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Muscle biopsy has long been expected to be replaced by noninvasive biomarkers with diagnostic value and prognostic applications
for muscle atrophy. Growing evidence suggests that circulating microRNAs (miRNAs) could act as biomarkers for numerous
pathophysiological statuses. In the present study, our results showed that the serum levels of six muscle-specific miRNAs (miR-
1/23a/133/206/208b/499) were all elevated in unloading induced mice. The medium levels of these six muscle-specific miRNAs
were all elevated in starvation induced atrophic C2C12 myotubes. Moreover, the serum levels of miR-23a/206/499 were induced in
participants after 45 days of head-down bed rest (HDBR).The levels of miR-23a/206/499 were positively correlated with the ratio of
soleus volume loss in HDBR participants, indicating that they might represent the process of muscle loss. In conclusion, our results
demonstrated that circulating miRNAs could serve as useful biochemical and molecular indicators for muscle atrophy diagnosis
and disease progression.

1. Introduction

Muscle atrophy is a common physiological and pathological
process, which occurs in response to fasting, chronic disease
(e.g., cancer, diabetes, AIDS, sepsis, and sarcopenia), and
disuse (e.g., long time bed rest and space flight) [1–3]. Skel-
etal muscle possesses high plasticity controlled by a dynamic
balance between protein synthesis and degradation. In-
creased protein degradation leads tomuscle atrophy, whereas
increased protein synthesis leads to muscle hypertrophy.
Muscle atrophy, induced by increased protein degradation
and decreased protein synthesis, leads to the deterioration
of disease and reduces the quality of life [4, 5]. Therefore,
the diagnosis and treatment of skeletal muscle atrophy is an
important clinical issue.

So far, quantification of muscle weight is difficult. Many
measurement methods were developed to detect skeletal
muscle atrophy, including tomography, magnetic resonance
imaging (MRI), and dual-energy X-ray absorptiometry [6].

Thesemethods can detectmuscle wasting but cannot indicate
the possibility of developing muscle atrophy [7]. Moreover,
these methods are all expensive and only available at large
institutions. In addition, some potential candidates (e.g.,
serum creatinine, neoepitope, and collagen type VI frag-
ments) have been tested to use as biomarkers for muscle
atrophy [8–10]. But there are always a variety of problems,
such as high cost and low accuracy. Thus, it is necessary to
discover new noninvasive biomarkers which are cheap and
easily available for diagnosis in clinics.

miRNAs are short noncoding RNAs that modulate gene
expression on the posttranscriptional level and play key
roles in a wide scope of physiological and pathological pro-
cesses. Some miRNAs are expressed specifically in muscle
and named myomiRs [11]. It has been demonstrated that
myomiRs play a key role in the proliferation, differentiation,
and diseases of skeletal muscle [11, 12]. A number of miR-
NAs are differentially expressed and are highly involved in
the pathophysiological process of denervated muscles [13].
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Moreover, it has been reported that miRNAs have been
found in a number of body fluids including serum [14]. The
profile of serummiRNAs has already been used as biomarker
for various diseases, including cancers, heart diseases, and
diabetes [14–16]. It has been proved that circulating muscle
enriched miRNAs could be used as promising biomarkers
for muscle diseases, such as Duchenne Muscular Dystrophy
(DMD) diagnosis [17, 18] and Amyotrophic Lateral Sclerosis
[19, 20]. However, there was no report about the correlation
between serum miRNAs levels and disuse induced muscle
atrophy.

The main purpose of this study was to find potential cir-
culatingmiRNAbiomarkers for skeletal muscle atrophy diag-
nosis. It has been shown that miR-1/23a/206/133/499/208b all
play important roles inmyogenesis, fiber type determination,
or exercise adaptation [21]. We hypothesized that these my-
omiRswere indicative ofmuscle atrophy andhave potential as
biomarkers.We detected serum ormedium levels of miRNAs
in hindlimb unloaded mice, starved C2C12 myotubes, and
HDBR participants. According to our data, we proposed that
the serummiRNAs can be used as new biomarkers formuscle
atrophy diagnosis.

