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tration, and fibrosis related genes. Significantly
increased adipocytes, muscle fatty infiltration,
and collagen deposition was observed in rotator
cuff muscles in the tendon repair group compared
to the control group.
Conclusions: rotator cuff muscle undergoes
degradation changes including fatty infiltration
and fibrosis even after the tendons are repair immediately after rupture.
Level of Evidence: Basic Science Study.
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Summary
Introduction: rotator cuff tears (RCTs) are the most
common tendon injury seen in orthopedic patients.
Muscle atrophy and fatty infiltration of the muscle
are crucial factors that dictate the outcome following rotator cuff surgery. Though less studied in humans, rotator cuff muscle fibrosis has been seen
in animal models as well and may influence outcomes as well. The purpose of this study was to
determine if the rotator cuff would develop muscle
changes even in the setting of an acute repair in a
sheep model. We hypothesized that fatty infiltration and fibrosis would be present even after an
acute repair six months after initial surgery.
Methods: twelve female adult sheep underwent an
acute rotator cuff tear and immediate repair on
the right shoulder. The left shoulder served as a
control and did not undergo a tear or a repair. Six
months following acute rotator cuff repairs, sheep
muscles were harvested to study atrophy, fatty infiltration, and fibrosis by histological analysis,
western blotting, and reverse transcription polymerase chain reaction (RT-PCR).
Results: the repair group demonstrated an increase expression of muscle atrophy, fatty infil-
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Rotator cuff tears (RCTs) are the most common shoulder injury seen by orthopedic surgeons and are especially frequent among the aging patient population. The
prevalence of full thickness RCTs is estimated between 15 and 51%, with higher rates in the elderly
population1. Although repair of small tears is successful in alleviating pain and improving shoulder biomechanics, successful repair of larger RCTs still remains
a challenge2,3. As the incidence of rotator cuff injuries
continues to rise with an aging patient population,
management and knowledge of the etiopathogenesis
of RCTs4 is a topic of concern.
Several muscle-based factors have been identified to
affect the outcome of rotator cuff repairs. It has been
demonstrated that the degree of atrophy correlates
with the size of the tear and, more importantly, with
clinical outcomes 5, 6. Similarly, fatty infiltration has
been shown to also correlate with poor outcomes following rotator cuff repair6,7. Although the clinical effects of muscle fibrosis on rotator cuff injuries are not
well quantified, muscle fibrosis is an important contributor to muscle stiffness and is seen in many other
muscle injury models8. Thus, these three physiological traits, muscle atrophy, fatty infiltration, and muscle fibrosis, are likely key factors governing outcome
after rotator cuff injury and repair.
Animal models are useful tools to study the molecular
mechanisms of muscle atrophy, fatty infiltration, and
fibrosis that are observed in the setting of rotator cuff
tears in patients. While there are multiple RCTs studies conducted in rat or mouse models9-12, the sheep
model, as a larger animal model, may more closely
mirror the pathophysiologic changes observed in human RCTs13 since the infraspinatus tendons of sheep
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are similar to those of human rotator cuff in size and
shape14. Although the development of muscle atrophy
and fatty infiltration are correlated with chronic
RCTs15-17, it is unclear if acute rotator cuff injuries result in any muscle injury, if at all.
Thus, the purpose of this study was to evaluate how
a sheep model of acute repair responds following recovery. Specifically, we wished to determine if fatty
infiltration and fibrosis developed in an acute RCT after immediate repair. We hypothesized that fatty infiltration and fibrosis would be present even after an
acute repair six months after initial surgery.

Methods
Our study meets the ethical standards of the journal18.

