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Injured skeletal muscle has the capacity to regenerate
through a highly coordinated sequence of events that
involves both myoblast migration and differentiation
into myofibers. Fibrosis may impede muscle regenera-
tion by posing as a mechanical barrier to cell migration
and fusion, providing inappropriate signals for cell dif-
ferentiation, and limiting vascular perfusion of the in-
jury site, subsequently leading to incomplete functional
recovery. Our previous studies demonstrated that ma-
trix metalloproteinase-1 (MMP-1) is able to digest fi-
brous scar tissue and improve muscle healing after in-
jury. The goal of this study is to investigate whether
MMP-1 could further enhance muscle regeneration by
improving myoblast migration and differentiation.
In vitro wound healing assays , flow cytometry , re-
verse transcriptase-polymerase chain reaction (RT-
PCR), and Western blot analyses demonstrated that
MMP-1 enhances myoblast migration but is not che-
moattractive. We discovered that MMP-1 also en-
hances myoblast differentiation, which is a critical
step in the sequence of muscle regeneration. In addi-
tion, RT-PCR and Western blot analyses demonstrated
the up-regulation of myogenic factors after MMP-1
treatment. In vivo , we observed that myoblast
transplantation was greatly improved after MMP-1
treatment within the dystrophic skeletal muscles of MDX
mice. MMP-1 may therefore be able to improve muscle
function recovery after injury or disease by increasing
both the number of myofibers that are generated
by activated myoblasts and the size of myoblast
coverage area by promoting migration, thus foster-
ing a greater degree of engraftment. (Am J Pathol

2009, 174:541–549; DOI: 10.2353/ajpath.2009.080509)

Muscle injuries are among the most common injuries
seen in orthopaedic clinics and present a challenging
problem in traumatology. Fibrosis is a consequence of
the local overgrowth of extracellular matrix (ECM) at the
site of injury. It poses a significant barrier in the preven-
tion of complete muscle regeneration, thus leading to
incomplete recovery, pain, and functional deficits. Accel-
erated ECM deposition may impede muscle regeneration
by creating mechanical barriers against cell migration
and fusion, providing inappropriate signals for cell differ-
entiation, and limiting vascular perfusion of the injury site;
this leads to incomplete functional recovery and a pro-
pensity for re-injury.1–3

Experimental studies have demonstrated the efficacy
of preventing fibrosis after muscle injury by blocking key
factors in the fibrotic cascade, such as transforming
growth factor-�.4–8 However, treating patients before the
onset of fibrosis is often unlikely; most persons with mus-
cle injuries seek treatment only after the onset of fibrosis
and the concomitant pain and functional deficits it pro-
duces. Additionally, pervasive skeletal muscle fibrosis
can be caused by neuromuscular dysfunction and vari-
ous musculoskeletal diseases such as Duchenne mus-
cular dystrophy (DMD). DMD is an X-linked muscle dis-
order characterized by progressive muscle weakness
caused by a lack of dystrophin expression in the sarco-
lemma of muscle fibers. Patients diagnosed with DMD
begin to experience fibrous scar tissue formation in their
muscles during their teenage years.9,10 This anomalous
generation of matrix protein is thought to be driven by the
repeated degeneration, inflammation, and regeneration
of muscle in DMD patients.11,12
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Myoblast transplantation has been considered as a
potential therapeutic method for DMD.10,13,14 However,
poor cell survival and low dispersion of grafted cells
outside of the injection site after transplantation have
hindered the overall success of this technology.15–17 Fi-
brous scar tissue continues to impede muscle cell migra-
tion, fusion, and muscle regeneration, even when myo-
genic cells are transplanted into the region. Significant
improvements in cell survival have been obtained after
immunosuppressive therapy,18,19 but few studies have
been centered on muscle cell migration, especially after
myogenic cell transplantation.

Our research has indicated that it is this secondary
pathological process of DMD, namely fibrous scar tissue
formation, which poses the most significant obstacle to
myogenic cell migration, fusion, and regeneration. Di-
gesting fibrous scar tissue could remodel the microenvi-
ronment to make it more hospitable to migration, fusion,
and myogenic cell regeneration.20,21 Subsequently, it
would enhance the myogenic transplantation process
and improve muscle healing, not only in injured skeletal
muscle, but also in patients suffering from DMD.

