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A B S T R A C T

Chronic rotator cuff tears are debilitating diseases which significantly affect patients’ quality of life and pose
substantial financial burden to the society. The intraoperative reparability of injured tendon and postoperative
probability of tendon retear are highly associated with the quality of torn muscles, specifically, the severity of
muscle atrophy and fatty infiltration. Animal models that reproduce the characteristic muscle pathology after
rotator cuff injury have been developed and used to provide insight into the underlying biology and patho-
physiology. In this review, we briefly summarize the current information obtained from preclinical animal studies
regarding the degenerative change of cuff muscle subsequent to tendon release and/or suprascapular nerve
denervation. Importantly, we focus on the potential translational therapeutic targets or agents for the prevention
or reversal of muscle atrophy and fatty infiltration. While further studies are warranted to assess the safety and
efficacy of novel therapies derived from these preclinical animal research, we believe that their clinical translation
for the treatment of rotator cuff disorders is on the horizon.
The Translational potential of this article: Novel therapeutic strategies described in this review from preclinical
animal studies hold a great translational potential for preventing or reversing rotator cuff muscle pathology, while
further assessments on their safety and efficacy are warranted.
1. Introduction

Chronic rotator cuff tears (RCTs) are characterized by retracted
tendon, muscle atrophy, fatty infiltration and fibrosis [1,2]. While the
underlying mechanisms are not fully understood, increasing evidence
have suggested the critical role of tendon tear and suprascapular neu-
ropathy in rotator cuff muscular changes [3–5]. More importantly, the
severity of muscle atrophy and fatty infiltration is closely correlated with
the clinical outcomes and repair integrity [6–9]. In a prospective cohort
study, Gladstone et al. [9] found that preoperative poorer muscle quality
of the infraspinatus significantly affected postoperative functional scores.
Similarly, Liem et al. [10] noted that higher degree of preoperative
supraspinatus atrophy along with Goutallier stage 2 fatty infiltration
were positive predictors of a retear of the repaired tendon. For patients
with Goutallier stage 3 or 4 fatty infiltration, it has also been shown that
higher percentage of intramuscular fat was related to inferior clinical
results [11]. In addition, previous studies have demonstrated that even
after a successful repair, the initial fatty infiltration and muscle atrophy
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were irreversible [7,9,12]. Currently, there are no treatment or rehabil-
itation protocols that specifically target muscle degeneration after RCTs
or tendon repair [13,14]. Although neuromuscular electrical stimulation
has been used for improving muscle impairment in patients with hemi-
plegic shoulder subluxation [15], only a few reports have demonstrated
its efficacy in enhancing peak force production of the infraspinatus [16]
and reducing muscle atrophy of the deltoid [17] after rotator cuff repair.
Therefore, a better understanding of the pathophysiologic process
involved in muscular degeneration may contribute to early diagnosis,
timely management and improved prognosis.

Animal models including rat, dog, sheep, rabbit and other mammals
have been widely used to reveal the etiology, pathogenesis of rotator cuff
disorders, and to assess novel treating strategies for RCTs [18–20]. The
selection of an appropriate animal model and the development of new
animal models mimicking the features of rotator cuff injury in humans
are an essential prerequisite for potential clinical translation [21].
Although a number of well-established animal shoulder models have
been reported previously, the majority of them were focused on
t Street SW, Rochester, MN, 55905, USA.
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investigating surgical techniques, suture or augmentation materials for
cuff tears [22–25]. Recently, animal models simulating fatty infiltration
and atrophy within rotator cuff muscles has gained increasing attention
as researchers have gradually realized the importance of clarifying these
changes [26–32]. In this regard, we provide a review of the animal
models that have been utilized for the purpose of reproducing degener-
ative muscular changes after RCTs, as well as aiding in the understanding
of involved molecular or cellular processes and the development of novel
translational therapies.

2. Process of muscle degeneration after chronic RCTs

The progression of muscle pathology following a chronic tear can be
categorized into early, middle and late stages [33]. During the early
stage, the primary muscular change is atrophy which is characterized by
decreased muscle cross-sectional area (CSA) and muscle length. Begin-
ning at the middle stage, muscular change at the micro-level is seen
including alterations in the type and size of muscle fiber, as well as in the
length of sarcomere. In addition, the accumulation of fat and connective
tissue within muscle, namely fatty infiltration and fibrosis, are frequently
observed. With ongoing atrophy, fibrosis and fatty infiltration of the
tissue, the mechanical and biological microenvironment of torn muscle is
severely deteriorated which in turn compromises its regenerative
capacity.

