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Muscle atrophy caused by long-term denervation leads to the loss of skeletal muscle mass and strength, resulting in a poor
recovery of functional muscles and decreasing quality of life. Increasing differentially expressed microRNAs (DEMs) have been
reported to be involved in the pathogenesis of denervated muscle atrophy. However, there is still insufficient evidence to
explain the role of miRNAs and their target genes in skeletal muscle atrophy. Therefore, an integrative exploration of the
miRNA-mRNA regulatory network in denervated muscle atrophy is necessary. A total of 21 (16 upregulated and 5
downregulated) DEMs were screened out in the GSE81914 dataset. Med1, Myod1, Nfkb1, Rela, and Camta1 were predicted
and verified to be significantly upregulated in denervated muscle atrophy, from which 6 key TF-miRNA relationship pairs,
including Med1-mir-1949, Med1-mir-146b, Myod1-mir-29b, Nfkb1-mir-21, Rela-mir-21, and Camta1-mir-132, were obtained.
60 target genes were then predicted by submitting candidate DEMs to the miRNet database. GO and KEGG pathway
enrichment analysis showed that target genes of DEMs were mainly enriched in the apoptotic process and PI3K/Akt signaling
pathway. Through the PPI network construction, key modules and hub genes were obtained and potentially modulated by
mir-29b, mir-132, and mir-133a. According to the qRT-PCR results, the expression of COL1A1 and Ctgf is opposite to their
related miRNAs in denervated muscle atrophy. In the study, a potential miRNA-mRNA regulatory network was firstly
constructed in denervated muscle atrophy, in which the mir-29b-COL1A1 and mir-133a-Ctgf pathways may provide new
insights into the pathogenesis and treatment.

1. Introduction

As an important effector organ of the peripheral nervous
system, skeletal muscle is controlled and regulated by the
peripheral nervous system. Generally, skeletal muscle adapts
to slight external changes by secreting myokines and muscle
metabolites, thus maintaining the homeostasis of the whole
body [1, 2]. Once the peripheral nerve is transected, skeletal
muscle is in a state of denervation, which will lead to the loss
of signal transmission and material exchange with the
peripheral nerve, resulting in a series of pathological changes
related to muscular atrophy, including reduction of muscle
fiber cross-sectional area and destruction of myofilaments
and sarcomere. Skeletal muscle atrophy can lead to poor
functional status, reduced quality of life, and adverse impacts

on life prognosis in patients, placing a heavy burden on fam-
ilies and society [3, 4]. However, there is no effective treat-
ment strategy for denervated muscle atrophy in clinical
practice. Therefore, it is urgent to study the molecular mech-
anism of muscle atrophy caused by peripheral nerve injury
and explore new effective therapeutic targets.

MicroRNAs (miRNAs) are a class of highly conserved
regulatory noncoding RNA molecules that consist of 18-25
nucleotides. They can negatively regulate gene expression
at the posttranscriptional level by targeting degradation of
messenger RNA (mRNA) or blocking protein translation
[5, 6]. Studies have shown that dysregulated miRNAs are
associated with the occurrence and development of a variety
of diseases, including skeletal muscle development and
muscle-related diseases. It was reported that many mRNAs
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play a role in the biological and pathological process of mus-
cle atrophy and regeneration, including mir-1, mir-23a, mir-
21, mir-206, and mir-322 [7–9]. In addition, a growing num-
ber of studies have used cDNA microarrays to reveal the dif-
ferential expression of many genes in atrophic muscles.
These differentially expressed genes (DEGs) are mainly
enriched in biological processes such as activating proteo-
lytic pathways and inhibiting protein synthesis pathways.
However, these studies mainly analyze the 7 days (atrophy
stage) to 14 days (atrophic fibrosis stage) after sciatic nerve
injury. More research on the early stages of denervated mus-
cle atrophy is needed to guide treatment to prevent the pro-
gression of the atrophic fibrosis stage [10]. Although many
studies have been conducted on the expression and function
of miRNA and mRNA in muscle atrophy, few studies have
been performed to date on the role of the miRNA-mRNA
regulatory network in denervated amyotrophic disease.

