
Differentiation of Muscle-Derived Cells into
Myofibroblasts in Injured Skeletal Muscle

Yong Li* and Johnny Huard*†

From the Department of Orthopaedic Surgery,* Growth and

Development Laboratory, Children’s Hospital of Pittsburgh, and

the Department of Molecular Genetics and Biochemistry,†

University of Pittsburgh, Pittsburgh, Pennsylvania

Injured muscle can initiate regeneration promptly by
activating myogenic cells that proliferate and differ-
entiate into myotubes and myofibers. However, the
recovery of the injured skeletal muscle often is hin-
dered by the development of fibrosis. We hypothe-
sized that the early-appearing myogenic cells in the
injured area differentiate into myofibroblasts and
eventually contribute to the development of fibrosis.
To investigate this, we transplanted a genetically en-
gineered clonal population of muscle-derived stem
cells (MC13 cells) into the skeletal muscle of immu-
nodeficient SCID mice, which were lacerated 4 weeks
after transplantation. The MC13 cells regenerated nu-
merous myofibers in the nonlacerated muscle and
these myogenic cells were gradually replaced by myo-
fibroblastic cells in the injured muscle. Our results
suggest that the release of local environmental stimuli
after muscle injury triggers the differentiation of
myogenic cells (including MC13 cells) into fibrotic
cells. These results demonstrate the potential of mus-
cle-derived stem cells to differentiate into different
lineages and illustrate the importance of controlling
the local environment within the injured tissue to
optimize tissue regeneration via the transplantation
of stem cells. (Am J Pathol 2002, 161:895–907)

Growth and repair of skeletal muscle is usually initiated
by the activation of a population of muscle precursors,
called satellite cells, located beneath the basement
membrane of muscle fibers.1,2 Based on their ability to
repair injured or damaged muscle fibers in the postnatal
stage, satellite cells were proposed as a population of
muscle stem cells.2,3 However, there is evidence that
satellite cells are heterogeneous in nature because they
behave differently in vitro and in vivo.3,4 At least two pop-
ulations of satellite cells have been isolated from human
skeletal muscle tissue: fusing and nonfusing satellite
cells.5 In addition, a series of recent studies reported that
a subpopulation of cells extracted from skeletal muscle
displays a stem cell phenotype6–8 and can differentiate
into various lineages.8–10

After muscle injuries, myogenic precursor cells are
released and activated early in the healing process.

Once activated, the myogenic cells rapidly regenerate
the injured skeletal muscle either by fusing with the local
myofibers or by generating new myofibers.1,2 Although
this prompt regeneration seems to contribute to muscle
healing, the functional recovery of the injured muscle
often is hindered by the development of scar tissue.11,12

The development of scar tissue after injury is usually
associated with the overproduction of extracellular ma-
trix.13,14 Even when regeneration is enhanced by differ-
ent growth factors, fibrosis still takes place and inhibits
functional muscle recovery.11,15 Our research team has
shown that the use of anti-fibrosis agents (eg, decorin)
that inactivate transforming growth factor-�1 (TGF-�1)
can reduce muscle fibrosis and significantly improve
muscle healing after injuries.16 It is therefore apparent
that fibrosis interferes with the functional recovery of in-
jured skeletal muscle.

We hypothesize that the early-appearing myogenic
cells, which probably include muscle-derived stem cells,
can differentiate into another cell lineage (eg, myofibro-
blasts) because of the influence of environmental stimuli
released at the injured area. The differentiation of myo-
genic cells toward the fibroblastic lineage may explain
the rapid development of large scar tissue after injury. To
validate this hypothesis, we designed a set of experi-
ments involving the transplantation of a clonal population
of muscle-derived stem cells (MC13 cells)8 into skeletal
muscles that were subsequently injured by laceration.
Our results suggest that myogenic precursor cells can dif-
ferentiate into myofibroblasts after muscle injury and con-
sequently contribute to the development of fibrosis. These
results may prove extremely important in the development
of approaches to prevent muscle fibrosis after injury.

Materials and Methods

Experimental Design

A population of muscle-derived stem cells (MC13 cells)
was transplanted into skeletal muscles that were subse-
quently injured by laceration using a protocol previously
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described.12,15,16 MC13 cells were injected into both the
left and right gastrocnemius muscles (GMs) of SCID mice
(C57BL6J/SJ, 4 to 6 weeks of age). Forty immunodefi-
cient SCID mice were separated into five groups for this
experiment (five mice were used for histology and three
mice were used for the preplate technique analysis to
isolate primary cell culture). Four weeks after implantation
(experimental design in Figure 1), the GMs in the left legs
were lacerated and the right leg muscles were kept as
controls (ie, nonlacerated). The muscle tissue was either
used to prepare primary cell cultures (Figure 2A) at 1 to
5 weeks after injury or cryostat-sectioned for histological
assessment (Figure 1). All animal procedures were per-
formed in accordance with the guidelines approved by
Children’s Hospital and the University of Pittsburgh Ani-
mal Care Committee (protocol no. 2/98).

