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Although denervated muscle atrophy is common, the underlying molecular mechanism
remains unelucidated. We have previously found that oxidative stress and inflammatory
response may be early events that trigger denervated muscle atrophy. Isoquercitrin is a
biologically active flavonoid with antioxidative and anti-inflammatory properties. The present
study investigated the effect of isoquercitrin on denervated soleus muscle atrophy and
its possible molecular mechanisms. We found that isoquercitrin was effective in alleviating
soleus muscle mass loss following denervation in a dose-dependent manner. Isoquercitrin
demonstrated the optimal protective effect at 20 mg/kg/d, which was the dose used in
subsequent experiments. To further explore the protective effect of isoquercitrin on
denervated soleus muscle atrophy, we analyzed muscle proteolysis via the ubiquitin-
proteasome pathway, mitophagy, and muscle fiber type conversion. Isoquercitrin
significantly inhibited the denervation-induced overexpression of two muscle-specific
ubiquitin ligases—muscle RING finger 1 (MuRF1) and muscle atrophy F-box (MAFbx),
and reduced the degradation of myosin heavy chains (MyHGCs) in the target muscle.
Following isoquercitrin treatment, mitochondrial vacuolation and autophagy were inhibited,
as evidenced by reduced level of autophagy-related proteins (ATG7, BNIP3, LC3B, and
PINK1); slow-to-fast fiber type conversion in the target muscle was delayed via triggering
expression of peroxisome proliferator-activated receptor y coactivator 1o (PGC-1a); and
the production of reactive oxygen species (ROS) in the target muscle was reduced, which
might be associated with the upregulation of antioxidant factors (SOD1, SOD2, NRF2,
NQO1, and HO1) and the downregulation of ROS production-related factors (Nox2, Nox4,
and DUOX1). Furthermore, isoquercitrin treatment reduced the levels of inflammatory
factors—interleukin (IL)-1p, IL-6, and tumor necrosis factor-a (TNF-o) —in the target muscle
and inactivated the JAK/STATS signaling pathway. Overall, isoquercitrin may alleviate
soleus muscle atrophy and mitophagy and reverse the slow-to-fast fiber type conversion
following denervation via inhibition of oxidative stress and inflammatory response. Our
study findings enrich the knowledge regarding the molecular regulatory mechanisms of
denervated muscle atrophy and provide a scientific basis for isoquercitrin as a protective
drug for the prevention and treatment of denervated muscle atrophy.
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INTRODUCTION

Skeletal muscle, an integral part of the human body, is involved
in various bodily functions including exercise, assisted breathing,
heat production, internal organ protection, and glucose and fat
metabolism. Skeletal muscle comprises approximately 40% of the
total body weight. Maintenance of skeletal muscle homeostasis
is essential for maintaining the body’s various functions (Ferreira
et al., 2019; Yamakawa et al, 2020). An imbalance in skeletal
muscle homeostasis can cause skeletal muscle hyperplasia or
atrophy. Skeletal muscle atrophy is characterized by reduced muscle
mass and muscle fibers, weakened muscle strength, and functional
decline. Patients with severe muscle atrophy can lose the ability
to move and are bedridden. Long-term bedridden conditions
aggravate muscle atrophy and cause various life-threatening
complications (Ceco et al, 2017; Sakellariou and McDonagh,
2018). Skeletal muscle atrophy commonly occurs concomitant to
various conditions, including peripheral nerve injury, weightlessness,
limb immobilization, aging, and numerous diseases (e.g., cancer
cachexia, diabetes, heart failure, and kidney failure; Hyatt et al., 2019;
Salucci and Falcieri, 2020).