Matrix metalloproteinases (MMPs) are a family of zinc-
dependent proteolytic enzymes with the ability to digest
specific components of the ECM.22 They present a prom-
ising approach to treat fibrosis after skeletal muscle injury
or as a consequence of neuromuscular disease. MMP-1,
in particular, has the ability to digest the main constitutive
proteins in fibrous scar tissue, native fibrillar collagens
type I and III, while sparing collagen type IV, which is a
component of the basement membrane.23–25 MMP-1 may
also play important roles in ECM remodeling and cell sig-
naling with its ability to act on the cell surface, matrix, and
nonmatrix substrates, such as insulin growth factor binding
proteins, L-selectin, and tumor necrosis factor-�.26,27 Pre-
vious work in our laboratory has indicated that MMP-1
can help remove the fibrous blockade to enhance muscle
healing.20,28 We hypothesize that MMP-1 can further en-
hance muscle regeneration by directly improving myo-
blast migration and differentiation capability. This may
ultimately enhance muscle regeneration by improving the
myoblasts’ ability to increase the number of regenerating
myofibers within an area of injury as well as increasing
the effective range of transplanted myoblast-enhanced
muscle regeneration can occur. We tested this hypothe-
sis by studying the effects of MMP-1 on myoblasts in vitro
and myoblast transplantation in vivo.

Materials and Methods

In Vitro

In Vitro Wound Healing Assay

C2C12 cells were purchased from the American Type
Culture Collection (Rockville, MD). The cells were cul-
tured in a complete medium containing Dulbecco’s mod-
ified Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum, 10% horse
serum, 0.5% chicken embryo extract, and 1% penicillin/

streptomycin at 37°C in a 5% CO2 atmosphere in 12-well
plates until 70% confluent. The 12-well plates were either
uncoated or coated with type I collagen or fibronectin.
Cells were then placed in serum-free DMEM supple-
mented with 1% penicillin/streptomycin and treated with
0, 1.0, 10, or 100 ng/ml of MMP-1 (M1802; Sigma, St.
Louis, MO). An artificial wound was created by disrupting
the monolayer with a sterile plastic pipette tip. Cells were
incubated for 1, 4, 6, and 12 hours to allow for migration
back into the wound area. Cells were then fixed in cold
methanol, washed with phosphate-buffered saline (PBS),
and then stained with 4�,6-diamidino-2-phenylindole
(DAPI, Sigma) to help visualize cell migration. Northern
Eclipse software (Empix Imaging Inc., Mississauga, Can-
ada) was used to quantify the average migration distance
of C2C12 cells that traveled past the original wound
demarcation.

Flow Cytometry

C2C12 cells were cultured in a complete media (de-
scribed above). Cells were then placed in serum-free
DMEM supplemented with 1% penicillin/streptomycin
and treated with 0, 1.0, 10, or 100 ng/ml of MMP-1 for 18
hours. Cells were incubated with either polyclonal N-
cadherin (sc-31031; Santa Cruz Biotechnology, Santa
Cruz, CA) or �-catenin (sc-1496, Santa Cruz Biotechnol-
ogy) primary antibodies, and subsequently with a PE-
conjugated secondary antibody. Marked cell samples
were analyzed with a FACS Caliber flow cytometer (BD
Biosciences, Sparks, MD) and CellQuest software (BD
Biosciences).

Chemotaxis Assay

The assay was performed using a multiwell insert sys-
tem (BD Biosciences) with an 8.0-�m pore size polyeth-
ylene terephthalate membrane. C2C12 cells (5 � 104)
were placed in the top well of the system. Serum-free
DMEM or serum-free DMEM supplemented with 10 and
100 ng/ml of MMP-1 were placed in the bottom well. Cells
were incubated at 37°C for 3 hours to permit migration
across the membrane in response to MMP-1. The top
wells were then treated with 0.5% trypsin-ethylenediami-
netetraacetic acid (Invitrogen) for 5 minutes to detach
cells remaining on the top surface of the membrane and
washed with PBS. Cells remaining on the bottom surface
of the membrane were then fixed in cold methanol,
washed with PBS, and then stained with DAPI (Sigma) to
help visualization under fluorescent microscopy. The mi-
gration of cells was quantified by averaging the number
of cells counted in five high-power fields and compared
between control and MMP-1 treatment.

