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Abstract. Skeletal muscle atrophy is a well‑known adverse 
effect of long‑term glucocorticoid (GC) therapy. MicroRNAs 
(miRNAs or miRs) and long non‑coding RNAs (lncRNAs) are 
important regulators in a number of physiological and patho‑
logical processes. However, the role of miRNAs and lncRNAs 
in the regulation of GC‑treated muscle atrophy remains poorly 
understood. In the current study, muscular atrophy was induced 
and the results indicated that C2C12 myotubes were thinner than 
normal, while the expression of muscle ring finger protein 1 and 
Atrogin‑1 was increased. The expression of nine miRNAs and 
seven lncRNAs associated with proliferation and differentia‑
tion were analyzed in a dexamethasone (DEX)‑induced muscle 
atrophy cell model. In addition, the mRNA expression of the 
downstream targets of lncRNAs that were differentially expressed 
between DEX‑treated and control cells were determined. The 
results indicated that the expression of miR‑133a, miR‑133b, 
miR‑206 and five lncRNAs (increased Atrolnc‑1, Dum, MAR1, 
linc‑MD1 and decreased Myolinc) were significantly different 
between the DEX and the control group. Furthermore, the 
relative mRNA expression of Wnt5a and MyoD was significantly 
different between the two groups. The results of the current study 
indicated that some important miRNAs and lncRNAs are asso‑
ciated with DEX‑induced muscle atrophy and have the potential 
to be further developed as a diagnostic tool for this condition.

Introduction

Glucocorticoids (GCs), which have anti‑inflammatory and 
immune‑suppressing properties, are commonly used in the 

treatment of a number of adult dyspnea syndromes (such 
as atypical pneumonia), asthma, autoimmune diseases and 
cardiopulmonary‑related inflammation  (1,2). However, 
high doses or prolonged use of GCs can cause many side 
effects (3‑6). For muscle tissue, the main side effect caused 
by GCs is steroid myopathy, which is characterized by muscle 
weakness and atrophy (1,7,8). Glucocorticoid‑induced skeletal 
muscle atrophy (GIMA) increases the disease risk for patients, 
leading to weakened immunity, increased infection rates, 
limited mobility, fracture and even paralysis (9,10). Severe 
systemic muscle atrophy can lead to swallowing disorders, 
breathing difficulty and other secondary life‑threatening 
complications (5,11). The diseases induced by skeletal muscle 
atrophy seriously affect the quality of life and prognosis of 
patients. At present, the pathogenesis of GIMA is not fully 
understood, but some researchers believe that inhibition 
of protein anabolism or stimulation of protein catabolism 
is responsible for skeletal muscle atrophy (12,13), GCs can 
downregulate myogenic regulatory factors, thereby inhibiting 
proliferation and differentiation processes  (1,10). GCs can 
activate skeletal muscle proteolysis through mechanisms such 
as the muscle‑specific ubiquitin proteasome system, lysosomal 
system and calcium‑dependent protease system (1). In addi‑
tion, GCs induce muscular atrophy by affecting the production 
of growth factors such as insulin‑like growth factor  (10).
Therefore, researchers are also aiming to explore the possi‑
bility of treating GIMA by blocking the mechanism of 
GC‑induced muscular atrophy. For example, Bodine et al (14) 
demonstrated that the IGF1/PI3K/Akt pathway is sufficient 
to induce Myotube hypertrophy by activating the protein 
synthesis pathway. Stitt et al (15) indicated that inhibiting the 
activation of the muscular atrophy pathway can inhibit the 
upregulation of muscle RING finger protein 1 (MuRF1) and 
muscle atrophy F‑box (MAFbx) induced by glucocorticoid. 
Despite recent significant advances in the understanding 
of the mechanism of GIMA pathogenesis, the mechanism 
by which GCs are expressed through atrophy‑related genes, 
particularly long non‑coding RNAs (lncRNAs), has not been 
fully described.

