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ABSTRACT. The chemokine receptors CXCR1 and CXCR2 present on polymorphonuclear neutrophils (PMN),
bind the chemokine CXC ligand 8 (CXCL8)/interleukin-8 (IL-8), and have a key role in PMN recruitment in
inflammation. Based on the structure of reparixin, a small-molecular-weight allosteric inhibitor of CXCR1, we
designed a dual inhibitor of CXCR1 and CXCR2 with a longer in vivo half-life, DF2156A. This molecule inhibited
human and rat PMN migration in response to CXCR1 and CXCR2 ligands and showed an elimination half-life
following i.v. administration, of 19 hours. In a rat model of cerebral ischemia/reperfusion induced by temporary
(90 min) middle cerebral artery (MCA) occlusion, DF2156A (8 mg-kg, i.v., at the time of reperfusion) decreased
the PMN infiltrate, infarct size and significantly improved neurological function. These results indicate that
CXCR1/CXCR2 and their ligands have a role in the inflammatory component of cerebral ischemia, and that these
pathways represent an important pharmacological target.
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Inflammatory processes have been implicated in the patho-
physiology of cerebral ischemia, and particularly in
ischemia/reperfusion (I/R) injury. Experimental studies
have shown recruitment and influx into the lesioned brain
of vascular leukocytes, mainly polymorphonuclear neutro-
phils (PMNs) in the early post-ischemic period [1], and
monocytes/macrophages later, activation of resident brain
cells and expression of proinflammatory cytokines,
chemokines and adhesion molecules [1]. Activated PMN
may contribute to brain injury by causing microvascular
occlusion and production of a variety of toxic mediators,
including cytokines, reactive oxygen and nitrogen metabo-
lites, and lipid mediators [2]. The role of PMN infiltration
in the development of ischemia-induced damage has been
studied in transient cerebral ischemia using various strate-
gies designed to reduce PMN accumulation. Many studies
have shown neuroprotection [3, 4] but only a few – depend-
ing on the severity of the ischemia model- concluded that
PMN did not contribute to cerebral infarct [5].
It has been postulated that PMN chemoattractant CXC
chemokines, including CXC ligand 8 (CXCL8)/
interleukin-8 (IL-8), are implicated in post-ischemic leu-
kocyte accumulation and activation [6]. Systemic in-
creases in CXCL8 have been reported in patients with

ischemic stroke [7], and a transient increase in cytokine-
induced neutrophil chemoattractant (CINC), a CXCL8-
like neutrophil chemokine related to CXCL8 in humans,
was seen in ischemic brain areas starting 3h after focal
ischemia-reperfusion in rats [8]. Some neuroprotection
studies using an anti-chemokine approach have been suc-
cessful in the rabbit [9] and rat [10, 11], suggesting the
potential of therapy that targets CXCL8 action in cerebral
ischemia.
Reparixin (formerly repertaxin) is a recently described,
specific, allosteric inhibitor of the CXCL8 receptor
CXCR1 [12, 13]. Of the two CXCL8 receptors, CXCR1
and CXCR2, reparixin had a 100-fold higher efficacy in
inhibiting CXCR1 than CXCR2. The drug is active in
animal models of hepatic I/R injury [12], renal post trans-
plant I/R injury [14], and in intestinal I/R injury [15], and
has been granted orphan drug status for the prevention of
delayed graft function in organ transplantation by US and
EU regulatory agencies. In a previous paper, we have
shown that reparixin has a protective effect in a rat model
of cerebral I/R induced by transient middle cerebral artery
(MCA) occlusion, with a therapeutic window of 3.5 hours
after ischemia [16]. In that study, reparixin (15 mg/kg) was
administered systemically at the time of ischemia and then
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every two hours on four occasions. Using this schedule, we
were able to demonstrate a significant reduction in PMN
accumulation in the ischemic hemisphere and a decreased
infarct size. However, no neurological functions were
evaluated in those experiments.
We then tried to develop drugs acting as dual
CXCR1/CXCR2 inhibitors and with a longer half-life. The
reparixin binding site in CXCR1 and CXCR2 was exten-
sively investigated; the lack of specific hydrophobic inter-
action in the allosteric site of CXCR2 accounts for marked
selectivity of reparixin for CXCR1 [12]. On the basis of
this observation, a molecular modeling-driven structure-
activity relationship study led to the identification of a
novel class of dual CXCR1/2 potent allosteric inhibitors
(Moriconi et al., manuscript in preparation).
The present study describes the characterization and phar-
macological properties of a compound of this class of
molecules, DF2156A. The selectivity of this molecule was
investigated for its ability to inhibit the action of various
chemoattractants in chemotaxis assays using human and
rat PMN. Then, we performed pharmacokinetic studies in
the rat. Since the molecule showed a longer half-life than
reparixin, we evaluated its efficacy in a model of MCA
occlusion in rats. For this purpose, we administered the
drug as a single 8 mg/kg i.v. dose, 1.5 h after ischemia, and
evaluated the infarct size at 24 h, and PMN infiltration.
Additionally, we evaluated the neurological functions us-
ing two behavioral tests, De Rick’s test and Bederson’s
test.
The results indicate the success of the strategy used to
design a dual inhibitor of CXCR1 and CXCR2 with opti-
mized pharmacokinetics to achieve neuroprotection
through inhibition of chemokine-mediated inflammation.

