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Although beneficial for cardiomyocyte salvage and to limit myocardial damage and cardiac dysfunction,
restoration of blood flow after prolonged ischemia exacerbates myocardial injuries. Several deleterious
processes that contribute to cardiomyocyte death have been proposed, including massive release of reactive
oxygen species, calcium overload and hypercontracture development or leukocyte infiltration within the
damaged myocardium. Chemokines are known to enhance leukocyte diapedesis at inflammatory sites. The
aim of the present study was to investigate the effect of chemokine CCL5/RANTES antagonism in an in vivo
mouse model of ischemia and reperfusion. ApoE−/− mice were submitted to 30 min ischemia, by ligature of
the left coronary artery, followed by 24 h reperfusion. Intraperitoneal injection of 10 μg of CCL5/RANTES
antagonist [44AANA47]-RANTES, 5 min prior to reperfusion, reduced infarct size as well as Troponin I serum
levels compared to PBS-treated mice. This beneficial effect of [44AANA47]-RANTES treatment was associated
with reduced leukocyte infiltration into the reperfused myocardium, as well as decreased chemokines Ccl2/
Mcp-1 and Ccl3/Mip-1α expression, oxidative stress, and apoptosis. However, mice deficient for the CCL5/
RANTES receptor Ccr5 did not exhibit myocardium salvage in our model of ischemia-reperfusion.
Furthermore, [44AANA47]-RANTES did not mediate cardioprotection in these ApoE−/− Ccr5−/− deficient
mice, probably due to enhanced expression of compensatory chemokines. This study provides the first
evidence that inhibition of CCL5/RANTES exerts cardioprotective effects during early myocardial reperfusion,
through its anti-inflammatory properties. Our findings indicate that blocking chemokine receptor/ligand
interactions might become a novel therapeutic strategy to reduce reperfusion injuries in patients during
acute coronary syndromes.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Myocardial ischemia is the leading cause of worldwide morbidity
and mortality. Early restoration of blood flow limits myocardial
damage and improves survival after sustained ischemia. However,
reperfusion itself can cause myocardial injuries leading to arrhythmia
and contractile dysfunction [1]. Multiple mechanisms are responsible
for reperfusion injuries, including massive release of reactive oxygen
species (ROS), endothelial dysfunction, complement activation and
leukocyte infiltration [2,3]. Inflammatory processes including leuko-
cyte recruitment play a major role in the extension of myocardial
damages after ischemia and reperfusion [4]. Rapidly after the
restoration of blood flow, leukocytes infiltrate the myocardium in
41 22 3827245.
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response to complement activation and massive release of ROS [5,6].
Neutrophils, monocytes and lymphocytes are the principal immune
cells implicated in this process [7–9]. Once recruited into the tissue,
inflammatory cells release proteolytic enzymes and ROS that
contribute to the development of injury [3]. Thus, targeting cellular
recruitment at the onset of reperfusion could represent a new
therapeutic strategy to reduce reperfusion injuries.

Chemokines are small chemotactic cytokines that enhanceanddirect
leukocyte recruitment to inflammatory sites. This process is mediated
through interactions of chemokines with high affinity cell surface
receptors and low affinity interaction with glycosaminoglycans (GAGs)
of the extracellular matrix and endothelial cell surfaces, to induce firm
adhesion and trigger trans-endothelial migration [10]. Interaction of
chemokines with GAGs seems to be essential for their functionality,
enables localized gradients to form at inflammatory sites and facilitates
chemokine retention on cell surfaces [11]. CCL5/RANTES (regulated on
activated normal T-cell expressed and secreted) is secreted by several
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cell types such as endothelial cells, smooth muscle cells, macrophages,
and activated T cells and binds to chemokine receptors CCR1, CCR3 and
CCR5. This chemokine is implicated in migration of T cells, monocytes,
basophils, eosinophils, neutrophils, natural killer and dendritic cells. In
human, circulating levels of CCL5/RANTES are transiently raised during
episodes of unstable angina pectoris and CCL5/RANTES peak levels
appear predictive of refractory symptoms [12]. Moreover, it has been
shown that both CCL5/RANTES receptors CCR1 and CCR5 are implicated
in the recruitment of neutrophils within post-ischemic tissue in animal
model [13].

[44AANA47]-RANTES is a variant of CCL5/RANTES with a specific
mutation in the principal RANTES/GAG binding site and has been
shown to exhibit potent anti-inflammatory effects in murine models
of inflammatory diseases [14,15]. These effects were attributed to
impaired chemokine oligomerization on the endothelial cell surface
that is crucial for its in vivo function, whereas receptor activation was
not abrogated.

In this study, we hypothesized that the chemokine antagonist
[44AANA47]-RANTES, interfering with leukocyte recruitment, would
reduce myocardial reperfusion damages in Apolipoprotein E (ApoE)
knockout mice.