Reverse Transcriptase-Polymerase Chain Reaction
(RT-PCR)

C2C12 cells were seeded onto six-well plates and
treated with MMP-1 for 3 and 12 hours. A monophasic
solution of phenol and guanidine isothiocyanate (TRIzol,
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10 cm2/ml; Life Technologies, Inc., Grand Island, NY)
was used to extract total RNA from these cells. Reverse
transcription was performed with the RETROscript kit
(Ambion, Applied Biosystems, Austin, Texas) and cDNA
was prepared. Primers used for gene detection were
designed using Oligo software (OligoPerfect Designer,
Invitrogen). The primers included: myogenin 5�-CCAGT-
GAATGCAACTCCCACAGC-3� and 5�-AGACATATCCTC-
CACCGTGA-3�; MyoD 5�-GGCTACGACACCGCCTACTA-3�
and 5�-GTTCTGTGTCGCTTAGGGAT-3�; muscle regulatory
factor-4 (MRF4) 5�-GCACCGGCTGGATCAGCAAGAG-3�
and 5�-CTGAGGCATCCACGTTTGCTCC-3�; desmin 5�-AA-
CCTGATAGACGACCTGCAG-3� and 5�-GCTTGGACAT-
GTCCATCTCC-3�; insulin-like growth factor-1 receptor
(IGF1R) 5�-GGTGGATGCTCTTCAGTTCG-3� and 5�-GACT-
TGGCAGGCTTGAGGG-3�; and �-actin 5�-GGGTCA-
GAAGGACTCCTATGTGG-3� and 5�-CCTGGATGGCTAC-
GTACAT-3�. The conditions for IGF1R and �-actin amplifi-
cation were the following: 93°C for 1 minute, 54°C for 1
minute, and 72°C for 2 minutes for 31 cycles. The conditions
for desmin amplification were the following: 93°C for 1
minute, 54°C for 1 minute, and 72°C for 2 minutes for 34
cycles. The conditions for MyoD were the following: 93°C for
1 minute, 54°C for 1 minute, and 72°C for 2 minutes for 28
cycles. The conditions for MRF4 were the following: 93°C for
1 minute, 53°C for 1 minute, and 72°C for 2 minutes for 31
cycles. The conditions for myogenin were the following:
93°C for 1 minute, 53°C for 1 minute, and 72°C for 2 minutes
for 33 cycles. Products were separated by size on 1%
agarose gel.

Western Blot Analysis

C2C12 cells were harvested after 48 hours of incuba-
tion with or without treatment (0, 1.0, 10, 100 ng/ml) in
serum-free DMEM. After lysing, the samples were sepa-
rated by 12% sodium dodecyl-sulfate-polyacrylamide
electrophoresis gel and transferred to nitrocellulose
membranes. Anti-PreMMP-2 antibodies (Sigma) at a di-
lution of 1:1000, anti-TIMP-1 (sc-5538, Santa Cruz Bio-
technology) at a dilution of 1:1000, and anti-myogenin
(Sigma) at a dilution of 1:2000 were used as primary
antibodies. Mouse glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH, Sigma) at a dilution of 1:2000 was
used for protein quantification. Anti-rabbit horseradish
peroxidase-conjugated secondary antibodies (Pierce,
Rockford, IL) was applied at a dilution of 1:5000. Blots
were developed using SuperSignal West Pico chemilu-
minescent substrate (Amersham Pharmacia Biotech, Pis-
cataway, NJ), and positive bands were visualized on
X-ray film. Northern Eclipse software (Empix Imaging)
was used to evaluate these results.

