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MMP-12, a macrophage-specific matrix metalloproteinase with large substrate specificity, has

been reported to be highly expressed in mice, rabbits and human atherosclerotic lesions. Increased
MMP-12 from inflammatory macrophages is associated with several degenerative diseases such as
atherosclerosis. In this manuscript, we show that IL-1β, a proinflammatory cytokine found in
atherosclerotic plaques, increases both mRNA and protein levels of MMP-12 in human monocyte-
derived macrophages (HMDM). Since peroxisome proliferator-activated receptors (PPARs), such as
PPARα and PPARγ, are expressed in macrophages and because PPAR activation exerts an anti-
inflammatory effect on vascular cells, we have investigated the effect of PPARα and γ isoforms on
MMP-12 regulation in HMDM. Our results show that MMP-12 expression (mRNA and protein) is
down regulated in IL-1β-treated macrophages only in the presence of a specific PPARα agonist,
GW647, in a dose-dependent manner. In contrast, this inhibitory effect was abolished in IL-1β-
stimulated peritoneal macrophages isolated from PPARα−/− mice and treated with the PPARα

agonist, GW647. Moreover, reporter gene transfection experiments using different MMP-12
promoter constructs showed a reduction of the promoter activities by ∼50% in IL-1β-stimulated
PPARα-pre-treated cells. However, MMP-12 promoter analysis did not reveal the presence of a
PPRE response element. The IL-1β effect is known to be mediated through the AP-1 binding site.
Mutation of the AP-1 site, located at −81 in the MMP-12 promoter region relative to the
transcription start site, followed by transfection analysis, gel shift and ChIP experiments revealed
that the inhibitory effect was the consequence of the protein–protein interaction between GW
647-activated PPARα and c-Fos or c-Jun transcription factors, leading to inhibition of their binding
to the AP-1 motif. These studies suggest that PPARα agonists may be used therapeutically, not only
for lipid disorders, but also to prevent inflammation and atheromatous plaque rupture, where their
ability to inhibit MMP-12 expression in HMDM may be beneficial.
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Introduction

Atherosclerosis is a complex inflammatory process, occurring over
several decades and involving a series of events that profoundly
affect the structure and composition of the arterial wall. Mature
human atherosclerotic plaques are frequently characterized by a
lipid-rich core covered by a fibrous cap composed of fibrillar
collagens, elastin, proteoglycans and smooth muscle cells. Inflam-
matory cells, such as macrophages, are abundantly present in
vulnerable shoulder regions of atherosclerotic plaques [1]. The
accumulation of macrophages correlates with increased local
release ofmatrix-degradingmetalloproteinases (MMPs) andweak-
ened fibrous cap tissue [1,2]. These findings suggest a potential role
of macrophage-derived MMPs in the weakening and ultimate
rupture of plaque structure.

MMPs, a family of more than 25 calcium-activated, zinc-
containing, neutral endopeptidases [3–6] are capable of degrading
variousmatrix proteins [7]. Among these MMPs, MMP-12 has been
reported to be expressed in atherosclerotic lesions [8–12].

MMP-12 (macrophage elastase) was first identified as an
elastolytic metalloproteinase specifically secreted by activated
macrophages [13,14]. Besides its elastase activity, MMP-12 displays
a wide substrate specificity, being able to act on a variety of
extracellular matrix (ECM) proteins such as fibronectin, laminin,
vitronectin, heparin sulphate and collagen type IV [15,16]. Thus,
MMP-12 not only digests elastin but can also degrade the base-
ment membrane, which enables macrophages to penetrate injured
tissues during inflammation [16]. It has been reported that inc-
reased activity of MMP-12 from inflammatory macrophages is
associated with several diseases involving extracellular matrix
destruction, including atherosclerosis [17–19]. Thus, the high ex-
pression level ofmacrophage-derivedMMP-12 in animal or human
atherosclerotic lesions might be the consequence of macrophage
proinflammatory-mediators [18,20,21] and/or modified LDL [18].
Moreover, we have shown in a recent publication that plasma
MMP-12 concentration was associated with the presence of
coronary artery diseases (CAD) [22]. Interestingly, a common poly-
morphism in the MMP-12 gene promoter (an A to G substitution at
position-82) influences the binding of the transcription factor
activator protein-1 (AP-1) [23]. This −82 A/G polymorphism was
found to be associated with variations in coronary artery luminal
dimensions in diabetic patients with manifest coronary artery
disease [23]. These data strongly suggested that excess macro-
phage-derived MMP-12 production, in cooperation with other
MMPs present, might play a pivotal role in both the initiation and
progression of atherosclerosis.