2. Materials and methods

2.1. Animals

As a model of atherosclerosis, 18–22-week old apolipoprotein E
(ApoE−/−) deficient mice were submitted to 10 weeks high
cholesterol diet (HCD) (20.1% fat, 1.25% cholesterol No. D12108,
Research Diets) or were maintained on standard chow diet (ND). A
second group of ApoE−/− and ApoE−/− Ccr5−/− mice was used, fed
only with ND. ApoE−/− Ccr5−/− double knockout mice were
provided by Dr Christian Weber (Aachen) and both ApoE−/− and
ApoE−/− Ccr5−/− mice were in a C57BL/6J background [16]. All
mice (ApoE−/− and ApoE−/− Ccr5−/−) were healthy without signs
of disease during the study and all experiments were approved by
local authorities.

2.2. Treatment

The CCL5/RANTES antagonist [44AANA47]-RANTES was obtained
from Merck/Serono and was administered in a single dose of 10 μg i.
p., 5 min before reperfusion. In parallel, control mice received sterile
PBS. Sham-operated animals were submitted to the same surgical
protocol than the other groups but without coronary occlusion.

2.3. Atherosclerotic lesion size

To determine the effect of HCD in ApoE−/− mice, we measured
lipid levels in the serum with the Infinity kit (Thermo Electron
Corporation) according to the manufacturer's guidelines. The extent
of atherosclerosis was also assessed within thoracoabdominal aortas
by staining for lipid deposition with oil-red-O (computerized image
analysis, MetaMorph v6.0, Universal Imaging Corporation), as
previously described [15].

2.4. In vivo ischemia-reperfusion protocol

Mice were anaesthetized with 4% isoflurane and intubated.
Mechanical ventilation was performed (150 μl, 120 breaths/min)
using a rodent respirator (model 683; Harvard Apparatus). Anaesthesia
was maintained with 2% isoflurane delivered in 100% O2 through the
ventilator. A thoracotomy was performed and the pericardial sac was
then removed. An 8-0 prolene suture was passed under the left anterior
descending (LAD) coronary artery at the inferior edge of the left atrium
and tied with a slipknot to produce occlusion. A small piece of
polyethylene tubing was used to secure the ligature without damaging
the artery. Ischemia was confirmed by the visualization of blanching
myocardium, downstream of the ligation. After 30 min ischemia, LAD
coronary artery occlusion was released and reperfusion occurred.
Reperfusion was confirmed by visible restoration of color to the
ischemic tissue. The chest was then closed and air was evacuated from
the chest cavity. The ventilator was then removed and normal
respiration was restored. Animals were sacrificed after different times
of reperfusion for analyses. After 24 h of reperfusion, to evaluate the
infarct size and the area at risk,micewere re-anaesthetizedwith 10ml/
kg ketamine–xylazine (12mg/ml and 1.6mg/ml, respectively) and LAD
coronary artery was re-occluded. Evan's blue dye 2% (Sigma) was
injected retro-orbitally to delineate in vivo area at risk (AAR). Hearts
were rapidly excised, rinsed in NaCl 0.9%, frozen and sectioned into 2-
mm transverse sections from apex to base (5–6 slices/heart). To
distinguish viable (AAR) from necrotic tissue (infarction, I), slices were
incubated at 37 °C with 1% triphenyltetrazolium chloride (TTC) in
phosphate buffer (pH 7.4) for 15 min, fixed in 10% formaldehyde
solution and photographed with a digital camera (Nikon Coolpix). The
viable myocardium was visualized in red, whereas necrotic tissue
appeared in white. The different zones were determined using a
computerized planimetric technique (MetaMorph v6.0, Universal
Imaging Corporation) and infarct size was expressed in percentage of
area at risk (I/AAR).

2.5. Ex vivo ischemia-reperfusion protocol

We used the technique of Langendorff isolated buffer-perfused
mouse heart preparation that has been previously described [17].
Briefly, mice were anaesthetized by intraperitoneal injection of
sodium pentobarbital (60 mg/kg). The heart was rapidly excised
and placed in ice-cold Krebs–Henseleit bicarbonate (KHB) buffer
consisting of (in mmol/L): 118.5 NaCl, 25 NaHCO3, 4.7 KCl, 1.2 MgSO4,
1.2 KH2PO4, 2.5 CaCl2, glucose 5 and equilibratedwith 95% O2 / 5% CO2

(pH 7.4). Following removal of extraneous tissues (pericardium, lung,
trachea, etc), the aorta was cannulated with an 18-G plastic cannula
(1.5 cm length; 0.95 mm, inner diameter) for a Langendorff
retrograde perfusion. After stabilization, local ischemia was induced
by LAD coronary artery occlusion. This procedure was performed as
described in the in vivo ischemia-reperfusion protocol. After 30 min
ischemia, reperfusion was allowed for 2 h by removing polyethylene
tube. [44AANA47]-RANTES (1 μg/ml) or vehicle was added within the
circulating Langendorff system 5 min before the reperfusion. The
concentration of antagonist used in perfused isolated hearts corre-
sponds to the highest level detected in mouse after [44AANA47]-
RANTES intraperitoneal injection [14]. After the reperfusion period,
the suture was re-occluded and Evan's blue dye 2% (Sigma) was
injected within the heart through the cannulated aorta to delineate in
vivo AAR. The TTC staining was performed as described before in the
in vivo ischemia-reperfusion protocol section.