MicroRNAs (miRNAs) and lncRNAs are both non‑coding 
RNAs; however, more attention has been paid to the role of 
miRNAs in skeletal muscle development (11,16‑19). miRNAs 
are a class of small, non‑coding RNAs that are ~22 nucleo‑
tides in length. The mechanism of miRNA regulation of 
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muscle atrophy mainly involves muscle protein metabo‑
lism, muscle regeneration, angiogenesis and muscle cell 
apoptosis  (20). miRNAs that are expressed specifically in 
muscles can alter the diseases that affect muscles (17,21‑25). 
For example, in dexamethasone (DEX)‑mediated muscular 
atrophy, muscle‑specific miR‑1 is induced and heat shock 
protein  70  (HSP70) levels are reduced  (26). In addition, 
miR‑23a is inhibited in diabetes and DEX‑induced muscular 
atrophy (27). LncRNAs are a novel class of non‑coding RNAs 
that are >200 nucleotides in length (28,29). Muscle‑specific 
lncRNAs are important regulators of muscle proliferation, 
differentiation and atrophy  (26,28‑30). Long intergenic 
non‑protein coding RNA muscle differentiation 1 (linc‑MD1) 
regulates the expression of mastermind‑like transcriptional 
coactivator 1 and myocyte enhancer factor 2C during muscle 
differentiation (31). The lncRNA muscle anabolic regulator 1 
(MAR1) acts as a miR‑487b sponge to regulate Wnt5a protein, 
resulting in muscle differentiation and regeneration  (12). 
Given that aberrant gene expression underlies muscle atrophy, 
it is important to understand how lncRNAs regulate gene 
expression in response to diverse stresses or diseases that 
contribute to muscle atrophy (10,28,32).

A growing number of studies have demonstrated that the 
genetic hierarchies and transcriptional networks involved in 
myogenesis include lncRNA molecules (31,33‑36). However, 
few studies have provided a comprehensive perspective on the 
regulation of miRNAs and lncRNAs in GC‑induced skeletal 
muscle atrophy. Therefore, the aim of the current study was 
to investigate the expression of regulatory miRNAs and 
lncRNAs in GC‑induced muscular atrophy within C2C12 
cells. DEX is the most effective synthetic GC and conferred 
anti‑inflammatory GC activity compared to natural cortisol and 
corticosterone (37). DEX has the potential to promote protein 
degradation and is considered an effective drug to induce 
muscle atrophy in vivo and in vitro (38‑40). In the present study, 
the expression of selected miRNAs and lncRNAs that exhib‑
ited expression profiles similar to those previously reported (1
6,18,19,26,30,31,36), between control and DEX‑treated C2C12 
cells was investigated, and miRNAs and lncRNAs that were 
differentially expressed between normal (control) and atrophy 
conditions were identified. The results from the present study 
may provide candidate miRNAs and lncRNAs that may lead 
to a better understanding of the molecular pathways by which 
GCs regulate skeletal muscular atrophy.

Materials and methods

Cell culture. The mouse myoblast C2C12 cell line was 
purchased from the Stem Cell Bank of the Type Culture 
Collection of the Chinese Academy of Sciences and 
cultured at 37˚C in 5% CO2 and high glucose DMEM (cat. 
no. 12100046; Gibco; Thermo Fisher Scientific, Inc.) supple‑
mented with 10% (v/v) FBS (cat. no. SH30070.03; HyClone; 
Cytiva). For myotube differentiation, C2C12 myoblasts were 
incubated at 37˚C in 12‑well plates with 2% horse serum (cat. 
no. SH30074.03; HyClone; Cytiva) for 72 h, according to 
previous studies (8,41).

DEX‑induced muscle atrophy cell model. C2C12 cells were 
cultured to 70‑80% confluence with high glucose DMEM 

(cat. no. 12100046; Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10%  (v/v)  FBS (cat. no.  SH30070.03; 
HyClone; Cytiva), before being digested with trypsin. In 
total, 5x104 cells were then seeded into the a 12‑well plate, 
until they reached 80‑90% confluence, following which they 
were differentiated by incubation in high glucose DMEM 
containing 2% horse serum (cat. no. SH30074.03; HyClone; 
Cytiva) (28). DEX‑induced atrophy was performed by treating 
cells on the 3rd day of differentiation with 50, 100 and 200 µM 
DEX (Sigma‑Aldrich; Merck KGaA) dissolved in ethanol for 
12, 24 and 48 h. Control cells were incubated with 0.03% (v/v) 
ethanol (control) for 48 h. The cell medium was exchanged 
every 24 h (42). All incubations were performed at 37˚C.