Cells

MC13 cells were isolated from primary muscle cells (pp6)
of mdx mice and transfected with a plasmid encoding for
the �-galactosidase (by human cytomegalovirus; HCMV
promoter), minidystrophin (by chicken �-actin; CAG pro-
moter), and neomycin resistance genes (by phospho-
glycerate PKG promoter).8,17 The primary muscle cells
isolated at different preplates (pp1 to pp6, see below in
Isolation of Donor-Derived Muscle Cells from the Lacer-
ated and Nonlacerated Skeletal Muscle) were obtained
using the preplate technique as previously de-
scribed.8,18–20 The fibroblast cell line NIH/3T3 was used
as the control for the reverse transcriptase-polymerase
chain reaction (RT-PCR) experiments.

RT-PCR

Equal numbers (1 � 105) of four different types of cells [ie,
the MC13, NIH/3T3, and primary muscle-derived cells (pp1/
pp2, pp6)] were seeded into 75-cm2 flasks (Falcon, Becton
Dickinson Laboratory, Franklin Lakes, NJ) and cultured for
48 hours. Then the cells’ total RNA was extracted using a
monophasic solution of phenol and guanidine isothiocya-
nate (TRIzol, 10 cm2/ml; Life Technologies, Inc., Grand
Island, NY). Reverse transcription was performed with Su-
perscript II (Gibco BRL, Life Technologies, Inc., Rockville,
MD), and cDNA was amplified by PCR with primers specific
for vimentin 5�-TCAGCTCACCAACGACAAGG-3� and 3�-
GGAGTGTTCTTTTTGAGTGGG-5�; �-smooth muscle actin
(�-SMA), 5�-CTGGAGAAGAGCTACGAACTGC-3� and 3�-
CTGATCCACATCTGCTGGAAGG-5�; �-actin, 5�-GTGGG-
CCGCTCTAGGCACCAA-3� and 3�-CTCTTTGATGTCACG-
CACGATTTC-5�.

Detection of �-SMA and Vimentin by
Western Blot

Two hundred thousand MC13 cells were seeded into
25-cm2 flasks in Dulbecco’s modified Eagle’s medium

containing different concentrations of TGF-�1 (0.01 ng/
ml, 0.1 ng/ml, 1.0 ng/ml, and 10 ng/ml). Twelve hours
later, the cells were lysed and separated on a 12.5%
electrophoresis sodium dodecyl sulfate-polyacrylamide
gel. Equal aliquots (25 �l) of samples diluted in Laemmli
sample buffer (Bio-Rad, Richmond, CA) were boiled for 5
minutes before loading. After 12 hours of electrophoresis
at 30 V, the separated proteins were transferred to a
nitrocellulose membrane (60 V overnight). Membranes
were blocked with 1% nonfat dry milk and 2% horse
serum in phosphate-buffered saline (PBS) for 1 hour at
room temperature. The primary antibodies used for these
experiments were mouse anti-�-SMA (1:1000) and goat
anti-vimentin (1:2000) applied to the membranes for 2
hours at room temperature. The secondary antibodies
used were anti-mouse IgG-horseradish peroxidase (1:
5000) and anti-goat IgG-horseradish peroxidase (1:5000)
incubated with the membranes for 1 hour. The blots were
developed using SuperSignal West Pico Chemilumines-
cent substrate (Pierce, Rockford, IL), and the positive
bands were visualized on X-ray film.

Cell Transplantation and Development of
Muscle Injury Model (Laceration)

Forty immunodeficient SCID mice were separated into
five groups. After receiving anesthesia, 1 � 106 MC13
cells were injected intramuscularly into the right and left
GMs of the mice. Four weeks later, the injected muscles
from the left legs were injured by laceration using a
protocol previously described.12,15,16 The GM was lacer-
ated at the largest diameter through 50% of its width and
100% of its thickness using a protocol previously de-
scribed.12,15,16 The injected muscles of the right legs
were not lacerated and served as controls. At different
time points after transplantation and laceration injury, the
animals were sacrificed and the GMs were isolated to be
prepared for primary muscle cell culture via the preplate
technique and/or to be assessed by histology and immu-
nohistochemistry for the expression of �-galactosidase,
�-SMA, and vimentin (experimental design in Figure 1).

LacZ Staining

The muscle cryosections (10 �m) and culture cells
(MC13, pp1/pp2, pp4/pp5) were fixed with 1% glutaral-
dehyde (Sigma Chemical Co., St. Louis, MO), and then
were incubated with LacZ staining solution (0.5 mmol/L
K4Fe(CN)6, 0.5 mmol/L K3Fe(CN)6, 1.0 mmol/L MgCl2) for

Figure 1. Schematic representation of the experimental design.
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Figure 2. Illustration of the isolation of primary muscle cells (pp1-pp6) via the preplate technique (A). MC13 cells purified from pp6 are positive for
�-galactosidase (B, C) and desmin (E). Even after differentiation, the MC13 cells remain positive for LacZ (D). The MC13 cells are negative for �-SMA and vimentin
(F, G). These results were confirmed by RT-PCR (H). The pp1/pp2 cell population was positive for both vimentin and �-SMA, but the NIH/3T3 cell population
was positive only for vimentin. MC13 cells and pp6 cell populations were both negative for vimentin and �-SMA. �-Actin was used as an external control for the
RT-PCR experiment.
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2 hours at 37°C as previously described.8 The sections
were subsequently stained with eosin, while the cultured
cells were visualized under a light microscope after LacZ
staining. All results were visualized by regular micros-
copy (Nikon Diaphot 300, Nikon Eclipse E-800; Nikon,
Tokyo, Japan).

