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ABSTRACT We studied the role of matrix metallo-
proteinase-10 (MMP-10) during skeletal muscle repair
after ischemia using a model of femoral artery excision in
wild-type (WT) and MMP-10 deficient (Mmp102/2) mice.
Functional changeswere analyzedby small animal positron
emission tomography and tissue morphology by immuno-
histochemistry. Gene expression and protein analysis were
used to study the molecular mechanisms governed by
MMP-10 in hypoxia. Early after ischemia, MMP-10 de-
ficiency resulted in delayed tissue reperfusion (10%, P <
0.01) and in increased necrosis (2-fold, P < 0.01), neutro-
phil (4-fold, P < 0.01), andmacrophage (1.5-fold, P < 0.01)
infiltration. These differences at early time points resulted
in delayed myotube regeneration in Mmp102/2 soleus at
later stages (regeneratingmyofibers: 306 9%WT vs. 686
10% Mmp102/2, P < 0.01). The injection of MMP-10 into
Mmp102/2 mice rescued the observed phenotype. A mo-
lecular analysis revealed higher levels of Cxcl1 mRNA (10-
fold,P<0.05) andprotein (30%) in the ischemicMmp102/2

muscle resulting from a lack of transcriptional inhibition
by MMP-10. This was further confirmed using siRNA
against MMP-10 in vivo. Our results demonstrate an im-
portant role of MMP-10 for proper muscle repair after
ischemia, and suggest that chemokine regulation such as
Cxcl1 by MMP-10 is involved in muscle regeneration.—
Gomez-Rodriguez, V., Orbe, J., Martinez-Aguilar, E.,
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MATRIX METALLOPROTEINASES (MMPs), a family of zinc-
dependent endopeptidases, contribute extensively to tis-
sue remodeling in a variety of normal and disease pro-
cesses, including ischemic disorders associated with
vascular dysfunction, such as peripheral artery disease (1,
2). Peripheral artery disease is a major cause of acute and
chronic illness in Europe and North America. It affects
about 5% of the elderly population over 55 yr of age, and
increases to 15% to 20% in persons aged over 70 yr, pre-
senting equalmorbidity andmortality and comparable (or
higher) health economic costs as coronary heart disease
and ischemic stroke (3). High gelatinolytic activity is nec-
essary for tissue remodeling in response toarterial occlusion
in experimental ischemia (4–7); however, to our knowl-
edge, the contribution of otherMMPs, such as stromelysins,
has not yet been investigated.

MMP-10 (stromelysin 2) is induced in different cell
types, such as inflammatory cells, neurons, or endothelial
cells (EC), and presents proteolytic activity against a wide
range of extracellular proteins such as collagen types III,
IV, and V, fibronectin, or gelatin. It seems to have a pre-
dominant role in pathologic conditions related to tissue
repair and inflammation (8). In fact, MMP-10 is not
detected in normal skin but is localized in migrating kera-
tinocytes at the wound edge during wound healing (9),
and it is overexpressed in different tumor types associated
with cancer cell migration, invasiveness, and growth
(10–12). In addition, its expression is detected in EC and
macrophages within human atherosclerotic plaques (13).
We have shown that circulating levels ofMMP-10 correlate
with cardiovascular risk factors in apparently healthy
subjects (14) and is associated with inflammation andAbbreviations: ActD, actinomycin D; a-SMA, a-smooth
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thrombin generation (15, 16). A role for MMP-10 in neo-
vascularizationhas alsobeenproposed, though it is unclear
whether its activity is more important at the beginning of
the angiogenic process or later on for the stabilization and
maintenance of the newly formed capillaries (17–19).

We sought to determine the role of MMP-10 in tissue
remodeling upon ischemic injury. Thus, we subjectedwild-
type (WT) and MMP-10 deficient (Mmp102/2) mice to
a model of femoral artery excision and analyzed func-
tional, morphologic, and molecular abnormalities associ-
ated with MMP-10 inactivation.

MATERIALS AND METHODS

Hind limb ischemia model

Male WT (C57Bl/6) and MMP-10 deficient mice (Mmp102/2,
C57Bl/6J background N8), kindly provided by Dr. W. C. Parks
(12-wk-old,n=6 to10pergenotypepergroup),wereanesthetized
with isoflurane(2.5%to 4%, inhaled; IsoVet; PiramalHealthcare,
Morpeth, Northumberland, United Kingdom) and underwent
surgery under sterile conditions. A longitudinal incision was
made in the skin overlying the middle portion of the right hind
limb. The nonligated left limb was used as control. The femoral
artery and vein were both ligated proximal to the inguinal liga-
ment and right before the bifurcation to the saphenous and
popliteal arteries. The artery and vein and all side branches were
dissected and excised (20). All animals received an anti-
inflammatory agent (ketoprofen, 5 mg/kg s.c.; Ketofarm; Fatro
Ibérica, Barcelona, Spain) daily for 3 d and an antibiotic (enro-
floxacin, 25 mg/kg, in drinking water; Alsir; Esteve Veterinaria,
Barcelona, Spain) for 3 d after surgery.

