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 Background: Denervation-induced skeletal muscle atrophy results in significant biochemical and physiological changes po-
tentially leading to devastating outcomes including increased mortality. Effective treatments for skeletal mus-
cle diseases are currently not available. Muscle-specific miRNAs, such as miR-206, play an important role in the 
regulation of muscle regeneration.

  The aim of the present study was to examine the beneficial effects of miR-206 treatment during the early 
changes in skeletal muscle atrophy, and to study the underlying signaling pathways in a rat skeletal muscle at-
rophy model.

 Material/Methods: The rat denervation-induced skeletal muscle atrophy model was established. miRNA-206 was overexpressed 
with or without TGF-b1 inhibitor in the rats. The mRNA and protein expression of HDAC4, TGF-b1, and Smad3 
was determined by real-time PCR and western blot. The gastrocnemius muscle cross-sectional area and relative 
muscle mass were measured. MyoD1, TGF-b1, and Pax7 were determined by immunohistochemical staining.

 Results: After sciatic nerve surgical transection, basic muscle characteristics, such as relative muscle weight, deteri-
orated continuously during a 2-week period. Injection of miR-206 (30 μg/rat) attenuated morphological and 
physiological deterioration of muscle characteristics, prevented fibrosis effectively, and inhibited the expres-
sion of TGF-b1 and HDAC4 as assessed 2 weeks after denervation. Moreover, miR-206 treatment increased the 
number of differentiating (MyoD1+/Pax7+) satellite cells, thereby protecting denervated muscles from atrophy. 
Interestingly, the ability of miR-206 to govern HDAC4 expression and to attenuate muscle atrophy was weak-
ened after pharmacological blockage of the TGF-b1/Smad3 axis.

 Conclusions: TGF-b1/Smad3 signaling pathway is one of the crucial signaling pathways by which miR-206 counteracts skel-
etal muscle atrophy by affecting proliferation and differentiation of satellite cells. miR-206 may be a poten-
tial target for development of a new strategy for treatment of patients with early denervation-induced skele-
tal muscle atrophy.
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Background

Muscle atrophy is a common skeletal muscle disease with a 
potential devastating outcome that can be caused by muscle 
denervation. Muscle denervation can result from trauma, dia-
betic neuropathy, degenerative disc disease, alcoholic neurop-
athy, pernicious anemia, amyotrophic lateral sclerosis, spinal 
muscular atrophy, Charcot-Marie-Tooth disease, polio infec-
tion, and others. Denervation-induced skeletal muscle atro-
phy results in serious biochemical and physiological chang-
es in the muscle, including loss of muscle mass, formation of 
fibrotic tissue, and reduction in the number of satellite cells, 
the skeletal muscle precursor cells[1–3]. Denervation-induced 
skeletal muscle atrophy is progressive, but reverses with timely 
reinnervation of the skeletal muscle. Therefore, functional re-
covery is usually poor following peripheral nerve injury when 
reinnervation is delayed[4,5]. However, there is still limited 
knowledge about the underlying signaling mechanisms leading 
to denervation-induced skeletal muscle atrophy, and effective 
treatment methods for muscle atrophy are currently lacking.

MicroRNAs (miRNAs) are short noncoding RNAs 20 to 22 nu-
cleotides long that are highly conserved between species and 
that can regulate various cellular processes. Muscle-specific 
miRNAs, such as miR-206, have been well investigated in skel-
etal muscle[6,7]. For instance, miR-206 promotes the differen-
tiation of skeletal muscle by inhibition of histone deacetylase 4 
(HDAC4), which controls muscle differentiation[8–10]. HDAC4 
is required for TGF-b1-induced myofibroblastic differentiation. 
Interestingly, the TGF-b1/small mothers against decapentaple-
gic homolog 3 (Smad3) axis has been found to be involved in 
tissue development, repair, and regeneration. Winbanks et al. 
demonstrated that TGF-b1 controls myogenic differentiation 
through increased HDAC4 expression[11]. TGF-b via the TGF-b1-
signaling protein Smad3 regulates HDAC4 [12,13]. Based on 
this circumstantial evidence, we hypothesized that miR-206 
might protect against denervation-induced muscle atrophy via 
the TGF-b/Smad3 signaling pathway to regulate HDAC4, and 
in turn regulate muscle cell differentiation and regeneration.

