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ABSTRACT

PPARvy-achieved neuroprotection in experimental
stroke has been explained by the inhibition of inflamma-
tory genes, an action in which 5-LO, Alox5, is involved.
In addition, PPARY is known to promote the expression
of CD36, a scavenger receptor that binds lipoproteins
and mediates bacterial recognition and also phagocy-
tosis. As phagocytic clearance of neutrophils is a requi-
site for resolution of the inflammatory response,
PPARy-induced CD36 expression might help to limit in-
flammatory tissue injury in stroke, an effect in which
5-LO might also be involved. Homogenates, sections,
and cellular suspensions were prepared from brains of
WT and Alox5 /" mice exposed to distal pPMCAO. BMMs
were obtained from Lys-M Cre* PPARy"f and Lys-M
Cre~ PPARy"f mice. Stereological counting of double-
immunofluorescence-labeled brain sections and FACS
analysis of cell suspensions was performed. In vivo and
in vitro phagocytosis of neutrophils by microglia/macro-
phages was analyzed. PPARYy activation with RSG in-
duced CD36 expression in resident microglia. This pro-
cess was mediated by the 5-LO gene, which is induced
in neurons by PPARYy activation and at least by one of

Abbreviations: ~/~=knockout/deficient, 12/15-LO=12/15-lpoxygenase, Alox5/
5-LO=5-lpoxygenase, BMM=bone marrow-derived macrophage,
EtOH=ethyl alcohol, F=forward, GFAP=glial fibrilary acidic protein,
lbal=ionized calcium-binding adapter molecule 1, LBD=ligand-binding do-
main, LXA,=lipoxin A4, Lys-M Cre=lysozyme-M Cre, MCAO=middle cerebral
artery occlusion, NDR=neutrophil decay rate, NeuN=neuronal nuclei, NIMP-
R14=neutrophil marker antibody, NP-40=Nonidet P-40, PB=phosphate buf-
fer, PMCAO=permanent middle cerebral artery occlusion, PPARy=
peroxisome proliferator-activated receptor vy, PPARy”'=floxed peroxisome
proliferator-activated receptor vy, R=reverse, RSG=rosigltazone, TR-
FRET=time-resolved fluorescence resonance energy transfer
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its products—LXA ,—which induced CD36 independently
of PPARYy. Moreover, CD36 expression helped resolu-
tion of inflammation through phagocytosis, concomi-
tantly to neuroprotection. Based on these findings, in
addition to a direct modulation by PPARYy, we propose
in brain a paracrine model by which products gener-
ated by neuronal 5-LO, such as LXA,, increase the mi-
croglial expression of CD36 and promote tissue repair
in pathologies with an inflammatory component, such
as stroke. J. Leukoc. Biol. 95: 587-598; 2014.

Introduction

The PPARY is a nuclear transcription factor belonging to a super-
family of nuclear receptors that participate in a broad range of
metabolic actions, including adipocyte differentiation and glucose
homeostasis (reviewed in ref. [1]). PPARvy activation also inhibits
the expression of inflammatory mediators [2—4], resulting in an-
ti-inflammatory outcomes in several settings, including the CNS
[6-7]. A prime example of this behavior is acute stroke, a devas-
tating disease that is one of the major causes of death and disabil-
ity worldwide. The neuroprotective effects of different PPARy
agonists in experimental models of stroke have been demon-
strated consistently [8-12]. These effects are, at least partly, ex-
plained by the inhibition of ischemia-induced inflammation; spe-
cifically, PPARYy agonists transrepress the expression of inflamma-
tory mediators in stroke models, such as TNF-o, iNOS, IL-13, and
MCP-1 [9, 11, 13, 14]. We demonstrated recently that the de
novo expression of arachidonate 5-LLO, an enzyme encoded by
the Alox5 gene, is an absolute requirement in the neuroprotective
and anti-inflammatory effects of PPAR7y agonists in a rat model of
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stroke [15], thereby implicating proresolving mediators in signal-
ing pathways downstream of this nuclear receptor, such as LXA,.

There are additional effects of PPARYy that may also be
highly beneficial in stroke. PPAR7y has been shown to be an
important regulator of the scavenger receptor CD36 [16-19],
an effect with implications in multiple functions, such as up-
take of oxidized LDL [18-20] and phagocytosis of apoptotic
neutrophils [21-23]. As an effective elimination of neutro-
phils, present in the inflamed tissues, is essential for resolution
of the inflammatory process [24, 25], it is plausible that the
ability of PPARY to induce the expression of this scavenger
receptor actively contributes to tissue repair after stroke. Thus,
with the use of an experimental murine stroke model induced
by pMCAO, we studied the effect of PPARYy activation with
RSG on CD36 and its contribution to resolve inflammation by
increasing neutrophil phagocytosis; in addition, we explored
the role of 5-LO, a gene induced early by PPARY activation
[9], and its product, LXA,, in this process.

MATERIALS AND METHODS

Ethics statement

All of the experimental protocols were performed in accordance with the
guidelines of the Animal Welfare Committee of the Universidad Com-
plutense (EU Directives 86,/609/CEE, 2003/65/CE, and 2010/63/EU).

Materials

RSG was obtained from Selleck Chemicals (Munich, Germany) or from
Cayman Chemical (Ann Arbor, MI, USA). All other reagents were obtained
from Sigma-Aldrich (Madrid, Spain), unless indicated otherwise.

Animals

WT controls (B6;129SF2/]) and 5-LO "/~ mice (B6;129S2-Alox5"""""/]:
Alox5~/") were obtained from The Jackson Laboratory (Bar Harbor, ME,
USA), whereas the Lys-M Cre” PPARY"" and Lys-M Cre”~ PPARY"' mice
were obtained as described previously [26]. All of the remaining mice were
purchased from Harlan Laboratories (Indianapolis, IN, USA). The mice
were housed individually in standard conditions of temperature and hu-
midity on a 12-h light/dark cycle (lights on at 8:00 AM) and with ad libi-
tum access to food and water.