In this study, we focused on the early stages of muscle
atrophy and screened differentially expressed microRNAs
in gastrocnemius muscle after denervation injury 5 days
compared with innervation by analyzing a miRNA array.
Transcription factors (Tf) and target genes were obtained
by predicting DEMs. Then, a functional analysis of target
genes was performed to clarify the biological process of mus-
cle atrophy after denervation, and a DEM-hub gene network
was conducted to discover key molecular mediators. In addi-
tion, the gastrocnemius muscle levels of hub genes were fur-
ther verified by qQT-PCR. The purpose of this study was to
furnish a novel perspective of miRNA–mRNA regulatory
network in a model of denervated skeletal muscle atrophy
to provide promising targets for denervated muscle atrophy
treatment.

2. Methods

2.1. Animal Experiment. The 6-week-old Sprague-Dawley
male rats with the weight of 200 ± 20 g were provided by
the Laboratory Animal Center of the Academy of Military
Medical Sciences and housed on a 24-hour day-night cycle
under temperature 21–23°C. All methods were performed
in accordance with the relevant guidelines and regulations.

The animals were randomly divided into experimental
group and sham group (n = 6 each group). All sciatic nerve
transection procedures were standardized and performed
under aseptic conditions with the aid of an operating micro-
scope (Motic SMZ171 stereo microscope). For the experi-
mental group, the rats were anesthetized with an
intraperitoneal injection of pentobarbital before the sciatic
nerve was exposed and cut off through an incision at the
mid-thigh region of the hind limb. For the sham group,
the rats were operated on a similar surgical procedure but
only an incision without sciatic nerve transection. After the
operation, all rats received buprenorphine (0.05mg/kg sub-
cutaneously) to relieve postsurgery pain. Penicillin powder
was used on the wounds to prevent infections. The rats were
sacrificed by cervical decapitation to harvest gastrocnemius
muscle at 5 days postinjury, respectively.

2.2. Microarray Analysis and DEM Screening. Downloaded
from the GEO database, microRNA profile dataset
GSE81914 (Li et al. submitted data 2018) was obtained.
GSE81914 is an experimental microarray dataset designed
on skeletal muscle atrophy induced by denervation, which
includes gastrocnemius muscle samples 5 days after dener-
vation injury (n = 4) and sham control (n = 4). Its platform
is GPL10558 (Affymetrix Multispecies miRNA-3 Array).
GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/), an R-
based online tool to analyze GEO data [11], was applied to
compare and screen DEMs between denervated muscle and
innervated muscle. We considered P value <0.05 and j
logFCj ≥ 1 as the threshold value.

2.3. Prediction of Transcription Factors and Target Genes of
DEMs. TransmiR is an online transcription factor- (TF-)
microRNA (miRNA) regulation database, which has
detailed annotations and experimental validation on all
TF-miRNA regulations. TransmiR v2.0 database was used
to predict the potential upstream transcription factors of
candidate DEMs [12]. miRNet is an online tool designed to
help elucidate comprehensive microRNA functional annota-
tion, explore miRNAs and their potential targets, and create
miRNA-target interaction networks. As a miRNA-centric
network visual analytic platform, miRNet was applied to
predict the potential downstream target genes of obtained
DEMs [13].

2.4. Functional Enrichment Analysis. As a database with high
data coverage for annotation, visualization, and integrated
discovery, DAVID (https://david.ncifcrf.gov/) can provide
characteristic gene term enrichment analysis for uploaded
gene lists [14]. Gene ontology analysis is widely used to ana-
lyze and interpret genomic sequencing because it can anno-
tate genes and gene products [15]. KEGG is a database
resource, the desired environment for analyzing variable
datasets, containing advanced functional information for
understanding gene functions and biological pathways of
the cell and the organism [16].