Cell Differentiation Assay

C2C12 cells were cultured in 12-well plates to 75%
confluency. Cells were subsequently incubated in differ-
entiation media containing serum-free DMEM supple-
mented with 1% penicillin/streptomycin and treated with
0, 1.0, 10, or 100 ng/ml of MMP-1 (M1802, Sigma) for 3,

5, and 7 days. Cells were fixed in cold methanol for 1
minute and washed with PBS. The fixed cells were immu-
nostained for myosin heavy chain (MyHC, Sigma) and
DAPI to visualize mature myotubes. Cell differentiation
was quantified by averaging the number of myotubes
counted in five high-power fields and compared among
different concentrations of MMP-1 treatment.

In Vivo

Myoblast Transplantation in Dystrophic Skeletal
Muscle

Nine-week-old MDX/SCID mice (C57BL/10ScSn-Dmdmdx

crossed with C57BL/6J-Prkdcscid/SzJ) were injected with
C2C12 cells with MMP-1 (M1802, Sigma). LacZ-positive
C2C12 cells (1 � 105) were mixed with 200 ng of MMP-1
in a volume of 5 �l of PBS, which was then injected into
the left gastrocnemius muscles (GMs) or tibialis anterior
(TAs) of MDX/SCID mice. The same number of LacZ-
positive C2C12 cells was diluted with 5 �l of PBS and was
injected into the right GMs or TAs of the mouse to serve
as a control. Muscle tissues were harvested for histolog-
ical analysis at 2 and 4 weeks after transplantation. GMs
and TAs were isolated, mounted, and frozen in 2-meth-
ylbutane cooled in liquid nitrogen. Each muscle speci-
men was cryostat-sectioned at 10 �m for histological anal-
ysis. LacZ staining with eosin and immunohistochemistry for
dystrophin (Sigma) and �-galactosidase (Abcam, Cam-
bridge, MA) were performed.6,7 The dystrophin-positive
myofibers were counted and their diameters were mea-
sured to evaluate the enhancement of MMP-1 on myo-
blast differentiation and fusion capacities in vivo. Myo-
blast migration distances from the initial site of injection
were also quantified using Northern Eclipse software
(Empix Imaging Inc.).

Statistics

Statistical significance was assessed by analysis of vari-
ance and two-tailed Student’s t-tests; P � 0.05 was con-
sidered significant.

Results

MMP-1 Stimulated Myoblast Migration in Vitro

Our previous studies have not shown that MMP-1 actually
stimulated myoblast migration directly. We used an in
vitro wound-healing assay, flow cytometry, and Western
blot analysis to determine whether MMP-1 could alter
C2C12 migration. After culturing C2C12 cells to 70%
confluence, we created artificial wounds as described
previously and measured migration distances of C2C12
cells back into the wounded area using various condi-
tions. Our results indicate that MMP-1 can enhance
C2C12 myoblast migration throughout time in uncoated
plates (Figure 1A) as well as under conditions that more
closely represent in vivo ECM content, eg, type I collagen
or fibronectin-coated plates (Figure 1B). We observed a
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significant difference in migration distances for C2C12
cells treated with 10 ng/ml of MMP-1 at 4 and 6 hours
after wounding when compared with control cells in un-
coated and fibronectin-coated plates (Figure 1B). Using
type I collagen-coated plates, there were significant dif-
ferences in migration distances for C2C12 cells treated

with MMP-1 (10 ng/ml) at 1, 4, and 6 hours after wounding
when compared with control cells (Figure 1B; *P � 0.05).

N-cadherin and �-catenin are two proteins expressed
with myoblast migration29,30 and were used as markers
for C2C12 cell migration analysis. Flow cytometry results
demonstrated that MMP-1 promoted the up-regulation of
N-cadherin and �-catenin in C2C12 cells when treated
with 10 and 100 ng/ml of MMP-1 (Figure 2, C and D, G
and H). Treatment with 0.1 and 1.0 ng/ml of MMP-1 did
not yield significant results (Figure 2, A and B, E and F).
Western blot analysis further demonstrates that MMP-1
treatment enhances the expression of migration-related
proteins. It has been reported in the literature that pre-
MMP-2 and TIMP are up-regulated with myoblast migra-
tion.18,31–35 Our Western blot results indicate that these
two proteins are up-regulated with MMP-1 stimulation in
myoblasts, especially with higher doses of MMP-1 (Fig-
ure 3A). Northern Eclipse software (Empix Imaging, Inc.)
was used to analyze positive bands, which demonstrated
that the expression of pre-MMP-2 increased mostly in a
dose-dependent manner when treated with 0.1, 1.0, 10,
and 100 ng/ml of MMP-1 (Figure 3B). TIMP1 expression
increased mainly with 10 and 100 ng/ml of MMP-1 treat-
ment; C2C12 cells treated with 0.1 and 1.0 ng/ml of
MMP-1 demonstrated minor increases in the expression
of TIMP1 when compared with nontreated control cells
(Figure 3B).