MATERIALS AND METHODS

Materials

Human recombinant CXCL8, CXCL1 and rat recombinant
CXCL2 were purchased from PeproTech (Rocky Hill, NJ,
USA). Diff-Quik was from Harleco (Gibbstown, NJ.,
USA). Thioglycollate was from Difco (Detroit, MI, USA).
DF 2156A (R(-)-2-[(4’-trifluoromethanesulphonyloxy)
phenyl]-N- methanesulfonyl propionamide sodium salt))
was routinely dissolved in saline at the indicated final
concentrations (Bieffe Medical, Grosotto, SO, Italy). Mi-
cro Boyden chambers and polycarbonate filter were from
Neuroprobe Inc (Pleasanton, CA, USA). All other chemi-
cals and cell culture reagents were from Sigma (St Louis,
MO, USA).

Cells

Human PMNs were obtained from buffy coats of heparin-
ized human peripheral blood from healthy volunteers,
courtesy of Centro Trasfusionale, Ospedale S. Salvatore,
L’Aquila, Italy. Human PMNs were prepared to 95% pu-
rity as previously described [17]. Rat PMNs were isolated
from peritoneal cavities as previously described [12].

Migration assay

Cell migration for human and rat PMNs was evaluated
using a 48-well micro-chemotaxis chamber, as previously
described [18].
Twenty-nine microliters of control medium (HBSS) or
chemoattractant solution (hCXCL8, hCXCL1, hC5A,
fMLP and rat CXCL2) were seeded in the lower compart-
ment of the chemotaxis chamber. Fifty microliters of cell
suspension (1.5x106/mL and 3x106/mL for human and rat
PMN, respectively), preincubated at 37 °C for 15 min in
the presence or absence of different concentrations of DF
2156A or reparixin, were seeded in the upper compart-
ment. Control samples received the appropriate vehicle.
The two compartments of the chemotactic chamber were
separated by a 5-lm polycarbonate filter (PVP-free). The
chamber was incubated at 37 °C in air with 5% CO2, for
60 min. At the end of incubation, filters were removed,
fixed, stained with Diff-Quik and five oil immersion fields
at high magnification (100X) were counted after sample
coding.

Animals

Male Crl:CD (SD)BR rats (Charles River, Calco, Italy)
were fed ad libitum and housed under controlled condi-
tions (21 °C +/- 1 °C; 55% relative humidity; 12-hour
light/dark cycle). Procedures involving animals and their
care conformed to institutional guidelines that are in com-
pliance with national (D.L. n. 116, G.U. suppl. 40; Febru-
ary 18, 1992) and international laws and policies (EEC
Council Directive 86/609, OJ L 358, 1; December 12,
1987; NIH Guide for the Care and Use of Laboratory
Animals, US National Research Council, 1996).

Surgery and blood collection

The day before DF2156A administration, 4 rats were
weighed and anaesthetized with 1.25 mL/kg i.m. of ket-
amine solution (50 mg/mL). The left jugular vein was
cannulated and blood samples (about 400 lL) were ob-
tained 10 min., 1, 2, 6, 24, 48 and 72 h after i.v. injection,
through the caudal vena, of DF 2156A (14 mg/kg). The
withdrawn blood was replaced with 500 lL of a heparin
solution (0.28 mg/mL; 50.6 US units/mL).