In vivo experimental groups

Mice were assigned to the different treatment groups in a randomized fash-
ion (based on the toss of a coin) to groups and analyzed by investigators
blind to the treatments. Mice were subjected to permanent focal cerebral
ischemia through a combination of distal MCAO and ipsilateral common
carotid artery occlusion (pMCAOQO), conditions that lead to medium-sized
cortical infarcts. Mice were anesthetized with 1.5-2% isoflurane in a mix-
ture of 80% air/20% oxygen, and their body temperature was maintained
at physiological levels with a heating pad throughout the surgical proce-
dure and recovery from anesthesia.

In one set of experiments, WT and Alox5 /~ mice received an i.p. injection
of vehicle (saline) or RSG (3 mg/kg), 10 min after MCAO (n=6-8/group).
The control animals were sham-operated animals, and they received an i.p.
injection of saline or RSG, 10 min after the sham procedure. In another set of
experiments, C57BL/6 mice were administered RSG or the vehicle alone in
the presence or absence of the specific PPARy antagonist T0070907 (10 mg/
kg) or the 5-L.O inhibitor BWA4C (5 mg/kg). Injection volumes of <0.4 ml/
250 g body weight were used in all cases. Following surgery, individual animals
were returned to their cages with ad libitum access to water and food. Animals
were killed by an overdose of sodium pentobarbital.
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No significant differences in physiological parameters were observed
among the different groups studied, and no spontaneous mortality was ob-
served after MCAO or after any of the experimental treatments.

Brain infarct determination

The infarct volume was calculated from T2-weighted images obtained by
magnetic resonance analysis, using a Biospec BMT 47/40 (Bruker, Ettlin-
gen, Germany) with Image] software (U.S. National Institutes of Health,

Bethesda, MD, USA), or by Nissl staining, 24 h after MCAO.

Cultured cortical neurons and astrocytes

Pure cortical neuronal and astrocyte cultures were established and main-
tained as described previously [27].

M-CSF-cultured BMMs

BMMs were obtained by culturing bone marrow cells from the offspring of
PPARY”" mice alleles and the Lys-M Cre recombinase, as described previ-
ously [26]. Bone marrow cells from Lys-M Cre* PPARyY”" and Lys-M Cre ™~
PPARY”" mice were resuspended in DMEM, supplemented with 10 ng/ml
rM-CSF, 10% FCS, 100 U/ml penicillin, 100 ug/ml streptomycin, and 2
mM GlutaMax-1, and they were maintained for 3 days at 37°C in a humidi-
fied atmosphere of 5% CO,. Nonadherent macrophage precursors were
collected and seeded in six-well plates, and the macrophages were then
cultured for 3—-4 days in the presence of M-CSF (10 ng/ml) until a homo-
geneous population of adherent macrophages was obtained.

Western blotting

The infarct and peri-infarct areas of mouse brains were collected 24 h after
MCAO, and the tissue was homogenized by sonication in the presence of
protease inhibitors (Roche Diagnostics, Indianapolis, IN, USA) and 0.1%
NP-40. A protein extract was prepared by high-acceleration centrifugation
(12,000 gx20 min at 4°C), and 25 pg protein was denatured in Laemmli
electrophoresis sample buffer (Bio-Rad, Munich, Germany) and heating at
90°C for 10 min. Proteins were separated by SDS-PAGE and transferred to
a nitrocellulose membrane (Hybond-P; Amersham Biosciences Europe,
Freiburg, Germany) that was probed with antibodies against CD36 (1:500;
R&D Systems, Minneapolis, MN, USA). The blots were developed using
ECL, and the chemiluminiscent signal was acquired with a charge-coupled
device camera and quantified with GeneTools software (Syngene, Cam-
bridge, UK). B-Actin levels were used as loading controls.

Quantitative RT-PCR

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) from cultured macrophages, astrocytes, and neurons, treated with
RSG (1 uM), LXA, (100 nM), or the vehicle alone (EtOH) for 5-8 h
(n=3/group). The quantity of RNA was determined by spectrophotometry,
and the purity was confirmed by the relative absorbance at 260 nm versus
280 nm. RNA (1 ug) was reverse-transcribed using the iScript cDNA Syn-
thesis kit (Bio-Rad), and quantitative real-time PCR was performed in tripli-
cate using a Bio-Rad iQ5 thermocycler. The mRNA expression was normal-
ized to that of actin and expressed as the fold difference relative to the
controls. Specific primers for rat or mouse genes were designed using
Primer Express software and are as follows: 5-LO (Rattus norvegicus), F: 5'-
GTGTCTGAGGTGTTCGGTA-3', R: 5-"AGTGTTGATGGCAATGGT-3';
12-LO (R. norvegicus), F: 5'-GGGCCACTGCAGTTCGTGA-3', R: 5'-CGGC-
CTCTGCGCTCATC-3'; 15-LO (R. norvegicus), F: 5'-CCGGAGACTCCAAG-
TACGC-3', R: 5'-CGTAGCAGCTTCCCGAGAG-3'; actin (R. norvegicus), F:
5'"TGAGCGCAAGTACTCTGTGTGGAT-3’, R: 5'-TAGAAGCATTTGCGGT-
GCACGATG-3'; CD36 (Mus musculus), F: 5'-TTTCCTCTGACA-
TTTGCAGGTCTA-3’, R: 5'-AAAGGCATTGGCTGGAAGAA-3"; PPARYy (M.
musculus), F: 5'-CACAATGCCATCAGGTTTGG-3', R: 5'-GCTGGTCGATAT-
CACTGGAGATG-3'; actin (M. musculus), F: 5'-TGTGATGGTGGGAATGGGT-
CAGAA-3', R: 5" TGTGGTGCCAGATCTTCTCCATGT-3'.
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Immunofluorescence

