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Abstract: Skeletal muscle atrophy is a complex degenerative disease characterized by decreased
skeletal muscle mass, skeletal muscle strength, and function. MicroRNAs (miRNAs) are a potential
therapeutic target, and natural products that regulate miRNA expression may be a safe and effective
treatment strategy for muscle atrophy. Previous studies have shown beneficial effects of genistein
treatment on muscle mass and muscle atrophy, but the mechanism is not fully understood. Differential
co-expression network analysis revealed that miR-222 was upregulated in multiple skeletal muscle
atrophy models. Subsequent in vitro (C2C12 myoblasts) and in vivo (C57BL/6 mice) experiments
showed that genistein could alleviate dexamethasone-induced muscle atrophy and downregulate
the expression of miR-222 in muscle tissue and C2C12 myotubes. The dual-luciferase reporter assay
system confirmed that IGF1 is a target gene of miR-222 and is regulated by genistein. In C2C12
myotubes, both dexamethasone and miR-222 overexpression promoted muscle atrophy, however,
this function was significantly reduced after genistein treatment. Furthermore, we also observed that
both genistein and miR-222 antagomiR could significantly inhibit dexamethasone-induced muscle
atrophy in vivo. These results suggest that miR-222 may be involved in the regulation of genistein on
muscle atrophy, and genistein and miR-222 may be used to improve muscle health.

Keywords: genistein; muscle atrophy; miR-222; IGF1

1. Introduction

Skeletal muscle mass accounts for approximately 40% of a healthy adult body weight
and plays an important role in supporting body weight, maintaining posture, and maintain-
ing body temperature [1]. In addition, it also acts as a secretory organ to secrete a variety of
myokines to affect the function of other organs [2]. As the basis of skeletal muscle function,
skeletal muscle mass is often affected by various factors such as exercise and disease [3].
Resistance exercise can increase protein synthesis in skeletal muscle cells and induce muscle
hypertrophy; while limb disuse, heart failure, cachexia, Duchenne muscular dystrophy,
etc. can lead to decreased skeletal muscle protein synthesis or enhanced degradation,
causing skeletal muscle atrophy [4]. Impaired muscle function due to muscle atrophy is
one of the important causes of increased mortality from wasting disease [5]. Therefore, the
maintenance of muscle mass and function is of great significance to the health of the body.

The maintenance of skeletal muscle mass depends on the balance between skeletal
muscle protein synthesis and breakdown [6]. Skeletal muscle hypertrophy occurs when
skeletal muscle cell protein synthesis exceeds degradation, increasing the size of preex-
isting muscle fibers within skeletal muscle. Studies have shown that a variety of key
molecules and signal transduction pathways regulate skeletal muscle hypertrophy, such
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as insulin-like growth factor 1 (IGF1)/phosphatidylinositol 3-kinase (PI3K)/Akt, Myo-
statin (MSTN), etc. [7,8]. When protein degradation exceeds protein synthesis, skeletal
muscle atrophy occurs, characterized by decreased muscle fiber cross-sectional area and
decreased muscle strength. There are two main protein degradation pathways in cells: the
ubiquitin proteasome system (UPS) pathway and the autophagy-lysosome pathway [9].
The UPS pathway is the main pathway for the selective degradation of ATP-dependent
proteins in cells, degrading 80% to 90% of ubiquitinated proteins in cells [10]. Numerous
studies have shown that MAFbx (muscle atrophy F-box, also known as atrogin-1, Fbxo32
(F-box protein 32)) and MuRF1 (muscle RING finer 1, also known as Trim63 (tripartite
motif-containing 63)) are skeletal muscle-specific ubiquitin ligases that regulate protein
ubiquitination and are used as important markers of various muscle atrophy [11].

There are various hormones in the body that act on the protein metabolism of skeletal
muscle [12]. The hormones that promote muscle protein anabolism in the body mainly
include growth hormone (GH), testosterone, estrogen, and IGF1, while the main ones that
promotes muscle protein catabolism is glucocorticoids (GCs) [13]. In the treatment of
muscle atrophy, in addition to physical therapy programs based on exercise, gene therapy,
stem cell therapy and drug therapy programs are the main research directions for the
treatment of muscular dystrophy. However, there is no effective pharmacological treatment
for muscle atrophy, and gene therapy and stem cell therapy are still immature [14]. Studies
have shown that estrogen is a potential drug for treating skeletal muscle atrophy [15].
Genistein is one of the phytoestrogens widely distributed in leguminous plants, which can
show weak estrogenic or antiestrogenic activity in mammals. A previous study found that
dietary genistein prevents denervation-induced muscle atrophy in male rodents by affecting
estrogen receptor-α(ERα, also known as ESR1) [16], but the underlying mechanisms and
regulatory networks remain unclear.