RNA extraction and reverse‑transcription quantitative (RT‑q) 
PCR. DEX‑treated C2C12 and control cell samples were 
washed with phosphate‑buffered saline before lysis in TRIzol® 
reagent (cat. no. 15596018; Thermo Fisher Scientific, Inc.), 
and total RNA was extracted according to the manufacturer's 
instructions. Total RNA was reverse transcribed into comple‑
mentary DNA (cDNA) at 37˚C for 15 min and 85˚C for 5 sec 
using PrimeScript™ RT Master mix (cat. no. RR 036A; Takara 
Bio, Inc.) for mRNA and lncRNA detection. At the same 
time, total RNA was reverse transcribed into cDNA using the 
Mir X™ miRNA First Strand Synthesis kit (cat. no. 638313; 
Takara Bio, Inc.) to detect miRNA. All the RNAs (mRNA, 
lncRNAs and miRNAs) were measured using TB Green™ 
Premix Ex Taq™ II (cat. no. RR820A; Takara Bio, Inc.). The 
PCR reaction was completed on a StepOnePlus Real‑Time 
PCR System (Applied Biosystems; Thermo Fisher Scientific, 
Inc.) according to the following program: Denaturation at 
95˚C for 30 sec, followed by 40 cycles of denaturation at 95˚C 
for 5 sec, annealing at 55˚C for 30 sec and extension at 72˚C 
for 30 sec. The PCR for detecting miRNAs was performed as 
follows: Denaturation at 95˚C for 10 sec, followed by 40 cycles 
of denaturation at 95˚C for 5 sec, and annealing and extension 
at 60˚C for 30 sec. The 2‑ΔΔCq method was used to calculate 
the relative fold change among biological groups using 18S as 
an internal normalizer for mRNA and lncRNA, and U6 as an 
internal normalizer for miRNA (43). The list of primers and 
sequences is provided in Tables I and II.

Myotube area measurements. Myotube area was quantified 
by analyzing the area of myotubes covering the culture area. 
Images were acquired at a magnification of x400 using an 
optical electron microscope (Thermo Fisher Scientific, Inc.). 
The myotube area was measured using ImageJ (v1.44P; 
National Institutes of Health) software from randomly 
selected areas of the myotubes in the control group from three 
different wells and three different DEX treatments. A total of 
40 myotubes were measured in each well.

Western blot analysis. Western blot analysis was performed 
to determine protein levels of MURF1 and Atrogin‑1 in 
myotubes. The C2C12 cells were lysed in RIPA buffer 
containing protease inhibitor (Beyotime Institute of 
Biotechnology) and phenylmethylsulfonyl fluoride to extract 
total proteins. A total of 20 µg of protein, measured using 
the bicinchoninic acid Protein Assay Kit (cat. no. P0010S; 
Beyotime Institute of Biotechnology) was separated using 
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10‑12% SDS‑PAGE. The protein was transferred to a PVDF 
membrane and blocked by 5% skimmed milk powder at 
room temperature for 1 h. MURF1 (1:1,000; cat. no. ab77577; 
Abcam), Atrogin‑1 (1:2,000; cat. no. ab168372; Abcam) or 
tubulin‑targeted primary antibody (1:5,000; cat. no. AC021; 
ABclonal Biotech Co., Ltd.) was added and incubated overnight 
at 4˚C. After washing the membrane five times, the membrane 
was incubated with horseradish peroxidase (HRP)‑conjugated 
secondary antibody Goat Anti‑Rabbit IgG (1:10,000; cat. 
no. as014; ABclonal Biotech, Co., Ltd.) at room temperature 
for 1 h. After washing the membrane five times, Immobilon 
western chemilum HRP substrate (cat. no.  WBKlS0100; 
EMD Millipore) by 5% non‑fat powdered milk was used for 
detection, and a Tanon series automatic chemiluminescence 
imaging analysis system (Tanon‑V8 Pro; Tanon Sciences 
and Technology Co., Ltd.) was used for scanning the image. 
Tubulin was used as the internal control, and the relative 
expression of the target protein band was compared with the 
internal control.

