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Abstract: Skeletal muscle is a large and complex system that is crucial for structural support, movement and func-
tion. When injured, the repair of skeletal muscle undergoes three phases: inflammation and degeneration, regen-
eration and fibrosis formation in severe injuries. During fibrosis formation, muscle healing is impaired because of 
the accumulation of excess collagen. A group of zinc-dependent endopeptidases that have been found to aid in 
the repair of skeletal muscle are matrix metalloproteinases (MMPs).  MMPs are able to assist in tissue remodeling 
through the regulation of extracellular matrix (ECM) components, as well as contributing to cell migration, prolifera-
tion, differentiation and angiogenesis. In the present study, the effect of GM6001, a broad-spectrum MMP inhibi-
tor, on muscle-derived stem cells (MDSCs) is investigated. We find that MMP inhibition negatively impacts skeletal 
muscle healing by impairing MDSCs in migratory and multiple differentiation abilities. These results indicate that 
MMP signaling plays an essential role in the wound healing of muscle tissue because their inhibition is detrimental 
to stem cells residing in skeletal muscle.
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Introduction

Skeletal muscle is a dynamic tissue system 
that is essential for respiration, structural sup-
port and movement among other things, and is 
therefore highly vascularized and innervated 
[1-3]. However, as a consequence of its large 
size, it is susceptible to many types of injuries 
that include contusions, blunt force trauma, 
ischemia reperfusion, lacerations and burns [1, 
4-6].  Understanding the complexity of the cel-
lular and molecular events during the healing 
process is vital to improve the quality of life for 
those afflicted with skeletal muscle injuries.  
The phases that occur in response to muscle 
injury are inflammation and degeneration, 
regeneration and fibrosis formation in severe 
injuries [3, 7]. Inflammation is initiated first, 
resulting in a calcium influx that is associated 
with the disruption of the sarcolemma, and 
leads to calcium dependent proteolysis of the 
myofibrils, and thus degeneration [2]. Disruption 

of the blood vessels encompassing the dam-
aged area stimulates the migration of neutro-
phils and macrophages to the site of injury, 
where neutrophils arrive first through chemo-
taxis.  Macrophages arrive shortly after them 
and are responsible for the ingesting bacteria 
and cellular debris through phagocytosis as 
well as releasing chemokines including matrix 
metalloproteinases (MMPs) in order to recruit 
additional inflammatory cells and amplify this 
immune response [2, 8-10]. The arrival of a sec-
ond wave of non-phagocytic macrophages to 
the injury site begins to reduce the inflammato-
ry response and initiate myogenesis [8, 11].

In the following phases, regeneration is driven 
predominantly through the skeletal muscle pre-
cursors including muscle satellite cells and 
stem cells.  These cells are normally quiescent 
in healthy muscular tissue and reside in 
between the basal lamina and the attached 
myofibers; however, an injury will activate them 
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such as when the myofibers are disrupted from 
the basal lamina [2, 12]. These precursor cells 
will migrate toward the bordering myofibers if 
the basal lamina is damaged or migrate under 
it to the site of injury [2, 3]. These activated 
cells will enter the cell cycle by up-regulating 
MyoD and Myf5, which induces proliferation 
and differentiation into myoblasts [1, 2, 13, 
14]. After numerous successive rounds of pro-
liferation, a small quantity of satellite cells will 
migrate beneath the basal lamina to maintain a 
quiescent pool of stem cells, thus ensuring 
their capacity for self-renewal [1, 15, 16]. The 
down regulation of Pax3 and Pax7 leads to an 
increased expression of myogenin and MyoD 
which helps facilitate myogenesis, and the for-
mation of new myofibers to restore the original 
structure of the muscular tissue [2, 14, 16].

Sometimes, skeletal muscle healing results in 
fibrosis formation after severe injury, where 
elevated levels of collagen deposition are pres-
ent during tissue remodeling.  Fibroblasts and 
myofibroblasts, at the site of injury, can be stim-
ulated to secrete extracellular matrix (ECM) 
components such as collagen type I, III, and 
fibronectin [17].  An overproduction of these 
ECM materials are necessary to aid in cell 
recruitment and migration to the site of injury to 
facilitate muscle healing and regeneration [17].  
Unfortunately, an excessive secretion and inef-
ficient turnover of collagen during this remodel-
ing period will result in an unwanted accumula-
tion, thus the formation of scar tissue [2, 17].  
Oversight of the ECM remodeling process is 
attributed to MMPs and the tissue inhibitors of 
metalloproteinases (TIMPs) [7, 18, 19].

MMPs are zinc-dependent endopeptidases 
that aid in tissue remodeling by promoting cell 
proliferation and migration as well as degrading 
various elements of the ECM in many tissues 
[7, 18-20]. They participate during all stages of 
tissue repair, from secretion by leukocytes dur-
ing inflammation, to ECM degradation and cell 
migration [3, 12, 20, 21].  Collectively, there are 
24 known MMPs that are classified into differ-
ent families based on their small differences in 
structure and the substrate they act upon.  
MMP2 and MMP9, both gelatinases, play key 
roles in remodeling the architecture of injured 
and diseased skeletal muscle tissue by myo-
blast fusion/elongation and degradation of 
necrotic tissue, respectively [22, 24].  Other 

MMPs, such as MMP1 serve in similar roles by 
degrading collagens I and III  to stimulate cell 
migration and differentiation during injury, 
while MMP14, a membrane-type MMP, has 
been observed to aid in tissue remodeling by 
activating MMP2 and MMP9 [12, 25-30].  The 
actions of MMPs are regulated by four TIMPs, 
which modify the action of MMPs during wound 
healing [31, 32].  These enzymes modulate cel-
lular processes by restricting cell behaviors or 
can even activate certain MMPs, such as 
MMP2 and MMP3 by TIMP2 [7, 20, 23 ,31]. The 
development of fibrotic scar tissue is depen-
dent upon the interactions between the MMPs 
and the TIMPs, where an unfavorable ratio 
toward MMPs will result in fibrosis, and thus 
impair the processes of tissue remodeling and 
regeneration [10, 17].