2. Materials and Methods

2.1. Animals. In the hindlimb unloading model, we used
adult C57 mouse according to previous study [22]. 80 C57
mice (male, 8 weeks old, 20 ± 2 g) were randomly separated
into three hindlimb unloading (HU) groups undergoing
either 3, 7, or 14 days of hindlimb unloading and one control
groupwas raised for 14 days in normal conditions. All animals
were bought from Vital River Laboratories (Beijing, China).
All the animal experiments were approved by the Institu-
tional Animal Care and Use Committee of China Astronaut
Research and Training Center.

2.2. Hindlimb Unloading. All animals were raised at room
temperature under 12 h light and 12 h dark, with free access
to food and water. Mice were kept in cages one week before
experiments for adaptation. The mice hindlimb unloading
model has beenwidely used for studyingmuscle atrophy [23–
25]. Briefly, mice were suspended by strings which were fixed
on their tails. The body and floor formed a 45-degree angle
to prohibit the hindlimbs from touching the floor or sides
of the cage. Control animals were kept on the floor until
being euthanized. To maintain the same survival time for
each group, animals were grouped as follows: all mice were
divided into four groups. HU14 was suspended at the 1st day;
HU7 was suspended at the 8th day; HU3 was suspended at
the 12th day. All mice were sacrificed at end of HU by cervical
dislocation.The soleus, gastrocnemius, and plantaris muscles
from both sides of the mice hindlimbs were immediately
removed, weighed, and frozen in liquid nitrogen.

2.3. Histological Analysis. The histological analysis was per-
formed as described previously [26]. Briefly, the soleus mus-
cles were dissected from the hindlimb of mice. The dissected
muscles were frozen using OTC (Thermo, USA) in dry ice
cold isopentane. The frozen soleus muscles were sliced into

15 𝜇m cross sections using cryotome (Thermo, USA). The
frozen sections were then permeabilized using 0.2% Triton
X-100 for 30min at room temperature, washed by PBS for
3 times, and blocked by 5% goat serum in PBS for 1 h. The
frozen sections were immunostained by mouse anti-laminin
(dilution: 1 : 300; sc-133241, Santa Cruz Biotechnology). And
the second antibody was Alexa Fluor� 594 Goat Anti-Mouse
IgG (H + L) (dilution: 1 : 500; A-11005, Invitrogen). The
average of the cross-sectional areas was calculated from 300
fibers in each section by Image-Pro Plus 6.0 software (Media
Cybernetics Corporation).

2.4. Cell Culture, Differentiation, and Starvation. C2C12 my-
oblasts (gift from Dr. Haitao Wu, AMMS, China) were
cultured using DMEM (Gibco, Grand Island, NY) containing
10% fetal bovine serum (Gibco, Grand Island, NY) and 1%
penicillin and streptomycin (Gibco, Grand Island, NY) at
37∘C and 5% CO2. Myoblasts were induced to differentiation
by differentiation medium (DM): DMEM with 2% horse
serum (Gibco, Grand Island, NY) and 1% penicillin and
streptomycin (Gibco, Grand Island, NY). Myotubes were
cultured by DM for 5 days and the DM were replaced every
24 h. Myotube atrophy was induced by serum-depriving.The
mature myotube was treated with PBS containing Ca2+ and
Mg2+ instead of DM for 4 hours before culture medium
(2ml) was harvested. The myotube starvation model was
performed according to previous study [22].

Myotube cultures were photographed under a phase
contrast microscope at 400x magnification before and after
serum-depriving treatment. Myotube diameters were quan-
tified by measuring a total of >100 tubes diameters from 10
randomfields at 100xmagnification using Image-Pro Plus 6.0
as described [27].

