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Abstract

In skeletal muscle, the expression of myostatin and activation of muscle-specific E3 ubiquitin ligases play
roles in protein degradation and atrophy. Although fiber-type dependency of myostatin expression has
been reported, it is unclear whether the relationship between myostatin expression and activation of
muscle-specific E3 ubiquitin ligases shows a similar tendency The objective of this study was to
determine whether expressions of myostatin and muscle-specific E3 ubiquitin ligases differ, depending
on fiber type in muscle atrophy induced by nerve crush injury (NCI) to the rat sciatic nerve. Soleus (rich
in slow-twitch fibers) and plantaris (rich in fast-twitch fibers) muscles were analysed by Western
blotting and immunohistochemistry. The wet weight of the plantaris muscle decreased gradually,
reaching a minimum on 14th day after NCI, while the wet weight of the soleus muscle was lowest after
7th day. The cross sectional area (CSA) of type II muscle significantly reduced both soleus and plantaris
muscle, but the type I muscle did not significantly decrease in plantaris muscle. The expression of muscle
RING finger protein 1 (MuRF1) and muscle atrophy F-box (MAFbx)/atrogin-1, muscle-specific E3
ubiquitin ligases, were significantly higher in both soleus and plantaris muscles on day 3 after NCI
compared to the untreated control group. A significantly increased level of myostatin was seen in
plantaris muscle only on day 14 after NCI. We conclude that myostatin expression in NCI-induced
muscle atrophy plays a role in only fast-twitch muscle atrophy. On the other hand, expressions of the
MuRF1 and MAFbx are independent from fiber type.
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Introduction
Skeletal muscle atrophy is induced by disuse, aging, nerve
damage, and diseases [1-3]. Several researchers have studied
the mechanisms of skeletal muscle atrophy [4-6]. In general,
mechanistic experiments of skeletal muscle atrophy have used
immobilization and denervation models [7]. In addition, the
fashion of skeletal muscle atrophy seems to be dependent on
muscle fiber type [8-10].

Although the mechanism of fiber-specific muscle atrophy is
unclear, it has been reported that immobilization induces
skeletal muscle atrophy due to disuse and denervation-induced
atrophy and mainly decreasing muscle fibers which are slow-
twitch fibers [11,12]. On the other hand, the atrophy of fast-
twitch fibers is attributed to cancer cachexia and aging [13,14].
The molecular mechanism and phenomenon about muscle
atrophy using inactivity and denervation model have been

reported [15,16]. However, at the molecular level, it is not fully
elucidated whether fiber-specific atrophy can be attributed to
different signaling pathways. Moreover, it is not clear whether
nerve damage-induced atrophy proceeds faster rate in slow-
twitch than in fast-twitch fibers.

The ubiquitin-proteasome system (UPS) is reportedly the
major cause of skeletal muscle atrophy [17,18]. This system
induces protein degradation by up-regulating two muscle-
specific ubiquitin ligases, muscle atrophy F-box (MAFbx, also
called atrogin-1) and muscle RING finger 1 (MuRF1) [19-21].
Myostatin, which belongs to the transforming growth factor-
beta superfamily, is a negative regulator of muscle mass [22].
Protein degradation by myostatin is dependent on forkhead box
1 (FoxO1) activity [23]. Furthermore, regulation of FoxO
proteins induces muscle protein degradation via the UPS [24].
Although one group reported that myostatin expression
induced protein degradation via up-regulation of MAFbx and
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FoxO1 [25], it is not clear whether the myostatin-FoxOs-UPS
axis plays a role in compliance with muscle fiber type.

Nerve damage can cause skeletal muscle atrophy [26]. In
particular, denervation (i.e., cutting of the nerve trunk) is used
to investigate the mechanism of muscle atrophy [27]. Although
many studies have reported that denervation triggers the
expression of atrophy-related factors (i.e., MAFbx, MuRF1,
FoxO1, FoxO3a, and myostatin) [28-30], complete cutting of a
nerve (neurotmesis) is a clinically uncommon form of nerve
damage [31]. Nerve crush injury (NCI) is the usual form of
nerve injury, and it can involve neuropraxia (myelin damage)
or axonotmesis (partial axonal damage) according to Seddon’s
classifications [31]. However, the detailed molecular
mechanism of NCI-induced atrophy has not been elucidated.
Lin et al. [26] reported that NCI-induced muscle atrophy
involved myostatin expression in gastrocnemius muscle, which
is a mixture of fast and slow fibers. It is unclear whether
myostatin plays a role in NCI-induced muscle atrophy
depending on muscle fiber type. Moreover, the relationship
between myostatin expression and UPS activation has not been
examined in NCI-induced muscle atrophy, especially with
regard to fiber type dependency.

