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Abstract

This study was conducted to examine whether stretch-related mechanical loading
on skeletal muscle can suppress denervation-induced muscle atrophy, and if so, to
depict the underlying molecular mechanism. Denervated rat soleus muscle was
repetitively stretched (every 5 sec for 15 min/day) for 2 weeks. Histochemical anaysis
showed that the cross-sectional area of denervated soleus muscle fibers with repetitive
stretching was significantly larger than that of control denervated muscle (p<0.05). We
then examined the involvement of the Akt/mammalian target of the rapamycin
(mTOR) cascade in the suppressive effects of repetitive stretching on muscle atrophy.
Repetitive stretching significantly increased the Akt, p70S6K and 4E-BP1
phosphorylation in denervated soleus muscle compared to controls (p<0.05).
Furthermore, repetitive stretching-induced suppression of muscle atrophy was fully
inhibited by rapamycin, a potent inhibitor of mTOR. These results indicate that
denervation-induced muscle atrophy is significantly suppressed by stretch-related
mechanical loading of the muscle through upregulation of the Akt/mTOR signal

pathway.
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Introduction

Skeletal muscles change their size and mass in response to various environmental
factors. Muscle fibers atrophy, and muscle strength decreases in hypodynamia, defined
as reduced load-bearing and locomotor activity. Hypodynamia-induced atrophy has
been shown to occur in a variety of situations, including denervation, prolonged bed
rest, cast immobilization, and hindlimb suspension *#2*#-%" |t has been reported that
static stretching suppressed the reduction in the wet weight of the soleus muscle due to
cast immobilization and hindlimb suspension >2"*2, Furthermore, muscle atrophy and
weakness can be suppressed by exercising hypodynamic skeletal muscles 3. We
supposed that mechanical loading of muscle fibers generated by exercise may play an
important role in suppressing muscle atrophy. Exercise generates dynamic mechanical
loading arising from muscle contraction and relaxation. To our knowledge, however,
there has been no report concerning the atrophy-suppressive effects of repetitive
stretching, which mimics dynamic mechanical loading, on muscle atrophy.

In recent years, a number of studies have been conducted to assess the molecular
mechanisms involved in muscle hypertrophy and suppression of muscle atrophy. The
signaling cascade, Akt/mammalian target of the rapamycin (mTOR)/70-kDa ribosomal
protein S6 kinase (p70S6K) and/or eukaryotic initiation factor 4E binding protein 1

(4E-BP1), has been reported to be involved in muscle hypertrophy stimulated by
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insulin-like growth factor 1 (IGF-1) . Furthermore, an elevation of Akt
phosphorylation by exercise has been shown ?*%. Exogenous expression of the
constitutively active form of Akt prevented denervation-induced muscle atrophy .
Thus it is highly likely that Akt activation is involved in the exercise-related
suppression of muscle atrophy. It is also known that stretching of skeletal muscles
activates Akt via phosphatidylinositol 3-kinase (PI3K) ex vivo %, and that stretching
and exercise activate p70S6K and 4E-BP1, the target protein of mTOR in vivo and ex
vivo 8%, These findings suggest that mechanical loading applied to skeletal muscles
activates the Akt/mTOR/p70S6K and/or 4E-BP1 signal cascade, and that Akt
activation is sufficient to suppress muscle atrophy. However, it is not clear whether
activation of the Akt/mTOR/p70S6K and/or 4E-BP1 signal cascade in response to
stretch-related  mechanical  loading is  indispensable in  suppressing
hypodynamia-induced muscle atrophy. To address this question, we examined whether
repetitive stretching mimicking exercise-related tension bearing in the muscle would
suppress atrophy in denervated muscles. In addition we assessed the involvement of
the Akt/mTOR/p70S6K and/or 4E-BP1 signa cascade in the suppression of atrophy by

repetitive stretching.



Materials and M ethods
Animals and experimental design

All experiments were approved by the Animal Care Committee of the Nagoya
University Graduate School of Medicine and followed the guiding principles for care
and use of animals set by the Physiological Society of Japan.