3. Muscle response to tendon release

The detachment of tendon and subsequent musculotendinous unit
retraction is thought to be the primary reason for irreversible changes in
rotator cuff musculature. In a cadaver study, it has been shown that cuff
tears shortened the length and increased the pennation angle of muscle
fibers of the supraspinatus and infraspinatus [34]. Through reattaching
the sheep infraspinatus tendon after 40 weeks of tendon release, Meyer
et al. [35] assessed the changes in muscle structure and property at 75
weeks (35 weeks after tendon repair). The infraspinatus muscle retracted
9% of its entire length, the pennation angle and the mean muscle fiber
length was increased and shortened approximately 50%, respectively.
Histological analysis further showed a significant increase of intramus-
cular fat and fibrous tissue. Since tendon release is associated with
shortened fiber length and increased pennation angle which allowed
intramuscular fat accumulation, the restoration of pennation angle and
length of muscle fibers may hold the potential to prevent or reverse
architectural muscle changes. Therefore, the effect of a device allowing
continuous extension of the retracted tendon on reversal of muscle
changes was investigated [36]. The sheep infraspinatus tendon was de-
tached for 16 weeks before mounting the device on the scapular spine to
exert transcutaneously elongation of 1 mm per day for 6 weeks, the
tendon was then repaired back to its insertion. Twelve weeks after the
repair, the pennation angle of successfully elongated muscles was com-
parable to the controls. In contrast, the pennation angle of the failed
elongated muscles was increased by around 25�. In terms of fatty infil-
tration, successfully elongated muscles remained at Goutallier stage 1
while a rapid progression to Goutallier stage 2 was seen in failed elon-
gated muscles. In addition, muscle atrophy was improved in the sheep
with successful traction compared to the sheep with failed traction [36].
Of note is that only two-thirds of sheep had successful traction (8 of 12
sheep), suggesting this technique needs further refinement to maximize
its efficacy.

In small animal models such as mouse [37], rat [38] and rabbit [28],
the progression of muscle atrophy, fatty infiltration and fibrosis after
tenotomy of the rotator cuff tendon has also been noted. In rabbits after
supraspinatus tenotomy, the loss of muscle mass was started at 2 weeks,
and continues over time with a reduction of 25% at 16 weeks. Decreased
muscle fiber CSA was seen at 4 and 16 weeks, with a 26.5% smaller CSA
at 16 weeks. By 4 weeks after tenotomy, there were increased collagen
content and fat accumulation which reached the largest difference
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compared to sham side at 8 weeks and 16 weeks, respectively. Addi-
tionally, while significant increased intrafascicular fat accumulation was
observed at 1, 4 and 16 weeks, a significant difference in interfascicular
fat accumulation was only seen 1 week after tenotomy [28]. Liu et al.
[38] established a rat massive RCTs model with tenotomy of the supra-
spinatus, infraspinatus and teres minor tendons. The average wet weight
of the supraspinatus and infraspinatus muscle lost 25.4% and 28.9%
compared to the control side 2 weeks after tenotomy, respectively. At 6
weeks, the muscle wet weight loss was 13.2% and 28.3% for the supra-
spinatus and infraspinatus, respectively. Although no significant differ-
ences were seen in either whole muscle CSA or muscle fiber CSA
post-tenotomy, increased intrafibrillar space, collagenous connective
tissue and fat accumulation was found in the affected muscles. In a
following study, Liu et al. [37] created amousemodel simulatingmassive
RCTs by transecting the supraspinatus and infraspinatus tendons.
Compared to the sham control, decrease of muscle wet weight, muscle
volume, and increase of intramuscular fat volume and connective tissue
was demonstrated in both supraspinatus and infraspinatus muscles 12
weeks after surgery.

Besides architectural and histological changes, the functional change
of torn cuff muscle has been reported [39]. Using staircase test, Sevivas
et al. [40] found that the motor control function of the forepaw was
significantly affected in rats with chronic massive RCTs. Similar
impairment of the forepaw function, which was indicated by worse
ambulatory parameters and total range of motion, was also noted after
tendon detachment in a rat model [41]. Moreover, Fabis’ et al. [42]
studied the twitch tension and fatigue index of rabbit supraspinatus
muscle after 6, 12 and 24 weeks of tenotomy. The results showed that
significant decrease of both twitch tension and fatigue was began as early
as 6 weeks. The twitch tension of the detached muscle expressed as a
percentage of the normal muscle was 58.2%, 34.5% and 32.7% at 6, 12,
and 24 weeks post-tenotomy. Similar trend was noted for the fatigue
index which decreased from 45.4% to 26.7%, and from 42.5% to 18.5%
after 2 and 4 min of stimulation, respectively, at 6 and 24 weeks
post-tenotomy. Their findings are consistent with previous animal studies
which indicate tendon detachment could influence the contractile
properties of corresponding muscles [43,44].

4. Muscle response to suprascapular neuropathy

Suprascapular nerve innervates the supraspinatus and infraspinatus
and may subject to injury results from retracted RCTs. Previous cadaver
studies have shown that the motor branch of suprascapular nerve was
tensioned due to supraspinatus retraction [45] and the anatomic course
of suprascapular nerve at the spinoglenoid notch was altered when the
supraspinatus/infraspinatus tendon was torn [46]. Several clinical re-
ports have indicated the prevalence of suprascapular neuropathy (SSN)
secondary to tendon tears [47–50]. Mallon et al. [49] found SSN in the
supraspinatus and/or infraspinatus muscles by electromyography (EMG)
in 8 patients with massive RCTs. Costouros et al. [50] demonstrated that
38% (7 of 26) patients with massive RCTs had isolated SSN using
EMG/nerve conduction velocity (Fig. 1).