In the present study, we evaluated whether injecting miR-206 
in vivo has beneficial effects on muscle differentiation pre-
venting denervation-induced muscle atrophy. Moreover, the 
involvement of the TGF-b/Smad3 axis and HDAC4 and their 
effect on satellite cell differentiation was investigated as po-
tential underlying molecular mechanisms of the effect of miR-
206 on muscle atrophy.

Material and Methods

Animals

Male Sprague-Dawley (SD) rats (250–300 g, Experimental 
Animal Center of the Shanxi Medical University, Taiyuan, 
China) were housed in cages at a constant temperature and 
given free access to food and water. All studies were conduct-
ed according to the guidelines of the Institutional Animal Care 
and Use of Experimental Animal Center of the Shanxi Medical 
University and were approved by the Animal Ethics Committee 
(scxk (jin 0)09-0001).

Animal model of denervation-induced skeletal muscle 
atrophy

SD rats were randomly assigned into three groups, a dener-
vated (Den) group, a sham-operated (Sham) group, and a con-
trol group (n=4 for each time point of each group). During sur-
gery, rats were fixated in the prone position and anesthetized 
by intraperitoneal injection of 2 mL/kg chloral hydrate (10%). 
Surgery was performed only on the right lower limb through 
a dorsolateral skin incision. The sciatic nerve was exposed be-
tween the biceps femoris and gluteus muscle, separated from 
the surrounding connective tissue, and about 1.5 cm were ex-
cised. The 2 sciatic nerve ends were turned by 180 degrees 
and sewn on the muscle membrane with a 10-0 nylon simple 
suture in order to prevent the nerve from reconnecting. For 
the sham-operated group, the left sciatic nerve was mildly ex-
posed and mobilized from the surrounding tissue [14,15]. Rats 
were euthanized at 0 d, 3 d, 7 d, 10 d, and 14 d after surgery.

Then, SD rats which had under gone denervation surgery were 
randomly assigned to 5 groups (n=4 in each group, Den+ sa-
line+ transfection reagent (TR) treatment; Den+miR-206 groups: 
denervated plus 15 μg/rat, 30 μg/rat, or 60 μg miR-206/rat; 
Den+miR-206+SB431542 [Selleck Chemicals, USA] group: de-
nervated plus miR-206 and SB431542 [TGF-b1 inhibitor]) and 
compared with the control group (n=10). To study the effect of 
miR-206 (miR-206 was a gift from the Orthopedic Laboratory, 
Shanxi Medical University) in vivo, animals of the Den+miR-206 
group were injected with 3 different doses of miR-206 plas-
mids. Injections into the gastrocnemius muscles (GMs) were 
performed on the side of the surgery in anesthetized denervated 
rats using a 28-gauge syringe as previously described [16,17]. 
Entranster™-in vivo transfection reagent (Engreen Biosystem, 
Beijing, China), used to deliver the plasmids.SB431542 at a con-
centration of 11.2 mg/kg [18,19], was injected intraperitoneal-
ly at the same time as the miR-206 (30μg/rat) administration 
was performed in the Den+miR-206+SB431542 group. In the 
Den+saline+RT group saline (25 μL) was injected. On day 14, 
all rats were euthanized, body weight was measured, and the 
GMs on the surgical side were extracted and weighed. Part of 
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the muscle tissue was immediately preserved in 10% forma-
lin and the rest frozen at –80°C.

Histological examination of GMs

GMs were embedded in paraffin and transverse sections were 
cut from the mid-belly region. Following hematoxylin and eo-
sin (H&E) and Masson’s trichrome staining, photographs were 
taken from each section with a digital camera (Olympus, Tokyo, 
Japan) attached to a light microscope (Olympus). For evaluation, 
at least 10 cross-sectional areas from each group were select-
ed randomly and analyzed. The muscle fibers were viewed by 
Adobe Photoshop software (Adobe Systems, Mountain View, 
CA, USA), noncircular muscle fibers were excluded, and im-
ages were analyzed using Image J (NIH, Bethesda, MD, USA).