Surgical procedure
Surgeries were performed on twelve female adult
sheep that were supplied by Colorado State University’s Surgical Research Laboratory (Fort Collins, Colorado, CO). All sheep underwent an acute rotator cuff
tear and immediate repair on the right shoulders
while the left shoulders remained untreated as the
controls. The facility’s Institutional and Use Committee (IACUC) approved all procedures and handling of
the animals.
Each ewe was fasted and premedicated with 1 gram
of oral phenylbutazone (Bute Boluses, VEDCO, Inc.,
St. Joseph, MO, USA), procaine G penicillin (22,000
units/kg, SQ – PenOne ProTM, Norbrook Laboratories
Limited, Newry, Ireland), and two transdermal fentanyl patches (100 mcg, 50 mcg – Fentanyl Transdemal System, Watson Pharma, Inc., Corona, CA, USA)
24 hours prior to surgery. The auricular vein and
artery were catheterized and anesthesia was induced
using a combination of ketamine HCl (3.3 mg/kg IV –
Ketaset TM Boerhinger-Ingelheim, St. Joseph, MO,
USA) and diazepam (0.1 mg/kg IV – Diazepam, Hospira, Inc., Lake Forest, IL, USA). Following anesthetic
induction, the sheep were intubated with a cuffed endotracheal tube, placed in dorsal recumbency and
maintained on isoflurane (1.5% - 3% - FlurisoTM, Norbrook Laboratories Limited, Newry, Ireland) with
100% oxygen using positive pressure ventilation (20
cm H2O) for the duration of the procedure.
The sheep were placed under general anesthesia in left
lateral recumbency. Using sterile conditions, the skin
over the right shoulder joint was prepared for aseptic
surgery using alternating scrubs of povidone-iodine
(Betadine) and alcohol. The shoulder joint was draped
for aseptic surgery. A 12 cm skin incision was made
over the point of the shoulder joint. The m. subcutaneous coli was divided in line with the incision. The m.
deltoideus was split along the tendinous division between its acromial and scapular heads. The superficial head and insertion of infraspinatus tendon was
isolated. The insertion of the infraspinatus tendon to
the greater tuberosity of the humerus was sharply
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transected, and any remaining fibrocartilage at the insertion was removed. Following detachment of the infraspinatus tendon, a hall air drill and burr were used
to create a bed of bleeding bone at the footprint of
the infraspinatous tendon. Two pilot holes were
drilled into the footprint approximately 1cm apart and
the holes were tapped to accommodate the sutures
anchors. Two 5.5 mm suture anchors were deployed
into the dense bone of the medial footprint of the
proximal humerus (one anchor cranially and one anchor caudally). The suture anchors were placed approximately 1 cm apart and 2 mm to 4 mm deep to
the cortex. Sutures were passed from inferior to superior through the infraspinatus tendon and tied in
simple mattress fashion on the superior surface of the
tendon. After suturing the tendon back to the footprint, the surgical site was lavaged with sterile
saline. The acromial head of the m. deltoid us was returned to its more cranial position and attached to the
brachial fascia using a simple continuous suture pattern using size 2/0 absorbable suture material
(Polysorb). The brachial fascia and subcutaneous tissues were closed as separate layers using 2/0
Polysorb while stainless steel staples (Proximate;
Ethicon) were used for the skin closure. Six months
later, sheep were humanely euthanized by intravenous barbiturate overdose (Pentobarbitone sodium, 88 mg/kg) according to the guidelines set forth by
the American Veterinary Medical Association in 2013.
Based on our previous rat model studies9, 11, 12, 19, at
least four animals are needed to determine a significant difference in protein expression levels with the
following power assumptions α=0.05, β=0.80. In order to improve the power of our result, we used six
sheep per analysis group (12 sheep total).

Muscle harvest
Sheep were sacrificed six months after surgery. Infraspinatus muscles were harvested and the remaining
tendon and scar tissue was removed at the muscle/
tendon junction. Multiple samples were taken from
the muscle region of the infraspinatus as close to the
tendon as possible. Twelve muscles from six randomly selected sheep were used for histology analysis and eighteen samples from the remaining six
sheep were divided in half for either protein or RNA
extraction (N=6 in each group). The tissue for biochemical analysis was subsequently homogenized in
T-PER solution (Pierce Biotechnology Inc. Rockford,
IL.) with a protease inhibitor cocktail (Sigma-Aldrich
Inc. St Louis, MO) for total protein extraction or Trizol® solution (Invitrogen Inc. Carlsbad, CA) for total
RNA extraction.

Total collagen staining
Muscle samples for histology analysis were fixed in 4%
paraformaldehyde. After fixation, the tissues were
processed and dehydrated following cycle: 70%
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ethanol 2 times, 1 hour each; 80% ethanol, 2 times, 1
hour each; 95% ethanol, 2 times, 1 hour each; 100%
ethanol, 3 times, 1 hour each; xylene, 3 times, 1 hour
each; and paraffin wax, 2 times, 1.5 hour each. Following tissue processing, muscles were embedded in
paraffin and sectioned at a thickness of 5 µm. Masson’s
Trichrome Staining (Fisher Scientific Inc., Waltham,
MA) was performed to examine differences in total extracellular matrix collagen between control and repair
group muscles following six months.