Since SSN is often accompanied with tendon retraction, whether the
muscle pathology after RCTs results from the mutual effect of tendon tear
and suprascapular denervation, or whether they play a different role in
muscle changes is not clear. In a cohort study, Shi et al. [51] revealed that
SSN was marginally and significantly associated with supraspinatus and
infraspinatus tendon injury, respectively. However, only 3 out of 18 and
3 out of 13 patients with full-thickness retracted supraspinatus and
infraspinatus tear, showed a positive EMG of SSN, respectively. In
addition, there was no correlation between fatty degeneration and SSN in
both the supraspinatus and infraspinatus muscles. Beeler et al. [52]
selected 20 shoulders from patients who had chronic RCTs with no signs
of SSN, and 17 shoulders from patients who had EMG evidence of SSN
without RCTs. A comparison of the degree of fatty infiltration and muscle
atrophy, especially the muscle border, pattern and extent of fatty



Fig. 1. Schematic illustration showing injury to the suprascapular nerve
following medial retraction of torn supraspinatus and infraspinatus tendons.
Reprinted with permission from Ref. [50].
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infiltration, was performed between these two groups on magnetic
resonance imaging (MRI) scans. They identified distinct muscle changes
following chronic RCTs and SSN. In the RCTs group, the muscle border
smoothness was correlated with the severity of fatty infiltration, which
was not observed in the SSN group. The morphological pattern of fatty
infiltration in the RCTs group differed from that in the SSN group.
Additionally, the perineurovascular fat surrounding the suprascapular
nerve was markedly increased in the RCTs group compared to the SSN
group.

Although chronic RCTs and SSN led to different MRI appearances of
fatty infiltration and muscle atrophy, it is difficult to discriminate the
muscle pathology when tendon tear and denervation happens concomi-
tantly given the low practicability of muscle or nerve biopsies in patients.
Accordingly, by creating denervation alone or together with tendon
release in animal models could help decouple and elucidate the respec-
tive effect of RCTs and SSN. Previous small animal studies have shown
that combined nerve injury aggravated the degeneration of affected cuff
muscles [37,38,53]. Kim et al. [53] investigated the change of supra-
spinatus and infraspinatus muscles in rats underwent tenotomy or
tenotomy with suprascapular nerve neurotomy. At 8 weeks after surgery,
a significant muscle weight loss was seen in the supraspinatus and
infraspinatus muscles with combined tenotomy and neurotomy
compared to other groups. Histologically, greater number of adipocytes,
severer muscle atrophy and higher level of intramuscular fat were
observed in the tenotomized and neurotomized muscles. Similar muscle
weight loss and muscle volume reduction was reported in a mouse
massive RCTs model with combined tendon transection and supra-
scapular denervation at 12 weeks. Additionally, this combination was
associated with the highest degree of fibrosis and fatty infiltration in both
supraspinatus and infraspinatus muscles and infraspinatus alone,
respectively [37].

For large animal models, Gerber et al. [32] harvested infraspinatus
muscles from 18 sheep after tendon transection, suprascapular nerve
transection or combined procedures. In contrast to the mean amount of
intramuscular fat which showed no differences among three groups, the
mean muscle volume of infraspinatus was markedly reduced after either
denervation or combined procedures compared to transection alone at 6
and 16 weeks postoperatively. Furthermore, muscle denervation led to
decreased pennation angle, lengthened fascicle, reduced mean fiber CSA,
increased area of hybrid-type fibers, as well as a slow-to fast-type fiber
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transformation, which not only differed from that in tenotomized mus-
cles but also contributed to more severe muscle atrophy. Notably, the
addition of neurectomy significantly increased the muscle stiffness with a
mean excursion of 7 � 2 mm obtained under a maximum force of 100 N,
whereas an excursion of 1 cmwas obtained with a mean force of 61� 3 N
in the tenotomy group [32].

To better mimic the clinical scenario that suprascapular nerve injury
occurs from musculotendinous traction after RCTs, Wieser et al. [29]
released the infraspinatus tendon in 6 sheep before neurectomy 8 weeks
later (T/N group). Another 6 sheep had neurectomy first and tenotomy 8
weeks later (N/T group). MRI data were collected at 8 and 16 weeks after
the index surgery. While the reduction of muscle volume was less severe
in the T/N group than in the N/T group at 8 weeks, secondary neu-
rectomy exacerbated muscle atrophy in tenotomized muscles from 8 to
16 weeks. Regarding fatty infiltration, the accumulation of intramuscular
fat was comparable between the two groups postoperatively, though
there was a trend toward more intramuscular fat in the T/N group than in
the N/T group at 16 weeks. Furthermore, the musculotendinous retrac-
tion, pennation angel and muscle fiber length were not different between
these two groups postoperatively [29].

Collectively, the results from Gerber et al. [32] and Wiser et al. [29]
suggested that additional SSN significantly affect muscle atrophy,
regardless of a single-stage tenoneurectomy or a secondary neurectomy
in the sheep model, which resembles suprascapular nerve injury seen in a
massive RCTs or after tendon repair. The increased muscle stiffness also
replicates the clinical setting of chronic RCTs repair where the repair-
ability of tendon is compromised by high tissue tension. In a rat model of
massive RCTs with or without chemical denervation, passive mechanical
testing at single fiber or fiber bundle level was performed on supra-
spinatus and infraspinatus muscles. It was found that single fiber stiffness
was not influenced by RCTs or combined denervation, whereas fiber
bundle stiffness was markedly increased in the tenotomy plus denerva-
tion rats after 8 weeks of surgery. The passive mechanics of fiber bundle
was weakly correlated with collagen content [54]. Consequently, it is
postulated that increased muscle stiffness is owing to increased extra-
cellular matrix production of collagen, and thus causing abnormal fiber
bundle stiffness.