2.6. Circulating cardiac troponin I quantification

As circulating cardiac Troponin I (cTnI) levels have been shown to
be a sensitive and specific biomarker of cardiac injury [18], we
measured cTnI as a control for myocardial infarct severity. Briefly, we
used a high sensitive enzyme linked immunosorbent assay (ELISA) kit
(Life Diagnostics, Inc., West Chester, PA) to measure sera samples
obtained from mice fed with standard chow diet and submitted to
30 min ischemia and 24 h reperfusion.

2.7. Histological analysis

Hearts isolated from animals were perfused with NaCl 0.9% to
remove blood and were frozen in OCT. They were then cut serially
from the occlusion locus to the apex in 7 μm sections.
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2.7.1. Myocardial CCL5/RANTES expression
Myocardial CCL5/RANTES expression was detected after 5, 30 and

60 min of reperfusion, by immunostaining using a rat anti-mouse
CCL5/RANTES monoclonal antibody (MAB478; R&D). For each heart,
the positive area was quantified in 3 fields of 5 independent tissue
sections.

2.7.2. Inflammatory cell recruitment
Leukocyte recruitment within ischemic myocardiumwas analyzed

either after 30 min and 24 h of reperfusion by immunostaining.
Neutrophils, MOMA-2+ monocyte/macrophages and CD68+ macro-
phages were stained respectively with a rat anti-mouse neutrophils
(MCA771G; Serotec), a rat anti-mouse MOMA-2 (MCA519G; Serotec)
and a rat anti-mouse CD68 (MCA1957GA; Serotec) antibody. For each
heart, the number of cells was counted using MetaMorph v6.0
(Universal Imaging Corporation) in 10 fields of 5 independent tissue
sections. Immunostaining was performed on cryosections as previ-
ously described [19].

2.7.3. Oxidative stress measurement
Oxidative stress was assessed in myocardium at an early time

point of reperfusion (1 h), since it is well known that ROS are rapidly
produced at the onset of reperfusion.

We first used the superoxide-sensitive dye dihydroethidium (DHE,
Molecular Probes). ROS oxidized rapidly the DHE to fluorescent
ethidium, which is then intercalated into DNA. Fluorescent ethidium
is therefore a presumptive marker of oxidative stress. Hearts of
control or treated mice were washed in cold saline and embedded in
OCT for cryosectioning. Frozen sections (7 μm) of the myocardium
were stained with 10 μM DHE at 37 °C for 30 min in a light-protected
and humidified chamber. In situ fluorescence was assessed using
fluorescence microscopy. The quantification of fluorescence was
performed using MetaMorph v6.0 (Universal Imaging Corporation)
on 3 fields per section and 5 sections per animal.

Neutrophil, monocyte and eosinophil activation is known to
catalyse the formation of hypochlorous acid that reacts with
proteins and induces tyrosine halogenation such as 3,5-dibromo-
tyrosine [20]. Therefore, to assess leukocyte-derived oxidative
stress, we also performed immunostaining for 3,5-dibromotyrosine
using a mouse anti-dibromotyrosine monoclonal antibody (NNS-
MBY-020P-EX; Cosmo Bio Co., LTD). Quantification of stained area
was performed by computer analysis using MetaMorph v6.0
Fig. 1. Quantification and representative images of CCL5/RANTES immunostaining on my
ischemia-reperfusion. ApoE−/− mice were submitted to 30 min ischemia followed by differ
reperfusion. Sham-operated animals were submitted to the same surgical procedure withou
group). ⁎Pb0.05 versus Sham-operated animals. #Pb0.05 versus PBS-injected mice.
(Universal Imaging Corporation) in 3 fields of 5 independent
tissue sections.

2.7.4. Apoptotic cell measurement
As ROS is known to mediate apoptosis in reperfused myocardium

[21], we also evaluated apoptosis after 1 h of reperfusion. We
performed staining of frozen sections with the Dead End™ colori-
metric terminal deoxinucleotidyltransferase-mediated dUTP nick end
labelling (TUNEL) system (Promega) using diaminobenzidine as the
chromogenic substrate (according to the manufacturer's instruc-
tions). Apoptotic index was expressed as the number of TUNEL-
positive cells/field.

2.8. Circulating leukocyte quantification

To confirm early leukocyte recruitment into inflammatory tissues,
we performed leukocyte count in total blood samples after 5, 30 and
60min of reperfusion. Blood was collected by cardiac puncture during
animal sacrifice. 25 μl of PBS-EDTA 5% was added to 200 μl of blood
and cells were measured with a hematocytometer (Sysmex KX-21N).