2.5. Screening and Analysis of Hub Genes from Integration of
PPI Networks. By the Search Tool for the Retrieval of Inter-
acting Genes (STRING), a database widely used to evaluate
functional interactions between proteins, we constructed
and analyzed the PPI network of target genes. Moreover,
we set the comprehensive score >0.4 as the threshold and
removed all isolated nodes [17]. Cytoscape software was
applied to further visualize and analyze the PPI network.
To calculate the number of interconnections and filter highly
connected genes, the PPI network was performed by Cyto-
Hubba [18]. The top 10 nodes of the PPI network degree
score were regarded as hub genes.

2.6. qRT-PCR Validation. Total RNA extraction from dener-
vated and innervated gastrocnemius muscle samples with
TRIzol Reagent (Invitrogen, USA). Reverse transcriptional
PCR was performed to synthesize the complementary
DNA (cDNA) by using HiFiScript gDNA Removal RT Mas-
terMix (CWBIO, Beijing, China) following the protocol. The
mRNA level was assessed using Universal SYBR Green
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qPCR Supermix (UE, China) following the instructions.
LightCycler® 96 (Roche, China) was applied to conduct
real-time PCR, and the relative expression of the candidate
gene was calculated by the 2−ΔΔCt method with the normal-
ization to GAPDH. The sequences of primers are available in
Table 1.

2.7. Statistical Analysis. All statistical analyses were per-
formed by using IBM SPSS statistic software (version 25.0,
Chicago, IL, USA). The results of different groups were rep-
resented by themean ± s:e:m. The comparison of expression
levels of denervated and innervated gastrocnemius muscle
tissues was analyzed by unpaired, two-tailed Student’s t
-test. P < 0:05 was considered to represent a statistically sig-
nificant difference.

3. Results

3.1. Identification of DEMs in Denervated Muscle. Based on
the analysis of the GSE81914 dataset, the DEM list was
obtained with the jlogFCj ≥ 1 and P value <0.05 as the
threshold. Compared with innervated muscle samples, a
total of 21 DEMs were detected in denervated muscle sam-
ples, including 16 upregulated DEMs and 5 downregulated
DEMs. As shown in the volcano plot and cluster heatmap,
we extracted a total of 21 DEMs from 1242 miRNAs in the
GEO expression matrix and obtained the distribution of
upregulated and downregulated DEMs (Figure 1).

3.2. Prediction and Validation of Upstream Transcription
Factors of DEMs. TransmiR v2.0 database was used to pre-
dict the potential upstream transcription factors of candidate
DEMs. Of the 21 obtained DEMs submitted to TransmiR
v2.0, 11 DEMs were predicted for 14 transcription factors
(Figure 2(a)). One transcription factor can act on multiple
miRNAs, and one miRNA can also be regulated by more
than one transcription factor. For the downregulated DEM,
mir-495, the transcription factors were Mlxipl, while for
the upregulated DEMs, the transcription factors were Brd4,
Hnf4a, Nfkb1, Rela, Gh1, Myod1, Camta1, Mecp2, Nkx2-2,
Sox10, Ep300, and Nr3c1. Hnf4a acted on 6 DEMs such as
mir-21, mir-132, mir-203, mir-326, mir-511, and mir-1949
simultaneously, while mir-132 was be regulated by 5 tran-
scription factors (Nkx2-2, Mlxipl, Mecp2, Hnf4a, and
Camta1).

TF-miRNA regulatory network plays a critical role in
regulating denervated muscle atrophy. To obtain the differ-
ently expressed transcription factors, we verified the expres-
sion trend of transcription factors in the two groups of
muscle tissues by qRT-PCR. The results showed that all dif-
ferently expressed transcription factors, including Med1,
Myod1, Nfkb1, Rela, and Camta1, were significantly upregu-
lated in the denervated muscles, which indicated that tran-
scription factors were activated to induce the endogenous
expression of a transcriptional program in the pathological
process of denervated muscle atrophy (Figure 2(b)). Accord-
ing to the TF-miRNA regulatory network, we identified the
key TF-miRNA relationship pairs, including Med1-mir-

1949, Med1-mir-146b, Myod1-mir-29b, Nfkb1-mir-21,
Rela-mir-21, and Camta1-mir-132.

