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Transcriptome sequencing and analysis reveals the molecular
mechanism of skeletal muscle atrophy induced by denervation
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Background: The molecular mechanism of denervated muscle atrophy is very complex and has not been
elucidated to date. In this study, we aimed to use transcriptome sequencing technology to systematically
analyze the molecular mechanism of denervated muscle atrophy in order to eventually develop effective
strategies or drugs to prevent muscle atrophy.

Methods: Transcriptome sequencing technology was used to analyze the differentially expressed genes
(DEGs) in denervated skeletal muscles. Unsupervised hierarchical clustering of DEGs was performed. Gene
Ontology (GO) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis
was used to analyze the DEGs.

Results: Results showed that 2,749 transcripts were up-regulated, and 2,941 transcripts were down-
regulated in denervated tibialis anterior (TA) muscles after 14 days of denervation. The up-regulated
expressed genes were analyzed through GO and the results demonstrated that biological processes of the
up-regulated expressed genes included apoptotic process, cellular response to DNA damage stimulus,
aging, and protein ubiquitination; the cellular component of the up-regulated expressed genes included
cytoplasm, cytoskeleton, and nucleus; and the molecular function of the up-regulated expressed genes
included ubiquitin-protein transferase activity and hydrolase activity. The KEGG pathway of the up-
regulated expressed genes included ubiquitin mediated proteolysis, Fc gamma R-mediated phagocytosis, and
transforming growth factor-beta (T GF-p) signaling pathway. The biological processes of the down-regulated
expressed genes included angiogenesis, tricarboxylic acid cycle, adenosine triphosphate (ATP) biosynthetic
process, muscle contraction, gluconeogenesis; the cellular component of the down-regulated expressed genes
included mitochondrion, cytoskeleton, and myofibril; and the molecular function of the down-regulated
expressed genes included nicotinamide adenine dinucleotide plus hydrogen (NADH) dehydrogenase
(ubiquinone) activity, proton-transporting ATP synthase activity, ATP binding, electron carrier activity,
cytochrome-c oxidase activity, and oxidoreductase activity. The KEGG pathway of the down-regulated
expressed genes included oxidative phosphorylation, tricarboxylic acid cycle, glycolysis/gluconeogenesis, and
the PI3K-Akt signaling pathway.

Conclusions: A huge number of DEGs were identified in TA muscles after denervation. The up-regulated
expressed genes mainly involve in proteolysis, apoptosis, and ageing. The down-regulated expressed genes

mainly involve in energy metabolism, angiogenesis, and protein synthesis. This study further enriched the
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Introduction

Skeletal muscle is an important effector organ of the
peripheral nervous system. The integrity of its structure
and maintenance of its function is controlled and regulated
by the peripheral nervous system. Peripheral nerve injury
leads to the loss of innervation of skeletal muscle, and then
the loss of signal transmission and material exchange with
nerves, resulting in a series of pathological changes, such
as the reduction of cross-sectional area of muscle fibers,
destruction of myofilaments and sarcomeres, degradation
of myofibrils, decrease of contraction speed and fibrosis,
and finally leads to skeletal muscle atrophy (1-3). Due to
the slow speed of nerve regeneration after peripheral nerve
injury, severe cases often experience irreversible atrophy
or even disability before the target muscle is reinnervated,
which brings a heavy burden to their families and broader
society (4). Therefore, in-depth study of the molecular
mechanism of muscle atrophy caused by peripheral nerve
injury and exploration of new effective drug targets for
prevention and treatment of skeletal muscle atrophy are
important links to solve a series of problems including
targeted muscle repair and functional reconstruction after
peripheral nerve injury.

The characteristics of muscle atrophy are decreased
muscle mass, activation of protein hydrolysis pathway,
and inhibition of protein synthesis pathway activity. In
particular, activation of the proteolytic pathway is an
important cause of virtually all muscle atrophy (5). The
proteolytic systems mainly include ubiquitin proteasome
system (UPS), autophagy lysosome system (ALS), cathepsin
hydrolysis system, and so on. The activation of these
proteolytic pathways in the process of skeletal muscle
atrophy involves a very complex molecular mechanism (6).
Following activation, the proteolytic pathways hydrolyze
myofibrils and cause skeletal muscle atrophy. During muscle
atrophy, a series of biochemical and physiological events
occurs in the atrophying muscles, which are closely related
to the expression of many genes in muscles. Previous
studies have examined many differentially expressed genes
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(DEGsS) in atrophying muscles by using complementary
DNA (cDNA) microarray (5,7-10). Several molecular
mediators in skeletal muscles have been identified to play
crucial roles in denervation-induced muscle atrophy (11-18).
However, it is still unclear which biological processes are
affected in the process of denervation-induced muscle
atrophy. This is neither conducive to further exposing the
molecular regulatory mechanism of denervation-induced
muscle atrophy, nor to providing a potential target for the
prevention and treatment of denervation-induced muscle
atrophy.