Immunohistochemical analysis of GMs

Muscle sections were dewaxed and antigen retrieval was 
achieved by high temperature and pressure. Immunohi-
stochemical staining was performed using the following an-
tibodies: Pax7 antibody (Santa Cruz, CA, USA; 1:300), MyoD1 
antibody (Santa Cruz, CA, USA; 1:300) combined with fluores-
cent secondary antibody (Santa Cruz, CA, USA; 1:200). DAPI 
(Beyotime, China) served as nuclear stain. Stained muscle sec-
tions were photographed using a fluorescence microscope 
(Olympus, Tokyo, Japan) and 10 randomly selected areas were 
analyzed using Image J.

Western blot analysis of GMs

Frozen muscle samples were homogenized in Western blot ly-
sis buffer (Beyotime, China) and centrifuged at 12,000×g for 5 
min at 4°C. The total protein concentration of the supernatant 
was determined (BioRad, Hercules, CA, USA). Proteins were 
separated by 10% sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS–PAGE) and transferred to polyvinylidene 
difluoride membranes, blocked with 5% milk powder, and in-
cubated with primary antibodies against TGF-b1 (Santa Cruz 
Biotechnology), Smad3 (Santa Cruz Biotechnology), and HDAC4 
(Abcam, Cambridge, UK) at 4°C overnight and. with horserad-
ish peroxidase-conjugated anti-rat IgG secondary antibody (60 

min, room temperature). Signals were detected using a che-
miluminescence system (Pierce Biotechnology, Rockford, IL, 
USA) and quantified using an image analysis system (Bio-Rad).

Real-time quantitative reverse transcription PCR analysis 
of GMs

Total RNA was extracted from GMs using a Trizol-based extrac-
tion protocol (TaKaRa, Shiga, Japan), and cDNA was produced 
from 1 μg of total RNA using the RNA-to-cDNA kit (Bio-Rad). The 
cDNA was mixed with SYBR Green real-time PCR Master Mix 
and specific oligonucleotide primers (Smad3, TGF-b1, MyoD1, 
Pax7, or GAPDH), 1 µL each, and the real-time quantitative 
reverse transcription PCR (RT-qPCR) reaction was carried out 
using the TaqMan Assay (Applied Biosystems, Carlsbad, CA, 
USA) following the manufacturer’s instructions using rat-spe-
cific primers. (GAPDH was used to normalize messenger RNA 
[mRNA] concentrations; Table 1.) The mRNA levels were quan-
tified on an ABI real time PCR machine (Applied Biosystems) 
and calculated by the 2–DDCt method.

Statistical analyses

All data were presented as means plus or minus standard de-
viation. Statistical significance was evaluated by 1-way anal-
ysis of variance for measurement data using statistical soft-
ware SPSS, version 13.0 (SPSS, Chicago, IL, USA). P<0.05 was 
considered to be statistically significant.

Results

Denervation-induced muscle atrophy and protective effects 
of miR-206 treatment

A denervation-induced muscle atrophy model for the GM 
was established in SD rats by sciatic nerve surgical tran-
section. During the 14-day experimental period, the weight 
of SD rats did not change following denervation. However, 
the gastrocnemius relative muscle mass and the muscle fi-
ber cross-sectional area reduced gradually in the denervated 
group compared with the control group and sham-operated 

Gene Forward primer Reverse primer

Smad3 5’-AGCACACAATAACTTGGACC-3’ 5’-TAAGACACACTGGAACAGCGGATG-3’

TGF-b1 5’-GACCGCAACAACGCAATCTA−3’ 5’-AGGTGTTGAGCCCTTTCCA−3’

MyoD 5’-CACACTTCCCCACTACGGTGC-3’ 5’-CACTGTAGTAGGCGGCGTCGTAG-3’

Pax7 5’-GAAAGCCAAACACAGCATCGA-3’ 5’-ACCCTGATGCATGGTTGATGG-3’

GAPDH 5’-TGCTGAGTATGTCGTGGAGTCTA-3’ 5’-AGTGGGAGTTGCTGTTGAAATC-3’

Table 1. Rat-specific RT-PCR primers.
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Ctrl Sham-operated Den Den+ Saline Den+miR-206

Bodyweight (g)  270±20  273±14  275±13  267±15  269±11

Relative muscle mass (g/g)  0.95 ±0.05  0.93 ±0.07  0.56±0.08  0.58±0.09  0.78±0.05*

Cross-sectional area (μm2)  1015.34±80.65  1008.41±49.12  615±71.53  672±57.22  863.16±65.61*

Table 2. Basic muscle characteristics.

