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Abstract
Denervation often results in skeletal muscle atrophy. Different mechanisms seem to be involved in the determination between denervated 
slow and fast skeletal muscle atrophy. At the epigenetic level, miRNAs are thought to be highly involved in the pathophysiological prog-
ress of denervated muscles. We used miRNA microarrays to determine miRNA expression profiles from a typical slow muscle (soleus 
muscle) and a typical fast muscle (tibialis anterior muscle) at an early denervation stage in a rat model. Results showed that miR-206, 
miR-195, miR-23a, and miR-30e might be key factors in the transformation process from slow to fast muscle in denervated slow muscles. 
Additionally, certain miRNA molecules (miR-214, miR-221, miR-222, miR-152, miR-320, and Let-7e) could be key regulatory factors in 
the denervated atrophy process involved in fast muscle. Analysis of signaling pathway networks revealed the miRNA molecules that were 
responsible for regulating certain signaling pathways, which were the final targets (e.g., p38 MAPK pathway; Pax3/Pax7 regulates Utrophin 
and follistatin by HDAC4; IGF1/PI3K/Akt/mTOR pathway regulates atrogin-1 and MuRF1 expression via FoxO phosphorylation). Our re-
sults provide a better understanding of the mechanisms of denervated skeletal muscle pathophysiology.
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Graphical Abstract

The microRNA regulation mechanism of denervation in skeletal muscle atrophy

Introduction
Peripheral neuro-disconnection of skeletal muscle causes 
many types of pathophysiological changes, most importantly 
denervated skeletal muscle atrophy (Cea et al., 2013; Tajrishi 
et al., 2014). Extended disconnection from peripheral nerve 
fibers induces functional disorders of skeletal muscles, such 
as segment damage, myofibril degradation, decreased con-
traction speed, and disturbance of myotube formation and 
fibrillation (Borisov et al., 2005; de Castro Rodrigues et al., 
2006; Midrio, 2006; Cea et al., 2013). These conditions even-
tually result in irreversible muscle dysfunction that is not 
rescued, even if the nerve fibers are reconnected (Salonen et 
al., 1985; Savolainen et al., 1988; Li et al., 2013).

MicroRNAs (miRNAs) are associated with the process of 
denervated skeletal muscle atrophy. The 22-nt length non-cod-
ing RNA molecules are able to regulate gene expression by 

inhibiting transcription and translation (Ambros, 2004; Bartel, 
2004). A single mRNA has been shown to simultaneously reg-
ulated by several miRNAs (He and Hannon, 2004). Conversely, 
a single miRNA can target different mRNAs (Leung and Sharp, 
2007). As a result, groups of proteins that are functionally con-
nected to each other in a signaling pathway could be regulated 
by some miRNAs (Leung and Sharp, 2007). 

Many types of skeletal muscle pathophysiologies are re-
lated to miRNA expression. Eisenberg et al. (2007) revealed 
differential expression patterns as a result of 185 miRNAs in 
primary muscle atrophy patients compared with normal pa-
tients, and 5 miRNAs (miR-146b, miR-221, miR-155, miR-
214, and miR-222) were differentially expressed in those pa-
tients. Expression of miR-206 increases in the diaphragm of 
a mouse model of Duchenne muscular dystrophy (McCarthy 
et al., 2007), and miR-1 and miR-133a have been shown to 
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be downregulated 1 month after denervation of the rat sole-
us muscle and miR-206 was upregulated almost 3-fold after 
1 month (Jeng et al. 2009). However, after 4 months, the 
same miRNA molecules were upregulated by approximately 
2-fold. Injection of double-stranded (ds) miR-1, miR-133, 
and miR-206 into damaged skeletal muscle in rats resulted 
in morphological and physiological regeneration of skeletal 
muscle, which effectively prevented skeletal muscle fibrilla-
tion (Nakasa et al., 2010). Using microarray analysis, Hsieh 
et al. (2011) revealed significant expression changes in 37 of 
350 miRNAs molecules. 

Rapid and obvious atrophy of skeletal muscle occurs in the 
early stage of denervation (Adhihetty et al., 2007); the origi-
nal rest satellite cells under the skeletal muscle membrane are 
stimulated and then differentiate into myoblasts, but those 
cells have difficulty forming contractile proteins with a re-
duced number of myotubes (Borisov et al., 2005; de Castro 
Rodrigues et al., 2006). The weight of the soleus and extensor 
digitorum longus decreases by 46.3% and 40.3%, respective-
ly, by 14 days after denervation (Jakubiec-Puka et al., 1999). 
There is also evidence that slow muscle atrophies at a higher 
rate than fast muscle (Zeman et al., 1987; Agbenyega and 
Wareham, 1990; Jakubiec-Puka et al., 1999), suggesting differ-
ent mechanisms for denervation in slow and fast muscles. 