In the present study, the inhibition of MMP sig-
naling on stem cells derived from skeletal mus-
cle tissue of mice and C2C12 myoblasts was 
investigated. A broad spectrum MMP inhibitor, 
GM6001, which is known to inhibit MMP1, 
MMP2, MMP3, MMP8 and MMP9, was admin-
istered to both cell types.  MMP inhibition had a 
negative impact on muscle-derived stem cells 
(MDSCs) characteristics by impairing stem cell 
marker expression.  In turn, this affected MDSC 
migration and their ability to properly aid in the 
repair by causing erroneous skeletal muscle 
healing when GM6001 was injected into a lac-
eration injury model of mice.  These findings 
suggest that MMP signaling plays an essential 
role in tissue remodeling as well as in stem cell 
behavior, where MMP inhibition can have a 
tumultuous impact on wound healing.

Methods

Isolation and culture of MDSCs and C2C12 
myoblasts

MDSCs were isolated from the gastrocnemius 
muscles (GMs) of 3-week-old C57BL/10J mice 
using a modified preplate technique [33, 34]. 
C2C12 myoblasts were purchased from ATCC 
(American Type Culture Collection, Manassas, 
Virginia). Both cell types were cultured in prolif-
eration media (PM) containing phenol red 
Dulbecco’s Modified Eagle Medium (DMEM) 
supplemented with 10% fetal bovine serum 
(FBS), 10% horse serum (HS), 1 % penicillin/
streptomycin (P/S), and 0.5% chick embryo 
extract (CEE) at 5% CO2 and 37oC.
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Wound migration assay

MDSCs and C2C12 myoblasts were grown to 
near confluence in a non-coated 12, 24, etc.  
multiwell plate? Prior to creating an artificial 
wound, several wells were treated with 25 µM 
of GM6001 (diluted with DMSO, Millipore) for 3 
and 6 hours. After the given amount of GM6001 
pretreatment, an artificial wound was created 
by disrupting the cell monolayer with a sterile 
plastic pipette tip.  Cellular debris was aspirat-
ed and PM was added to the GM6001 pretreat-
ed cell groups.  Another 2 groups of C2C12 
myoblasts and MDSCs were treated with 2.5 
and 25 µM GM6001 after creating an artificial 
wound.  A live automated cell imager consisting 
of an inverted Nikon Eclipse TE 2000U micro-
scope and Photometrics ES Cool Snap CCD 
camera was used to take images of cell migra-
tion into the artificial wound at 10 minute inter-
vals for 6 hours as previously described [12].  
Cell migration was measured in microns (µm) 
by the distance traveled into wound site at 1, 3 
and 6 hours.

Single cell migration

A live automated cell imager consisting of an 
inverted Nikon Eclipse TE 2000U microscope 
and Photometrics ES Cool Snap CCD camera 
was used to take images of single cell migra-
tion for 2 hours at 3 minute intervals.  Proper 
environmental conditions were maintained in a 
microincubator at 37oC and at 5% CO2.  Similar 

treatment groups were used as in the wound 
migration assay, but only for MDSCs. All data 
analysis was assessed as previously described 
[12, 35, 36]. A series of images were analyzed 
using NIH ImageJ analysis software to track the 
centroid positions (x,y) of cell nuclei (which were 
assumed to be the representations of cell-bod-
ies).  Net translocation distance was measured 
as the distance between the starting point and 
the end point of cells after 2 hours.  Migration 
speed was calculated as total length of the 
migration path during the 2 hour period.  The 
directional persistency index was calculated as 
the ratio of the net translocation distance to the 
cumulative length of the migration path. The 
change of the direction of cellular centroid 
movement between consecutive images (i-1, i, 
i+1) was calculated as Δθ = θi,i+1 – θi,i-1, where
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and from these values, the standard deviation 
of Δθ was determined.

Proliferation kinetics

A live cell automated imager captured images 
of the number of MDSCs and C2C12 cells per 
field of view at 20 minute intervals for 3 days.  
The population doubling time (PDT) as repre-
sented in the exponential equation 2N N0i PDT

ti
=  

was calculated by fitting an exponential trend-
line to several measurements of N over the 3 

Table 1. Primers for RT-PCR.  Product size is in base pairs.
Gene Primer Sequences Product Size
MyoD Sense: 5’-GGCTACGACACCGCCTACTA-3’ 204

Anti-sense: 5’-GTTCTGTGTCGCTTAGGGAT-3’
Notch1 Sense: 5’-GCCGCAAGAGGCTTGAGAT-3’ 129

Anti-sense: 5’-GGAGTCCTGGCATCGTTGG-3’
M-Cad Sense: 5’-TCGGGCTGCTTGCCCAGAG-3’ 222

Anti-sense: CCCTGGATGCTGTAGATGACACTGC-3’
GAPDH Sense: CCTCTGGAAAGCTGTGGCGT-3’ 190

Anti-sense: 5’-TTGGCAGGTTTCTCCAGGCG-3’
Myf5 Sense: 5’-CCTGTCTGGTCCCGAAAGAAC-3’ 132

Anti-sense: 5’-TAGACGTGATCCGATCCACAAT-3’
Myf6 Sense: 5’-GCACCGGCTGGATCAGCAAGAG-3’ 191

Anti-sense: 5’-CTGAGGCATCCACGTTTGCTCC-3’
CD34 Sense: 5’-TCTCTGCCTGATGAGTCTGCTGC-3’ 193

Anti-sense: 5’-TCTCTGAGATGGCTGGTGTGGTC-3’
Sca1 Sense: 5’-CCTACTGTGTGCAGAAAGAGC-3’ 238

Anti-sense: 5’-CAGGAAGTCTTCACGTTGACC-3’
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day period. The exponential regression method 
provides a fitted curve in the form of N N ei

kt
0

i=
, where

 

2
k PDT
ln

=
^ h

 
and 2
PDT k

ln
=

^ h  [37]. The 
Click-iT 5-ethynyl-2’-deoxyuridine (EdU) imaging 
kit (Invitrogen) was used to evaluate the cell 
proliferation as per the manufacturer’s instruc-
tions.  Briefly, MDSCs and C2C12 myoblasts 
were seeded on a 12 multiwell collagen coated 
plate at 2.5 x 103 cells and grown in PM con-
taining 0.1% EdU for 12 hours.  Later, the cells 
were fixed and a secondary antibody was 
applied, Alexa Fluor 594 (Invitrogen, 1:400), 
was used for EdU detection. Hoechst 33342 
(Invitrogen) was used as a counterstain to visu-
alize the cell nuclei at a 1:2000 dilution.