Statistical analysis. GraphPad Prism 5.0 (GraphPad Software, 
Inc.) was used to perform statistical analyses. The experi‑
mental data were represented by the mean ± SD from triplicate 
data, and the Student's t‑test was applied for the comparison of 
two groups. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Establishment of the DEX‑induced muscle atrophy cell 
model. To establish an appropriate in vitro model, preliminary 
experiments were conducted by treating cells on day 3 of 
differentiation with 50, 100 and 200 µM DEX dissolved in 
ethanol for 12, 24 and 48 h. Under the treatment conditions 
aforementioned, compared with other doses and time points, 
the mean area of C2C12 myotubes and the protein expression 
levels of MURF1 and Atrogin‑1 in C2C12 after treatment with 
100 µM DEX for 48 h were significantly different, with the 
mean area of C2C12 myotubes reduced decreased and the 
expression of MURF1 and Atrogin‑1 increased compared with 

those in control. Therefore, in the present study, the concentra‑
tion of 100 µM DEX and the time point of 48 h were used to 
construct the muscular atrophy model (data not shown). Cells 
were treated on the 3rd day of differentiation with 100 µM DEX 
dissolved in ethanol for 48 h to construct the muscular atrophy 
model. The results of optical microscopy images indicated 
that the average area of C2C12 myotubes in control group was 
higher compared with the DEX group (Fig. 1A‑C). RT‑qPCR 
and western blot analysis revealed that the transcription and 
protein expression of MURF1 and Atrogin‑1 in DEX‑treated 
myotubes were increased (Fig. 1D and E), suggesting that 
GC‑induced muscle atrophy of C2C12 cells was successfully 
established.

miRNA expression patterns in atrophic C2C12 cells. RT‑qPCR 
was used to determine the expression of multiple miRNAs 
that have previously been revealed to be associated with 
muscle development in DEX‑treated and control C2C12 cells. 
miRNAs that were previously reported in the literature were 
identified and nine miRNAs [miR‑133a (19), miR‑133b (18,44), 
miR‑206 (45), miR‑18a (46), miR‑186 (47), miR‑1a‑3p (21,48), 
miR‑23a‑3p  (27,49), miR‑27b  (50), miR‑29b‑3p  (16)] were 
selected for examination in the present study, which exhibited 
expression similar to that previously reported. The results indi‑
cated that the expression of miR‑133a, miR‑133b and miR‑206 
was significantly increased in the DEX‑treated group compared 
with the control group (Fig. 2A‑C), while the abundance of the 
other six miRNAs (miR‑1a‑3p, miR‑186, miR‑18a, miR‑23a‑3p, 
miR‑27b and miR‑29b‑3p) showed no significant change 
between DEX‑treated group and the control group (Fig. 2C‑I).

LncRNA expression patterns in atrophic C2C12 cells. RT‑qPCR 
was used to detect the expression of multiple lncRNAs related 
to muscle development and determine if the expression differed 
between DEX‑treated and control C2C12 cells. The results 
revealed that the expression of four lncRNAs (Atrolnc‑1, Dum, 
MAR1 and linc‑MD1) significantly increased in the DEX‑treated 
group compared with the control group (Fig. 3A‑D). However, 
the expression of Myolinc in the DEX group was significantly 
decreased (Fig. 3E). LncMyoD and lnc‑mg showed no statistical 
difference between the two groups (Fig. 3F, G).

mRNA expression levels of the downstream targets of 
differentially expressed lncRNAs. To further determine 
whether the differentially expressed lncRNAs identified are 
involved in the regulation of DEX‑induced muscular atrophy, 
PCR was performed to determine the mRNA expression of 
the downstream targets of Atrolnc‑1, Dum, MAR1, linc‑MD1 
and Myolinc. The relative mRNA expression levels of Wnt5a 
(Fig. 4D) and MyoD (Fig. 4E), which are downstream targets 
of MAR1 and Myolinc, respectively, were significantly higher 
in the DEX group compared with the control group. However, 
the expression levels of Dppa2, MAML1, Mef2c and Acta1 
were not significantly different between the two groups 
(Fig. 4A‑C and F).

Discussion

In clinical practice, the cause of secondary muscular atrophy 
due to hormone use is often unclear to doctors and patients. 