Therefore, the present study aimed to describe the
transcriptional landscape of rat tibialis anterior (TA)
muscles after denervation. In this study, we constructed
a model of denervation-induced muscle atrophy.
Transcriptome sequencing technology was used to analyze
the gene expression changes in denervated skeletal muscle
and analyze the DEGs. Furthermore, cluster analysis, Gene
Ontology (GO), and the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis were
used to analyze the DEGs, which revealed some interesting
aspects about gene regulation of skeletal muscle atrophy.
The findings will not only enrich the molecular mechanism
of denervation-induced muscle atrophy, but also provide
potential targets for the prevention and treatment of
denervation-induced muscle atrophy.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-21-1230).

Methods
Animal experiment

Animal experiments were carried out in accordance with
the institutional animal care guidelines and approved by
the Administration Committee of Experimental Animals,
Jiangsu Province (20180305-004). Adult male Sprague-
Dawley (SD) rats (weight, about 200 g) were provided by
the Experimental Animal Center of Nantong University
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(Nantong, Jiangsu, China) with routine provision of food
and water, at 22 °C, with a 12:12-h light-dark cycle. For
animal treatments, SD rats were randomly divided into
2 groups (n=3), namely 1 sham group (only the sciatic
nerve was exposed) and 1 experimental group (creating a
10 mm long defect of the sciatic nerve). After operation, all
rats were euthanized under anesthesia at 14 d, and the TA
muscles were dissected, rapidly frozen on liquid nitrogen,
and stored at —80 °C for subsequent experiments.

Transcriptome sequencing analysis

Total RNA was extracted from muscle samples and its
quality was detected. Then, the Truseq Stranded Total
RNA with Ribo-Zero Gold kit (Illumina, San Diego, CA,
USA) was used to digest the RNA into short pieces. The
broken RNA was used as a template to synthesize first
c¢DNA strand with random primers of 6 bases. Next, a
second strand synthesis reaction system was formulated to
synthesize second strand cDNA. During the synthesis of
second strand cDNA, deoxyuridine triphosphate (dUTP)
was substituted for deoxythymidine triphosphate (dT'T'P),
and then different joints were connected. A strand
containing dUTP was digested by uracil N-glycosylase
(UNG) enzymatic method, and only 1 strand of cDNA
connecting different joints of the strand was retained. A
first strand of cDNA was purified using a purification kit.
The end of the purified cDNA strand was repaired, a tail
was added and the sequencing connector was connected,
fragment size selection was performed, and polymerase
chain reaction (PCR) amplification was performed at last.
After the constructed RNA library had been qualified by
Agilent 2100 BioAnalyzer (Agilent Technologies, Santa
Clara, CA, USA), an Illumina sequencer was used for
sequencing.

Screening of DEGs

The software DESeq (19) was used to standardize the counts
of messenger RNA (mRNA) in each sample (Basemean
value was used to estimate the expression level), and the
difference multiple was calculated. A negative binomial
(NB) distribution test was used to test the difference
significance of the number of reads. Finally, the DEGs were
screened according to the difference multiple and difference
significance test results. The default screening difference
condition was P<0.05 and the difference multiple was
greater than 2.
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Cluster analysis of DEGs

Unsupervised hierarchical clustering of DEGs was
performed. We calculated the distance between pairs of
multiple samples to form a distance matrix, combined the
2 closest classes into a new class, calculated the distance
between the new class and the current class, and then
combined and calculated until there was only 1 class. The
expression of selected DEGs was used to calculate the direct
correlation of samples. In general, the same sample could
appear in the same cluster through clustering, and the genes
clustered in the same cluster may have had similar biological
functions.

GO enrichment analysis of DEGs

After the DEGs had been obtained, GO enrichment analysis
was performed on the DEGs to describe their functions
through the Database for Annotation, Visualization, and
Integrated Discovery (DAVID) v6.8 (https://david.ncifcrf.
gov/tools.jsp). The number of DEGs included in each GO
item was counted, and the significance of DEG enrichment
in each GO item was calculated by hypergeometric
distribution test. The calculated results showed a P value
of enrichment significance, with a small P value indicating
enrichment of DEGs in the GO item. Those GO categories
with a P value <0.05 were considered significantly enriched.