RT-PCR

MDSCs were subjected to a 25 µM treatment of 
GM6001 for 3 and 6 hours.  Total RNA was 
extracted from the cells using the RNeasy plus 
mini kit (Qiagen) and cDNA was generated using 
the iScript cDNA Synthesis kit (Bio-Rad).  For 
RT-PCR analysis after myogenic differentiation, 
the total RNA was also extracted from MDSCs 
after treatment with 25 µM of GM6001 for 3 
and 6 hours and then cultured in myogenic dif-
ferentiation media (DMEM supplemented with 
2% HS and 1% P/S) for 1 day.  The sense and 
anti-sense primers for RT-PCR and their prod-
uct sizes are found in the Table 1. The cycling 
parameter used for all reactions were as fol-
lows: 94oC for 5 minutes; 30 cycles of: dena-
ture for 45 seconds at 95°C, anneal for 30 sec-
onds (53oC – 56oC) and extend for 45 seconds 
at 72oC.  RT-PCR was performed using a Bio-
Rad MyiQ thermal cycler (Bio-Rad).

Myogenic differentiation

MDSCs and C2C12 myoblasts were cultured in 
PM until they reached 50% and 75% conflu-
ence, respectively.  Both cell types cells were 
pretreated with 25 µM of GM6001 in DMEM for 
3 and 6 hours prior to the addition of myogenic 
differentiation media.  An additional group of 
cells did not receive a pretreatment, but instead 
received 25 µM of GM6001 for the duration of 
myogenic differentiation.  At 5 and 7 days, 
MDSCs were fixed with formalin and evaluated 
for the presence of skeletal fast myosin heavy 
chain (MHC) positive myotubes (1:300, Sigma) 
and counterstained with DAPI (1000 ng/mL, 
Sigma).  Fluorescent images were captured on 

a Leica DMIRB microscope (Deerfield, IL) with a 
Retiga 1300 digital camera and acquired using 
Northern Eclipse software (version 6.0; Empix 
Imagining, Mississauga, ON, Canada). The 
fusion index was quantified by the ratio of the 
total number of nuclei in myotube fused cells 
with the total number of nuclei of the entire cell 
population [38].

Osteogenic differentiation

Osteogenic diffentiation was performed as pre-
viously described [39]. Myoblasts were plated 
in a dish (3.0 x 103 cells per cm2) and allowed to 
attach to the dish for 24 hours.  Prior to osteo-
genic induction, MDSCs were treated with 25 
μM of GM6001 in DMEM for 3 and 6 hours. 
After treatment, cells were cultured in osteo-
genic differentiation media (DMEM supple-
mented with β-glycerolephosphate (10mM, 
Sigma), dexamethasone (0.1 µM, Sigma), 
ascorbate-2-phosphate (50 µM, Sigma), BMP4 
(25 ng/mL, R&D Systems), 10% FBS and 1% 
P/S). One group of MDSCs was treated continu-
ously with 25 μM of GM6001 for the duration of 
osteogenic induction. Osteogenesis was 
assessed by observing alkaline phosphatase 
(ALP) activity 3 days after initial osteogenic 
induction using an alkaline phosphatase kit 
from Sigma (86C-1KT).

Adipogenic differentiation

Adipogenic differentiation was performed as 
previously described [39]. MDSCs were plated 
in a dish (2.0 x 103 cells per well) and allowed to 
attach to the dish for 24 hours. Cells were cul-
tured in adipogenic differentiation media 
(DMEM supplemented with insulin (10 μM), 
dexamethasone (1 μM), isobutyl-methylxan-
thine (0.5 µM) and indomethacin (200 μM).  
Two groups of MDSCs received GM6001 at 
concentrations of 2.5 and 25 μM for the dura-
tion of differentiation. Cell cultures were main-
tained for 14 days, with media changed every 2 
days.  After 2 weeks, cell cultures were fixed 
with 10% formalin for 10 minutes and stained 
with Oil Red O (Sigma), which is an indication of 
intracellular lipid accumulation.  After fixation 
with formalin (4%) solution, cells were rinsed 
with 60% isopropanol, then incubated in fil-
tered Oil Red O working solution at room tem-
perature for 15 minutes. Images were captured 
on a Leica DMIRB microscope (Deerfield, IL) 
with a Retiga 1300 digital camera and acquired 
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using Northern Eclipse software (version 6.0; 
Empix Imagining, Mississauga, ON, Canada). 
Once images were acquired, the remaining Oil 
Red O was eluted by adding 100% isopropanol 
for 10 minutes and then transferred to a 96 
multiwell plate, where the OD was measured at 
500 nm for 0.5 seconds.

Laceration muscle injury model

The muscle laceration injury model was per-
formed as previously described [28]. Normal 
healthy (C57BL/10J, 4 weeks of age, female, 

Jackson Laboratory) mice were anesthetized by 
isofluorane for the duration of the procedure. A 
posterior longitudinal skin incision was per-
formed to permit exposure of the entire GM 
muscle.  The GM muscle was cut with a surgical 
blade, through the lateral 50% of their widths 
and 100% thickness at the muscle’s thickest 
region. After controlling the bleeding by simple 
compression the skin was sutured with 4.0 silk 
thread.  Both of the legs were similarly injured.  
After the injuries, animals were returned to 
their cages for recovery with commercial pel-
lets and water ad libitum. The right leg GM mus-

Figure 1. Cell migration is reduced with the administration of GM6001. A-I: phase contrast images taken of MDSCs 
using a live automated cell imager at 1 (A, D, G), 3 (B, E, H) and 6 (C, F, I) hours of MDSCs pretreated for 3 hours with 
25µM GM6001 prior to an artificial wound (A, B, C), control group with no treatment (D, E, F), and 25µM GM6001 
added to cell culture after artificial wound (G, H, I). The red line indicates the initial edge of the wound and the green 
line indicates the position of the cells after 1, 3 or 6 hours of migration into the wound area.  Statistical analysis of 
MDSC (J, K) and C2C12 myoblast (L, M) migration based on pretreatment time with 25µM GM6001 and concentra-
tion (0, 2.5, 25µM) after the creation of an artificial wound.  There is a significant difference (*P<0.05) from the 
non-treated group (control) at each time point.
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cle received 25 mg/kg body weight of GM6001, 
where the opposing left leg received an injec-
tion of similar DMSO solution as a control at 1 
and 4 days following the laceration injury.  
Three mice were sacrificed at 7 and 12 days 
after laceration for analysis of fibrosis develop-
ment and 2 mice were sacrificed at 5 days fol-
lowing laceration injury for examination of stem 
cell markers. At the time of sacrifice, the GM 
muscles were isolated, mounted, and snap fro-
zen in liquid-nitrogen cooled 2-methylbutane.  
Samples were then serially sectioned at 10 µm 
widths at -28oC with a cryostat for histological 
analysis.