Animals (four to six/group) were killed by pentobarbital overdose, 24 or
48 h after MCAO, and subjected to transcardiac perfusion with 0.1 M PB
and 4% p-formaldehyde in 0.1 M PB (PFA, pH 7.4). Brains were removed,
postfixed overnight in PFA, and placed in 30% sucrose for 48 h. Serial cor-
onal microtome sections (30 wm; Leica SM2000R; Leica Microsystems
GmbH, Wetzlar, Germany) were stored in cryoprotective solution, and dual
immunofluorescence was performed on free-floating sections, incubating
them overnight at 4°C with the following primary antibodies: mouse anti-
mouse 5-LO (BD Biosciences, San Jose, CA, USA), rabbit anti-mouse Ibal
(Wako Pure Chemical Industries, Osaka, Japan), rabbit anti-mouse GFAP
(Abcam, Cambridge, UK), rat anti-mouse NIMP-R14 (Abcam), and mouse
anti-mouse NeuN (Millipore Bioscience Research Reagents, Darmstadt,
Germany). Goat anti-rabbit biotin (Vector Laboratories, Burlingame, CA,
USA), in combination with Alexa488 streptavidin (Molecular Probes, Eu-
gene, OR, USA), donkey Cy3 anti-rat (Jackson ImmunoResearch, West
Grove, PA, USA), and donkey Cy3 anti-mouse (Vector Laboratories), was
used as a secondary antibody. Controls were performed in parallel without
primary antibodies and revealed very low levels of nonspecific staining.

For 5-LO immunodetection in rat neuronal cultures, cells were treated
for 24 h with vehicle (DMSO), RSG (1 uM), or RSG + T0070907 (2 uM)
and then fixed with 4% PFA (15 min). The cells were then preincubated
with 0.2% Triton X-100 and 10% normal goat serum in PBS for 15 min at
room temperature and incubated overnight at 4°C with rabbit polyclonal
antibodies against PPARy (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), 5-LO (Cayman Chemical), and NeuN (Millipore Bioscience Re-
search Reagents). The secondary antibodies used were Alexa Fluor488 anti-
rabbit and Cy3 anti-mouse (1:200; Invitrogen). Cells were counterstained
with TO-PRO (Invitrogen) and the controls run in parallel in the absence
of primary antibodies, revealing very low levels of nonspecific staining.

Images were acquired was performed by laser-scanning confocal micros-
copy (LSM710; Zeiss, Munich, Germany) and analyzed with ZEN 2009 soft-
ware (Zeiss). All colocalization images shown were confirmed by orthogo-
nal projection of the z-stack files.

Brain dissociation and flow cytometry analysis

Mouse brains were removed 24 h after MCAO, and the infarct and peri-infarct
tissue was dissected with a scalpel, placed into 15 mL ice-cold PBS and dissoci-
ated in a single-cell suspension, using a gentleMACS dissociator (Miltenyi Bio-
tec, Bergisch Gladbach, Germany), according to the manufacturer’s instruc-
tions. Cell suspensions were filtered through 50 wm nylon mesh strainers (BD
Biosciences) and centrifuged at 300 g for 10 min. The pellets were resus-
pended in 3 mL 50% Percoll and overlaid on a 3-mL gradient of 30% Percoll,
which was then centrifuged at 500 g for 40 min at room temperature. The
cells were collected from the 30-50% interface, washed with cold PBS, and
resuspended in 200 ul 2.5% BSA in PBS containing Fc blocking reagent
(Miltenyi Biotec). The cell suspensions were then incubated with conjugated
antibodies against CD36-allophycocyanin, Ly-6G-PerCP (BioLegend, San Diego,
CA, USA), CD11b-FITC, and CD45-PE (Miltenyi Biotec) for 45 min at 4°C.
Cells were washed and resuspended in 300 ul FACS Flow (BD PharMingen,
San Diego, CA, USA), and isotype controls (Miltenyi Biotec) were run in paral-
lel. Whole suspensions were analyzed on a FACSCalibur flow cytometer using
CellQuest software (BD PharMingen), and data were analyzed using Flow]Jo
software (Tree Star, Ashland, OR, USA).

Determination of LXA, levels

LXA, quantification in the cerebral cortex was performed by ELISA (EIA 45
Lipoxin A, assay kit; Oxford Biomedical Research, Rochester Hills, MI, USA)
on tissue recovered from the MCA region, 24 h after occlusion, and in super-
natants of cultured neurons and astrocytes, collected 24 h after incubation
with vehicle or RSG (0.1-1 uM). The samples were first purified using C,4 oc-
tadecyl minicolumns (Amprep mini-columns; Amersham Biosciences, Bucking-
hamshire, UK) and eluted with ethyl acetate, and XA -containing samples
were dried using an N, stream and redissolved in assay buffer.
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Nuclear extracts

Nuclear extracts were prepared by incubating M-CSF-derived macrophages
in 10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10 mM KClI, and 0.5% NP-40.
The nuclei were recovered by centrifugation at 12,000 g for 1 min at 4°C
and lysed in 20 mM HEPES (pH 7.9), 15 mM MgCl,, 420 mM NaCl, and
0.2 mM EDTA. After further centrifugation (12,000 g for 5 min at 4°C),
the pellet was discarded.

In vivo phagocytosis analysis and
microglial/macrophage reactivity

To analyze phagocytosis and microglial/macrophage reactivity in vivo, two
photographs of the ischemic core/section were taken, using a 20X objec-
tive in seven coronal sections/animal (rn=4) with a laser-scanning confocal
imaging system (LSM710; Zeiss). The number of phagocytic events [28]
was calculated as the number of Ibal+ cells engulfing NIMP-R14+ cells,
divided by the total number of activated Ibal+ cells in the field. The dou-
ble-labeled cells were quantified in the orthogonal projection of the z-stack
files, using the cell-counter tool in Image] (NIH). Ibal mean intensity of
the converted binary image was calculated using Image] software.