For the rescue assay, recombinant human MMP-10 (rhMMP-
10) was produced in a mammalian cell system, purified, and
activated following a previously described procedure (21). Mice
were injected through the femoral vein with active rhMMP-10
(2 nmol/L, �6.5 mg/kg) or vehicle (50 mM Tris, 10 mM CaCl,
15mMNaCl, 0.05%Brij 35, pH7.5) as control right after ligation
or 24 h after ischemia.

The researchwas performed in accordancewith theEuropean
Community guidelines for ethical animal care and use of labo-
ratory animals (Directive 2010/63/EU), and approved by the
Animal Research Ethics Committee of the University of Navarra.

Model of muscle injury by notexin

A model of muscular injury was performed on male WT mice
(C57Bl/6) where 10 ml of notexin from Notechis scutatus scutatus
(10mg/ml; Latoxan; Valence, Drôme, France) were injected i.m.
into the right tibialis anterior muscle (TA), whereas left muscle
received PBS. Twenty-four hours after the notexin injection,
MMP-10 was silenced by preparing 2 pooled siMMP-10 duplexes
(43200844, s69911, and s69910; Ambion; Life Technologies,
Austin, TX, USA) in atelocollagen (Koken; Bunkyo-ku, Tokyo,
Japan), according to the manufacturer’s instructions, and
injecting them i.m. into the right damaged TA, whereas control
siRNA was administered into the left muscle after 24 h.

Tissue perfusion small animal positron emission
tomography (microPET)

Twenty-minute-duration microPET (Philips Mosaic HP Small
Animal PET Imager; Philips Electronics) studies were performed
10min after 13N-ammonia injection as described previously (20).
Briefly,micewereanesthetizedwith2%isoflurane in100%O2gas
for 13N-ammonia injection (75MBq) in the tail veinandwerekept

under such conditions during the entire study. PET scans were
performed at d 1, 3, 7, 15, and 24 after surgery. For quantitative
analysis and further comparisons among subjects, evaluation
of perfusion was performed as previously described (20).

Histologic analysis in mice after femoral artery excision

Micewerehumanely killed at d 3, 15, and28after excisionbyCO2
inhalation and perfused with saline. After death, their soleus
muscles were dissected. Tissues were fixed overnight in 2%
phosphate-buffered paraformaldehyde, dehydrated, and em-
bedded in paraffin. Tissue sections were stained with rat anti-
mouseCD31(Dianova,Hamburg,Germany), rat anti-mouseF4/80
(AbD Serotec, Hercules, CA, USA), rat anti-mouse NIMP-R14
(Abcam, Cambridge, United Kingdom), rabbit anti-mouse che-
mokine (C-X-C motif) ligand 1 (CXCL1; Acris, San Diego, CA,
USA), rabbit anti-humanMMP-10 (Acris), and rabbit anti-mouse
Laminin (Sigma-Aldrich, St. Louis, MO, USA) antibodies fol-
lowed by incubation with peroxidase-labeled secondary IgGs
(Dako,Glostrup,Hovedstaden,Denmark)andamplificationwith
the proper tyramide signal amplification system (PerkinElmer,
Waltham, MA, USA) in the case of F4/80, or with Envision anti-
rabbit (Dako) for CD31 antibody. Hematoxylin and eosin (H&E)
staining was used to evaluate the necrosis and the regeneration
rate. Sirius Red staining was performed in soleus sections to
evaluate total collagen deposition. Morphometric analysis was
performed using a Nikon Eclipse 80i microscope (Nikon
Instruments, Melville, NY, USA) with Cell^D software for col-
lagen and F4/80 analysis and Fiji image analysis software for any
other case.

Isolation of peritoneal leukocytes

Twelve-week-old WT andMmp102/2 mice were humanely killed
by CO2 inhalation and were injected i.p. with 8ml of ice-cold PBS
into the peritoneal cavity using a 26-gauge half-inch needle. After
gently massaging the belly, 5 ml of PBS were retrieved from the
peritoneal cavity using an 18-gauge half-inch needle. Cells were
centrifuged at 1200 rpmat 4°C for 5min.The resulting pellet was
resuspended in red blood cell lysis buffer (Sigma-Aldrich) and
stored at280°C for RNA isolation.

Gene expression analysis

RNA from tissues and cells was extracted using a semiautomated
system for the isolation and purification of nucleic acids (ABI
Prism 6100; Applied Biosystems, Life Technologies, Foster
City, CA, USA) and 1 mg was reverse transcribed with random
primers andMoloneymurine leukemia virus reverse transcriptase
(Invitrogen, Life Technologies, Carlsbad, CA, USA). A total of
200 ng of cDNA were taken for real-time quantitative PCR
(qPCR) using TaqMan low-density custom arrays (LDA; Applied
Biosystems, LifeTechnologies) andABIPrism7900HTSequence
Detection System (Applied Biosystems, Life Technologies).

Customized 384-well low-density arrays for qPCR amplification
were designed using individual primers for genes of interest,
chosen and purchased from the assays on demand gene-
expression products. A total of 100 ml master mix containing
200ngcDNAwere loaded intoeachof the8ports.Thedistribution
into 48 reaction cavities per port was carried out by 2 short cen-
trifugation steps (1 min 1200 rpm in a swinging bucket rotor,
Rotina 35R, Hettich). b-Actin was used as housekeeping gene.

qPCR was performed on an ABI Prism 7900HT sequence de-
tector (Applied Biosystems, Life Technologies) using TaqMan
gene expression assays on demand formice (Applied Biosystems,
Life Technologies) for Mmp10 (Mm00444630_m1) and Cxcl1
(Mm00433859_m1). b-Actin (Mm.PT.49.9990212.g, PrimeTime
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qPCR gene expression assays; IDT, Leuven, Belgium) was used as
housekeeping gene. For human gene expression, Cxcl1 (Hs.
PT.58.39039397, IDT) and Gapdh (Hs.PT.39a.22214836, IDT)
were used.