Histology analysis

The sections of GM muscle from each mouse 
were washed in PBS and stained with Masson’s 
modified trichrome staining kit (IMEB, Sigma) 
according to the manufacturer’s specifications. 
This technique stains the muscle tissue red, 
collagen (or fibrous tissue) blue and the cell 
nuclei black. Five randomly selected high pow-
ered image fields of three sectioned slices of 
the injured area were obtained using a Nikon 
Eclipse 800 fitted with a Spot camera 
(Diagnostic Instruments). Images were ana-
lyzed using CellProfiler image analysis software 
to measure the percent area of the collagen of 
the tissue section [40]. Red and blue colors of 
each image were separated using the software 
program, where the area of the blue region was 
calculated and expressed as a percentage of 
the entire cross-sectional area of the muscle.

For immunohistochemistry, cross-sectional tis-
sue sections of the GM muscle were fixed in 4% 
formalin.  Afterward, the tissue slides were 
rinsed with PBS and 10% HS was used to block 
unspecific binding for 1 hour. Primary antibod-
ies, dystrophin [1:200, Abcam] and Pax7 
[1:100, DHSB]) were applied.  For the Pax7 (pro-
duced in mice), the Vector Mouse on Mouse 
(MOM) kits (Vector Labs) were used to improve 
antibody specificity.  Species specific second-
ary antibodies, Alexa Fluor 488 and 594 (1:400, 
Invitrogen), were used and the cell nuclei were 
counterstained with DAPI.

Measurement of results and statistical analy-
sis

RT-PCR analysis was performed using ImageJ 
software (version 1.32j, National Institutes of 

Health, Bethesda, MD) where the integrated 
density (product of the area and the mean gray 
value) of bands was calculated.  All molecular 
bands were represented as a percentage of a 
standard gene, GAPDH. All data are expressed 
as a mean ± SD.  Comparisons of groups were 
completed using a one-way ANOVA, where sig-
nificance levels were determined using Tukey 
HSD pairwise comparison.  Statistical signifi-
cance was determined if P < 0.05.

Results

Cell migration

Both the MMP inhibitor pretreatment time and 
concentration reduced migration distance into 
the artificial wound for both MDSCs and C2C12 
myoblasts cells.  Non-treated MDSCs (Figure 
1D-F) migrated further 1, 3 and 6 hours after 
the artificial wound area was created in com-
parison to MDSCs that received 25µM of 
GM6001 as a pretreatment for 3 (Figure 1A-C) 
and 6 hours as well as MDSCs that were admin-
istered GM6001 at concentrations 2.5 and 
25µM (Figure 1G-I) during the cell migration 
period.  A difference in the migration distances 
of MDSCs was observed between the control 
and the GM6001 pretreatment groups (Figure 
1J), as well as the MDSCS that received differ-
ent concentrations of GM6001 (Figure 1K). 
MDSCs treated with 25µM of GM6001 migrat-
ed a shorter distance compared to the MDSCs 
treated with 2.5µM of GM6001.  A similar pat-
tern of cell migration is observed for C2C12 
myoblasts, despite their shorter migration dis-
tances in comparison to the MDSCs.  
Pretreatment of the cells with GM6001 reduced 
C2C12 migration 1 and 3 hours after the artifi-
cial wound was created, but at 6 hours, migra-
tion distances of C2C12 cells pretreated for 3 
hours were comparable to the control (Figure 
1L). C2C12 myoblasts pretreated with GM6001 
for 6 hours traveled significantly shorter dis-
tances than the untreated MDSCs, even at 6 
hours after creating the artificial wound. C2C12 
myoblast migration distances in response to 
different dosages of GM6001 were not nearly 
as significant compared to the MDSC migration 
results (Figure 1M).  The cells that were treated 
with 2.5µM of GM6001 had reduced migration 
distances, yet the result was not significant 
from the control, suggesting that their cell 
migration is not dominated by MMP activity.  At 
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a ten-fold increase, 25µM GM6001 did signifi-
cantly reduce the migration at 3 and 6 hours 
after beginning the wound assay.

To further investigate the effect of GM6001 on 
cell migration, time-lapse video microscopy 
was used to examine the migration pathways of 
MDSCs under different treatments.  This exper-
iment is representative of the in vivo conditions 
of MDSCs, whereby single MDSC would migrate 
in response to an injury, instead of a clustered 
group.  Similar treatment groups of GM6001 
were observed as before, where several plates 
of MDSCs treated with 25µM for 3 and 6 hours 
prior to time-lapse video microscopy.  Two other 
groups were administered 2.5µM and 25µM of 
GM6001, and then immediately subjected to 
video imaging. All of the actual cell trajectories 
from each of the different groups were obtained 
from a 2 hour period where the data was pooled 
from 3 experiments (Figure 2A). The trajecto-
ries of MDSCs not treated with GM6001, 
migrated much further than the MDSCs that 
received any form of GM6001 treatment.

Quantitative analysis of the single cell migra-
tion path revealed a significantly decreased net 
translocation distance (straight distance from 
the cell’s origin to the end point) (Figure 2B and 
C) and decreased migration speed (total length 
of the migration path per hour) (Figure 2D and 
E) for MDSCs that received any form of GM6001 
treatment.  Interestingly, there was no differ-
ence in the net translocation distance and 
migration speed between the different concen-
trations of GM6001. However since these cells 
were administered GM6001 at the initiation of 
the cell trajectory recording, these MDSCs were 
not exposed to GM6001 nearly as long as the 
pretreatment groups, thus their net transloca-
tion distance and migration speed were higher 
than the pretreatment groups, but still lower 
compared to the control. When the time-lapse 
video recording was started with the groups 
pretreated with GM6001, the media was 
replaced and then substituted with only DMEM. 
This data indicates that the effect of GM6001 
exposure occurs quite quickly and when 
removed, it continues to have a residual impact 
on cell migration.