Neutrophil quantification

To estimate the number of NIMP-R14+ in the infarct core, seven coronal
sections between —1.94 and —2.46 mm, posterior to bregma (30 um/sec-
tion, 600 wm apart), were quantified with the optical fractionator ap-
proach, an unbiased cell-counting method that is not affected by the vol-
ume of reference or the size of the counted elements [29]. To calculate
the NDR, we used the following formula: NDR = number of neutrophils at
48 h — number of neutrophils at 24 h.

In vitro phagocytosis assay

To assay phagocytosis in vitro, BMMs were pretreated for 12 h with RSG (1
uM), LXA, (100 nM), or the vehicle alone (n=4/group). Neutrophils were
isolated from the C57BL/6 bone marrow cells using the neutrophil isolation
kit, an LM column, and a MidiMACS separator, following the manufacturer’s
instructions (Miltenyi Biotec). To induce apoptosis, neutrophils were exposed
to UV irradiation for 10 min and incubated in RPMI medium for 4 h at 37°C
[30]. UV-induced, early apoptotic neutrophils were stained with CFSE (Invitro-
gen) and coincubated with macrophages for 20 min. The cells were then fixed
and detached from the plate, and phagocytosis events were analyzed on a FAC-
SCalibur flow cytometer. CFSE+ macrophages were analyzed using FlowJo
software (Tree Star), and the phagocytosis index was calculated as the number
of CFSE+ macrophages X mean intensity of CFSE. Less than 5% of the neu-
trophils used in the experiments were necrotic, as determined by Pl-positive
staining. CD36-PerCP (Santa Cruz Biotechnology) was used to determine
CD36 expression in CFSE+ macrophages, and colocalization of F4/80+ cells
(BD PharMingen) with CFSE staining was determined by confocal microscopy.
For CD36 blockade, macrophages were preincubated for 1 h with a CD36-neu-
tralizing antibody (1:500; Abcam).

TR-FRET PPARY coactivator assay

To assess the ability of LXA, to act as a PPARy ligand, in vitro TR-FRET
analysis [31] was performed using the LanthaScreen TR-FRET PPARy com-
petitive binding assay, according to the manufacturer’s instructions (Invit-
rogen). The robustness of the assays was determined by calculating the re-
spective z-factors. Measurements were performed using a VICTOR 3 V mul-
tilabel counter (Wallac 1420; PerkinElmer Life and Analytical Sciences,
Rodgau-Juegesheim, Germany), using the settings recommended in the
LanthaScreen assay instructions.

PPARY transcription factor activity

PPARYy transcription factor activity was assessed in nuclei obtained from
M-CSF-derived macrophages. The procedure was performed using the
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PPARYy transcription factor assay kit (Cayman Chemical), following the

manufacturer’s recommendations.

Statistical analysis

The results are expressed as the mean * seMm for the indicated number of ex-
periments, and the statistical analyses were performed using Prism 4 software
(GraphPad Software, La Jolla, CA, USA). Comparisons between two groups
were performed using unpaired Student’s #tests, whereas those involving more
than two groups were performed using one-way ANOVA, followed by Tukey
post hoc tests. Correlation analyses were performed using Pearson’s correla-
tion. Differences were considered statistically significant at P < 0.05.

RESULTS

Effect of PPARY activation with RSG on resolution of
inflammation (neutrophil phagocytosis and microglial
reactivity) in the ischemic brain: role of 5-LO

Activation of PPARy may participate in neuroprotection by
promoting the phagocytosis of dead cells and the subsequent
resolution of inflammation. Indeed, we found that the phago-
cytosis of neutrophils (NIMP-R14+ cells) by microglia/macro-
phages (Ibal+ cells) was enhanced markedly in the brains of
mice that received RSG (Fig. 1A and B; P<0.05 vs. MCAO
WT+vehicle; n=4). On the other hand, the NDR, calculated
as the number of neutrophils found in the ischemic hemi-
sphere at 48 h versus that found at 24 h, was negative and sig-
nificantly smaller in mice treated with RSG (Fig. 1A and C;
P<0.05 vs. MCAO WT +vehicle; n=4).

These effects of RSG were not evident in the brains of
Alox5~/~ mice, emphasizing the crucial role of 5-LO in trans-
lating these effects of PPARYy (Fig. 1A-C; P>0.05; n=4). Inter-
estingly, phagocytosis in untreated Alox5~/~ animals, but not
the NDR, was more pronounced than in its WT counterparts
(Fig. 1A and B; P<0.05; n=4).

Our data also show that there is no correlation between the
numbers of neutrophils or Ibal+ cells found in the sampled
fields and the percent of Ibal/NIMP-R14 colabeling (Fig. 1D;
P>0.05), thus discarding that the number of colocalization
events depends on the number of individual cells in each ex-
perimental condition.

In accordance with previous reports of microglia/macro-
phage deactivation after phagocytosis [32], Ibal expression in
the infarcted region of RSG-treated WT animals decreased
(Fig. 1E and F; P<<0.05 vs. MCAO WT+vehicle; P<0.05 vs.
MCAO WT+RSG; n=4). In contrast and despite an increased
phagocytosis, microglial/macrophage reactivity in vehicle and
RSG-treated Alox5~ /~ mice was more intense than in vehicle-
treated WT mice (Fig. 1E and F; P<0.05; n=4).

As demonstrated previously [15], the PPARvy agonist RSG
decreased the infarct volume, as determined 24 h after MCAO
in a 5-LO-dependent fashion (Fig. 1G; P<0.05 vs. MCAO
WT+vehicle; P<0.05 vs. MCAO WT+RSG; n=16). Moreover,
the PPARYy agonist RSG reduced MCAO-induced expression of
the proinflammatory molecules TNFa and MCP-1 (Supple-
mental Fig. 1; P<0.05 vs. MCAO WT+vehicle; n=4), as de-
scribed previously [13, 33]. This anti-inflammatory effect was
5-LO-dependent (Supplemental Fig. 1; P<0.05 vs. MCAO
WT+RSG; n=4), in agreement with our previous findings on
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rats [15]. At the time studied, RSG did not affect IL-6 levels in
the ischemic brain (Supplemental Fig. 1; P>0.05; n=4); how-
ever, Alox5 /" mice, treated with RSG, presented higher levels
of IL-6 in the ischemic brain than their WT counterparts (Sup-
plemental Fig. 1; P<0.05 vs. MCAO WT+RSG).

