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Leucine attenuates muscle atrophy and autophagosome formation
by activating PI3K/AKT/mTOR signaling pathway in rotator cuff tears
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Abstract
Rotator cuff tears (RCTs), the most common tendon injury, are always accompanied by muscle atrophy, which is characterized by
excessive protein degradation. Autophagy–lysosome systems are the crucial proteolytic pathways and are activated in atrophying
muscle. Thus, inhibition of the autophagy–lysosome pathway might be an alternative way to minimize skeletal muscle atrophy. In
this present study, combined with a tendon transection-induced rat model of massive rotator cuff tears, HE staining and transmission
electron microscopy methods, we found leucine supplementation effectively prevented muscle atrophy, muscle injury and
autophagosome formation. Utilizing immunoblotting, we discovered that leucine supplementation is able to inhibit the rise in
autophagy-related protein expression (including LC3, Atrogin-1, MuRF1, Bnip3 and FoxO3) driven by tendon transection. The
PI3K/AKT/mTOR pathway that was essential in autophagosome formation and autophagy was blocked in atrophying muscle and
reactivated in the presence of leucine. Once administrated with LY294002 (PI3K inhibitor) and Rapamycin (mTOR inhibitor),
leucine mediated by the anti-atrophic effects was nearly blunted. These results suggest that leucine potentially attenuates tendon
transection-induced muscle atrophy through autophagy inhibition via activating the PI3K/AKT/mTOR pathway.
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Introduction

The rotator cuff consists of four types of muscles (supraspinatus,
tears minor, subscapularis and infraspinatus muscle) and their
tendons that are important in maintaining shoulder joint and
shoulder movements stability (Morag et al. 2006). Repeated
overhead motions or forceful pulling motions can cause rota-
tor cuff injuries. Among these injuries, rotator cuff tears
(RCTs) are the most common conditions causing shoulder

pain, muscle atrophy and tendon rupture (Williams Jr. et al.
2004). Patients with chronic rotator cuff tears show signifi-
cant changes in the muscle, such as atrophy, fat accumulation
and fibrosis; these changes can be used as the predictors of
poor outcome following surgical repair (Gladstone et al.
2007; Shen et al. 2008). Tear size and concomitant nerve
injury on the rotator cuff muscle contribute to the fatty de-
generation in a rat model of rotator cuff tears (Kim et al.
2012). The prevalence of massive RCTs has been up to
40% in all rotator cuff tears (Bedi et al. 2010). Patients with
massive RCTs have a poor outcome and a higher rate of
recurrent tearing after surgery compared to patients with
smaller rotator cuff tears (Cofield et al. 2001; Galatz et al.
2004). Even though a majority of studies have focused on
improved repair techniques, new found biologic factors, or
other therapeutic drugs to improve tendon to bone healing,
there is no established classification system to solve the dif-
ficulty in treating clients with massive rotator cuff tears. Thus,
finding a therapeutic strategy or a special substance that could
ameliorate the outcomes of patients with massive RCTs has a
great clinical significance.