Table I. Primers for miRNAs.

miRNA	 Sequence (5'‑3')

miR‑133a	 TTTGGTCCCCTTCAACCAGC
miR‑133b	 GGTCCCCTTCAACCAGCTA
miR‑206‑3p	 GGAATGTAAGGAAGTGTGTGG
miR‑18a	 GCCATCTAGTGCAGATAGAAAA
miR‑186	 GAATTCTCCTTTTGGGCTAAAA
miR‑1a‑3p	 TGGAATGTAAAGAAGUATGTAT
miR‑23a‑3p	 ATCACATTGCCAGGGATTTCC
miR‑27b	 TTCACAGTGGCTAAGTTCTGC
miR‑29b‑3p	 TAGCACCATTTGAAATCAGTGTT
U6 forward	 GGAACGATACAGAGAAGATTAGC
U6 reverse	 TGGAACGCTTCACGAATTTGCG

miRNA/miR, microRNA.
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Patients often refuse treatments that may cause side‑effects 
such as muscular atrophy and muscle weakness, where 
development of these symptoms may reduce a patients' 
trust in their doctor and affect their clinical treatment 
outcome (51,52). Although GC mechanisms of action have 
been fully described, the mechanisms of non‑coding RNAs in 
GIMA yet to be fully understood. The current study attempted 
to elucidate the regulatory mechanism of non‑coding RNAs 

in GC‑induced skeletal muscle atrophy to provide the 
groundwork for the development of drugs and treatment 
programs for the prevention and treatment of muscular atrophy 
in clinical practice. Non‑coding RNAs were examined, which 
have been previously demonstrated to be involved in other 
muscle atrophy models. The current study aimed to identify 
whether non‑coding RNAs were associated with the DEX 
model.

Table II. Primers for mRNAs and lncRNAs.

Gene	 Forward primer (5'‑3')	 Reverse primer (5'‑3')

Atrogin‑1	 GAGTGGCATCGCCCAAAAGA	 TCTGGAGAAGTTCCCGTATAAGT
MURF1	 GTGTGAGGTGCCTACTTGCTC	 GCTCAGTCTTCTGTCCTTGGA
Atrolnc‑1	 CAGCTGCCTACACCTGAAGA	 AGGGCTCGCAGATTACACC
Dum	 CACAAAGACAGGCAGACAGAC	 TACCAAGCAGGTTCCTACGG
MAR1	 CCAAAGGACTGTCTTGGAACA	 AACAGCACTGAGCAGGGAC
linc‑MD1	 AGTGATTGAGGTGGACAGAAGG	 CCCATTGAGGAGCATAGAACC
Myolinc	 CGGTGCTATGGTTCTGATCG	 TATGTGGGAAATACAGGGACA
lncMyoD	 ACCCAAGGCAAGAAAAGTAGCA	 ACTCACGAGTCAGCGGCAGAAC
lnc‑mg	 CTGCATCACGGAAGGAGATA	 AACAATCCATCCTCATTGGC
18S	 GTAACCCGTTGAACCCCATT	 CCATCCAATCGGTAGTAGCG

linc‑MD1, long intergenic non‑protein coding RNA muscle differentiation 1; lnc‑mg, myogenesis‑associated lncRNA; MAR1, muscle anabolic 
regulator 1; muscle RING finger protein 1.

Figure 1. Establishment of the DEX‑induced muscle atrophy cell model. (A) and (B) C2C12 myotubes in the DEX‑induced muscle atrophy group were thinner 
than that of the control group under optical microscope. (C) The average area of C2C12 myotubes was lower in DEX‑induced muscle atrophy C2C12 cells than 
in control cells. An increase in the mRNA levels of (D) MURF1 and (E) Atrogin‑1 was observed in starved C2C12 cells. (F) An increase in the protein levels of 
MURF1 and Atrogin‑1 was observed in starved C2C12 cells. *P<0.05 and ***P<0.001 vs. control. DEX, dexamethasone; MURF1, muscle RING finger protein 1.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  21:  146,  2021 5