MicroRNAs (miRNAs) are a class of short noncoding RNAs (ncRNAs) consisting of
about 22 nucleotides. As a class of epigenetic regulators, a variety of miRNAs have been
identified to play critical roles in myogenesis, development, injury repair, and muscle
atrophy [17]. Previous studies have found that genistein can regulate miRNAs involved in
the treatment of cancer [18], muscle fiber type switching [19], NASH [20] and obesity [21],
but it is unclear whether or which miRNAs are involved in the regulation of genistein on
skeletal muscle atrophy.

In this study, we focused on the effect of genistein on dexamethasone-induced skeletal
muscle atrophy and explored the potential mechanism of genistein-regulated miRNAs in
the process of muscle atrophy. The results may provide new insights for genistein and
miRNA in the prevention and treatment of muscle atrophy.

2. Materials and Methods
2.1. Animals and Treatment

50 ten-week female C57BL/6 mice (Chengdu Dashuo Experimental Animal Co, Ltd.,
Chengdu, China) were maintained in a dedicated animal room at 22 ◦C ± 3 ◦C under a nat-
ural light cycle. During the experiment, all mice were reared by specially-assigned persons,
provided with sufficient feed and water. Animal feeding procedures and experimental
protocols were carried out under the supervision of the Animal Care and Ethics Committee
of Sichuan Agricultural University (No. 20210156, Chengdu, Sichuan, China).

2.2. Muscle Atrophy Model

The animals were intraperitoneally injected with Dex (dexamethasone, 25 mg/kg
body weight) after seven days of acclimatization to establish a muscle atrophy model [22].
Genistein (Purity ≥ 98%, Jingzhu Biotechnology, Nanjing, China) was taken orally at a dose
of 10 mg/kg body weight per day, started 3 days before Dex treatment, and continued until
the end of the experiment [19]. The miR-222 antagomir and negative control antagomir
(GenePharma, Shanghai, China) were used. Intramuscular injection (25 nmol/mouse),
once every 2 days for 10 days. Sample collection was performed the day after the injection
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procedure was completed. Dex (0.2 mL per mouse) was injected intraperitoneally every
day at 6 pm and weighed before injection. In the preliminary experiment, 3 mice were
euthanized on the 0th day, the 3rd day, the 7th day, the 10th day and the 14th day, and
the tibialis anterior (TA) muscle was taken and weighed to evaluate the effect of muscle
atrophy (Figure 1A). The control group was injected with an equal amount of phosphate-
buffered saline (PBS). According to the pre-experimental results, the skeletal muscle atrophy
model was constructed by intraperitoneal injection of Dex for 10 consecutive days in the
formal experimental.
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Figure 1. Genistein attenuates Dex-induced muscle fiber area reduction in mice. (A) Time course of
mouse body weight and tibialis anterior (TA) muscle mass loss in a Dex-induced muscle atrophy
model. (B) Mice body weight at the end of treatment. (C) TA muscle weight of mice at the end of
treatment. (D) H-E (hematoxylin-eosin) staining of TA and Sol (soleus) muscle. (E) Mean muscle
fiber area of TA and Sol muscle. (F,G) The distribution frequency of TA (F) and Sol (G) muscle fibers.
A (pre-experiment, without genistein treatment), n = 3; (B–G) (formal experimental, NC: normal
control group, Dex: Dexamethasone-treated group, DG: Dexamethasone+genistein treatment group),
n = 6. * p < 0.05, compared with the NC group, # p < 0.05, compared with Dex group.
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2.3. Cell Culture and Transfection

The C2C12 myoblast cell line and the HeLa cell line (Stem Cell Bank, Chinese Academy
of Sciences, Beijing, China) were cultured using a carbon dioxide incubator at 37 ◦C in
a 5% carbon dioxide system. C2C12 myoblasts were cultured in growth medium (GM,
10% FBS (fetal bovine serum, Gibco, Carlsbad, CA, USA) +90% DMEM (Gibco)) before
differentiation, and changed to differentiation medium (DM, DMEM with 2% horse serum
(Gibco)) when the cell density reached about 80%. The medium was changed every 24 h
and transfected after 3 days in DM.