5. Therapeutics

In order to develop novel therapeutic strategies for preventing or
alleviating muscle pathology after RCTs, exploration of the mechanisms
that mediate the atrophy and fatty infiltration of torn muscles is required.
A variety of potential therapeutic targets or agents have been reported
including proteases, anabolic steroids, growth factors, stem cells, mo-
lecular signaling pathways, and mitochondrial metabolism.

5.1. Proteases

It has been suggested that the change of protease activity after RCTs
regulates the ECM remodeling and potential tissue damage. For example,
cathepsin L, one of papain-family cysteine proteases have been reported
to associate with skeletal muscle atrophy [55]. In a rat model of massive
RCTs with combined suprascapular nerve denervation, the protease ac-
tivity in the supraspinatus muscle was evaluated along with histological
analysis at 1, 3 and 12 weeks postoperatively. A significant upregulation
of cathepsin L was noted in injured supraspinatus muscle compared to
control at 1 week. Interestingly, unlike the upregulation of cathepsin L in
injured supraspinatus tendon with simultaneous altered collagen struc-
ture and cellular infiltration, no noticeable damage to the supraspinatus
muscle was observed, indicating that cathepsin L could serve as an
alarmin for later tissue damage [56].

Another protease, calpain, is capable of releasing sarcomeres by dis-
rupting their anchors at the Z-disk. Previous studies have demonstrated
the use of calpain inhibitors such as calpastatin, nitric oxide and cal-
peptin could preserve muscle proteins [57–59]. In a recent study by
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Ruoss et al. [27], the activity of calpain after infraspinatus tendon release
and the effect of calpain inhibition on muscle atrophy and muscu-
lotendinous unit retraction was examined in a sheep model. Compared to
the control group, the administration of calpeptin with and without sil-
denafil which promotes nitric oxide, protected the released muscle from
atrophy and slow-to-fast fiber shift for 2 weeks, but this effect did not
continue to 4 and 6 weeks (Fig. 2). The musculotendinous unit retraction
was significantly reduced by calpeptin plus sildenafil at 30 min after
tendon release, and by either calpeptin or calpeptin plus sildenafil at 4
weeks after tendon release. Mechanistically, the protective effect of cal-
peptin was found through maintaining FAK-pY397 levels and preventing
cleavage of talin, a calpain substrate. Taken together, selectively target-
ing certain protease activities may mitigate muscle atrophy and tendon
Fig. 2. The effect of calpain inhibition on muscle volume (A), muscle length (B) an
CALPSILD, n ¼ 6). Time effects: *p < 0.05, **p < 0.01, ***p < 0.001 versus 30 min;
versus 4 weeks. Group effects: #p < 0.05 versus CONTROL; $p < 0.05, $$$p < 0.001
non-fatty connective tissue among groups prior to, and 2, 4, and 6 weeks after surger
compared to the CONTROL group (CALP, n ¼ 5; CALPSILD, n ¼ 6). Time effects: *p <

presented as means � SD. CALP: calpeptin-treated; CALPSILD: calpeptin and sildena
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retraction, consequently increasing the tendon reparability and success
rates of surgical repair.

5.2. Anabolic steroids and growth factors

Anabolic steroids, one of various pharmacological substances which
affects muscle development, growth and repair [60–62], holds a great
potential for clinical translation. In a rabbit supraspinatus tenotomy
model with musculotendinous retraction for 6 weeks, the amount of
tendon retraction was significantly reduced in animals received nan-
drolone decanoate during the 6 weeks compared to controls. On CT
images and histological sections, no apparent fatty infiltration was
observed in the nandrolone decanoate treated animals but in the
d muscle CSA (C) at 30 min, 2, 4, and 6 weeks postoperatively (CALP, n ¼ 5;
þp < 0.05, þþp < 0.01, þþþp < 0.001 versus 2 weeks; &p < 0.05, &&&p < 0.001
versus operated shoulder at 30 min (D) The distribution of contractile, fatty and
y (E) The slow-to-fast fiber shift was delayed with calpain inhibition for 2 weeks
0.05, **p < 0.01 versus PRE; þp < 0.05, þþp < 0.01 versus 2 weeks. Values are
fil-treated. Adapted and reprinted with permission from Ref. [27].
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untreated animals. In addition, the radiographic muscular CSA and the
work of affected muscle was mostly preserved in rabbits with systemic
administration of nandrolone decanoate [63].