Experiment 1. To investigate whether repetitive stretching suppresses
denervation-induced muscle atrophy, 24 male Wistar rats (weight, 251 + 12 g) were
used. Animals were provided food and water ad libitum and were subjected to a
12-hour light-dark cycle. The animals were randomly divided into three groups of 8
animals each. In the control group (Con), the soleus muscle was subjected to sham
operation with no sciatic nerve removed. In the denervated muscle group (Den), the
soleus muscle was subjected to the denervation procedure with left sciatic nerve
removal. In the stretching group (Str), the soleus muscle was subjected to the
denervation procedure with left sciatic nerve removal, and the denervated soleus
muscle underwent repetitive stretching for 15 min/day for 2 weeks, beginning 24 h
after denervation.

Experiment 2: To demonstrate whether repetitive stretching increases Akt,
p70S6K and 4E-BP1 phosphorylation in denervated muscle, 48 male rats (weight, 255

+ 8 g) were used. All rats were subjected to the denervation procedure with left sciatic
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nerve removal. The animals were randomly divided into six groups of 8 animals each.
In the sedentary group (Sed), the denervated soleus muscle was sedentary. In the
stretching groups (Str 0, 5, 15, 30, 60), the denervated soleus muscles were subjected
to repetitive stretching for 15 min at 7 days after denervation, and they were evaluated
a timeintervalsof O, 5, 15, 30, and 60 min after stretching.

Experiment 3: First, to examine whether rapamycin suppresses the stretch induced
p70S6K phosphorylation through an inhibiton of mTOR without affecting Akt
phosphorylation, 12 male rats (250 = 10 g) were used. All rats were subjected to the
denervation procedure with bilateral sciatic nerve removal. The animals were randomly
divided into arapamycin treatment group and an excipient group of 6 animals each. At
7 days after denervation, rats in the rapamycin treatment group were administered 0.75
mg rapamycin /kg body weight (Calbiochem Novabiochem, La Jolla, CA, USA) via
tail vein as previously described . The rats of the excipient group were administered
an equal volume of excipient (0.155 mol/L NaCl, 2% v/v ethanol ). Two hours after
rapamycin or excipient administration, the left soleus muscles in both groups of rats
were subjected to repetitive stretching for 15 min. The right soleus muscles were
sedentary. All muscles were examined immediately after the end of the repetitive
stretching period. Next, to demonstrate whether activation of the mTOR pathway is

indispensable in the suppression of muscle atrophy by repetitive stretching, 16 male
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rats (weight, 254 + 12 g) were used. All rats were subjected to the denervation
procedure with bilateral sciatic nerve removal. The animals were randomly divided
into two groups of 8 animals each. The rats of the denervated group receiving
rapamycin (Den+Rap) were administered 0.75 mg rapamycin /kg body weight via the
tail vein. In the denervated group (Den), the rats were administered an equal volume of
excipient (0.155 mol/L NaCl, 2% v/v ethanol). Two hours later, the left soleus muscles
in the Den+Rap and Den groups were subjected to repetitive stretching for 15 min/day
for 2 weeks, which began 24 h after denervation (Den+Rap+Str, Den+Str). The right
soleus muscles were sedentary.
Denervation Procedure

The rats were anesthetized with an intraperitoneal injection of sodium
pentobarbitone (40 mg/kg) for the denervation processes. A small incision was made
through the skin and fascia near the trochanter between the gluteus maximus and
biceps femoris muscles. The muscles were separated to isolate the sciatic nerve, and
about 2 cm of the nerve was cut and removed. The fascia and skin were then sutured
with silk thread.
Stretching technique