Determination of plasma levels of DF2156A

Plasma was obtained from heparinized blood by centrifu-
gation at 2000 x g for 10 minutes. The bioanalytical
method, based upon a high performance liquid chromato-
graphic (HPLC) procedure, involved the extraction of DF
2156Y (the free acid of DF 2156A) and the internal stan-
dard, from aliquots of rat plasma [200 or 150 lL mixed
with hydrochloric acid (20 lL, 5.8 M) and extracted with a
3 mL mixture of hexane/ethyl ether/ethyl acetate (5/4/1,
v/v)]. The extracts were dried under vacuum and the resi-
dues were reconstituted in a mobile phase (200 lL, 8:2,
v/v). Twenty lL aliquots were injected into a Hypersil C18
BDS, 5 lm analytical column. DF 2156Y and the internal
standard were chromatographed using a mobile phase con-
sisting of 0.05M phosphate buffer (pH3.8), acetonitrile
and methanol (43/30/27), at a flow rate of 1.0 mL/min and
detected by UV absorbance at 215 nm.
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Pharmacokinetics

Pharmacokinetic analysis was performed, after i.v. injec-
tion of 14 mg/kg of DF2156A, on the concentration-time
profiles of DF 2156A in rat plasma with non-
compartmental analysis using the Kinetica 2000TM Ver.
3.0 software.
The main pharmacokinetic parameters considered were:
plasma concentration at time zero (C0), elimination rate
constant (Kel), half-life (t1/2), total body clearance (Cl),
and steady-state distribution volume (Vss). The plasma
area under the curve (AUC), from time 0 to infinite, was
calculated using the trapezoidal rule. C0 and Kel were
calculated from the y-intercept and slope of the regression
line between ln C and time up to 6 h, respectively. t1/2 was
calculated as ln 2/Kel. Cl was calculated as the dose
divided by AUC. Vss was calculated as dose x MRT/AUC.
MRT is the mean resident time.

Transient cerebral ischemia

Transient cerebral ischemia was induced in overnight-
fasted rats (300-350 g) by 90 min occlusion of the middle
cerebral artery (MCA) using the intraluminal suture
method as previously described [16].

Treatment

The compound DF 2156A was given as a single dose of
8 mg/kg intravenously (i.v.), 1.5h after ischemia, at the
time of reperfusion. Saline was given to control ischemic
rats.

Neurological deficits

Twenty four hours after ischemia, and before sacrifice, the
animals were controlled for neurological deficits accord-
ing to Bederson’s [19] and De Ryck’s [20] tests. In the
postural reflex test of Bederson, rats were scored as fol-
lows: grade 5, normal; grade 4-moderate, forelimb flexion
and no other abnormality; grade 3 severe, reduced resis-
tance to lateral push toward the paretic side (and forelimb
flexion); grade 2 severe, same behavior as grade 3, with
circling toward the paretic side when pulling the tail on the
table; grade 1 severe, same behavior as grade 2, with
spontaneous circling; grade 0, no activity.
The limb placing test developed by De Ryck, examines
sensorimotor integration in limb-placing responses to vi-
sual, vibrissae, tactile, and proprioceptive stimuli. For each
test, limb-placing scores were 0, no placing; 1 incomplete
and/or delayed (> 2 seconds); or 2, immediate and com-
plete placing. For each body side the maximum limb
placing score was 16.

Ischemic volume

To evaluate the extent of injury, the rats were killed 24h
after ischemia. The brains were removed, transferred to
cold saline and serial 1-mm thick sections through the
entire brain were cut. Six alternate sections were incubated
in a solution of 1% triphenyltetrazolium chloride (TTC)
(w/v) in 154 mM NaCl for 30 min at 37 °C. The extent of
injury was quantified using a computerized image analysis
system (AIS version 3.0 software, Imaging Research, St.
Catherine’s, ON, Canada). The other six alternate sections

were frozen on dry ice and stored at -80 °C until MPO was
measured as described [10].

Statistical analysis

Statistical significance was assessed by Student’s t-test
and by a non-parametric test (Mann-Whitney’s test) for
neurological deficits, and a value of p < 0.05 was consid-
ered statistically significant.