Very little is known about the regulatory mechanisms of 
miRNAs in denervated slow and fast muscle. Through the 
use of miRNA microarray technology, we analyzed miRNA 
expression in denervated skeletal muscles during the early 
stage of denervation (1 month after denervation). Subse-
quently, we identified the miRNAs that might play a key role 
in denervated classic slow (soleus muscle) and fast (tibialis 
anterior muscle) muscle atrophy. After comparing these 
results with the miRNA target regulatory database, we ana-
lyzed target genes and their related functions associated with 
signaling pathways.

Materials and Methods 
Animal surgery and tissue preparation
Female adult Sprague–Dawley rats (DKY-B20121406), 
weighing 220–240 g, were purchased from the Department 
of Laboratory Animal Science, Fudan University, Shanghai, 
China. Animals were raised in a quiet, humidity-controlled 
room (22 ± 3°C and 62 ± 7% relative humidity) with a 12-
hour reverse light/dark cycle and were provided a standard 
rodent diet and clean water ad libitum. All animal pro-
cedures were performed in accordance with the National 
Institutes of Health (NIH) guidelines (National Institutes 
of Health Publications, No. 80–23, revised 1978) by Ethics 
Committee, Shanxi Medical University, China. Rats (n = 20) 
were randomly assigned to four groups (0-, 7-, 14-, and 28-
day groups), and each group contained five rats.

The animals were anesthetized by intraperitoneal injection 
(i.p.) of 500 mg/kg chloral hydrate. Surgery was performed 
under a surgical microscope. The sciatic nerve was exposed 
at the mid-thigh level following a dorsolateral skin incision. 
Right sciatic nerve severance was performed on the sciatic 
nerve 1 cm proximal to the nerve trifurcation. For rats in the 

denervation group, surgical removal of a 1-cm segment of the 
proximal nerve was performed, and the stump of the proxi-
mal nerve ending was ligated and cephalically transferred into 
the proximal thigh muscle to prevent regenerative terminal or 
spontaneous collateral sprouting. The rats were sacrificed, and 
the soleus and tibialis anterior muscles on the experimental 
limb were collected on days 0, 7, 14, and 28 in the above-men-
tioned groups (the control group was treated for muscle de-
nervation on day 0). Tissues were stored at –80°C.

RNA extraction and miRNA microarray analysis
For Affymetrix microarray profiling, total RNA was harvest-
ed from skeletal muscle and preserved with TRIzol® reagent 
(Invitrogen, Vancouver, Canada), followed by purification 
using the RNeasy Mini Kit (Qiagen, Dusseldorf, Germany), 
which included DNase digestion treatment to ensure that the 
purification method retained low molecular weight (LMW) 
RNA. RNA concentrations were determined by absorbance at 
260 nm, and the quality control standard was an A260/A280 of 
1.8–2.1, using NanoDrop 2000 (Thermo, 81 Wyman Street, 
Waltham, Massachusetts, USA). RNA was labeled using a 
FlashTag® Biotin HSR labeling kit following manufacture 
instructions (Genisphere, Hatfield, PA, USA). Labeled RNA 
was hybridized with a GeneChip® microRNA 2.0 array 
(Affymetrix, Santa Clara, CA, USA) according to the user 
manual. Affymetrix® miRNA QCTool (version 1.1.1.0 or 
greater) was used for the microarray analysis, including 
data normalization, summarization, and quality control 
assessment. Median-centric normalization was used for the 
custom microRNA oligonucleotide chips. Affymetrix chips 
were normalized using the robust multichip analysis (RMA) 
procedure (Lau et al., 2015). Clustering was performed using 
Cluster V.3.0 and patterns were created and viewed using 
Java TreeView software.

