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Treatment with DF 2162, a non-competitive
allosteric inhibitor of CXCR1/2, diminishes
neutrophil influx and inflammatory
hypernociception in mice
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Background and purpose: Neutrophil migration into tissues is involved in the genesis of inflammatory pain. Here, we
addressed the hypothesis that the effect of CXC chemokines on CXCR1/2 is important to induce neutrophil migration and
inflammatory hypernociception.
Experimental approach: Mice were treated with a non-competitive allosteric inhibitor of CXCR1/2, DF 2162, and neutrophil
influx and inflammatory hypernociception were assessed by myeloperoxidase assay and electronic pressure meter test,
respectively, in various models of inflammation.
Key results: DF 2162 inhibited neutrophil chemotaxis induced by CXCR1/2 ligands but had no effect on CXCL8 binding to
neutrophils. A single mutation of the allosteric site at CXCR1 abrogated the inhibitory effect of DF 2162 on CXCL-8-induced
chemotaxis. Treatment with DF 2162 prevented influx of neutrophils and inflammatory hypernociception induced by CXCL1
in a dose-dependent manner. The compound inhibited neutrophil influx and inflammatory hypernociception induced by
carrageenan, lipopolysaccharide and zymosan, but not hypernociception induced by dopamine and PGE2. DF 2162 had a
synergistic effect with indomethacin or the absence of TNFR1 to abrogate carrageenan-induced hypernociception. Treatment
with DF 2162 diminished neutrophil influx, oedema formation, disease score and hypernociception in collagen-induced
arthritis.
Conclusions and implications: CXCR1/2 mediates neutrophil migration and is involved in the cascade of events leading to
inflammatory hypernociception. In addition to modifying fundamental pathological processes, non-competitive allosteric
inhibitors of CXCR1/2 may have the additional benefit of providing partial relief for pain and, hence, may be a valid therapeutic
target for further studies aimed at the development of new drugs for the treatment of rheumatoid arthritis.
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Introduction

Chemokines are small molecular weight proteins (8–10 kDa)

thought to play an important role in the recruitment of

leukocytes from the blood into tissues during inflammatory

processes. Among the four classes of chemokines, CXC

chemokines acting on their CXCR1 and CXCR2 receptors

have been shown to coordinate neutrophil migration and

activation in several models of inflammation (Bizzarri et al.,

2006; Busch-Petersen, 2006; Reutershan, 2006). For example,

pharmacological blockade of CXCR2 or administration of

anti-CXC chemokines prevented neutrophil influx and

tissue injury following intestinal, hepatic and cerebral
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ischaemia and reperfusion in rats (Souza et al., 2004;

Cavalieri et al., 2005; Garau et al., 2005). More recently, we

also showed that blockade of CXCR1/2 receptors prevents

neutrophil influx and joint damage following adjuvant-

arthritis in rats (Barsante et al., 2007).

In addition to mediating inflammatory tissue injury,

neutrophil migration into tissue appears to be involved in

the genesis of inflammatory pain (Levine et al., 1984). The

sensitization of primary afferent nociceptors is a common

denominator of all kinds of inflammatory pain that leads to

a state of hyperalgesia and/or allodynia, better described as

hypernociception in animal models (Millan, 1999). Hyper-

nociception is induced by the direct action of the final

mediators prostaglandins and sympathetic amines (for

example, dopamine, adrenaline) on peripheral nociceptors

(Ferreira et al., 1978; Nakamura and Ferreira, 1987; Khasar

et al., 1999). These direct-acting hyperalgesic mediators are

ultimately released in the inflamed tissue in response to a

range of inflammatory stimuli that trigger the release of a

cascade of cytokines (tumour necrosis factor (TNF)-a, inter-

leukin-1b and CXC chemokines) by resident and incoming

cells (Cunha et al., 2005; Verri et al., 2006). In mice, the

chemokine CXCL1 (also known as KC, keratinocyte-derived

chemokine) is released in response to several inflammatory

stimuli, including carrageenan and lipopolysaccharide (LPS),

and induces neutrophil influx and hypernociception when

given intraplantarly (i.pl.). CXCL1-induced hypernocicep-

tion is partially dependent on the production of sympathetic

amines (Cunha et al., 2005). CXCL1 and TNF-a may also

trigger the interleukin-1b/prostaglandin pathway, which has

a synergistic effect with sympathetic amines to induce

inflammatory hypernociception (Cunha et al., 2005).

In the present paper, we addressed the hypothesis that the

effect of CXC chemokines on CXCR1/2 is important to

induce neutrophil migration and inflammatory hyperno-

ciception induced by several inflammatory stimuli in mice.

To address this hypothesis, mice were treated with DF 2162

(4-[(1R)-2-amino-1-methyl-2-oxoethyl]phenyl trifluoromethane

sulphonate), a compound belonging to the class of

CXCR1/2 allosteric modulators (Bertini et al., 2004;

Bizzarri et al., 2006; Barsante et al., 2007). Initial experiments

confirmed the selectivity and mode of action of DF 2162.