3.3. Prediction and Construction miRNA-mRNA Regulatory
Network. Among the candidate DEMs submitted to the
miRNet database, a total of 60 target genes were predicted
by 11 DEMs, of which 10 upregulated DEMs (mir-29b,
mir-21, mir-132, mir-138, mir-203, mir-212, mir-221, mir-
222, mir-223, and mir-672) predicted 55 target genes and 1
downregulated DEM (mir-133a) predicted 5 target genes
(Table 2). For the 10 upregulated DEMs, mir-29b was iden-
tified to potentially target the most genes, with a number of
19. For the 1 downregulated DEM, mir-133a possessed 5 tar-
get genes, including Casp9, Ctgf, Hcn2, Klf15, and Slc2a4.
For better visualization, we constructed a miRNA-mRNA
regulatory network of DEMs and their target genes through
Cytoscape software (Figure 3).

3.4. GO and KEGG Analysis of Target Genes. To clarify the
biological characteristics of target genes related to
denervation-induced muscle atrophy, the DAVID was used
to perform (Gene Ontology) GO analysis. The obtained
results of the enriched GO terms were shown in Figure 4.
GO functional enrichment results include gene ontology
biological process (BP), molecular function (MF), and cellu-
lar components (CC). Our results show that target genes
mainly involve biological processes such as cellular response
to amino acid stimulus, endodermal cell differentiation, pos-
itive regulation of apoptotic process, cell adhesion, cell-
matrix adhesion, and cell migration. In the MF group, target
genes were mainly enriched in extracellular matrix structural
constituent, protein binding, fibronectin binding, protein
kinase binding, identical protein binding, kinase binding,
and glycoprotein binding. As shown in Figure 4, target genes
mainly involve the following cellular components, such as
extracellular matrix, collagen trimer, basement membrane,
cytosol, collagen type V trimer, cytoplasm, and extracellular
space. These data indicated that in the denervation-induced
muscle atrophy model, cells in the extracellular matrix, cyto-
plasm, and collagen trimer perform molecular functions
such as protein binding, fibronectin binding, protein kinase
binding, and extracellular matrix structural constituent,
resulting in cell apoptosis, cell adhesion, and cell migration.

The (Kyoto Encyclopedia of Genes and Genomes)
KEGG analysis was applied to explore enriched pathways
of target genes. The enriched categories of KEGG pathways
are shown in Figure 4(d). Results showed that the PI3K-
Akt signaling pathway, protein digestion and absorption,
focal adhesion, ECM-receptor interaction, and FoxO signal-
ing pathway were enriched in denervated muscles, which
provided molecular pathway mechanisms for studying
denervated muscle atrophy.

3.5. Module Analysis and Hub Genes Expression Validation.
The target genes of denervated gastrocnemius muscle were
constructed to construct protein-protein interaction (PPI)
networks by using the STRING database. A complex PPI
network with 49 nodes and 175 edges was constructed after
removing the isolated nodes. Two significant modules with
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high corresponding degrees, all of which have a score ≥5,
were screened by using MCODE in Cytoscape. GO and
KEGG enrichment analysis of module 1 and module 2 were
displayed in Figure 5. As shown in Figure 5, the target genes
of module 1 are regulated by mir-29b and mainly participate
in biological processes such as cellular response to amino
acid stimulus, endodermal cell differentiation, collagen fibril
organization, collagen-activated tyrosine kinase receptor sig-
naling pathway, and cell adhesion. The target genes module
2 are mainly enriched in the biological process of cell apo-
ptosis. The most significant pathway in module 1 and mod-
ule 2 was simultaneously enriched in the PI3K-Akt signaling
pathway.