In skeletal muscle, non‑coding RNAs serve multiple roles 
in muscle development and regeneration, such as in the regula‑
tion of genes involved in myogenesis, proliferation, and muscle 
fiber‑type conversion  (25,26,31‑36). Among them, miRNA 
has been revealed to serve a role in regulating muscle atrophy 
by being associated with muscle protein metabolism, muscle 
regeneration, angiogenesis and muscle cell apoptosis  (21). 
miR‑206 inhibits the expression of Pax7 and Histone deacety‑
lase 4to promote the differentiation of muscle satellite cells for 
the purpose of muscle regeneration (46). miR‑27b promotes the 
differentiation of myogenic satellite cells and promotes muscle 
regeneration by targeting myogenic regulatory inhibitory 
proteins (47). The current study indicated that the expression 
of miR‑133a, miR‑133b and miR‑206 were upregulated in 
the DEX group. These results were consistent with previous 
studies that demonstrated increased expression of miR‑133a 
and miR‑206 in animal models of muscular dystrophy and in 
the serum of effected patients (30,48,53). Myogenic regulatory 
factors include MyoD, MyoG, Myf5 and MRF4, which servean 
important role in the regulation of myogenic differentiation 
after proliferation of minisatellite cells (54). In the present 
study, C2C12 cells treated with DEX were indicated to exhibit 
increased levels of miR‑133a, miR‑133b and miR‑206 and of 

MyoD and Wnt5. This may be the result of DEX activating a 
compensatory mechanism for muscle atrophy, or MyoD may 
servea role in this mechanism as it may contribute toother 
functional mechanisms that are not yet fully understood. For 
example, it may be suggested that MyoD promotes muscle 
atrophy under the action or involvement of an unknown 
molec ule, such as c‑Myc. It is well known that c‑Myc is a 
representative lncRNA that promotes the development and 
function of muscles  (55,56). However, Eischen  et  al  (57) 
revealedthat c‑Myc inhibits Beclin 1 and Bax by inhibiting 
the anti‑apoptotic protein Bcl‑2, whichenhances autophagy 
and apoptosis, respectively, leading to musclewastage (58). In 
addition, Amirouche et al (45) indicated that overexpression of 
miR‑206 can promote the expression of MyoD, and miR‑206 
can act as a multi‑effect modulator to regulate muscle atrophy 
that is caused by Duchenne muscular dystrophy by targeting 
a variety of key miRNAs. It may be speculated that miR‑206 
may participate in the compensatory effect of muscle atrophy 
under DEX‑induced conditions via unknown mechanisms, 
and this should be examined in future studies. The expression 
of miR‑18a, miR‑186, miR‑1a‑3p, miR‑23a‑3p, miR‑27b and 
miR‑29b‑3p exhibited no significant change, suggesting that 
their role in DEX‑induced skeletal muscle atrophy may be 

Figure 2. miRNA expression patterns in atrophic C2C12 cells. The expression levels of miRNAs (A) miR-133a, (B) miR-133b, (C) miR-206, (D) miR-18a, (E) 
miR-186, (F) miR-1a-3p, (G) miR-23a-3p, (H) miR-27b and (I) miR-29b-3p were detected in control C2C12 cells and DEX-induced muscle atrophy C2C12 cells.
All data are presented as mean ± SD. *P<0.05 or **P<0.01 vs. control; n=3 per group. microRNA, miRNA or miR; DEX, dexamethasone; ns, not significant.
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minimal. In muscle atrophy under pathological conditions, the 
factors that cause miRNA changes are more complicated (59). 
Studies have demonstrated that changes in the activity of the 
hypothalamus‑pituitary‑adrenal axis in patients receiving 
glucocorticoid therapy may also affect muscle and miRNA 
expression (60,61). The current study only investigated the 
changes in miRNA expression at the cellular level in vitro; 
therefore, it is necessary to further verify the mechanism of 
the aforementioned miRNAs in hormone‑induced muscular 
atrophy in vivo.

In a previous study, a total of 2,922 lncRNAs and 581 
circular RNAs exhibited differential regulation during C2C12 
differentiation, suggesting that they may be involved in muscle 
development (41). Among the lncRNAs (nine miRNAs and 
seven lncRNAs) detected in the current study, only some may 
be associated with the DEX‑induced muscular atrophy. In 
the current study, a number of lncRNAs, including Atrolnc‑1, 
Dum, MAR1, linc‑MD1 and Myolinc, were revealed to be 
differentially expressed in control and atrophic myotubes. 
A large number of studies have demonstrated that lncRNAs 
can inhibit or activate gene expression by regulating gene 
transcription, mRNA stability, pre‑mRNA splicing, protein 
translation and protein stability  (62,63). LncRNA MAR1 
acts as a miR‑487b sponge to regulate Wnt5a protein expres‑
sion, resulting in the promotion ofmuscle differentiation and 
regeneration (36). Myolinc recruits TDP‑43 to the promoters 
of Filamin‑A‑interacting protein 1 and muscle marker 
genes (such as MyoD) to regulate myogenic regulatory 
networks (26). Additionally, lncRNAs can act as ‘sponges’ for 
miRNAs by pairing with and titrating them off their mRNA 
targets  (64). In C2C12 cells, MAR1 has been indicated to 
promote myogenic differentiation by acting as a sponge 
for miR‑487b, thereby regulating the expression of Wnt5a, 
which serves an important role in muscle regeneration (36). 