The genistein stock solution (1M) was dissolved in dimethyl sulfoxide (DMSO) and
stored at room temperature at −20 ◦C [19]. To induce muscle atrophy in vitro, cells were
incubated in DM added with 5 µM Dex for 48 h before harvesting or for morphological
analysis [23]. At the same time, genistein (10 µM), miR-222 mimic (50 nM), inhibitor (50 nM)
and negative control (50 nM, Ribobio, Guangzhou, China) were transfected into the C2C12
myotube using Lipofectamine 3000 (Invitrogen, Guangzhou, China). Transfection efficiency
was detected using RT-qPCR (Real-Time Quantitative PCR).

2.4. Skeletal Muscle Tissue Section and C2C12 Myotube Immunofluorescence Staining

Skeletal muscle samples were freshly isolated and mounted in muscle fixation fluid
(Servicebio, Wuhan, China). After the muscle tissues were fixed, the tissues were dehy-
drated with different concentrations of ethanol, embedded in paraffin, then sliced, and
finally stained with H-E (hematoxylin-eosin), observed under a microscope and pho-
tographed. C2C12 myotubes were fixed with paraformaldehyde, blocked with goat serum
for 1 h, and then incubated with MYHC primary antibody (Servicebio) at 4 ◦C for 12 h.
Finally, the cells were incubated with Fitc-labeled secondary antibody for 2 h and observed
under a fluorescence microscope (TE2000, Nikon, Tokyo, Japan). Measure the diameter of
each myotube at the midpoint. Measurements of skeletal muscle fiber area and C2C12 my-
otube diameter were determined using the Count/Size tool in Image-Pro Plus 6.0 software
(Media Cybernetics Corp., Bethesda, MD, USA).

2.5. Total RNA Extraction and RT-qPCR

Accurately weigh 30 mg of muscle tissue, add 1 mL of Trizol (TaKaRa, Dalian, China)
to fully lyse, centrifuge at 3000 rpm for 5 min, and take the supernatant to extract total RNA
according to the kit instructions. For C2C12 myotubes, after removing the medium, add
1ml Trizol (12-well cell culture plate) to the myotubes for sufficient lysis, and then extract
total RNA according to the instructions. Total RNA was first reverse transcribed into cDNA
and RT-qPCR was performed using the SYBR Premix Ex Taq kit (TaKaRa). U6 was used
as a miRNA internal control, and ACTB served as an mRNA internal control. The primer
sequences are listed in Table S1.

2.6. Dual Luciferase Reporting System

The psiCHECK™-2 vector inserts the 3’ UTR of IGF1, which is predicted to bind to
miR-222. The vector, miR-222 mimic and negative control were transfected into HeLa cell
lines using Lipofectamine 3000 (Invitrogen). 48 h after transfection, cells were collected
and lysed, and luciferase activity was measured using a dual-luciferase detection system
(Promega, Madison, WI, USA) according to the kit instructions.

2.7. Data Analysis in Public Databases

The miRNAs sequencing data used in this study were all derived from the GEO
database. (https://www.ncbi.nlm.nih.gov/geo/, accessed on 1 March 2022). Target
genes of miRNAs were predicted using TargetScan [24], RNAhybrid [25] and miRDB [26]
programs. Gene interaction network analysis was performed using STRING 11.5
(https://cn.string-db.org/, accessed on 12 March 2022) and plotted using Cytoscape 3.8.
Gene Ontology (GO) enrichment analysis was plotted by a free online platform for data anal-
ysis and visualization (http://www.bioinformatics.com.cn, accessed on 12 March 2022).

https://www.ncbi.nlm.nih.gov/geo/
https://cn.string-db.org/
http://www.bioinformatics.com.cn
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2.8. Statistical Analysis

Statistical analysis was performed using SPSS software (SPSS 20.0, SPSS Inc.,
Chicago, IL, USA) and expressed as means ± standard deviation (SD). One-way ANOVA
was used to calculate the P value between the two groups, and p ≤ 0.05 was considered to
be significantly different.