Western-blot analysis
After determining the protein concentration from the
homogenized samples, fifty micrograms of protein
was loaded on 10% NUPAGE Bis-Tris gels and
transferred to Trans-Blot Turbo mini PVDF membranes (Biorad) that were blocked and incubated in
primary and secondary antibodies. The following rabbit-anti-sheep primary antibodies were used at dilutions of 1:200: SREBP-120, 21(Novus Biologicals, Littleton, CO), PPARg20,22, 23(Santa Cruz Biotechnology, Santa Cruz, CA), p-AKT11,24 (Cell Signaling Technology), and p-mTOR11, 24 (Cell Signaling Technology). IRDye 800 CW Goat anti-Rabbit IgG (H+L) secondary antibody (LI-COR Biosciences, Lincoln, NE)
was used at a dilution of 1:10,000. Blots were imaged using the Odyssey Infrared Imaging System
(LI-COR Biosciences).

Quantitative reverse transcription polymerase
chain reaction (qRT-PCR)
Isolated RNA was quantified and normalized (1 μg) to
synthesize cDNA using a Transcriptor First Strand
cDNA Synthesis Kit (Roche Applied Bioscience Inc.,
Indianapolis, IN.). qRT-PCR was performed to quantify the expression of aSMA 25,26 , Col-1 26 , Col-3 26 ,
MuRF-111, 27, MAFbx11, 27, MMP-1328, 29, PPARg, and

SREBP-1 using a Light Cycler 480 SYBR Green I
Master kit (Roche Applied Bioscience Inc.). Primer
sequences are listed in Table 1. Amplification reactions were performed with 40 cycles of (95° C for 10
min; 58° C for 30 s; and 72° C for 1 min), and normalized to b-actin. Fold change in mRNA expression was
calculated by using ∆∆CT.

Results
All animals tolerated the surgery well and survived
with no complications. The forelimbs regained function following rotator cuff repairs and histologic analyses showed healing, with a certain amount of scar tissue, of rotator cuff tendons after repair (Fig. 1).

Significant increase in muscle fibrosis after repair
Muscle fibrosis was assessed histologically with Masson’s Trichrome stain. The repair group showed a
modest increase in fibrosis compared to the control
group as indicated by the greater amount of fibroblast-like cells infiltrated into the space between myofibers in the muscle (Fig. 2). Fibrotic tissue was uniformly distributed throughout the muscle samples.
Real-time RT-PCR of Col-1, Col-3, aSMA, and MMP13 supported our histology results with increased
mRNA expression of these fibrotic makers in the repaired samples compared to the control samples
(Fig. 4). All three genes demonstrated greater than a
4-fold increase in mRNA expression in the surgical
side compared to the control side.

Repair samples have greater fatty infiltration compared to control samples
Histology demonstrated increased adipocytes in the
repair group compared to the untreated control group

Table 1. Primers used for qRT-PCR. Beta-actin (b-Actin); collagen, type 1, alpha 1 (Col I); collagen type III (Col III);
alpha smooth muscle actin (αSMA); muscle RING finger-1 (MuRF-1); F-box only protein 32 (MAFbx); matric metallopeptidase 13 (MMP-13); peroxisome proliferator-activated receptor gamma (PPARg); and sterol regulatory element-binding protein 1 (SREBP-1).
Gene

Forward (5’씮3’)

Reverse (5’씮3’)

b-Actin

CGTGGCCATCCAGGCTGTGCTGTCC

CGTGGCCATCCAGGCTGTGCTGTCC

Col 1α

TACCATGACCGAGACGTGTG

GGACTTTGGCGTTAGGACAG

Col IIIα

CTGCCATTGCTGGTGTTG

TACGGGAACCATCAGGACTA

αSMA

GTGTGTGACAATGGCTCTGG

TCTCAAAGTCCAGGGCTACG

MAFbx

CTACGTCGTACGGCCTGC

CTCGGAGAAGTGGTACTGGC

MuRF-1

TGTGCCAACGACATCTTCCA

GATGATGTTCTCCACCAGCA

PPARg

CTTGCTGTGGGGATGTCTC

GGTCAGCAGACTCTGGGTTC

SREBP-1

CTGCTATGCAGGCAGCAC

GGTTGATGGGCAGCTTGT

MMP-13

GCCAGAACTTCCCAACCGTA

GTGAAGGGCTGCACTGATCT
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(Fig. 2). Western blot analysis of the rotator cuff muscles indicated a significant increase in the expression
of pro-adipogeneic PPARg and SREBP-1 proteins in
the repair group compared to the untreated group
(Fig. 3). Real-time RT-PCR confirmed the Western
blot data by demonstrating that the expression of
SREBP-1 and PPARg were significantly increased in
the muscles of sheep six months after surgery (Fig.
4). There was a 6-fold increase in PPARg, and a 4fold increase in SREBP-1 expression.