The present study also demonstrated that MAR1 expression 
in C2C12 cells treated with DEX was higher compared with 
the control group, and the expression of the downstream target 
gene Wnt5a was also increased, indicating a compensatory 
increase in MAR1 expression. Zhang et al (36) reported that 
the lncRNA MAR1 was significantly downregulated in mouse 
gastrocnemius muscle under senescence and mechanical 
unloading conditions during muscular atrophy. LncRNAs may 
change dynamically during muscular atrophy, or the same 
lncRNAs involved in muscular development may respond in 
different ways to different stimuli (65,66). linc‑MD1 and Dum 
have been indicated to regulate the expression of MYHC and 
servean important role in the differentiation and development 
of skeletal muscle cells (30,31). Therefore, increased expres‑
sion of linc‑MD1 and Dum may be a compensatory response 
to atrophy. Inhibition of MURF1 and Atrogin‑1 expression 
has been indicated to inhibit muscle loss and reduce muscle 
atrophy (36). In the current study, the expression of Atrolnc‑1 
in the DEX‑induced atrophy model was significantly increased 
compared with the control cells. These results are consis‑
tent with studies that revealed that Atrolnc‑1 significantly 
enhanced atrophic muscles in mouse models of chronic kidney 
disease, starvation and cancer (30,49). Atrolnc‑1 interacts with 
A20 binding inhibitors of NF‑κB‑1 to promote its activation, 
leading to increased expression of MURF1 (30). The high 
expression of Atrolnc‑1 and MURF1 observed in the present 
study further indicates that muscular atrophy occurred in 
DEX‑treated C2C12 cells.

It has been suggested that lncRNAs and miRNAs may 
mutually restrict muscle development in muscular atrophy 
model (33,67). The results of the present study demonstrated 
that the expression of miR‑133a and miR‑133b in DEX‑treated 
C2C12 cells increased compared with the control cells, which is 
consistent with the ability of linc‑MD1 to modulate expression. 

Figure 3. LncRNA expression patterns in atrophic C2C12 cells. The expression levels of lncRNAs (A) Atrolnc-1, (B) Dum, (C) MAR1, (D) linc-MD1, (E) 
Myolinc, (F) LncMyoD and (G) lnc-mg were detected in control C2C12 cells and DEX-induced muscle atrophy C2C12 cells. All data are presented as 
mean ± SD. *P<0.05, **P<0.01 or ***P<0.001 vs. control; n=3 per group. LncRNA, long non‑coding RNA; DEX, dexamethasone; ns, not significant; linc‑MD1, 
long intergenic non‑protein coding RNA muscle differentiation 1.
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Legnini et al (34) indicated that in normal skeletal muscle 
cells, increased expression of miR‑133a led to the cleavage of 
linc‑MD1 to form miR‑133b. Therefore, it can be speculated 
that, under the action of DEX, linc‑MD1 may be upregulated 
and exhibit a compensatory effect via increased expression 
of miR‑133a and miR‑133b. However, the expression of the 
downstream mRNAs MAML1 and Mef2c were not indicated 
to be significantly different between the DEX‑treated C2C12 
and control cells, so may serve a role in this mechanism.

In conclusion, DEX increased catabolism in skeletal muscle 
cells and elevated the expression of key genes for muscular 
atrophy, which suggested the successful establishment of the 
muscular atrophy model in C2C12 cells. Recent studies have 
demonstrated that some important miRNAs and lncRNAs 
may be involved in regulating the mechanism of action behind 
muscular atrophy (16,33,44,67); however, this remains to be 

further explored. The results of the present study provide a 
novel perspective for studies on miRNAs and lncRNAs in 
GC‑induced muscular atrophy, and suggest that they may be 
used as potential diagnostic tools. Further studies are required 
to improve the understanding ofthe role of non‑coding RNAs 
in GC‑induced muscle atrophy.
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