3. Results
3.1. Genistein Alleviates Dexamethasone-Induced Skeletal Muscle Atrophy In Vivo

In the pre-experiment, after dexamethasone (Dex) treatment, mice body weight and
tibialis anterior (TA) muscle mass continued to decline, reaching significant levels on day 3
(19.40 g) and day 7 (75.37%), respectively (Figure 1A). Taking into account the treatment
time and effect of Dex, the muscle atrophy model was constructed by continuous injection
of Dex for 10 days in the subsequent experiments. Administration of genistein significantly
inhibited Dex-induced loss of body weight and TA muscle mass (Figure 1B,C). We further
measured the muscle fiber area of the soleus (Sol) muscle and TA muscle, and found that
Dex treatment led to a decrease in the muscle fiber area of Sol and TA, while genistein
significantly inhibited the decrease of muscle fiber area of Sol and TA caused by Dex
treatment (Figure 1D–G). These results suggest that Dex-induced skeletal muscle mass
reduction is mainly characterized by muscle fiber area reduction, and genistein improves
muscle atrophy by inhibiting muscle fiber area reduction.

3.2. Genistein Alleviates Dexamethasone-Induced Skeletal Muscle Atrophy In Vitro

The expression levels of MSTN, Fbxo32 and Trim63 were all significantly increased,
and the expression level of IGF1 was significantly decreased in the Sol and TA muscles of
Dex-treated mice (Figure 2A–D). Compared with the Dex group, genistein significantly
inhibited the Dex-induced increase in the expression levels of MSTN, Fbxo32 and Trim63,
and the decrease in the expression level of IGF1 (Figure 2A–D). To further clarify the
regulatory effect of genistein on muscle fibers in muscle atrophy, we constructed an in vitro
muscle atrophy model using differentiated C2C12 myoblasts. Similar to in vivo muscle
atrophy model, Dex treatment resulted in a significant decrease in myotube diameter in the
cellular model, while genistein attenuated the effect of Dex on C2C12 cells (Figure 2E,F).
In the in vitro model, genistein also significantly inhibited the Dex-induced increases in
the expression levels of MSTN, Fbxo32 and Trim63, and promoted the expression of IGF1
(Figure 2G,H). Further analysis of muscle fiber types in the cell model showed that all types
of muscle fibers were significantly reduced after Dex treatment, and genistein significantly
alleviated the reduction in the expression levels of MYH1, MYH4 and MYH7 (Figure 2I).
Analysis of the MYHC isoforms composition revealed that Dex treatment mainly resulted
in a decrease in the content of MYH4, which is a marker of fast twitch muscle (Figure 2J).
Taken together, these data demonstrate that genistein is effective in both in vitro and in vivo
muscle atrophy, suggesting the potential of genistein in preventing muscle atrophy.
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Figure 2. Genistein alleviates Dex-induced skeletal muscle atrophy in vitro. (A) The expression of
MSTN and IGF1 in Sol. (B) The expression of Fbxo32 and Trim63 in Sol. (C) The expression of MSTN
and IGF1 in TA. (D) The expression of Fbxo32 and Trim63 in TA. (E) Immunofluorescent staining for
C2C12 myotubes. (F) Rain-cloud diagram showing C2C12 myotube diameter distribution. (G) The
expression of MSTN and IGF1 in C2C12 myotubes. (H) The expression of Fbxo32 and Trim63 in C2C12
myotubes. (I,J) The relative expression (I) and proportion (J) of each isoform of MYHC (myosin
heavy chain). n = 6. * p < 0.05, compared with the NC group, # p < 0.05.

3.3. miR-222 Is One of the Core Regulators of Muscle Atrophy

Co-expression analysis of differentially expressed miRNAs in aging and disuse muscle
atrophy revealed miR-126a-5p, miR-540-3p, miR-541-5p, miR-221-5p, miR-455-3p, miR-
7240-3p and miR-181b-1-3p were downregulated in two muscle atrophy models, while
miR-7075-3p, miR-92a-1-5p, miR-342-3p and miR-222-3p were upregulated in both muscle
atrophy models. (Figure 3A1,A2). Further combined analysis with denervated muscle
atrophy models found that miR-540-3p, miR-221-5p and miR-181b-1-3p were also down-
regulated in denervated muscle atrophy models, while miR-92a-1-5p, miR- 342-3p and
miR-222-3p are upregulated in a denervated muscle atrophy model (Figure 3A3). Among
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them, miR-222-3p had the smallest p-value and the largest differential change (Figure 3A3).
To further explore the possible regulatory mechanism of miR-222 in muscle atrophy, we
used TargetScan and miRBD to predict the target genes of miR-222. GO (Gene Ontology)
analysis showed that miR-222 target genes were mainly involved in biological processes (BP)
such as muscle tissue development, regulation of muscle tissue development, regulation
of striated muscle tissue development, muscle organ development, regulation of muscle
organ development and muscle cell proliferation (Figure 3B). Furthermore, we also found
that genistein could inhibit Dex-induced upregulation of miR-222 both in vitro and in vivo
(Figure 3C,D). These results suggest that miR-222 is a core regulator of muscle atrophy and
is regulated by genistein (Table S2).