Given the successful application of nandrolone decanoate on pre-
venting detrimental effects of chronic tendon retraction on the rabbit
muscle, researchers further assessed its efficacy in a series of following
studies in sheep. Based on their previous results [36,63], Gerber et al.
[64] hypothesized that the use of either nandrolone decanoate or
insulin-like growth factor (IGF), a factor critically involved in muscle
growth, in combination with continuous musculotendinous relengthen-
ing would be able to reverse muscle alterations after chronic tendon
retraction. After 16 weeks of tendon release, the relengthening of the
musculotendinous unit was started and the sheep were given no treat-
ment, 150 mg of nandrolone decanoate or 267 μg of IGF. While muscu-
lotendinous retraction was similar among groups before relengthening,
only small regain of length was achieved by continuous traction in each
group which was lost after repair in the IGF group. Neither nandrolone
nor IGF together with continuous traction improved fatty infiltration,
muscle atrophy and muscle work capability [64]. These different results
to the rabbit model are probably owing to the timing of nandrolone
decanoate administration. Once degenerative changes of the retracted
muscle are established, which is the case in the sheep model, pharma-
cological intervention is ineffective in regenerating the architecture or
function of muscle.

To confirm whether the timing of pharmacological simulation is a key
factor in reversing or preventing the degeneration of retracted muscle,
Gerber et al. [65] used 18 sheep which had tendon repair 16 weeks after
the infraspinatus tenotomy. Right after tendon release or tendon repair, 6
sheep were injected with 150 mg of nandrolone decanoate every week,
respectively. The rest 6 sheep were served as controls. Similar trend of
muscle volume loss on MRI were observed in the controls and sheep with
weekly nandrolone injection after tendon release, nonetheless, a signif-
icant postoperative increase of muscle volume was seen in sheep with
weekly nandrolone injection immediately after tendon repair. Consistent
with previous rabbit study [63], substantially diminished fatty infiltra-
tion was seen in sheep which started nandrolone injection at the time of
tendon release. An interesting phenomenon worth exploring is that
postoperative regain of muscle volume is absent when nandrolone dec-
anoate was given after tendon release, which is unexpected as longer
period of nandrolone decanoate application should have more potent
beneficial effects. The authors postulated this might be related to the
down-regulation of androgen receptors and subsequent decreased
responsiveness to anabolic steroids.

More recently, using the same experimental design as Gerber et al.
[65], Flück et al. [31] studied the effects of nandrolone decanoate on
lipid-related gene expression in detached infraspinatus muscle. They
found an up-regulation of 227 lipid species along with increased
expression of peroxisome proliferator-activated receptor gamma 2
(PPARG2), an adipocyte differentiation marker, in the affected muscle.
The administration of nandrolone decanoate after tendon release less-
ened fatty accumulation, mitigated loss of area percentage of muscle fi-
bers. Additionally, the loss of responsiveness to nandrolone decanoate in
retracted muscle at the time of repair was associated with an overall
down-regulation of gene transcripts. It is also worth noting that the
expression of PPARG isoforms was not affected by nandrolone decanoate,
indicating the prevention of lipid accumulation is not directly by inhib-
iting adipocyte differentiation but rather through other pathways regu-
lating lipid biosynthesis.

5.3. Stem cells

Various sources of stem cells have been investigated in enhancing
rotator cuff healing and regeneration, among which mesenchymal stem
cells (MSCs) derived from bone marrow or adipose tissue are most
common [66–69]. In a rabbit model of chronic RCTs, Oh et al. [70]
injected allogenic adipose-derived stem cells (ADSCs) into the repaired
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subscapularis muscle near the musculotendinous unit. On hematoxylin
and eosin staining, the mean proportion of fatty infiltration was signifi-
cant lower in the ADSCs treated muscles than that in the saline treated
controls, which was concomitant with decreased degree of Oil red O
staining for fat in the ADSCs group.

In a sheep model of chronic infraspinatus tear, Brand~ao et al. [71]
evaluated the effects of autologous bone marrow-derived stem cells
(BMSCs) on muscle regeneration. After 60 days of tenotomy, BMSCs
isolated from the medulla or saline solution was applied to the injury site.
In the BMSCs group, grade 1 fatty infiltration was seen in the injured area
compared to grades 4 and 5 fatty infiltration in the saline group 34 days
after tendon repair. Furthermore, satellite cells were present in the
BMSCs treated samples but not in the control samples 34 days after
tendon repair. The important role of satellite cells in muscle regeneration
and growth have been widely acknowledged [72–74]. Since injured cuff
muscle has fewer satellite cells [75], the presence of satellite cells with
the use of BMSCs may be a positive signal for reversal of muscle
degeneration.

In addition to ADSCs and BMSCs, another subpopulation of stem cells
resides in the adipose tissue, namely perivascular stem cells (PSCs), have
displayed protective effects on released muscle in a mouse model of
massive RCTs [30]. A total of 90 immunodeficient mice were subjected to
one of the following surgeries: sham, tenotomy of the supraspinatus and
infraspinatus (TT), or TT plus suprascapular denervation (TT þ DN). At
the time of surgery or 2 weeks post-surgery, PSCs isolated from human
white adipose tissue were injected to the supraspinatus muscle. Muscle
specimens were obtained 6 weeks postoperatively for the analysis of
muscle atrophy, fibrosis, and fatty infiltration. Compared with respective
controls, there was reduced muscle weight loss in mice received PSCs at
either time point in the TT group or at 2 weeks postoperatively in the TT
þ DN group. Additionally, the muscle fiber CSA was significantly greater
in mice treated with PSCs at either time point in both the TT and TTþDN
groups. The pericytes and adventitial cells of the PSCs led to decreased
fibrosis in the TT þ DN group when applied at either time point or 2
weeks after surgery, respectively. In the TT group, pericytes injected at
either time point or adventitial cells injected at the time of surgery
resulted in less fatty infiltration, respectively.