KEGG enrichment analysis of DEGs

The KEGG database (20) and DAVID bioinformatics
resources were used for pathway analysis of DEGs, and
hypergeometric distribution test was used to calculate the
significance of DEGs enrichment in each pathway entry.
The calculated results showed a P value of enrichment
significance, with a small P value indicating enrichment of
DEGs in the pathway entry. The KEGG pathway pictures
were downloaded and the DEGs were labeled on the
pathway map. Red indicated up-regulated genes, green
indicated down-regulated genes, and yellow indicated both
up-regulated and down-regulated genes. Those pathways
with a P value <0.05 were considered significantly enriched.

Statistical analysis

When using RNA-seq data to compare and analyze whether
there is differential expression of the same gene in two
samples, two criteria can be selected: one is Fold Change,
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Figure 1 Cluster analysis results of DEGs during denervation-
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Den14d-2
Den14d-1

induced muscle atrophy. High expression genes are shown in
red and low expression genes are shown in green. Sham group
represents only the sciatic nerve exposed, and Denl4d group
represents the 14 days of denervation. DEGs, differentially

expressed genes.

which is the change multiple of the same gene expression
level in two samples; the other is P value or FDR (adjusted
P value). In order to calculate the FDR value, we first
calculate the P value of each gene, and then use the FDR
error control method to correct the P value. The default
screening condition was P<0.05 and the difference multiple
was more than 2.

Results
DEGs in denervated skeletal muscles

Transcriptome sequencing analysis was performed on the
RNA sample extracted from TA muscles of rats at 0 and
14 days following sciatic nerve transection. Our study
found that the expression of 5,690 transcripts in TA muscle
changed at 14 days after denervation. Concretely, 2,749
transcripts were up-regulated, and 2,941 transcripts were
down-regulated in denervated TA muscles after 14 days of
denervation (Figure 1). These results in turn suggested that
many biological processes and signaling pathways in skeletal
muscle cells may also change significantly after denervation.
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These changes in biological processes and signaling
pathways are bound to promote skeletal muscle atrophy.

Biological process analysis

The GO was used to analyze biological processes related to
DEGs, and the enriched categories of biological processes
for the up-regulated expressed genes in TA muscles after
14 days of denervation are shown in Figure 2. Our results
show that the up-regulated expressed genes mainly involve
biological processes such as apoptotic process, cellular
response to DNA damage stimulus, skeletal muscle
contraction, aging, negative regulation of microtubule
depolymerization, protein ubiquitination, and skeletal
muscle tissue development. These data suggested that
the apoptosis and ubiquitination proteolysis system was
widely activated in denervated TA muscles after 14 days
of denervation. The enriched categories of biological
processes for the down-regulated genes in TA muscles
after 14 days of denervation are labeled in Figure 3. As
shown in Figure 3, the down-regulated expressed genes
mainly involve in biological processes such as angiogenesis,
oxidation-reduction process, tricarboxylic acid (TCA) cycle,
cellular response to vascular endothelial growth factor
stimulus, ATP biosynthetic process, muscle contraction,
gluconeogenesis, nicotinamide adenine dinucleotide plus
hydrogen (NADH) metabolic process, ATP synthesis
coupled proton transport, positive regulation of endothelial
cell migration, ATP metabolic process, and mitochondrial
acetyl-CoA biosynthetic process from pyruvate. These
results indicated that energy metabolism and angiogenesis
are significantly inhibited in denervated skeletal muscle.

Cellular component analysis

The GO was used to analyze the cellular component related
to DEGs, and the enriched categories of cellular component
for the up-regulated expressed genes in TA muscles after
14 days of denervation are labeled in Figure 4. As shown in
Figure 4, the up-regulated expressed genes mainly involve
in cellular components such as cytoplasm, cytoskeleton,
cytosol, nucleoplasm, nucleus, and centrosome. These
data suggested that the up-regulated expressed genes in
denervated skeletal muscle mainly occurred in cytoplasm,
cytoskeleton, and nucleus. The enriched categories of
cellular component for the down-regulated genes in TA
muscles after 14 days of denervation are shown in Figure 5.
The down-regulated genes mainly occurred in cellular
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Figure 2 Top 30 terms of biological process in GO analysis of up-regulated genes in TA muscles after sciatic nerve transection. In the figure,

the X-coordinate is ~log10(P value), and the Y-coordinate is the biological process item name. TA, tibialis anterior.
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Figure 3 Top 30 terms of biological process in GO analysis of down-regulated genes in TA muscles after sciatic nerve transection. In the

figure, the X-coordinate is ~log10(P value), and the Y-coordinate is the biological process item name. TA, tibialis anterior; ATP, adenosine

triphosphate; NADH, nicotinamide adenine dinucleotide plus hydrogen.