Western blot analysis

CXCL1 and MMP-10 proteins were measured by Western blot
analysis in WT and Mmp102/2 mice tissues (crural muscles). In
brief, tissues were collected, frozen, and ground into powder.
Proteins were extracted by adding radioimmunoprecipitation
assay buffer (Sigma-Aldrich) plus complete protease inhibitors
tablet (Roche, Indianapolis, IN, USA), homogenized with poly-
tron (Kinematika AG PT3000; Littau, Lucerne, Switzerland) and
centrifuged (10 min, 13,000 rpm, 4°C). Protein concentration
was determined by the Bradford assay (Bio-Rad Laboratories,
Munich, Bavaria, Germany). A total of 35 to 60 mg total homog-
enatewas loaded into a gel for SDS-PAGE(4%to12%Bis-Tris gel;
Invitrogen, Life Technologies). Proteins were then transferred to
a nitrocellulose membrane (iBLOT transfer stacks; Invitrogen,
Life Technologies), blocked with 10%milk in TBST (5mMTris,
34.25 mM NaCl, 0.1% Tween 20, pH 7.6), and incubated over-
night with a rabbit anti-mouse MMP-10 antibody (Acris) or with
a rabbit anti-mouse KC antibody (CXCL1, 15 mg/ml; Fitzgerald,
North Acton, MA, USA), followed by 1 h incubation with a
peroxidase-conjugated goat anti-rabbit antibody (RT, 1:5000;
Dako). For the loading control, themembranewas strippedwith
a stripping buffer (20 min, 37°C; Thermo Scientific, Rockford,
IL, USA) and incubated overnight at 4°C with monoclonal anti-
GAPDH or monoclonal anti-b-actin antibody (both from
Sigma-Aldrich) followed by 1 h incubation with a horseradish
peroxidase–conjugated goat anti-mouse antibody (RT, 1:10,000;
Santa Cruz, Santa Cruz, CA, USA). Protein detection was devel-
oped by a chemiluminiscent substrate ECL Advance for MMP-10
and KC, and ECL Prime for the housekeeping proteins (Western
Blotting Detection Kit; GE Healthcare, Buckinghamshire, United
Kingdom). Images were captured with theOdyssey imaging system
(Li-Cor Biosciences, Lincoln, NE, USA), and their quantification
was performed with Image Studio Lite (Li-Cor Biosciences).

CXCL1 cleavage by MMP-10

Human recombinant CXCL1 (R&D Systems, Minneapolis, MN,
USA)was incubatedwithactive rhMMP-10(5:1 substrate/enzyme
molar ratio) for 24 h at 37°C in assay buffer (100 mmol/L NaCl,
5 mmol/L CaCl2, 20 mmol/L Tris-HCl, pH 7.5). Digestion prod-
ucts were analyzed by SDS-PAGE gel electrophoresis and stained
with GelCode Blue stain reagent (Pierce, Rockford, IL, USA).
MMPactivity inhibitorGM6001(RyssLaboratory,UnionCity,CA,
USA) was used as negative control (1 mM).

Isolation of mouse lung endothelial cells (EC)

EC were isolated from WT and Mmp102/2 mice lungs by collage-
nase digestion followed by selection with ICAM-2-coated magnetic
beads. In short, mice were humanely killed by CO2 inhalation, and
lungs were excised and finely minced before collagenase A (0.1%;
Gibco, Grand Island, NY, USA) digestion at 37°C for 1 h under
shaking. The digested tissue was homogenized with a 14-gauge sy-
ringe and centrifuged at 200g for 5 min. Then the cell pellet was
extensively washed and seeded in a 1% gelatin-coated flask. After
4 d in culture, EC were recovered and selected using Dynabeads
sheep anti-rat IgG (Invitrogen, Life Technologies) coupled to a rat
anti-mouseICAM-2antibody(BDPharmingen,SanJose,CA,USA).
ECwere cultured inDMEM:F-12medium supplementedwith 20%
fetal calf serum, 30 mg/ml endothelial cell growth supplement

(Sigma-Aldrich), 100 mg/ml heparin (Sigma-Aldrich), and 1%
penicillin/streptomycin (Gibco).

EC stimulation

When EC reached confluence, they were subjected to serum
deprivation for 12handthen stimulatedwith2nMactive rhMMP-
10; their RNA was collected 12 h later. The RNA was reverse
transcribed and analyzed by qPCR as previously described.

WTECwere serumdeprivedovernight and thenpreincubated
with actinomycin D (ActD; 0.5 mM, 1 h; Sigma-Aldrich), then
stimulated with active rhMMP-10 (2 nM) for an additional 12 h
and collected for CXCL1 expression analysis. To study the sta-
bility of CXCL1 mRNA after serum starvation, cells were stimu-
lated with rhMMP-10 for 12 h and then treated with ActD for 9 h.

