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Summary

Introduction: Rotator cuff (RC) tears are common ten-
don injuries. Clinically, both muscle atrophy and fat-
ty infiltration have generally been attributed to poor
functional outcomes. Matrix metalloproteinase-13
plays a crucial role in extracellular matrix remodeling
in many physiological and pathological processes.
Nevertheless, its role in rotator cuff muscle atrophy
and fatty infiltration remains unknown. The purpose
of this study is to define the functional role of MMP-
13 in rotator cuff muscle atrophy and fatty infiltration
using a mouse RC tears model. 
Materials and methods: Unilateral complete
supraspinatus and infraspinatus tendon transec-
tion and suprascapular nerve transection was per-
formed on nine of MMP-13 (-/-) knockout and nine
of MMP-13 (+/+) wildtype mice at 3 months old. Mice
were sacrificed 6 weeks after surgery. Supraspina-
tus (SS) and infraspinatus (IS) muscles were har-
vested for histology and gene expression analysis
with RT-PCR. 
Results: Six weeks after RC surgery, no significant
difference in muscle atrophy and fibrosis between
MMP-13 knockout and wild type mice was ob-
served. However, there was a significant increase
in the amount of fatty infiltration in MMP-13 knock-
out mice compared to the wild types. Muscles from
MMP-13 knockout mice have significantly higher
expression of fatty infiltration related genes. 

Discussion: Results from this study suggest that
MMP- 13 plays a crucial role in rotator cuff muscle
fatty degeneration. This novel finding suggests a
new molecular mechanism that governs RC muscle
FI and MMP-13 may serve as a target for therapeu-
tics to treat muscle FI after RC tears. 

KEY WORDS: rotator cuff tear, matrix metalloproteinase-
13, muscle, fatty infiltration.

Introduction

Rotator cuff (RC) tears are one of the most common
injuries seen by orthopaedic surgeons1. Small and
medium sized tears are amenable to surgical repair,
while massive and chronic tears often cause signifi-
cant impairment of shoulder function. While healing
rates are often dependent on tendon to bone healing,
outcomes following surgical repair are predicated on
both tendon healing and improved muscle function.
The latter is generally governed by muscle atrophy
and fatty infiltration (FI)2-5. 
Prior works have shown that various matrix metallo-
proteinases (MMPs) link to pathophysiological
changes in skeletal muscle6. MMPs are ECM pro-
teases known to affect a variety of cellular functions
including cell proliferation, migration, and differentia-
tion. MMP-1, 2, 3, 9 and other ECM remodeling mole-
cules have been demonstrated to be associated with
rotator cuff tears7-10. In our previous work, we have
observed significantly increased expression of MMP-
13 in rotator cuff muscle after tendon injury in a
sheep model11. However, the functionality of MMP-13
in this context remains undefined. 
MMP-13 has been shown to affect cellular migration,
thus serving as a marker for metastatic cancers12. Up-
regulation of its activity in myoblast cell lines13 sug-
gests that it may affect the migration of satellite cells.
Muscle fatty infiltration is believed be caused by fat
progenitors migrating into the muscle following, result-
ing the buildup of fat14. Though other works suggest
resident muscle multipotent progenitor cells are the
source of fat cells in muscle, it is believed that cues
from the extracellular matrix and paracrine signaling
pathways play a role in mediating this event15, 16. 
The purpose of this study was to examine the role of
MMP-13 in rotator cuff muscle FI in following a mas-
sive rotator cuff tear. We employed MMP-13 null mice
in a previously established rodent RC tears model17,
18. We found that MMP-13 null mice have significantly
worsen muscle FI compared to wildtype mice. This
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result suggests that MMP-13 plays a critical role in
rotator cuff muscle FI after massive RC tears. MMP-
13 may serve as a potential pharmacological target in
the treating rotator cuff muscle FI in the future. 

Materials and methods

Animal Surgery
MMP-13 knockout mice was received from the Krane
Laboratory in Harvard School of Medicine as a gener-
ous gift. Heterozygous MMP-13 (+/-) knockout mice
was used as breeders and homozygous MMP-13 (-/-)
knockout mice and their littermate wildtype MMP-13
(+/+) mice were used in the experiment. In total, nine
of MMP-13 (-/-) and nine of MMP-13 (+/+) mice at 3
months old underwent unilateral massive rotator cuff
(RC) tear surgery. Unilateral complete supraspinatus
and infraspinatus tendon transection and supras-
capular nerve transection was performed on mice as
described previously17, 18. A sham surgery, in which
the tendons and nerve were exposed but not tran-
sected, was performed on the contralateral side. We
strictly followed International Guide for the Care and
Use of Laboratory Animals19 as well as our local Insti-
tutional Animal Care and Use Committee (IACUC)
protocol during all procedures and handling of the an-
imals. 