The objective of the present study was to examine whether
myostatin expression and UPS activation were dependent on
muscle fiber type in NCI-induced muscle atrophy.

Materials and Methods

Animal care
Male Wistar rats (age, 6 weeks; n=32) were randomly assigned
to the following two groups: sham operation group (Con; n=8)
and nerve crush injury group (NCI, n=24). They were
familiarized for 2 weeks and then subjected to NCI.
Furthermore, NCI groups were divided into three groups for
analysis of time course (3 days, 7 days, and 14 days group).
The rats were individually housed in ventilated cage (IVC)
systems (Tecniplast, Milan, Italy) maintained at 22-24°C with a
12 hour light/dark cycle. Rats were provided water and food ad
libitum. On day 3, day 7 and day 14 after NCI, 8 rats in each
group were killed. Sham operation group was killed after NCI.
This study was approved by the Ethical Committee for Animal
Experiments at the Nippon Sport Science University.

Surgical procedures of nerve crush injury
NCI was conducted according to the previous reported study.
Briefly, the right hind limbs of all the rats were shaved, and
then each rat was anesthetized with isoflurane (aspiration rate,
450 ml/min; concentration, 2.0%). The right sciatic nerve was
exposed through an incision of the skin above the right hind
leg. The exposed sciatic nerve was crushed using a forcep
clamping for 30 seconds. Left sciatic nerve was left intact.
Only incision of the skin was made in the sham-operated
control group. After NCI, the incision of skin above right hind
leg was stitched and rats were returned to their cages. On day
3, 7 and 14 after surgery, each group was killed. Because we

speculated that the relationship between myostatin and the UPS
was dependent on muscle fiber type, analysed both soleus
(abundant in slow fibers) and plantaris (abundant in fast fibers)
muscles in the present study. Specimens were weighed, and
immediately frozen in liquid N2. Frozen materials were stored
at -80°C until analysis.

Western blotting
The soleus and plantaris muscles of each group (n=6) were
macerated in liquid N2 and homogenized using a RIPA buffer
(Pierce, Rockford, USA). The homogenate was centrifuged at
16,000 Xg for 15 minutes at 4°C and supernatant was obtained.
Protein concentrations were determined using a protein
concentration determination kit (Protein Assay II; Bio-Rad,
Richmond, VA). A 30 μg total protein extracts from each
sample were mixed with sample buffer, boiled, loaded on the
same SDS-polyacrylamide gel (12.5%). The samples were
electrophoretically separated and separated proteins were then
transferred onto nitrocellulose membranes (GE healthcare,
Whatman, Germany). The membranes were blocked for 1 h
with tris-buffered saline (TBS) containing 1% triton X and 5%
skimmed milk and then incubated overnight at 4°C with the
following primary antibodies (dilution, 1:1000): anti-GDF8
(sc-6884; Santacruz Biothechnology), anti-MuRF1 (sc-32920;
Santacruz Biothechnology): anti-MAFbx/atrogin-1 (sc-33782;
Santacruz Biothechnology). The membranes were then washed
three times and incubated with the secondary antibody at room
temperature. Horseradish peroxidase (HRP)-conjugated goat
anti-mouse immunoglobulin G (IgG) or anti-rabbit IgG
(dilution, 1:10,000) was used as the secondary antibody.
Chemiluminescent reagents were used for detecting the
secondary antibody (Super Signal West Dura; Pierce Protein
Research Products, Rockford, IL). Chemiluminescent signals
were detected using a chemiluminescence detector (AE9100N;
ATTO) and quantified using a personal computer with image
analysis software (CS Analyzer; ATTO). The band densities
were showed relative to those obtained for the control. All
targets proteins were normalized by total protein stained with
Ponceau S.