The compound was then tested in models in which

neutrophil influx and inflammatory hypernociception were

induced by i.pl. injection of the following stimuli: the

chemokine CXCL1, carrageenan and LPS. We also deter-

mined whether DF 2162 could have a synergistic effect with

blockade of prostaglandin synthesis (indomethacin) or with

TNF-a blockade (using TNF receptor type-1 (TNFR1)-deficient

mice) to prevent inflammatory hypernociception in mice. In

addition, the effects of oral treatment with DF 2162 were

investigated in a model of zymosan-induced arthritis and in

a model of collagen-induced arthritis (CIA) in DBA/1J mice.

Methods

Cell isolation and tissue culture

Human mononuclear cells and polymorphonuclear leuko-

cytes (PMNs) were obtained from buffy coats of heparin-

treated blood from normal volunteers through the courtesy

of Centro Trasfusionale, Ospedale S Salvatore, L’Aquila, Italy.

Ethical clearance was obtained to perform these experi-

ments. Mononuclear cells were obtained by centrifugation

on Ficoll/Hipaque. Monocytes were separated by Percoll

gradient centrifugation (Colotta et al., 1984). Human PMNs

(95% purity) were prepared by dextran sedimentation

followed by hypotonic lysis of contaminating red blood

cells (McPhail and Snyderman, 1983).

L1.2 cells were maintained as described previously in

suspension at 37 1C with 5% CO2 at a density of not more

than 1�106 cells per ml (Wise et al., 2007). Cells were

transiently transfected by electroporation as previously

described (Imai et al., 1998). In brief, 1�106 cells per 3mg

of DNA were electroporated and incubated overnight with

medium supplemented with 5 mM sodium butyrate. Cells

were harvested and assayed the following day. Cellular

viability was 495% in all the experiments, as measured by

trypan blue dye exclusion.

Generation of mutants

wtCXCR1 cDNA coding sequence (GenBank accession no.

M73969) was cloned using pcDNA3.1 expression vector as

Not I–Xho I fragment. K99A CXCR1 mutant (Bertini et al.,

2004) was made using a Quick Change Site-Directed

Mutagenesis kit (Stratagene, La Jolla, CA, USA) starting from

wtCXCR1 pcDNA3.1 construct as template and following the

instructions provided by the manufacturer.

Migration assay

Cell migration of human PMNs and monocytes was

evaluated using a 48-well micro-chemotaxis chamber, as

described previously (Bizzarri et al., 2001). Briefly, 29 ml of

control medium (phosphate-buffered saline for monocytes

and Hank’s buffered salt solution for PMNs) or chemo-

attractant solution was seeded in the lower compartment of

the chemotaxis chamber; 50 ml of cell suspension (1.5�106

per ml human PMNs or monocytes) preincubated at 37 1C for

15 min in the presence or absence of different concentrations

of DF 2162 was seeded in the upper compartment. The two

compartments of the chemotactic chamber were separated

by 5-mm polycarbonate filter (PVP-free for PMN chemo-

taxis). The chamber was incubated at 37 1C in air with 5%

CO2 for 45 min (human PMNs) or 2 h (monocytes). At the

end of incubation, filters were removed, fixed, stained with

Diff-Quik and five oil immersion fields at high magnification

(�100) were counted after sample coding. Cell migration of

L1.2 was evaluated in 5-mm pore size Transwell filters

(Bowman et al., 1998). The Transwell filter was incubated

at 37 1C in air with 5% CO2 for 4 h and the cells were counted

in a Burker chamber.

Radioligand-binding assay

Isolated PMNs (107 per ml) were resuspended in RPMI-1640

and incubated at 37 1C for 15 min in the presence of DF 2162

(1mM) or vehicle. After incubation, cells were resuspended

(2�107 per ml) in binding medium (RPMI-1640 containing

CXCR1/2 and inflammatory hypernociception
TM Cunha et al 461

British Journal of Pharmacology (2008) 154 460–470



10 mg ml�1 bovine serum albumin, 20 mM 4-(2-hydro-

xyethyl)-1-piperazineethanesulphonic acid and 0.02%

NaN3) in the presence of DF 2162 or vehicle. Aliquots of

0.2 nM of [125I]-CXCL8 and serial dilution of unlabelled

CXCL8 were added to 106 cells in 100ml of binding medium

and incubated at room temperature for 1 h under gentle

agitation. Unbound radioactivity was separated from

cell-bound radioactivity by centrifugation through an oil

gradient (80% silicon and 20% paraffin) on a microcentri-

fuge. Nonspecific binding was determined by adding a

100-fold molar excess of unlabelled CXCL8. Scatchard

analysis and all calculations were performed with the

LIGAND program (Munson and Rodbard, 1980).

Peritoneal murine macrophage preparation and LPS-induced PGE2

production

Peritoneal exudate cells were collected from peritoneal

washings of mice, 5 days after i.p. inoculum of 3%

thioglycollate in saline (1.5 ml per mouse), as previously

described (Mascagni et al., 2000). Cells were placed at 1�106

per ml in 96-well plates and non-adherent cells removed by

gentle washing 2 h later. Drugs were then added to adherent

macrophages 20 min before adding LPS (1 mg ml�1). Control

cells received vehicle at the appropriate dilution. Total

prostaglandin E2 (PGE2) production was determined in the

supernatant 24 h after LPS stimulation. PGE2 levels were

measured by EIA kit (sensitivity 2.5 pg per well).