Muscle Harvest
Mice were sacrificed 6 weeks after surgery. Supra -
spinatus (SS) and infraspinatus (IS) muscles were
harvested and the remaining tendon and scar tissue
were removed at the muscle/tendon junction. The wet
weights of muscles were measured immediately.
Subsequently, supraspinatus muscles from four
MMP-13 (-/-) and four MMP-13 (+/+) mice was pre-
pared for cryogen sectioning while muscles from the
rest five MMP-13 (-/-) and five MMP-13 (+/+) mice ho-
mogenized for protein and RNA extraction.

Histology
Supraspinatus muscles from both shoulders were
harvested and flash frozen in liquid nitrogen-cooled
2-methylbutane. The muscles were then cryosec-
tioned at a thickness of 10μm at muscle belly. A Mas-
son’s trichrome stain was performed to detect the rel-
ative collagen content in extracted muscle samples
with Masson’s Trichrome 2000 Stain Kit (American
MasterTech Inc., Lodi, CA) following a protocol pro-
vided by the manufacturer. An Oil-Red-O stain was
performed to gauge levels of fat accumulation in har-
vested muscle using a protocol from our previous
studies17. In brief, frozen sections were fixed in 3.7%
formaldehyde for one hour and then stained with a
working Oil-Red-O solution 30 minutes. Slides were
then mounted in a 10% glycerol solution. Collage-
nous tissue from the Trichrome Stain and fat seen in
the Oil-Red-O stain were quantified using Image J
(NIH).  The area of collagen deposition or fat was di-
vided by the total area of the section. 

Reverse transcriptase-polymerase chain reaction
(RT-PCR)
Total RNA was isolated using Trizol reagent (Invitro-
gen, Inc., Carlsbad, CA) from supraspinatus muscles
according to manufacturer’s instructions. cDNA was
synthesized using Transcriptor First Strand cDNA
Synthesis Kit (Roche Applied Bioscience, Indianapo-
lis, IN). Real-time PCR was performed to quantify the
expression of various fatty infiltration markers using
SYBR Green Detection and an Applied Biosystems
Prism 7900HT detection system (Applied Biosystems,
Inc., Foster City, CA) with the following primers:
PPAR� (forward) 5’-GCATGGTGCCTTCGCTGA-3’,
and (reverse) 5’-TGGCATCTCTGTGTCAACCATG;
SREBP-1 (forward) 5’- AACCTCATCCGCCACCTG-
3’, and (reverse) 5’-GTAGACAACAGCCGCATCC-3’;
Fatty acid synthase (FASN) (forward) 5’-GCTG-
GCATTCGTGATGGAGTCGT-3’, and (reverse) 5’-
AGGCCACCAGTGATGTAACTCT-3’; GAPDH: (for-
ward) 5′-TGCACCACCAACTGCTTAG-3′, and (re-
verse) 5′-GGATGCAGGGATGATGTTC-3′. The gene
expression level was normalized to the internal con-
trol of GAPDH. Fold changes were calculated using
∆∆-CT.

Statistical Analysis
T-test was used for data analysis between wild type
and knockout muscle. Significant difference was con-
sidered when p<0.05.

Results

Significant decrease in muscle wet weight follow-
ing surgery
Six weeks following tendon and nerve transection
surgery, there was a highly significant (p<0.01) de-
crease in muscle wet weight of harvested supraspina-
tus muscles in both wild-type and knockout mice.
However, no significant differences were observed
between MMP-13 knockout and wildtype animals
(Fig. 1). 

No significant differences in muscle fibrosis 
between MMP-13 (-/-) and MMP-13 (+/+) mice after
surgery
Collagenous accumulation was carefully quantified
using ImageJ from the Trichrome staining slides. In
both wildtype and MMP-13 knockout mice, there is a
visible increase of collagenous tissue in supraspina-
tus muscles after surgery. However, there was no
significant difference seen between MMP-12 knock-
out and wildtype mice (p=0.61) (Fig. 2 e).

MMP-13 (-/-) mice have greater muscle FI com-
pared to MMP-13 (+/+) mice
Both MMP-13 knockout and wild-type operated mus-
cles contained a higher amount of fat compared to
the sham sides (Fig. 3 a, c). However, MMP-13
knockout muscles demonstrated a significantly higher
amount of fat following surgery than the wild-type
mice (Fig. 3 b, d) (p<0.01, Fig. 3 e).  
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Figure 1. No difference of muscle atrophy between MMP-13 knockout (KO) and wildtype (WT) mice. Six weeks following
tendon and nerve transection surgery, there was a highly significant (*, p<0.01) decrease in muscle wet weight of harvest-
ed supraspinatus muscles in both wild-type and knockout mice. However, no significant differences were observed be-
tween MMP-13 (-/-) and wildtype MMP-13 (+/+) mice.

Figure 2 A-E. No difference of muscle fibrosis
between MMP-13 knockout (KO) and wildtype
(WT) mice. Sections of supraspinatus muscle
from all mice groups (n=4) were analyzed for col-
lagenous connective tissue using Masson
Trichrome staining and photographed at 20x.
Groups were separated into: A) wild-type sham
side, B) wild-type surgery side, C) knockout
sham side, and D) knockout surgery side, show-
ing increased accumulation of collagen deposi-
tion in supraspinatus muscle at surgery side in
both MMP-13 knockout and wildtype mice. How-
ever, no difference was seen in between MMP-
13 knockout and wildtype mice (E) (p=0.61).