Quantitative polymerase chain reaction (q-PCR)
miRNAs were isolated with a miRNA purification kit (Kan-
gwei Company, Xi’an, China), and synthesis of the first 
chain of miRNA cDNA was processed with a miRNA cDNA 
kit (Kangwei Company). Amplification and fluorescence 
tests were performed using the miRNA Real-Time PCR 
Assay kit (Kangwei Company) and a 7900 fluorescence 
quantitative PCR instrument (Applied Biosystem, Foster 
City, CA, USA), respectively. Relative gene sequences were 
searched in the miRBase database (http://www.mirbase.
org/) and GeneBank. Primers (miR-10a-5p-F, ACC CTG 
TAG ATC CGA ATT TGT G; miR-30c-1*-F, CTG GGA 
GAG GGT TGT TTA CTC C; miR-30e-F, GTA AAC ATC 
CTT GAC TGG AAG; miR-195-F, TAG CAG CAC AGA 
AAT ATT GGC; miR-378-F, CTC CTG ACT CCA GGT 
CCT GTG T; miR-let-7c-F, TGA GGT AGT AGG TTG TAT 
GGT T; mir133a-F, TTT GGT CCC CTT CAA CCA GCT G; 
mir133b-F, TTT GGT CCC CTT CAA CCA GCT A; miR-
206-F, TGG AAT GTA AGG AAG TGT GTG G; U6-F, GCT 
TCG GCA GCA CAT ATA CTA AAA T; and U6-R, CGC 
TTC ACG AAT TTG CGT GTC AT) were designed with 
Primer 5 software. Primer synthesis was performed by the 
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Sangon Biotech Company (Shanghai, China). U6 was used 
for miRNA template normalization. The reaction condi-
tions were as follows: initial denaturation for 10 minutes at 
95°C, followed by 40 cycles of denaturation for 15 seconds 
at 95°C, annealing for 1 minute at 60°C and extension for 1 
minute at 60°C. The relative expression level of each miR-
NA was determined by 2–ΔΔCt, in which ΔCt = CtmiRNA–CtU6. 
Each sample was replicated five times.

Significant miRNA expression pattern analysis
To effectively increase the degrees of freedom for small 
samples, a RVM (random variance model) corrected t-test 

was applied to distinguish differentially expressed genes 
between the control and experimental groups. Differen-
tially expressed miRNAs were indicated by a P-value < 
0.05 (Wright and Simon, 2003; Yang et al., 2005; Clarke et 
al., 2008). Differentially expressed miRNAs were analyzed 
against the time after surgery with RVM-corrective ANOVA 
analysis. Significant miRNA expression profiles over time 
were captured from differentially expressed miRNAs with 
a Series Test of Cluster (STC) analysis (Miller et al., 2002; 
Ramoni et al., 2002). 

TargetScan predicts biological targets of miRNAs by 
searching for the presence of conserved 8mer and 7mer sites 

Figure 1 Hierarchical cluster analysis. 
The hierarchical method was used to identify miRNA expression pat-
terns. Red indicates increased miRNA expression; green indicates de-
creased miRNA expression. (A) miRNA expression profile of the soleus 
muscle. (B) miRNA expression profile of the tibialis anterior muscle. 
Three samples from 3 rats were used for expression mean value mea-
surements on day 0 for the two groups; samples on the following days 
were normalized to the corresponding day 0 mean values. The normal-
ized values were used to create the clustering chart. 

Figure 2 miRNA expression 
patterns analyzed by miRNA 
chip and qPCR.
(A) miRNA expression of the 
soleus muscle. (B) miRNA 
expression of the tibialis an-
terior muscle. Each sample 
was replicated five times.
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that match the seed region of each miRNA. In mammals, 
predictions are ranked based on the predicted efficacy of 
targeting as calculated using the context+ scores of the sites. 
TargetScanHuman considers matches to annotated human 
UTRs and their orthologs as defined by UCSC whole-ge-
nome alignments. Conserved targeting has also been detect-
ed within open reading frames (ORFs). The method used by 
miRanda is based on dynamic programming and computing 
free energy. When the score value of aligning sequences 
(miRNA and 3′-UTR) and the free energy were greater than 
the corresponding pre-defined thresholds, respectively, then 
the gene, of which the 3′-UTR was a sub-sequence, was con-
sidered to be the target gene for that miRNA. During this 
process, concrete alignment was obtained.

Gene function enrichment analysis of miRNA target genes
Gene Ontology (GO) analysis identified the functional char-
acteristics of miRNA target genes that could help identify the 
main functions of differentially expressed miRNAs (Ashburn-
er et al., 2000; Gene Ontology, 2006). Generally, the Fisher’s 
exact test and chi-square test were used to classify the GO 
categories, and the false discovery rate (FDR) (Dupuy et al., 
2007) was calculated to correct the P-value. The significance 
threshold was defined by a P-value < 0.05 and FDR < 0.05.

Pathway analysis
Targeted gene pathways for differentially expressed miRNAs 
were explored by Pathway Analysis with KEGG (http://www.
genome.jp/kegg)/, Biocarta (http://cgap.nci.nih.gov/Path-
ways/BioCarta_Pathways) and Reatome (http://www.reac-
tome.org). We used Fisher’s exact test and the chi-square test 
to select the significant pathways. The significance threshold 
was defined by a P-value < 0.05 and FDR < 0.05 (Kanehisa 
et al., 2004; Yi et al., 2006; Draghici et al., 2007).