2.5. Subjects and HDBR Protocol. Healthy adult males were
used in the HDBR experiment according to previous study
[28]. Fifteen healthy male participants aged 27.42 ± 3.89
and 172.65 ± 3.4 cm in height and 64.5 ± 6.7 kg in weight
participated in this experiment. The participants were free
of diseases and were not athletes. In the process of HDBR,
subjects lay in bed and formed a −6∘ angle with the horizontal
ground.The room temperature was maintained at 25 ± 0.5∘C
and the relative humidity was kept at 60–70%. Subjects taken
the head-down position for 24 h per day, with all activities
performed in bed. Sterile peripheral blood samples were
gained from the eleven participants 1 day before and during
(R15, R30, and R45) the HDBR at 6:00 a.m. The soleus
volume, before and after 45 days of HDBR, was measured
by MRI. Serum was obtained by centrifugation from blood
samples and frozen at−80∘C.The experiments were approved
by the Ethics Committee of China Astronaut Research and
Training Center. The participants were informed about the
risks and the details before the experiment. The written
consent was obtained.

2.6. RNA Isolation and Real-Time PCR. In mice, blood sam-
ples were collected from the eyes. In HDBR participants,
serum samples were prepared from 2ml of blood taken in
BD vacutainer tubes.The blood sample was allowed to clot at
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room temperature for 30 minutes, followed by centrifugation
at 3000𝑔 for 10 minutes. Cell culture medium samples were
centrifuged at 12000𝑔 for 10 minutes. Serum and cell culture
medium supernatant were carefully collected and stored at
−80∘C until use.

The RNA isolation and real-time PCR analysis were
performed as described previously [26]. Briefly, RNA was
extracted from serum or cell culture medium by TRIzol
LS reagent according to the manufacturer’s protocols (Invit-
rogen, NY). For each sample, 0.5 𝜇g of RNA was reverse
transcribed by RevertAid First Strand cDNA Synthesis Kit
(Fermentas, NY) as described previously [26]. Real-time PCR
was performed by Power SYBR�Green (Applied Biosystems,
NY) using Step-one Plus (ABI, NY) for at least three times per
experiment. The data were analyzed using the comparative
Ct method and normalized by cel-mir-39 which was added
to the sample according to the volume. For the real-time
PCR measurement of mature miR-1/23a/133/206/208b/499
expression, we used the commercial reverse transcription and
PCR primer kit (RiboBio, Guangzhou, China).

2.7. Statistical Analysis. Comparisons amongmultiple groups
were performed using one-way ANOVA, followed by un-
paired Student’s 𝑡-tests. Comparisons between two groups
were performed using unpaired Student’s 𝑡-test; 𝑝 < 0.05was
taken as significant difference.

3. Results

3.1. Change in MuscleWeight and Cross Section Area following
Hindlimb Unloading (HU). The soleus, gastrocnemius, and
plantaris muscles were dissected from both sides of mice
hindlimbs. The extracted muscles were weighed. The weight
of soleus, gastrocnemius, and plantaris muscle at different
time of HU was shown in Figures 1(a), 1(b) and 1(c), respec-
tively.Themuscle weight decreased rapidly after 3 days of HU
and lost 37%, 20%, and 25% following 14 days ofHU in soleus,
gastrocnemius, and plantaris muscle, respectively, compared
with the control group. Furthermore, muscle weight was
adjusted to body weight and presented relative to the control.
The ratio of muscle/body weight also reduced significantly
following HU (Figure 1(d)). To further evaluate HU-induced
atrophy, frozen sections of soleus muscle from the con-
trol and unloaded mice were immunostained with anti-
laminin (Figure 1(e)). The fiber cross-sectional areas were
measured.Themean fiber cross-sectional areas (CSAs) of the
soleus muscle declined gradually following 14 days of HU
(Figure 1(f)). The results indicated that 14 days of hindlimb
unloading induced muscle atrophy in soleus, gastrocnemius,
and plantarismuscle, with the greatest extent of atrophy being
observed in the soleus.

3.2. Serum miRNAs Levels in Mice following HU. To evaluate
the value of serum miRNAs as potential biomarkers for
muscle atrophy diagnosis, we detected the serum levels of
miR-1/23a/133/206/208b/499 in hindlimb unloaded mice by
real-time PCR. Our results showed that the serum levels of
miR-1/23a/133/206/208b/499 were all significantly induced
(Figure 2). The level of miR-1 declined at HU14 compared

with HU7, which may be due to reduced expression or
secretion of miR-1 by muscle cells. Moreover, the levels of
miR-23a, miR-206, and miR-499 increased during HU in a
time-dependent manner.This indicated that the serum levels
of myomiRs (miR-1/23a/133/206/208b/499) could be used as
biomarkers of muscle atrophy.