Peripheral nerve injury is a common disease that inevitably
causes a certain degree of neuronal degeneration, muscle atrophy;,
and fibrosis. During the repair of long-distance nerve defects,
target muscle atrophy is often irreversible because the regenerated
nerve grows gradually and is unable to reach the target muscle
in time. Consequently, muscle atrophy critically affects the
functional reconstruction of the target muscle, placing a substantial
burden on the patient’s family and on society (Tuffaha et al,
2016). Therefore, promoting nerve regeneration ability and delaying
skeletal muscle atrophy progression are crucial for improving
the functional reconstruction of the injured nerve (Tos et al.,
2013; Chiono and Tonda-Turo, 2015). Although a substantial
amount of research on denervated muscle atrophy has been
conducted, a sound method for the prevention and treatment
of denervated muscle atrophy is lacking, which may be owing
to a poor understanding of the molecular mechanisms involved.

Muscle atrophy is characterized by a decreased contractility
of muscle fibers, changes in muscle fiber types and myosin
subtypes, and a net loss of cytoplasm, organelles, and total
proteins (Dumitru et al., 2018). In recent years, although research
on denervated muscle atrophy has made substantial progress,
it has mainly focused on single events, genes, or proteins (Li
et al, 2017; Reza et al, 2017; Gueugneau et al., 2018; Yin
et al., 2018; Castets et al.,, 2019; Janice Sanchez et al., 2019).
Because systematic research on denervated muscle atrophy has
not yet been conducted, no breakthrough has been achieved.
Numerous molecules involved in denervated muscle atrophy
are also involved in several events or pathways that are
interconnected, including proteolytic pathways (such as the
ubiquitin-proteasome pathway and autophagy-lysosomal pathway),

Abbreviations: DHE, Dihydroethidium; ELISA, Enzyme-linked immunosorbent
assay; ICR, Institute of Cancer Research; MAPK, Mitogen-activated protein kinase;
MyHC, Myosin heavy chain; PBS, Phosphate-buffered saline; PCR, Polymerase chain
reaction; PVDE, Polyvinylidene difluoride; ROS, Reactive oxygen species; TBST,
Tris-buffered saline with Tween; TEM, Transmission electron microscopy.