Interaction analysis between gene functions 
GO-map (interaction map of GO terms for gene function) 
was employed to summarize functional interactions of dif-
ferentially expressed genes. To directly and systemically iden-
tify interactions among the significant GOs based on GO 
interactions in Gene Ontology, a GO-map was built in the 
form of an interaction net of significant GOs for the differ-
entially expressed miRNAs (Ashburner et al., 2000; Schlitt et 
al., 2003).

Path-Net
Path-Net mainly visualizes the interaction network of signif-
icant pathways for genes targeted by differentially expressed 
miRNAs. The Path-Net network was built from interactions 
among pathways in the KEGG database. It summarizes the 
pathway interactions of targeted genes of differentially ex-
pressed miRNAs and indicates the reason for activation of a 
certain pathway (Yi et al., 2006). 

miRNA-Gene-Network
The miRNA-Gene-Network was built based on differential 
expression values that could help identify the relationship 

between miRNAs and genes established according to interac-
tions of miRNAs and genes in the miRbase Database (http://
www.mirbase.org/). In the miRNA-Gene-Network graph, a 
circle represents a gene, and a square represents an individ-
ual miRNA; the relationship between them is represented 
by a line. The network center is represented by a degree. 
The degree quantifies the contribution of miRNA to its sur-
rounding genes or contribution of a gene to its surrounding 
miRNAs. The key miRNAs and genes in the network always 
had the largest degree values (Enright et al., 2003; Joung et 
al., 2007; Shalgi et al., 2007).

miRNA-GO-Network
The miRNA-Go-Network was built from the relationships 
between significant GOs of miRNA-targeted genes. In this 
network graph, a circle represents a gene, and a square rep-
resents an individual miRNA; the relationship between them 
is represented by a line. The center of the network is repre-
sented by a degree. The degree quantifies the contribution 
of a miRNA to its surrounding GOs or the contribution of a 
GO to its surrounding miRNAs. The key miRNAs and net-
work genes always show the largest degree values (Joung et 
al., 2007; Shalgi et al., 2007).

Results
Differentially expressed miRNAs in denervated soleus and 
tibialis anterior muscles 
miRNA microarrays were used to identify miRNA expres-
sions in denervated rat soleus and tibialis anterior mus-
cles (Figure 1). We obtained a total of 389 miRNAs after 
removing noise from the miRNA profile. The microarray 
data showed that on days 7, 14, and 28 after surgery, there 
were 51, 54, and 57 differentially expressed miRNAs in the 
soleus muscle, respectively, compared with day 0 (RVM-F 
test, P < 0.05, FDR < 0.05, fold change > 2). Compared 
with the soleus muscle on day 0, 9.8% (n = 38) of the miR-
NAs were differentially expressed on days 7, 14, and 28, 
with 4 miRNAs (miR-17-1-3p, miR-152, miR-22, and miR-
29a) significantly upregulated (P < 0.05) and 34 miRNAs 
significantly downregulated (P < 0.05). In the tibialis ante-
rior muscle, compared with the day 0 condition, 29.3% (n 
= 93) of the miRNAs were differentially expressed on days 
7, 14, and 28, with 29 significantly upregulated (P < 0.05) 
and 64 significantly downregulated (P < 0.05). From day 7 
to day 28, 24 miRNAs were differentially expressed in both 
the soleus and tibialis anterior muscles, and 14 miRNAs 
were differentially expressed in the tibialis anterior muscle 
alone.

PCR and microarray showed same miRNA expression 
results
To confirm the reliability of the miRNA chip, we selected 
5 miRNAs from the soleus muscle and 5 miRNAs from the 
tibialis anterior muscle from all 4 groups to test by quantita-
tive PCR (q-PCR). Results showed no significant differences 
between q-PCR and gene-chip results in terms of expression 
tendency of the same miRNA (P > 0.05, Figure 2). 
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Differential expression profile of miRNAs between 
denervated soleus and tibialis anterior muscles
Expression profiles showed different miRNA expressions in 
the denervated soleus and tibialis anterior muscles. STC was 
employed to compare miRNA expression profiles between 
denervated soleus and tibialis anterior muscles to identify 
miRNAs with the most obvious profile changes after dener-
vation. Significance analysis showed expression profiles of 
miRNAs and single miRNAs included in each profile (Figure 
3) (soleus muscle, P < 0.05; tibialis anterior muscle, P < 0.05).

There were three significant expression profiles and change 
trends in the soleus muscle (No. 1, No. 2, and No. 4), which 
were all consistently downregulated, suggesting similar func-
tional and signal transduction levels for these 3 profiles. The 
miRNAs associated with profile No. 1 were miR-23a, miR-
30a, and miR-678, those with No. 2 were miR-126, miR-
133a, miR-133b, miR-145, and miR-30e, and those with No. 
4 were miR-7c, miR-195, miR-206, and miR-378.