A large body of data gathered over these past years has iden-
tified the peroxisome proliferator-activated receptors (PPAR) α, γ
and β/δ as transcription factors exerting modulatory actions in
vascular cells [24]. PPARs regulate transcription of target genes by
heterodimerizing with the retinoid X receptor (RXR) and binding
to PPAR response elements (PPRE) in transcriptional regulatory
regions of target genes [25]. PPARs can also repress gene expres-
sion in a DNA-binding-independent manner by interfering with
other signalling pathways as well as in a DNA-binding-dependent
way through the recruitment of co-repressors [26]. PPARα and
PPARγ activators such as fibrates (clofibrate, fenofibrate) and
thiazolidinediones (rosiglitazone, pioglitazone) are clinically avail-
able and are used to treat lipid disorders and diabetes, respectively
[27,28]. The role and development of PPARβ/δ ligands is still under
investigation.

Since PPARα [29–31] and PPARγ [29,32,33] are highly expressed
in macrophages; they may affect macrophage function and devel-
opment of atherosclerosis. Indeed, several studies reported that
PPARα and PPARγ agonists inhibit the development of athero-
sclerosis in apolipoprotein E-deficient (apoE−/−)mice [34] and in low-
density lipoprotein (LDL) receptor-deficient (LDLr−/−) mice [35–38].
The inhibition of atherosclerosis occurs through a reduction in
inflammatory gene expression as well as through a decrease in
chemoattractant and adhesion molecule gene expression [31,39,40].

In this study we investigated the effect of the 3 PPAR isoforms
on MMP-12 regulation in HMDM. Our results indicate that neither
PPARγ nor PPARβ/δ affected the expression ofMMP-12. However, a
significant and concentration-dependent down regulation of
macrophage MMP-12 expression was observed with a PPARα
agonist (GW647) acting in a DNA-binding-independentmanner, by
interfering with the AP-1 signalling pathway.
Materials and methods

Isolation and culture of human monocytes

Mononuclear cells were isolated from buffy-coats of healthy
normolipidaemic donors using Ficoll gradient centrifugation and
were subsequently cultured in RPMI 1640 medium containing
gentamycin (10 μg/ml) (Sigma, Saint Quentin, France), glutamine
(1%) (Invitrogen, France) and 10% pooled human serum (Promo-
Cell, Heidelberg, Germany) at a density of 2×106 cells/well for
mRNA assays and 1.2×106 cells/well for transfection assays in
6-well Primaria-plastic culture dishes (Becton-Dickinson, France).
Differentiation of monocytes into macrophages was allowed to
occur spontaneously by adhesion of cells to the culture dish and
continued maturation during a subsequent 12-day culture period.
The cells were washed and either untreated or treated separately
with different PPARα, γ and β/δ agonists (GlaxoSmithKline). It is
important to note that the different concentrations of the 3 PPAR
agonists used in this study were 0.06, 0.6 and 6 μM. Indeed, the
general rule, for in vitro study, is the use of a concentration of at least
EC50×100. The EC50 values for GW647 andGW929were reported to
be equivalent to ∼0.006 μM [41,42]. However, the EC50 for GW516
was reported to be 1.8±0.4 nM [42]. Therefore, we have used
GW647 and GW929 at three different concentrations: a concentra-
tion equivalent to the EC50×100=0.6 μM, a concentration 10 times
lower the EC50×100 (=0.06 μM) and a concentration 10 times
higher the EC50×100 (=6 μM). For the agonist, GW516,wehave used
0.018 μM, 0.18 μM and 1.8 μM. Nevertheless, since we observed no
effect on MMP-12 expression with these latter concentrations of
GW516 (data not shown) and for a better comparison between the 3
PPAR agonists, we decided to showhere results obtainedwith the 3
different agonists used at the same concentrations (Figs. 1A and B
and 2). It is also important to note that we did not detect any cell
toxicity or any nuclear receptor cross activation using these
concentrations (not shown).