components such as mitochondrion, mitochondrial inner the down-regulated expressed genes mainly occurred in

membrane, cytoplasm, respiratory chain, mitochondrial mitochondrion, cytoskeleton, and myofibril.

respiratory chain complex I, cytoskeleton, Z disc,

sarcolemma, focal adhesion, mitochondrial proton- . .
. . . . Molecular function analysis
transporting ATP synthase complex, mitochondrial matrix,

actin cytoskeleton, and myofibril. These data indicated that The GO was used to analyze the molecular function analysis
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Figure 4 Top 30 terms of cellular component in GO analysis of up-regulated genes in TA muscles after sciatic nerve transection. In the

figure, the X-coordinate is -log10(P value), and the Y-coordinate is the cellular component item name. TA, tibialis anterior.
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Figure 5 Top 30 terms of cellular component in GO analysis of down-regulated genes in TA muscles after sciatic nerve transection. In the

figure, the X-coordinate is -log10(P value), and the Y-coordinate is the cellular component item name. TA, tibialis anterior; ATP, adenosine

triphosphate.

related to DEGs, and the enriched categories of molecular Results showed that protein binding, actin binding,
function for the up-regulated expressed genes in TA ubiquitin-protein transferase activity, transferase activity,
muscles after 14 days of denervation are shown in Figure 6. ATP binding, transcription factor binding, protein serine/
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Figure 6 Top 30 terms of molecular function in GO analysis of up-regulated genes in TA muscles after sciatic nerve transection. In the

figure, the X-coordinate is ~log10(P value), and the Y-coordinate is the molecular function item name. TA, tibialis anterior; ATP, adenosine

triphosphate.

threonine kinase activity, hydrolase activity, calmodulin
binding, and actin filament binding were enriched. These
data suggested that the up-regulated expressed genes
in denervated skeletal muscle mainly involve in protein
binding, ubiquitin-protein transferase activity, and hydrolase
activity. The enriched categories of molecular functions for
the down-regulated genes in TA muscles after 14 days of
denervation are displayed in Figure 7. As shown in Figure 7,
the down-regulated expressed genes mainly involve the
following molecular functions, such as protein binding,
actin binding, catalytic activity, phosphoprotein phosphatase
activity, NADH dehydrogenase (ubiquinone) activity,
proton-transporting ATP synthase activity, oxidoreductase
activity, ATP binding, NADH dehydrogenase activity,
electron carrier activity, protein tyrosine phosphatase
activity, cytoskeletal protein binding, cytochrome-c oxidase
activity, and oxidoreductase activity. These data indicated
that energy metabolism was significantly inhibited in TA
muscles after denervation.

KEGG pathway enrichment analysis

The KEGG pathway related to DEGs were identified
through the DAVID database. The enriched categories
of KEGG pathways for the up-regulated genes in TA

© Annals of Translational Medicine. All rights reserved.

muscles after 14 days of denervation are shown in Figure §.
Results showed that the Ras signaling pathway, ubiquitin
mediated proteolysis, Fc gamma R-mediated phagocytosis,
transforming growth factor-beta (TGF-p) signaling
pathway, mitogen-activated protein kinase (MAPK)
signaling pathway, chemokine signaling pathway, 5' AMP-
activated protein kinase (AMPK) signaling pathway, T cell
receptor signaling pathway, apoptosis, and p53 signaling
pathway were enriched in denervated muscles. In particular,
ubiquitin mediated proteolysis and Fc gamma R-mediated
phagocytosis were significantly activated in in TA muscles
after 14 days of denervation. As shown in Figure 9, the
proteins involved in ubiquitin mediated proteolysis
pathway, especially E3 ubiquitin ligases, were significantly
up-regulated in denervated skeletal muscle. As shown in
Figure 10, the proteins involved in Fc gamma R-mediated
phagocytosis pathway were significantly up-regulated in
TA muscles after 14 days of denervation. These results
demonstrated that proteolysis pathway was significantly
activated in denervated skeletal muscles. The activated
TGF-p signaling pathway suggested that fibrosis plays an
important role in the process of denervation-induced muscle
atrophy. The enriched categories of KEGG pathways for
the down-regulated genes in TA muscles after 14 days of
denervation are labeled in Figure 11. As shown in Figure 12,
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Figure 7 Top 30 terms of molecular function in GO analysis of down-regulated genes in TA muscles after sciatic nerve transection. In the
figure, the X-coordinate is ~log10(P value), and the Y-coordinate is the molecular function item name. TA, tibialis anterior; ATP, adenosine