Considering the easy procurement and isolation of PSCs [76], the
application of PSCs possesses great promise for clinical translation.
Nevertheless, future studies are needed to reveal the underlying mech-
anism of PSCs-mediated muscle regeneration, specifically, whether it is
due to direct differentiation of PSCs into myofibers or through paracrine
effects of PSCs.

5.4. Signaling pathway regulators

Several signaling pathways have been implicated in the development
of muscle atrophy and fatty infiltration after RCTs. Of these, the Akt/
mammalian target of rapamycin (mTOR) signaling pathway has been
widely studied given its known role in regulating protein synthesis of
skeletal muscle in respond to mechanical loading, as well as its expres-
sion change in denervated muscles [77,78]. Liu et al. [79] reported a
different pattern of Akt/mTOR activity in the setting of tendon transec-
tion or suprascapular denervation in rat. At 2 weeks postoperatively,
significant decreased and increased activity of Akt/mTOR signaling
pathway within atrophied muscle was observed after tendon transection
and suprascapular denervation, respectively. The expression of two
atrophy-related genes, muscle RING finger protein 1 (MuRF-1) and
muscle atrophy F box (MAFbx), was markedly increased only in the
denervated muscle which was in agreement with previous studies [80].
There was also reduced protein activity of ribosome protein S6 kinase 1
(S6K1), an Akt/mTOR downstream effector, following tendon transec-
tion. These results suggested that tendon tear induced muscle atrophy
was correlatedwith inactivation of the Akt/mTOR signaling pathway and
subsequent decrease of protein synthesis through downregulating S6K1.
In contrast, suprascapular denervation induced muscle atrophy was
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likely a result of increased protein degradation via upregulation of
MuRF-1 and MAFbx expressions.

Following the above study, Joshi et al. [81] explored the role of
Akt/mTOR signaling pathway in fatty infiltration after massive RCTs
combined with suprascapular nerve injury in rat. They found significant
upregulation of Akt/mTOR signaling and gene expression of peroxisome
proliferator activated receptor gamma (PPARγ) and fatty acid synthase
(FASN). By inhibiting mTOR pathway with rapamycin, there was a
notable decrease in mTOR activity, protein levels of sterol regulatory
element binding protein 1 (SREBP-1) and PPARγ, gene expression of
SREBP-1, PPARγ, FASN, as well as reduced fatty infiltration.

Given the differential Akt/mTOR signaling in tendon transection or
nerve denervation induced muscle atrophy [79], the corresponding
molecular pathway involved in protein synthesis and degradation re-
mains to be revealed. Using the rat model, Joshi et al. [82] examined the
regulatory role of two key proteolytic systems, the ubiquitin–proteasome
pathway and autophagy, in muscle atrophy following RCTs. As expected,
muscle atrophy caused by tendon transection or nerve denervation had
different mechanisms of protein degradation, specifically, the
ubiquitin-proteasome pathway was mainly responsible for denervated
muscle atrophy, while autophagy was mainly responsible for atrophy of
tenotomized muscle. Interestingly, the protein synthesis was upregulated
in atrophied muscle after both surgical interventions, which contradicted
previous findings that inactivation of the Akt/mTOR pathway was
observed after tendon transection. This discrepancy may indicate that
Akt/mTOR signaling is not the solely pathway regulating the protein
synthesis following tendon rupture. Additionally, the increased protein
synthesis might be a compensating response to the progressive muscle
atrophy.

Recently, the role of two signaling pathways, platelet-derived growth
factor receptor (PDGFR) and Poly (adenosine 50-diphosphate-ribose)
polymerase 1 (PARP-1), in alleviating fatty infiltration after RCTs has
been elucidated in mice. After a combined procedure of transecting all
cuff tendons, resecting suprascapular nerve, and removing the humerus
head, Shirasawa et al. [83] generated a mouse model of muscular fatty
infiltration. They found a significant increased expression of transcripts
for adipocyte markers including Klf5, Cebpa and Pparg, postoperatively.
There was also a remarkable upregulation of the transcripts for Pdgfra, a
marker for PDGFRαþ MSCs, at 1 week after the surgery. As previous
studies have demonstrated that PDGFRαþ MSCs are capable of differ-
entiating towards adipocyte lineage [84], and their numbers were
significantly increased after the surgery, the authors therefore used
imatinib to block PDGFRα signaling to see whether fatty infiltration
could be attenuated. The results showed that gene expression of late
adipocyte markers such as Cebpa and Pparg was markedly decreased, as
well as the number of PDGFRαþ MSCs (Fig. 3). The suppression of adi-
pogenic differentiation was further corroborated by a notable histologi-
cal reduction of the fatty tissue ratio after imatinib treatment.