Leukocyte transendothelial migration

A total of 100,000 EC in 100 ml complete medium were plated in
the upper chamber of gelatin precoated 3 mm pore size Boyden
chambers (Transwell Permeable support; Costar, Sigma-
Aldrich), and 600 ml complete medium was poured onto the
lower chamber. One day after, cells were starved of serum by
replacing complete medium with serum-free medium in both
chambers. After 24h,ECwere stimulatedwith 20ng/mlofTNF-a
(Sigma-Aldrich) in serum-freemedium for 2 h. In themeantime,
intraperitoneal leukocyteswere isolated fromWTandMmp102/2

mice (as explained above), resuspended in RPMI 1640 medium
(0.5% bovine serum albumin, 1% penicillin/streptomycin), and
stained with 0.2 mM of calcein (Molecular Probes, Life Technol-
ogies) for30minat37°C.Then themediuminthe lowerchamber
was replaced by stimulation medium (RPMI 0.5% bovine serum
albumin, 1% penicillin/streptomycin, 100 ng/ml MCP-1; Sigma-
Aldrich) and the medium of the upper chamber by 150,000
calcein-stained leukocytes in 100ml of RPMI (0.5% bovine serum
albumin, 1% penicillin/streptomycin). Cells were incubated for
2 h at 37°C. Migrated monocytes were detached from the lower
chamber by incubation with cold PBS (5mMEDTA) for 5min at
4°C. The resulting supernatant was centrifuged at 1500 rpm
during 5 min and stained for CD45 (APC anti-mouse CD45; BD
Pharmingen, San Jose, CA, USA) for flow cytometry analysis
(FACSCalibur; BD Bioscience, San Jose, CA, USA).

Assessment of signaling pathways

HUVEC were isolated from umbilical cords by digestion with
collagenase A (Invitrogen) and cultured as described (22). Cells
were seeded in multiwell plates and at confluence were arrested
overnight. HUVEC were pretreated for 30 min with inhibitors of
intracellular signaling pathways at the following concentrations:
10 mM PD98059 (MEK1/2 inhibitor; Sigma-Aldrich), 10 mM
SB203580 (p38 MAPK inhibitor; Sigma-Aldrich), 10 mM
SP600125 (JNK inhibitor; Sigma-Aldrich), and1mMwortmannin
(phosphatidylinositol-3 kinase [PIK3] inhibitor; Sigma-Aldrich)
before stimulation with active rhMMP10 (2 nM). Twelve hours
later, cells were collected for gene expression analysis.

Statistical analysis

Results from in vivo and in vitro studies are expressed as mean6
SEM. Statistical analysis was performed by the Kruskal-Wallis test
followed by the Mann-Whitney U test for comparisons between
groups for independent samples. Paired samples were analyzed
by Friedman’s test, followed by the Wilcoxon test to compare
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between 2 related samples. Statistical significance was established
asP,0.05.StatisticalanalysiswasperformedbySPSS forWindows
software, version 15.0 (IBM, Armonk, NY, USA).

RESULTS

MMP-10 expression is up-regulated in skeletal muscle
after ischemia

To determine whether ischemia could trigger the expres-
sionofMMP-10 in skeletalmuscle,WTmicewere subjected
to total excision of the femoral artery (20) and their crural
muscles collected at different time points (Fig. 1).Mmp10
mRNA was barely detectable at baseline and increased
drasticallywithin72hafter femoral artery excision(Fig.1A,
P, 0.05). This was confirmed by Western blot analysis
3 d after surgery (Fig. 1B). At the regenerative phase
(d 15 and 28 after excision), Mmp10 levels were similar
to those at baseline (Fig. 1A).

We analyzed MMP-10 levels in soleus sections of WT
miceat baselineandagain atd3and28after femoral artery
ligation. As shown in Fig. 1C, at baseline, MMP-10 expres-
sion was observed in large and small vessels and as a diffuse
cytoplasmatic staining inmyocytes. Seventy-twohours after
ischemia, the MMP-10 signal increased compared to
baseline, mainly localized in EC and the interstitial tissue
(Fig. 1C, D). Twenty-eight days after ligation, very weak
staining was observed for MMP-10 in the soleus (Fig. 1C).
The observed up-regulation of MMP-10 after femoral ar-
tery excision suggests its possible involvement in muscle
repair upon ischemia.

Delayed reperfusion and increased necrosis and
inflammation in Mmp102/2 mice

After confirming the expression of MMP-10 in skeletal
muscle, we performed experiments in WT and Mmp102/2

mice to measure tissue reperfusion (microPET) and the
morphologic changes induced by ischemia in the crural
muscles. Twenty-four hours after ligation, perfusion was re-
ducedby 70% in the ligated vs.nonligated limbs ofWTmice
(Fig. 2A). Tissue oxygenation increased gradually and was
normalized 24 d after ischemia.Mmp102/2mice presented
reduced perfusion 24 and 72h after excision (P, 0.05) and
reachedWT values by d 7. Our results suggest that MMP-10
inactivation results in delayed tissue reperfusion soon after
arterial ischemia.