Quantitation of LacZ-Positive Myofibers at
Different Time Points after Injection

Northern Eclipse software (Empix Imaging, Inc., North
Tonawanda, NY) was used to count the number of LacZ-
positive myofibers in both injured and control skeletal
muscles at different time points after transplantation. Tis-
sue sections were stained with LacZ and eosin as de-
scribed above and 10 sections were selected for count-
ing from each group of mice at different time points (two
sections from each mouse). The results were analyzed by
Student’s t-test and P � 0.05 was considered significant.

Immunostaining

The injected sites (LacZ-positive) were also stained by
immunohistochemistry. For �-galactosidase, the first an-
tibody (biotin-conjugated anti-�-galactosidase, diluted to
1:100 in PBS; Sigma) was applied to the sections over-
night at room temperature, and this was followed by
streptavidin-conjugated Alexa Fluor 488 (1:1000 in PBS;
Molecular Probes, Eugene, OR) used for 1 hour at room
temperature. For �-SMA, a primary mouse antibody anti-
�-SMA (1:400 in PBS for 2 hours at room temperature;
Sigma) was used first, followed by a biotin-conjugated
anti-mouse IgG (1:250 in PBS for 1 hour; Boehringer
Mannheim, Indianapolis, IN) and a streptavidin-conju-
gated Cy3 (1:100 in PBS for 1 hour at room temperature;
Sigma). Vimentin was detected using a goat anti-vimentin
antibody-conjugated Cy3 (1:100 in PBS; Sigma) for 1 hour
at room temperature. All immunofluorescence was visual-
ized by fluorescent microscopy (Nikon Eclipse E-800).

Co-Localization of �-SMA and LacZ in Injured
Skeletal Muscle

The biotinylated anti-�-galactosidase antibody was incu-
bated overnight at room temperature (1:100 in PBS).
Next, the secondary antibody, a streptavidin conjugated-
Alexa Fluor 488 (1:1000), was incubated with the section
for 1 hour. The mouse anti-�-SMA antibody (1:200) was
incubated for 1 hour at room temperature followed by an
anti-mouse-Cy3 antibody (1:150) for 45 minutes. The sec-
tions were subsequently incubated with 4,6-diamidino-2-
phenylindole (5 minutes) to visualize the nuclei. The re-
sults were observed using fluorescence microscopy as
described above.

Detection of TGF-�1 in the Injured Skeletal
Muscle

Twenty-four SCID mice were separated into two groups.
In group 1, 10 �l (10 �g/ml) of cardiotoxin were injected
into the left GMs of the mice, while the right GMs were
injected with 10 �l of PBS and served as controls. In
group 2, the left GMs of the mice were lacerated, while
the right GMs remained nonlacerated as controls. All
mice were sacrificed at different time points after injury (3
days, 7 days, and 14 days). The GM tissues were pre-
pared as above, and then stained by immunohistochem-
istry. The first antibody used was a rat anti-TGF-�1 IgG
(Novocastra Laboratories, Newcastle, UK), which was
diluted 1:100 and incubated with the sections for 2 hours
(room temperature). The secondary antibody, an anti-
mouse-IgG-Cy3 conjugated antibody (1:200, Sigma),
was incubated with the section for 1 hour (room temper-
ature). Finally, the sections were incubated with 4,6-dia-
midino-2-phenylindole (5 minutes) to visualize the nuclei.

Isolation of Donor-Derived Muscle Cells from
the Lacerated and Nonlacerated Skeletal
Muscle

We isolated the injected GMs from both the nonlacerated
and lacerated muscles at different time points after injury
using a technique previously described.8,18–20 The iso-
lated cells were suspended in medium (Dulbecco’s mod-
ified Eagle’s medium plus 20% fetal bovine serum) and
were seeded to collagen-coated flasks. One hour later,
the supernatant was transferred into a fresh collagen-
coated flask. The cells that quickly adhered to the flask
were called pp1. The supernatant was replated in new
flasks after 12 hours, and the cells that adhered to the
flask during this 12-hour period were called pp2. The
other preplate populations (pp3 to pp6) were obtained at
intervals of 24 hours. Normally, the pp1 and pp2 popu-
lations of cells comprise mostly fibroblasts, because they
are 5 to 15% desmin-positive18 and some of them ex-
press �-SMA and vimentin (Figure 1H). In contrast, the
pp4 and pp5 fractions of cells are highly enriched for
desmin-positive cells (�80%).18 The muscle stem cells
(MC13) were purified from the pp6 cell population8,18

(Figure 2A).
Various muscle-derived cell populations (pp1-pp6)

were isolated from the lacerated and nonlacerated skel-
etal muscle at different time points after injury. However,
we have combined the pp1 and pp2 (pp1/pp2) popula-
tions to form a representative fraction of low desmin-
expressing cells (fibroblastic cell population) and the pp4
and pp5 (pp4/pp5) to form a representative fraction of
high desmin-positive cells (myogenic cell population).
The isolated cells (pp1/pp2 and pp4/pp5) from both lac-
erated and nonlacerated skeletal muscles were stained
for �-galactosidase. For each population of cells (pp1/
pp2 and pp4/pp5), isolated from lacerated and nonlac-
erated skeletal muscles, 1 � 104 cells were analyzed for
LacZ expression. Statistical significance was assessed
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by a Student’s t-test; P � 0.05 was considered signifi-
cant.