Animals

Experiments were performed in C57BL/6, wild-type (WT)

and TNFR1-deficient (TNFR1�/�) mice (male, 20–30 g

weight), except for the studies in which CIA was evaluated.

In the latter, DBA/1J mice were used (male, 25–30 g weight).

Mice were housed in the animal care facility of the Faculty of

Medicine of Ribeirão Preto. They were taken to the testing

room at least 1 h before experiments and were used once.

The animal care and handling procedures were in accor-

dance with the International Association for the Study of

Pain Guidelines on the use of animals in pain research, and

they were approved by the Animal Ethics Committee of the

School of Medicine of Ribeirão Preto (University of São

Paulo).

Experimental protocol

DF 2162 (5–45 mg kg�1) suspended in caboximetilcelulose

0.05% was administered 50 min before the inflammatory

stimuli by oral gavage. Effects of treatment with DF 2162

given 2 or 3 h after injection of carrageenan or zymosan,

respectively, were also evaluated. The following stimuli were

used: carrageenan (100 mg in 25 ml saline), CXCL1/KC (10 ng

in 25 ml saline), LPS (100 ng in 25 ml saline), zymosan (30 mg

in 5 ml saline), PGE2 (100 ng in 25 ml saline) and dopamine

(10 mg in 25 ml saline). The relevant vehicle (saline) was used

as control in all experiments. Hypernociception and neutro-

phil influx were determined 3 h after the i.pl. injection of

stimuli, with the exception of zymosan-induced arthritis in

which hypernociception was determined at 3, 5 and 7 h and

neutrophil influx was determined 3 h after the intra-articular

injection of zymosan (30 mg in 5ml saline). Previous studies

determined that these parameters are optimal for evaluation

of inflammatory hypernociception (Cunha et al., 2005;

Guerrero et al., 2006). Indomethacin (2.5 mg kg�1, s.c.;

30 min before stimulus injection) and DF 2162 (15 mg kg�1)

were used in combination at the given doses after injection

of carrageenan.

Measurement of mechanical hypernociception

Paw test. The term hypernociception was used to define the

decrease of nociceptive withdrawal threshold (Cunha et al.,

2007). Mechanical hypernociception was tested in mice, as

previously described (Cunha et al., 2004). The test consisted

of evoking hindpaw flexion reflex with a hand-held force

transducer (electronic anaesthesiometer; IITC Life Science,

Woodland Hills, CA, USA) adapted with a 0.5-mm2 poly-

propylene tip. The investigator was trained to apply the tip

perpendicularly to the central area of the hind paw with a

gradual increase in pressure. The end point was characterized

by removal of the paw followed by clear flinching move-

ments. After paw withdrawal, the intensity of pressure was

automatically recorded. The value for the response was

obtained by averaging three measurements. The results are

expressed by delta (D) withdrawal threshold (in g) calculated

by subtracting zero-time mean measurements from time-

interval mean measurements.

Articular nociception

Articular hypernociception was evaluated as previously

described (Guerrero et al., 2006). For this model, a poly-

propylene tip probe with 4.2 mm2 area size adapted for the

hand-held force transducer, instead of the standard tip probe

(0.5 mm2), was applied on the plantar surface of hind paw to

produce tibio-tarsal flexion movement. An increasing per-

pendicular force was applied to the central area of the

plantar surface of the hind paw to induce the dorsal flexion

of the tibio-tarsal joint, followed by paw withdrawal. A tilted

mirror below the grid provided a clear view of the animal’s

hind paw. The electronic pressure-meter apparatus automa-

tically recorded the intensity of the force applied when the

paw was withdrawn. The test was repeated until three

sequential, consistent measurements (that is, the variation

between these measurements was less than 2 g). The flexion-

elicited withdrawal threshold is expressed in grams.

Neutrophil migration into the paw and joint

Neutrophil migration into the subcutaneous plantar and

tibio-tarsal joint tissues of mice hind paw was evaluated by

using a myeloperoxidase (MPO) kinetic colorimetric assay, as

previously described (Bradley et al., 1982; Guerrero et al.,

2006; Valerio et al., 2007). Samples of subcutaneous plantar

and joint tissues were collected in 50 mM K2HPO4 buffer

(pH 6.0) containing 0.5% hexadecyl trimethylammonium

bromide and kept at �80 1C until use. Samples were

homogenized using a Polytron (PT3100), centrifuged at

16 100 g for 4 min and the resulting supernatant assayed
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spectrophotometrically for MPO activity determination at

450 nm (Spectra max), with three readings in 1 min. The

MPO activity of samples was compared to a standard curve of

neutrophils. Briefly, 10 ml of sample was mixed with 200 ml of

50 mM phosphate buffer pH 6.0, containing 0.167 mg ml�1

O-dianisidine dihydrochloride and 0.0005% hydrogen per-

oxide. The results were presented as the MPO activity

(number of neutrophils per mg of tissue).