Muscle atrophy is the main complication of chronic mas-
sive RCTs (Gerber et al. 2007). Muscle atrophy can result in
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decreased muscle weight and muscle length. It is a decisive
factor in affecting the outcome of rotator cuff repair and is
irreversible even in the microenvironment of a successful re-
pair (Goutallier et al. 2003). The hallmarks of atrophy are
enhanced protein degradation and diminished protein synthe-
sis that blunt the muscle force-producing capacity (Schoenfeld
2012). Excessive muscle protein degradation could lead to
muscle necrosis or body death. The autophagy–lysosome sys-
tem is the major proteolytic pathway of the cell and is coordi-
nately activated in the process of muscle atrophy (Furuno et al.
1990). Studies have identified that some designated atrophy-
related genes also belong to the autophagy–lysosome system,
such as LC3 and Gabarap, indicating that autophagic flux is
involved in the process of atrophy (Mammucari et al. 2007;
Zhao et al. 2007). Autophagy in skeletal muscle can last for
many days and prolongs autophagic induction LC3 and
Gabarap supplementation (Mizushima et al. 2004).
Autophagy suppressor Runt-related transcription factor 1
(Runx1) could modulate Forkhead Box O3 (FoxO3) action,
which is responsible for the transcription of LC3, Gabarap and
Bnip3 genes (Tracy and Macleod 2007). FoxO3 is required to
activate lysosomal-dependent protein breakdown and acts as
the key regulator for autophagy control in muscles.
Knockdown of Bnip3, which is a central player downstream
of FoxO3, attenuates FoxO3 upregulation-evoked autophagy
(Mammucari et al. 2007). Activation of AKT/mTOR pathway
in muscle cell also inhibits FoxO3-mediated autophagosome
formation and protein degradation during fasting. As we all
know, fasting can induce atrophy, implying that the activated
the AKT signaling pathway potentially improves muscle atro-
phy through inhibition of FoxO3-mediated autophagy
(Mammucari et al. 2008; Zhao et al. 2008). This means that
the autophagy system-mediated protein breakdown shows a
certain intersection with muscle loss, muscle atrophy and sub-
sequently chronic massive RCTs.

Leucine is an essential branched chain amino acid that
functions in accelerating protein synthesis and minimizing
protein degradation (Baptista et al. 2010; Baptista et al.
2013). It is confirmed that leucine supplementation quickens
the progress of muscle recovery suffering from multiple inju-
ries (Anthony et al. 1999; Koopman et al. 2006). FoxO3a
suppression is essential to the anti-atrophic effects of leucine
in skeletal muscle (Baptista et al. 2017). Supplementation with
leucine affects the proteolysis pathway by inhibiting relevant
transcription factors such as FoxO3a (Pereira et al. 2014).
Overexpression of FoxO3a is sufficient to accelerate transcrip-
tion of the muscle-specific E3 ligases muscle atrophy F-box
(MAFbx/Atrogin-1) and muscle-specific ring finger protein 1
(MuRF1) (Reed et al. 2012; Senf et al. 2011). FoxO3 tran-
scriptional factor acts as a decisive skeletal muscle mass con-
troller mainly through the proteasomal and autophagic sys-
tems (Mammucari et al. 2007). Activation of the IGF-I/phos-
phatidylinositol-3-kinase (PI3K)/AKT/mTOR pathway

suppresses the cytosolic-retained FoxO factors. More impor-
tantly, the AKT/mTOR pathway contributes to the anti-
atrophic effect of skeletal muscle (Bacurau et al. 2016), which
suggests that the AKT/mTOR/FoxO signaling pathway might
participate in the progress of muscle atrophy prevention.
Studies have identified that leucine alone can induce phos-
phorylation of AKT and mTOR in skeletal muscle accompa-
nied by the phosphorylation of 70-kDa ribosomal protein S6
kinase (p70S6K) and eukaryotic initiation factor (eIF) 4E-
binding protein 1 (4E-BP1), which are the downstream mole-
cules of mTOR (Anthony et al. 2000; Bolster et al. 2004).
Even though researchers have showed that the anti-atrophic
effects of leucine were not accompanied by activation of the
PI3K/AKT/mTOR signaling pathway in the regenerating so-
leus muscles (Pereira et al. 2014), the precise molecular anti-
atrophic effects and mechanisms driven by leucine in rotator
cuff muscle tears are still not fully known.

Herein, we evaluated the anti-atrophic effects of leucine in
a rat model of massive rotator cuff tears. Our findings suggest
that leucine supplementation significantly improves the ten-
don transection-induced rotator cuff muscle injury, muscle
atrophy and the formation of autophagosome in rotator cuff
supraspinatus. The PI3K/AKT/mTOR signaling pathway was
required in the anti-atrophic progress of leucine in the RCT rat
model. These observations provide a novel theoretical insight
into the anti-atrophic role of leucine on the rotator cuff and
leucine might be an adjuvant therapy following surgical repair
of chronic RCTs.