Adipogenic gene expression is up-regulated in
MMP-13 knockout mice
Six weeks after surgery, gene expression level of
PPARg increased 5.08 ± 1.12 fold, SREBP-1 in-
creased 9.71 ± 3.30 fold and FASN increased 18.6 ±
4.51 fold in supraspinatus muscle at surgery side in

MMP-13 (-/-) mice compared to MMP-13 (+/+) mice
(p<0.05, Fig. 4). No difference of expression levels of
those genes was seen in supraspinatus muscle at the
sham side between MMP-13 (-/-) and MMP-13 (+/+)
mice (data not shown).
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Figure 3 A-D. Increase fatty infiltration in MMP-13
knockout mice. Sections of supraspinatus muscle
from both groups (n=4) were assessed for the
amount of fatty infiltration and photographed at a
10X magnification. Groups were separated into: A)
wild-type sham side, B) wild-type surgery side, C)
knockout sham side, and D) knockout surgery
side. Fat was quantified using ImageJ through a
relative area ratio and the mean values of these
ratios graphed (E) (*, p<0.01). 

Figure 4. Fold change of
expression level of adi-
pogenic markers in MMP-
13 knockout mice com-
pared to wildtype mice.
Expression level of
PPARγ, SREBP-1 and
FASN significantly in-
creased at six weeks af-
ter TT+DN surgery in
supraspinatus muscles in
MMP-13 (-/-) mice com-
pared to MMP-13 (+/+)
mice (#, p<0.05).  



Discussion

Results from this study demonstrated that MMP-13
knockout mice have significantly increased FI in rota-
tor cuff muscle after tendon and nerve injury evi-
denced from both a histological and biochemical per-
spective. This novel data suggests that MMP-13
plays an important role in RC muscle FI and may po-
tentially serve as a new pharmacological target in
treating RC muscle fatty degeneration.  
The MMP-13 gene is comprised of 10 exons and 9 in-
trons spanning 12.5kb on chromosome 1120. There is
a TIE (TGFβ inhibitory element) site in MMP-13 pro-
moter. There are also two other sites resemble con-
sensus sequences for the Activin-response element
and Smad binding element20. Previous studies have
reported that TGFb regulates MMP-13 expression in
various tissues. BMPs are a subgroup of the TGFβ
family. Similar to TGFβ, BMPs engage serine/threo-
nine kinase receptors that phosphorylate Smad1/5/8,
which governs target gene expression. A recent study
showed that BMP-14 inhibits MMP-13 expression in
chondrocytes21. In our previous work, we have shown
significantly increased TGFβ22 and BMP23 signaling
in rotator cuff muscles after massive tendon tears,
suggesting TGFβ/BMP signaling may be involved in
rotator cuff muscle fatty degeneration through regu-
lating MMP-13 expression. Future works are needed
to define the role of TGFβ/BMP signaling in regulat-
ing MMP-13 in RC muscles. 
Uezemi et al.24 showed that cells PDGFRα+ muscle
fibro-adipogenic progenitor cells (FAPs) are responsi-
ble for adipogenic differentiation in the muscle after
chemical-induced muscle injury. In our previous
study, we have shown that FAPs are the major cellu-
lar source of adipocytes seen in RC muscles25.  Lei et
al.13 found that MMP-13 had an influence on the mi-
gration of satellite cells. But the role of MMP-13 on
FAPs proliferation, migration and differentiation re-
mains unknown. Our next future work will be to inves-
tigate the role of MMP-13 in regulating FAP adipoge-
nesis in vitro and in vivo.   
There are some limitations in this study that ought to
be addressed. First of all, MMP-13 knockout mice
adopted in this study is a global knockout model. A
tissue specific knockout of MMP-13 in the muscle
could provide an even more accurate representation
of its effects on muscle pathology following an RCT.
Future experiments, both in vivo and in vitro, will em-
ploy this technique to use as a comparison to the
knockout study. Second, only one time point was
adopted in this study due to limited number of knock-
out animals. We believe this is sufficient of the first
step to investigate the role of MMP-13 in RC muscle
FI. More time points could be included in future work
for better define the mechanism of MMP-13 regulat-
ing RC muscle fatty degeneration. Though some PCR
was conducted, the conclusion form this study was
largely based on histology analysis. Though this may
be sufficient for the first step, more sophisticated bio-
chemical and biophysical experiments and analysis
are needed in future to better understand how MMP-
13 regulating RC muscle FI. 

Our study clearly demonstrates that MMP-13 plays a
role in muscle pathology changes following massive
tendon injury. This novel finding suggests a new mol-
ecular mechanism that governs RC muscle FI and
MMP-13 may serve as a target for therapeutics to
treat muscle FI after RC tears. 
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