To examine whether differences observed in tissue re-
perfusion could influence muscle degeneration, necrosis
and inflammationwereassessed in soleus sections72hafter
excision. Using H&E staining, we found that Mmp102/2

micepresented increasednecrotic area (Fig. 2B,P,0.001)
compared to WT mice, which was accompanied by in-
creasedneutrophil density (NIMP-R14marker, Fig. 2C,P,
0.001) and macrophage infiltration (F4/80 marker, Fig.
2D, P, 0.05).

Because the observed higher leukocyte infiltration is
most likely a consequence of increased leukocyte re-
cruitment, we assessed the involvement of MMP-10 in the
later by measuring leukocyte transmigration through an
endothelial monolayer in vitro. As shown in Fig. 2E,

leukocyte transmigration significantly increased when en-
dothelial cells (EC) were MMP-10 deficient and it was
further incremented when both endothelium and leuko-
cytes were negative for MMP-10 (P, 0.01).

Finally, we studied whether the exacerbated muscle de-
generation observed in MMP-10–deficient mice could be
related not only to differences in macrophage numbers
but also to their subtypes. Therefore, the number of
wound-healing/proangiogenic macrophages (M2-like)
was measured in soleus sections 72 h after ischemia by
the expression of the MRC1 mannose receptor. No statis-
tical difference in the number of MRC1+F4/80+ cells was
detected between the genotypes, although Mmp102/2

mice presented a 50% reduction compared to WT. Over-
all, our data show an exaggerated inflammatory response
after ischemia in absenceofMMP-10,manifesting a role for
MMP-10 in leukocyte trafficking.

Altered collateralization and neovascularization in
Mmp102/2 mice in response to severe ischemia

To address whether reduced perfusion in Mmp102/2 mice
early after ischemia was related to a decreased vasculariza-
tion, we performed immunohistochemistry for a-smooth
muscle actin (a-SMA) and CD31 in soleus sections of non-
ligated (control) and ligated limbs (Fig. 3A, B). WT and
Mmp102/2 muscles presented similar arteriole and vessel
density at baseline, and a comparable increase 3 and
15 d after ischemia. However, at the final stage of the re-
generative phase, the number of a-SMA-positive capillaries
and CD31-positive vessels dropped to baseline in WT but
remained elevated inMmp102/2muscles (P, 0.05). These
results indicate that MMP-10 function contributes mainly to
efficient vessel regression rather than to neovascularization.

MMP-10 does not influence total collagen content in
soleus after ischemia

Because deregulated inflammation can be associated with
excessive fibrosis and MMPs are essential for the correct
remodeling of the extracellular matrix (ECM), we de-
termined whether MMP-10 inactivation could affect total
collagen content in ligated limbs (Sirius Red staining). At
d 28 after ischemia, the collagen fraction increased simi-
larly in ligated WT (collagen fraction: 9.86 0.4% control
vs. 13.66 0.4% ligated, n = 10, P , 0.05) andMmp102/2

soleus (collagen fraction: 10.1 6 0.4% control vs. 12.9 6
0.6% ligated,n =10,P, 0.05) compared to thenonligated
limbsof themice, suggestingnorole forMMP-10 inoverall
muscle fibrosis.

Genetic deletion of MMP-10 delays myotube
regeneration after ischemia

Ischemia and necrosis trigger skeletal muscle repair, a
highly synchronized process that drives well-characterized
morphologic changes. Newly formed myofibers present
small-caliber and centrally located myonuclei. When the
fusion of myogenic cells is completed, myofibers increase
in size and myonuclei move to the periphery, making
the regenerated muscle morphologically and functionally
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indistinguishable from the undamaged tissue (23). To as-
sess the role ofMMP-10 in this process, themyocyte density
and the number of centrally nucleated myofibers were
measured in soleus sections. The excision of the femoral
artery induced a deep regeneration of the skeletal muscle.
As a result, WT mice presented an increased number of
smaller andcentrallynucleatedmyocytes15dafterexcision
compared to controls, and fewer but bigger perinucleated
fibers, resembling the morphology of noninjured muscles,

28 d after ischemia (Fig. 4A–C). In Mmp102/2 soleus
muscles, however, myocyte density was lower and cell size
bigger than WT mice 15 d after ischemia (Fig. 4A, B). At
d 28, when the majority of the fibers should be already
perinucleated, only 30%of thempresented thatphenotype
in theMmp102/2mice (Fig. 4C), asserting delayed muscle
repair. Finally, we determined the fiber-size distribution in
laminin-stained soleus sections. At baseline, 70% of the
fibers presented sizes between 1000 and 2000 mm2 in both
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Figure 1. MMP-10 is up-regulated in skeletal muscle after ischemia. A) Time course for Mmp10 mRNA levels in skeletal muscle
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genotypes (data not shown). As expected, 15 d after liga-
tion, the fiber cross-sectional area was reduced inWTmice
compared to baseline conditions (Fig. 4D). In contrast,
Mmp102/2 mice showed fewer small fibers and increased

frequencyofbiggermyocytes compared toWT(Fig. 4D).At
d 28, fiber-size distribution was similar to baseline (70% of
the fibers were between 1000 and 2000 mm2), though the
amount of small-size myocytes was slightly increased in
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Mmp102/2 soleus tissues (27% Mmp102/2 vs. 15% WT,
data not shown). These results suggest the requirement of
MMP-10 in muscle regeneration after ischemia.