triphosphate; NADH, nicotinamide adenine dinucleotide plus hydrogen.
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Figure 8 Top 30 terms of KEGG pathway analysis of up-regulated genes in TA muscles after sciatic nerve transection. In the figure,
the X-coordinate is ~log10(P value), and the Y-coordinate is the KEGG pathway item name. KEGG, Kyoto Encyclopedia of Genes and
Genomes; TA, tibialis anterior; TGF-beta, transforming growth factor-beta; MAPK, mitogen activated protein kinase; AMPK, 5> AMP-

activated protein kinase.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(8):697 | http://dx.doi.org/10.21037/atm-21-1230



Annals of Translational Medicine, Vol 9, No 8 April 2021 Page 9 of 17

UBIQUITIN MEDIATED PROTEOLYZIZ |

/
@ﬁ" Oy ——= () Ay * —————{_Potemone )

Degradation of
target protein

Polyubicuitination

[ ueE! |[ueLELs] [uBLER|[ uBEIC]

HECT type E3

N~

HECT
diornain

|
ATP AMF
[ Te ] |
! o ® ®
| Ripowne  Tuplmeing & ®
—_—— = — = ———— Recyeling
El E2
(Uhiguitin-actating enzyme) (Ubiguitin-conjugating enzyme)

U-box type E2 single RING-finger type E3

ISR I [ueEoo | [ueEze|[ueEsr | [URE2G1| [URE2G2 [UREH]
uBEzl | [UBEart] [UBE2rz] [UBEaLs| [uBEaLs| [uBEzM] [UREan | (TSRS
UEeE2R | [UeEss | [ueE2u] [UeEaw] [UeE2z] [ mrre | [sraicw]

ox]
(Ubipuitin ligase)

U-box RIMG-finger
11| L

[ Esap |[ueese|[uBEsc]| Swws |[ Iteh |

(R (NSRS MR 1100 [rr-er

unE4: | [BERE [ cHEE | IR [ ceL |[ Pain |[S1aH-1][ P | [ TRFS| [MEKK]
cvca |[ereio | INEESH ISR [ riruz | [ ceps || pias |[sven | [bmieci[ amkeE |

(oot | [eErcy] [Herc: | (NG

ronlti subnnit RIMG-finger type E3

Cullin-Fhx E3
SCF cotplex
RING-

fnaer @ @ ECV complex
Cul3 cornplex
@ Culd coraplex

‘Adaptor’
protein ECS complex

Target-recognizi
e s!.1]::;!.1.1'|:lg'ltmmg

Cul? coraplex

04120 3015018
(c) Kanehisa Laboratones

wGRN] [BRcat | [FancL | R | Toc2 |

Target Targst
EING i Adaptor  EEL RING i Adaptor TEE Other
finger Cullin I:;ro?einrecs0 um]?g APCIC finger “ullin I:;ro?ei.nrecsD u.mng subnmnits
Cull | Skpl [fpelt [ spe2 [ 2 Apel
Cdhl | Aped
[REX1 [ Cub | EWB | Apcb
LpeE | Apcd
ApelD | Lpcld
RBX1 ETE Apel3
RBX1 | cud DCAF
B cw [ mop o]
EloC
Cdht
RBX1 [ Cul?

Figure 9 KEGG pathway network diagram of ubiquitin mediated proteolysis. On the KEGG pathway map, red represents up-regulated

genes, and green represents down-regulated genes in TA muscles after sciatic nerve transection. KEGG, Kyoto Encyclopedia of Genes and

Genomes; TA, tibialis anterior.

© Annals of Translational Medicine. All rights reserved.