Repetitive stretching of the soleus muscle was performed under anesthesia. The

rats were placed in the lateral recumbent position and subjected to manual passive
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manipulation of the ankle joint between neutral and maximal dorsiflexion while the
knee was kept in extension every 5 sec for 15 min. We recorded the angle between a
line from the caput fibulae to the lateral malleolus and a line from basis ossis
metatarsalis to caput metatarsalis in the stretching period. The angle was
approximately 70 degrees in the neutral position, and approximately O degrees in the
maximal dorsiflexion position. The soleus muscle was chosen for this study because it
crosses only the ankle joint, and histological cross-sections taken from the middie belly
contain all muscle fibers, avoiding sampling problems. Additionally, this muscle has
been widely used in previous studies of stretch on skeletal muscle 1023,
Muscle preparation

At the end of experimental period, all rats were killed by cervical dislocation. The
soleus muscles for histological analysis were quickly dissected and immediately frozen
in isopentane, pre-cooled in liquid nitrogen, and stored in a freezer at -80°C. The
soleus muscles for biochemical analyses were also quickly dissected, immediately
frozen in liquid nitrogen, and stored at -80°C.
Measurement of fiber cross-sectional area

Cross-sections (8 um) were obtained from the middie belly of the frozen muscles

using a cryostat microtome and stained with hematoxylin and eosin. The

cross-sectional area of 100 muscle fibers chosen randomally in the central region of
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one cross-section of each soleus muscle was measured using a light microscope and
Scion Image software (Scion Corp., Frederick, MD, USA) for morphology.
Western blot analysis

Samples were minced and homogenized in ice-cold homogenization buffer [20
mM Tris-HCI (pH 7.5), 2 mM ethylenediaminetetraacetate, 1% sodium dodecylsulfate
(SDS), 25 mM NaF, 1 mM sodium orthovanadate, 10 pg/ml aprotinin, 10 puM
leupeptin, 5 MM pepstatin A, 1 mM phenylmethylsulfonyl fluoride]. Homogenates
were centrifuged at 12,000 g for 15 min at 4°C, and the protein concentration of the
supernatants was determined by using the micro BCA™ protein assay (Pierce,
Rockford, IL, USA). Samples were solubilized in a sample loading buffer [125 mM
TrisHCl (pH 6.8), 4% SDS, 10% 2-mercaptoethanol, 20% glycerol, 0.01%
bromophenol blue] at 5 mg/ml and incubated at 60°C for 10 min. Proteins were then
separated by 8% or 10% SDS-PAGE and subjected to Western blotting for 60 min onto
a polyvinylidene difluoride membrane (Millipore, Bedford, MA, USA). After protein
transfer, the membranes were blocked for 1 h at room temperature in blocking buffer
[5% skim milk in phosphate-buffered saline (PBS)]. After serial washes with PBS, the
membranes were incubated with primary antibodies to phosphorylated Ser473-Akt
(diluted 1:1000 in 1% BSA in PBS; Cell Signaling, Beverly, MA, USA), Akt (1:1000;

Cel Signaling), phosphorylated Thr389-p70 S6 kinase (p70S6K, 1:1000; Cell
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Signaling), S6K1 (1:1000; Chemicon International, Temecula, CA, USA),
phosphorylated Thr37/46-4E-BP1 (1:1000; Cell Signaling), or 4E-BP1 (1:1000; Cell
Signaling) overnight at 4°C. After several washes with PBS, membranes were
incubated with goat anti-rabbit 1gG akaline phosphatase-conjugated secondary
antibodies (1:3000; Bio-Rad Laboratories, Hercules, CA, USA) for 1 h a room
temperature. An AP-substrate kit (Bio-Rad Laboratories, Hercules, CA, USA) was
used to detect protein signals, and band intensities were quantified by densitometry.
Satistical analysis

All data were reported as mean + standard deviation. In Experiments 1 and 2,
multigroup comparisons were performed by one-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc test. In Experiment 3, data were compared by
one-way ANOVA for repeated measures followed by the Bonferroni post hoc test. For

all comparisons, the level of statistical significance was set at 5% (P<0.05).