As a result, differences in the directional per-
sistency index (ratio of the net translocation 
distance to the cumulative length of the migra-
tion path) (Figure 2F and G) and the centroid 

directional movement (a measure of the change 
in the direction of the centroid movement of a 
single cell) (Figure 2H and I) of MDSCs were 
observed. MDSCs not treated with GM6001 
tended to migrate further from their starting 
location by maintaining the same direction of 
their pathway as demonstrated by a higher 
directional persistency index in comparison to 
MDSCs treated with any form of GM6001. 
These results corresponded moderately with 
the results of centroid directional movement. 
The change in centroid directional movement 
(Δθ) was calculated as a function of time, from 
which the standard deviation of Δθ was deter-
mined, in which, where a higher value indicates 
a larger fluctuation in the directionality of the 
cell’s movement. A lower directional persisten-
cy index value for the MDSCs that received any 
form of GM6001 treatment typically corre-
sponded with a higher value of the standard 
deviation of Δθ, however only the MDSCs pre-
treated with 25µM of GM6001 for 3 hours was 
significantly different from the control.  Non-
treated MDSCs exhibited a higher directional 
persistency index with a lower standard devia-
tion of Δθ.

Cell proliferation

The expression or secretion of MMPs can be 
associated with cell proliferation depending on 
cell type. In these experiments, MDSC prolifera-
tion was evaluated with a variety of GM6001 
treatments and in comparison with GM6001 
treated C2C12 myoblasts. MDSCs and C2C12 
myoblasts were treated with 25µM of GM6001 
for 3 and 6 hours. After the allotted time of 
treatment, the culture media supplemented 
with GM6001 was replaced with normal muscle 
cell PM and live cell imaging was used to cap-
ture images at fixed locations.  Similarly, two 
groups of cells received muscle cell PM supple-
mented with either 2.5µM or 25µM of GM6001 
and then imaged using a live cell imager.  Once 
the data was collected over a period of 3 days, 
the number of cells per field of view was plotted 
as a function of time.  The exponential regres-
sion line was fitted to the data using the equa-
tion,N N ei 0

kti= , and the population doubling 
time (PDT) was calculated.

The results of this study indicated that there 
was no difference in the PDT of MDSCs nor 
C2C12 myoblasts treated with GM6001 for dif-
ferent time periods (Figure 3A) or that received 
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different concentrations of GM6001 (Figure 
3B). There was, however, a difference in the cell 
PDT between cell types.  MDSCs had a PDT of 
approximately 30 hours, while the C2C12 myo-
blasts had a PDT of around 20 hours. During 
the artificial wound assay, the migration dis-
tances of the control group of C2C12 myoblasts 
were significantly less than the control group of 
the MDSCs.  Specifically, more cell proliferation 
of the C2C12 myoblasts was observed at the 
edges of the artificially created wound assay 
during the 6 hour time period.

Cell proliferation of MDSCs and C2C12 myo-
blasts was confirmed using an EdU assay. EdU 
is a nucleoside analog of thymidine that is 
incorporated into DNA during active DNA syn-
thesis and is detected by the copper-catalyzed 
covalent reaction between the azide and the 
alkyne. The percentage of MDSCs that incorpo-
rated EdU (Figure 3C) with or without GM6001 
treatment was roughly 40%, much lower than 
the percentage of C2C12 myoblasts that incor-
porated EdU at around 80% (Figure 3D) over a 
12 hour incubation period. Similarly, there was 

Figure 2. Tracking a single cell migration with GM6001 treatment. The migration paths of 20 individual MDSCs of 
different experimental groups captured in a time-lapse motility assay (A, data was pooled from three independent 
experiments). The net translocation distance (straight distance from the start to the end point) of each single MDSC 
over a 2 hour period is represented as the mean ± standard deviation of the paths of 20 randomly selected cells 
that were either pretreated with 25 µM of GM6001 prior to image capture (B) or treated with different concentra-
tions at the start of image capture (C). The migration speed (total length of the migration path per hour) of each cell 
is shown as the mean ± standard deviation of 20 randomly selected cells that were either pretreated with 25 µM 
of GM6001 prior to image capture (D) or treated with different concentrations at the start of image capture (E). The 
directional persistency index (ratio of the net translocation distance to the cumulative length of the migration path) 
of each MDSC over a 2 hour period is represented at the mean ± standard deviation of the paths of 20 randomly 
selected cells that were either pretreated with 25 µM of GM6001 prior to image capture (F) or treated with different 
concentrations at the start of image capture (G). The centroid directional movement (a measure of the change in 
the direction of the centroid movement of a single cell) is shown as the mean ± standard deviation of 20 randomly 
selected cells that were either pretreated with 25 µM of GM6001 prior to image capture (H) or treated with different 
concentrations at the start of image capture (I). There is a significant difference (*P<0.05) from the non-treated 
group (control) at each time point.
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no difference in EdU incorporation for MDSCs 
or C2C12 myoblasts that were pretreated 
(Figure 3E) or received varying concentrations 

The multipotency of MDSCs has been observed 
by its capacity to undergo osteogenic differen-
tiation in addition to myogenic differentiation 

Figure 3. GM6001 has no effect to muscle cell proliferation. The population doubling 
time of MDSCs and C2C12 myoblasts were unaffected based on pretreatment time (A) 
and different concentrations (B) of GM6001 administered to the cells. C2C12 cells (D) 
exhibit a greater expression of EdU (red) compared to MDSCs (C) regardless of MMP 
inhibition pretreatment (E) or different concentrations (F).  All cells were stained with 
Hoechst 33342 (blue).

(Figure 3F) of 
GM6001 treatment 
compared to the 
control.