The PPARY agonist RSG induces the expression of
CD36 in the ischemic brain

MCAO induced an increase in CD36 in the ipsilesional hemi-
sphere when compared with the sham-operated group at
mRNA (Fig. 2A; P<0.05; n=4/group) and protein levels (Fig.
2B; P<0.05; n=4-8/group). Administration of the PPARYy ag-
onist RSG (3 mg/kg, 10 min after surgery) increased CD36
protein expression further in the ischemic brain (Fig. 2B;
P<0.05; n=b). However, this increase was observed in WT but
not in Alox5~ "~ (Fig. 2B; P>0.05; n=5).

To identify and quantify the cells that express CD36, brain tis-
sue was analyzed by flow cytometry (Fig. 3A) or double-immuno-
fluorescence staining (Fig. 3B). Our results show the presence of
CD36"CD11b™ cells in the ischemic brain, 24 h after MCAO
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Figure 2. PPARY agonist RSG induces 5-LO-dependent expression of
CD36. (A) Expression of CD36 mRNA in the ipsilateral cortex of sham
and MCAO WT or Alox5 7~ mice treated with RSG or vehicle, 5 h
after surgery. (B) Western blot of CD36 in homogenates of infarct and
peri-infarct areas from ischemic WT or Alox5~/~ mice treated with
RSG or the vehicle alone, 24 h after MCAO. Expression of CD36 rela-
tive to that of actin ($P<0.05 vs. sham WT; *P<(0.05 vs. MCAO

WT +vehicle; #P<0.05 vs. MCAO WT+RSG; n=5/group).
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Figure 3. RSG-mediated PPARy-dependent expression of CD36 occurs in the microglia of the ischemic tissue. (A) Representative dot plots of cells
isolated from the ipsilesional hemisphere. Brain leukocyte suspensions were gated based on side-scatter (SSC) and forward-scatter (FSC) parame-
ters (see Materials and Methods), and the CD11b" population was gated for further coexpression experiments. (B) Colocalization of CD36
(green) with the myeloid marker CD11b (red) in the core of the ischemic mouse brain, 24 h after MCAO. Original scale bar, 15 um. (C) Repre-

sentative dot plots of CD11b™ brain leukocyte population, double-stained for CD45 and CD36 to identify two distinct populations, namely
CD11b*CD45™ (infiltrated leukocytes) and CD11b*CD45' (microglia). Cells were obtained 24 h after MCAO from mice treated with vehicle or
RSG in the presence or absence of the PPARYy antagonist T0070907 (TO). The percentage of CD36*CD45'" (blue) or CD36"CD45" (red) cells
after each treatment is shown in the plot. The total number of CD36"CD11b* cells found in the ischemic hemisphere is represented in the right
graph (*P<0.05 vs. MCAO+vehicle; #P<0.05 vs. MCAO+RSG; n=4/group). (D) Representative dot plots of the CD11b"CD36" brain leukocyte
population double-stained for CD45 and the neutrophil marker Ly-6G. Percentages of microglial (CD45') or infiltrated (CD45"™, mostly Ly-6G ™)

cells relative to the total CD11b*CD36" population are shown in the plots.

Right graphs represent the total number of microglial CD36" cells

(left) or infiltrated CD36™ cells found in the ischemic hemisphere (*P<0.05 vs. MCAO+vehicle; #P<0.05 vs. MCAO+RSG; n=4/group).

(Fig. 3B and C). Consistent with our previous findings, the treat-
ment with RSG increased significantly the number of CD11b™"
cells expressing CD36 (Fig. 3C; P<0.05 vs. MCAO+vehicle; n=4).
As expected, coadministration of T0070907, a specific PPARy
antagonist, reversed the RSG-induced increase in CD36-immuno-
reactive cells (Fig. 3C; P<0.05 vs. MCAO+RSG; n=4). In addi-
tion, treatment with the specific inhibitor of 5-LO activity,
BWAA4C, inhibited the RSG-mediated up-regulation of the
CD11b"CD36" cells (Supplemental Fig. 2A).
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We characterized further the CD11b"CD36" population
(resident vs. infiltrates), based on the expression of CD45
(Fig. 3C and D). First, we observed that =70% of the
CD11b"CD36" was associated with a low expression
of CD45 (Fig. 3D), corresponding to microglia (Cd11b*
CD45'°), whereas a minor population (=30%; Fig. 3D) dis-
played a higher CD45 expression, typical of infiltrates
(CD11b*CD45"). Moreover, coexpression analysis of CD45
with the neutrophilic marker Ly-6G showed that most of the
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CD36" infiltrates were Ly-6G™~ (Fig. 3D), consistent with a
monocytes/macrophages population of the brain. RSG in-
creased significantly the number of CD36" microglia and
CD36™ myeloid infiltrates in the ischemic brain (Fig. 3D;
P<0.05 vs. MCAO+vehicle; n=4), an effect that was blocked
by the coadministration of the PPARY inhibitor T0070907 in
the microglial population (Fig. 3D; P<0.05 vs. MCAO+RSG;
n=4). A similar effect was found in the ischemic brain of RSG-
treated mice after inhibition of 5-LO activity using BWA4C
(Supplemental Fig. 2; P<0.05 vs. MCAO+RSG; n=4).