Materials and methods

Animal treatment

Adult male (8 weeks old) Sprague–Dawley (SD) rats were
used and all animal care procedures were approved by labo-
ratory animals of the Fifth Affiliated Hospital of Wenzhou
Medical College. SD rats were fed under a stable raising con-
dition and then divided into three groups randomly. For sham
control, rats were anesthetized with 3% pentobarbital natrium
(0.1 mL/10 g, Sigma, P3761). Then, a 1-cm deltoid incision
was performed and the rotator cuff was identified. After that,
the deltoid muscle and skin were closed. In the tendon tran-
section surgery group, which was defined as the muscle cutoff
group in this study, tendons of supraspinatus were completely
transected and 5-mm-long tendons at each supraspinatus were
removed in order to prevent tendon reattachment. Then, the
incision of muscle and skin was closed. There were at least
eight rats in each group. Postoperatively, the sham control was
fed with standard chow diet and the tendon transection surgery
group was fed with standard chow diet and 5% leucine-
containing diet (Sigma, 61,820) respectively for 2 weeks.
Both the standard chow and leucine-rich diet that were
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prepared according to previous studies were semi-purified and
isocaloric diets (Cruz and Gomes-Marcondes 2014; Viana and
Gomes-Marcondes 2013). Standard chow diets contained
18% protein and leucine-rich diets contained 18% protein plus
5% L-leucine, which represented a high percentage of this
amino acid. Besides, both diets contained 70% carbohydrates
(sucrose, starch and dextrin), 7% fat (soybean oil) and 5%
fiber (micro-cellulose purified) accompanied by a mixture of
vitamins, minerals, cysteine and choline. The standard chow
and the leucine-rich diets contained 2% and 5% L-leucine,
respectively. For inhibitor treatment, the established RCT rat
model was treated with a tail intravenous injection of
LY294002 (0.25 mg/100 g, PI3K inhibitor, Beyotime,
S1737) and Rapamycin (0.1 mg/100 g, mTOR inhibitor,
MCE, HY-10219) for 2 weeks. LY294002 and Rapamycin
were diluted by PBS and the other three groups were treated
with a tail intravenous injection of isometric vehicle (PBS).

Muscle atrophy detection

Rats were anesthetized with an intraperitoneal injection of 3%
chloral hydrate (0.1 mL/10 g) and placed on 7.0T Magnetic
Resonance Imaging (BioSpec 70/20USR, Germany). Based
on the MRI system, the surface coil for the shoulder joint
was used and the respiration rate of rats was monitored to
ensure high image quality. The images were then analyzed
and processed using ImageJ and Adobe Illustrator CS4.

Muscle harvest

Two weeks after surgery and treatment, SD rats were anesthe-
tized and decapitated. Then, a 3–4-cm incision was performed
longitudinally and the supraspinatus was harvested carefully.
The wet weight of the supraspinatus was processed immedi-
ately after removing the tendon and scar tissue. Supraspinatus
tissues were divided into three parts and frozen for the follow-
on experiments.

Histologic analysis

Muscle tissues were cut into a reasonable size (0.5–1 cm) and
processed 4% phosphate-buffered paraformaldehyde-fixed for
more than 24 h. After paraffin embedding, a 4-μm paraffin
section was stained with hematoxylin and eosin stain
(Solarbio, A8090) according to a previous study (Kim et al.
2012). The morphology and histology of the supraspinatus
were identified through a microscope and analyzed utilizing
ImageJ and Adobe Illustrator CS4 software.

Cell apoptosis assay

Apoptosis assay was performed according to the manufacture’s
instruction. In brief, a 4-μm paraffin section of supraspinatus

was dewaxed using xylene and hydrated. Then, the section was
processed with antigen retrieval using the high pressure meth-
od. After blocking with 5% BSA for 20 min, the tissue section
was incubated with terminal transferase reaction solution at
37 °C for 60 min in darkness. One hundred microliters of
HRP was added on the section after washing twice with TBS.
Staining results were obtained when the section was stained
utilizing DAB working solution. The number of positive stain-
ing was analyzed utilizing ImageJ software.