Results

Muscle-Derived Stem Cells Display the
Expression of Myogenic and Stem Cell Markers
but Are Negative for Vimentin and �-SMA

We and others have reported the isolation of various
populations of muscle-derived cells (Figure 2A) through
the preplate technique, a technique used to enrich for
myogenic cells.18–20 The MC13 cells8 used in this study
represent a clonal population of muscle-derived cells
isolated from the preplate 6 (pp6) cell population as
shown in Figure 2A. The genetically engineered MC13
cells expressed �-galactosidase in the nondifferentiated
state (Figure 2, B and C), as well as in differentiated
myotubes, when cultured in fusion medium in vitro (Figure
2D). We also have reported recently that the MC13 cells
expressed early myogenic and stem cell markers, and
are capable of differentiating into myogenic and osteo-
genic lineages.8 Undifferentiated MC13 cells were also
positive for desmin (Figure 2E) and other myogenic pro-
teins, including myogenin and MyoD,8 but they lacked
the expression of myofibroblastic markers such as vimen-
tin and �-SMA21,22 (Figure 2; F, G, and H). The pp4/pp5
fraction of muscle-derived cells also lacked vimentin and
�-SMA expression (Figure 2H). In contrast, the combined
pp1/pp2 cell population expressed both vimentin and
�-SMA (Figure 2H). Many of the pp1/pp2 cells were
desmin-negative and were likely to be fibroblastic in na-
ture.18–20 We used NIH/3T3 cells, a well-known fibroblas-
tic cell line, as a control cell population for the RT-PCR
experiments. The NIH/3T3 cells express vimentin, but
lack �-SMA expression (Figure 2H).

MC13 Cells Differentiate into Myofibers after
Transplantation in Nonlacerated Skeletal Muscle

We first investigated the fate of the injected MC13 cells in
nonlacerated skeletal muscles at 6 and 9 weeks after
transplantation (experimental design Figure 1). The in-
jected skeletal muscles were stained for LacZ, and the
co-expression of �-SMA and vimentin was investigated
by immunohistochemistry. As expected, the injection of
MC13 cells within skeletal muscles resulted in the regen-
eration of many myofibers at 6 weeks after transplanta-
tion. In fact, many MC13 cells had fused into myotubes
and myofibers expressing �-galactosidase at 6 weeks
after injection (Figure 3; A to D). Immunohistochemical
staining for �-SMA (Figure 3, E and F) and vimentin
(Figure 3, G and H) revealed that cells at the injected site
expressed �-SMA but lacked vimentin expression at 6
weeks after injection. At 9 weeks after implantation, the
injected site contained numerous large myofibers ex-
pressing the �-galactosidase reporter gene (Figure 3; I to
L). This finding demonstrates that the regenerated myo-
fibers present at 6 weeks after injection had persisted

and matured at 9 weeks after injection. However, a com-
plete absence of �-SMA (Figure 3, M and N) and vimentin
expression (Figure 3, O and P) was observed in the
injured site. These results show that the injection of MC13
cells into a nonlacerated skeletal muscle contributed to
the regeneration of myofibers at the injected site (LacZ-
expressing myofibers) without the development of mus-
cle fibrosis at 9 weeks after implantation.

MC13 Cells Differentiate into Myofibroblasts in
Lacerated Skeletal Muscle

We next proceeded to investigate the fate of the MC13
cells injected into the skeletal muscles that were lacer-
ated at 4 weeks after transplantation. The fate of the
injected cells was observed as described above at 2 and
5 weeks after laceration (6 and 9 weeks after transplan-
tation, respectively) (see Figure 1 for experimental de-
sign). Like the nonlacerated muscles, the injected, lacer-
ated muscles were also assessed by LacZ staining in
combination with immunohistochemistry for �-galactosi-
dase, �-SMA, and vimentin expression. As observed in
the nonlacerated skeletal muscle, many LacZ-expressing
myofibers were found in the injured sites at 2 weeks after
laceration (Figure 4; A to D). However, the expression of
�-SMA (Figure 4, E and F) and vimentin (Figure 4, G and
H) was also observed at the injured site (Figure 4; A to D).
These results suggest that as early as 2 weeks after
injury, some of the injected MC13 cells may have differ-
entiated into myofibroblastic cells in the injured site. At 5
weeks after laceration, a large scar tissue had developed
in the injured skeletal muscle. Nearly all of the LacZ-
expressing myofibers found at 2 weeks after laceration
(Figure 4; A to D) had disappeared by 5 weeks after injury
(Figure 4; I to L). Surprisingly, most of the LacZ-positive
cells were found in the scar tissue, suggesting that many
of the injected MC13 cells had differentiated into fibrotic
cells after injury (Figure 4; I to L). Indeed, immunohisto-
chemical staining revealed that the �-galactosidase-pos-
itive scar tissue area (Figure 4, K and L) co-localized with
�-SMA (Figure 4, M and N) and vimentin expression
(Figure 4, O and P). These results suggest that on muscle
injury, the injected MC13 cells potentially differentiated
toward myofibroblastic lineages, which further contrib-
uted to the development of fibrosis within the injured
skeletal muscle.