Isolation of mice peritoneal macrophages

Peritonealmacrophageswere isolated fromC57BL/6wild type (n=4)
or C57BL/6 PPARα knock-out mice (PPARα−/−) (n = 4) by



Fig.1 – Effect of PPARα, γ or β/δ agonists on IL-1β-mediated induction ofMMP-12mRNA and protein in HMDM. Cells were untreated
or treated with the PPARα agonist, GW647 (at 0.06 and 0.6 μM), the PPARγ agonist, GW 929 (at 0.06 and 0.6 μM) or the PPAR β/δ
agonist, GW 516 (at 0.06 and 0.6 μM) for 1 h. All cells were stimulated for 24 h with vehicle (control) or with Il-1β at 5 ng/ml. (A) Total
RNA was extracted and MMP-12 and 36B4 mRNA (for normalization) were evaluated by Q-PCR. (B) Secreted MMP-12 protein levels
were determined by ELISA. The cells were washed with PBS and lysed, and cell protein levels were determined with the Lowry
procedure. All dishes contained ∼ the same level (variation between dishes were <5%). Bars represent means±S.D. of three separate
experiments, each performed in duplicate (⁎⁎p<0.01; ⁎⁎⁎p<0.001). 100% (in A) corresponds to the MMP-12/36B4 mRNA ratio of cells
which have not been pre-treated with PPAR agonists but stimulated with Il-1β at 5 ng/ml for 24 h.

3407E X P E R I M E N T A L C E L L R E S E A R C H 3 1 4 ( 2 0 0 8 ) 3 4 0 5 – 3 4 1 4
intraperitoneal lavage with PBS. These mice were a kind gift of Dr
Thierry Pineau from the molecular pharmacology team, INRA,
Toulouse, France. Total RNA was extracted by Trizol (Life Technolo-
gies, France) as described above.

MMP-12 quantification by enzyme-linked immunosorbent
assay (ELISA)

MMP-12 concentrations in culture media of HMDM were mea-
sured by ELISA. The MMP-12 kit was not commercialised, but was
kindly provided by Ingel K Demedts who developed the assay in
cooperation with industrial partners (Immunotech, Marseille,
France and Schering-Plough LIR, Dardilly, France). Antibodies
used for the assay were mAb 701E4.03 for capture and mAb
706F9.01 for detection of MMP-12. Recombinant MMP-12 was
immunopurified with a third mAb, 603.E6. Recombinant human
MMP-12 with known concentrations was used as a standard.
Sensitivity of the assay was <50 pg/ml. It did not detect other
related MMPs like MMP-1, MMP-3 and MMP-9. The coefficient of
variation was <6%.

MMP-12 activity assay

Following cell treatment, supernatants were collected, centrifuged
and kept at −80 °C until use. The cells were washed with serum-
free PBS, lysed with buffer (component D of the MMP-12 assay kit)
containing 0.1% Triton X-100 (v/v) and MMP-12 activity was
measured by the Enzolyte™ 520 MMP-12 Assay Kit (Tebu-Bio,
France) which detects MMP-12 activity using a 5-FAM/QXL™ 520
FRET peptide as a substrate with its fluorescence monitored at Ex/
Em=490 nm/520 nm upon proteolytic cleavage. This substrate
shows excellent specificity to MMP-12 and minimal cross-reaction
withMMP-1, MMP-2, MMP-7, MMP-8, MMP-9, MMP-13 andMMP-
14 as stated by the supplier. MMP-12 activity was determined
according to the manufacturer's instructions. In addition, we have
demonstrated that the RXP407.1 almost completely inhibited the
MMP-12 activity indicating that the activity we have measured
was specific for MMP-12. Indeed, the RXP407.1 was described by
Devel et al. as a highly specific MMP-12 inhibitor [43].