Autophagosome measurement

Supraspinati were cut into 1-mm3 tissue blocks at 4 °C and
fixed with stationary liquid for 24 h at 4 °C. Then, tissue
samples were fixed for another 2 h in 1% osmic acid. After
uranyl acetate (Merck, 10011) staining for 3 h under room
temperature and dark conditions, samples were washed with
redistilled water and dehydrated using graded ethanol.
Dehydrated tissues were placed at a mixture of ethanol and
epoxypropane (Aladdin, P109309) (1:2) for 10 min,
epoxypropane twice for 10 min, mixture of epoxypropane
and embedding medium (1:1) for 40 min, mixture of
epoxypropane and embedding medium (1:4) for 3 h and then
tissues were embedded using embedding medium at 4 °C
overnight and subsequently polymerized at 60 °C for 48 h.
After making histological sections, the tissue sections were
stained with uranyl acetate and lead ci trate and
autophagosome was observed under a transmission electron
microscope and photographed.

Immunoblotting

Total protein of supraspinatus extraction and immunoblotting
were performed in line with a previous study (Baptista et al.
2010). Protein levels were detected using primary antibody
against LC3, Atrogin-1, MuRF1, Bnip3, FoxO3, PI3K, AKT,

Table 1 Preoperative and postoperative food intake in model rats

A group B group## C group##**

0 days 8.17 ± 1.17 10.33 ± 1.51 9.67 ± 1.63
1 days 12.33 ± 2.16 4.83 ± 1.47 5.83 ± 1.47
2 days 15.00 ± 2.28 6.67 ± 1.21 8.17 ± 1.72
3 days 16.83 ± 2.64 7.17 ± 1.17 10.33 ± 1.21
4 days 16.00 ± 1.41 10.67 ± 1.21 12.33 ± 1.97
5 days 15.50 ± 1.64 12.33 ± 1.51 14.50 ± 1.64
6 days 16.67 ± 0.52 14.17 ± 1.72 17.67 ± 1.21
7 days 17.00 ± 0.89 13.00 ± 1.26 19.50 ± 1.64
8 days 18.83 ± 1.60 14.83 ± 1.47 19.83 ± 1.94
9 days 18.50 ± 1.38 16.50 ± 1.76 18.33 ± 3.88
10 days 20.33 ± 1.21 16.33 ± 2.07 20.17 ± 2.40

Group A: sham + normal diet; group B: muscle cutoff + normal diet;
group C: muscle cutoff + leu diet

B, C group vs. A group, ##p < 0.01; C group vs. B group, **p < 0.01
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p-AKT, mTOR, p-mTOR, p70S6K, p-p70S6K, 4EBP1, and p-
4EBP1 respectively. GAPDH was served as the internal con-
trol. LC3 (12135-1-AP), PI3K (20584-1-AP), mTOR (20657-
1-AP), p70S6K (14485-1-AP), 4EBP1 (60246-1-Ig), and
GAPDH (10494-1-AP) were obtained from Proteintech. p-
mTOR (9964) and p-p70S6K (7617) were purchased from Cell
Signaling Technology. Antibodies against AKT (bs-0115R)
and p-AKT (bs-2720R) were from Bioss and p-EBP1 was from
Abcam (ab111421). The relative quantitative analysis of protein
expression was based on Quantity One software.

Statistical analysis

Muscle wet weight was analyzed among groups using an un-
paired t test. Histologic analysis and apoptosis detection were
based on ImageJ and Adobe Illustrator CS4 software.
Quantitative analysis of protein level was executed by
Quantity One software. Results were presented as mean +
standard deviation (SD). Statistical analysis was compared

using ANOVA and t test methods. P < 0.05 was defined as
statistical significance.