Immunohistochemistry
The soleus and plantaris muscles of each group (n=2) were
embedded in OCT compound using isopentane and frozen in
liquid N2. The frozen samples stored at -80°C. Cross-sections
(10 μm thick) were cut with a cryostat at -20°C and mounted
on glass slides. After glass slides were then washed three times
for 10 minutes, the sections were blocked with 0.1 M PBS
containing 1% bovine serum albumin and 0.01% Triton X-100
for 1hours to block any nonspecific reaction. The sections were
then incubated with the primary antibodies including anti-type
I myosin (1:300; M-8421, SIGMA) and anti-dystrophin (1:500;
sc-15376, Santacruz Biothechnology) diluted with 0.1 M PBS
containing 1% bovine serum albumin and 0.01% Triton X-100
overnight at 4°C. The secondary antibodies were used Alexa
Fluor 488 goat anti-rabbit green IgG (A-11008; Molecular
Probes) and Alexa Fluor 568 goat anti-mouse red IgG
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(A-11019; Invitrogen) for 2 hours. After the secondary
antibodies incubation, the sections were washed three times 0.1
M PBS for 10 minutes and were cover-slipped with mounting
medium with DAPI (Vectashield, Vector Laboratories). The
sections were viewed with florescence microscope (Olympus
model BX 60; Olympus, Japan), and the images were captured
with a digital camera (Olympus model DP 70; Olympus,
Japan), and analysed using Olympus DP 70 controller
software. Cross-sectional area (CSA) of the plantaris and
soleus muscles fibers (approximately 100 fibers per muscle)
was analysed using Image J analysis software (National
Institutes of Health, Bethesda, MD, USA).

Statistical analysis
All values are expressed as means ± standard error of the mean
(SE). One-way analysis of variance (ANOVA) followed by
Fisher’s least significant difference (LSD) was used to
compare the body mass, wet weight of soleus and plantaris
muscles, protein levels, and CSA using SPSS 22 (IBM,
Chicago, IL, USA). The significance level was set at P<0.05.

Results

Wet weights and CSA of soleus and plantaris muscles
following NCI
Following NCI, no significant differences in the body weights
were observed as compared to controls (Table 1). However, the
wet weights of both the right soleus and right plantaris muscles
significantly decreased with time, reaching minimums on day 7
(Con vs. day 7 of NCI; soleus: 68%, p<0.01) and day 14 (Con
vs. day 14 of NCI; plantaris: 59%, p<0.01), respectively (Table
1). As with the reduction of wet weight of soleus and plantaris
muscles, CSAs of muscle-fiber types I and II in soleus muscle
of 7th and 14th day (Figures 1A and 1B) were significantly
smaller than that of the control group (p<0.05) (p<0.01). CSA
of muscle-fiber type II in plantaris muscle of 7th and 14th day
(Figure 2B) were significantly smaller than that of the control
group (p<0.01). There was no significant dierence in CSA of
muscle-fiber type I in plantaris muscle.

Figure 1. CSA of soleus muscle after NCI.

Figure 2. CSA of plantaris muscle after NCI.

Effects of NCI on MuRF1 and MAFbx/atrogin-1
expression in soleus and plantaris muscles
The expression of MuRF1 and MAFbx/atrogin-1 was
measured using Western blot analysis. These were significantly
higher than that of the control group on day 3 after NCI in both
soleus and plantaris muscles (p<0.01; p<0.01; Figures 3 and 4).

Figure 3. The time course change in expression of MuRF1.

Figure 4. The time course change in expression of MAFbx/atrogin.

Muscle fiber type dependency of myostatin expression
in NCI
In order to confirm muscle fiber type dependency of myostatin
expression, the expression of myostatin was measured using
western blot analysis. Significantly increased expression of
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myostatin was only observed in plantaris muscle 14 days after
NCI (p<0.01; Figure 5). This increase was not evident in
soleus muscle.

Table 1. Body weight and wet weight of soleus and plantaris muscle after NCI. Values are expressed as mean ± SE. **p<0.01, significantly
different from Con.

 Con Day 3 Day 7 Day 14

BW (g) 283.12 ± 9.96 266.10 ± 17.16 280.38 ± 22.02 284.98 ±7.98

Soleus/BW (mg/g) 3.98 ± 0.22 3.49 ± 0.37** 2.71 ± 0.39** 2.74 ± 0.67

Soleus (mg) 1124.83 ± 31.19 929.83 ± 124.00** 764.00 ± 155.20** 788.33 ± 206.30

Plantaris/BW (mg/g) 9.75 ± 0.36 7.85 ± 0.53** 6.87 ± 0.50** 5.82 ± 0.60**

Plantaris (mg) 2760.50 ± 116.28 2094.83 ± 271.30** 1929.50 ± 242.93** 1661.33 ± 205.53**

Figure 5. The time course change in expression of myostatin.