2.9. Quantification of gene expression by real-time quantitative RT-PCR

Twenty-four hours after reperfusion period, hearts were excised
and total mRNA was isolated with Tri-reagent (MRC, Inc). Reverse
transcription was performed using the Quantitect kit (Qiagen)
according to the manufacturer's instructions. Real-time quantitative
reverse transcription polymerase chain reaction (RT-PCR) (ABI
Prism 7000 Sequence Detection system, Applied Biosystems) was
used to determine the mRNA expression of Ccl2/Mcp-1 and Ccl3/
Mip-1α as previously described [22]. Each sample was analyzed in
triplicate and normalized in multiplex reaction with the use of HPRT
control (TaqMan Reagent, Applied Biosystems; VIC labelled). Data
were analyzed using ABI Prism software, and fold induction of
mRNA levels was calculated by the comparative Ct method (Applied
Biosystems).

2.10. Serum cytokine measurement

Twenty-four hours after reperfusion, sera of sham, PBS- or
[44AANA47]-RANTES-treated mice were collected. To assess systemic
concentration of CCL2/MCP-1 and CCL3/MIP-1α, we performed ELISA
ocardium frozen sections. CCL5/RANTES expression was significantly increased after
ent reperfusion times and 10 μg [44AANA47]-RANTES or PBS were injected 5 min before
t occlusion and control mice were not manipulated apart for heart excision (n=3 per



Table 1
Characteristics of different groups.

Genetic background ApoE−/− ApoE−/− ApoE−/− ApoE−/− ApoE−/− ApoE−/− ApoE−/− ApoE−/− Ccr5−/− ApoE−/− Ccr5−/− ApoE−/− Ccr5−/−

Diet ND ND ND HCD HCD HCD ND ND ND ND
Treatment Sham PBS [44AANA47] Sham PBS [44AANA47] – – PBS [44AANA47]
Body weight [g] 28.3±0.7 29.6±0.8 28.8±0.6 30.2±0.8 31.1±0.9 31.3±0.7 28.4±0.9 30.5±0.8 27.8±0.5 27.9±0.4
Cholesterol [mg dl−1] 867±97 733±72 671±96 1386±21⁎ 1526±56⁎ 1605±78⁎ – – – –

Plaque size
[% of aorta surface]

3.2±0.2 3.4±0.3 3.5±0.3 11.6±1.1⁎ 11.5±1.3⁎ 11.7±1.4⁎ – – – –

ND: Standard chow diet, HCD: high cholesterol diet.
⁎ Pb0.05 versus mice on normal diet.
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using mouse CCL2/JE/MCP-1 and CCL3/MIP-1α DuoSet (R&D),
according to the manufacturer's guidelines.

2.11. ApoE−/− Ccr5−/− double knockout mice analysis

Ischemia-reperfusion protocols, as well as anti-CCL5/RANTES
treatment were performed as described above. As for ApoE−/−

mice, infarct size was determined after 24 h reperfusion. We also
investigated chemokines and chemokine receptors mRNA profile of
these mice before and 6 h after reperfusion in blood. Blood was
collected retro-orbitally and analyzed by real-time quantitative RT-
PCR for chemokines (Ccl2/Mcp-1, Ccl3/Mip-1α, Ccl4/Mip-1β, and
Ccl5/Rantes) and chemokine receptors (Ccr1, Ccr2, Ccr5, and Cxcr3),
as previously described [22].

2.12. Statistical analysis

Statistical analysis was performed with Sigmastat software. Data
are expressed as mean±SEM. Paired groups were compared using
either t-test or non-parametric Mann–Whitney U test. Multiple
groups were compared using one way ANOVA (troponin I,
immunostainings) or two way ANOVA (infarct size, CD68 and neu-
trophil immunostainings, blood expression of chemokines), followed
Fig. 2. Treatment with [44AANA47]-RANTES reduces infarct size in ApoE−/− mice fed with st
vivomodel of ischemia-reperfusion. (A) Quantification of the ratio area at risk (AAR) per ven
the reperfusion. (B) Quantification of the infarct size (I) in percentage of AAR in • PBS-treated
(D) Quantification of cardiac Troponin I levels after 24 h reperfusion (n=6 to 7 per group)
by post-hoc Bonferroni t-tests. P values b0.05 were considered
significant.

3. Results

3.1. CCL5/RANTES is expressed in myocardium after
ischemia-reperfusion

As shown in Fig. 1, our ischemia-reperfusion protocol induced
CCL5/RANTES expression within mouse myocardium. While CCL5/
RANTES was detectable in weak quantities in the myocardium of 20-
week old ApoE−/− mice that were not submitted to surgical
procedure or only to sham-surgery, CCL5/RANTES expression in-
creased significantly after 30min ischemia followed by 5, 30 or 60min
of reperfusion. However, when [44AANA47]-RANTES treatment was
administered to animals 5 min before the end of ischemia, we
significantly detected less CCL5/RANTES within the myocardium
compared to untreated group.