Among the 49 nodes, there are 18 central nodes that
were filtered with the criterion of degree score ≥10. The 18
most crucial genes that shared high interaction were Col1a1,
Mmp9, Col4a2, Col3a1, Pten, Col4a1, Mmp2, Col18a1,
Col5a2, Vegfa, Ctgf, Foxo3, Col5a1, Col8a1, Col16a1,
Col7a1, Col5a3, and Col12a1. Among them, 12 encode
collagen-related genes, the target genes of mir-29b, are
completely located in module 1(Figure 5(a)). Therefore, we
consider that the collagen-related genes regulated by mir-
29b play an important role in muscle atrophy. Since
COL1A1 has the highest degree value among hub genes
and is predominantly expressed in muscle, we selected
COL1A1 to represent collagen-related genes for experimen-
tal verification. Then, we used qRT-PCR to verify the expres-
sion trend of COL1A1, Mmp9, Pten, Mmp2, Vegfa, Ctgf,
and Foxo3 (Figure 6). For the upregulated DEM (mir-29b,

mir-132, mir-212, and mir-203), unlike the decreased
expression of COL1A1, there was no significant change in
the expression of Pten, while the expression of Mmp9,
Mmp2, FOXO3, and Vegfa increased in contrast. For the
downregulated DEM (mir-133a), the expression of Ctgf
was significantly increased. Thus, mir-29b-COL1A1 and
mir-133a-Ctgf were identified as potential regulatory path-
ways in denervated muscle.

4. Discussion

Due to the slow regeneration of injured axons, it usually
takes at least 3 months to regenerate into the distal muscle
tissue. After peripheral nerve injury, the target skeletal mus-
cle may result in atrophy by losing its innervation [19, 20].
To improve functional motor recovery, it is necessary to
explore the molecular mechanisms and pathological events
underlying the progression of denervated muscle atrophy.
Nowadays, the development of microarray data technology
attracts more and more researchers to obtain a deeper
understanding of the related mechanism of denervated skel-
etal muscle atrophy [21]. In this study, micro-RNA profile
dataset GSE81914 was extracted to identify DEMs in the
denervated muscle atrophy. Compared with the innervated
muscle, a total of 16 upregulated DEMs and 5 downregu-
lated DEMs were differently expressed in the denervated
muscle. Among these DEMs, mir-489, mir-381, mir-146b,
mir-132, mir-203, mir-21, and mir-29b have been reported
to be involved in regulating the pathological process of

Table 1: Primer sequences.