RNA extraction and analysis

Total RNA was extracted from cells using Trizol (Life Technologies,
France). For quantitative PCR (Q-PCR), reverse transcribedMMP-12
mRNA was quantified by real time PCR on a MX4000 apparatus
(Stratagene, La Jolla, CA), using specific oligonucleotide primers for
human MMP-12 (forward: 5′-GAC AAA TAC TGG TTA ATT AGC AGT
TTA AGA CCA GAG CCA AAT TAT C-3′ and reverse: 5′-AAG TAG TGG
TAC CCT GAG GAC ATA GCA A-3′), and murine MMP-12 (forward:
5′-CTG GAC AAC TCA ACT CTG GCA A-3′ and reverse: 5′-ATT ATA
GAT CCT GTA AGT GAG GTA CCG C-3′). PCR amplification was
performed in a volume of 25 μl containing 100 nM of each paired
primer, 4 mM MgCl2, and the Brilliant Quantitative PCR Core
reagent Kitmix as recommended by themanufacturer (Stratagene).
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The thermal cycling conditions were 95 °C for 10 min, followed by
40 cycles of 30 s each at 95, 55, and 72 °C. The levels of MMP-12
mRNAs were normalized to the internal control, 36B4mRNA, using
the human primer set (forward: 5′-CAT GCT CAA CAT CTC CCC CTT
CTC C-3′ and reverse: 5′-GGGAAG GTG TAATCC GTC TCC ACAG-3′)
or the murine primer set (forward: 5′-CGT GAT GCC CAG GGA AGA
CAG-3′ and reverse: 5′-TTA GTC GAA GAG ACC GAA TC-3′).

Plasmids and transient transfection assays

Plasmids
The human MMP-12 promoter constructs were generated by PCR
using Pfu polymerase (Stratagene) with human genomic DNA as a
template. One XhoI site-linked 5′-primers (5′-GAA TTG CTC GAG
TGA TGG ACT AGA TGC-3′) and a Hind III site-linked 3′-primer (5′-
CCA AGC TGG TAG AGC TGT TCA GG-3′) specific for the MMP-12
genomic sequence (AY: 856072) were used to amplify and clone a
292 bp genomic fragment. This fragment was transferred into the
promoterless firefly luciferase reporter vector pGL3-Basic (Pro-
mega) in the correct orientation, using the corresponding digestion
enzymes. The firefly luciferase reporter vector in pGL3-Basic
containing the human MMP-12 promoter (292 bps) with mutated
AP-1 was generated using the QuikChange Site-Directed Mutagen-
Fig. 2 – Effect of PPARα, γ or β/δ agonists on IL-1β-mediated
induction of MMP-12 activity in the supernatant of HMDM.
Cells were untreated or treated with the PPARα agonist, GW647
(at 0.06 and 0.6 μM), the PPARγ agonist, GW 929 (at 0.06 and
0.6 μM) or the PPAR β/δ agonist, GW 516 (at 0.06 and 0.6 μM) for
1 h. All cells were stimulated for 24 h with vehicle (control) or
with Il-1β at 5 ng/ml. MMP-12 activities were determined in the
cell supernatant according to the protocol described in the
methods section. Bars represent means±S.D. of three separate
experiments, each performed in duplicate (⁎p<0.05;
⁎⁎⁎p<0.001).100% corresponds to the MMP-12 of cells which
have not been pre-treated with PPAR agonists but stimulated
with Il-1β at 5 ng/ml for 24 h. Similar experiments were
performed in the presence of RXP407.1 at 10 nM. In all cases the
MMP-12 activity was almost completely inhibited.
esis Kit (Stratagene). A point mutation was introduced in the AP-1
site contained within the humanMMP-12 promoter using Pfu DNA
polymerase, double-stranded plasmid DNA and a synthetic
complementary oligonucleotide primer containing the desired
mutation. The nucleotide sequences of the construct were verified
by automated sequencing (Applied Biosystems Inc., Foster City,
USA). Plasmid DNA was prepared using the Qiagen Maxi Prep kit
(Qiagen). Expression plasmids for human PPARα have been
previously described [44]. In transfection assays, HMDM grown in
6-well culture dishes in RPMI 1640 supplemented with 10% pooled
human serum, were transiently transfected with the luciferase
reporter plasmids (described above) in the presence of c-fos, c-Jun
and/or pSG5-hPPAR-α expression vectors or corresponding empty
vectors, using jetPEI-Man transfection reagent (Ozyme, France).
Transfection efficiency, analysed by flow cytometry using a GFP
expression control plasmid, was about 30%. The β-galactosidase
expression vector (100 ng of a pCH110-β-Gal, Pharmacia, France)
was co-transfected as a control for transfection efficiency. Twenty
hours post-transfection, the medium was renewed (RPMI 1640
with 1% human serum) and supplemented or not with a PPAR-α
agonist. After 24 h, cells were washed with PBS, lysed in 100 μl of
Passive Lysis Buffer (Promega) at room temperature for 30 min and
subjected to luciferase and β-galactosidase assays as previously
described [45]. For each plasmid, the ratio between measured
luciferase andβ-galactosidase activity in the control cells was set to
1 and subsequently this value was used as a reference for each
individual treatment.