The PPARY agonist RSG augments 5-LO expression
and the production of LXA, in the ischemic mouse
brain and in rat neuronal cultures
Consistent with our previous in vivo findings in rats [15], RSG
treatment also induced 5-LO expression (green) in the neu-
rons (red) of the core and peri-infarct areas of the ischemic
mice brain (Fig. 4A and B). To identify the mechanisms by
which 5-LO participates in the events mediated by RSG, we
quantified the amount of LXA,, a mediator with a strong ca-
pacity to resolve inflammation and a product of 5-LO activity
[34]. In this context, 5-LO up-regulation was associated with
increased intracerebral LXA, levels, 24 h after MCAO, an ef-
fect not observed in Alox5~ /" mice (Fig. 4C; P<0.05; n=4).
These findings suggest that part of the 5-LO-dependent RSG
effects could be mediated by LXA,. Further dual immunofluo-
rescence staining revealed that 5-LLO was not expressed by
GFAP™" astrocytes, Ibal* microglia/macrophages, or as ex-
pected, in the Alox5~/~ mice brain (Fig. 4D), a result that
points to the neurons as crucial mediators on the RSG-in-
duced production of intracerebral LXA,.

Subsequently, we decided to confirm these results in in vitro
cultures of rat cortical neurons, which express PPARy (Fig. 5A).
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Our results show that RSG up-regulates 5-LLO mRNA in cultured
neurons (Fig. 5B; P<0.05 vs. vehicle; n=4). However, no changes
were observed in 12- or 15-LLO mRNA levels (Fig. 5B; n=4). The
effect of RSG on 5-LLO expression was dependent on PPARYy ac-
tivity, as treatment with the specific PPARy antagonist T0070907
abolished RSG-mediated 5-LLO mRNA up-regulation (Fig. 5B;
P<0.05 vs. RSG; n=4). In addition, RSG-induced 5-LO up-regula-
tion was specific for cultured cortical neurons, as this effect was
not observed in cultured astrocytes (Fig. 5C; P<<0.05; n=4). This
was also confirmed by immunofluorescence of 5-LO in rat
cortical neurons after RSG treatment (Fig. 5D), where
again, 5-LO up-regulation by RSG was lost completely when
the PPARy-specific antagonist T0070907 was included, dem-
onstrating that neuronal 5-LO up-regulation after RSG treat-
ment is PPARy-dependent (Fig. 5D, bottom). In agreement,
the PPARYy agonist RSG also increased LXA, levels in pri-
mary cultures of rat cortical neurons but not in cultured
astrocytes (Fig. 5E; P<<0.05 vs. vehicle; n=4).

PPARYy-induced CD36 expression is dependent on
5-LO, whereas LXA, induces CD36 expression
independently of PPARY in M-CSF BMMs

The increase in the levels of the 5-LO product LXA, observed
after PPARvy activation by RSG suggests that LXA, may medi-
ate signals transmitted via the PPARy/5-LO pathway and mod-
ulate the levels of the scavenger receptor CD36 in myeloid
cells. For this purpose, M-CSF BMMs were treated with the
PPARYy agonist RSG, and the expression levels of PPARy and
CD36 were determined (Fig. 6A). First, we confirmed the pres-
ence of PPARy mRNA expression in our M-CSF BMM cultures
(Fig. 6A), which remained unchanged after treatments. Be-
sides, we found that RSG up-regulated CD36 expression in M-
CSF BMMs (Fig. 6A; P<0.05 vs. vehicle; n=4), an effect that

Figure 4. RSG induces the expres-
sion of 5-LO and the 5-LO-depen-
dent synthesis of LXA, in the ip-
silesional hemisphere of the isch-
emic brain. (A) Representative
confocal micrographs of 5-LO
(green) colocalization with the
neuronal marker NeuN (red) in
the peri-infarct (p.i.) and core ar-
eas of mice treated with RSG or
vehicle, 24 h after MCAO. Original
scale bar, 200 um. (B) Orthogonal
projection of a magnified area
from a confocal micrograph from
A (white square) corresponding to
the peri-infarct areas of a mouse
treated with RSG. (C) LXA, levels,
24 h after MCAO, in the ipsile-
sional hemisphere of WT and
Alox5~/~ mice treated with RSG or
the vehicle alone (*P<0.05 vs.
MCAO WT+vehicle; n=4/group).
(D) Representative micrographs
showing 5-LO (green) colocaliza-
tion with the neuronal marker

MERGE. ",

NeuN, GFAP, or Ibal (red) in the peri-infarct areas of mice, treated with RSG or vehicle. (Bottom row) The colocalization of 5-LLO (green) with
NeuN (red) in the peri-infarct areas of an Alox5 /" mouse, 24 h after MCAO. Original scale bar, 100 um.
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was prevented by the 5-LO inhibitor BWA4C and by the
PPAR'y inhibitor T0070907 (Fig. 6A; P<0.05 vs. RSG; n=4),
demonstrating that CD36 expression induced by RSG in M-
CSF BMMs is PPARYy- and 5-L.O-dependent. Next, we analyzed
the ability of LXA, to induce CD36 expression in macro-
phages and the involvement of PPARY in this effect. Accord-
ingly, we used M-CSF BMMs obtained from WT and condi-
tional PPARy /"~ mice with a myeloid-specific ablation of
PPARY [26], in which a clear reduction of PPARy mRNA is
observed (Fig. 6B). Our data show for the first time that LXA,
induces the expression of CD36 in macrophages from WT
mice (Fig. 6B; P<<0.05 vs. vehicle; n=4) and suggest that
LXA,, at least partly, mediates the effects observed after
PPARY activation. Moreover, LXA,, but not RSG, induced the
expression of CD36 in PPARy 7~ BMMs, indicating that the
direct effect of LXA, is independent of PPARYy (Fig. 6B;
P<0.05 vs. vehicle; n=4). This was confirmed further by study-
ing the ability of LXA, to bind the LBD of PPARy in a TR-
FRET assay [31]. Whereas RSG, a bona fide PPARvy agonist,
induced FRET in a concentration-dependent manner (with an
EC;, of 1.78 nM; Fig. 6C), LXA, did not bind to the PPARy
LBD in a similar assay, demonstrating that XA, is not a direct
PPARYy agonist. Likewise, LXA, failed to increase PPARYy tran-
scription factor activity in M-CSF BMMs (Fig. 6D; P>0.05; n=5).