We have used immunohistochemistry to further co-
localize the expression of �-galactosidase-expressing
cells with �-SMA-positive cells in the injured skeletal mus-
cle at 1, 3, and 5 weeks after injury (Figure 5). At 1 week
after injury, we have observed occasional myofibers ex-
pressing �-galactosidase (Figure 5A, asterisks) that co-
localized with myofibers expressing �-SMA (Figure 5, B
and C, asterisks), but the vast majority of the �-galacto-
sidase-expressing myofibers lacked the �-SMA expres-
sion (Figure 5, B and C, arrowheads). However, many
�-SMA-expressing cells were found between myofibers
(Figure 5, B and C, arrows). At 3 weeks after laceration, the
majority of the large �-galactosidase-expressing myofibers
was found negative for �-SMA (Figure 5; D, E, and F),
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whereas a few small �-galactosidase-expressing myofibers
expressed �-SMA (Figure 5; D, E, and F, asterisks).

At 5 weeks after laceration, there was a high expres-
sion of �-SMA in muscles at the injured site, whereas no
�-galactosidase-expressing myofibers were observed
(Figure 5; G, H, and I). Indeed, at 5 weeks after injury, a
large number of mononucleated cells that co-expressed
�-galactosidase and �-SMA was found in the injured area
(Figure 5; G, H, and I, arrows).

We have quantitated the number of �-galactosidase-
expressing myofibers present in the lacerated skeletal
muscle at different time points after injury, and the results
were compared with the nonlacerated skeletal muscle.
The number of LacZ-positive myofibers in the lacerated
skeletal muscle was significantly lower than in the non-
lacerated skeletal muscle at 7 and 9 weeks after trans-
plantation (Figure 6). Although the number of �-galacto-
sidase-expressing myofibers within the lacerated skeletal
muscle at 1 week after injury was no different from in the
nonlacerated skeletal muscle, these LacZ-positive myo-

fibers in the lacerated skeletal muscle disappeared al-
most entirely at 5 weeks after injury (Figure 6).

Isolation of Donor-Derived Cells with a
Myofibroblastic Phenotype from the Injured
Skeletal Muscle

To confirm the differentiation of MC13 cells into a myofi-
broblastic lineage following muscle injury, the injected
skeletal muscles were used to isolate a pp1/pp2 fibro-
blastic fraction and a pp4/pp5 myogenic fraction of mus-
cle-derived cells via the preplate technique (Figure 2A) at
different time points after injury. Various cells expressing
�-galactosidase (Figure 7, A and C) that co-localized with
�-SMA (Figure 7B) and vimentin (Figure 7D) were found
in the pp1/pp2 culture derived from the injured skeletal
muscle at 2 weeks after injury. These results suggest that
MC13 cells, identified by the LacZ staining (Figure 7, A
and C), survived in the injected skeletal muscle, and

Figure 3. Many MC13 cells had fused into myotubes and myofibers at 6 weeks after transplantation in the nonlacerated muscle (A–D). The injected sites were
positive for �-SMA (E, F), but negative for vimentin (G, H). At 9 weeks after transplantation, most of the �-galactosidase-expressing myofibers had matured and
become larger than at 6 weeks after transplantation (I–L). However, the injected sites were negative for both �-SMA (M, N) and vimentin (O, P).
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following injury they differentiated toward myofibroblastic
lineage and hence expressed vimentin and �-SMA (Fig-
ure 7, B and D). The MC13 cells were found negative for
these myofibroblast markers before implantation (Figure
2; F, G, and H). We also observed that the MC13 cells
isolated from the lacerated skeletal muscles lost their
capacity to differentiate into myotubes in vitro (not
shown), unlike the MC13 cells before injection (Figure
2D). This co-localization of LacZ-positive cells with vi-
mentin and �-SMA was found primarily in the injured
skeletal muscle at 2, 3, and 5 weeks after injury, and was
not observed in the nonlacerated muscle controls. Al-
though some of the LacZ-positive MC13 cells that co-local-
ized with �-SMA and vimentin could be found in the injured
muscle at 1 week after laceration, their numbers were sig-
nificantly lower than at 2, 3, and 5 weeks after injury. These
results confirm the histological assessment (Figures 4 to 6)
and suggest that the MC13 cells gradually differentiated
into myofibroblastic cells in a time-dependent manner after
injury.