There were also three significant expression profiles and 
change trends (No. 0, No. 1, and No. 24) in the tibialis an-
terior muscle, with two (No. 1 and No. 24) showing both 
up- and downregulation, suggesting that miRNAs in these 
profiles might be related on a functional and signal trans-
duction level. The miRNAs associated with the No. 0 profile 
were miR-30a, miR-30d, miR-133a, miR-133b, miR-434, and 
miR-382, those with No. 1 were miR-30c, miR-30a, miR-
30b-5p, miR- 28, miR-28*, miR-378, miR-30c-2*, miR-126, 
miR-10a-5p, miR-30c-1*, miR-26a, miR-150, miR-329, miR-
322, and miR-29c, and those with No. 24 were miR-7a, miR-
7b, miR-7e, miR-152, miR-125b-5p, miR-214, miR-23a, miR-
24, miR-320, and miR-672. 

Prediction of target genes and related functions in 
denervated soleus and tibialis anterior muscle
To explore the regulatory functions of miRNAs, we em-
ployed TargetScan and Miranda to predict target genes for 
differentially expressed miRNAs in denervated soleus and 
tibialis anterior muscles. The target genes predicted by both 
systems were collected for post-target gene analysis. A total 
of 2,874 and 6,438 target genes were analyzed for the soleus 
and tibialis anterior muscles, respectively, in Figure 4. GO 
analysis was performed via Gene Ontology, and then a func-
tional distribution map based on the degree of enrichment 
was created. 

We found 3,167 functions that corresponded with target 
genes related to differentially expressed miRNAs in the sole-
us muscle, with 93 significant functions. In the tibialis ante-
rior muscle, 2,501 functions were involved with target genes 
that corresponded with upregulated miRNAs, and 88 of 
these were significant. With respect to downregulated miR-
NAs, 3,467 functions were involved with related target genes, 
and 121 were significant, in Figure 4.

The relationship of gene functions associated with 
differentially expressed miRNAs in the denervated soleus 
and tibialis anterior muscles (GO-Map)
The functional relationship among target genes should be 

separated into different levels. However, the GO database 
only showed the relationship in vertical levels and not in 
horizontal levels. In Figure 5, we show the relationships 
among the gene functions in network form via the Gene 
Ontology database.

Signaling transduction pathways associated with target 
genes corresponding with differentially expressed miRNAs 
in the denervated soleus and tibialis anterior muscles
To identify the signal transduction pathways involved with 
the target genes, we employed Pathway Analysis using the 
KEGG and Biocarta databases. There were 124 signaling 
pathways involved with target genes in the soleus muscle, 
and 46 were significant. Figure 6A shows the distribution of 
the top 30 pathways based on the LgP value. There were 122 
pathways involved with upregulated miRNAs in the tibialis 
anterior muscle, and 44 were significant. There were 127 
pathways involved with downregulated miRNAs in the tibia-
lis anterior muscle, and 51 were significant. Figure 6B shows 
the distribution of the top 30 pathways associated with up-
regulated miRNAs based on the LgP value, and Figure 6C 
shows the distribution of the top 30 pathways associated 
with downregulated miRNAs. 

Key signaling transduction pathways involved with target 
genes corresponding with differentially expressed miRNAs 
in the denervated soleus and tibialis anterior muscles
A significant Path-Net map based on pathway significance 
analysis was performed. A systematic presentation of the 
sophisticated relationships among the significant pathways 
shows direct synergy between key pathways in the sample. 
When analyzing pathways via Path-Net, the standard is in-
dicated by the degree value: a larger degree indicates greater 
pathway interaction. We predicted 36 pathways in the dener-
vated soleus muscle, with the top 10 (based on the magni-
tude of the degree value) representing the MAPK signaling 
pathway, apoptosis, calcium signaling pathway, cell cycle, 
focal adhesion, Wnt signaling pathway, actin cytoskeleton 
regulation, adherens junction, cytokine-cytokine receptor 
interaction, and phosphatidylinositol signaling system (Fig-
ure 7A). In the denervated tibialis anterior muscle, we pred-
icated 59 pathways, with the top 10 representing the MAPK 
signaling pathway, apoptosis, calcium signaling pathway, cell 
cycle, cytokine-cytokine receptor interaction, ubiquitin-me-
diated proteolysis, phosphatidylinositol signaling system, 
citrate cycle (TCA cycle), actin regulation, cytoskeleton, and 
p53 signaling pathway (Figure 7B).