RESULTS

Characterization of DF2156A as a CXCR1/2 inhibitor

DF 2156Y (R(-)-2-[(4’-trifluoromethanesulphonyloxy)
phenyl]-N- methanesulfonyl propionamide) is an opti-
mized derivative of reparixin (R(-)-2-(4-isobutylphenyl)
propionylmethansulfonamide) and its chemical structure
is shown in figure 1. Pretreatment of human PMNs with
DF 2156A (the sodium salt of DF 2156Y) significantly
reduced CXCL8-induced PMN migration stimulated by an
optimal concentration (1 nM; [21]) of the agonist. Reduc-
tion of PMN migration was concentration-dependent be-
ing the IC50 0.2 nM (figure 2A). Similarly, DF 2156A
inhibited PMN migration to CXCL1, a well-known spe-
cific agonist of CXCR2. As shown in figure 2B, DF 2156A
inhibited CXCL1-induced PMN migration in the range of
concentrations and with similar efficacy as for CXCL8-
induced PMN migration (IC50 0.3 nM). Moreover, DF
2156A did not affect the migration to appropriate ligands
of transfectants bearing the CC chemokine receptor and
CCL2-induced leukocyte chemotaxis (Beccari A. et al.
manuscript in preparation) or C5a-, fMLP-mediated PMN
chemotaxis (figure 2C). Finally, DF 2156A strongly re-
duced rat PMN migration stimulated by rat CXCL2 the
inhibitory effect being observed within the range of con-
centrations, and with similar efficacy as for human PMNs
stimulated by human CXCL8 or CXCL1 (figure 2D).
Next we evaluated the pharmacokinetic profile of DF
2156A in the rat. Plasma samples were collected 10 min.,
1, 2, 6, 24, 48 and 72 h after intravenous injection of DF
2156A (14 mg/kg). In order to obtain the pharmacokinetic
profile of the compound, plasma samples were analyzed by
a validated HPLC method. As shown in figure 3 and
table 1, the elimination of DF 2156Y in rats following i.v.
administration was very slow, with a mean elimination
half-life of approximately 19 hours. The mean total body
clearance (5.8 mL/h/kg) was low relative to the hepatic
(3300 mL/h/kg) and renal (2200 mL/h/kg) blood flow
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Figure 1
Structure of DF 2156A.
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rates of the rat [22]. The distribution of the compound was
low (Vss = 157.3 mL/kg) considering the total body water
(670 mL/kg) in the rat, suggesting that a single treatment
every 24 h is sufficient to evaluate its efficacy in experi-
mental rat models.

Efficacy of DF2156A in cerebral ischemia

DF 2156A (8 mg/kg i.v. at the time of reperfusion) signifi-
cantly reduced the MPO activity and ischemic volume by
38% and 35%, respectively, in a rat model of transient
cerebral ischemia (table 2). Representative images of
TTC-stained slices show a smaller infarct area in DF
2156A-treated rats than in saline-treated rats (figure 4).
The reduced ischemic volume 24h after ischemia was
associated with a significantly improved neurological
function as indicated by the limb-placement test (De Ry-
ck’s test), which evaluate integration of sensory input with
motor responses (table 3). The same rats were also tested
using the Bederson postural reflex test, but this parameter
showed only a trend towards a slight improvement, which
was not significant (table 3).