miR-126a-5p
miR-540-3p
miR-541-5p
miR-221-5p
miR-455-3p
miR-7240-3p

miR-181b-1-3p

miR-7075-3p
miR-92a-1-5p
miR-342-3p
miR-222-3p

A1

B

C
*

*#

0

1.5

3

4.5

6

NC Dex DG

Th
e 

ex
pr

es
si

on
 o

f m
iR

-2
22

muscle
*

*#

0

1

2

3

4

5

NC Dex DG

Th
e 

ex
pr

es
si

on
 o

f m
iR

-2
22

cellD

A2 A3

miR−222

miR−92a
miR−342

miR−221−5p

miR−181b

miR−540

0

2

4

6

−4 −2 0 2 4
 Log2 fold change

 
Lo

g 1
0 

P

Not Sig Log2FC Pvalue Pvalue and Log2FC

GSE81914

RNA polymerase II core promoter sequence−specific DNA
binding

nucleoside−triphosphatase regulator activity
MAP kinase kinase kinase activity
bHLH transcription factor binding

SH2 domain binding
protein tyrosine kinase binding

SMAD binding
protein serine/threonine kinase activity

mRNA binding
DNA−binding transcription factor binding

site of polarized growth
postsynaptic specialization membrane

integral component of postsynaptic membrane
postsynaptic specialization

intrinsic component of postsynaptic specialization membrane
intrinsic component of postsynaptic membrane

postsynaptic membrane
synaptic membrane

integral component of synaptic membrane
intrinsic component of synaptic membrane

cognition
muscle organ development

regulation of muscle organ development
muscle cell proliferation

regulation of striated muscle tissue development
regulation of translation

synapse organization
regulation of muscle tissue development

muscle tissue development
forebrain development

0 2 4 6
Enrichment Score

BP
CC
MF

GO Results of Three Ontologies

Figure 3. miR-222 is upregulated in multiple models of skeletal muscle atrophy. (A1–A3) Co-
expression analysis of miRNAs in disuse atrophy models (GSE76442_D), old mice (GSE76442_D),
and denervated muscle atrophy models (GSE81914). Data sourced from GEO DataSets (GSE76442,
GSE81914). (B) Gene ontology analysis of miR-222 target genes. (C,D) The expression of miR-222 in
skeletal muscle (C) and C2C12 myotubes (D). (C,D), n = 6. * p < 0.05, compared with the NC group,
# p < 0.05.

3.4. IGF1 Is an Important Target Gene of miR-222 and Is Regulated by Genistein

miRNAs mainly exert biological functions by regulating target genes. We further
analyzed and verified the possible target genes of miR-222 in regulating muscle atrophy.
The interaction network analysis of miR-222 target genes found that there were four genes
related to muscle development and at the nodes of the interaction network: Tcf712, Psma8,
Gnai2, ESR1, Smad4, Pik3r1 and IGF1 (Figure 4). Using data from public databases, we
analyzed the expression patterns of muscle atrophy marker genes and network node
molecules in a denervated muscular atrophy animal model of dietary genistein. The results
showed that muscle tissue denervation resulted in a significant up-regulation of Fbxo32,
Trim63, MSTN, Pik3r1 and smad4, and a significant decrease in IGF1 and ESR1. Dietary