The role of the PPAR7y/5L.O pathway and L. XA, in phago-
cytosis by M-CSF BMMs and the involvement of CD36

To confirm directly the role of the PPARy/5-LO pathway and
LXA, in phagocytosis as a result of CD36 expression, we ana-
lyzed the phagocytosis of CFSE-labeled apoptotic neutrophils
by M-CSF BMMs in vitro (Fig. 7A-C). RSG and LXA, in-
creased CFSE intensity in macrophages after coincubation with
apoptotic CFSE™ neutrophils (Fig. 7A). Moreover, RSG and
LXA, treatment increased the M-CSF BMM phagocytotic index
(CFSE mean intensityXnumber of CFSE™ macrophages; Fig.
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7B and C; P<0.05 vs. vehicle; n=4-6). This effect was associ-
ated with an increased expression of CD36, determined by
flow cytometry analysis of isolated M-CSF BMMs, previous to
the phagocytosis assay (Fig. 7D). Notably, an anti-CD36 anti-
body inhibited the increase in the phagocytotic index induced
by RSG and LXA, (Fig. 7A-C; P<0.05; n=4-6)—further evi-
dence that RSG-mediated CD36 expression plays a role in re-
solving inflammation through the phagocytosis of neutrophils.

DISCUSSION

We have investigated the role of PPARYy in the resolution of in-

flammation after ischemic stroke. As a result, we demonstrate
that PPARvy activation with RSG induces 5-LO-dependent CD36
expression in resident microglia that participates in resolution of
inflammation by phagocytosis in an experimental model of
stroke.

The recognition and phagocytosis of apoptotic cells by
phagocytic cells, such as macrophages, are central to the suc-
cessful resolution of an inflammatory response. In the case of
stroke, a setting in which a potent inflammatory response has
been described, pharmacological strategies able to enhance or
to promote a well-orchestrated inflammation resolution could
be potential therapies for this pathology. This could be the
case of PPAR+y agonists: our present results demonstrate that
the number of neutrophils engulfed by microglia/macro-
phages increased in the brains of RSG-treated animals, sup-
porting phagocytosis as a final consequence of PPARYy activity
in stroke. Consistently, the rate of decay of neutrophil num-
bers between Days 1 and 2 was only negative in the animals
treated with RSG. In addition and in agreement with previous
reports of microglia deactivation after phagocytosis [32], di-
minished microglial reactivity was found in RSG-treated ani-
mals (Fig. 1). Moreover, RSG treatment diminished the ex-
pression of the proinflammatory markers TNF-o and MCP-1.
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Altogether, these data indicate that a PPARy-induced increase
in phagocytosis promotes resolution in the ischemic brain.
Scavenger receptors fulfill a fundamental role in phagocyto-
sis, and CD36 is a scavenger receptor known to mediate
phagocytosis of damaged, apoptotic, or senescent cells in dif-
ferent settings [24, 35-37]. CD36 has been claimed to be a
PPARY target gene [19]; this could therefore explain PPARY-
induced phagocytic effects. Consistently, increased phagocyto-
sis was reported after PPARy-induced CD36 up-regulation in
different settings, including phagocytosis of apoptotic neutro-
phils [21, 23], malaria-parasitized erythrocytes [38], and also
in the CNS [39-41]. Hence, we investigated CD36 expression
in the ischemic brain and the role of PPARY in this process.
The expression of CD36 was promoted by ischemic occlusion
and more importantly, increased further by the PPARYy agonist
RSG, determined by immunoblotting, 24 h after MCAO (Fig.
2). Immunofluorescence analysis of the ischemic brain tissue
showed that CD36™ cells colocalized with the myeloid marker
CD11b. In addition, the results obtained using flow cytometry
analysis of brain cell suspensions (Fig. 3) clearly revealed that
CD36 was expressed abundantly in the ischemic brain and that
it was largely associated with CD11b"CD45'" cells described in
the literature as microglial cells [42—44]. Moreover, RSG in-
creased the number of myeloid cells expressing CD36 after
MCAO in a PPARy-dependent fashion. Thus, our data point to
a role of CD36 up-regulation in the proresolving effects of
PPARY in stroke. These effects are likely to be performed,
mainly by resident microglia and to a lesser extent, by myeloid
infiltrates. In this context, CD36 up-regulation in the CNS by
RSG has been linked to improved hematoma resolution [41]

www jleukbio.org

Figure 6. Involvement of 5-LO in RSG-induced CD36 up-regulation in M-CSF BMMs: LXA, as a
mediator. (A) CD36 and PPARy mRNA expression in M-CSF BMMs, 24 h after treatment with
RSG, BWA4C (BW), RSG + BWA4C, RSG + T0070907, or the vehicle alone (*P<0.05 vs. vehi-
cle; #P<0.05 vs. RSG; n=4/group). (B) Expression of CD36 and PPARy in PPARy*/™ or
PPAR'y’/’ M-CSF BMMs treated for 5 h with RSG, LXA,, or the vehicle alone (*P<0.05 vs.
PPARYy "/ +vehicle; n=4/group). (C) TR-FRET assay of the binding of RSG or LXA, to the
LBD of PPARY. (D) Time course of PPARYy transcription factor activity in M-CSF BMMs treated
with vehicle, RSG, or LXA, (*P<0.05 vs. vehicle; n=5).

and B-amyloid peptide clearance in the brain [39, 40]. Al-
though deleterious effects of CD36 have been reported [45],
such effects may be counteracted in our experimental condi-
tions by the anti-inflammatory and lipid homeostatic proper-
ties of PPARYy activation [20]. Of note, local microglial prolif-
eration and its phagocytic activity have been shown to predom-
inate over hematogenous macrophages in the early stages of
ischemic stroke [28, 46], pointing to a relevant role for micro-
glial CD36 up-regulation in tissue clearance and resolution of
acute inflammation, at least after PPARy activation.