Electrophoretic mobility shift assays
Human PPARα, RXRα, c-Fos and c-Jun were synthesized in vitro
using the TNT Quick Coupled Transcription/Translation System
(Promega). A 21-bp (5′-CGC TTG ATG ACT CAG CCG GAA-3′)
double-stranded oligonucleotide, containing the consensus AP-1
sequence was used as a control AP-1. Double-stranded oligonu-
cleotides, corresponding to a putative AP-1/MMP-12 and its
mutated form were end-labeled with [-32P]ATP by using T4-
polynucleotide kinase. Either protein (2.5 μl) was incubated for
15 min at room temperature in a total volume of 20 μl with 2.5 μg
poly (dI-dC) and 1 μg herring sperm DNA in binding buffer (10 mM
Tris, pH 8.0; 40 mM KCl; 0.05% Nonidet P-40; 6% glycerol; and
1 mM dithiothreitol) before the radiolabeled probe was added.
Binding reactions were further incubated for 15 min and resolved
by 4% non-denaturing polyacrylamide gel electrophoresis in 0.25×
TBE buffer. For competition experiments, a 50-fold excess of
unlabeled oligonucleotides over the labeled probe were included
in the binding reaction.

Chromatin immunoprecipitation (ChIP) assays
Experiments were performed with a ChIP assay kit (Upstate),
according to the manufacturer's procedures. Briefly, 10×106 cells
were treated with 1% formaldehyde for 10 min at 37 °C.
Subsequent procedures were performed on ice in the presence of
protease inhibitors. Cells cross-linked by formaldehyde-treatment
were harvested, washed with PBS, and lysed in sodium dodecyl
sulphate lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris–HCl, pH
8.1) for 10 min at 4 °C. Chromatin was sonicated with five 10-s
pulses at 30% amplitude (sonifier, Branson Ultrasonic Corp). After
centrifugation (10min, 4 °C, 14,000 g), the supernatant was diluted
10-fold with ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100,
1.2 mM EDTA, 16.7 mM Tris–HCl, pH 8.1, 167 mM NaCl). Diluted
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extracts were precleared in the presence of salmon sperm DNA–
protein A-agarose beads (ChIP assay kit; Upstate). One-tenth of the
diluted extract was kept for a direct PCR (Input). The remaining
extracts were incubated for 16 h at 4 °C in the presence of 1 μg of
specific antibodies per millilitre, followed by 1 h of incubationwith
salmon sperm DNA–protein A-agarose beads. Anti-c-Fos antibo-
dies (H-125) were purchased from Santa Cruz Biotechnology.
Following extensive washing, bound DNA fragments were eluted
by a 30-min incubation in elution buffer (1% SDS, 0.1 M NaHCO3).
The DNAwas recovered for 4 h at 65 °C in elution buffer containing
200 mM NaCl and then incubated in the presence of proteinase K
(20 μg/ml) for 1 h at 45 °C. DNA was extracted in the presence of
phenol-chloroform and chloroform-isoamyl alcohol and ethanol-
precipitated before being subjected to PCR by using specific
oligonucleotide primers containing the human MMP-12 AP-1 site
(forward: 5′-GCA CCA CTG CTA GCA ATT CTA CCT TTG G-3′ and
reverse: 5′-CCA AGC TTG TAG AGC TGT TCA GG-3′).