Results
Repetitive stretching suppresses denervation-induced muscle atrophy

Denervated soleus muscle was repetitively stretched 15 min/day for 2 weeks.
Immediately after the end of the experiment, the soleus muscle was removed, and the

cross-sectional area of individual muscle fibers was measured. The average muscle
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fiber area for the group without denervation (Con group) was 2446 + 252 pm?, while
that for the group 2 weeks after denervation (Den group) was 790 + 147 pm? (Fig. 1).
The average muscle fiber area for the group with denervation and repetitive stretching
(Str group) was 1127 + 128 pm? (Fig. 1), which was significantly greater than that of
the Den group (p<0.05). These results clearly demonstrate that repetitive stretching

suppressed significantly denervation-induced muscle atrophy.

Repetitive stretching increases Akt, p70S6K and 4E-BP1 phosphorylation in
denervated muscle

First, we compared the phosphorylation levels of Akt, p70S6K, 4E-BP1 in
innervated soleus muscle with those of denervated soleus muscle in the sedentary
condition. The phosphorylation levels of Akt, p70S6K, and 4E-BPL1 in innevated soleus
muecle increased by 2.0-fold, 2.8-fold, and 1.5-fold, respectively, with respect to those
in denervated soleus muscle (p<0.05, data not shown). Next, the effects of repetitive
stretching on Akt, p70S6K and 4E-BP1 phosphorylation levels in denervated soleus
muscle were investigated. At 7 days after denervation, the muscle was subjected to
repetitive stretching for 15 minutes and then was dissected 0O, 5, 15, 30, or 60 minutes
after the stretching period. Western blotting was performed to assess the

phosphorylation levels of Akt, p70S6K and 4E-BP1. The phosphorylation levels of Akt
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and p70S6K at 15 and 5 minutes after stretching increased by approximately 3.0-fold
(p<0.05; Fig. 2A) and 2.3-fold (p<0.05; Fig. 2B), respectively. The level of 4E-BP1
phosphorylation at 15 and 60 minutes after repetitive stretching increased by 2.5-fold
and 2.9-fold, respectively (p<0.05; Fig. 2C). These results indicate that repetitive
stretching increased the level of Akt, p70S6K and 4E-BP1 phosphorylation in

denervated muscle.

Rapamycin hindersthe suppressive effects of repetitive stretching on muscle atrophy
We examined whether rapamycin suppresses stretch-induced p70S6K
phosphorylation through an inhibition of mMTOR without affecting Akt phosphorylation.
At 7 days after denervation, rapamycin was administred, and the soleus muscles were
subjected to repetitive stretching for 15 minutes, followed by immediate dissection.
Then western blotting was performed to assess the phosphorylation levels of Akt and
p70S6K. The levels of Akt phosphorylation with repetitive stretching and excipient,
and rapamycin administration increased 1.9-fold and 2.0-fold, respectively (p<0.05;
Fig. 3Aa). Meanwhile, the level of p70S6K phosphorylation in soleus muscle with
repetitive stretching and excipient administration increased 2.8-fold (p<0.05; Fig. 3Ab),
whereas that of soleus muscle with repetitive stretching and rapamycin remained

unchanged (1.0-fold). Rapamycin suppressed the increase in the phosphorylation of
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p70S6K by repetitive stretching, but it did not inhibit the stretch-induced increase in
Akt phosphorylation. Next, to investigate whether the activation of mTOR pathway
by repetitive stretching is indispensable in suppressing muscle atrophy, an experiment
was conducted using the mTOR inhibitor rapamycin. Denervated soleus muscle was
repetitively stretched for 15 min/day for 2 weeks. Rapamycin (0.75 mg/kg) was
administered at 2 h before stretching. After the end of the experiment, the soleus
muscle was dissected to measure the area of its muscle fibers (Fig. 3C). The average
muscle fiber area for the group with denervation, rapamycin administration, and
repetitive stretching (Den+Rap+Str group) was 1147 + 177 pm? which was
significantly smaller than that for the vehicle group (Den+Str group: 1566 + 280 um?,
p<0.05). No significant difference was found between the denervated groups with and
without rapamycin administration (Den group: 1154 + 36 um? Den+Rap group: 1109
+ 177 umz), whereas for the denervated groups with repetitive stretching, there was a
significant difference between the group with and without rapamycin (Den+Str group:
1566 + 280 um? Den+Str+Rap group: 1147 + 177 um?). These results strongly suggest
that activation of the mTOR cascade is indispensable for the suppressive effects of

repetitive stretching on denervation-induced muscle atrophy.
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Discussion