Gradual Differentiation of MC13 Cells toward
Myofibroblasts at Different Time Points after
Injury

To further confirm a gradual differentiation of the MC13
cells toward myofibroblastic lineage after injury, we ana-
lyzed whether the number of LacZ-positive cells (pp1/
pp2 fibroblastic fraction versus pp4/pp5 myogenic frac-
tion) isolated from the lacerated skeletal muscle would
vary in a time-dependent manner after injury. A similar
experiment was performed in the control nonlacerated
muscles. The LacZ-positive cells derived from the injured
skeletal muscles at 1 week after injury (5 weeks after
transplantation) were mostly isolated from the pp4/pp5
myogenic fraction (Figure 7E). Interestingly, at 3 weeks
after injury (7 weeks after transplantation) the number of
LacZ-positive cells in the pp4/pp5 myogenic fraction was
similar to that in the pp1/pp2 fibroblastic fraction. At 5
weeks after injury (9 weeks after transplantation) most of

Figure 4. The MC13 cells had differentiated into myotubes and myofibers in the injured skeletal muscle at 2 weeks after injury (A–D). However, the injected sites
were highly positive for both �-SMA (E, F) and vimentin (G, H) at 2 weeks after injury. At 5 weeks after injury, the regenerating myofibers present at 2 weeks
after injury had disappeared and been replaced by scar tissue (I–L). Indeed, most of the �-galactosidase-expressing injected cells were now found in the scar tissue
(I–L) because the injected sites were highly positive for both �-SMA (M, N) and vimentin (O, P).
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the LacZ-positive cells were found in the pp1/pp2 fibro-
blastic fraction (Figure 7E). In contrast to the observa-
tions at 1 week after injury, the number of LacZ-positive
cells found in the pp1/pp2 fibroblastic fraction was sig-
nificantly higher than the number found in the pp4/pp5
myogenic fraction at 5 weeks after injury. We observed
that most of the LacZ-positive cells derived from the
nonlacerated muscle at 5, 7, and 9 weeks after transplan-
tation were always isolated in the pp4/pp5 myogenic
fraction (Figure 7E). In fact, there were significantly more
LacZ-positive cells in the pp4/pp5 myogenic fraction than
in the pp1/pp2 fibroblastic fraction at every tested time
point after transplantation (Figure 7E).

Most of the LacZ-positive cells were found in the pp4/
pp5 myogenic fraction, which is where most of the myo-
genic cells are usually found after the preplate tech-
nique.18–20 These results suggest that the MC13 cells
retain their myogenic phenotype after transplantation into

nonlacerated skeletal muscle. The LacZ-positive cells
derived from the injured skeletal muscle at 1 week after
injury were primarily myogenic and, therefore, could also
be isolated in the pp4/pp5 myogenic fraction. However,
at 5 weeks after injury the MC13 cells had differentiated
toward a myofibroblastic lineage and, consequently,
could be isolated from the pp1/pp2 fibroblastic fraction
where mostly nonmyogenic cells (desmin-negative) are
isolated.18–20 These results further confirm that upon
muscle injury, the MC13 cells gradually differentiate from
a myogenic lineage toward a myofibroblastic one. Be-
cause the percentage of LacZ-positive cells (pp1/pp2
and pp4/pp5) obtained from the nonlacerated and lacer-
ated skeletal muscles at different time points after injec-
tion was similar, it is likely that the loss of MC13 cells
following intramuscular injection was equivalent between
the injured and control skeletal muscles.

Figure 5. Co-localization of �-galactosidase-expressing cells with �-SMA-positive cells in the injured skeletal muscle. �-SMA was expressed in �-galactosidase-
expressing myofibers at 1 week after laceration (A–C, asterisks). The expression of �-SMA also was found in the interstitial tissue between the myofibers (A–C,
arrows). The vast majority of �-galactosidase-expressing myofibers was negative for �-SMA (A–C, arrowheads). However, the expression of �-SMA was mainly
observed in interstitial tissue at 3 weeks after laceration (D–F, arrows). There were a few small myofibers in the lacerated area co-expressing �-galactosidase and
�-SMA (D–F, asterisks). At 5 weeks after laceration, a complete absence of �-galactosidase-expressing myofibers was observed in the injected site, and the
expression of �-SMA was found exclusively in interstitial tissue containing numerous �-galactosidase-expressing cells (G–I, arrows).
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The Role of TGF-�1 in the Development of
Muscle Fibrosis after Muscle Injury

A time-dependent expression of TGF-�1 was detected in
the injured skeletal muscle (cardiotoxin and laceration).
Our results show that TGF-�1 is highly expressed in both
mononucleated cells (arrows) and myofibers (asterisks)
at 3 days after injury (Figure 8, A and B). However, the
expression of TGF-�1 declines at 7 and 14 days after
injury (laceration). These results suggest that high levels
of TGF-�1 may play a role in the subsequent develop-
ment of fibrosis after muscle injury. To further validate this
hypothesis, we have tested whether the stimulation of
MC13 cells with TGF-�1 will induce the expression of
myofibroblastic markers, including �-SMA and vimentin.
Indeed, we have used both RT-PCR (Figure 8E) and
Western blot (Figure 8F) to observe that the expression of
�-SMA and vimentin by the MC13 cells can be induced
by TGF-�1 stimulation in a dose-dependent manner.
These results further validate the hypothesis that TGF-�1
triggers the differentiation of these MC13 cells toward a
myofibroblastic lineage, which consequently contributes
to the development of muscle fibrosis.