Values for basic muscle characteristics are expressed as means ±SD. Ctrl – control group; Den – denervation group; 
Den+miR-206 – denervation plus miR-206 group; Den+Saline+RT – denervation plus saline and transfection reagent group. 
* Significantly different from the Den group at P<0.01.
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Figure 1.  Progression of denervation-induced muscle atrophy and improvement following miR-206 treatment. (A) Body weight and 
gastrocnemius relative muscle mass in the control, sham-operated, and Den groups 0 d, 3 d, 7 d, 10 d, and 14 d after surgery. 
(B) Changes of muscle fiber cross-sectional area in the control, sham-operated, and Den groups at 0 d, 3 d, 7 d, 10 d, and 
14 d after sciatic nerve transection. (C) Histochemical staining (H&E) of GM for the sham-operated, Den, and Den+miR-206 
groups. Normal muscle cell with round appearance and similar size are found in the sham-operated group. In the Den group, 
some cells show a polygonal shape, and a small number of hypertrophic and atrophic cells appear. In the Den+miR-206 
group, the muscle cells show a less-rounded appearance. (D) Comparison of collagen fiber production between the Den 
and Den+miR-206 groups, as revealed by Masson’s trichrome staining. In the Den group muscle fibers were surrounded by 
collagen fibers, whereas in the Den+miR-206 group the production of collagen fiber was weakened. (E, F) Quantification of 
the cross-sectional area and gastrocnemius relative muscle mass (operated limb/normal limb) 14 d after surgery, as shown in 
Supplementary Figure 1. * P<0.05 in the miR-206 treatment group vs. Den+saline group. (G) Quantification of MyoD1 positive 
cell density, as shown in Supplementary Figure 2 in the Den+saline+RT (transfection reagent) and miR-206 treatment group 
(15 μg/rat, 30 μg/rat, and 60 μg/rat). * P<0.05.
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group (Figure 1A, 1B; Table 2), indicating progressive muscle 
atrophy. Interestingly, in the miR-206 treatment group the mor-
phology of muscle cells was restored on day 14 after surgery 
(Figure 1C). The process of muscle atrophy is often accompa-
nied by the production of collagen fibers. Visualization of col-
lagen fibers is one of the common evaluation indices for amy-
otrophy. Collagen fiber production as visualized by Masson’s 
trichrome staining was strongly inhibited in the Den+miR-206 
group compared with the Den group (Figure 1D). These re-
sults indicated that miR-206 can effectively prevent fibrosis.

In order to confirm appropriate treatment doses, injections of 
15, 30, and 60 μg of miR-206 were administered. These im-
proved the morphology of muscle cells and overall muscle con-
dition and reduced the process of atrophy in denervated mus-
cle (Supplementary Figure 1). Values for cross-sectional area 
and relative muscle mass were significantly increased between 
the 15-μg and 30-μg but not between the 30-μg and 60-μg 
miR-206 doses (Figure 1E, 1F). Similarly, when the expression 
of the myogenic factor MyoD1was evaluated to measure the 
treatment effect of the 3 different doses of miR-206, significant 
differences were observed between the 15-μg and 30-μg but 
not between the 30-μg and 60-μg miR-206 doses (Figure 1G; 
Supplementary Figure 2).

MiR-206 reverses skeletal muscle atrophy by promoting 
muscle cell differentiation

In order to further understand how miR-206 promotes muscle 
repair, we investigated its ability to regulate satellite cell func-
tion. Double immunofluorescence staining was performed us-
ing antibodies directed against Pax7, a satellite cell marker, and 
MyoD1, an important transcription factor for muscle cell differ-
entiation[20,21]. Cells positive for Pax7 (Pax7+/MyoD1) were 
considered as quiescent satellite cells that were fusion incom-
petent and constitute the self-renewing lineage [22,23]. Cells 
positive for both Pax7 and MyoD1 (Pax7+/MyoD1+) were consid-
ered active satellite cells that are fusion competent and there-
fore differentiating cells. Quantification of MyoD1+/Pax7+ double 
immunofluorescence staining revealed significantly increased 
numbers of active satellite cells in the Den+miR1 group com-
pared with the Den group (Figure 2A, 2B). These results indicated 
that miR-206 is able to regulate differentiation of satellite cells.