Regulated networks of differentially expressed miRNAs 
and target genes in denervated soleus and tibialis anterior 
muscles 
Generally, the greater number of target genes that are regu-
lated by a single miRNA indicates greater importance of this 
miRNA in denervated muscle atrophy. Therefore, it is im-
portant to identify he miRNAs with the strongest regulatory 
potential and the related targets genes that are most frequent-
ly regulated. We used Functional and Pathway significance 
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Figure 3 Expression profiles of miRNAs in the denervated muscles.
(A–C) Expression profiles of three miRNAs (No. 1, No. 2, and No. 4, respectively) in the denervated soleus muscle. (D–F) Expression profiles of 
3 miRNAs (No. 0, No. 1, and No. 24, respectively) in the tibialis anterior muscle. In each chart, the X-axis indicates time, and the Y-axis indicates 
miRNA level. Genes assigned indicate the number of different miRNAs; genes expected indicates theoretical miRNA number under random distri-
bution. The P-value indicates significance of the ratio between real miRNA numbers and randomly distributed miRNA numbers. Each single line 
in the chart represents a different miRNA.

Figure 4 Functional distribution map arranged by the top 30 
enrichment values in the denervated soleus and tibialis anterior 
muscles. 
The Y-axis indicates gene functions, and the X-axis indicates enrich-
ment. Each bar represents a different significant function. GO analysis 
was applied to analyze the main functions of target genes, according to 
Gene Ontolog (http://www.geneontology.org). We used the Fisher’s ex-
act test and the chi-square test to select the significant pathway, and the 
threshold of significance was defined by the P-value (P < 0.05).

analysis to identify the significant target genes in the GO and 
Pathway databases. Then, we selected the genes contained in 
both databases and created a miRNA-Gene-Network based 
on the regulatory relationships between the miRNAs and 
their target genes (Figure 8). 

Functional and Pathway Significance Analysis showed 
that 11 miRNAs were significantly involved with denervated 

soleus muscle atrophy, specifically miR-23a, miR-195, miR-
30a*, miR-30e, miR-145, miR-206, let-7c, miR-133a, miR-
133b, miR-378, and miR-678. There were 202 key target 
genes associated with these miRNAs, and the top 10 (based 
on the degree value) were Gja1, Pfn2, Ppm1d, Uba6, Unc5c, 
Actn4, Adrb2, Bdnf, Bet1, and Birc6. There were 30 miRNAs 
significantly involved with denervated tibialis anterior muscle 
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Figure 5 GO-Maps analyzed from denervated soleus muscle (A) and 
tibialis anterior muscle (B). 
Circles indicate gene functions, and lines indicate relationships between 
gene functions. Red indicates upregulation, green indicates downreg-
ulation, and yellow indicates genes with both up- and downregulated 
patterns simultaneously. I = a; P = part of; R- = negatively regulated; 
R+ = positively regulated; R = regulated.

Figure 6 Pathways with the top 30 –LgP values. 
(A) Pathways involved with target genes of miRNAs in the soleus mus-
cle. (B, C) Pathways involved with target genes of miRNAs in the tibialis 
anterior muscle that were upregulated and downregulated, respectively. 
The Y-axis indicates the pathways, and the X-axis indicates –LgP. Each 
bar indicates a different significant pathway. Pathway analysis was used 
to determine the significant pathway of the target genes, according to 
KEGG (http://www.genome.ad.jp/kegg/). We used the Fisher’s exact 
test and the chi-square test to select the significant pathway, and the 
threshold of significance was defined by the P-value (P < 0.05).

atrophy, and the top 10 (based on the degree value) were 
miR-23a, miR-30d, miR-30a, miR-322, miR-30b-5p, miR-
30c, miR-30a*, miR-26a, miR-329, and miR-320. Associated 
with these miRNAs were 343 key target genes, and the top 10 
(based on the degree value) were Serpine1, Dll4, Pfn2, Unc5c, 
Adrb2, Birc6, Bmp5, Calm1, Col1a1, and Col5a2.

Differentially expressed miRNAs and their regulatory 
networks in denervated soleus and tibialis anterior 
muscles 
The Genome Database and Targeting Sequence Analysis 

Technique were employed to establish a miRNA-GO-Net-
work to identify miRNAs with the strongest regulatory 
power and functions of the most frequently affected related 
target genes. The network directly indicates the regulatory 
relationships between miRNAs and gene functions. Addi-
tionally, it could identify key target genes regulated by mul-
tiple miRNAs by identifying multiple functions of miRNAs, 
as well as miRNAs with key regulatory functions through 
quantitative separation.