Nutrients 2022, 14, 1861 8 of 15

genistein alleviated denervation-induced upregulation of Fbxo32, pik3r1, and smad4, while
reversing the downregulation of IGF1 and ESR1 (Figure 5A). miRNAs mainly inhibit the
post-transcriptional expression of target genes, while miR-222 is up-regulated in muscle
atrophy, so we speculate that miR-222 may regulate muscle atrophy through IGF1 and
ESR1, which are down-regulated in muscle atrophy. Further analysis showed that IGF1
has a higher expression level in skeletal muscle than ESR1, and there are two potential
binding sites for miR-222 in the 3’UTR of IGF1, suggesting that IGF1 may play a more
important role in miR-222-regulated skeletal muscle atrophy (Figure 5B–D). The dual-
luciferase reporter system showed that both binding sites of the 3’UTR of IGF1 could bind
to miR-222 (Figure 5E,F). Furthermore, correlation analysis showed that the expressionof
miR-222 and IGF1 were highly negatively correlated (Figure 5G).
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Figure 5. IGF1 is a target gene of miR-222. (A1–A8) Expression signature of muscle atrophy marker
genes and node genes (miR-222 target gene interaction network) in a denervated muscle atrophy
model. Data were sourced from the GEO database (GSE77121, GSM2044533: Control diet_Sham
tretment, GSM2044534: Control diet_Denervated treatment, GSM2044535: Genistein diet_Sham treat-
ment, GSM2044536: Genistein diet_Denervated treatment) and analyzed online using the GEOR2
tool. (B–D) Prediction and secondary structure analysis of IGF1 and miR-222 binding sites. (E,F) Fluo-
rescence intensity of a dual-luciferase reporter assay system for two potential binding sites of miR-222
and IGF1. (G) Correlation analysis of miR-222 and IGF1 expression levels in TA muscle. C, F_G, n = 3;
H, n = 18. * p < 0.05, compared with the NC group.
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3.5. Genistein Attenuates Dexamethasone-Induced Muscle Atrophy by Downregulating miR-222
In Vivo and In Vitro

To further analyze the role of miR-222 during muscle atrophy and the regulation of
miR-222 expression by genistein, co-treatment of C2C12 myoblasts with genistein, miR-222
mimic (222M), miR-222 (222I) inhibitor were performed. The results showed: (1) In the
single treatment group, compared with NC, Dex and miR-222 mimic significantly reduced
the diameter of myotubes, while miR-222 inhibitor significantly increased the diameter of
myotubes; (2) In the muscle atrophy model, compared with the Dex group, both genistein
and miR-222 inhibitor could alleviate the decrease in the diameter of myotubes caused
by Desemide treatment, while miR-222 mimic further aggravated the decrease in the
diameter of myotubes; (3) Compared with miR-222 mimic alone, genistein could alleviate
the reduction of myotube diameter caused by miR-222 overexpression (Figure 6A,B). The
expression of IGF1 in C2C12 myotubes decreased with the increase of miR-222 expression
level (Figure 6C,D). Compared with the Dex group, the DG group significantly down-
regulated the expression of miR-222 (Figure 6C). We also found that IGF1 expression level
was positively correlated with myotube diameter (Figure 6E). These results suggest that
promoting miR-222 expression in C2C12 myotubes exacerbates muscle atrophy, while
reducing miR-222 expression can effectively alleviate muscle atrophy.

Nutrients 2022, 14, x FOR PEER REVIEW 10 of 15 
 

 

222 mimic (222M), miR-222 (222I) inhibitor were performed. The results showed: (1) In 
the single treatment group, compared with NC, Dex and miR-222 mimic significantly re-
duced the diameter of myotubes, while miR-222 inhibitor significantly increased the di-
ameter of myotubes; (2) In the muscle atrophy model, compared with the Dex group, both 
genistein and miR-222 inhibitor could alleviate the decrease in the diameter of myotubes 
caused by Desemide treatment, while miR-222 mimic further aggravated the decrease in 
the diameter of myotubes; (3) Compared with miR-222 mimic alone, genistein could alle-
viate the reduction of myotube diameter caused by miR-222 overexpression (Figure 6A-
B). The expression of IGF1 in C2C12 myotubes decreased with the increase of miR-222 
expression level (Figure 6C–D). Compared with the Dex group, the DG group signifi-
cantly down-regulated the expression of miR-222 (Figure 6C). We also found that IGF1 
expression level was positively correlated with myotube diameter (Figure 6E). These re-
sults suggest that promoting miR-222 expression in C2C12 myotubes exacerbates muscle 
atrophy, while reducing miR-222 expression can effectively alleviate muscle atrophy. 

 
Figure 6. Effects of combined treatment of genistein and miR-222 on in vitro muscle atrophy model. 
(A) Immunofluorescence staining of MyHC. Negative control (NC), dexamethasone (Dex), miR-222 
mimic (222M), miR-222 inhibitor (222I), dexamethasone + miR-222 mimic (D222M), dexamethasone 
+ miR-222 inhibitor (D222I), dexamethasone + genistein (DG), genistein + miR-222 mimic (G222M). 
(B) Rain-cloud diagram showing C2C12 myotube diameter distribution. (C) The expression of miR-
222 in C2C12 myotubes. (D) The expression of IGF1 in C2C12 myotubes. (E) Correlation analysis of 
miR-222 and IGF1 expression levels in C2C12 myotubes. n = 3. * p < 0.05, compared with the NC 
group, # p < 0.05, compared with Dex group, $ p < 0.05, compared with 222M group. 