Discussion

It is widely accepted that myogenic precursor cells re-
leased at the site of a muscle injury will differentiate into
satellite cells, which progressively differentiate into myo-
blasts and fuse into myotubes and myofibers.1–4 How-
ever, some of these cells can differentiate not only into
myogenic cells, but also into a variety of lineages, such
as osteogenic and hematopoietic cells.6–8,10 This multi-
differentiation capability has been noted in stem cells
derived from different adult tissues (eg, bone marrow,
liver, and nerve).10,23–27 Recently, cells derived from

bone marrow and brain were found capable of differen-
tiating into myogenic cells under appropriate stimu-
li.10,23,24 It seems likely that appropriate stimulation is
required for the differentiation of stem cells into different
tissues.28–31 The factor(s) that triggers the differentiation
of stem cells into various lineages remains unknown, but
growth factors and cytokines are likely molecular candi-
dates. A change in the biochemical environment resulting
from muscle injury also could prove to be an important
trigger that influences the differentiation events.29,31

In muscle injuries the release of growth factors at the
injured site is an important step in the initiation of the
healing process. These growth factors can stimulate
the growth and differentiation of various muscle-derived
cells.1,16,21,22,32 Growth factors are known to promote
myoblast proliferation and differentiation, which can
eventually lead to muscle regeneration and healing after
injury.11,12,15,16 However, some growth factors (eg,
TGF-�1 and platelet-derived growth factor) are highly
expressed at the injured site and are likely to be involved
in the development of muscle fibrosis.32–34 TGF-�1 has
been considered a key factor during hepatic stellate cell
differentiation into myofibroblast.35,36 It also has been
postulated that platelet-derived growth factor is closely
associated with chronic liver fibrosis.37 These growth
factors could potentially trigger the differentiation of the
MC13 cells toward a myofibroblastic lineage after injury.
The gradual differentiation process after an injury may be
influenced by relative levels of expression of various
growth factors present in the injured skeletal muscle,
such as TGF-�1 and platelet-derived growth factor.

In our current experiment, we have observed that mus-
cle-derived stem cells likely begin their differentiation
toward the myofibroblastic lineage as early as 1 to 2
weeks after laceration. At this time point, the majority of
the LacZ-positive cells derived from the injured skeletal
muscle was still found in the myogenic cell (pp4/pp5)
population rather than in the fibroblastic cell (pp1/pp2)
population. This suggests that only a few of the MC13
cells had differentiated toward a myofibroblastic lineage
at this time point after injury whereas the majority of the
injected cells had differentiated into the myogenic lin-
eage, leading to a large number of regenerating myofi-
bers. At 3 weeks after laceration, we found that similar
numbers of LacZ-positive cells (MC13 cells) could be
isolated in the fibroblastic (pp1/pp2) and myogenic (pp4/
pp5) populations. These results suggest that approxi-
mately half of the LacZ-positive cells derived from MC13
cells had differentiated into myofibroblastic cells at 3
weeks after injury. At 5 weeks after injury the vast majority
of the isolated LacZ-positive MC13 cells was found in the
fibroblastic (pp1/pp2) population, suggesting that most
of the injected cells had differentiated into the myofibro-
blastic lineage by this time. These results validate our
histological studies in vivo, in which a large number of
regenerating myofibers present in the MC13-injected
muscles at 2 weeks after laceration were replaced by
scar tissue at 5 weeks after injury. These results also
suggest that the injected MC13 cells could differentiate
into fibrotic cells in the injured skeletal muscle.

Figure 6. The quantitation of �-galactosidase-expressing myofibers in both
injured and nonlacerated skeletal muscle revealed that: 1) similar numbers of
LacZ-expressing myofibers were found in injured (1 week after injury) and
nonlacerated muscle at 5 weeks after transplantation; and 2) a significant
decrease in LacZ-expressing myofibers was found in the injured muscle (3
and 5 weeks after injury) when compared to nonlacerated muscle at 7 and 9
weeks after transplantation. At 5 weeks after injury (9 weeks after transplan-
tation), there was a near complete absence of LacZ-expressing myofibers in
the injured skeletal muscle.
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Because TGF-�1 has been considered a key factor in
the development of fibrosis in various tissues,32–36 we
have tested the role of TGF-�1 in the development of scar
tissue after muscle injuries. We have observed that
TGF-�1 is highly expressed in the injured skeletal muscle
(cardiotoxin and laceration) at 3 days after injury. The
expression of TGF-�1 is transient; a decline of expression

is observed at 14 days after injury. In addition, our in vitro
results suggest that TGF-�1 is capable of inducing the
expression of myofibroblastic markers, such as �-SMA
and vimentin, in MC13 cells in a dose-dependent man-
ner. Although we cannot exclude the participation of
other growth factors in the development of muscle fibro-
sis, it seems possible based on these results that TGF-