Stem cell character-
istics and multiple 
differentiation

Since MMP1 stimu-
lation influenced pri-
mary mouse myo-
blasts to exhibit 
stem cell character-
istics, this prompted 
further investigation 
whether MMP inhibi-
tion had any detri-
mental effects of 
MDSC behavior 
besides impairing 
cell migration. As 
previously pub-
lished, MDSCs char-
a c t e r i s t i c a l l y 
express Sca1 and 
CD34 [41-43]. At the 
gene expression 
level, normal MDSCs 
express a high level 
of CD34 and Sca1 
(Figure 4). When 
these cells are treat-
ed with 25 µM of 
GM6001 for 3 and 6 
hours, their gene 
expression of Sca1 
and CD34 is mark-
edly reduced. The 
decrease in gene 
expression of Sca1 
appears to depend 
on time, whereas, 
the gene expression 
of CD34 initially 
decreases at 3 
hours, and then 
increases at 6 hours, 
but not to its original 
level.
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observed in all of the test groups of MDSCs, 
however, the mineralization that occurred in the 
control groups appeared more frequently and 
larger. Since the Von Kossa stain alone is often 
not considered sufficient enough to detect in 
vitro mineralization because the silver ions in 
the staining solution are reacting on the phos-
phate in the cell culture, an alizarin red stain 
was also employed [47]. Alizarin red identifies 
the calcium-rich deposits in the MDSCs and the 
results of the staining yielded a similar outcome 
as the Von Kossa staining.  MDSCs only began 
to exhibit alizarin red when they grew in a 
noticeably clustered manner. Within these clus-
tering of cells, more alizarin red was found for 
the control group of MDSCs compared to 
MDSCs that were treated with any form of 
GM6001. Only one speck of alizarin red was 
detected on a cluster of MDSCs within the 
treatment group that received GM6001 for the 
duration of osteogenesis.

To verify that the reduced osteogenic differen-
tiation potential of the MDSCs was not the 
effect of GM6001 interacting with BMP4 to 
decrease cell proliferation, an EdU assay was 
employed. Using the identical treatment groups 
as before, MDSCs were cultured in osteogenic 
differentiation media for 5 days, with the EdU 
solution incubated during the final 12 hours of 
osteogenic induction. The results of the assay 
yielded no difference between any of the groups 
during osteogenic differentiation in the per-
centage of cells that incorporated EdU into 
their DNA (Figure 5C). Approximately 15% of the 
MDSCs across all groups were actively prolifer-
ating during osteogenic differentiation, which 
was considerably less than the 40% of MDSCs 
that were proliferating during a 12 hour period 
while in normal PM.

Finally, the ability of MDSCs to undergo adipo-
genesis in the presence of an MMP inhibitor 
was investigated. In this experiment, 2 groups 
of MDSCs were cultured in adipogenic differen-
tiation media supplemented with either 2.5µM 
or 25µM of GM6001 and compared to control 
groups of MDSCs (Figure 5A).  An Oil Red O 
staining was performed after 2 weeks, reveal-
ing the cytoplasmic lipid droplets, which are an 
indication of the adipogenic phenotype. The 
degree of lipid droplet accumulation was quan-
tified by removing the total amount of Oil Red O 
within the MDSCs and measuring its OD at 

[44-46]. MDSCs were plated at a moderate 
density and cultured in osteogenic differentia-
tion media supplemented with a minimal 
amount of BMP4 (25 ng/mL) such that osteo-
genesis was driven by the MDSCs multipotency, 
not BMP4. After 3 days of osteogenic induction, 
MDSCs were fixed and stained for ALP expres-
sion to mark cell differentiation (Figure 5A).  All 
forms of GM6001 treatment: 3 and 6 hours of 
pretreatment with 25µM of GM6001, and con-
tinuous treatment of 25µM of GM6001 nega-
tively impacted their osteogenic differentiation 
potential compared to non-treated cells. 
Approximately 60% of the MDSCs that received 
some form of GM6001 treatment expressed 
ALP in comparison to 85% of the cells in the 
control (Figure 5B).

The osteogenic differentiation potential of 
MDSCs was further examined using to alterna-
tive stains to test osteogenesis, Von Kossa 
(Figure 5A) and alizarin red with similar treat-
ment groups. The Von Kossa stain was used to 
assess mineralization of the MDSCs after 7 
days in osteogenic differentiation media by the 
presence of a black color.  Mineralization was 

Figure 4. Stem cell characterizes’ change with 
GM6001 treatment. The gene expression of MDSCs 
treated with 25µM of GM6001 for 3 and 6 hours.  
These results indicate that MDSCs treated with an 
MMP inhibitor had reduced expression of stem cell 
markers, CD34 and Sca1. GAPDH was used as a 
loading control.
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Figure 5. GM6001 interacts muscle stem cells’ multiple differentiations. MDSC treated with GM6001 exhibited a 
reduced osteogenic differentiation potential based on staining for ALP, Von Kossa and Alizarin Red. The white ar-
rows denote calcium deposition for Von Kossa stains and black arrows denote the red from Alizarin red stains. MD-
SCs treated with GM6001 (2.5µM and 25µM) exhibited reduced accumulation of lipids (red) within the cytoplasm 
after 2 weeks as shown with Oil Red O staining. The percentage of ALP positive MDSCs after 3 days of osteogenic 
differentiation is reduced with MMP inhibition (B).  The percentage of MDSCs positive for EdU expression during 
osteogenic differentiation (C). The optical density was used to quantify adipogenesis (D). There is a significant dif-
ference (*P<0.05) between the control and other groups. Statistical significant between control and treated groups 
was determined if *P<0.05.
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500nm (Figure 5D). While there was no differ-
ence between the groups treated with GM6001, 
there was a significantly higher accumulation of 
lipids within the non-treated MDSCs. Unlike adi-
pocytes where lipid droplets have a large 
appearance within the cell, the intracellular lip-
ids in the MDSCs after 2 weeks of adipogenesis 
were small and in abundance within the 
cytoplasm.

Myogenic differentiation effects of MMP inhibi-
tion in vitro and in vivo

With apparent differences in the gene expres-
sion of markers associated with MDSCs, their 
attribute of multipotency was explored as pre-
sented above. MDSCs normally proliferate 

when cultured in growth media with serum, 
however, in serum free conditions; they exhibit 
a tendency to differentiate in multinucleated 
myotubes in culture. MMP inhibition was inves-
tigated to determine whether it would reduce 
myotube formation in vitro using a myogenic 
differentiation assay (Figure 6A). Four groups 
were assessed including: no treatment, 3 and 6 
hours pretreatment with GM6001, and 
GM6001 treatment for the duration of the myo-
genic differentiation assay. After 5 and 7 days 
in myogenic differentiation media, the fusion 
index was quantified using fluorescent micros-
copy by the ratio of the number of cell nuclei 
within the myotube fused cells stained positive 
for MHC to the total number of nuclei of the 
entire cell population (Figure 6B). When com-

Figure 6. GM6001 inhibits myogenic differentiation in vitro. MMP inhibitor, GM6001, reduces muscle cell myotube 
formation (A). Immunostaining of MHC (red) in MDSC.  There is a significant difference (*P<0.05) between GM6001 
treated MDSCs and the control at each time point (B). MMP inhibition negatively impacts genes associated with 
myotube formation in MDSCs (C). Gene expression was examined for 4 genes related to myogenic differentiation 
(MyoD, Myf5, Myf6 and M-cadherin) and 1 signaling gene (Notch1) after 3 and 6 hours pretreatment with GM6001 
and 1 day cultured with myogenic differentiation meda.  GAPDH was used as loading control.
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paring the different GM6001 treatment groups, 
there were no differences in the fusion index, 
however, all forms of GM6001 treatment nega-
tively affected the myogenic differentiation 
potential of the MDSCs by producing a lower 
fusion index. There was no difference seen 
between groups subjected to 5 or 7 days of 
myogenic differentiation.