Results

Leucine attenuates supraspinatus atrophy in tendon
transection-induced RCT disease

To evaluate the effect of leucine on rotator cuff injury,
we established tendon transection-induced rotator cuff
tears in rats fed with standard chow and leucine-

Fig. 1 (a) The growth curve of
body weight. (b–b”) MRI of
supraspinatus in sham control,
tendon transection group feeding
with normal and leucine-
containing diet. White arrow
indicates the signal of muscle
atrophy. (c) The average wet
weight of supraspinatus muscle.
Double number sign indicates the
comparison between sham
control group and tendon
transection group feeding with
normal and leucine-containing
diet. ##p < 0.01; **p < 0.01

�Fig. 2 (a–b”) HE staining of supraspinatus sections in sham control,
tendon transection group feeding with normal and leucine-containing
diet. (c) Quantitative analysis of fiber cross-sectional area in the above
HE staining assay. (d–e”) TUNEL staining of different supraspinati in the
three groups. (f) The muscle cell apoptosis rate with or without leucine
treatment. **p < 0.01
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containing diet. After surgery, food intake was increased
over time in the sham control group, whereas drastic
reduction in food intake was found in the RCT model
with normal and leucine-containing diet. Food consumption
returned to the preoperative level at day 4 and day 3 after
surgery in the RCT group with normal and leucine diet, re-
spectively. But food intake in the leucine diet group returned
to the level of the sham control group starting from day 5
(Table 1). Mouse weight also appeared to rise in the sham
control group that decreased at first and then increased in both
RCT groups but leucine treatment regained their weight more
quickly compared to normal diet mice in RCT models
(Fig. 1(a)). Obvious gross morphometric changes were also
found in this model. Utilizing magnetic resonance imaging,
we observed that there was injured/torn rotator cuff in RCT
with normal diet compared to the sham control group imply-
ing tendon transection surgery had indeed led to rotator cuff
tears in supraspinatus muscles. However, leucine administra-
tion repressed tendon transection-induced rotator cuff tears
and muscle atrophy though showing moderate tissue edema
(highlighted-signal indicated by white arrow) (Fig. 1b).
Additionally, the average wet weight of supraspinatus muscle
was reduced in the tendon transection group, whereas it was
returned to normal level after leucine administration (Fig. 1c).
These results indicate that leucine supplementation effectively
prevents the whole disease process of tendon transection-
induced RCT.

Leucine rescues tendon transection-induced muscle
pathological changes and cell apoptosis

Muscle pathological changes were evaluated with H&E-
stained histology; atrophic muscle fibers, fatty infiltration
and inflammatory cell infiltration were observed in the tendon
transection group feeding with normal diet (Fig. 2a, b). When
administrated with leucine in the tendon transection group,
there was a significant decrease in the number of inflammato-
ry cells, fat accumulation, the degree of muscle fiber degen-
eration and fiber cross-sectional area (Fig. 2a–c). Since tendon
transection could cause myopathy, we speculated there should
have been an occurrence of muscle cell apoptosis. As shown
in Fig. 2(d, e), tendon transection-induced muscle cell apopto-
sis was noticeably inhibited by feeding with leucine (Fig. 2d,
e). The increased number of TUNEL-positive staining cells
was also repressed in the presence of leucine (Fig. 2f). These
findings reveal the protective effect of leucine on tendon
transection-induced muscle injury and cell apoptosis.

Administration with leucine inhibits autophagy levels
in atrophying muscles

A previous study has confirmed that autophagy in skeletal
muscle presents sustained generation of autophagosomes