3.2. Treatment with [44AANA47]-RANTES reduces infarct size

The effect of [44AANA47]-RANTES treatment on myocardial
reperfusion injury in 20–22-week old male mice ApoE−/− fed with
andard chow diet (ND) and high cholesterol diet (HCD) after 24 h reperfusion, in an in
tricle (V) of ApoE−/− mice treated with PBS or 10 μg [44AANA47]-RANTES 5 min before
,○ [44AANA47]-RANTES-treated mice. (C) Representative sections of TTC-stained hearts.
. ⁎Pb0.05 versus PBS-injected mice.
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standard chow diet (ND) or high cholesterol diet (HCD) for 10 weeks
was evaluated. HCD increased serum cholesterol levels as well as
atherosclerotic lesions (Table 1). Oil-Red-O staining on abdominal
aortas revealed 11.8% lesion per total surface in mice fed with HCD
versus 3.4% for mice under ND. Severity of the ischemic insult was
similar in the different groups, as shown by similar ratio of area at risk
(AAR) relative to ventricle area (V) (Fig. 2A). In mice treated with
[44AANA47]-RANTES, we observed a significant reduction in myocar-
dial infarct size (I/AAR) compared to PBS-treatedmice. The significant
decrease of necrotic tissue was similar in animals under HCD and ND
(Fig. 2B). Fig. 2C illustrates representative heart slices from
[44AANA47]-RANTES-treated and PBS-treated mice on ND. Since we
did not observe any significant differences in cardioprotection
between HCD-fed mice with advanced atherosclerotic lesions and
ND-fed mice with few plaques, all further experiments were per-
formed on animals fed with ND.
Fig. 3. [44AANA47]-RANTES treatment inhibits leukocyte infiltration within the myocardium
(CD68) on heart frozen sections after 24 h of reperfusion (n=5 to 7 per group). (C) Qu
(MOMA-2) in myocardium after 30 min reperfusion (n=5 per group). (D) Quantifica
Quantification of area at risk and infarct size on ApoE−/− isolated hearts submitted to 30 m
5 min before and during all the reperfusion with a buffer containing 1 μg/ml [44AANA47]-
As a complementary readout for myocardial infarction severity, we
also evaluated cardiac Troponin I (cTnI) levels within the serum. As
shown in Fig. 2D, animals submitted to myocardial ischemia-
reperfusion protocol presented elevated serum levels of cTnI as
compared to sham-operated animals. Similar to the reduction in
infarct size, cTnI levels were lower in the serum of [44AANA47]-
RANTES-treated animals than in PBS-treated mice.

3.3. Treatment with [44AANA47]-RANTES reduces leukocyte infiltration
at reperfusion

The chemoattraction and subsequent migration of inflammatory
cells within the myocardium contribute to reperfusion injury. Thus, in
regard with the results described above, we investigated whether
inhibition of CCL5/RANTES influences this inflammatory process
through a modulation of leukocyte infiltration within reperfused
. Quantification and representative images of (A) neutrophils, (B) tissue macrophages
antification of neutrophils, tissue macrophages (CD68) and monocyte/macrophages
tion of circulating WBC after different times of reperfusion (n=4 per group). (E)
in ischemia and 2 h reperfusion in an ex vivo Langendorff model. Hearts were perfused
RANTES or vehicle. (n=4 per group) ⁎Pb0.05 versus PBS-injected controls.



Fig. 4. [44AANA47]-RANTES treatment reduces expression of chemokines Ccl2/Mcp-1
and Ccl3/Mip-1α. (A) Myocardial mRNA expression of chemokines Ccl2/Mcp-1 and
Ccl3/Mip-1α measured by real-time PCR after 24 h reperfusion (n=6 to 7 per group).
(B) Serum concentrations of CCL2/MCP-1 quantified by ELISA after 24 h reperfusion
(n=6 to 7 per group). ⁎Pb0.05 versus PBS-injected controls.
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myocardium. Immunohistochemical analysis showed massive infil-
trations of both neutrophils (Fig. 3A) and macrophages (Fig. 3B)
within ischemic myocardium, 24 h after the onset of reperfusion.
Administration of [44AANA47]-RANTES significantly decreased leuko-
cyte recruitment within the injured myocardium, whereas we did not
Fig. 5. Inhibition of CCL5/RANTES is associated with early reduction of oxidative stress and a
3,5-dibromothymidine (B) stainings, Apoptotic cells were quantified by TUNEL assay (C) (n
observe any significant effect of the treatment in sham animals (Figs.
3A and B). The beneficial effect of CCL5/RANTES antagonism on
leukocyte infiltration began early after the restoration of blood flow,
since recruitment of both neutrophils and monocytes/macrophages
was reduced after only 30 min reperfusion (Fig. 3C). To validate this
effect of [44AANA47]-RANTES on leukocyte recruitment, we also
quantified circulating leukocytes after different reperfusion times.
As shown in Fig. 3D, after only 5 min reperfusion, the number of
circulating leukocytes was fewer in the PBS-treated group compared
to [44AANA47]-RANTES-treated mice. This is in accordance with
inflammatory cell immunostainings and suggests that [44AANA47]-
RANTES inhibits leukocyte extravasation within inflammatory dam-
aged myocardium. Moreover, to investigate whether the beneficial
effect of [44AANA47]-RANTES on infarct size is related to the inhibition
of inflammatory cell recruitment, we used a model ischemia-
reperfusion on ex vivo perfused heart. ApoE−/− mouse hearts
perfused in a Langendorff system were submitted to 30 min ischemia
followed by 2 h of reperfusion. [44AANA47]-RANTES (1 μg/ml) or
vehicle was injected within the closed circulating system 5min before
the reperfusion. As shown by the quantification of TTC staining in
Fig. 3E, treatment with [44AANA47]-RANTES did not influence infarct
size in this ex vivo model without circulating cells.