Induction and assessment of collagen-induced arthritis

Male DBA/1 mice (12–14 weeks old) received 200 mg of

bovine type-II collagen in complete Freund’s adjuvant by i.d.

injection (day 0). Collagen (200 mg in phosphate-buffered

saline) was given again on day 21 by i.p. injection (Leung

et al., 2003). Mice were monitored daily for signs of arthritis

for which severity scores were derived as follows: 0¼normal,

1¼ erythema, 2¼ erythema plus swelling, 3¼ extension/loss

function and total score¼ sum of four limbs. Disease onset

characterized by erythema and/or paw swelling was seen

between days 25 and 35. Paw thickness was measured with a

plesthismometer (Ugo Basile, Comerio, VA, Italy) before the

CIA induction (Vo) and every day after the beginning of the

disease (VT), as described previously (Winter et al., 1962). The

amount of paw swelling was determined for each mice and

the difference between VT and Vo was taken as the oedema

value (D oedema in mm3). For the therapeutic approach,

DBA/1 mice were treated with DF 2162 (15 mg kg�1) p.o. or

vehicle twice a day for a total of 7 days. The treatment began

1 day after CIA became clinically detectable. At day 8, the

hind paws were used for the determination of tissue MPO

contents.

Drugs and reagents

The following materials were obtained from the indicated

sources: chemokines were purchased from PeproTech

(London, UK). Bovine type-II collagen, zymosan, PGE2 and

dopamine were purchased from Sigma Chemical Co.

(St Louis, MO, USA). DF 2162 was produced by the chemical

department of Dompe S.p.A, L’Aquila, Italy. Bacterial

endotoxin from Escherichia coli referred to here as LPS (LPS-

Difco Laboratories Ltd, West Molsey, Surrey, UK). Carrageenan

was obtained from FMC (Philadelphia, PA, USA), and

indomethacin was obtained from Prodome Quı́mica e

Farmacêutica (São Paulo, Brazil). Diff-Quik was from Dade

Behring (Düdingen, Switzerland). Polycarbonate filters and

micro-Boyden chambers were from Neuroprobe Inc.

(Pleasanton, CA, USA). Transwell filters were from Costar

(Cambridge, MA, USA). pcDNA3 was from Invitrogen

(Carlsbad, CA, USA). Cell culture reagents were from Life

Technologies (Grand Island, NY, USA). [125I]-CXCL8 (0.2–

0.02 nM, specific activity 2200 Ci mmol�1 (1Ci¼37 GBq)) was

from Amersham Pharmacia (Buckinghamshire, England, UK).

Statistical analysis

For in vivo experiments, the results are presented as mean-

s±s.e.mean for groups of five animals and they are

representative of two independent experiments. For in vitro

chemotaxis assays, data are expressed as percentage of

inhibition related to the control group (media±s.d. of two

separate experiments) whereas PGE2 levels (pg per well) are

presented as means±s.d. of three independent experiments.

Differences between experimental groups were compared by

ANOVA and individual comparisons were subsequently

made with Tukey’s post hoc test. The level of significance

was set at Po0.05.

Results

Effect of DF 2162 on human leukocyte chemotaxis

The effect of DF 2162 on human PMN chemotaxis induced

by CXCL8 and CXCL1 was assessed over a wide range of

concentrations (10 pM–1 mM). As shown in Figure 1, pretreat-

ment of human PMNs with DF 2162 inhibited PMN

migration induced by an optimal concentration of CXCL8

or CXCL1 (1 or 10 nM, respectively). The inhibitory effect

was concentration-dependent and the IC50 values were 8.4

and 26 nM for CXCL8- and CXCL1-induced chemotaxis,

respectively. In the absence of chemokine stimulation, DF

2162 was unable to modify spontaneous migration of PMNs

(data not shown).

Next, we examined the effect of DF 2162 on fMLP-, C5a- or

CCL2-induced chemotaxis. As shown in Table 1, DF 2162

(1mM) did not affect migration of human leukocytes induced

by C5a, fMLP or CCL2. Similarly, DF 2162 (10 mM) did not

affect LPS-induced PGE2 production on murine peritoneal

macrophages (Table 2). It is noteworthy that DF 2162 did not

alter the basal production of PGE2 by murine macrophages

(Table 2).

Effect of DF 2162 on CXCL8 binding to human PMNs

DF 2162 (1 mM) did not affect the binding (9.9±1.1�104

and 10.3±1.3�104 sites per cell in vehicle- and DF

Figure 1 The effects of DF 2162 on CXCL8 (1 nM)- or CXCL1
(10 nM)-induced migration of human PMNs. PMNs were preincu-
bated at 37 1C for 15 min with vehicle (control) or increasing
concentrations of DF 2162. Data are expressed as percentage of
cell migration (mean±s.d. of three separate experiments). DF
2162, 4-[(1R)-2-amino-1-methyl-2-oxoethyl]phenyl trifluoromethane
sulphonate; PMNs, polymorphonuclear leukocytes.
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2162-pretreated groups, respectively) or affinity

(Kd¼1.5±0.30 nM and 1.7±0.4 nM in vehicle- and DF

2162-pretreated groups, respectively) of CXCL8 to human

PMNs.