MMP-10 administration to Mmp102/2 mice improves
skeletal muscle regeneration

Defective muscle regeneration found after severe ischemia
in Mmp102/2 mice prompted us to study whether the sys-
temic administration of rhMMP-10 could restore their
healing profile. On the basis of previous studies (21) and
data shown in Fig. 1A, 2 groups ofMmp102/2mice were i.v.
injected with 6.5 mg/kg of rhMMP-10 or vehicle at different
time points. Group 1 was treated with the protein right after
ligation to evaluate its effect at the degenerative phase (72 h
after ischemia), with vehicle-injected WT mice used as con-
trol. Threedays after ischemia,Mmp102/2 animals receiving
rhMMP-10 presented decreased necrosis (P, 0.05) as well
as fewer infiltrating neutrophils (P = 0.07) andmacrophages
(P , 0.05) compared with untreated Mmp102/2 mice and
similar to WT animals (Fig. 5A–C).

Group 2 was injected 24 h after ischemia to study the
outcome of rhMMP-10 administration at the regenerative
phase (28dafter ligation).Thepercentageof regenerating
myofibers at d 28 in rhMMP-10–treated Mmp102/2 mice
was much lower than vehicle-injected knockout mice (P,
0.05) and similar to that observed forWTanimals (Fig.5D).
The phenotype of rhMMP-10–treated Mmp102/2 mice
was similar to that of WT animals, indicating a direct
involvement of MMP-10 in muscle repair.

CXCL1 expression is increased in Mmp102/2 skeletal
muscle in vivo

Tofind out themechanisms and genesmediatingMMP-10
function in muscle repair, we isolated lung EC and leuko-
cytes from the peritoneum of WT andMmp102/2mice for
gene expression analysis by using a low-density array con-
taining a reduced set of genes involved in inflammation
and ECM metabolism. Interestingly, Mmp102/2 EC and

leukocytes presented increased expression (;2- and ;3-
fold, respectively) of Cxcl1 (Groa) chemokine compared to
WTcells (data not shown), whichwas further confirmedby
qPCR (Fig. 6A, B). We measured the expression of Cxcl1
mRNA in the soleus and gastrocnemius crural muscles of
WT and Mmp102/2 mice at baseline and different time
points after ischemia. As shown in Fig. 6C, Cxcl1 expression
was maximal at 12 h and decreased gradually 24 and 48 h
after excision in WT mice. In the absence of functional
MMP10, Cxcl1was strongly up-regulated at 12, 24, and 48 h
after ischemia compared to WT conditions (P, 0.05, Fig.
6C). At later time points, its expression was almost un-
detectable in both genotypes.

We also performed Western blot analysis for CXCL1 in
the crural muscles 12 h after ischemia. As shown in Fig. 6D,
CXCL1protein levelswere increased(;40%) inMmp102/2

muscles compared to WT, while it was undetectable at
baseline or 28 d after ischemia regardless of genotype (data
not shown). In addition, immunofluorescence in control
soleus sections showed a similar CXCL1 expression in large
vessels and at the periphery of the myofibers in WT and
Mmp102/2 mice (data not shown). Three days after ische-
mia, CXCL1 was localized in myocytes and inflammatory
cells and increasedby30% inMmp102/2micecompared to
WT (Fig. 6E, P , 0.05). Twenty-eight days after ischemia,
theCXCL1 signal was similar to that found at baseline, with
no differences between the genotypes (data not shown).
Our in vitro and in vivo results show the overexpression of
Cxcl1 in absence of MMP-10, suggesting the involvement of
MMP-10 in CXCL1 regulation in ischemic conditions.

MMP-10 regulates Cxcl1 expression in vitro and in vivo

To confirm the participation of MMP-10 in CXCL1 mod-
ulation, both proteins were studied in samples from WT
mice receiving injections of notexin in the TA to induce
muscle injury. After 24 h,MMP-10 expression was reduced
in TA muscle using siRNAs. The contralateral muscle was
treatedwith control siRNA(siCtrl).Atd7,TAmuscleswere
collected to measure MMP-10 and CXCL1 expression by
Western blot analysis. As shown in Fig. 7A, we achieved
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a ;50-fold reduction of MMP-10 after gene silencing that
was associated with a marked up-regulation (;20-fold)
of CXCL1.

The administration of rhMMP-10 toWTmouse lung EC
in vitro decreased Cxcl1 mRNA expression 15 h after stim-
ulation (Fig. 7B), confirming the regulation of Cxcl1 ex-
pression by MMP-10. The preincubation of WT EC with

ActD, either alone or in combination with rhMMP-10, in-
creasedCxcl1 expression inWTECcompared to untreated
cells (Fig. 7C). The addition of ActD after rhMMP-10
stimulation did not further modify the stability of Cxcl1
mRNA (Fig. 7D).

Experiments were performed to determine the signal-
ing pathways involved in CXCL1 regulation by MMP-10.
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HUVEC were preincubated with inhibitors for MEK1/2
(PD98059), JNK (SP600125), p38MAPK (SB203580), and
PIK3 (wortmannin), and then stimulated with rhMMP-10.
Cxcl1 expression was decreased by 50% in rhMMP-10
stimulated cells compared to control (Fig. 7E). The pre-
treatment with the inhibitors PD98059, SP600125, and
SB203580 decreased the expression of Cxcl1 by 30, 46, and
70% respectively, while wortmannin greatly increased its
expression. The inhibitory effect (;50%)of rhMMP-10 on
CXCL1 expression could not be abrogated by any of the
drugs we used, suggesting no involvement of MEK1/2,
JNK,p38MAPK, andPIK3 in the regulationofCxcl1mRNA
by MMP-10.