Statistical analysis

Statistical analyses were performed using the Student's t-test and
probability values <0.05 were considered significant.
Fig. 3 – Effect of a PPARα agonist on IL-1β-mediated induction
ofMMP-12mRNA in peritonealmacrophages isolated fromwild
type or PPARα-deficient (PPARα−/−) mice. Cells were isolated
from wild type (n=4, black bars) or PPARα−/− (n=4, grey bars)
mice by peritoneal lavage with PBS. The cells were untreated or
treated with the PPARα agonist, GW647 (at 0.06 or 0.6 μM) for
1 h. Cells were stimulated for 24 hwith vehicle (control) or with
Il-1β at 5 ng/ml. Total RNAwas extracted and MMP-12 and 36B4
mRNA levels (for normalization) were evaluated by Q-PCR. Bars
represent means±S.D. of 4 separate experiments, each
performed in duplicate (⁎⁎⁎p<0.001; NS=non-significant).100%
corresponds to the MMP-12/36B4 mRNA ratio of cells isolated
from wild type mice which have not been pre-treated with a
PPARα agonist but stimulated with Il-1β at 5 ng/ml for 24 h.
Results and discussion

MMP-12, a macrophage-specific matrix metalloproteinase with
large substrate specificity, has been reported to be highly
expressed in mice, rabbits and human atherosclerotic lesions
[17–19]. In this manuscript, we tested the effect of inflammatory
cytokines such as IL-1β and TNF-α, known to be present in
atherosclerotic plaques, and lipopolysaccharide (LPS), a compo-
nent of the gram-negative bacterial wall known to mimic bacterial
inflammation. We showed that IL-1β increased both mRNA and
protein levels of MMP-12 in HMDM (Figs. 1A and B) and MMP-12
activity in the supernatant of these cells (Fig. 2). The same results
were obtained with TNF-α and LPS (not shown). It is interesting to
note that increased activity of MMP-12 from inflammatory
macrophages is associated with several degenerative diseases
such as emphysema [46,47], rheumatoid arthritis [48,49], abdom-
inal aortic aneurysms [50] and atherosclerosis [17–19]. Thus, the
high expression level of macrophage-derivedMMP-12 in animal or
human atherosclerotic lesions might be the consequence of the
presence of proinflammatory-mediators such as IL-1β and TNF-α.

Since peroxisome proliferator-activated receptors (PPAR) and
particularly PPARα [29–31] and PPARγ [31–33] are highly
expressed in macrophages and because PPAR activation has been
reported to exert an anti-inflammatory effect on vascular cells, we
have conducted studies to investigate the effect of the 3 PPAR
isoforms on MMP-12 regulation in HMDM.

Our results showed that MMP-12 expression (mRNA and
protein) and MMP-12 activity were down regulated in IL-1β-
treated macrophages only in the presence of a specific PPARα
agonist GW647 in a concentration-dependent manner: i) ∼58±
16% and ∼69±11% reduction in MMP-12 mRNA levels with 0.06
and 0.6 μM respectively (Fig. 1A); ii) ∼65±4% and ∼75±4%
reduction in MMP-12 protein concentrations in cell culture
media with 0.06 and 0.6 μM (Fig. 1B) and iii) ∼30±12% and ∼42
±17% reduction in MMP-12 activity in the supernatants of culture
mediawith 0.06 μM and 0.6 μM respectively (Fig. 2). Similar results
were obtained in TNFα or LPS-treated cells (not shown). Therefore,
we have focussed our study on MMP-12 gene regulation in HMDM
by using only a PPARα agonist.

Next, we reported that the inhibition observed with a PPARα
agonist was abolished in IL-1β, TNFα or LPS-stimulated peritoneal
macrophages isolated from PPARα−/− mice and treated with the
PPARα agonist, GW647, at 0.06 and 0.6 μM (Fig. 3) (not shown for
TNFα and LPS). To elucidate the mechanism underlying MMP-12
mRNA inhibition by the PPARα agonist in IL-1β, TNFα or LPS-
activated HMDM, we performed reporter gene transfection
experiments using −862/+111 bp and −181/+111 bp MMP-12
promoter constructs. Treatment of HMDM with IL-1β (5 ng/ml)
increased activity of both fragments by 2.2 to 3.5 fold (Fig. 4).
When cells were treated with a PPARα agonist (0.6 μM), promoter
activity was reduced by ∼50% to 60% (Fig. 4). Similar results were
obtained when HMDMwere activated by TNFα or LPS then treated
with the PPARα agonist, GW647, at 0.6 μM (not shown). PPARα
regulates the transcription of target genes by heterodimerizing
with the retinoid X receptor (RXR) and binding to PPAR response
elements (PPRE) in transcriptional regulatory regions of target
genes. Therefore, MMP-12 promoter analysis was performed to
identify a PPRE response element. However, no PPRE was found in
a ∼1 kb fragment of theMMP-12 promoter. This inhibitory effect of
the PPARα agonist may be explained by the ability of PPARα to