3.3. Medium miRNAs Levels of C2C12 Myotubes following
Starvation. To verify the effects of muscle atrophy on the
secretion of these six myomiRs, we used starvation model
of C2C12 myotubes to induce muscle atrophy in vitro. The
C2C12 cells were induced to form mature myotubes by
differentiation medium for 5 days and were treated with
PBS for 4 hours to induce atrophy. 4 hours of starvation
led to severe atrophy of C2C12 myotubes (Figure 3(a)), and
the diameters of myotubes were reduced by 56% compared
with the control (Figure 3(b)). The protein expression level
of Atrogin-1 was significantly induced after starvation (see
Supplementary Figure 1 in Supplementary Material available
online at https://doi.org/10.1155/2017/8361237). The medium
levels of miR-1/23a/133/206/208b/499 were all significantly
induced, which was consistent with the results in vivo. Our
results indicated that starvation induced C2C12 myotubes
atrophy led to the secretion ofmiR-1, miR-23a, miR-133, miR-
206, miR-208b, andmiR-499 into the culturemedium, which
could be used as indicators for muscle atrophy.

3.4. Serum miRNAs Levels in Subjects following HDBR. 45
days ofHDBR resulted inmuscle atrophy in the soleusmuscle
of subjects. The volume of soleus muscle detected by MRI
was reduced after 45 days of HDBR (Supplementary Table
1). And the serum levels of miR-1/23a/133/206/208b/499 were
detected before and after 45 days of HDBR. The results
show that the levels of miR-23a, miR-206, and miR-499 were
induced after 30 and 45 days of HDBR (Figures 4(b), 4(d),
and 4(f)). However, no significant changes were found in
the levels of miR-1, miR-133, and miR-208b following HDBR
(Figures 4(a), 4(c), and 4(e)).

3.5. The Correlation between Soleus Volume Loss and Serum
miRNA Level. We hypothesize that the change of serum
miRNA levelsmight correlatewithmuscle loss duringHDBR.
To verify the hypothesis, a case-by-case correlation assay was
performed between the ratio of soleus volume loss and serum
miRNA levels of subjects after 45 days of HDBR. As expected,
serummiR-23a, miR-206, andmiR-499 levels were positively
correlatedwith the ratio of soleus volume loss in subjects after
45 days ofHDBR (Figure 5).The correlation of the other three
miRNAs was also provided in Supplementary Figure 2.These
results indicated that serum levels of miR-23a, miR-206, and
miR-499 might represent the extent of muscle degeneration
following HDBR.

4. Discussion

The change of loading status leads to drastic morphological
and functional adjustments to antigravity muscles. Particu-
larly, the antigravity soleus muscle displays dramatic muscle
atrophy during unloading [29, 30]. Although medical image

https://doi.org/10.1155/2017/8361237


4 BioMed Research International

0
0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009

So
l m

us
cle

 m
as

s (
g)

Con HU3 HU7 HU14

∗∗ ∗∗ ∗∗

(a)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

G
as

t m
us

cle
 m

as
s (

g)

Con HU3 HU7 HU14

∗∗ ∗∗ ∗∗

(b)

0
0.002
0.004
0.006
0.008

0.01
0.012
0.014
0.016
0.018

PL
 m

us
cle

 m
as

s (
g)

Con HU3 HU7 HU14

∗∗ ∗∗
∗∗

(c)

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

Gast/BW
Sol/BW
PL/BW

M
us

cle
 m

as
s/

bo
dy

 w
ei

gh
t

Con HU3 HU7 HU14

##
ΔΔ

∗∗

##
ΔΔ

∗∗

##
ΔΔ

∗∗

(d)

(A) (B)