Instead of using an inhibitor, Kuenzler et al. [26] evaluated the effect
of PARP-1 on the reversal of muscular changes in a PARP-1 knockout
(KO) mouse model after combined tendon transection and nerve dener-
vation. Twelve weeks postoperatively, the PARP-1 KO mice had less
tendon and muscle retraction on macroscopic and MRI measurements
compared with wild-type (WT) mice. The wet weight of the supra-
spinatus muscle returned to almost normal in the PARP-1 KO mice but
remained lower in the WT mice 12 weeks after the surgery. Histologi-
cally, while the pennation angle was significantly increased in the WT
mice through the whole postoperative period compared with the unin-
jured controls, it remained unchanged in the PARP-1 KO mice post-
operatively. The fatty infiltration analyzed by histology and MRI
quantification both demonstrated a significant decrease in the PARP-1
KO mice compared with the WT mice 12 weeks post-surgery. After
either 1 week or 6 weeks, the PARP-1 KO mice had a significant lower
expression of genes mediating adipogenesis, muscle degeneration,
apoptosis and inflammation. It has been previously shown that PARP-1 is
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a pivotal regulator of cellular homeostasis [85], apoptosis [86], muscle
regeneration [87], and adipogenesis [88]. Therefore, a complete block of
PARP-1 signaling as seen in this PARP-1 KO mouse study would poten-
tially impede a cluster of downstream pathways that govern the irre-
versible muscle alterations, leading to improved muscular architecture
after RCTs.

Since inflammatory cascade is critically involved in the degeneration
of injured muscles [89], the inhibition of inflammation-related pathways
could exert beneficial effects. Using a rat model of chronic RCTs, Oak
et al. [90] examined the mechanical properties of repaired tendon after
administrating licofelone, an anti-inflammatory drug which inhibits
5-lipoxygenase (5-LOX) cyclooxygenase (COX)-1, and COX-2, for 2
weeks. They found that animals received licofelone demonstrated a sig-
nificant increase in maximum load to failure, maximum stress and peak
stiffness, compared with controls. However, the contractility of muscle
fibers did not improve but showed a 23% reduction after licofelone
treatment, which may be attributed to licofelone-induced muscle fiber
remodeling.

Except for blocking signaling pathways, the activation of certain
pathways may contribute to improved histological and mechanical
properties of chronically torn muscles. It was found that by activating
hypoxia-inducible factor-1 alpha (HIF-1α) signaling with GSK1120360 A,
an inhibitor of HIF prolyl 4-hydroxylases, the expression of genes related
to fat accumulation and muscle fibrosis was significantly downregulated
in treated animals compared with controls. There was approximate a
50% decrease of collagen content within the treated muscle. Biome-
chanical testing further demonstrated enhanced displacement to failure,
peak stiffness, and maximum stress to failure of the repaired enthesis at 2
weeks postoperatively [91].

5.5. Mitochondrial metabolism

Muscle degeneration after RCTs involves two major components:
muscle atrophy and fatty infiltration. The interplay between these two
components, especially the underlying biological processes linking
decreased myofibrillar content and increased lipid accumulation remains
unknown. It has been indicated that the reduced muscle fiber area had a
linear correlation with the fatty accumulation in the affected muscle after
tendon release [31]. However, an unanswered question is whether fiber
degradation-related free amino acids serve as substrates for lipid syn-
thesis, and how this process is regulated. The close relationship between
mitochondrial dysfunction and disuse muscle atrophy has been well
defined [92,93]. The reduction of mitochondrial metabolism may
contribute to lipid accumulation and atrophy in rat or human skeletal
muscle [94–96]. In a recent study by Flück et al. [97], the
mitochondrial-related gene expression, metabolite and lipid levels, and
the effect of L-carnitine treatment on mitigating early muscle degenera-
tion were assessed using a sheep infraspinatus tenotomy model. Signifi-
cant increase of the area-percentage for lipid-positive connective tissue
within tenotomized muscle was seen at 16 weeks, while the
area-percentage for lipid-free connective tissue started to increase at 6
weeks and remained elevated at 16 weeks. During the first 4 weeks, there
was a notable slow-to-fast type shift demonstrated by measurements of
the area-percentage of slow-type and fast-type fibers. Through RNA
sequencing, they identified 25 gene transcripts with downregulated
expression 2 weeks after tenotomy, among which 17 were related to
contraction, 4 were related to oxygen or caron dioxide metabolism, and 4
were related to cell regulation. Furthermore, the expression of mito-
chondrial proteins was decreased at 2, 4, and 6 weeks, but not at 16
weeks after tenotomy. With the administration of L-carnitine 1 week
before tenotomy, the reduction in muscle volume was significantly
improved at 2 weeks compared to the untreated sheep. Additionally, the
protein levels of NDUFA9 and ATP5A1, constituents of the mitochondrial
respiratory chain, tended to increase after tenotomy.