3.4. Treatment with [44AANA47]-RANTES reduces chemokine expression
within reperfused myocardium

The chemokines CCL2/MCP-1 and CCL3/MIP-1α enhance the
recruitment of macrophages and neutrophils, respectively, within the
tissue. Thus, we studied the effect of [44AANA47]-RANTES treatment
on myocardial expression of Ccl2/Mcp-1 and Ccl3/Mip-1α mRNA in
sham-operated and [44AANA47]-RANTES- or PBS-treated mice sub-
mitted to ischemia-reperfusion protocol. After 24 h reperfusion, the
expression of both chemokines was increased in PBS-treated
ischemic myocardium as compared to sham-operated hearts, while
[44AANA47]-RANTES treatment significantly inhibited the upregula-
tion of these two chemokines (Fig. 4A). Accordingly, a similar pattern
was observed for serum levels of CCL2/MCP-1 (Fig. 4B), whereas
serum CCL3/MIP-1α levels were undetectable (data not shown).
poptosis. Representative images and quantifications of oxidative stress by DHE (A) and
=5 per group). ⁎Pb0.05 versus PBS-injected controls.
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3.5. Treatment with [44AANA47]-RANTES modulates oxidative stress
and apoptosis

Recruited inflammatory leukocytes are known to contribute to
ROS production in reperfused myocardium [21]. Therefore, using
dihydroethidium (DHE) fluorescence and 3,5-dibromotyrosine
(DiBrY) quantification, we investigated oxidative stress in our
Fig. 6. Deficiency for receptor Ccr5 is not cardioprotective in our model of ischemia-reperfusi
AAR in ApoE−/− Ccr5−/− (n=12) compared to ApoE−/− (n=13) animals (A) and in ApoE
(B). (C) Blood expression of chemokines and chemokine receptors before and after ischemia
ApoE−/− control mice.
model. One hour after reperfusion, the intensity of DHE staining
and the surface of DiBrY stainings were lower in [44AANA47]-
RANTES-treated mice compared to mice treated with PBS. This
demonstrates that CCL5/RANTES inhibition significantly reduced
myocardial oxidative stress at reperfusion (Figs. 5A and B). In
addition, we also showed that [44AANA47]-RANTES treatment
reduced apoptosis (Fig. 5C).
on. Quantification of the ratio area at risk (AAR) per ventricle (V) and infarct size (I) per
−/− Ccr5−/− animals treated with PBS (n=10) or 10 μg [44AANA47]-RANTES (n=12)
-reperfusion in ApoE−/− and ApoE−/− Ccr5−/− mice (n=6 per group). ⁎Pb0.05 versus
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3.6. Effect of Ccr5 deficiency on infarct size

To investigate in more detail the mechanism of [44AANA47]-
RANTES-mediated cardioprotection, we submitted mice deficient for
ApoE and Ccr5 genes to our ischemia-reperfusion protocol. Surpris-
ingly, mice deficient for both ApoE and Ccr5 were not cardioprotected
(Fig. 6A). On the other hand, treatment with [44AANA47]-RANTES had
no effect in these ApoE−/− Ccr5−/− double knockout mice (Fig. 6B).
Finally, we measured chemokine and chemokine receptor expression
in blood both before the ischemia-reperfusion protocol and after 6 h
reperfusion. As shown in Fig. 6C, we confirmed the lack of Ccr5
expression in the double knockout ApoE−/− Ccr5−/− mice. Further-
more, whereas basal expression of chemokines and chemokine
receptors was similar between ApoE−/− and ApoE−/− Ccr5−/−

mice, the expression of Ccl2/Mcp-1 and Ccl4/Mip1βwas significantly
increased in the double knockout mice in comparison to ApoE−/−

animals.

4. Discussion

This study demonstrates that a single injection of the CCL5/
RANTES antagonist, [44AANA47]-RANTES, at the onset of reperfusion
reduces infarct size in atherosclerotic mice. The cardioprotective
effects of [44AANA47]-RANTES are likely mediated through reduced i)
leukocyte infiltration; ii) chemokine expression, as well as iii)
oxidative stress and apoptosis in reperfused myocardium. However,
deficiency for the CCL5/RANTES receptor Ccr5 exerts no beneficial
effect on myocardial reperfusion injury.