Because MMP-mediated proteolysis can affect the bi-
ologic functions of chemokines, we analyzed whether
MMP-10 could modify CXCL1 activity by proteolytic
cleavage. Thus, recombinant human CXCL1 (rhCXCL1)
was incubated for 24 h with active rhMMP-10 and the
resulting products analyzed by SDS-PAGE. As shown in
Fig. 7F, no proteolytic modification of rhCXCL1 was
observed in our experimental conditions. Our results
show a transcriptional regulation of Cxcl1 by MMP-10,

although the exact mechanism has to be further de-
termined in future studies.

DISCUSSION

We report that MMP-10 is required for tissue repair after
severe hind limb ischemia. Early after ligation, the absence
of functional MMP-10 is associated with increased necrosis
andwith neutrophil andmacrophage infiltration that later
results in delayed muscle regeneration.

The initial stage of muscle repair is characterized by
necrosis of the damaged tissue and activation of the in-
flammatory response (degeneration) (24). Previous stud-
ies showed that the genetic deletion ofMMP-2 andMMP-9
reduces macrophage infiltration to the injured tissue in
hind limb ischemia (6, 7). However, in our injury model,
we found that MMP-10 inactivation increases necrosis and
inflammatory cell infiltration. Our results are consistent
with previous in vivo studies showing augmented in-
flammation in models of lung infection (8) and muscular
dystrophy (25) in Mmp102/2 mice, supporting a role for
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MMP-10 in inflammatory cell trafficking. Phenotypic im-
provement of Mmp102/2 mice in terms of necrosis and
inflammation after systemic rhMMP-10 administration
further confirms the direct role of this protease in this
initial phase of muscle repair, characterized by in-
flammationanddegeneration.Even though inflammation
is essential to activate the molecular pathways responsible
for muscle repair, in excess, it might promote tissue de-
terioration. Likewise, neutrophils, which are the first to
infiltrate into the damaged area to elicit the early phago-
cytic response and to promote macrophage recruitment,
can increase tissue deterioration by the release of cytolytic
and cytotoxic molecules (26). Macrophages are necessary
for tissue regeneration by scavenging apoptotic cells and
debris; they produce a vast array of signals involved in
matrix remodeling and neovessel formation, but they are
also a source of free radicals (26). It should also be con-
sidered the activation state of the macrophages, as the
proper switch from M1 (proinflammatory) to M2 (anti-
inflammatory) is essential for appropriate wound healing
(27). In vivo, we found decreased number of anti-
inflammatory M2 macrophages in Mmp102/2 muscles

that could be partially responsible of the delayed muscle
regeneration at later stages compared to WT mice.
Whether this delayed polarization toward M2 is directly
mediated by the absence ofMMP-10 or is a consequence of
the sustained inflammatory response observed upon the
genetic deletionofMMP-10will need tobe further studied.

We had expected that reduced reperfusion observed in
Mmp102/2 mice early after femoral artery ligation would
be the result of decreased collateralization at baseline, as
has been reported for the TA muscle (25). However, our
results show no differences in the collateralization profile
between the genotypes in the soleus. Additional studies
addressing whether the differences in vascularization be-
tween the TA and the soleusmuscle are due to the distinct
fiber types/metabolic demands of the different muscles
will be important to understand the basis for the discrep-
ancybetween these studies. Ischemia triggers theactivation
of arteriogenesis and angiogenesis to restore blood flow.
MMPs contribute to these processes by degrading ECM
components and by promoting the release of different
growth factors (28), thus facilitating smooth muscle cell
and ECmigration and proliferation. We describe a similar
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arteriogenic and angiogenic response to hypoxia in WT
and Mmp102/2 mice. At the end of the tissue repair pro-
cess, whenmuscleperfusion is restoredand regeneration is
about to be completed, collateral and capillary density
return to baseline conditions in WT mice. Mmp102/2

animals, however, present sustained arteriole and capillary
density at this timepoint, suggesting thatMMP-10 could be
necessary for theprocess of vessel regression.Other studies
have shown that the overexpression of MMP-10 induces
capillary tube collapse in vitro (19) and vascular rupture in
vivo (18), supporting the involvement of MMP-10 in vessel
relapse rather than in vessel growth.

The inflammatory/damage signals produced in re-
sponse to tissue injury trigger the activation of satellite cells
to proliferate, differentiate, and fuse, leading to new
myofiber formation (23, 24, 29). Various experimental
models of muscle injury demonstrate the importance of
a regulated MMP activity in skeletal muscle repair. MMP-1
andMMP-10 have been shown to improvemuscle recovery
in different models of tissue injury (25, 30), while muscle
repair is only achieved whenMMP-9 is inhibited (31). Our
study corroborates the requirement of MMP-10 in muscle
regeneration after ischemia because delayed myotube
differentiation in absence of MMP-10 can be restored

back to WT levels by rhMMP-10 administration. Whether
this could be the result of inappropriate satellite cell
activation/migration due to impaired degradation of the
components of the basal lamina by MMP-10 (25) or by
missing signals that limit the damaged tissue to efficiently
activate the regenerative program remains an open
question.