(C) (D)
100 um

(e)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Con HU3 HU7 HU14

Cr
os

s s
ec

tio
n 

ar
ea

s (

Ｇ

2
)

∗

∗

(f)
Figure 1: Change in muscle weight and cross section areas following HU. (a–c) The hindlimb skeletal muscles (soleus, gastrocnemius, and
plantaris) were weighed during 14 days (0, 3, 7, and 14 days) of hindlimb unloading. Data were showed with mean ± SEM (𝑛 = 20 for each
group, ∗∗𝑝 < 0.01 versus Con). (d)The relative weight of hindlimb skeletal muscles (gastrocnemius, soleus, and plantaris) was shown during
14 days (0, 3, 7, and 14 days) of hindlimb unloading.The value of muscle/body weight ratio of Con was taken as 1 in each determination. Data
were showed with mean ± SEM (𝑛 = 20 for each group, ∗∗𝑝 < 0.01, ##𝑝 < 0.01, and ΔΔ𝑝 < 0.01 versus its own Con). (e) Representative
images of immunofluorescence staining of soleus muscles in Con and hindlimb unloading (3, 7, and 14 days) group using anti-laminin (red)
antibody. Scale bar: 100 um (𝑛 = 5 for each group). (f) Cross section areas of soleus muscles in Con and HU (3, 7, 14 days) group. Data were
showed withmean ± SEM (𝑛 = 5 for each group, total fibers in eachmuscle cross section weremeasured, ∗𝑝 < 0.05 versus Con). Con, control;
HU3, hindlimb unloading for 3 days; HU7, hindlimb unloading for 7 days; HU14, hindlimb unloading for 14 days.

system such as MRI could be used to detect muscle atrophy,
it is expensive and cannot indicate the risk of developing
muscle atrophy. The discovery of serum biomarkers can
be useful to diagnose and prognosis muscle atrophy. A

growing body of evidence has suggested that circulating
miRNAs were potential biomarkers for muscle diseases, like
Duchenne Muscular Dystrophy (DMD) and Amyotrophic
Lateral Sclerosis (ALS). But there is no study which focused
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Figure 2: Serum miRNAs levels in mice following HU. (a–f) Serum levels of miR-1/23a/133/206/208b/499 in HU-induced atrophic mice and
controls (𝑛 = 20 for each group) were determined by real-time PCR. ANOVA was used for statistical analysis. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01.

on the relationship between serummiRNAs levels andmuscle
atrophy. Our results indicated that serum miRNAs could act
as potential biomarkers for muscle atrophy diagnosis.

In this study, we used hindlimb unloading model to
inducemuscle atrophy.Thismodel was widely used to induce
muscle atrophy [25, 31]. After 14 days of unloading, the
wet weights of soleus, gastrocnemius, and plantaris muscles
were all reduced, with the greatest extent of muscle atrophy

being observed in soleus muscle. Compared with the control
group, the soleus muscle weight and the ratio of muscle/body
weight decreased 37% and 29% after 14 days of HU, respec-
tively. Furthermore, we detected the CSAs of soleus muscle,
which declined following hindlimb unloading in a time-
dependent manner. This data indicated that 14 days of HU
could lead to severe muscle atrophy in hindlimb muscles,
especially in soleusmuscle.The elevations of serummyomiRs
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Figure 3: Medium miRNAs levels of C2C12 myotubes following starvation. (a) Phase images of C2C12 myotubes before and after starvation.
(b) Quantitative analysis of C2C12 myotube diameters before and after starvation. (c–h) Medium levels of miR-1/23a/133/206/208b/499 in
starvation induced atrophic C2C12 myotubes and controls (Con, 𝑛 = 6; Starved, 𝑛 = 6) were determined by real-time PCR. 𝑡-test was used
for statistical analysis. ∗∗𝑝 < 0.01. Con, control; Starved, atrophic C2C12 myotubes induced by starvation.