There were 11 key miRNAs involved with the denervat-
ed soleus muscle: miR-195, miR-23a, miR-30a*, miR-30e,     
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miR-206, miR-145, let-7c, miR-378, miR-133a, miR-
133b, and miR-678 (according to the degree value). These 
miRNAs regulated 88 key gene functions, including the 
following: apoptotic process, negative regulation of the 
apoptotic process, positive regulation of cell proliferation, 
signal transduction, angiogenesis, positive regulation of 
the I-kappaB kinase/NF-kappaB cascade, regulation of cell 
migration, response to hypoxia, organization of the actin 
cytoskeleton, negative regulation of cell proliferation, de-
velopment of skeletal muscle tissue, and development of 
the nervous system (Figure 9A). In the denervated tibialis 
anterior muscle, there were 30 key miRNAs, and the top 
10 (as indicated by the degree value) were miR-322, miR-
30a*, miR-30d, miR-30b-5p, miR-30c, miR-30a, miR-23a, 
miR-329, miR-29c, and miR-30c-2*. There were 59 gene 
functions associated with these miRNAs, and the top 10 (as 
indicated by the degree value) were negative regulation of 
the apoptotic process, positive regulation of cell prolifer-
ation, angiogenesis, positive regulation of cell migration, 
protein auto-phosphorylation, response to hypoxia, the 
apoptotic process, positive regulation of the apoptotic 
process, induction of apoptosis, and the intracellular pro-
tein kinase cascade (Figure 9B).

Discussion
Denervated skeletal muscle recovers contractile function 
very poorly, even if the peripheral nerve is able to regen-
erate (Salonen et al., 1985; Savolainen et al., 1988; Li et 
al., 2013). During the early stages of denervation, skele-
tal muscle exhibits significant and immediately atrophy 
(Jakubiec-Puka et al., 1999; Borisov et al., 2005; de Castro 
Rodrigues et al., 2006; Adhihetty et al., 2007). On an epi-
genetic level, miRNA expression provides a deeper under-
standing of the pathophysiology involved in atrophy of 
denervated skeletal muscle. Additionally, miRNAs could 
serve as potential therapeutic targets for preventing atrophy 
of denervated muscles.

Using gene chip technology, we analyzed miRNA expres-
sion profiles in denervated classic slow (soleus muscle) and 
fast (tibialis anterior muscles) muscles during the early stage 
(day 0, day 7, day 14, and day 28). Our results showed that in 
soleus and tibialis anterior muscles, miRNAs exhibited dif-
ferent expression profiles during the early denervation pro-
cess. We also identified a specific time sequence for expres-
sion of each miRNA in the atrophy process of denervated 
skeletal muscle. In soleus and tibialis anterior muscles, miR-
1 and miR-133a expression was downregulated following de-
nervation. However, miR-206 was upregulated in the tibialis 
anterior muscle and downregulated in the soleus muscle. On 
day 28, the miR-206 expression profile was upregulated by 
1.37-fold in the tibialis anterior muscle and downregulated 
by 0.7-fold in the soleus muscle (Figure 1A, B). These results 
suggest that miR-206 could be a key factor associated with 
varying denervated atrophy conditions of the tibialis anteri-
or and soleus muscles. Moreover, miR-206, combined with 
other key miRNAs, could play an important role in the atro-
phy of denervated slow and fast muscles.

In rats, denervation could eventually cause a switch from 
slow muscle to fast muscle during atrophy, which could help 
the muscle adapt to the denervated environment (d’Albis et 
al., 1994; Gene Ontology, 2006). Similarly, spaceflight also 
causes muscle atrophy and a switch from slow to fast muscle 
type, and miR-206 expression significantly decreases under 
this condition (Allen et al., 2009). Analysis of the same ex-
pression profile with miR-206 in denervated soleus muscle 
(Figure 3) showed that miR-206 has target genes in com-
mon with miR-195 (Bdnf, Mylk, Vegfa, and Ywhag), miR-
23a (Ntrk2) and miR-30e (Ywha2). These genes were mainly 
associated with regulation functions of cytoskeleton organi-
zation, angiogenesis, apoptosis, and negative regulation of cell 
proliferation. Relative signaling pathways were associated with 
these gene functions, such as the MAPK signaling pathway, 
apoptosis, calcium signaling pathway, Wnt signaling pathway, 
TGF-beta signaling pathway, Jak-STAT signaling pathway, p53 
signaling pathway, Toll-like receptor signaling pathway, and 
insulin signaling pathway. Most of these functions and signal-
ing pathways provide evidence of muscle pathophysiology in 
denervated slow muscle atrophy in a spaceflight-like slow-to-
fast pattern (Gruener et al., 1994; O’Keefe et al., 2004; Shenk-
man and Nemirovskaya, 2008; Chopard et al., 2009; Benavides 
Damm et al., 2013). Therefore, miR-206, miR-195, miR-23a, 
and miR-30e might be key factors in the switching process 
from slow to fast muscle in denervated slow muscles. 