Gene Forward primer sequence (5′-3′) Reward primer sequence (5′-3′)
Col1a1
Mmp9

GGGTCTAGACATGTTCAGCTTTG
CCACTAAAGGTCGCTCGGAT

GGCAGTGGCCCCTAAGAG
GAGTTGCCCCCAGTTACAGT

Pten CATGAGCGAGTTGGTCAAGA CCATGCTGTGCTGGTTCA

Mmp2 GCACCGTCGCCCATCA GCACTGCCAACTCTTTGTCTGTT

Vegfa CGA AAC CAT GAA CTT TCT GC CCT CAG TGG GCA CAC ACT CC

Ctgf CAGGGAGTAAGGGACACGA ACAGCAGTTAGGAACCCAGAT

FOXO3 GCTAAGCAGGCCTCATCTCA TTCGGTCAGTTTGAGGGTCT

Hnf4a TGCCAACCTCAACTCATCCAACAG TCCTCACGCTCCTCCTGAAGAATC

Mlxipl CGACACTCACCCGCCTCTTC TTGTTCAGCCGAATCTTGTC

Med1 AGGAGAAGCGGCAGGATAAAC GTACACGTTGACTTCATGTCCTT

Nkx2-2 TCTACGACAGCAGCGACAAC CTTGGAGCTTGAGTCCTGAG

Myod1 CCCTGTTGTTTGTGGAGACA CTGTGGGAAAGAGTGGGTGT

Nfkb1 TTCCTGATCCCGACAAGAACTG CCCCCAGAGACCTCATAGTTGT

Rela CCATCAGGGCAGATCTCAAACC GCTGCTGAAACTCTGAGTTGTC

Nr3c1 CTTGAGAAACTTACACCTCGATGACC AGCAGTAGGTAAGGAGATTCTCAACC

Camta1 CTGGGAGATGACCTTCACG GGACAAGCTCCCCATCACAG

Mecp2 CAGCTCCAACAGGATTCCATGGT AGGCAGGCAAAGCAGAGACATCA

Ep300 AAAAATAAGAGCAGCCTGAG AGACCTCTTTATGCTTCTTCC

Sox10 ATCCAGGCCCACTACAAGAGC ATGTCCACGTTGCCGAAGT

Gh1 CATGCCCTTGTCCAGTCTGT AATGTAGGCACGCTCGAACT

Brd4 TGAGCAGATATTGCAGTTGGTT CCTCCCAAATGTCTACAACGC

GAPDH GACATGCCGCCTGGA GAAAC AGCCCAGGATGCCCTTTAGT
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based on jlogFCj ≥ 1 and P value <0.05. Color gradient from red to green indicates that the differential gene expression value is from
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severe muscle-related diseases, such as cachexia-induced
muscle atrophy, immobilization-induced muscle atrophy,
aging-induced muscle wasting models, myotonic dystrophy,
spinal muscular atrophy, and myopenia [22–26]. However,
many miRNAs still need to be further explored in the role
of denervated muscle atrophy.

Transcription factors and microRNAs are two significant
gene regulatory factors at the transcriptional and posttran-
scriptional levels. They can mutually regulate one another
and form a feed-forward loop to participate in biological
processes [27, 28]. Therefore, understanding the crosstalk
between the two regulators and their targets is a powerful
way to reveal the complex molecular regulatory mechanisms
in the denervation-induced muscle atrophy model. Mediator

complex subunit 1 (Med1), as a component of the mediator
coactivator complex, plays a broad role in nuclear receptor-
mediated transcription [29]. In the year 2010, Chen et al.
reported that muscle-specific Med1 knockout mice exhibited
enhanced insulin sensitivity, improved glucose tolerance,
increased mitochondrial density, and promoted the transi-
tion of muscles to slow fibers [30]. Overexpression of
Med1 inhibits energy expenditure pathways in muscles
may be a potential pathway for gastrocnemius atrophy after
sciatic nerve transection. Myogenic differentiation 1
(Myod1) acts as a transcriptional activator and promotes
the transcription of muscle-specific target genes. It regulates
muscle cell differentiation by inducing cell cycle arrest,
which is a prerequisite for the initiation of myogenesis.
Myod1 has been reported significantly upregulated early
after sciatic nerve compression, indicating that it started to
play a role in initial muscle atrophy [31]. Studies have shown
that mir-29b promotes atrophy of myotubes differentiated
from C2C12 or primary myoblasts in vitro and contributes
to skeletal muscle atrophy in response to different atrophic
stimuli in vivo [26]. Overexpression of myoD resulted in a
significant increase in mir-29b levels in L6 cells. Although
it has not been verified in vivo [32], these results corroborate
our hypothesis that Myod1 may act as a potential regulator
of muscle myogenesis by regulating mir-29b expression.
RELA protooncogene (Rela), a component of the NF-
kappa B complex, and nuclear factor kappa B subunit 1
(Nfkb1) jointly constitute a transcriptionally active NF-
kappa B dimer, which participates in the expression of genes
in the processes of immunity, inflammation, and apoptosis
[33]. Nuclear factor Kappa B (NF-κB) has also been reported
to be a prominent signaling molecule in the pathogenesis of

Table 2: Potential target genes of the DEMs.