Hypodynamia-induced atrophy is suppressed by exercise **2. This suppression is
believed to involve many complicated factors, such as neural factors, hormones, and
mechanical loads. Here, we have examined the effect of passive exercise on
hypodynamic muscle by focusing on mechanical loads. It has been reported that
hypodynamia-induced atrophy could be suppressed by static stretching in vivo %273,
However, whether repetitive stretching can suppress muscle atrophy is not known.
Repetitive stretching applied to cultured skeletal muscle cells caused hypertrophy in
vitro 13!, Muscle hypertrophy is thought to be caused by increased protein synthesis
and/or suppressed protein degradation in myocytes. As in the case of muscle
hypertrophy, suppression of muscle atrophy is thought to be caused by increased
protein synthesis and/or suppressed protein degradation in myocytes.

The Akt/mTOR/p70S6K or 4E-BP1 cascade is one of the signaling mechanisms
involved in increased protein synthesis *2. In vitro and ex vivo studies have revealed
that skeletal muscle stretching activates these signal molecules (Akt, mTOR, p70S6K,
4E-BP1) >¥%, The present study also provides evidence that in vivo repetitive
stretching of the denervated soleus muscle increases phosphorylation levels of Akt,

p70S6K, and 4E-BP1. Furthermore, administration of rapamycin completely negated

the suppressive effects of repetitive stretching on muscle atrophy (Fig. 3). The present
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study is the first to demonstrate that the Akt/mTOR pathway is indispensable in the
suppressive effects of repetitive stretching on muscle atrophy in vivo.

The exogenous expression of the constitutively active form of Akt alone prevents
denervation-induced atrophy, suggesting that Akt activation is sufficient to prevent
muscle atrophy ’. Akt activation is known not only to facilitate muscle protein
synthesis via mTOR, but also to suppress protein degradation by controlling ubiquitin
ligase activity via the phosphorylation of the forkhead-related transcription factor
FOXO %% Therefore, suppression of muscle atrophy by mechanical loading has
been suggested to involve the suppression of muscle protein degradation via the
modification of ubiquitin ligase activity. Recently, it has been reported that the kinase
domain of titin (connectin), a giant elastic protein which spans from the Z line to a
thick filament, strongly binds with the muscle specific RING finger protein MuRF that
controls ubiquitin ligase activity *°. Furthermore, the kinase domain of titin has been
suggested to be involved in the reception of mechanical stimulation *°. These findings
suggest that suppression of muscle protein degradation through ubiquitin ligase activity
would play a crucia role in the suppressive effects of mechanical loading on muscle
atrophy. However, the present study revealed that the suppressive effects of repetitive
stretching were completely negated by rapamycin, an inhibitor of mTOR that is

downstream of Akt. Thus, the suppressive effects of repetitive stretching on muscle
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atrophy are mostly dependent on increased protein synthesis rather than decreased
protein degradation in our model.

The calcineurin/nuclear factor of activated T cell (NFAT) is another possible
signal cascade involved in the suppression of muscle atrophy by stretching. It was
reported that the calcineurin/NFAT cascade, which is activated by an increase in the
intracellular calcium ion concentration, was involved in myocardial hypertrophy 2.
However, some studies reported that the calcineurin/NFAT cascade was not involved in

11,22,23

skeletal muscle hypertrophy , thus the issue remains controversial. In the present
study, rapamycin almost completely negated the suppressive effects of repetitive
stretching on muscle atrophy, suggesting that NFAT activation may not contribute to
the suppression of muscle atrophy in our experimental system.