In a Dex-induced muscle atrophy model in mice, injection of miR-222 antagomiR or 
genistein treatment had the same effect. Injection of miR-222 antagomiR or treatment with 

Figure 6. Effects of combined treatment of genistein and miR-222 on in vitro muscle atrophy model.
(A) Immunofluorescence staining of MyHC. Negative control (NC), dexamethasone (Dex), miR-222
mimic (222M), miR-222 inhibitor (222I), dexamethasone + miR-222 mimic (D222M), dexametha-
sone + miR-222 inhibitor (D222I), dexamethasone + genistein (DG), genistein + miR-222 mimic
(G222M). (B) Rain-cloud diagram showing C2C12 myotube diameter distribution. (C) The expression
of miR-222 in C2C12 myotubes. (D) The expression of IGF1 in C2C12 myotubes. (E) Correlation
analysis of miR-222 and IGF1 expression levels in C2C12 myotubes. n = 3. * p < 0.05, compared with
the NC group, # p < 0.05, compared with Dex group, $ p < 0.05, compared with 222M group.
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In a Dex-induced muscle atrophy model in mice, injection of miR-222 antagomiR or
genistein treatment had the same effect. Injection of miR-222 antagomiR or treatment with
genistein could effectively inhibit the up-regulation of miR-222, Fbxo32 and Trim63 induced
by Dex, and slow down the down-regulation of IGF1 induced by Dex (Figure 7A–C).
Furthermore, injection of miR-222 antagomiR or treatment with genistein significantly
inhibited the decrease in muscle fiber area caused by Dex (Figure 7D,E). These results
suggest that both genistein and miR-222 can regulate muscle atrophy. miR-222 plays an
important role for genistein in alleviating muscle atrophy.
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Figure 7. Genistein and miR-222 antagomiR alleviate Dex-induced muscle atrophy in vivo. (A) HE-
stained section of TA muscle. (B) The expression of miR-222 and IGF1 in TA muscle. (C) The
expression of Fbxo32 and Trim63 in TA muscle. (D) Distribution frequency of TA muscle fiber area.
(E) Mean muscle fiber area of TA muscle. NC: negative control; Dex: dexamethasone; D222-ant:
dexamethasone + antagomiR-222; DG: dexamethasone + genistein. n = 4. * p < 0.05, compared with
the NC group, # p < 0.05.

4. Discussion

Muscle atrophy is often caused by a variety of stressors, is debilitating and severely
affects quality of life [27]. Studies have found that miRNAs are abnormally expressed in
skeletal muscle atrophy, but the specific mechanisms of these miRNAs remain unclear [17].
Here, we report that miR-222 is upregulated in multiple types of muscle atrophy, and
genistein acts as a natural regulator of miR-222 to alleviate muscle atrophy.

The stress response caused by various factors is an important influencing factor of
skeletal muscle atrophy. Glucocorticoids (GCs) are the most important regulators of the
body’s stress response [28]. It is also the most widely used and effective anti-inflammatory
and immunosuppressant in clinical practice [29]. GCs are often the first choice in emergency
or critical situations. Dexamethasone (Dex) is a synthetic long-acting glucocorticoid that
has been widely used and reported on the new coronavirus pneumonia [30]. However,
excess glucocorticoids can significantly reduce muscle strength and motor activity, leading
to decreased muscle mass and muscle atrophy [13,31]. In this study, it was found that
the body weight of the mice decreased significantly after 3 days of Dex injection, and the
weight of the TA muscle was also significantly decreased after 7 days. Interestingly, we
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found that Dex had a stronger effect on TA muscle than Sol muscle. TA muscle fiber area
decreased by 42.34% and Sol muscle decreased by 35.75% after Dex treatment. In cellular
models, we also found that MYH4, a marker for rapidly contracting myofibers [32], had
the greatest decrease in both expression and proportion. Therefore, our follow-up study
mainly focused on the tibialis anterior (TA) muscle. Previous studies have also found that
glucocorticoids mainly affect fast-twitch muscle fibers [33].