DEMs Expression Count Target genes

mir-
132

Up 10 Arhgap32, Capn8, Cyp2e1, Foxo3, Grin2a, Lrrfip1, Mecp2, Mmp9, Pten, Rasa1

mir-
133a

Down 5 Casp9, Ctgf, Hcn2, Klf15, Slc2a4

mir-
138

Up 3 Lypla1, Rhoc, Vim

mir-
203

Up 2 Trpv4, Vegfa

mir-21 Up 15
Capn8, Elavl4, Faslg, Kcnj16, Nqo1, Pdcd4, Pdpn, Peli1, Pten, Rad23, Rela, RGD1565591, Tagln, Tiam1,

Tpm1

mir-
212

Up 4 Cyp2e1, Foxo3, Pten, Rasa1

mir-
221

Up 3 Bcl2l11, Cdkn1b, Cdkn1c

mir-
222

Up 3 Bcl2l11, Cdkn1b, Cdkn1c

mir-
223

Up 4 Aqp4, Cntn4, Scn3a, Vim

mir-
29b

Up 19
Cav2, Col12a1, Col16a1, Col18a1, Col1a1, Col3a1, Col4a1, Col4a2, Col5a1, Col5a2, Col5a3, Col7a1, Col8a1,

Dnmt3b, Insig1, Itgb1, Mmp2, Stx1a, Vegfa

mir-
672

Up 2 Fndc1, Tnfsf10

Figure 3: Potential target genes of DEMs predicted by miRNet.
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skeletal muscle atrophy, and many muscular atrophy-related
genes, including MuRF1, MyoD, and cyclin D ubiquitin-
binding enzyme (E2), are its target gene [34]. Previous data
indicated that NF-κB signaling increased due to aging, and
inhibition of p65 reversed muscle atrophy caused by elevated
proinflammatory/catabolic cytokines [35, 36]. However, lon-
gitudinal studies investigating the role of NF-κB in

denervation-induced muscle atrophy are limited. The
adverse role of mir-21 has been reported in muscle atrophy
following denervation. Moreover, mir-21 has been shown
that contribute to muscle fibrosis during Duchenne muscu-
lar dystrophy [37]. Furthermore, studies have demonstrated
that NF-kappaB mediated mir-21 regulation in cardiomyo-
cyte apoptosis under oxidative stress [38]. CAMTA1 is a
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member of a family of Ca2+-dependent calmodulin-binding
transcription activators conserved in eukaryotes, which
encodes protein calmodulin binding transcription activator
1. Previous studies have shown that CAMTA1 was signifi-
cantly upregulated in stem cells cocultured with the cardio-
myocytes system, which enhanced cell-cell communication

by inducing Ca (2+) signals, thus activating a myocardial
gene program [39]. In addition, Camta1 has been proved
to regulate miR-132 to modulate insulin production and
secretion in the pathology of the type 2 diabetes rat model
[40]. Following that, Med1-mir-1949, Med1-mir-146b,
Myod1-mir-29b, Nfkb1-mir-21, Rela-mir-21, and Camta1-
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Figure 5: Construction of PPI and module analysis. (a) The first module and nodes. (b) The enrichment GO term of module 1. (c) The
second module and nodes. (d) The enrichment GO term of module 2.
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mir-132 were predicted to act upstream of neuromuscular
process controlling balance. Although in-depth experimen-
tal verification is required, we still have evidence to speculate
that these key TF-miRNA relationship pairs play an impor-
tant role in denervated muscle atrophy. In general, these
transcription factors also in turn support the importance of
these candidate DEMs in the pathogenesis of denervation-
induced muscle atrophy.

The GO analysis results showed that the target genes of
DEMs in module1 are mainly enriched in biological pro-
cesses such as collagen fibril organization and cell adhesion,
while in module 2, they are mainly enriched in the apoptotic
process. In previous studies, activation of apoptotic process
in muscle in response to denervation has been amply docu-
mented in neuromuscular diseases such as peripheral nerve
injury, peripheral neuropathy, and amyotrophic lateral scle-
rosis (ALS) [41]. A study conducted by Yang et al. showed
that denervation drives skeletal muscle atrophy by inducing
mitochondrial dysfunction, mitochondrial autophagy, and
apoptosis, indicating that inhibiting the apoptotic process
is essential before denervated muscle atrophy [42]. Although
the changes of collagen fibrous tissue in the process of
denervation of muscular atrophy have not been described,
Wang et al. have shown that inhibiting microRNA-29
expression promotes collagen expression, which is consis-
tent with our results [43]. KEGG analysis results showed that
the target genes of DEMs in the two modules are mainly
enriched in the PI3K-Akt signaling pathway. Inactivation
of the IGF-1-PI3K-AKT signal will result in increased pro-
tein degradation and decreased protein synthesis and will
prevent muscle atrophy by inhibiting the FOXO transcrip-
tion factor. mir-29 has been demonstrated to damage muscle
progenitor cell proliferation and induce various types of
muscle atrophy by targeting PI3K [26, 44]. In the present
study, COL1A1, as a hub target gene of mir-29b, was signif-
icantly enriched in collagen fibril organization, extracellular
matrix, protein digestion and absorption, and PI3K/Akt sig-