that can maintain for days (Mizushima et al. 2004). Thus,
we performed transmission electron microscopy analysis to
assess the production of autophagosomes in these models
and found that there was no damage on histological struc-
ture and no autophagosome vesicles in the sham control
group. But cutting off the muscle obviously destroyed
muscular tissue structure and promoted the numbers of
autophagosomes and autophagolysosomes. Once treated
with leucine, the destroyed muscular tissue was restored
to normal level and the production of autophagosomes
and autophagolysosomes was inhibited (Fig. 3a, b). Next,
we performed immunoblotting to further verify the autoph-
agy inhibition effect of leucine on atrophying muscles. We
discovered that tendon transection induced the increase of
Atrogin-1 and MuRF1 expressions that were repressed in
the condition of leucine-containing diet treatment (Fig. 3c),
which suggested that leucine supplement weakened the
level of Atrogin-1/MuRF1 and subsequently improved the
process of supraspinatus atrophy. We also evaluated the
expression of key regulators for autophagy in muscle and
detected that transcription factor FoxO3 and its down-
stream signals LC3 and Bnip3 that were important for the
process of autophagy in muscle were upregulated in the
tendon transection group but leucine treatment made them
recover to the normal level (Fig. 3c). Quantitative analysis
of these protein expressions also showed that leucine sup-
plementation significantly blunted tendon transection-
evoked musc l e a t r ophy and the fo rma t i on o f
autophagosomes (Fig. 3d).

Inhibitors of PI3K/AKT/mTOR pathway blunt
the anti-atrophic effects of leucine

Numerous evidences have verified that AKT is the potent
autophagy inhibitor in skeletal muscle and that the
PI3K/AKT/mTOR pathway is the crucial element in muscle
atrophy but whether leucine-mediated anti-atrophic effects
were correlated with PI3K/AKT/mTOR signaling transduc-
tion remains unclear. As shown in Fig. 4(a–a^^), tendon
transection-mediated supraspinatus muscle atrophy was
crippled by leucine administration. However, through MRI
scanning, we observed that injection with LY294002 (PI3K
inhibitor) and Rapamycin (mTOR inhibitor) distinctly

�Fig. 3 (a–a”) Transmission electron microscopy scanning of the
autophagosomes vesicles in atrophying supraspinatus. Red arrow
ind i c a t e s a u t ophago somes and wh i t e a r r ow ind i c a t e s
autophagolysosomes. (b) Quantitative analysis of the number of
vesicles in TEM scanning assay. (c) Expression of LC3, Atrogin-1,
MuRF1, Bnip3, and FoxO3 was evaluated by immunoblotting in
different supraspinatus tissues. GAPDH was served as the internal
control. A: sham + normal diet; B: muscle cutoff + normal diet; C:
muscle cutoff + leu diet. (d–d””) Relative quantitative analysis of LC3,
Atrogin-1, MuRF1, Bnip3, and FoxO3. *p < 0.05; **p < 0.01
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blocked the anti-atrophic effects of leucine (Fig. 4a–a^^).
The promotion effect of leucine on supraspinatus muscle
was also blunted in the presence of LY294002 and
Rapamycin through measuring muscle wet weight
(Fig. 4b). Besides, the protective role of leucine on patho-
logical changes of atrophying muscle was significantly re-
pressed in the treatment with PI3K and mTOR inhibitors
(Fig. 5a–b^^). As shown in Fig. 5a–a, we found that the area
of inflammation infiltration, fat accumulation, muscle fibro-
sis and fiber cross-sectional area was obviously enhanced in
the inhibitor group compared to the leucine alone-treated
group (Fig. 5a–c). PI3K and mTOR inhibitors also blunted
leucine mediated by the decreased characterization of au-
tophagy in the RCT group accompanied by a bigger amount
of autophagosomes and autophagolysosomes in comparison
with the leucine-treated group but slightly less than the RCT
group fed with standard chow diet (Fig. 5d–e). Our findings
indicate that the PI3K/AKT/mTOR pathway participated in
the process of leucine-mediated improvement of muscle at-
rophy and autophagosome formation.

Leucine-mediated improvement of supraspinatus
atrophy is dependent on the PI3K/AKT/mTOR
pathway