Fig. 4 – Effect of a PPARα activator on IL-1β-induced MMP-12 promoter activity in HMDM. Cells were transiently co-transfected
with one of three MMP-12 promoter luciferase reporter constructs (pGL3 −181/+111, pGL3 −862/+111 or pGL3 −862/+111 in which
the AP-1 site was mutated), human pSG5 PPARα expression vectors and pCH110, a β-galactosidase vector (for normalization).
After 20 h, cells were pre-treated or not for 1 h with GW647 (0.6 μM) and then stimulated with vehicle or with IL-1β at 5 ng/ml
for 24 h. The cells were then lysed and both luciferase and β-galactosidase activities were determined as described in Materials and
Methods. Bars represent means±SD of three separate experiments, each performed in triplicate (⁎⁎⁎p<0.001).
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repress MMP-12 gene expression in a DNA-binding-independent
manner by interfering with other signalling pathways. Indeed, IL-
1β, TNFα and LPS are known to activate AP-1 proteins through
several cell signalling pathways which often involve members of
the mitogen-activated protein kinases including Jun and Fos-
regulating kinases [51,52]. Because a putative binding site for AP-1
was identified at position −81 [21,23], a gene transfection expe-
riment was performed using a construct containing the −973 bp
promoter fragment in which the AP-1 site (−81) was mutated by
site-directed mutagenesis which abolishes its function. The
promoter activity was completely abolished after transfection
with the mutated construct, even in the presence of IL-1β (Fig. 4).
Similar results were observed with TNF-α or LPS (not shown).
These data indicate that the AP-1 site is necessary for both basal
and inducible MMP-12 promoter activity. Our data are in
agreement with data reported earlier by Feinberg et al. [21].

As described above, the PPARα agonist significantly decreased
MMP-12 mRNA expression in HMDM that had been stimulated
with IL-1β but without reaching the basal level (Fig.1A). This down
regulation could be the consequence of the protein–protein inter-
action between PPARα and c-Fos or c-Jun, leading to inhibition of
their binding to the AP-1 motif, in turn preventing AP-1-mediated
gene activation as reported earlier [45]. Indeed, incubation of an
oligonucleotide probe containing the putative MMP-12 AP-1
element with an in vitro translated c-Fos and c-Jun resulted in
the formation of a strong retarded complex between the two
transcription factors and the AP-1 motif (Fig. 5A). A similar com-
plex was formed when an oligonucleotide containing the con-
sensus AP-1 site was used (Fig. 5A). However, the specific complex
disappeared when it was incubated with a 50-molar excess of
unlabeled MMP-12 AP-1 oligonucleotide or oligonucleotide con-
taining the AP-1 consensus element (Fig. 5A). In addition, incu-
bation of c-Fos and c-Jun with a probe containing the MMP-12
AP-1 element that had been mutated did not lead to the formation
of a specific complex (Fig. 5A). Moreover, incubation of the
oligonucleotide probe containing the putative MMP-12 AP-1
element with the in vitro translated c-Fos, c-Jun, PPARα and
RXRα did not abolish the specific binding complex within the AP-1
motif. In contrast, the complex completely disappeared when the
PPARα agonist, GW647, was added at 0.6 μM. Finally, the result of
the ChIP experiment showed a reduced fixation of the complex on
the AP-1 site upon activation of PPARα with GW647 (Fig. 5B).
Taken together, these results indicate that the PPARα agonist,
GW647, inhibited IL-1β-stimulated MMP-12 expression in HMDM,
at least in part, through the inhibition of the association of c-Jun
and c-Fos on their AP-1motif located at −81 in the humanMMP-12
promoter. Since most MMPs have an AP-1 site located within this
region, the observed effect could be general tomost MMPs. Indeed,
in addition to the MMP-12 expression described in this manu-
script, the GW647 agonist reduces, in human macrophages, the
IL-1β-stimulated MMP-9, an enzyme known to possess an AP-1
site within its promoter region. In contrast, MMP-2 which does