MMP-1 Has No Chemotactic Effect on
Myoblast Migration

Results from the chemotaxis assay demonstrated that
10 and 100 ng/ml of MMP-1 treatment did not increase
the number of C2C12 that migrated in the polyethylene
terephthalate membrane compared with control, on
visualization under fluorescent microscopy (Figure
1C). This suggests that MMP-1 may not have a che-
moattractive effect on myoblast (C2C12) migration in
vitro.

RT-PCR

We have tested the mRNA level of different genes within
C2C12 myoblasts after treating with MMP-1. Results in-

Figure 1. Myoblasts (C2C12) were grown to confluence and artificially
wounded by disrupting the monolayer with a sterile pipette. A: C2C12
(white arrows) show an enhanced ability to migrate into the wound area
after 4 and 6 hours of treatment with MMP-1 (10 ng/ml) in noncoated dishes.
Red lines represent original line demarcating the wound area. Green lines
represent the approximate migration area. B: However, in conditions more
accurately representing in vivo ECM content, eg, type I collagen or fibronec-
tin-coated plates, C2C12 present more aggressive movement compared with
noncoated conditions. C: The Boyden system was used and MMP-1 has no
chemoattractive effect on C2C12 myoblasts at 10 and 100 ng/ml within 3
hours of tracking (arrows point to nuclei that stain with DAPi).

Figure 2. Myoblasts (C2C12) treated with
MMP-1 for 18 hours display a dose-dependent
up-regulation of two migration-related proteins:
N-cadherin (A–D) and �-catenin (E–H). Flow
cytometry results for 0 (black lines, A–H), 0.1
(green lines, A and E), 1.0 (yellow lines, B and
F), 10 (blue lines, C and G), and 100 (red lines,
D and H) ng/ml MMP-1-treated cells.
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dicated that MMP-1 increases MRF4, myogenin, and
MyoD initially within 3 hours of stimulation in a dose-
dependent manner. In the following 12 hours of stimu-
lation with MMP-1, myogenin, IGF1R, and MRF4 were
promoted, thus increasing the mRNA level. Desmin,
however, was decreased in a dose-dependent response
with MMP-1 treatment in both 3-hour and 12-hour time
periods; MyoD also decreased, but only at the 12-hour
time point (Figure 3C). Results indicate MMP-1 somehow

accelerates myogenic gene activation, with the exception
of desmin, which mainly relates to mature myoblasts
during development.36

MMP-1 Stimulated C2C12 Differentiation in
Vitro

C2C12 cells proliferate when maintained in growth media
containing serum, but differentiate into multinucleated
myotubes when grown in serum-free media. This pro-
gression of differentiation is similar to that observed for
myogenesis in vivo.37 We investigated whether MMP-1
could enhance C2C12 differentiation in vitro using a dif-
ferentiation assay as well as Western blot analysis. When
cultured in differentiation media, C2C12 cells displayed a
dose-dependent increase in differentiation capacity
when treated with 10 and 100 ng/ml of MMP-1 compared
with control groups at 5 days (Figure 4, A–D). Treatment
with 10 and 100 ng/ml of MMP-1 produced significantly
more myotubes compared with the control group at 3 and
5 days (Figure 4, E and F) incubation, but not at 7 days
(Figure 4G). To further demonstrate that MMP-1 en-
hances cell differentiation, we used Western blot analysis
to detect myogenin, which has previously been shown to
be a key protein controlling myofiber formation.32 When
cultured in differentiation media, C2C12 cells displayed a
dose-dependent increase in the expression of myogenin
when treated with 0.1, 1.0, 10, and 100 ng/ml of MMP-1
(Figure 3, A and B).