To study themolecular mechanisms governed byMMP-
10 in ischemia, we conducted gene expression analysis and
found the up-regulation of the gene encoding for the
chemokine Cxcl1 (Groa) in the absence of MMP-10. Our
results were confirmed in vivo in amodel of skeletalmuscle
damage by toxin injection and, in vitro, the addition of
MMP-10 decreased Cxcl1 expression in cell culture.
CXCL1 is amember of theCXCchemokine family that has
been traditionally related toneutrophil,T lymphocyte, and
macrophage chemotaxis (32), cell types essential in the
inflammatory response required after injury. Besides its
proinflammatory role, a recent study reports thatCXCL1 is
expressed in murine muscle cells early during in vitro
myogenesis and is repressed when differentiation is over
(33). Other member of this family and its receptor,
CXCL12 (SDF1a)/CXCR4, regulate the migration of
proliferating and terminally differentiated muscle cells in
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vitro and in vivo (33, 34). Moreover, the SDF1a/CXCR4
system has been involved in muscle repair after toxin-
induced damaged in a MMP-10–dependent mechanism
(25). Our study and the studies of others support a role of
chemokines inmuscle repair after injury and argue toward
a strong regulation, either at the RNA or protein level, of
chemokines by MMPs. The ability of MMP-10 to modulate
chemokines belonging to the same family but with differ-
ent activities, such as SDF1a, more related to stem cell
mobilization, homing, and activation, and CXCL1, mainly
associated with inflammatory cell recruitment, further
supports the need of MMP-10 at the different stages of
muscle repair.Weconducteddifferent in vitroexperiments
to determine how MMP-10 could regulate CXCL1. Our
results show a transcriptional regulation of Cxcl1 by MMP-
10, although the exact mechanism has to be further de-
termined in future studies. TNF-a, VEGF, or IL-1 have
been reported tomodulateCXCL1 expression and release
through the activation of MAPK (35–37). Thus, we per-
formed experiments to determine if that was also the case
for MMP-10. Our results showed no effect of those inhib-
itors on preventing Cxcl1 repression by MMP-10, suggest-
ing the involvement of other molecular pathways inMMP-
10-mediated Cxcl1 regulation. We also explored whether
MMP-10 could modulate the activity of CXCL1 by pro-
teolytical processing, as described for other MMPs and
chemokines (38–41), but no evidence for cleavage in-
volvement was found. Thus, we propose that the tran-
scriptional up-regulation of CXCL1 in crural muscles of
Mmp102/2 mice after ligation would represent one, but
not the only, mechanism involved in the reported pheno-
typeby enhancing inflammation at thedegenerative phase
and delayingmyogenesis at the reparative stage. Our study
reports the involvement of MMP-10 in CXCL1 regulation,
but it does not rule out its possible role on the modulation
of other chemokines and cytokines. Broader studies, such
as those that use microarrays, analyzing the expression of
othermembers of the chemokine and cytokine families in
absence of functional MMP-10 would be helpful to un-
derstand how MMP-10 contributes to tissue remodeling.

Despite the high degree of homology, eachMMP family
member presents different regulation, substrate affinities,
and time- and space-dependent activation. Therefore, it is
not surprising to find distinct or even opposite activities
among MMPs in similar experimental conditions or hu-
man pathologies. We report here that Mmp102/2 mice
present increased inflammatory cell infiltration and nor-
mal neovascularization after injury, while previous studies
described reduced macrophage infiltration and neo-
vascularization in MMP-2– and MMP-9–deficient animals
(4–7).Moreover, at the regenerative phase, the absence of
MMP-10 results in delayed skeletal muscle repair after se-
vere ischemia, although no differences in muscle mor-
phology were observed at baseline, as described for MT1-
MMP (42). In addition, we did not find differences in
muscle fibrosis in absence of functional MMP-10, whereas
MMP-1, MMP-2, or MMP-9 are involved in ECM remodel-
ing (43), suggesting the need of examining individual
MMPs to understand their biology and function. The latter
will encourage the design of drugs targeting specific
MMPs. In particular, the manipulation of MMP-10 might
provide a new approach for protection against ischemia in
human pathologies.

Skeletal muscle repair after injury is a highly synchro-
nized process that comprises 2 interdependent processes,
inflammation and myogenesis, with the proper activation
and resolution of the formerbeing essential for the correct
initiation of the latter.Wepropose that functionalMMP-10
is required for skeletal muscle repair after ischemia by
influencing the inflammatory response during the de-
generative phase, which later will modulate myocyte dif-
ferentiationduring the regenerative phase.Themolecular
mechanisms underlying this process could be at least par-
tially explained by the regulation of CXCL1.
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in the fibrinolytic components of cultured human umbilical vein
endothelial cells induced by endotoxin, tumor necrosis factor-alpha
and interleukin-1alpha. Haematologica 84, 306–311

23. Karalaki, M., Fili, S., Philippou, A., and Koutsilieris, M. (2009)
Muscle regeneration: cellular and molecular events. In Vivo 23,
779–796
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