Effect of DF 2162 on L1.2 cell line CXCR1 transfectants

A series of experiments were then conducted to confirm that

the inhibitory effects of DF 2162 were indeed mediated by

binding to a previously described allosteric site on CXCR1

(Bertini et al., 2004). As shown in Figure 2, CXCL8 (10 nM)-

induced migration of L1.2 transfectants expressing

CXCR1wt was inhibited by DF 2162, with an efficacy and

potency in the same order as that observed on human PMN

migration. These cells did not express CXCR2 (data not

shown). Using the same CXCR1wt/L1.2 transfectants, DF

2162 did not affect CXCL12-induced migration (data not

shown). In experiments conducted with L1.2 transfectants

expressing CXCR1K99A, previously found to be totally

resistant to the action of reparixin (Bertini et al., 2004), DF

2162 (10 pM–1 mM) did not affect CXCL8-induced chemotaxis

(Figure 2).

DF 2162 inhibits neutrophil recruitment and inflammatory

hypernociception induced by CXCL1, carrageenan and LPS

Treatment of mice with DF 2162 reduced in a dose-

dependent (5–45 mg kg�1) manner both neutrophil influx

and inflammatory hypernociception induced by the chemo-

kine CXCL1 (10 ng per paw, Figures 3a and b). There was

greater than 95% inhibition of CXCL1-induced responses at

15 mg kg�1of DF 2162. The compound also reduced carra-

geenan (100 mg per paw)-induced neutrophil influx and

mechanical hypernociception in a dose-dependent manner

(Figures 4a and b). There was 60% inhibition of neutrophil

influx and 56% inhibition of hypernociception when DF

2162 was used at 15 mg kg�1. There was no further inhibition

with higher doses of DF 2162 (Figures 4a and b). As DF 2162

at 15 mg kg�1 was fully effective at inhibiting CXCL1-

induced responses, this dose was used in all further

experiments. Treatment of mice with DF 2162 (15 mg kg�1)

2 h after injection of carrageenan was also accompanied by a

similar inhibition of mechanical hypernociception and

neutrophil migration (Figures 4c and d). It is of note that

administration of DF 2162 was less effective when given after

than before injection of carrageenan (Figure 4). The

compound also reduced LPS (100 ng per paw)-induced

neutrophil recruitment and hypernociception by 63 and

65%, respectively (Figures 5a and b).

DF 2162 does not modify the inflammatory hypernociception

induced by PGE2 and dopamine

Treatment of mice with DF 2162 had no significant effect on

hypernociception induced by i.pl. injection of two directly

acting hypernociceptive mediators, PGE2 (100 ng per paw) or

dopamine (10 mg per paw) (Figure 5a). These substances cause

hypernociception because they act directly on receptors

present in the membrane of primary nociceptive neurons

leading to their sensitization (Ferreira et al., 1978; Nakamura

and Ferreira, 1987; Khasar et al., 1999). Therefore, the

hypernociception induced by PGE2 and dopamine is in-

dependent of neutrophil migration (Cunha et al., 2008).

Supporting this suggestion, i.pl. injection of PGE2 or

dopamine, at doses that produced intense hypernociception,

failed to induce significant recruitment of neutrophils above

levels observed in saline-injected paws (Figure 5b).

Table 1 Selectivity of the effect of DF 2162

Cells Chemotatic
factor

DF 2162
concentration

(M)

% inhibition of
migration

Human PMN fMLP 10�6 2±6
Human PMN C5a 10�6 �5±11
Human
monocyte

CCL2 10�6 0±4

Abbreviations: LPS, lipopolysaccharide; PMN, polymorphonuclear leukocyte.

Human PMNs and monocytes were preincubated at 37 1C for 15 min with DF

2162. PMNs were then tested for their ability to migrate in response to fMLP

(10 nM) or C5a (1 nM). Monocytes were tested for their ability to migrate in

response to CCL2 (2.5 nM). Data (subtracted from spontaneous migration) are

presented as percentage of inhibition of migration (mean±s.d. of two

independent experiments).

Table 2 Effect of DF 2162 on LPS-induced PGE2 production

Treatment PGE2 (pg per well)

Vehicle 0.18±0.11
DF 2162 (10 mM) 0.10±0.12
LPS (1 mg ml�1) 3.64±1.18
LPSþDF 2162 3.95±1.09

Abbreviations: LPS, lipopolysaccharide; PGE2, prostaglandin E2.

Mouse peritoneal macrophages were exposed to DF 2162 (10 mM) for 20 min

before addition of LPS (1 mg ml�1). Total PGE2 production was measured 24 h

after LPS stimulation. Data are presented as mean±s.d. of three independent

experiments.

Figure 2 The effects of DF 2162 on CXCR1wt/L1.2 or K99A
CXCR1K99A/L1.2 transfectant migration in response to 10 nM

CXCL8. Transfectants were preincubated at 37 1C for 30 min with
vehicle or increasing concentrations of DF 2162. Data are expressed
as percentage of inhibition of CXCL8-mediated cell migration
(mean±s.d. of two separate experiments). DF 2162, 4-[(1R)-2-
amino-1-methyl-2-oxoethyl]phenyl trifluoromethane sulphonate.
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Additive effect of DF 2162 plus indomethacin on inflammatory

hypernociception

Cyclooxygenase inhibitors, such as indomethacin, are the

most frequently used medication for the relief of inflamma-

tory pain (Kean and Buchanan, 2005; Hinz and Brune, 2007).