In order to mimic physiological human conditions of myocardial
ischemic disease and since myocardial infarction does not occur in
patient without atherosclerotic plaques, we chose an atherosclerotic
mouse model, the ApoE knockout mice fed either with normal or high
cholesterol diet for 10 weeks. We did not observe any differences in
infarct size between the different diet groups, indicating that
hypercholesterolemia had no effect on this parameter, in our
experimental model. Effects of hypercholesterolemia on myocardial
infarction are conflicting, depending on the experimental model used.
Some studies reported a beneficial effect of hypercholesterolemia on
infarct size [23,24], whereas others reported increased infarction in
hypercholesterolemic mice [23,25]. These discrepancies could result
from the experimental conditions as well as the duration of the high
cholesterol diet. Since, in our model, high cholesterol diet did not
interfere with the cardioprotection conferred by [44AANA47]-RANTES,
we further used only mice fed with normal diet.

Although beneficial to limit ischemic damages, reperfusion itself
can cause myocardial injury and a large body of evidence suggests a
major role for inflammatory processes in the extension of tissue
injuries [4]. Several studies have shown the role of complement
activation [26], reactive oxygen species (ROS) [27], and the cytokine
cascade [28] in the inflammatory process of myocardial infarction, and
all these components could contribute to leukocyte recruitment.
Neutrophils and macrophages are the principal immune cells
implicated in this process [7–9,29], and, once recruited within the
tissue, they further release proteases and ROS contributing to the
extension of injury [9,29]. Thus, targeting inflammatory cell recruit-
mentmaymodulate inflammatory injury during early reperfusion and
lead to myocardial protection and salvage.

Inflammatory cell recruitment within reperfused myocardium is
under the control of several processes, and many studies have
demonstrated the role of chemokines. The implication of CCL2/MCP-1
in myocardial damages has been previously established using both
Ccl2/Mcp-1 and Ccr2-deficient mice [8,30]. Tarzami et al. showed that
deficiency for the Cxcr2 gene protects against myocardial infarction
through a reduction of neutrophil recruitment [31]. Similarly,
treatment with a blocking anti-IL-8 antibody, impairing neutrophil
recruitment, reduced myocardial ischemia-reperfusion injuries [32].
CCL5/RANTES mediates the trafficking and homing of T-lympho-
cytes, monocytes, and other leukocytes through different chemokine
receptors (CCR1, 3, and 5). CCR5 is the principal coreceptor for
macrophage-tropic strains of human immunodeficiency virus, type 1
(HIV-1). It has been implicated in cardiac inflammatory disorders,
arterial injury and atherosclerosis [33]. Met-RANTES, a RANTES
antagonist that blocks chemokine binding to CCR1 and CCR5, has
been shown to significantly reduce inflammatory responses in several
animal models including rheumatoid arthritis, airways inflammation,
organ transplant rejection and atherosclerosis [19]. Another CCR5
antagonist, TAK-779 known as an HIV entry inhibitor also presents
anti-inflammatory properties in several models like arthritis, athero-
sclerosis and intestinal ischemia-reperfusion injuries [34]. Further-
more, recent clinical studies showed increased serum CCL5/RANTES
levels after myocardial infarction [35,36].

In the present study, we demonstrated that the CCL5/RANTES
antagonist [44AANA47]-RANTES reduces myocardial infarct size in
atherosclerotic mice. Furthermore, we confirmed the increased
expression of CCL5/RANTES in reperfused myocardium, in our animal
model of ischemia-reperfusion, that was reduced by [44AANA47]-
RANTES treatment. As previously mentioned, leukocyte infiltration is a
crucial event in lethal reperfusion injury [7–9,29]. Thus, we hypothe-
sized that [44AANA47]-RANTES treatment exerts a beneficial effect on
infarct size through a limitation of leukocyte recruitment. In our
experimental model, ischemia-reperfusion induced a marked infiltra-
tion of both neutrophils and macrophages within reperfused myocar-
dium, as soon as 30 min after restoration of blood flow, as well as 24 h
later. Leukocyte recruitment was characterized by an early staining of
neutrophils andmonocytes (MOMA-2 stainings), and a later staining of
neutrophils and CD68 macrophages, within reperfused myocardium.
Interestingly, [44AANA47]-RANTES treatment significantly reduced
early infiltration of neutrophils and monocytes, as well as later
recruitment of neutrophils and tissue macrophages. These data are
consistent with the differentiation of infiltrated monocytes into
macrophages in tissue. Furthermore, [44AANA47]-RANTES seems to
modulate cellular recruitment directly after blood restoration. Indeed,
we observed that, even after 5min of reperfusion, circulating leukocyte
level was higher in the [44AANA47]-RANTES-treated mice compared to
PBS control, suggesting a lesser recruitment level within inflammatory
and reperfused tissues of treated mice. Moreover, to study the causal
relationship between the reduction of infarct size and the decreased
infiltration of leukocytes in response to [44AANA47]-RANTES treatment,
we used a model of ischemia-reperfusion ex vivo, in which isolated
heartswere perfused by a Krebs solution, in absence of circulating cells.
Interestingly, [44AANA47]-RANTES treatment exerted no beneficial
effect on infarct size in this ex vivo perfused hearts. This strongly
suggests that the decreased infarct size in response to [44AANA47]-
RANTES is mainly due to its anti-inflammatory effect on leukocyte
infiltration. As discussed above, leukocyte trafficking is largely under
control of chemokines [10]. Therefore, in our present study, the
beneficial effect of [44AANA47]-RANTES on leukocyte infiltrationwithin
reperfused myocardium could be explained through the reduction of
CCL5/RANTES, CCL2/MCP-1 and CCL3/MIP-1α myocardial expression
following the ischemia-reperfusion protocol.