Estrogen or hormone replacement therapy has been shown to have beneficial effects on
muscle mass and muscle wasting [12]. Estrogen mainly exerts its biological effects through
two receptors, ESR1 and ESR2 [34]. ESR1 and ESR2 are ubiquitous in female and male
muscle and expressed in muscle fibers, endothelial cells, and satellite cells [35,36]. Studies
have found that deletion of ESR1 in skeletal muscle leads to impaired skeletal muscle
glucose metabolism [37] and reduced muscle oxidative metabolism [38]. In addition, ESR1
expression was down-regulated in atrophic skeletal muscle [16,39], and endurance training
increased ESR1 expression in skeletal muscle [36,40]. Genistein is a phytoestrogen with
estrogen-like effects in animals [41]. In this study, it was found that genistein could inhibit
the up-regulation of MSTN, Fbxo32 and Trim63 and the down-regulation of IGF1 induced
by Dex, and relieve muscle atrophy in vitro and in vivo. Upregulation of MSTN, Fbxo32,
and Trim63, and downregulation of IGF1 have been reported to be common features in
starvation, disuse, denervation, and glucocorticoid-induced muscle atrophy, so these genes
are also frequently used as markers of muscle atrophy [7,22]. Our results suggest that the
improvement of muscle atrophy by genistein may be generalized in multiple models.

The specific miRNAs expressed in muscle are called myomiRs [42]. myomiRs have
been widely reported to be involved in skeletal muscle development and maintenance of
physiological function [43,44]. Most of the previously reported miRNAs involved in muscle
atrophy also belong to myomiRs [45]. With the widespread application of high-throughput
sequencing technology, more and more non-myomiRs have been found to be related to
muscle atrophy, such as miR-29b [22], miR-497-5p [46], miR-27 [47], etc. In this study, we
performed a combined analysis of differentially expressed miRNAs in models of aging,
disuse, and denervation-induced muscle atrophy. After co-expression analysis, miR-540-3p,
miR-221-5p and miR-181b-1-3p were found to be down-regulated in 3 muscle atrophy
models, while miR-222-3p, miR-342-3p and miR-92a- 1-5p were upregulated in 3 models of
muscle atrophy. Among them, miR-222-3p was found to be regulated by genistein in our
previous study [19]. In this study, it was also found that genistein could down-regulate
the Dex-induced increase in miR-222 expression both in vitro and in vivo. Through GO
enrichment analysis of miR-222 target genes, and found that miR-222 target genes are
involved in many biological processes related to skeletal muscle development, suggesting
that miR-222 may be the core miRNA that regulates muscle atrophy.

In order to further clarify the target genes of miR-222 that play a major role in muscle
atrophy, we analyzed the interaction regulatory network of miR-222 target genes, and the
results showed that Tcf712, Psma8, Gnai2, ESR1, Smad4, Pik3r1 and IGF1 are important
molecular nodes, among which ESR1 [16], IGF1 [7] and Pik3r1 [48] are closely related to
skeletal muscle atrophy. Usually, miRNAs exert biological functions by inhibiting the
expression of target genes, here we found that miR-222 is up-regulated in muscle atrophy,
and Pik3r1 is also highly expressed after muscle atrophy, so Pik3r1 was not further studied.
Furthermore, it is worth noting that we found that PGC1α, identified in our previous study
as a target gene of miR-222 to regulate muscle fiber turnover, was unchanged in models of
muscle atrophy [19]. It suggested that PGC1α may not play a major role in muscle atrophy
involving mir-222. This phenomenon, which is differentially characterized in different
models, has also been found in other studies [22].

Through sequence alignment analysis, we found that there are two potential bind-
ing sites for miR-222 in the 3’UTR of IGF1, which were subsequently verified using a
dual-luciferase reporter system. IGF1 is one of the core molecules regulating skeletal
muscle atrophy, mainly by promoting muscle protein synthesis and inhibiting muscle
atrophy [49,50]. In addition, miR-222 has a high negative correlation with the expres-
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sion of IGF1, and unlike miR-222 expression, genistein can inhibit the down-regulation
of IGF1 caused by Dex. Similar to the in vitro results, injection of miR-222 antagomiR
and genistein treatment both effectively alleviated Dex-induced muscle atrophy. These
results suggest that genistein alleviates muscle atrophy by promoting IGF1 expression by
downregulating miR-222.

5. Conclusions

Taken together, our results suggest that genistein may act as a natural regulator of
miR-222 for the prevention and treatment of dexamethasone-induced muscle atrophy.
miR-222 is upregulated in multiple types of muscle atrophy and regulates muscle atrophy
progression by targeting IGF1. However, genistein could inhibit dexamethasone or miR-222
overexpression-induced muscle atrophy. Genistein may be used in the future to treat
muscle atrophy or related diseases caused by dysregulation of miR-222.

Supplementary Materials: The following supporting information can be downloaded at: https://
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