MMP-1 Enhances Myoblast Migration and
Differentiation in Vivo

We elected to test the effects of MMP-1 on myoblast
migration and differentiation by transplanting C2C12
cells in MDX mice. The MDX mouse contains a nonsense
mutation in the dystrophin gene, which leads to the ab-
sence of full-length dystrophin protein in skeletal muscle,
thus providing a suitable model for human DMD.9,38 By
transplanting C2C12 cells into the GMs or TAs of MDX/
SCID mice, we were able to assess whether MMP-1 was
able to enhance myoblast migration based on migration
distance and engraftment from the initial injection area
through histological analysis. Concomitant injection of
MMP-1 along with C2C12 cells significantly increased the
migration area and graft coverage by the C2C12 cells
(Figure 5, A and B). The measured C2C12 migration
distance versus fused muscle grafts indicates that MMP-
1-treated muscles have a significantly greater degree of
engraftment (LacZ-positive muscle grafts) compared
with control nontreated muscle at 2 and 4 weeks after
injections (Figure 5C). We were also able to assess the
effects of MMP-1 on myoblast differentiation and fusion
with host myofibers using immunohistochemical analysis.
Because MDX/SCID mice are deficient in dystrophin,
dystrophin-positive myofibers with nuclei �-galactosi-
dase (reflecting LacZ protein expression)-positive (dys-
trophin�/�-galactosidase�) represent transplanted
C2C12 cells that have differentiated and fused with host

Figure 3. Myoblasts (C2C12) were treated with 0, 1.0, 10, or 100 ng/ml of
MMP-1 for 7 hours. A: Western blot analysis showed an increase in the
expression of migration-related proteins, PreMMP-2 and TIMP as well as a
myogenic protein, myogenin. GAPDH staining served as the control. The
positive bands were evaluated and compared with standard GAPDH. B:
Results showed the dose-dependent increase of protein expression with
MMP-1 treatment. C: RT-PCR results indicated some myogenic genes, eg,
MRF4, myogenin, and MyoD were initially increased within 3 hours of
stimulation in a dose-dependent response with MMP-1 stimulation. With 12
hours of stimulation, myogenin, IGF1R, and MRF4 were promoted, thus
increasing the level of mRNA. Desmin, however, was decreased in a dose-
dependent response with MMP-1 treatment in 3-hour and 12-hour time
periods; MyoD also decreased, but only at the 12-hour time point.
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myofibers. When C2C12 cells were injected with MMP-1,
significantly more dystrophin�/�-galactosidase� muscle
grafts were visualized (Figure 6, A–D) compared with
control without MMP-1 treatment (Figure 6, E–H) at 2
weeks after transplantation. The diameters of these dys-
trophin�/�-galactosidase� myofibers were significantly
increased in MMP-1-treated muscle compared with con-
trol at 2 and 4 weeks after transplantation (Figure 6I);
similar results also indicated MMP-1-treated myoblasts
fused a larger number of LacZ and dystrophin�/�-galac-
tosidase�-positive myofibers compared with nontreated
myoblasts after transplantation in vivo (Figure 6J).

Discussion

Injured skeletal muscle has an enormous capacity to heal
itself in a process that is dependent on the activation and
differentiation of myoblasts.2,21,39,40 Disruption of the
basal lamina and plasma membrane of skeletal muscle
cells leads to the release of satellite cells, which follow a
highly coordinated sequence of steps in which they mi-

grate toward the injured muscle; subsequently, they dif-
ferentiate and fuse together to form myoblasts, multinu-
cleated myotubes, and ultimately, mature muscle
fibers.2,21,36 Unfortunately, excess deposition of the ECM
in the form of fibrotic scar tissue often leads to incomplete
recovery. A persistent imbalance between collagen
biosynthesis and degradation contributes to scar for-
mation and fibrosis in tissues; high levels of collagens
have been detected in injured skeletal muscle4,8,41 and
inhibition of collagen deposition has been able to re-
duce scar tissue formation in injured skeletal muscle.42