Expression levels of HDAC4, TGF-b1, and Smad3 in the GM 
following denervation-induced muscle atrophy

Although previous studies have shown that miR-206 promot-
ed muscle cell differentiation by regulating HDAC4 expression, 
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Figure 2.  Treatment with miR-206 promotes muscle cell differentiation following denervation-induced muscle atrophy. (A) Double 
immunofluorescence analysis of the GM in the Den and Den+miR-206 groups using the satellite cell marker Pax7 (red) 
and the muscle cell differentiation marker MyoD1 (green). DAPI (blue) was used as a nuclear stain. (B) Quantification of 
immunofluorescence staining showing the Pax7+/MyoD1+ positive cell density (#/100*100 um2). * P<0.05.
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little is known about these regulatory mechanisms. When 
HDAC4 protein expression levels were analyzed, a significant 
and steady increase was observed 14 days after sciatic nerve 
transection (Figure 3A). Similar results were obtained for HDAC4 
protein and mRNA expression levels following quantification of 
Western blot and RT-qPCR experiments (Figure 3B). Similar to 
HDAC4, TGF-b1 and the TGF-b1signaling protein Smad3 are also 
effective inhibitors of muscle cell differentiation. The expres-
sion level of TGF-b1 in the Den+miR-206 group declined com-
pared with the Den group as assessed by immunofluorescence 
(Figure 3C; Supplementary Figure 3). RT-qPCR and Western blot 
analysis revealed that both TGF-b1 and Smad3 expression levels 
increased at day 14 following sciatic nerve denervation. MiR-
206 treatment led to suppression of TGF-b1 and Smad3 ex-
pression 14 d after muscle denervation (Figure 3D–3G). These 
results indicate that HDAC4, TGFb1, and Smad3 participate in 
the process of muscle atrophy, miR-206 regulates expression 
of HDAC4, and the TGF-b1/Smad3 axis protects against de-
nervation-induced muscle atrophy.

TGFb-1 receptor antagonist SB431542 attenuated the 
effect of miR-206 on denervation-induced muscle atrophy

In order to further verify the importance of miR-206 in reg-
ulating the TGF-b1/Smad3 axis for protection against dener-
vation-induced muscle atrophy, the TGFb1 receptor inhibitor 
SB431542 was employed in combination with miR-206 treat-
ment in the rat muscle atrophy model. Interestingly, treat-
ment with the TGFb-1 antagonist SB431542 reduced mus-
cle fiber cross-sectional area, muscle wet weight, and the 
percentage of the Pax7+/MyoD1+ differentiating satellite cell 
population in the Den+miR-206+SB group compared with 
the Den+miR-206 (Figure 4A–4C; Supplementary Figure 4). 
Therefore, the beneficial effects of miR-206 treatment in the 
denervation-induced muscle atrophy rat model were greatly 
reduced by coadministration with SB431542. At the molecular 
level, HDAC4 mRNA and protein levels were significantly en-
hanced again in the Den+miR-206+SB group compared with the 
Den+miR-206 group (Figure 4D). These results demonstrated 
that the beneficial effect of miR-206 on denervation-induced 
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Figure 3.  Expression of TGF-b1, Smad3, and HDAC4 in the GM following denervation-induced muscle atrophy. (A) Western blot 
analysis results showing the expression of HDAC4 protein levels 0 d, 3 d, 7 d, 10 d, and 14 d after sciatic nerve transection in 
comparison to GAPDH controls. (B) Quantification of Western blot and RT-PCR results showing protein and mRNA expression 
levels of HDAC4 at 0 d, 3 d, 7 d, 10 d, and 14 d after sciatic denervation surgery. (C) Quantification of immunofluorescence 
staining, as shown in Supplementary Figure 3, displaying TGF-b1 positive cell densities (#/100*100 um2). * P<0.05. 
(D–G) Representative Western blot for TGF-b1 and Smad3 expression in the sham-operated, Den, and Den+miR-206 groups. 
Quantification of Western blot and RT-qPCR results show relative protein and mRNA level of TGF-b1 and Smad3 expression in 
the sham-operated, Den, and Den+miR-206 groups. n=4, per group; * P<0.05.
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muscle atrophy was dependent on the TGFb1/Smad3 axis sig-
naling via HDAC4 expression.