Previous studies from our laboratory have shown that

carrageenan-induced inflammatory hypernociception in

mice relies on the co-operation between sympathetic

mediators, triggered by CXCL1, and prostaglandins triggered

mostly by TNF-a (Cunha et al., 2005). Figure 6a shows that

treatment of carrageenan-injected mice with DF 2162

diminished inflammatory hypernociception by 51%. In the

same experiment, indomethacin diminished carrageenan-

induced responses by 59%. Combination treatment with DF

2162 and indomethacin abrogated (greater than 90%

inhibition) carrageenan-induced hypernociception. More-

over, hypernociception induced by carrageenan was

decreased by 40% in TNFR1�/� mice when compared to

their WT counterparts. Treatment of TNFR1�/� mice with

indomethacin produced no significant further reduction of

carrageenin-induced mechanical hypernociception when

compared with vehicle-treated TNFR1�/� mice (data not

shown). Consistent with the synergy between the CXCL1/

adrenergic and TNF-a/prostaglandin pathways, treatment of

TNFR1�/� mice with DF 2162 (15 mg kg�1) abolished (greater

than 90% inhibition) carrageenan-induced hypernocicep-

tion (Figure 6b).

DF 2162 inhibits neutrophil recruitment and inflammatory

hypernociception in zymosan-induced arthritis

We have demonstrated that administration of zymosan into

the tibio-tarsal joint of mice induces mechanical hyperno-

ciception, which was closely associated with the recruitment

of neutrophil into the joint (Guerrero et al., 2006). Treatment

of mice with DF 2162 (15 mg kg�1) inhibited both neutrophil

migration and mechanical hypernociception induced by

intra-articular injection of zymosan (Figures 7a and b). From

a therapeutic perspective, treatment of mice with DF 2162

(15 mg kg�1) 3 h after injection of zymosan partially inhibited

articular hypernociception and neutrophil migration (Figures

7c and d). Again, the effects of the post-treatment were of

lesser intensity than when the compound was given before

injection of zymosan.

DF 2162 ameliorates collagen-induced arthritis in mice

Next, we examined whether DF 2162 would have a similar

inhibitory effect on neutrophil influx and inflammatory

hypernociception in a murine model of CIA. DF 2162

(15 mg kg�1, p.o., twice a day) was given for 7 days starting

from the day after onset of disease. Treatment with DF 2162

significantly ameliorated signs of CIA, as assessed by a

decrease in paw oedema and mean articular index (Figures 8a

and b). Mechanical hypernociception was partially inhibited

(maximal inhibition was 25%) and only after the fifth day of

DF 2162 treatment (Figure 8c). DF 2162 reduced the number

of neutrophils infiltrating into the affected paws by 40%

(Figure 8d).

Discussion

DF 2162 is an orally active compound that belongs to the

class of 2-arylpropionamide drugs, a novel class of allosteric

modulators of CXCR1 and CXCR2 (Bertini et al., 2004;

Barsante et al., 2007). In the present study, we confirmed that

DF 2162 blocks the action of CXCR1- and CXCR2-active

chemokines. Moreover, evidence is provided to show that,

akin to reparixin (Bertini et al., 2004), DF 2162 does not

displace the ligand but appears to act via binding to an

allosteric site at the chemokine receptor. In our in vivo

experiments, treatment with DF 2162 greatly prevented the

influx of neutrophils induced by CXCL1, a chemokine active

Figure 3 Treatment with DF 2162 dose-dependently inhibited
CXCL1-induced (a) mechanical hypernociception and (b) neutrophil
migration. Mice were treated with DF 2162 (5, 15 and 45 mg kg�1,
p.o.) or vehicle (Vh) 50 min before the intraplantar injection of
CXCL1 (100 ng per paw) or saline (Sal). Hypernociceptive responses
were evaluated 3 h after CXCL1, and hind paws were then collected
for MPO analysis (a and b, respectively). *Po0.05 when compared
to saline-injected paws and #Po0.05 when compared to vehicle-
treated group (one-way ANOVA followed by Tukey’s post hoc test;
n¼5 in each group). DF 2162, 4-[(1R)-2-amino-1-methyl-2-
oxoethyl]phenyl trifluoromethane sulphonate; MPO, myeloper-
oxidase.
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on murine CXCR1/2 receptors, carrageenan, LPS and

zymosan. More importantly, the compound diminished by

a similar extent inflammatory hypernociception induced by

the same stimuli, suggesting that CXCR1/2-mediated neu-

trophil influx is an important element in the cascade of

events leading to inflammatory hypernociception. Further

experiments in a model of CIA confirmed the ability of the

compound to diminish neutrophil influx, oedema, tissue

damage (arthritic index) and hypernociception.

Initial experiments were carried out to confirm the ability

of DF 2162 to block the activity of the relevant chemokine in

mice. Our results clearly show that DF 2162 dose-depen-

dently inhibited the ability of the CXCR2-active chemokine

CXCL1 to induce neutrophil recruitment after i.pl. injection.

DF 2162 also blocked the neutrophil recruitment induced by

carrageenan and LPS. These results are consistent with the

known neutrophil-recruiting activity of CXCR2 in mice and

the importance of this receptor for neutrophil influx in

several models of inflammation (Bozic et al., 1994; Lee et al.,

1995; McColl and Clark-Lewis, 1999; Bertini et al., 2004;

Souza et al., 2004; Bizzarri et al., 2006; Reutershan, 2006;

Barsante et al., 2007). More recently, Fan et al. (2007)

described murine CXCR1, a functional receptor for CXCL6

and human IL-8. DF 2162 blocked both CXCR1 and CXCR2

in human cells (Barsante et al., 2007), but the tools are not

yet widely available to test whether DF 2162 will block

murine CXCR1 with a similar efficacy and potency as it

blocks the function of murine CXCR2 and human CXCR1

and CXCR2.