Figure 7. The LacZ-positive cells isolated within the pp1/pp2 fraction from the injured muscle at 2 weeks after laceration (A, C) were also positive for �-SMA (B)
and vimentin (D). The percentage of LacZ-positive cells isolated within the pp1/pp2 and pp4/pp5 fractions from the injured and control skeletal muscles at 5,
7, and 9 weeks after implantation revealed that: 1) a significantly higher percentage of LacZ-positive cells was found in the pp4/pp5 fraction than in the pp1/pp2
fraction from the injured muscle at 1 week after injury; 2) a similar percentage of pp1/pp2 and pp4/pp5 cells were LacZ-positive at 3 weeks after injury; and 3)
the percentage of LacZ-positive cells was significantly higher in the pp1/pp2 fraction than in the pp4/pp5 fraction at 5 weeks after injury. In contrast, a significantly
higher percentage of LacZ-positive cells were consistently found in the pp4/pp5 fraction than in the pp1/pp2 fraction at all time points tested in the control muscle
(5, 7, and 9 weeks after transplantation). **, P � 0.01.
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�1, the key factor involved in the fibrosis of various tis-
sues, also plays a role in the development of scar tissue
formation after muscle injury. Furthermore, TGF-�1 prob-
ably is involved in the differentiation of MC13 cells toward
myofibroblast lineage, which likely also contributes to the
development of fibrosis.

The regenerated myofibers that appeared shortly after
muscle injury subsequently disappeared at 5 weeks after
injury. This is an unexpected finding and difficult to rec-
oncile with normal persistence of regenerated muscles.
The loss of these myofibers (and replacement by fibrosis)

is hard to explain but might be because of a lack of
reinnervation of the new MC13 myofibers, as immune
rejection seems unlikely in the SCID host mouse. Further-
more the fate of these regenerated myofibers that disap-
peared is unclear. Recently, it has been shown that
multinucleated myotubes could dedifferentiate in vitro
and give rise to mononucleated cells that can differenti-
ate into other lineages.38–40 Based on these new results,
it is possible that after injury myofibers differentiate into
other cell lineages, including myofibroblastic lineage, al-
though this has not yet been demonstrated for mamma-

Figure 8. Implication of TGF-�1 in the development of scar tissue within the injured skeletal muscle. There is expression of TGF-�1 in injured skeletal muscle
(asterisks indicate myofibers and arrows indicate interstitial tissue) at 3 days after injury (cardiotoxin, A; laceration, B). This TGF-�1 expression decreased in
the lacerated injured skeletal muscle at 7 days (C) and 14 days (D). RT-PCR (E) and Western blot (F) indicated an induction of �-SMA and vimentin expression
in MC13 cells stimulated with TGF-�1 in a dose-dependent manner. For both RT-PCR and Western blot, lane 1 represents nonstimulated MC13 cells and lanes
2 to 5 represent MC13 cells stimulated with 0.01, 0.1, 1, and 5 ng/ml of TGF-�1, respectively. In E, the M indicates marker DNA ladder control.
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lian myotubes in vivo. The disappearance of the �-galac-
tosidase-expressing myofibers and the presence of
numerous �-galactosidase-expressing mononucleated
cells co-expressing �-SMA and vimentin at 5 weeks after
injury might be because of this phenomenon in these
skeletal muscles after injury. Clearly, validation of this
hypothesis will require additional experimentation. Alter-
natively, the myofibroblasts may have arisen indepen-
dently from proliferation of persisting mononucleated
(myogenic) MC13 stem cells in the environment of the
degenerating myofibers.

Fibrosis can occur in a variety of tissues, including
liver, lung, kidney, skin, nerve, and muscle. It was thought
that the fibrotic event that occurred shortly after tissue
injury was a preventive response from the host, and that
this process could be beneficial to tissue repair.13,41,42

However, additional stimulation induced by the release of
local stimuli at the injured site can further promote the
fibrotic response.41,42 It is believed that tissue injury fre-
quently stimulates the cells of the extracellular matrix,
promoting its activation and growth, as well as the over-
production of local collagens.16,21,22,43,44 It has been
reported that bone marrow cells and a population of
circulating cells with fibroblast properties can infiltrate the
site of the injured tissue and enhance scar tissue forma-
tion.43,44 Other studies in tissue culture suggest that var-
ious cell types, including kidney epithelial cells and liver
satellite cells, can transdifferentiate into myofibro-
blasts.36,45,46 Thus the differentiation of various cell types
toward a fibroblastic lineage also may play an integral
role in the development of tissue fibrosis.

We report here that myogenic cells, including muscle-
derived stem cells that are present at an injured site, can
differentiate into fibrotic cells upon stimulation because of
muscle injury. However, the loss of numerous regenerat-
ing myofibers after muscle injury suggests that not only
early myogenic precursors, but also differentiated mus-
cle cells might be triggered to differentiate into a fibrotic
lineage. Therefore, it is possible that the fibrotic process
includes both the overproduction of extracellular matrix
after injury and the stimulation of functional cells, such as
myogenic cells that differentiate into fibrotic cells. It
would be interesting to further characterize the mecha-
nism of this differentiation and the cytokines involved in
that process. We have provided evidence in this study
that TGF-�1, whose involvement in the fibrosis of other
tissues has already been established,32–36 is potentially
involved in muscle fibrosis as well. These results could
help to explain the process of scar tissue formation,
which is often associated with diseases such as Duch-
enne muscular dystrophy.47 These observations also
may help to shed light on the process by which fibrosis
develops after muscle injury, and eventually to provide
insight into the design of biological approaches to block
muscle fibrosis.
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