For gene expression analysis, MDSCs received 
GM6001 pretreatment for 3 and 6 hours prior 
to the addition myogenic differentiation media, 
and 1 day later, the mRNA was isolated for 
RT-PCR. Genes in the myogenic regulatory fac-
tor family, MyoD, Myf5 and Myf6 were observed 
(Figure 6C).  The gene expression of MyoD was 
very strong in the initiation of myogenic differ-
entiation of MDSCs, but the expression was 
severely affected with the administration of 
GM6001 for 3 and 6 hours.  Myf5 and Myf6 
exhibited similar trends, with a slight decrease 
in expression occurring at 6 hours for Myf5 and 
3 hours for Myf6. M-cadherin, known as an 
adhesion molecule associated with terminal 
muscle cell differentiation in myotubes, showed 
a decrease in gene expression after 6 hours of 
GM6001 treatment, resembling an expression 
pattern of Myf5. One gene related to cell signal-
ing and myogenesis of muscle cells, Notch1, 
was examined. Notch1 exhibited similar behav-
ior as the gene expression as M-cadherin gene, 
where its gene expression was significantly 

reduced after 6 hours with GM6001 treatment. 
These data suggest that the use of GM6001 
has a negative impact on myotube formation by 
altering the expression of genes related to 
myogenesis.

As demonstrated, the use of a broad spectrum 
MMP inhibitor, GM6001, has a number of nega-
tive effects on MDSCs as well as C2C12 myo-
blasts in vitro, which play important roles in the 
healing of skeletal muscle tissue in vivo.  During 
skeletal muscle injury, MDSCs or muscle pro-
genitor cells become activated from their resid-
ing location between the basal lamina and myo-
fibers [48]. These cells can be detected by their 
expression of Pax7, which regulates the mainte-
nance of these MDSCs by regulating other myo-
genic genes such as MyoD and Myf5 [49]. For 
in vivo experimentation, laceration injuries 
were performed on the GM muscle of several 
mice with injections of 25mg/kg GM6001 at 1 
and 4 days following the injury.  On day 5, the 
GM was harvested and histologically observed 
for Pax7 and dystrophin expression. A qualita-
tive assessment revealed that mice which did 
not receive GM6001 treatment after a lacera-
tion injury expressed more Pax7 positive cells 
in comparison to mice which received GM6001 
treatment, where Pax7 was not detected 
(Figure 7A). The expression of dystrophin in 
either case appeared to be relatively unaffect-
ed by GM6001 administration.

Figure 7. GM6001 inhibits 
muscle repair processes in 
vivo. Pax7 expression (red) 
was reduced 5 days after lac-
eration injury with GM6001 
administration in comparison 
to non-treated laceration in-
juries (A).  Dystrophin (green) 
and cell nuclei (blue) were 
also counterstained. GM6001 
treatment of injured mouse 
skeletal muscle tissue exhib-
its elevated levels of collagen 
deposition 7 days post lacera-
tion injury than the non-treat-
ed skeletal muscle tissue (B). 
Masson’s modified trichrome 
staining was used to identify 
normal healthy skeletal mus-
cle tissue (red) and collagen 
(blue). While an elevated level 
of collagen deposition was 
observed 7 and 12 days after 
laceration injury, there was no 
significant difference (C).
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At later time points, the GM muscle was isolat-
ed and analyzed for collagen deposition during 
muscle recovery. The GM muscle that received 
GM6001 treatment at 7 days had an elevated 
level of collagen deposition compare to GM 
muscle that did not receive treatment (Figure 
7B). Similar results were also observed at 12 
days after the laceration injury, where the per-
centage of collagen deposition with GM6001 
treatment was greater than the GM muscle that 
did not receive any form of treatment (Figure 
7C). The percentage of collagen deposition did 
decrease with more recovery time, however, 
there was no significant difference between 
muscle tissue that did or did not receive 
GM6001 treatment.

Discussion

The wound healing process of skeletal muscle 
is a complex series of events that aim to rees-
tablish the original architecture of the afflicted 
tissue [2, 50]. This regenerative process is 
aided by MMPs that initially degrade compo-
nents of the ECM, allowing greater cell mobility 
to the injury site for proliferation and repair of 
the damaged tissue structure [20]. While 
inflammatory cells such as macrophages and 
neutrophils are some of the first responders to 
the damaged tissue, ultimately muscle precur-
sors, including satellite cell and stem cells, are 
the forerunners leading the recovery. 
Unfortunately, most efforts to repair the skele-
tal muscle tissue are impeded by the develop-
ment of fibrous scar tissue several weeks after 
the initial injury [51]. Our previous studies have 
indicated administering MMP1 could improve 
muscle healing with less scar tissue formation 
[28, 29, 52-54]. However, the direct role of 
MMP on muscle precursors, a major group of 
cells involved in muscle fiber regeneration, is 
unclear.

As observed using an artificial wound assay, 
the use of a MMP inhibitor, GM6001, severely 
reduced the migration distance of MDSCs 
based on pretreatment time and dosage. The 
migration of myoblasts was also impaired; how-
ever at a lower concentration (2.5µM), cell 
migration was not significantly affected. In a 
similar study, a 10µM dose of GM6001 did not 
produce a lower migration distance in compari-
son to the control, suggesting that migration of 
the myoblasts is not solely guided by the MMPs 

[53].  While the results of the wound migration 
assay demonstrated a significant reduction in 
the migration distance of MDSCs using 
GM6001, it may not be the most appropriate 
model.  In the in vivo setting, MDSCs are not 
located in large clusters; therefore a more ideal 
model is observing single cell migration. 
Likewise, using the same treatment groups, 
MMP inhibition was found to reduce both cell 
migration, speed and its directional persistency 
index over a 2 hour period. These results were 
comparable to those conducted in another 
study where two different types of MMP inhibi-
tors were found to decrease the migration 
speed of C2C12 myoblasts over a 24 hour peri-
od, yet increase the directional persistency 
index [55]. Moreover, a number of publications 
provide evidence which suggested the impor-
tance of MMPs in skeletal muscle healing by 
actively promoting myoblasts migration and 
demonstrated the opposite outcome when they 
are inhibited [12, 56-58].