The molecular mechanisms of Akt activation by skeletal muscle stretching remain
mostly unknown. Although stretching or contracting skeletal muscles increases the
expression of IGF-1 mRNA in myocytes to elevate the concentration of IGF-1 in

myocytes >

, it is unclear whether the stretching-induced | GF-1 increase in myocytes
activates Akt via autocrine/paracrine mechanism. Mechanical loading to vascular
smooth muscle cells activates Akt via an integrin-dependent pathway . Integrins

accumulate in costameres, an anchoring apparatus that transmits tension generated by

the actin-myosin interaction to the basal membrane and focal adhesion in striated

15



muscle . Therefore, it is possible that Akt is directly activated via integrin-dependent
intracellular signaling pathways in skeletal muscle. However, further investigations are
needed to elucidate the mechanisms underlying the stretch-dependent Akt activation in

skeletal muscle.
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Figure 1. Effect of repetitive stretching on fiber area of denervated soleus muscle.

A: Bright fields images of muscle fiber cross-sections of the soleus muscle stained
with H-E. Con, the soleus muscle was subjected to sham operation with no sciatic
nerve removed;, Den, denervated soleus muscle; Str, denervated soleus muscle
subjected to repetitive stretching. Bar, 100 um. B: Cross-sectiona area of soleus
muscle fibers. The data are mean + standard deviation. * P<0.05 when the Str group

was compared to the Den group.
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Figure 2. Effect of repetitive stretching on Akt, p70S6K and 4E-BP1
phosphorylation in denervated soleus muscle.

Representative Western blot used to determine phosphorylated Akt/Akt levels (A, Top),
phosphorylated p70S6K/p70S6K levels (B, Top), and phosphorylated 4E-BP1/4E-BP1
levels (C, Top) in soleus muscles of al six experimental groups. Comparative levels of
phosphorylaed Akt/Akt (A, Bottom), phosphorylated p70S6K/p70S6K (B, Bottom),
and phosphorylated 4E-BP1/4E-BP1 levels (C, Bottom) across experimental groups,
expressed as fold increase of sedentary soleus muscle (Sed) versus stretched soleus
muscle (Str 0, 5, 15, 30, 60) submitted to repetitive stretching for 15 min and evaluated

immediately afterwards (0) or 5, 15, 30, and 60 min later. * P<0.05 compared to the Sed

group.
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Figure 3. Effect of rapamycin on fiber area of denervated soleus muscle.

Representative Western blot used to determine the phosphorylated Akt/Akt levels (Aa,
Top) and phosphorylated p70S6K/p70S6K levels (Ab, Top) in soleus muscles of all
four experimental groups. Comparative levels of phosphorylaed Akt/Akt (Aa, Bottom)
and phosphorylated p70S6K/p70S6K (Ab, Bottom) across experimental groups,
expressed as fold increase of denervated soleus muscle with not stretching and
excipient administration versus any other group of soleus muscles. B: Muscle fiber
cross-sections of the soleus muscle stained with H-E. Den, denervated soleus muscle in
the rat administered excipient (0.155 mol/L NaCl, 2% v/v ethanol); Den+Rap,
denervated soleus muscle in the rat administered 0.75 mg rapamycin /kg body weight;
Dent+Str, denervated soleus muscle subjected to repetitive stretching in the rat
administered excipient; Den+Rap+Str, denervated soleus muscle subjected to repetitive
stretching in the rat administered 0.75 mg rapamycin. Bar, 100 um. C: Cross-sectional
area of soleus muscle fibers. The data are mean + standard deviation. * P<0.05 when

the Den+Str group was compared to any other group.

28



Repetitive Stretching Prevents Muscle Atrophy in Denervated Soleus Muscle
viaAkt/mTOR/p70S6K Pathways
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