To directly prove whether PI3K/AKT/mTOR was the
integrant signaling pathway in the process of leucine-
mediated anti-atrophic effects, we observed the changes of
the related signal protein. Similar to the previous results,
LC3II/LC3I level was upregulated after tendon transection
surgery, which was significantly reduced in the leucine-
treatment group. In LY294002 and the Rapamycin treatment
group, LC3II/LC3I returned to the same level as the tendon

transection surgery group (Fig. 6a), implying that
PI3K/AKT/mTOR was required for the leucine-mediated in-
hibition role on autophagosome generation. The impaired
PI3K/AKT/mTOR/p70S6K/4-EBP1 signal axis in the tendon
transection group was reactivated by leucine supplementa-
tion. Nevertheless, blockade of the key signal molecule
using LY294002 and Rapamycin could effectively eliminate
the protective effect of leucine on the destroyed signal trans-
duction (Fig. 6a). With the quantitative analysis of the signal
axis (Fig. 6b–b^^’), we confirmed that PI3K/AKT/mTOR
was the crucial signal transduction pathway in the process
of anti-atrophic effects induced by leucine.

Discussion

Chronic rotator cuff tears are considered irreparable and
often associated with an uncertain prognosis (Sevivas
et al. 2016). The presenting symptoms are usually a painful
and pseudoparalytic shoulder along with atrophy and fatty
infiltration of the muscles (Fuchs et al. 1999; Sevivas et al.
2017). Muscle atrophy is one main obstacle to solve the
poor clinical outcomes of RCTs following surgical repair.
Therefore, improved muscle atrophy condition possibly

Fig. 4 (a–a””) MRI of
supraspinatus in sham control,
tendon transection group feeding
with normal and leucine-
containing diet and PI3K and
mTOR inhibitor group. (b) The
average wet weight of
supraspinatus muscle in the five
group. *p < 0.05; **p < 0.01

�Fig. 5 (a–b””) HE staining of supraspinatus sections in sham control and
RCT group treated with normal, leucine, leucine + LY294002, and
leucine + Rapamycin, respectively. (c) Quantitative analysis of fiber
cross sectional area. (d–d””) Transmission electron microscopy
scanning of the autophagosomes vesicles in supraspinatus in the five
groups. Red arrow indicates autophagosomes, and white arrow
indicates autophagolysosomes. (e) Quantitative analysis of the number
of vesicles in TEM scanning assay. *p < 0.05; **p < 0.01
>
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brings about good outcomes for chronic RCT patients after
surgical repair. In the present study, we found leucine was
able to ameliorate supraspinatus muscle atrophy via the
activating PI3K/AKT/mTOR signal pathway and modulat-
ing muscle cell autophagy in the rat model of chronic
RCTs disease. Possibly, these findings provide a new in-
sight into the anti-atrophic effects of leucine on rotator cuff
muscle tears disease.

The clinical features of RCTs show severe muscle atro-
phy, fatty infiltration and inflammatory cells infiltration
(Maher et al. 2017). Muscle atrophy is displayed by de-
creased muscle weight and length at an early time point in
the supraspinatus and infraspinatus and fatty accumulation

appears at a later time point in the infraspinatus only in a rat
model of massive RCTs (Liu et al. 2011). In our established
RCT model, we found that tendon transection-induced
chronic RCTs severely impacted food intake and body
weight of rats accompanied by muscle atrophy and de-
creased wet weight of supraspinatus muscle. Muscle atrophy
and fat infiltration were observed in the rotator cuff muscles
after 2 weeks of rotator cuff tendon transection, which was
similar to the rat model of massive rotator cuff tears reported
by others (Liu et al. 2012; Liu et al. 2011). Because our
model was based on tendon transection but not nerve cutoff,
it reflected a specific condition of the rotator cuff but not a
model of generalized tendon injury.

Fig. 6 (a) Protein levels of LC3, PI3K, AKT, phospho-AKT, mTOR,
phospho-mTOR, p70S6K, phosphop70S6K, 4E-BP1, and phospho-4E-
BP1. (b–b’’’’’) Relative protein levels of LC3II/LC3I, PI3K, phospho-
AKT, phospho-mTOR, phospho-p70S6K, and phospho-4E-BP1 were

measured by using Quantity One software. GAPDH was used as the
reference control. A: sham + normal diet; B: muscle cutoff + normal
diet; C: muscle cutoff + leu diet; D: muscle cutoff + leu diet +
LY294002; E: muscle cutoff + leu diet + Rapamycin. **p < 0.01