DISCUSSION

The present study indicates that DF 2156A is a potent
CXCR1/CXCR2 dual inhibitor. Its activity in vitro on
human and rat PMN is similar to that of the more CXCR1-
specific inhibitor, reparixin, a small molecule, which, by
non-competitive allosteric block of the receptor, inhibits a
wide range of CXCL-8-mediated activities related to leu-
kocyte recruitment and functional activation in inflamma-
tory sites. Two high-affinity CXCL8/IL-8 receptors have
been described in human PMN, CXCR1 and CXCR2. Of
them, CXCR1 appears to have a dominant role as sug-
gested by experiments showing that antibodies to CXCR1
inhibit most of the IL-8 chemotactic response, while anti-
CXCR2 have a smaller effect [23]. On the other hand,
inhibiting CXCR2 in mice and rats, with antibodies or by
gene knock-out, diminishes several inflammatory re-
sponses, suggesting that it contributes to the action of
IL-8-like chemokines (KC, GRO). Furthermore, CXCR2-
specific ligands, such as GRO-alpha/CXCL1, GRO-
beta/CXCL2, NAP-2/CXCL7 and ENA-78/CXCL5 [24,
25] that have been described in men, have a role. Given the
redundancy of this chemokine network, it could be impor-
tant to achieve inhibition of both CXC receptors.
Its long half-life allowed us to test its efficacy in vivo in a
model of cerebral ischemia/reperfusion using a single
dose. The results obtained with a single dose of DF2156A
are very similar, in terms of extent of reduction of infiltrate
and decreased infarct size, to those previously reported
with reparixin administered at the time of ischemia and
then every 2 h on four occasions, indicating the importance
of achieving a longer half-life. Thus, the markedly differ-
ent pharmacokinetics profile is accompanied by an in vivo
efficacy. While this may not be a key factor in the treatment
of stroke, where drugs can be given as infusions, this may
become important in more chronic diseases requiring pro-
longed treatment.
More importantly, in this study we were able to show a
significant improvement in the neurological functions,
which was not investigated in our previous report with
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Figure 2
Effect of DF 2156A on CXCL8-, CXCL1-, C5a-, fMLP- and rat
CXCL2-induced PMN migration. Human or rat PMNs were prein-
cubated at 37 °C for 15 min with indicated concentrations of DF
2156A or reparixin. PMNs were then tested for their ability to
migrate in response to 1 nM CXCL8 (panel A), 10 nM CXCL1 (panel
B), 1 nM C5a or 10 nM fMLP (panel C) or 2.5 nM rat CXCL2 (panel
D). PMN migration was determined as described in Material and
Methods. Data are expressed as the mean ± SD of six independent
experiments. Spontaneous human and rat PMN migration was 13 ± 8
and 16 ± 4, respectively. * p < 0.05 and ** p < 0.01 versus appro-
priate agonist (vehicle pretreated) groups by Student’s test and
Mann-Whitney U test.
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reparixin [16], indicating that the observed decrease in the
infarct size may be pharmacologically relevant.
The present data, along with those showing a reduced
ischemic damage by reducing PMN infiltration using anti-
PMN antibodies, [4, 26, 27], anti-intercellular adhesion
molecule-1 (ICAM-1) antibodies [28], and CD18-
deficient mice [29], confirm the role of PMN in cerebral
ischemia/reperfusion injury [1, 2].

Finally, it is important to note that induction of leukocyte
migration is not the only role of chemokines. CXCL8 in
particular, stimulates the release of PMN granules and the
respiratory burst of these cells [30, 31], and may also have
inflammatory and noxious actions independent of chemo-
taxis. In addition, reparixin also inhibits CXCL8-mediated
signaling, including PMN degranulation, adhesion and
CD11b upregulation [13]. These data support the concept

Table 3
Effect of DF 2156A on neurological deficits

Experimental group De Ryck’s score Bederson’s score

Naïve 16 (n = 3) 5
Ischemic control 0.57 +/- 0.79 (n = 7) 1.71 +/- 0.95 (n = 7)
DF 2156A-treated§ 5.70 +/- 2.21 *(n = 10) 2.50 +/- 1.35 (n = 10)

The results are the mean +/- SD of 7-10 rats.
§ The rats were treated with DF 2156A at a dose of 8 mg/kg i.v. at the time of reperfusion. *p < 0.05 versus ischemic control
(Mann-Whitney’s test).
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Figure 3
Pharmacokinetic profile of DF 2156A in the rat. Plasma concentrations of DF 2156Y were determined after a single i.v. administration of DF
2156A (14 mg/kg). Plasma levels of DF 2156Y were determined at different times after treatment, as described in Materials and Methods
section. Each experimental determination is the mean ± SD of four rats.

Table 1
Pharmacokinetic parameters for DF 2156A

Parameter

C0 (lg/mL) 72.07 ± 4.78
AUCtot (h x lg/mL) 1767 ± 319
Kel (1/h) 0.037 ± 0.0042
t1/2 (h) 19.0 ± 2.6
Vss (mL/kg) 157.3 ± 19.8
Cl (mL/h/kg) 5.82 ± 1.08

Data are the mean ± SD of 4 rats.

Table 2
Effect of DF 2156A on cerebral MPO and ischemic volume

Experimental group MPO (DA/min/mg protein) (%) Ischemic volume (mm3) (%)

Naive 0.015 +/- 0.007 (n = 6) -
Ischemic control 0.465 +/- 0.190 (100%) (n = 7) 272 +/- 94 (100%)(n = 9)
DF 2156A-treated § 0.289 +/- 0.138* (62%) (n = 9) 176 +/- 69* (65%)(n = 10)

The results are the mean +/- SD of 7-10 rats.
§ The rats were treated with DF 2156A (8 mg/kg i.v. at the time of reperfusion). *p < 0.05 versus ischemic control (t-test).
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that pharmacological inhibition of chemokine receptors
may be a valid therapeutic strategy in cerebral ischemia.
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