6 kinase and
phosphatidylinositol-3-kinase, and the activation of tran-
scriptional factors such as the cAMP-response element
binding (Pyne etal., 1997; Pan etal., 1999; Ritchie etal.,
1999; Zhao et al., 2002). In this context, it has been proposed
that B, receptor activation takes place at the beginning of the
inflammatory process and displays some auto-regulatory
mechanisms. An interplay between B, and B, receptors has
been proposed from results obtained in in vitro and in vivo
studies where the desensitization of B, receptors was followed
by the up-regulation of B; receptors (Campos and Calixto,
1995; Phagoo et al., 1999; Calixto et al., 2004). In support of
this proposal, we found that subactive concentrations of both
antagonists presented an additive effect against hyperalgesia.

Since MAPKSs are strictly involved in signal transduction
after the stimulation of kinin receptors, and because these
proteins can directly contribute to the translational and post-
translational sensitization of B, and B, receptors (Schanstra
etal., 1998; Angers etal.,, 2000; Zhao et al., 2002; Calixto
et al.,, 2004; Medeiros et al., 2004; Ferreira et al., 2005), we
investigated the activation of the MAPKS p38 and JNK in our
formalin-induced muscle pain model. The two MAPKs were
activated in the first minutes following formalin injection,
showing that these proteins are important in the initiation of
the inflammatory process. In line with this, pretreatment
with DALBK or HOE 140 significantly reduced the activation
of p38 and JNK, suggesting that the activation of both MAPKs
occurred secondarily to the activation of B, and B, receptors.
Noteworthy, the inhibition of MAPKs phosphorylation
cascade could explain, at least in part, the long-lasting effects
of the B, and B, antagonists against hyperalgesia. The role of
MAPKs in the formalin-induced hyperalgesia was further con-
firmed by the treatment with the p38 and JNK inhibitors,
SB203580 and SP60015. The maximum level of inhibition
was achieved 1 h after formalin injection, which is in accor-
dance with the peak of phosphorylation of these proteins.

Our results also indicated that the intracellular second
messenger PKC exerts a relevant role in mediating the hype-
ralgesia induced by formalin in muscle pain. Within the PKC
family, the PKCe isoform has been reported to have a particu-
lar contribution towards nociception and it can act as a
second messenger in the activation of kinin receptors (Cesare
et al., 1999; Ferreira et al., 2005; 2008). Furthermore, PKCe is
only involved in inflammatory muscle pain (Dina et al.,
2008b). Here, we found that the activation of PKCe mimics
the hyperalgesia induced by formalin. The hyperalgesia
caused by the octapeptide yeRACK was probably due to a
direct activation of intracellular PKCe, an event downstream
of the B; and B, receptors. This conclusion is supported by the
absence of protective effect by the B, receptor antagonist
against PKCe-induced hyperalgesia. In addition, antagonism
of the B, receptor disrupted the hyperalgesia induced by the
octapeptide yeRACK only 2 h after its injection. This latter
effect of DALBK might be as a result of direct antagonism of
the newly synthesized B, receptors, assuming that the syn-
thesis of new receptors was stimulated by PKCg; as hypoth-
esized by Ferreira et al. (2008).

Together, these results demonstrate that the inflamma-
tory process triggered by formalin injection into the muscle
induces a cascade of events that is responsible for the hype-
ralgesia. In this context, the activation of PKC, p38 and JNK,



the synthesis of new IL-1B, TNF-a and IL-6 and the
up-regulation of B; and B, receptors might bring about
mechanical hyperalgesia. In our model of inflammatory
hyperalgesia, the mRNA synthesis of IL-1f and IL-6 was unre-
lated to the p38 and JNK cascade because the inhibition of
these kinases by B; and B, receptor antagonists was unable to
prevent IL-1B and IL-6 mRNA transcription. In agreement
with previous data, this may occur because MAPKs affect the
expression of cytokines at the post-translational level without
affecting mRNA expression (Young et al., 1993; Prichett et al.,
1995).

In summary, this study extends previous findings by
reporting a direct role of the B; and B, receptors in the
inflammatory muscle pain. As reported before, bradykinin
injection into the muscle induced only mild hyperalgesia,
and the B, receptor did not seem to play an important role for
pain transmission in muscle (Murase et al., 2010). However,
after an initial inflammatory stimulus, both B, and B, recep-
tors play a major role in the resulting hyperalgesia, as could
occur after a mechanical wound, tissue infection or surgery.
The finding that the intracellular kinase PKC, p38 and JNK
pathways and inflammatory cytokines were intimately
involved in this inflammatory response in muscle is of par-
ticular interest. Hence, this study contributes to the elucida-
tion of the mechanisms underlying muscle pain and supports
the use of kinin receptor antagonists in the management of
pain in injured muscle.
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