Up-regulation of atrophy related expression following repair
Real-time RT-PCR revealed expression of atrophy

genes, MuRF-1 and MAFbx, was increased in the repaired group compared to the control group (Fig. 4).

Discussion
The primary goal of this investigation was to determine if an acute rotator cuff repair in a sheep model
would result in pathophysiologic changes within the
muscle. It has been shown in a rat model that repairing either acutely or chronically torn rotator cuff tears
cause damage to the muscle fibers and that the degree of injury is more severe in the chronically torn rotator cuff muscles30. Thus, we hypothesized that fatty
infiltration and fibrosis would be present in a sheep
model even after an acute repair six months following

Figure 1. Hemotoxylin and Eosin,
Safarin O Fast Green, and Picro
Siruis Red histology analyses indicate all animals healed and regained function following acute repairs.

Figure 2. Typical Masson’s Trichrome staining of sheep muscles from
control and repair sides 6 months
following tear and immediate repair. A significantly greater amount
of collagen was deposited between
myofibers in the repair group muscle. The repair group displayed increased adipocytes in comparison
to the control group.

Figure 3. Western-blot showed a
significant increase in PPARg and
SREBP-1 protein expression in the
repair group compared to the control group.
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Figure 4. Real-time RT-PCR showed a significant increase
in PPARg, SREBP-1, MuRF-1, MAFbx, aSMA, Col-1, Col3, and MMP-13 gene expression in the repair side compared to the control side. (N=6, * indicates P<0.05).