Additionally, muscle injuries usually result in hemato-
mas that are gradually replaced by granulation tissue
that fosters fibrosis.1–3,21,43

The clinical applications of anti-fibrotic therapies, such
as suramin and decorin, are limited in scope because
most persons with muscle injuries seek treatment for
muscle injuries only after the onset of fibrosis.21,44 Fur-
thermore, large quantities of fibrotic tissue are already
present in the skeletal muscles of patients who suffer
from neuromuscular disorders such as DMD. This fibrous

Figure 4. C2C12 cells were cultured until 75% confluent. They were subsequently treated with 0, 1.0, 10, or 100 ng/ml of MMP-1 in differentiation medium for
3, 5, and 7 days. A–D: Myotubes were immunostained with MyHC (red) and nuclei were stained with DAPI (blue) as shown at 3 days after treatment. The numbers
of myotubes were quantified by averaging the count from five high-powered fields using a fluorescent microscope. C2C12 displayed a dose-dependent increase
in ability to differentiate into myotubes at 10 and 100 ng/ml of MMP-1 compared with control at 3 (E) and 5 days (F) after treatment. G: At 7 days, the myotube
formation remained similar among different concentrations of MMP-1. *P � 0.05.

Figure 5. LacZ-positive C2C12 cells (1 � 105) were injected into the GMs or TAs of MDX/SCID mice along with 200 ng of MMP-1 in the left GMs and PBS in
the right GMs or TA muscles. GMs and TAs were harvested at different time points after injection. LacZ staining with eosin, along with immunohistochemistry for
dystrophin, were performed. MMP-1-treated C2C12 fused to a greater degree (A) compared with control nontreated C2C12 within TA muscles (B) at 2 weeks after
transplantation. C: The measured LacZ-positive muscle grafts indicated MMP-1-treated C2C12 cells activated migration and fused to a greater degree of engraftment
at 2 and 4 weeks after transplantation compared with control. *P � 0.05.

546 Wang et al
AJP February 2009, Vol. 174, No. 2



scar tissue presents a major limitation in the success of
myogenic cell transplantation, a potential therapeutic mo-
dality for DMD. For patients suffering from DMD, in-
creases in myoblast migration and fusion with host fibers
or fusion with one another after muscle cell implantation
would greatly improve the success of myoblast trans-
plantation.16,45,46 To date, limited myoblast migration dis-
tances from the sites of transplantation have complicated
therapy.15,16,45,47 As a result of this limitation, repeated
injections of myoblasts are required to obtain sustainable
engraftment.47,48 Unfortunately, repeating the injections
not only causes pain and discomfort for patients, but also
fosters additional fibrosis via direct trauma to the skeletal
muscle. Previous studies have demonstrated that MMP
collagenases, such as MMP-1, are capable of removing
fibrotic tissue within skeletal muscle,20,28 which is essen-
tial for muscle regeneration in vivo.45,49,50 They also ap-
pear to be involved in activation of satellite cells, which
function as myoblast precursors capable of differentiat-
ing and fusing with muscle fibers to repair dam-
age.45,49,51,52 Treatment with MMP-1 may augment the
success of muscle cell transplantation by improving the
efficacy of transplanted cells as well as reduce the number
of injections required to sustain engraftment for DMD
patients.

We have previously demonstrated that MMP-1 can
help remove the fibrous blockade against migrating myo-
blasts, thereby improving myoblast differentiation/fusion
in vivo.20,28 We were able to replicate these results in
dystrophin-deficient MDX/SCID mice by demonstrating

that transplanted myoblasts covered a significantly larger
area from the initial injection site. Our results demonstrate
that MMP-1 not only removes fibrous scar tissue from
skeletal muscle, but can also activate myoblast migration
and differentiation/fusion, which supports the results of
previous research. We also observed MMP-1 has no
chemoattractive effect on myoblasts. MMPs have been
strongly implicated in the process of tumor cell migration
and invasion during metastasis and in myoblast migration
during development.53–56 It has also been reported that
overexpression of MMP-1 and MMP-2 increased the mi-
gration and invasion of murine myoblasts in response to