Discussion

The main findings to emerge from the present study are that 
miR-206 treatment significantly preserved muscle function and 
reduced the process of atrophy by enhancing satellite cell dif-
ferentiation after skeletal muscle denervation-induced muscle 
atrophy. The underlying molecular mechanisms of the bene-
ficial effects of miR-206 included suppression of the TGFb1/
Smad3 signaling axis and the associated regulation of HDAC4 
expression.

Peripheral nerve injury leads to progressive atrophy of mus-
cle fibers and to rapid decline of their functional capacity[24]. 
A previous study showed that disordered muscle differentia-
tion results in further deterioration of the denervated muscle 
because skeletal fibers have only low numbers of differenti-
ation-competent satellite cells that are available for muscle 
repair[25]. It has been suggested that miR-206 plays a cru-
cial role in the differentiation of satellite cells[6,10,26]. Our 
data are in agreement with these reports in that the popula-
tion of MyoD1+/Pax7+ differentiating satellite cells increased 

significantly following miR-206 injection in vivo, and in turn 
muscle condition was maintained better in miR-206-treated 
rats compared with the Den group. Therefore, it appears that 
miR-206 promotes muscle regeneration by stimulation of mus-
cle satellite cell differentiation.

In regard to molecular mechanisms, it has been previously shown 
that miR-206 promoted differentiation of satellite cells by sup-
pression of HDAC4, which is considered an inhibitor of cell dif-
ferentiation that works by inhibiting myogenic regulatory fac-
tors, such as Myf5, MRF4, and myogenin[27]. In addition, the 
TGF-b1/Smad3 signaling axis has been shown to be required for 
tissue repair and also plays important roles in myogenic differ-
entiation [11,12]. It has previously been demonstrated that in-
hibition of TGF-b1/Smad3 signaling promoted myogenic differ-
entiation of mouse satellite cells induced by testosterone [28]. 
Smad3-null satellite cells showed increased myostatin expres-
sion and reduced propensity for self-renewal [22]. Furthermore, 
TGF-b1 regulates HDAC4 to control myogenic differentiation 
through Smad3 [11]. In light of the critical role of the TGF-b1/
Smad3 axis in myogenic differentiation, we hypothesized that 
TGF-b1/Smad3 may participate in miR-206-mediated regula-
tion ofHDAC4 expression in order to promote satellite cell dif-
ferentiation necessary for muscle tissue repair. In line with this 
hypothesis, our results revealed that the expression levels of 

1000
800
600
400
200

0
Den+miR-206 Den+miR-206

+SBM
us

cle
 fi

be
r c

ro
ss

-s
ec

tio
na

l a
re

as
 (µ

m
2 )

* 1.0
0.8
0.6
0.4
0.2
0.0

Den+miR-206 Den+miR-206
+SB

Ga
str

oc
ne

m
iu

s w
eig

ht
 (%

)

*

5

4

3

2

1

0 Den+
miR-206

+SB

Den+
miR-206

Den

HDAC 4

Sham-
operated

Den+
miR-206

+SB
Den+

miR-206Den
Sham-

operated

Pr
ot

ein
 le

ve
ls

*

*

2.0

1.5

1.0

0.5

0.0
Den+

miR-206
+SB

Den+
miR-206

Den

HDAC 4

Sham-
operated

m
RN

A 
lev

els

*

*

40

30

20

10

0
Den+miR-206 Den+miR-206

+SB

Pa
x7

+
/M

yo
D1

+
 po

sit
ive

 ce
ll

de
ns

ity
 (#

/1
00

*1
00

 um
2 )