Previous studies from our and other groups (Levine et al.,

1984; Bezerra et al., 2007; Cunha et al., 2008), especially in

rat models of inflammation, have demonstrated that

neutrophils may play a role in mediating inflammatory

hypernociception induced by several stimuli, including

carrageenan and LPS. The relevance of CXCR2 in the

neutrophil-mediated effects was, to the best of our know-

ledge, not known. In the present study, we showed that

blockade of neutrophil influx with DF 2162 was associated

with inhibition of inflammatory hypernociception induced

by CXCL1, carrageenin and LPS. Indeed, there was a good

association between the extent of inhibition of neutrophil

influx and the extent of inhibition of inflammatory

hypernociception. The inhibition of neutrophil migration

and consequently of hypernociception by DF 2162 in a

model of zymosan-induced arthritis also support a neutro-

phil-dependent hypernociceptive mechanism. In the latter

Figure 4 Treatment with DF 2162 dose-dependently reduced carrageenan-induced mechanical hypernociception and neutrophil migration
in the mice paw. Mice were treated with DF 2162 (5, 15 and 45 mg kg�1, p.o.) or vehicle (Vh) 50 min before the intraplantar injection of
carrageenin (Cg, 100mg per paw) or saline (Sal). Hypernociceptive responses were evaluated 3 h after carrageenan and hind paws were then
collected for MPO analysis (a and b, respectively). Mice were also treated with DF 2162 (indicated by arrows; 15 mg kg�1, p.o.) or vehicle (Vh)
2 h after Cg injection. Hypernociceptive responses were evaluated 3 and 5 h later and hind paws were then collected for MPO analysis (c and d,
respectively). *Po0.05 when compared to saline-injected paws and #Po0.05 when compared to vehicle-treated group (one-way ANOVA
followed by Tukey’s post hoc test; n¼5 in each group). DF 2162, 4-[(1R)-2-amino-1-methyl-2-oxoethyl]phenyl trifluoromethane sulphonate;
MPO, myeloperoxidase.
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model, inhibition of neutrophil migration, by fucoidin or

neutralizing antibody against neutrophils, blocked mechani-

cal hypernociception (Guerrero et al., 2008). The ability of

CXCL1 to induce neutrophil recruitment by a mechanism

that can be inhibited by DF 2162 is consistent with the role

of neutrophils in mediating inflammatory hypernocicep-

tion. Thus, our results clearly indicate that neutrophils

recruited in response to CXCR1/2 stimulation are essential

in the cascade of events leading to inflammatory hyperno-

ciception induced by several inflammatory stimuli.

Blockade of prostaglandins and sympathetic amines is

known to diminish hypernociception induced by known

mediators of inflammation (Cunha et al., 2005; Verri et al.,

2006). Indeed, prostaglandins and sympathetic amines are

considered to be direct-acting hypernociceptive mediators

(Ferreira et al., 1978; Khasar et al., 1999). They do not induce

neutrophil recruitment but act directly on their receptors,

present in the nociceptor, to induce hypernociception. DF

2162 greatly reduced the hypernociception induced by

carrageenan and LPS but had no effect on the hypernocicep-

tion induced by PGE2 and dopamine. Two important

conclusions may be derived from these latter results. First,

the effects of DF 2162 on hypernociception appear to be

specific, as the drug does not block hypernociception

Figure 5 Treatment with DF 2162 reduced LPS-induced (a)
mechanical hypernociception and (b) neutrophil migration but
had no effect on PGE2- and dopamine-induced hypernociception.
Mice were treated with DF 2162 (15 mg kg�1, p.o.) or vehicle (Vh)
50 min before the intraplantar injection of LPS (100 ng per paw),
PGE2 (100 ng per paw), dopamine (Dopa, 10mg per paw) or saline
(Sal). Hypernociceptive responses were evaluated 3 h after stimuli
and hind paws were then collected for MPO analysis (a and b,
respectively). *Po0.05 when compared to saline-injected paws and
#Po0.05 when compared to vehicle-treated group (one-way
ANOVA followed by Tukey’s post hoc test; n¼5 in each group). DF
2162, 4-[(1R)-2-amino-1-methyl-2-oxoethyl]phenyl trifluoromethane
sulphonate; LPS, lipopolysaccharide; MPO, myeloperoxidase; PGE2,
prostaglandin E2.