In the anterior tibialis muscle, miR-214, miR-221, and 
miR-222 were upregulated, which was similar to the miR-206 
profile, although there was no significant change in the de-
nervated soleus muscle (Figure 1). In a previous study with 
10 primary muscle disorders, miR-214, miR-221, and miR-
222 were shown to be consistently upregulated (Eisenberg et 
al., 2007). We assumed that denervated fast muscle atrophy 
might share characteristics with primary muscle disorders 
such as Duchenne muscular dystrophy, Miyoshi myopathy, 
and facioscapulohumeral muscular dystrophy. For example, 
the gastrocnemius, which is composed of fast muscle fibers, 
is the earliest muscle affected in Miyoshi myopathy (Park et 
al., 2012). Therefore, miRNAs could be key regulatory fac-
tors in the denervated atrophy process involved in fast mus-
cle and primary muscle disorders.

miR-1 and miR-206 appeared to play opposing roles in 
muscle cell proliferation and differentiation (Chen et al., 
2006). Our study showed a tendency towards decreased 
miR-1 and miR-206 expression in the denervation of slow 
muscles and decreased miR-1 expression in fast muscles. We 
also found increased miR-206 expression in fast muscles. 
We speculate that miR-206 expression levels in slow muscles 
might contribute to atrophy more rapidly and obvious-
ly in denervated slow muscle compared with fast muscle. 
miR-206 promotes muscle cell differentiation by indirectly 
down-regulating Id1-3, MyoR, and MyoD (Kim et al., 2006). 
The MyoD family members (MyoD, Myf5, myogenin, and 
MRF4) play a vital role in complex mechanisms of skel-
etal muscle cell differentiation (Alves-Costa et al., 2013). 
miR-206 also enhances MyoD activation by suppressing 
Pax7 expression (Paired box 7) (Dey et al., 2011). In skeletal 
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myogenesis, MyoD promotes expression of Mef2 isoforms 
and actives the p38 MAPK pathway (Keren et al., 2006; Aziz 
et al., 2010). miR-206 also has a wide range of targets, in-
cluding inhibitors of myogenic differentiation, such as Pax3, 
Pax7, Utrophin, follistatin, histone deacetylase (HDAC4), 
and insulin-like growth factor (IGF)-1 (Goljanek-Whysall 
et al., 2012). miR-206 has been shown to promote satellite 
cell differentiation by regulating Pax7 and Pax3 (Chen et 
al., 2010), and MyoD directly activates miR-206 expression, 
but miR-206 expression inhibits the Utrn and Fstl1 genes 
in myoblasts(Rosenberg et al., 2006). The IGF1/PI3K/Akt/
mTOR pathway regulates atrogin-1 and MuRF1 expression 
via FoxO phosphorylation, which negatively regulates mus-
cle mass (White et al., 2013). Our study showed that the IGF 
signal pathway plays a critical role in denervated muscle at-
rophy (Figure 7A, B). Therefore, in the next study, we intend 
to further explore the mechanisms of various types of atro-
phy caused by miR-206 in denervated slow and fast muscles.

miRNAs are differently regulated in the early stages of 
denervated slow and fast muscle atrophy. By comparing 
miRNA expression profiles, we found that some groups 
of miRNAs were differentially expressed in the early stage 
of denervation between the soleus and tibialis anterior 
muscles. Analysis of target genes and their corresponding 
functions and related signaling networks revealed miRNA 
regulation of different patterns of denervated slow and 
fast atrophy. The miR-206 profiles might be reveal other 
miRNAs involved in denervated slow and fast muscles. 
Moreover, further analysis of related miRNAs grouped with 
significantly differentially expressed miRNAs between slow 
and fast muscles could provide a better understanding of 
the epigenetic mechanisms in denervated skeletal muscle 
atrophy, thereby providing treatment targets for preserving 
original skeletal muscle functions.
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Figure 8 miRNA-Gene-Net diagram. 
(A) Denervated soleus muscle. (B) Denervated tibialis anterior muscle. 
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Figure 9 miRNA-GO-Network. 
(A) The miRNA-GO-Network for denervated soleus muscle. (B) The miRNA-GO-Network for denervated tibialis muscle. Yellow and red cubes in-
dicate miRNAs, purple circles indicate the GO, and lines indicate regulatory relationships between miRNA and GO. When a greater number of GOs 
is regulated by an individual miRNA, then a larger area is occupied by the miRNA cube. When more miRNAs are needed to regulate a GO, then a 
larger area is occupied by the GO circle. The miRNA-GO-Net analysis was applied to analyze the main functions of target GO and miRNA, accord-
ing to previous results. We used the Fisher’s exact test and the chi-square test to select the significant miRNA-GO, and the threshold of significance 
was defined by the P-value (P < 0.05).
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