(miR-1/23a/133/206/208b/499) were discovered. As these six
miRNAs were skeletal muscle enriched miRNAs, we next
verified the myomiRs profiles in vitro by the C2C12myotubes
starvation model. The levels of miR-1/23a/133/206/208b/499
were all elevated in the medium of C2C12 myotubes after
starvation induced atrophy. High-intensity exercise also
caused increased levels of miR-1, miR-133, and miR-206 in
the plasma [32]. So, the increased levels of miR-1, miR-133,
and miR-206 may be at least in part due to the stress caused
by the unloading condition.

These myomiRs all play important roles in skeletal mus-
cle. Recent studies showed that both the miR-1/miR-206

family and miR-133 family of miRNAs were upregulated in
myocytes during differentiation, but their effects on myogen-
esis were different. It has been reported that the miR-1/206
family promotes myogenesis; however miR-133 inhibits
myogenic differentiation and sustains myoblast proliferation
[33]. Wada et al. reported that miR-23a represses the expres-
sion of both atrogin-1 and MuRF1 by binding to its 3UTR
[34]. The overexpression of miR-23a could repress muscles
atrophy both in vitro and in vivo. Moreover, Hudson et al.
demonstrated that, during glucocorticoid-induced atrophy,
Dex treatment induces the secretion of exosomes fromC2C12
myotubes into the medium, enriched with miR-23a and
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Figure 4: Serum miRNAs levels in subjects following HDBR. (a–f) Serum levels of miR-1/23a/133/206/208b/499 in participants before and
during HDBR were determined by real-time PCR. ANOVA was used for statistical analysis. ∗∗𝑝 < 0.01. BR15, head-down bed rest for 15
days; BR30, head-down bed rest for 30 days; BR45, head-down bed rest for 45 days.
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Figure 5: The correlation between soleus volume loss and serum miRNA levels. (a–c) The correlation between miR-23a (a), miR-206 (b),
miR-499 (c) levels, and the ratio of soleus volume loss in 15 HDBR participants. Regression lines are displayed. 𝑟, correlation coefficient.

miR-1 [35]. Their results suggest that Dex can induce the
secretion of miR-23a by exosomes. miR-208b and miR-499
were reported to control muscle fiber type by inhibiting
fast muscle-specific genes while promoting slow myofiber
genes. In the soleus muscles of humans and rats, spaceflight
and hindlimb unloading were known to reduce slow myosin
heavy chain and induce fast myosin heavy chain [36, 37].

As it is difficult to perform human physiology in-flight,
some ground-based models are used to mimic spaceflight
adjustments. The −6∘ head-down bed rest is identified as the
best model to mimic multisystem responses to microgravity
by NASA [38]. Several studies of muscle weight change have
been performed by this model [39, 40]. Some of these

studies showed that the change of muscle weight mimics the
adjustment found in astronauts under microgravity. In our
research, significant increases were found in the serum levels
of miR-23a/206/499 during the HDBR. The levels of miR-
23a/206/499 were positively correlated with the ratio of
soleus volume loss in HDBR subjects. These results were
easy to understand; as atrogin-1 and MuRF1 are the target
genes of miR-23a, the secretion of miR-23a by exosome
should facilitate the induced expression of these atrophy-
inducing genes. miR-206 promoted myogenesis, which was
suppressed duringmuscle atrophy. AsmiR-499 repressed fast
muscle-specific genes while activating slow myofiber genes,
the secretion of miR-499 should facilitate the slow to fast
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myofiber type transition. As the levels of miR-23a/206/499
were positively correlated with the ratio of muscle loss,
they can be used to predict the degree of muscle atrophy.
Therefore, our results suggested that the serum levels of miR-
23a/206/499 could serve as valuable biomarkers for the diag-
nosis of muscle atrophy. However, the serum profiles of miR-
1, miR-133, and miR-208b were different between human and
mice, which required further research.

5. Conclusions

There were significantly increased levels of miR-23a, miR-
206, and miR-499 in serum of HDBR participants after 45
days of head-down bed rest. These miRNAs were positively
correlated with the ratio of soleus volume loss. In conclusion,
analysis of miR-23a, miR-206, and miR-499 serum levels
proved their potential to serve as powerful noninvasive prog-
nostic biomarkers for muscle atrophy.
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