We have shown previously that arachidonate 5-L.O, an enzyme
encoded by the Alox5 gene, is an absolute requirement in the
neuroprotective and anti-inflammatory effects of PPARy agonists
in a rat model of stroke [15]. Our present data confirm these
results and demonstrate that in addition, 5-L.O is involved in the
proresolving actions (phagocytic events, NDR, and microglial re-
activity; Fig. 1) of this nuclear receptor, as they are all absent in
Alox5~/~ animals. Furthermore, RSG-induced up-regulation of
CD36 was not observed in the ischemic brain of 5-LO™/ " mice
or of animals treated with the 5-LO inhibitor BWA4C (Fig. 3). To
the best of our knowledge, this is the first demonstration of the
participation of 5-LO in PPARyinduced CD36 expression and
subsequent proresolving effects.

In agreement with our previous observation of rats, RSG
also induced de novo expression of 5-LO in neurons in the
mouse brain (Fig. 4). This effect was confirmed further in cul-
tures of rat cortical neurons, where RSG mediated specifically
the up-regulation of the neuronal 5-LO in a PPARy-dependent
fashion (Fig. 5). Overall, our results point to a byproduct of
5-LO metabolism as the mediator of the PPARYy/5-LO signals
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that lead to CD36 expression and increased resolution in the
ischemic brain. RSG increased the levels of the proresolving
5-LO metabolite LXA, in the ischemic mouse brain and in
cultured rat cortical neurons but not in Alox5~/~ mice or in
cultured astrocytes. The PPARy-mediated expression of 5-LO
and the subsequent LXA, synthesis following RSG administra-
tion in our models were confined mainly to neurons, suggest-
ing that these cells are essential control sites of PPARYy activity,
at least in the ischemic brain. However, we cannot discard that
apart from this paracrine action, an autocrine effect at a single
cell type—microglia—might also take place.

To clarify this issue further, we studied the direct effects of
LXA, compared with those of RSG in M-CSF BMMs (Fig. 7).
These macrophages, derived of bone marrow cells cultured in
M-CSF, are a frequently used and convenient population to study
macrophage function and are likely to be representative of tissue
macrophage populations rather than recruited “proinflamma-
tory” macrophages [47]. Again, we show that RSG induces CD36
expression in these cells, which is dependent on 5-LLO, as this
effect was absent in the presence of the 5-LLO inhibitor BWA4C.
This experiment supports the existence of the autocrine mecha-
nism suggested previously. In addition, our data are the first to
demonstrate that LXA, can induce the in vitro expression of
CD36 in macrophages. Furthermore, this effect of LXA, was in-
dependent of PPARYy, as LXA,, but not RSG, induced the expres-
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sion of CD36 in PPARy™/~ BMMs. Indeed, XA, did not bind to
the LBD of PPARY, indicating that LXA, is not a direct, bona
fide PPARvy agonist, nor did LXA, increase PPARy transcription
factor activity at the times studied in BMMs. We had suggested
previously that LXA, could have PPAR+y agonistic properties
based on the study of PPARYy transcriptional activity using a het-
erogeneous preparation of isolated nuclei from the ischemic
brain [15]. Several reasons might explain these results: in isolated
brain nuclei, the balance of coactivators and corepressors of
PPARY is likely to be altered, and therefore, this preparation
does not recapitulate adequately a physiological setting. In addi-
tion, we cannot discard a synergistic, indirect effect of LXA, of
PPARY activity in certain PPARy™ cells types—an issue that re-
quires additional investigation.

The mechanism by which LXA, induces CD36 requires fur-
ther study, although it may involve the activation of receptors,
such as LXA, receptor or aryl hydrocarbon receptor [48, 49].
In this context, it has been suggested that the transcriptional
activation of CD36 by PPARYy agonists is only indirectly depen-
dent on PPARYy [50]. Now, it remains to be studied whether at
least part of the induction of CD36 after PPARYy activation is
directly dependent on byproducts of 5-LO, such as LXA,.

In the absence of PPARYy activation, phagocytosis was enhanced
in Alox5~/ mice, indicating that phagocytosis can also be regu-
lated by pathways other than PPAR7y/5-1.O-mediated signaling. In
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Figure 8. Schematic diagram. PPARYy activation with RSG induces 51.O-de-
pendent CD36 expression in resident microglia that participates in resolution
of inflammation by phagocytosis in an experimental model of stroke.

this context, it has been reported that CD36 mediates a nonin-
flammatory clearance of apoptotic cells [36, 51], in agreement
with the hereby-reported anti-inflammatory properties of PPARy
agonists, which are associated mainly with resident microglial
cells of the ischemic tissue. In contrast, up-regulation of phagocy-
tosis in Alox5~ /" does not seem to contribute to resolution of
inflammation in ischemic stroke, as evidenced by a high Ibal im-
munoreactivity and a high expression of the proinflammatory
cytokine IL-6, together with a defective neutrophil clearance dis-
played by these mice, despite their increased phagocytic index.
These results strongly suggest that loss of 5-L.O activity results in
an aberrant phagocytosis of apoptotic cells, in agreement with
previous findings obtained after loss of 12/15-LO activity that
associate lipoxygenases and by extension, lipid oxygenation to the
maintenance of immune tolerance [52].

In summary (Fig. 8), we demonstrate that CD36 expression,
induced by the PPARYy pathway, is involved in the resolution of
inflammation and the subsequent clearance of infiltrated neutro-
phils in stroke. We also show the crucial role of the PPAR7y/5-LO
pathway or directly, of LXA,: our findings suggest a paracrine
model by which 5-LO products, such as LXA,, derived from neu-
rons of the ischemic brain after PPARY activation, affect the phe-
notype of resident myeloid cells. In addition, RSG induced CD36
expression in isolated macrophages in a 5-LO-dependent man-
ner, indicating that an autocrine model may also underlie the
normal functioning of the PPARy/5-LLO pathway.
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