initial surgery. Our results reveal muscle changes develop in an acute rotator cuff injury and repair. Specifically, our study demonstrates an increase in fibrosis
and fatty infiltration following acute repair of a RCT. In
addition, our data indicate we were able to track muscle changes both histologically and via altered gene
expression six months after an acute repair, suggesting the rotator cuff muscle is susceptible to long term
changes after an induced injury.
Akt and mTOR are critical proteins in the muscle
mass homeostasis pathway that regulate muscle size
and development of atrophy 31 . Alterations in
Akt/mTOR activity result in changes in gene expression of the pro-atrophy related genes including MurF1 and MAFbx 11, 27 . These genes regulate atrophy
through increased ubiquitin-proteosome protein
breakdown. Akt and mTOR are also linked to other
important pathways including the SREBP-1/adipogenesis pathway 32 and TGF-B and pro-fibrotic pathways 33, 34 . Previous studies in small animal model
show that Akt and mTOR have altered gene expression patterns after mechanical unloading and denervation, and respond differently to these signals 11 .
There are conflicting data on the progression of atrophy following rotator cuff repairs: some studies report
muscle atrophy worsens and does not improve after
successful repair35, 36, while other studies report muscle atrophy improves after successful cuff repair37- 39.
In our acute repair sheep model, we observed significant increases in atrophy-related gene expression of
MuRF-1 and MAFbx. At a single, specific time point, it
is difficult to determine the significance of Akt/mTOR
protein expression changes40. Likewise, we were unable to determine differences in Akt/mTOR activity
that is based on its phosphorylation state in the sheep
model since there are no sheep-specific antibodies
and non sheep-specific antibodies were inadequate
for western blot analysis. However, the persistent in-
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crease in atrophy related gene expression in MuRF-1
and MAFbx suggests that muscle can be at risk for
developing atrophy or increased protein turnover
even after an acute repair. Clinically, this suggests
that an immediate repair following an acute RCT may
not entirely eliminate the risk for muscle atrophy development.
Fatty infiltration has been correlated with poor functional outcomes following RCT repairs16, 41. However,
whether fatty infiltration improves, worsens, or halts
after surgical repair is uncertain. Some studies show
that fatty infiltration worsens and is irreversible following successful repairs3,42,36, yet other studies demonstrate that fatty infiltration improves following repairs37, 38. Previous studies have shown that pro-adipogenic factors including PPARg and SREBP-1 are
elevated in both large and small animal models of rotator cuff injury. In a clinical study, there was also altered adipogenic gene expression in different size
cuff tears, suggesting that the expression of these
genes is more complicated than once thought 43. In
this study, there was a significant increase of fat-related transcription factors, SREBP-1 and PPARg, in
our acute repair model at the protein and mRNA expression level, as well as a moderate amount of fat
present in histologic samples. These data suggest
not only that fatty infiltration can develop in the rotator cuff muscles under acute conditions, but also that
immediate repairs following RCTs do not eliminate
the risk of rotator cuff fatty infiltration from occurring.
Future studies can examine the biomechanical properties of these tissues to see how this small amount
of fat within the muscle can result in altered mechanical outcomes of the muscle.
While muscle atrophy and fatty infiltration are well-described factors of successive rotator cuff repairs,
muscle fibrosis is also thought to be an influential factor dictating the outcomes of large and massive
RCTs 8. Unlike muscle atrophy and fatty infiltration,
muscle fibrosis is difficult to quantify in a clinical setting as it is not routinely evaluated by clinical MRI or
ultrasound imaging. In a laboratory setting, the mechanical consequences of muscle fibrosis are well
defined. Increased fibrosis results in decreased muscle compliance and increased muscle stiffness8. As a
result of decreased muscle and tendon compliance,
presumably due to muscle fibrosis, shoulder surgeons often require advanced techniques to advance
stiff, noncompliant muscle to reduce the chronic tear
back to greater tuberosity44, 45. However, even these
advanced techniques do not produce favorable results. Kim et al. 46, reviewing the results of interval
slide techniques to advance stiff, retracted RCTs,
found a posterior interval slide to release the rotator
cuff resulted in 91% retear rate at 2-year follow-up.
Tissue engineering of collagen-based extracellular
matrices can possibly serve as augmentation to the
surgical re-attachment of large tears of rotator cuff
tendons as Schlegel et al. engineered a highly
porous, low modulus reconstituted collagen capable
of inducing formation of new tendon-like tissue when
sutured to the superficial surface of the infraspinatus
Muscles, Ligaments and Tendons Journal 2015;5 (2):106-112
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tendons of adult sheep47. In the current study, our data show an increase in fibrosis in the acute repair
model. There is a consistent upregulation of multiple
profibrotic genes at 6 months. This suggests muscle
fibrosis can occur in the rotator cuff in an acute repair
setting. Also, our results indicate immediate repairs
following acute RCTs do not significantly decrease
the likelihood of developing fibrosis.
Overall these data suggest an acute rotator cuff injury
results in similar muscle changes that are correlated
with a chronic rotator cuff injury. Furthermore, these
data have important clinical implications because
even six months following an immediate repair of a
RCT there are still structural and molecular alterations that promote the development of fatty infiltration and fibrosis in the rotator cuff muscles. In addition, this study suggest that this model may be clinically relevant for the development of potential therapeutic modalities to decrease fatty infiltration and fibrosis following RCTs as it appears from this study
repair alone is not sufficient.
Although our study revealed fatty infiltration and fibrosis develop even in the acute setting of a tear and repair, there are several limitations to this study. Like
other animal studies, the anatomy and mechanics of a
sheep shoulder are different from that of a human
shoulder. Therefore, although the sheep model shows
similar changes to what is seen clinically, the results
from this study may not be directly translated into clinical practice. Second, the amount of fibrosis and fatty
infiltration were not quantified in the histological sections or biochemical assay, but rather we used a qualitative review. Future studies will quantitatively evaluate fibrosis and fatty infiltration changes. Third, although we examined atrophy related gene expression,
we did not record sheep muscle weights and therefore
could not compare muscle weights between repair
and control side. Wet weights of muscle will be included in future studies. The evaluation of protein expression was also limited due to the limited number of
sheep-specific antibodies for western blot and immune histochemistry analysis. Compared to small animal models, there are relatively few proteins that can
be easily studied with conventional protein assays in a
sheep model. In this study we were unable to determine Akt/mTOR activation with phosphorylation states
with western blot analysis, which limits the conclusions that can be made in this aspect of the study. Future work will elucidate the protein expression of
phosphorlyated states of Akt/mTOR following acute
repair of a RCT. Similarly, RT-PCR and gene expression is limited by the lack of well-defined primers for
key genes in sheep studies. We developed specific
primers based on previously published studies and
published gene sequence, but a more comprehensive
panel of gene expression is limited at this time.

Conclusions
In summary, the rotator cuff develops muscle changes
even in the setting of an acute repair in a sheep modMuscles, Ligaments and Tendons Journal 2015;5 (2):106-112

el. Furthermore, fatty infiltration and fibrosis are significantly increased after an acute rotator cuff. These results suggest the clinical importance of developing potential therapeutic modalities to reduce fatty infiltration
and fibrosis; as evidently, an immediate repair following a rotator cuff tear is not sufficient.
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