Figure 6 Combined treatment with DF 2162 and indomethacin or
administration of DF 2162 to TNFR1�/� mice abrogated carragee-
nan-induced mechanical hypernociception. (a) Mice treated with DF
2162 (15 mg kg�1, p.o.), indomethacin (Indo, 2.5 mg kg�1, s.c.), DF
2162 plus Indo or vehicle (Vh). (b) The effect of treatment of WT and
TNFR1�/� mice with DF 2162 (15 mg kg�1, p.o.). Mice were then
injected with carrageenan (Cg, 100mg per paw) or Saline (Sal) and
hypernociceptive responses evaluated after 3 h. *Po0.05 when
compared to saline-injected paws and #Po0.05 when compared to
vehicle-treated group (one-way ANOVA followed by Tukey’s post hoc
test; n¼5 in each group). DF 2162, 4-[(1R)-2-amino-1-methyl-2-
oxoethyl]phenyl trifluoromethane sulphonate; TNFR1, TNF receptor
type-1.
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induced by all stimuli. Second, the action of DF 2162 and, by

inference, the role of CXCR1/2, appear to be upstream of the

release of prostaglandins and sympathetic amines and,

therefore, this compound does not directly affect nociceptor

sensitization. Thus, our studies clearly favour the hypothesis

that CXCR1/2 is essential in the cascade of non-neuronal

events leading to the release of the direct-acting mediators of

inflammatory pain, which ultimately cause sensitization of

nociceptors and consequently mechanical hypernocicep-

tion. This is consistent with our findings in mice (Cunha

et al., 2005) and studies showing that inhibition of

neutrophil influx prevents the local release of PGE2 in rats

(Cunha et al., 2008). Thus, the antihypernociceptive actions

of DF 2162 appear to be secondary to its ability to prevent

neutrophil influx or activation and consequent neutrophil-

induced release of other mediators. However, we cannot

discard the possibility that DF 2162 also prevents the action

of CXCL1 directly on sensory nerves. Indeed, CXCR2 is

present on sensory nerves and the activation of this receptor

may trigger nociceptor sensitization directly (Qin et al.,

2005).

The experiments showing a synergism between DF 2162

and indomethacin or with TNF-a blockade favour

our previous hypothesis that two main hypernociceptive

pathways mediate carrageenan-induced mechanical inflam-

matory hypernociception in mice. One pathway, initiated by

TNF-a, triggers interleukin-1b and prostaglandin release, and

the other pathway, initiated by CXCL1, triggers the release of

sympathetic amines and may also stimulate the interleukin-

1b/prostaglandin pathway (Cunha et al., 2005).

Although there are a reasonable number of effective drugs

used for symptomatic relief of inflammatory disease (for

example, non-steroidal anti-inflammatory drugs), there are

few safe drugs that modify the pathological processes

responsible for chronic inflammation (Olsen and Stein,

2004). Cytokine-based therapies, especially strategies that

prevent the effects of TNF-a, have been used for the

treatment of rheumatoid arthritis and found to be useful in

preventing progression of this disease in several groups of

patients. However, the latter therapies are based on the use of

exogenous proteins (such as antibodies) that are costly, are

given by injection and have the inherent possibility of

eliciting an immune response against the administered

protein (Olsen and Stein, 2004). As DF 2162 blocked two

important components of inflammation, neutrophil influx

and hypernociception, thought to be central in human

arthritis, we tested the effects of the compound in a model of

CIA. We chose to give the compound in a therapeutic

Figure 7 Treatment with DF 2162 inhibited mechanical hypernociception and neutrophil migration induced by intra-articular injection of
zymosan. Mice were treated with DF 2162 (15 mg kg�1, p.o.) or vehicle (Vh) 50 min before the intra-articular injection of zymosan (zy, 30 mg
per joint) or saline. Hypernociceptive responses were evaluated 3, 5 and 7 h after stimuli and joints were then collected for MPO analysis (a and
b, respectively). Mice were also treated with DF 2162 (indicated by an arrow; 15 mg kg�1, p.o.) or vehicle (Vh) 3 h after zymosan injection.
Hypernociceptive responses were evaluated 5 and 7 h later and joints were then collected for MPO analysis (c and d, respectively). *Po0.05
when compared to saline-injected paws and #Po0.05 when compared to vehicle-treated group (one-way ANOVA followed by Tukey’s post hoc
test; n¼5 in each group). DF 2162, 4-[(1R)-2-amino-1-methyl-2-oxoethyl]phenyl trifluoromethane sulphonate; MPO, myeloperoxidase.
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regime, that is, 1 day after the onset of the disease. Our

experiments showed that DF 2162 decreased paw oedema,

arthritic index and neutrophil influx into affected paws. This

was accompanied by a small but significant decrease of

inflammatory hypernociception, which appeared to be

greater towards the end of the treatment. These results

expand our recent findings showing that DF 2162 decreased

adjuvant-induced arthritis in rats. However, the findings are

novel as they indicate that, in addition to decreasing tissue

inflammation and damage, CXCR2 blockade may also have

the additional benefit of providing relief to the unpleasant

symptoms of pain.

In conclusion, this study shows that treatment with DF

2162 greatly prevented neutrophil influx induced by a range

of stimuli injected i.pl. or in the knee joint in mice. More

importantly, this study is the first to show that treatment

with DF 2162, a non-competitive allosteric inhibitor of

CXCR2, greatly diminished inflammatory hypernociception.

Taken together with the protective effects of the drug in the

model of CIA and with our previous studies (Barsante et al.,

2007), we suggest that blockade of CXCR2 may be a useful

strategy for the treatment of chronic arthritis in humans. In

addition to modifying fundamental pathological processes,

these compounds may have the additional benefit of

providing partial relief for pain. These possibilities need to

be tested in the clinical situation.
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