naling pathway. Therefore, mir-29b may regulate the extra-
cellular matrix structural constituent in denervated skeletal
muscle by targeting COL1A1 via the PI3K/Akt signaling
pathway.

All hub genes in the construction of the DEM-hub gene
network were potentially targeted by mir-132, mir-29b, and
mir-133a. Among the hub genes verified by qRT-PCR, the
expression of Ctgf can constitute a miRNA-mRNA regula-
tory pathway with mir-133a. mir-133a, a molecular marker
for muscle differentiation and atrophy, has become a key
regulator of myogenic programs by targeting specific muscle
target genes. As a myogenic miRNA, it is involved in the
process of muscle remodeling in neuromuscular disorders
such as ALS, SMA, and SBMA [45]. However, unlike its
expression in other muscle diseases, it decreases in dener-
vated muscles. The expression difference of mir-133a may
be regarded as a molecular marker to further elucidate the
difference between upper and lower motor neuron neuro-
muscular diseases. Cell communication network factor 2
(CCN2/CTGF) is well known as a central mediator of tissue
remodeling and fibrosis, which can reverse the process of
fibrosis by its inhibitory effect. According to reports,
CCN2/CTGF levels increase rapidly after skeletal muscle
denervation by activating the TGF-β signaling pathway
[46]. Morales et al. have shown that reducing CCN2/CTGF
is beneficial to skeletal muscle and promotes muscle regener-
ation by reducing fibrosis [47]. The role of mir-133a and
Ctgf in the development and regeneration of muscle, and
in agreement with the regulatory relationship in the results
of this study, indicates that inhibiting the mir-133a-Ctgf
pathway may improve denervated muscle atrophy.

Although this is the first analysis to explore the potential
miRNA-mRNA regulatory network in denervated muscular
atrophy by bioinformatic analysis and qRT-PCR experi-
ments, some limitations of our study need to be considered
in depth. Firstly, sufficient sample sizes of different species
are needed to further improve the reliability of the analysis.
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Figure 6: Identification and validation of hub gene expression. (a) PPI network of the top 18 hub genes. (b) The mRNA expression of the
hub genes was validated by qRT–PCR. Error bars, s.e.m. An unpaired, two-tailed Student’s t-test was used for comparisons between the two
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Secondly, we only focused on the miRNA-mRNA regulation
relationship in the early stages of denervated muscle atro-
phy; however, some of these may vary in different stages of
denervated muscle atrophy and need more attention.
Thirdly, further molecular biological experiments in vivo
and in vitro are required to verify the miRNA–mRNA inter-
actions. In addition, due to the limitations of small sample
size, a single time point analysis, and a single muscle tissue
source, the data analysis of a full-time course, a larger sam-
ple size with multiple muscle tissue sources will give us more
treatment directions for denervated muscle atrophy.

5. Conclusion

In summary, based on the GEO database and bioinformatic
analysis, we firstly revealed the regulatory relationship
between transcription factors and miRNA and constructed
two potential miRNA–mRNA pathways (mir-29b-COL1A1
and mir-133a-Ctgf) in denervated muscle atrophy. Our find-
ings yield new mechanistic insights and molecular targets of
effective treatments for denervated muscle atrophy.
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