Metabolically, the administration of L-carnitine led to global



Fig. 3. (A) T þ D contributes to fatty infiltration within the supraspinatus muscle demonstrated by immunofluorescence staining for perilipin and DAPI. Scale bar ¼
50 μm (B) The proportional areas of fat were significantly higher in the T þ D group. n ¼ 3 mice/group (C) The transcripts expression of adipocyte markers. n ¼ 5
mice/group (D) Increase of PDGFRαþ MSCs in the TþD group shown by Western blotting, immunofluorescent images and semi-quantitative counting of PDGFRαþ cells
per microscopic field (214 μ m � 214 μ m). Scale bar ¼ 30 μm, n ¼ 3 mice/group (E) The effect of imatinib on the suppression of fatty infiltration illustrated by
immunofluorescence staining for perilipin with DAPI (scale bar ¼ 100 μm) or laminin and PDGFRα with DAPI (scale bar ¼ 30 μm) (n ¼ 3 mice/group), as well as
Western blotting (2 mice/group) (F) The transcripts expression of adipocyte markers after imatinib treatment. n ¼ 5 mice/group. Values are presented as means � SD.
TT, tendon transection; DN, suprascapular nerve denervation; T þ D, tendon transection and denervation. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Adapted and reprinted with permission from Ref. [83].
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decreased levels of lipid in tenotomized muscle for classes of fatty acyls,
glycerolipids, and sterol lipids. However, the levels of glycer-
ophospholipids in tenotomized muscle were increased after L-carnitine
treatment compared to untreated sheep. There were 8 metabolites with
levels being partially corrected by L-carnitine treatment after tendon
release, one of which is associated with mitochondrial β-oxidation, and
two of which are associated with the class of amino acids. In contrast, the
levels of four metabolites related to high-energy reserves through
oxidative phosphorylation, which are ATP, adenosine 50-diphosphate,
adenosine 20-phosphate and phosphocreatine, were further decreased
after L-carnitine treatment. Altogether, this study unveiled the role of L-
carnitine administration in preventing early muscle atrophy, which may
be translated into clinical practice for the treatment of rotator cuff
disease.
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6. Future directions

Animal models play a vital role in bridging experimental studies and
clinical trials. There are various well-established animal models of
chronic RCTs that recapitulate the characteristic degenerative changes of
human muscle, which help us to gain a deeper understanding of the
underlying biology and pathophysiology. Nevertheless, none of these
animal models are able to recapitulate all of the features of the human
condition, given their inherent structural or functional differences to
humans. Additionally, the time points for repairing chronically torn ro-
tator cuff vary from animal to animal, study to study, which could be a
confounding factor in evaluating the outcomes. In this respect, cautions
are needed to interpret the results from animal studies for translational
purposes.
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To answer research questions and confirm hypotheses, the selection
of an appropriate animal model is very important. For instance, muscle
fiber types are commonly classified by myosin heavy chain (MyHC)
isoforms. Previous studies have suggested that there is a slow-to-fast type
shift of muscle fibers after tendon release or denervation [27,32]. In
order to reveal the mechanism behind this shift, a suited animal model
should have similar composition of muscle fiber types to humans. While
rat model has been widely used in creating RCTs-related muscle atrophy,
less than 10% of rat supraspinatus and infraspinatus muscles are MyHC I
fibers compared to 44% in human rotator cuff muscles. The MyHC
composition of fast-twitch fibers was also different between rat and
human rotator cuff muscles. These differences are thus need to be taken
into account when interpreting results on pathological muscular changes.
Further, several findings from human studies worth exploring on animal
models have yet to be done. By collecting intraoperative tendon samples
from patients with full-thickness rotator cuff tears, Lakemeier et al. [98]
found a significant higher expression of matrix metalloproteinases
(MMPs) 1 and 9 in torn tendons, and lower expression of MMP 3 when
compared with healthy controls. The expression of MMP 9 was positively
correlated with the degree of tendon retraction, whereas such correlation
was absent for MMPs 1 and 3. Another study byMeyer et al. [3] showed a
highly asymmetric atrophy of torn supraspinatus muscle where primary
atrophy occurs on the fascial muscle portion, and the scapular portion
mainly undergoes fatty infiltration. The mechanisms leading to these
findings are required to be revealed using animal models.

Finally, andmost importantly, the potential side effects, optimal dose,
delivery timing, period and methods of protease inhibitors, anabolic
steroids, stem cells or other agents warrants future studies and serve as
the cornerstone for translating these therapeutics to human patients. For
example, although the application of nandrolone decanoate demon-
strated promising effects on suppressing fatty infiltration and preserving
muscle function in rabbits, it may lead to wound infection or other
complications [63]. Likewise, systemic administration of calpain in-
hibitors or sildenafil might have adverse effects on other organs. In terms
of stem cells, the source, the isolation and expansion approach, the way
of application, and the risk of immune response are all need to be taken
into account. In addition, the microenvironment of the injured muscle
which plays a vital role in guiding stem cell fate may differ among pa-
tients. A suitable microenvironment that leads implanted cells toward a
myogenic pathway instead of a fibrotic or adipogenic pathway might
depend on the appropriate selection of patients and timing of implanta-
tion. Last, while many signaling pathways involved in the development
of muscle pathology which could serve as therapeutic targets, each
pathwaymay orchestrate numerous biological processes other than those
related to degenerative muscle changes. Thus, the identification of an
ideal pathway by which not only maximum beneficial effects could be
achieved but also associated with minimum undesirable consequences,
requires future efforts.

7. Conclusions

In summary, animal models mimicking muscle atrophy and fatty
infiltration after RCTs are effective tools for providing insight into the
molecular and cellular mechanisms that result in progressive muscle
deterioration. Novel therapeutic strategies for increasing the reparability
of torn rotator cuff and decreasing the postoperative retear rate may
derived from these preclinical animal studies which demonstrated the
possibility of preventing or reversing muscle degeneration. It is believed
that after further research to assess the safety and efficacy of these novel
approaches, their clinical translation will be in the near future.
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