Discussion
The results of the present study showed that NCI similarly
reduced the wet weight of soleus and plantaris muscle. This is
not consistent with other studies reporting that the time course
of muscle atrophy differs according to the muscle fiber type
[32,33]. Previous studies have reported that slow-twitch
muscle fibers atrophied faster, and showed more atrophy than
fast-twitch fibers in the immobilization and denervation
models [11,12,34].

In the current study, we found that the rate of muscle mass
reduction was similar between soleus and plantaris muscle, but
the peak reduction was late in plantaris than in soleus muscle.
In general, disuse-related skeletal muscle atrophy, as occurs
following denervation and immobilization, occurs primarily in
slow-twitch (oxidative-related) fibers. In contrast, nutrient-
related atrophy-such as cancer/aging cachexia, sepsis, and
diabetes-is more highly directed to the loss of fast-twitch
(glycolytic-related) fibers [6,9,10]. We confirmed that body
weight was maintained after the experimental period. In
addition, CSA of type II muscle significantly reduced both
soleus and plantaris muscle, but the type I muscle did not
significantly decrease in plantaris muscle. Thus, disuse-related
muscle atrophy appears to occur in the NCI model, similar to
the denervation model [7,33]. Because, only neuroplaxia and
axonotomesis occur in NCI, we did not observe more muscle

reduction in soleus than in plantaris muscle, as occurs in the
denervation (neurotomesis) model [7,33].

Many studies have reported that the up-regulation of MuRF1
and MAFbx induce muscle protein degradation and appears
within 3 days in immobilization and denervation models of
atrophy [12,35]. However, it was unclear whether the up-
regulation of MuRF1 and MAFbx differed depending on
muscle fiber types in NCI-induced muscle atrophy. In our
study, MuRF-1 and MAFbx were up-regulated on day 3 after
NCI in both plantaris and soleus muscles. A previous study
indicated that the up-regulation of MuRF-1 was induced on
day 3 in both fast (plantaris) and slow (soleus) muscles after
muscle denervation [35]. Therefore, we speculated that the up-
regulation MuRF-1 and MAFbx in an early stage (3rd day) is
common in nerve damage-induced atrophy regardless of fiber
type.

The expression of myostatin differed between plantaris and
soleus muscles. Although previous studies reported that
myostatin expression was different according to the muscle
fiber type [36-39], whether such difference maintained in NCI-
induced atrophy has not been examined. We observed an
increased expression of myostatin after NCI only in fast-twitch
rich plantaris muscle on day 14 after NCI. Fast-twitch fibers
mainly utilize glycolysis for muscle contractions [37]. Because
myostatin is related to energy metabolism [40], myostatin-
related atrophy is more directed to glycolytic fiber wasting.
Moreover, myostatin is expressed mainly in fast twitch fibers
and myostatin-induced protein degradation occurs primarily in
these fibers [36-39]. Therefore, the expression of myostatin
may be enhanced in fast twitch muscles under NCI-induced
atrophy.

Although NCI elevated the expression of MuRF-1, MAFbx
and myostatin, these changes were not coordinated in a time-
dependent manner. An increased expression of myostatin
reportedly up-regulates the UPS [23]. This finding is
inconsistent with the high expression of ubiquitin proteolytic
system that is found to be involved in the myostatin-UPS axis.
However, in a previous study, the expression of myostatin in
gastrocnemius muscle was found to increase significantly by
NCI from 7th day to 14th day [26]. In human study, it was also
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reported that the expression of myostatin is later than that of
MuRF1 and MAFbx expression [41].

In conclusion, MuRF-1 and MAFbx were up-regulated on day
3 after NCI in both plantaris and soleus muscles, whereas the
expression of myostatin significantly increased on day 14 only
in plantaris muscle. These results suggest that the expression of
myostatin is correlated with atrophy of fast twitch muscle
fibers, and is independent of the activation of E3 ubiquitin
ligases. Our findings will provide important information into
the development of therapies that can be used to prevent
skeletal muscle atrophy under specific nerve injuries.
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