Figure 6. Combining immunohistochemistry, higher numbers of LacZ, and dystrophin-positive, �-galactosidase-positive (dystrophin�/�-galactosidase�)
myofibers were detected within MMP-1-treated groups (A–D) compared with control nontreated groups (E–H) at 2 weeks after C2C12 myoblast transplantation.
I: The diameters of these dystrophin�/�-galactosidase� myofibers were also measured; results indicate MMP-1-treated C2C12 enlarge these myofibers by either
differentiation or fusion with host muscle compared with control nontreated C2C12 at 2 and 4 weeks after transplantation. J: The MMP-1-treated C2C12 also formed
a larger number of LacZ and dystrophin�/�-galactosidase� myofibers compared with nontreated control C2C12 at 2 and 4 weeks after myoblast transplantation.
Red: dystrophin; green: �-galactosidase; blue: nuclei. White arrows: dystrophin�/�-galactosidase�; white lines: diameters of newly fused myofibers. *P � 0.05.

Figure 7. A schematic of the potential effect of MMP-1 on muscle healing
within injured or diseased skeletal muscle.
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fibronectin in vitro.57 A recent study has shown that
MMP-1 stimulates cell migration through epidermal
growth factor receptor (EGFR) transactivation.58 MMP-1
and its inhibitors (eg, TIMP-1/2) also regulate the myo-
genic differentiation process.37,59,60 We were able to ob-
serve this directly by examining MMP-1’s effects on
C2C12 cell migration into artificial wounds in vitro. This
was further supported by the up-regulation of four migra-
tion-related proteins (N-cadherin, �-catenin, pre-MMP-2,
and TIMP-1) after treatment with MMP-1, especially at
higher doses (10 and 100 ng/ml). We had previously
hypothesized that MMP-1 may be liberating growth fac-
tors and cell signaling molecules, or acting on cell adhe-
sion sites located within the ECM.20 Given our in vitro
experiments in the absence of ECM, MMP-1 may also be
acting on binding proteins present on the myoblast cell
surface to directly promote differentiation and migration,
or may be involved in a more complex signaling cascade.
These interesting phenomena will be investigated in our
future studies.

Myoblasts differentiate into multinucleated myotubes,
which eventually fuse with mature muscle fibers to regen-
erate muscle.2,21 Our results indicate that MMP-1 can
promote C2C12 myoblast differentiation in vitro as well as
in vivo. RT-PCR and Western blot analysis showed that
MMP-1 treatment increased the myogenic gene production
from mRNA to proteins; the proteins with increased produc-
tion include: MRF4, myogenin, and MyoD. We also de-
tected that IGF1R was activated by MMP-1 treatment; how-
ever, desmin was somehow inhibited during MMP-1
stimulation. In fact, C2C12 cells treated with MMP-1 pro-
duce significantly more myotubes when cultured in vitro.
Myoblasts transplanted into dystrophic skeletal muscles of
MDX/SCID mice showed a significant increase in the num-
ber and diameter of regenerating myofibers when treated
with MMP-1. We were also able to support these results on
a molecular level; C2C12 cells treated with MMP-1 up-
regulated their expression of myogenin, which is a check-
point protein involved in myofiber formation.20 Because
myoblast differentiation is a critical step in the process of
muscle regeneration, MMP-1 may improve the recovery of
muscle function after injury by increasing the number of
myofibers generated by activated myoblasts. Therefore, the
benefits of MMP-1 on muscle healing may include remod-
eling the microenvironment to facilitate myoblast migration,
fusion, and regeneration (Figure 7). The healing of repeti-
tively injured skeletal muscle generates the pathological
repair process in congenitally diseased skeletal muscle.
Results of this study indicate that MMP-1 enhances
muscle cell migration and differentiation/fusion in vitro
as well as accelerating muscle regeneration and graft-
ing in vivo. Thus, MMP-1 could be beneficial in the
treatment of diseased muscles in neuromuscular dis-
eases such as DMD, particularly as an adjunctive ther-
apy to myoblast transplantation.
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