Ann Transl Med 2021;9(8):697 | http://dx.doi.org/10.21037/atm-21-1230



Page 10 of 17

Chen et al. Molecular mechanism of denervation-induced muscle atrophy

FeyR-MEDIATED PHAGOCYTOSIZ

Meutrophil

IMacrophage
Ionocyte

Antigen
O I

Barteriura

Phagocytosis

Regulation of
ar;tn%‘;];mskeleton

Ilerdbrane rerandeling
Focal exocytosis
Pseudopod extention
FParticle internalization

-< MADPH oxidase Digestion of bacterium

—— Respiratory bust in phagosome

N
~
"
\
S
___ A Phagocytosis
kS
-~ Begulation of
A
/s
7 Ilerbrane trafficking
i Particle intermalization
s Phagosome closure

Fhagosome-Tysosome fusion

(04666 26117
(o) Kanehisa Lahoratories
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most of the genes involved in oxidative phosphorylation
were down-regulated in denervated skeletal muscle. As
detailed in Figure 13, almost all the genes involved in TCA
cycle were down-regulated in denervated skeletal muscle.
Many genes involved in glycolysis/gluconeogenesis were
down-regulated in denervated skeletal muscle (Figure 14).
These results demonstrated that energy metabolism was
significantly inhibited in TA muscles after 14 days of
denervation. At the same time, the KEGG pathway involved
in down-regulated genes included focal adhesion, the
c¢cGMP-PKG signaling pathway, Rapl signaling pathway,
cardiac muscle contraction, extracellular matrix (ECM)-
receptor interaction, vascular smooth muscle contraction,
calcium signaling pathway, and the PI3K-Akt signaling
pathway in denervated muscles. These data suggested that

© Annals of Translational Medicine. All rights reserved.

protein synthesis was inhibited, and the function of muscle
contract was decreased.

Discussion

The molecular mechanism of denervation atrophy remains
unclear. The transcriptome sequencing analysis suggested
that the expression of 5,690 transcripts in TA muscle
changed at 14 days after denervation. A total of 2,749
transcripts were up-regulated, and 2,941 transcripts were
down-regulated in denervated TA muscles after 14 days
of denervation. The GO and KEGG enrichment analyses
were used to analyze the DEGs, revealing some interesting
aspects about gene regulation of skeletal muscle atrophy.
Biological process analysis showed that apoptosis and
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Genomes; TA, tibialis anterior; ECM, extracellular matrix.

ubiquitination proteolysis system was widely activated in
denervated TA muscles after 14 days of denervation. Cellular
component analysis showed the up-regulated expressed
genes in denervated skeletal muscle mainly occurred in
cytoplasm, cytoskeleton, and nucleus. Molecular function
analysis suggested that the up-regulated expressed genes
in denervated skeletal muscle mainly involve in protein
binding, ubiquitin-protein transferase activity, and hydrolase
activity. The KEGG enrichment analysis showed that
ubiquitin mediated proteolysis, Fc gamma R-mediated
phagocytosis, TGF-p signaling pathway, MAPK signaling
pathway, chemokine signaling pathway, AMPK signaling
pathway, apoptosis, and p53 signaling pathway were enriched
in denervated muscles. From GO and KEGG enrichment
analyses, we found that the up regulated expressed genes
mainly occur in cytoplasm and cytoskeleton, have ubiquitin
protein transferase activity and hydrolase activity, participate
in ubiquitination proteolysis, and involve mainly ubiquitin
mediated proteolysis, Fc gamma R-mediated phagocytosis,
and T'GF-f signaling pathway. These results are consistent
with those of previous studies. The UPS is important for
muscle homeostasis and health (21). Now, many studies have
shown that UPS impairment affects not only matured muscle
fibers, but also muscle stem cells (21). This ubiquitination
enzymatic cascade, including ubiquitin E1 (activating

© Annals of Translational Medicine. All rights reserved.

enzyme), ubiquitin E2 (conjugating enzyme), and ubiquitin
E3 (ligase), is very important for the activation of UPS. The
UPS is one of the major pathways that mediate proteolysis in
muscle. Many UPS genes were activated in skeletal muscle
atrophy (22). Atrogin-1 and MuRF-1 are 2 muscle specific E3
ubiquitin ligases that are important regulators of ubiquitin-
proteasome system in skeletal muscle (23,24). Low nutrients,
disuse, systemic inflammation, unloading, chronic kidney
disease (CKD), cancer, or ageing provoke a catabolic state
characterized by enhanced muscle proteolysis (25,26). Our
previous study also found that the expression of Atrogin-1 and
MuRF-1 was significantly increased in denervated skeletal
muscle, which played an important role in the degradation
of muscle protein (11,14,18). The sequencing results of
this study found that ubiquitin-conjugating enzyme E20
(UBE20), WW domain containing E3 ubiquitin protein
ligase 2 (WWP2), thyroid hormone receptor interactor 12
(TRIP12), HECT and RLD domain containing E3 ubiquitin
protein ligase 3/4 (HERC3/4), ubiquitin-conjugating
enzyme 7- interacting protein 5 (UIPS5), MDM2 proto-
oncogene (Mdm?2), midline 1 (MID1), and tripartite motif-
containing 37 (Trim37) were up-regulated in denervated
skeletal muscles, which confirmed the important role of
ubiquitin-mediated proteolysis in the process of denervation-
induced muscle atrophy. Berardi er 4/. found that increased