We further demonstrated that [44AANA47]-RANTES reduced ROS
production within reperfused myocardium. This decrease of ROS
productionwithin the tissue could in part be attributed to the reduced
number of infiltrated neutrophils. Indeed, neutrophil myeloperox-
idase is known to catalyse formation of hypochlorous acid that reacts
with proteins and form tyrosine halogenation such as 3,5-dibromo-
tyrosine. Thus, these results suggest that [44AANA47]-RANTES reduces
neutrophil-derived oxidative stress through inhibition of leukocyte
infiltration into post-ischemic myocardium. Since leukocyte-induced
ROS is known to contribute to tissue destruction [37] and cell
apoptosis [21], reduction of ROS generation in [44AANA47]-RANTES
mice could also participate to myocardial salvage. The reduced
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apoptosis rate that we observed in [44AANA47]-RANTES-treated hearts
supports this hypothesis.

In summary, we have shown that treatment with [44AANA47]-
RANTES modulated early post-ischemic inflammatory process, lead-
ing to fewer chemokine expression, oxidative stress and apoptosis
within damaged myocardium. The impeding of this massive inflam-
matory process results in reduced cardiomyocytes death and
diminished infarct size.

To investigate the implication of the CCL5/RANTES receptor CCR5
in our model of ischemia-reperfusion, we further used ApoE−/− and
ApoE−/− Ccr5−/− mice. Interestingly, ApoE−/− Ccr5−/− mice did not
show any differences in infarct size when compared to ApoE−/−

control mice. To understand this surprising result, we also treated
ApoE−/− Ccr5−/− mice submitted to ischemia-reperfusion with
[44AANA47]-RANTES. Indeed, we wondered whether the cardiopro-
tective properties of [44AANA47]-RANTES were effective without the
CCR5 receptor, possibly by reducing the interaction of CCL5/RANTES
with other receptors, like CCR1. Our results showed that [44AANA47]-
RANTES treatment was ineffective in ApoE−/− Ccr5−/− mice,
suggesting that its beneficial effect was rather due to impairment of
the interaction between CCL5/RANTES and CCR5 receptor than CCR1.
One possible explanation for the lack of beneficial effect of
[44AANA47]-RANTES in the ApoE−/− Ccr5−/− mice could reside in
the enhanced Ccl2/Mcp-1 and Ccl4/Mip-1β expression in blood of
double knockout mice at reperfusion, compared to ApoE−/− control
mice. Indeed, since the chemokine and chemokine receptor family is
very complex and redundant, our present results suggest that, in our
model of ischemia-reperfusion, Ccr5 deficiency could be compensated
by overexpression of Ccl2/Mcp-1 and Ccl4/Mip-1β. In the same
manner, in a model of kainic acid-induced hippocampal injury, Ccr5
deficiency has no effect on injury due to a compensatory effect by
increased Ccr2 and Ccr3 mRNA expression [38].

To conclude, we have demonstrated that treatment with one bolus
injection of [44AANA47]-RANTES, 5 min before reperfusion, reduced
myocardial reperfusion injuries in vivo in mice. These beneficial
effects were associated with reduction of leukocyte infiltration during
reperfusion, paralleled to a decrease of chemokines CCL3/MIP-1α and
CCL2/MCP-1 and a reduction of both oxidative stress and apoptosis.
This cardioprotective effect seemed to be mediated through the
inhibition of CCL5/RANTES interaction with its main receptor CCR5,
since [44AANA47]-RANTES treatment was not efficient in double ApoE
Ccr5 deficient mice. Furthermore, the lack of beneficial cardioprotec-
tive effect in ApoE−/− Ccr5−/− mice could result from the
compensatory expression of chemokines by circulating cells that
may counterbalance Ccr5 deficiency in reperfused mice.

Therefore, this study provides the first evidence that inhibition of
CCL5/RANTES exerts cardioprotective effects, specifically during early
reperfusion, through anti-inflammatory and anti-oxidant properties.
Our findings indicate that blockade of chemokine receptor/ligand
interactions might become a novel therapeutic strategy to reduce
reperfusion myocardial injuries in patients undergoing coronary
angioplasty during acute coronary syndromes.
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