MMP inhibition does not influence the rate of 
cell proliferation for either MDSCs or C2C12 
myoblasts. These results were confirmed using 
both a population doubling assay by live cell 
imaging and an EdU assay.  As observed, the 
cell proliferation occurred much faster for the 
myoblasts than the MDSCs, while MDSCs tend-
ed to migrate further even when comparing 
either control groups or GM6001 treatments.  
Similar to in vivo studies, muscle stem cells are 
one of the early responders, in addition to 
inflammatory cells, that actively participate in 
the myoblasts proliferation and differentiation 
to facilitate skeletal muscle healing [1-3, 13, 
14, 16]. This data suggests that cell prolifera-
tion may have an inverse relationship with dis-
tance migrating cells travel. Qualitatively, cell 
division appeared quite frequently at the edges 
of the artificial wound created for the wound 
assay for C2C12 myoblasts, which corresponds 
with their shorter population doubling time and 
reduced cell migration distance. Because of 
their behavior in response to injuries, muscle 
stem cells are better suited to aid in the wound 
healing process.

The most unique characteristic of MDSCs dur-
ing tissue-related healing is their ability to 
undergo multiple differentiations into various 
cell lineages [4, 37, 43, 46, 59-66]. Their multi-
potency has been demonstrated in a plethora 
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of investigations through differentiating into 
cells types such as osteogenic, myogenic, chon-
drogenic, adipogenic, neuro-like cells, urinary 
bladder cells and hepatocyte-like cells. When a 
broad spectrum MMP1 inhibitor is adminis-
tered to MDSCs, it is observed that their multi-
ple differentiation capacity into myogenic, 
osteogenic and adipogenic cells are reduced.  
Similar findings were made in other investiga-
tions where the myogenic and adipogenic dif-
ferentiation capacity of C2C12 myoblasts and 
adipocytes, respectively, were significantly 
impaired through the use of the MMP inhibitor, 
batimastat [25, 67, 68]. This decrease in cell 
differentiation can be attributed to the decrease 
in the stem cell markers, Sca1 and CD34, of 
MDSCs as evaluated through gene expression 
analysis. While MMP inhibition significantly 
represses the multipotency of MDSCs, it is dis-
cernable that MMPs are not the sole regulators 
of cell differentiation.

During the repair phase of skeletal muscle 
healing, myogenic factors, MyoD, Myf5, and 
Myf6, as well as M-cadherin becomes highly 
upregulated during injury [2, 14]. This charac-
teristic response was observed for MDSCs 
after 1 day in myogenic differentiation in vitro, 
however, the gene expression profiles of MyoD 
and Myf5 were noticeably reduced with 
GM6001 treatment. Myf6 was downregulated 
with 3 hours of GM6001 treatment, but 
returned almost to the original level after 6 
hours, suggesting that MMP inhibition is inef-
fective in adversely impacting all myogenic dif-
ferentiation genes. The most perplexing out-
come of the genes associated with early MDSC 
myogenic differentiation is the decrease in 
Notch1 expression. Notch signaling is common-
ly identified for its involvement with prolifera-
tion of satellite muscle cell progeny, where inhi-
bition of Notch signaling prevents the expansion 
of these cells and therefore inhibits effective 
muscle regeneration [69, 70]. For MDSCs, the 
Notch1 gene was observed to decrease with a 
6 hour pretreatment of GM6001 before initiat-
ing myogenic differentiation, while a 3 hour pre-
treatment with GM6001 exhibited levels com-
parable to the control. While a decrease in the 
gene expression of the Notch1 receptor may 
suggest reduced MDSC cell proliferation, thus 
inhibiting myogenic differentiation, ultimately 
there are a total of four Notch receptors inter-
acting with 3 delta-like (DLL) and 2 Jagged 

(JAG) ligands to influence a downstream tran-
scription factor of the CBF1/Su(H)/LAG1 (CSL) 
family [71]. Further experimentation would be 
necessary to elucidate how or if MMP inhibition 
has any effect on the actual Notch signaling 
pathway, other than decreasing the gene 
expression of Notch1. Instead, the Notch1 
receptor may be more closely linked to Notch 
signaling influencing cell differentiation by 
potential adhesion forces between DLL ligands 
and itself as its gene expression parallels that 
of the adhesion marker, M-cadherin.

In vivo experiments using mice were performed 
to examine the effect of GM6001 administra-
tion during skeletal muscle healing. Pax7 is 
commonly used to identify MDSCs or muscle 
satellite cells that help orchestrate the wound 
healing process [48, 49]. Through qualitative 
inspection, the presence of Pax7 cells were 
observed 5 days post laceration injury in com-
parison to GM6001 treated laceration injuries, 
where Pax7 positive cells were undetectable. At 
later time points when fibrosis develops and 
impedes muscle regeneration, lacerated mus-
cles at 7 and 12 days post injury exhibited an 
increase in the amount of collagen content 
compared to the control [3, 72]. While the result 
in collagen deposition between both groups at 
the two time points was not significantly differ-
ent, this outcome can potentially be attributed 
to the administering 25mg/kg body weight of 
GM6001, which was half the amount of the rec-
ommended dosage (50-100mg/kg body 
weight).

In general, the results of this study demon-
strate the importance of MMP signaling in skel-
etal muscle healing.  It has the abilities not only 
to reduce fibrosis formation and promote myo-
blast migration, but also influence muscle pre-
cursor cells, such as muscle stem cells, for the 
purpose of aiding in myogenic differentiation 
and recovery of the injured tissue. Because 
MMPs are sometimes regarded with a negative 
connotation in terms of cancer, these studies 
provide meaningful results that they may ben-
efit individuals affected by skeletal muscle inju-
ries or diseases [73].
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