122 Cell Tissue Res (2019) 378:113–125



Muscle atrophy in the RCT model involves a complex
protein network and molecular mechanisms. Atrogin-1 (a
muscle-specific F-box protein), Bnip3 (BCL2/adenovirus
E1B 19 kDa protein-interacting protein 3) and E3 ubiquitin-
ligase MuRF-1 have been shown to be implicated in the reg-
ulation process of skeletal muscle atrophy (Benson et al.
2010; Gomes et al. 2001; Rom and Reznick 2016). LC3-II,
which is the most widely used marker of autophagosomes
formation, is identified participating in the progress of rotator
cuff tendon disease (Kim et al. 2014). These genes are regu-
lated by FoxO transcription factors, which are a critical con-
troller in the ubiquitin–proteasome and autophagy–lysosome
systems (Sandri 2010), implying autophagy–lysosome sys-
tems should play an important role in the progression of skel-
etal muscle atrophy. In fact, emerging studies have confirmed
that autophagy is a significant process in the development of
rotator cuff injury, which was also identified in our research.
The expressions of atrophy associated protein including LC3,
Atrogin-1, Bnip3 and MuRF-1 were more/bigger in the RCT
model than in the sham control group. However, leucine sup-
plementation significantly repressed the production of
autophagosome in the RCT group. It has been confirmed that
leucine is sufficient to improve regeneration of skeletal mus-
cles from old rats (Pereira et al. 2015) but no literature reports
the muscle rebuilding effect of leucine on rotator cuff tears
disease and how the autophagy signaling pathway functions
in that progression. Our presented data potentially filled the
void in this field.

Once stimulated by common upstream signals such as
growth factors and amino acid availability, protein synthesis
in skeletal muscle is mainly regulated by the phosphoinositide
3-kinase (PI3K)/AKT/mTOR pathway (Drummond et al.
2009; Wu et al. 2011). During the translation, p70S6K and
4E-BP1, downstream of mTOR kinase, are the crucial deter-
minants and phosphorylated mTOR mediated the activation of
p70S6K and 4E-BP1 facilitated the start of codon scanning and
the complete ribosome assembly (Hornberger et al. 2006).
Additionally, the AKT/mTOR pathway is the key negative
regulator of autophagy in skeletal muscle. Rapid activation of
AKT and its downstream signal mTOR contribute to protein
synthesis, autophagosome inhibition and cell growth in adult
mice or muscle cell cultures (Zhao et al. 2008). This suggests
that the PI3K/AKT/mTOR signaling pathway negatively reg-
ulates the process of autophagosome formation and protein
degradation in muscle cell. Here, we discovered that leucine
administration rescued the inhibition of PI3K/AKT/mTOR/
p70S6K/4E-BP1 signaling in tendon transection mediated by
the destroyed skeletal muscle. Both PI3K andmTOR inhibitors
blunt the anti-atrophic effects of leucine on skeletal muscle,
implying that leucine administration ameliorated muscle atro-
phy potentially through the inhibition of autophagy by activat-
ing PI3KAKT/mTOR signaling during rotator cuff tears
disease.

In summary, we determined the underlying mechanism of
leucine mediated by the anti-atrophic effects in rotator cuff
tear disease. Herein, the aspect of leucine might be more rel-
evant with an anti-atrophic effect. Considering the amounts of
consumed leucine of rats (2.5 g/1 kg/day), 23.8 g/day (2.5 g/
6.3 × 60 kg) of leucine should be consumed in a person’s body
weight (60 kg). Actually, it is very difficult for a man to eat so
much leucine. However, the ingredients of a leucine-rich diet
in our study were based on previous reports. Our data provide
a rationale for further exploring the role of leucine supplemen-
tation in the prevention and treatment of RCT disease.
Clinically, most RC muscle atrophy in patients could possibly
be improved with the help of a leucine-rich diet supplement.
To summarize, our findings provide a new therapeutic strategy
for the treatment of RCT disease that can be widely applied in
a clinic environment.
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