Ann Transl Med 2021;9(8):697 | http://dx.doi.org/10.21037/atm-21-1230



Page 12 of 17

Chen et al. Molecular mechanism of denervation-induced muscle atrophy

OXIDATIVE PHOSPHORYLATION |
Coraplex I Coraplex IT Complex ITT Comaplex I¥ Complex V
NADH dely
e e St g -
Innter Founit
rutochondral |
el IR TR e e A SRR B L B Emeediet 20 (AN GSETGSEELTEE ERGRSEREER B (R e N R
o 0O 0 .
120 2+ HO Frusit
Cryptochrome © oxdase
= Cyrtochrome bel complax (horvine)
Succinate (harvine)
NADH(E l
HAD+ O OH+ ng O- foXe) b 55
i PPi Fi ADP
MADH dehyrdmgenase 3H+  ATFHIO
E [ 1Dt | no2 [ wp3| np4 [Npar| wos | w6 | F.type ATPase (Bacterih
E ‘ alpha | beta | gamma‘ delta | epsilonl
it [ Muos [ NueB [ NuoC [ NuoD | NuoE | WuoF | Wuol | NuoH | Husl | Nua] | MuoK | HuoL | MNuoh | bush | a b c
Bis | BahC | WA | N4 | NaH | Nabs | Bl | kG | NEE | NaF | B | NahB | MaL | Ndhb | Nl | HesE | HeoF | Hoall |
E
E
Suceinate debopdrogenase [ Fumarate reductase Cytochrome ¢ reductase
& [spHC [spHD [ spHA [SDHB | EBls
Bis [ 580 | 540 | 54k | 546 | e Wiks-type ATPase (Barteria, Archacas)
| Feds | Fdp | FodC | FudD | [l b8 [c[o[E[F [on]
1 [4
Cryrtochrome ¢ oxidase EBi
E [coxin]
Bit CyoD | CyoC [ CyoB [ Cyok W.type ATPase (Enkaryntes)
CoxD | Cox | Coxd | CoxB Cytachrorne ¢ oxddase , chb3-type Citochromne bd coraplex [ [ ® D | E | F - o |
QoD | QuC | Qo | Qo B[ 1 [ o [ w [ m | B[ Cyds[Cyde[ Cydx ] e [ ¢ d e | s |
9N 9018
(¢ Kanshisa Lehoratories

Figure 12 KEGG pathway network diagram of oxidative phosphorylation. On the KEGG pathway map, red represents up-regulated

genes, and green represents down-regulated genes in TA muscles after sciatic nerve transection. KEGG, Kyoto Encyclopedia of Genes and

Genomes; TA, tibialis anterior.

auto-phagocytosis results in muscle wasting in cachexia (27).
Recently, lysosomes, containing many hydrolases and
proteases, have been considered to play an important role in
maintaining tissue homeostasis, mainly through autophagy,
phagocytosis, and endocytosis (28). The ALS plays a key
role in protein degradation in skeletal muscle cells (29,30).
It is widely activated during muscle atrophy and leads to
muscle mass loss in varying degrees (28). Our previous study
also found that ALS is widely activated in the process of
denervation-induced muscle atrophy (6,12,14). The results
of this study also confirm our previous results. Our study
showed that ubiquitin-proteasome system and autophagy
lysosomal system are activated in the process of denervation-
induced muscle atrophy, but the trigger factors that initiate
their activation are not yet clear. Our previous studies
suggested that oxidative stress and inflammation may be the

© Annals of Translational Medicine. All rights reserved.