*

HDAC 4

GAPDH

A C

D

B

Figure 4.  The effect of the TGF-b1 inhibitorSB431542 combined with miR-206 treatment following denervation-induced muscle 
atrophy. (A, B) Measurement of GM cross-sectional area and relative muscle mass in the Den+miR-206 and Den+miR-
206+SB groups. n=4, per group; * P<0.05. (C) Quantification of Pax7+/MyoD1+ positive cell density (#/100*100 um2) 
in the Den+miR-206 and Den+miR-206+SB groups, as shown in Supplementary Figure 4. n=4, per group; * P<0.05. 
(D) Representative Western blot showing relative HDAC4 protein level in the sham-operated, Den, Den+miR-206, and 
Den+miR1+SB groups. Quantification of Western blot and RT-qPCR results show relative protein and mRNA level of HDAC4 
expression in the sham-operated, Den, Den+miR-206, and Den+miR-206+SB groups. n=4 per group, * P<0.05.
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TGF-b1, Smad3, and HDAC4 increased above basal levels after 
sciatic nerve denervation surgery, but miR-206 injections sig-
nificantly reduced their expression levels back to control levels. 
Thus, the TGF-b1/Smad3 axis and HDAC4 are major players in 
the molecular mechanism involving miR-206 in muscle regen-
eration. These molecular changes resulted in the enhancement 
of satellite cell differentiation and the maintenance of muscle 
fiber cross-sectional area and muscle wet weight.

Notably, growing evidence implicates TGF-b1 as a factor in-
volved in collagen formation during muscle atrophy, which im-
pedes satellite cell differentiation, fusion of differentiated sat-
ellite cells, and revascularization of damaged muscle area. This 
results in the acceleration of muscle damage and reduced mo-
tor function [29]. We found that miR-206 treatment markedly 
reduced collagen formation after muscle denervation, there-
by providing a favorable environment for differentiation, re-
vascularization, and regeneration of muscles.

To further confirm that the TGF-b1/Smad3 axis is the promi-
nent signal pathway for the beneficial effects observed with 
miR-206, the TGF-b1 receptor inhibitor SB431542 was applied 
to counteract miR-206 treatment. Combined treatment led to 
the blockage of miR-206’s beneficial effects on muscle regen-
eration following sciatic nerve denervation. These experiments 

further suggested that the ability of miR-206 to regulate HDAC4 
was dependent on the TGF-b1/Smad3 axis. These results sug-
gest that the TGF-b1/Smad3 axis may be one of the impor-
tant signal pathways by which miR-206 regulates HDAC4 ex-
pression. We showed that the beneficial effect of miR-206 in 
denervated muscles achieved via down-regulation of HDAC4 
was partly attenuated by SB431542.

Conclusions

Our results showed that the overexpression of miR-206 in 
muscle accelerated the differentiation process of satellite cells 
by regulating HDAC4 expression, and that the TGF-b1/Smad3 
signaling pathway was an important pathway by which miR-
206 regulated HDAC4. Thus, the TGF-b1/Smad3/HDAC4 axis 
plays an important role in the progression of muscle atrophy. 
Overexpression of miR-206 might represent a possible strat-
egy to attenuate denervation-induced skeletal muscle atrophy 
through suppression of TGF-b1 and HDAC4 signaling and by 
promoting satellite cell differentiation.
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Supplementary Figure 1.  Effect of miR-206 treatment (15 μg/rat, 30 μg/rat, and 60 μg/rat) on muscle cell morphology in comparison 
with the Den+saline+RT (transfection reagent) group (H&E).
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Supplementary Figure 2.  The expression of MyoD1 (red) in the Den+ miR-206 treatment group (15 μg/rat, 30 μg/rat, and 60 μg/rat). 
Immunofluorescence staining for MyoD1 (red), nuclear stain (blue).

Den

Den+miR-206

TGFβ1 DAPI Merge

Supplementary Figure 3.  Immunofluorescence analysis of the GM using TGF-b1 antibodies (red) in the Den and Den+miR-206 groups. 
DAPI (blue) was used as a nuclear stain.
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Supplementary Figure 4.  Double immunofluorescence analysis of the GM using Pax7 (red), the muscle cell differentiation marker 
MyoD1 (green), and the nuclear stain DAPI (blue) in the Den+miR-206 and Den+miR-206+SB groups.
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