Fig. 5 – PPARα activationwith GW 647 inhibited c-Fos and c-Jun binding to the AP-1 site located in the promoter region (−81) of the
MMP-12 gene. (A) Gel shift assays with in vitro translated human c-Fos, human c-Jun, human PPARα, or GW 647-activated PPARα
were performed with end-labeled oligonucleotides representing the consensus AP-1 site, the human putative MMP-12 AP-1 and a
mutated version of the human putative MMP-12 AP-1. Oligonucleotides containing the putative AP-1 and the consensus AP-1 sites
were used separately for competition experiments. (B) HMDM were treated with or without GW647 (0.06, 0.6 and 6 μM) for 24 h.
DNA–protein cross-linking was induced with formaldehyde. After fragmentation, the chromatin was precipitated with rabbit
antibody against c-Jun, followed by anti-rabbit IgG. To control non-specific precipitation, the chromatin was incubated with
anti-goat IgG alone. Immunoprecipitated chromatin was amplified by PCR using primers (−181/+111) designed to amplify a 292 bp
sequence of human MMP-12 promoter containing the AP-1 binding site. As a positive control, lysate chromatin (Input) was also
amplified. As a negative control, a fragment of the GAPDH gene was amplified. The ChIP experiment was performed twice with a
good reproducibility.
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not possess an AP-1 site does not respond to the PPARα agonist
in IL-1β-stimulated macrophages (data not shown).

Moreover, our results showed that the GW647 binding to PPAR
is needed to reduce AP-1 binding in the in vitro assay (Fig. 5B). Our
result is in agreement with data reported in the literature. Indeed,
several studies have suggested that nuclear receptors can
physically associate with both c-Jun and c-Fos, and thus block
their ability to bind to the AP-1 motif. [53–57]. In addition, it has
been reported that the human retinoic acid receptor alpha
(hRARα) is able to disrupt, in a ligand-dependent manner, the
capacity of c-Jun to dimerize either with itself or with c-Fos, which
would preclude the formation of DNA-binding-competent AP-1
complexes [58]. These authors also provide evidence that liganded
hRARα is able to inhibit dimerization in a cell-specific manner.
Thus it is possible that RARs, and other nuclear receptors, can
directly associate with c-Jun and/or c-Fos, but the affinity of this
direct interaction is not sufficient in vivo to modulate transcription.
Additional factors, expressed in a tissue-specific manner, may be
needed to stabilize the RAR-AP-1 interaction and thus prevent AP-
1 dimerization. Therefore, in our study the PPARα ligand, GW647,
might either increase the affinity of PPARα-c-Jun and/or c-Fos
interactions or it might induce the expression, specifically in
macrophages, of factors that are able to reduce the AP-1 binding.
Moreover, it is also known that the c-Jun transcriptional activity is
enhanced by amino-terminal phosphorylation on Serines 63 and
73 [59,60]. This inducible phosphorylation is mediated by
members of the Jun amino-terminal kinase (JNK) subfamily
[61–63] and requires recruitment of the transcriptional coactivator
CREB-binding protein (CBP) [64,65]. In addition, evidence indi-
cated that hormone-activated nuclear receptors prevent c-Jun
phosphorylation on Ser-63/73 and consequently, AP-1 activation,
by blocking the induction of the JNK signalling cascade [66]. By
comparison, in our study, the PPARα agonist GW647, might inhibit
c-Jun phosphorylation leading to the inhibition of the JNK
signalling cascade and, ultimately, to the inhibition of the AP-1
complex.

In conclusion, previously reported evidence from intervention
studies in animal models has highlighted the role of up regulation
of MMP-12 in the progression of atherosclerosis. Indeed, Johnson
et al., using the mouse brachiocephalic artery model of plaque
instability, were able to show that atherosclerotic lesion area was
reduced in brachiocephalic arteries from apoE/MMP-12 double
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knock-out mice, supporting the hypothesis that MMP-12 may act
as a destructive protease promoting atherosclerotic plaque
instability [67]. Moreover, Fan et al. have shown, in MMP-12
transgenic rabbits which specifically overexpress human MMP-12
in tissue macrophages, that MMP-12 accelerated both aortic and
coronary atherosclerotic lesion progression [68]. In this context,
our study suggests that PPARα agonists may be used therapeuti-
cally, not only for lipid disorders, but also to prevent inflammation
and atheroma plaque rupture, where their capacity to inhibit
MMP-12 expression in HMDM may be beneficial.
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