trigger factors for activation of the ubiquitin-proteasome and
autophagy lysosomal systems (6,18,31). Further studies are
needed to confirm the possible molecular mechanism.
Biological process analysis showed that angiogenesis,
oxidation-reduction process, TCA cycle, ATP biosynthetic
process, muscle contraction, gluconeogenesis, and NADH
metabolic process was inhibited in denervated TA muscles
after 14 days of denervation. Cellular component analysis
showed the down-regulated expressed genes in denervated
skeletal muscle mainly occurred in mitochondrion,
cytoskeleton, and myofibril. Molecular function analysis
suggested that the down-regulated expressed genes in
denervated skeletal muscle mainly involve in actin binding,
catalytic activity, NADH dehydrogenase (ubiquinone) activity,
proton-transporting ATP synthase activity, oxidoreductase

activity, ATP binding, NADH dehydrogenase activity, and
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Figure 13 KEGG pathway network diagram of tricarboxylic acid cycle. On the KEGG pathway map, red represents up-regulated genes, and

green represents down-regulated genes in TA muscles after sciatic nerve transection. KEGG, Kyoto Encyclopedia of Genes and Genomes;

TA, tibialis anterior.

electron carrier activity. These data indicated that energy
metabolism was significantly inhibited in TA muscles after
denervation. The enriched categories of KEGG pathways
for the down-regulated genes in TA muscles after 14 days of
denervation included oxidative phosphorylation, TCA cycle,
glycolysis/gluconeogenesis, PI3K-Akt signaling pathway, and
focal adhesion. From GO and KEGG enrichment analyses,
we found that the down-regulated expressed genes mainly
occur in mitochondrion, cytoskeleton, and myofibril, have
catalytic activity, NADH dehydrogenase (ubiquinone) activity,
proton-transporting ATP synthase activity, oxidoreductase
activity, participate in energy metabolism and protein
synthesis, and mainly involve oxidative phosphorylation,
TCA cycle, and glycolysis/gluconeogenesis. These results

© Annals of Translational Medicine. All rights reserved.

indicated that energy metabolism was significantly inhibited
in TA muscles after 14 days of denervation. Mitochondria are
most commonly known for energy production by oxidative
phosphorylation (32), and are the primary provider of ATP,
which is essential for physiological muscle activities (33).
Mitochondria have been thought to contribute to skeletal
myopathy (34). Dysfunctional mitochondria can impair
cells by decreased ATP production and increased oxidative
stress (35). Migliavacca et a/. found that individuals with
sarcopenia demonstrated a prominent transcriptional
signature of mitochondrial bioenergetic dysfunction in
skeletal muscle, reduced mitochondrial respiratory complex
expression, and downregulation of oxidative phosphorylation
in sarcopenic muscle (36). Hughes ez 4/. suggested that
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Figure 14 KEGG pathway network diagram of glycolysis/gluconeogenesis. On the KEGG pathway map, red represents up-regulated
genes, and green represents down-regulated genes in TA muscles after sciatic nerve transection. KEGG, Kyoto Encyclopedia of Genes and

Genomes; TA, tibialis anterior.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2021;9(8):697 | http://dx.doi.org/10.21037/atm-21-1230



Annals of Translational Medicine, Vol 9, No 8 April 2021

mitochondrial bioenergetic dysfunctions were associated with
induction of markers of muscle atrophy in some muscles,
including Duchenne muscular dystrophy (DMD) (37).
Mitochondrial metabolism was disrupted in skeletal muscles
from patients with CKD (38). A mouse model of CKD
displayed significant reductions in mitochondrial oxidative
phosphorylation, which was associated with progressive
skeletal atrophy, weakness, and fatigue (34). Thome ez
al. suggested that disruption of mitochondrial oxidative
phosphorylation was confirmed by decreased respiratory
capacity and elevated superoxide production in cultured
myotubes (39). Mitochondrial dysfunction may play a
significant role in the etiology of Huntington’s disease, which
led to severe clinical impairments-skeletal muscle atrophy
(40). Gouspillou et 4/. demonstrated that mitochondrial
dysfunction was implicated in skeletal muscle atrophy (41).
Mitochondrial energy metabolism [T'CA cycle and oxidative
phosphorylation] was significantly inhibited in skeletal
muscles from sarcopenia (42). In conclusion, the function
of the involved down-regulated genes involved mainly
included energy metabolism during denervation-induced
muscle atrophy. This study further confirmed that abnormal
mitochondrial energy metabolism may play an important role
in the process of muscle atrophy. As for the specific causes
of abnormal mitochondrial energy metabolism in atrophied
muscles, further research is needed.

In conclusion, there are a multitude of DEGs in skeletal
muscle after denervation. The DEGs mainly involve
in proteolysis, apoptosis, ageing, energy metabolism,
angiogenesis, and protein synthesis. This study not
only enriched the molecular regulation mechanism of
denervation-induced muscle atrophy, but also provided a
potential molecular target for the prevention and treatment
of muscle atrophy.
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