protein synthesis pathways, and muscle fiber regeneration
pathways (Winbanks et al, 2016; Arouche-Delaperche et al,
2017; Li et al,, 2017; Quattrocelli et al., 2017; Brzeszczynska
et al,, 2018; Yin et al., 2018; Huang et al.,, 2019; Qiu et al., 2019;
Wu et al, 2019). Moreover, interconnections between these
pathways complicate the molecular mechanism of denervated
muscle atrophy. Therefore, it is crucial to identify targets that
can effectively delay the process of muscle atrophy, emphasizing
on the search for an upstream factor or event that initially
triggers muscle atrophy, to provide new strategies for the
prevention and treatment of denervated muscle atrophy.
Considering this scenario, our research group has performed
a series of studies on denervated muscle atrophy using genomics
and proteomics. We have found that proteolysis via the
ubiquitin-proteasome and autophagy-lysosomal proteolytic athways
and the protein synthesis pathway plays an important role in
the process of denervated muscle atrophy (Sun et al, 2006,
2009, 2012, 2014a,b; He et al.,, 2016; Qiu et al,, 2018). Recently,
we used transcriptome sequencing and bioinformatics methods
to systematically analyze the differentially expressed genes involved
in denervated muscle atrophy. To the best of our knowledge,
it was proposed for the first time that denervated muscle atrophy
can be divided into four different transcription stages (Shen
et al, 2019). In the oxidative stress stage (0-12 h), oxidative
stress occurs early after skeletal muscle denervation, which may
be attributed to the loss of contractile function of the target
muscle, resulting in decreased blood perfusion in the muscle.
Therefore, under a relatively hypoxic state, reactive oxygen species
(ROS) will be produced. Persistent hypoxia results in excessive
ROS production, causing an imbalance between the oxidation
and antioxidation systems. In the inflammation stage (24 h),
excessive ROS production causes tissue damage, thereby inducing
the generation of numerous inflammatory factors. These
inflammatory factors cause further inflammation by activating
inflammatory response pathways. In the atrophic (3-7 days) and
atrophic fibrosis (14-28 days) stages, excessively activated
inflammation further initiates the downstream muscle atrophic
process, thereby promoting target muscle atrophy and fibrosis
(Shen et al., 2019). Overall, oxidative stress, inflammation, atrophy,
and atrophic fibrosis sequentially occur following skeletal muscle
denervation. Previous studies have reported that high ROS levels
can cause proteolysis, muscle cell apoptosis, and eventual skeletal
muscle atrophy (Theilen et al.,, 2017; Abrigo et al., 2018; Guigni
et al, 2018). Muller et al. (2007) found a significant increase
in ROS levels in the aging and skeletal muscles of patients with
amyotrophic lateral sclerosis, and the ROS level was closely
related to the degree of skeletal muscle atrophy. Other studies
have indicated that inflammation is involved in skeletal muscle
atrophy caused by tumor cachexia and sepsis (Zhu et al., 2017;
Cerquone Perpetuini et al, 2018). These results suggest that
oxidative stress and inflammatory signals that are sequentially
activated within 24 h following skeletal muscle denervation are
essential for triggering denervated skeletal muscle atrophy.
Isoquercitrin ~ (quercetin-3-O-p-D-glucopyranoside) is a
flavonoid compound widely distributed in plants. It possesses
various biological properties, such as anti-inflammatory,
antioxidative, anti-allergic, and anti-viral activities (Li et al., 2019).
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Existing studies have found that isoquercitrin exerts a
neuroprotective effect on ischemic stroke. By activating the
nuclear factor erythroid 2-related factor 2 (Nrf2) pathway,
isoquercitrin promotes the expression of antioxidant enzymes,
thereby inhibiting the NOX4/ROS/nuclear factor kB (NF-xB)
pathway and reducing oxidative stress and neuronal apoptosis
(Dai et al, 2018). Reportedly, isoquercitrin improves the
production of inflammatory factors, including tumor necrosis
factor-a (TNF-a), interleukin (IL)-1f, and IL-6, by blocking
the NF-kB and mitogen-activated protein kinase (MAPK) pathways
for protecting the liver from acetaminophen-induced damage
(Xie et al., 2016), reduces high-fat diet- and beta-amyloid-induced
oxidative stress for improving cognitive function in mice
(Kim et al, 2019), and upregulates Nrf2 expression, inhibits
the NF-kB pathway, and regulates the AMP-activated protein
kinase pathway to alleviate streptozotocin-induced diabetic
symptoms in rats (Jayachandran et al.,, 2019). However, studies
on whether isoquercitrin can alleviate muscle atrophy and the
underlying molecular mechanisms are lacking.

Therefore, in the present study, we established a denervated
muscle atrophy model using sciatic nerve disruption in mice,
followed by intraperitoneal injection. The atrophy of soleus
muscle, containing 98% slow type muscle fibers, was greater
affected by sciatic nerve transection as compared to tibialis
anterior and extensor digitorum longus muscles (Beehler et al.,
2006; Higashino et al,, 2013). The wet weight ratio, muscle
fiber cross-sectional area (CSA), mitophagy, and muscle fiber
type conversion of the soleus muscle were investigated to evaluate
the protective effect of isoquercitrin on denervated muscle
atrophy. Expression of genes and proteins related to inflammation
and oxidative stress was determined to analyze the possible
mechanism via which isoquercitrin delays denervated muscle
atrophy. This study attempted to further enrich the knowledge
regarding the molecular mechanism of denervated muscle atrophy
and to provide a scientific basis for isoquercitrin as a protective
drug for the prevention and treatment of muscle atrophy.

MATERIALS AND METHODS

Animal Experiment

Healthy (6-8 weeks old) male Institute of Cancer Research
(ICR) mice (weight, 20 + 2 g) were provided by the Experimental
Animal Center of Nantong University, China. The experiments
involving animals were carried out in accordance with the animal
care guidelines of Nantong University and ethically approved
by Jiangsu Administration Committee of Experimental Animals.
The mice were anesthetized using an intraperitoneal injection
of a compound anesthetic, and the sciatic nerve was exposed
and further isolated. A 1-cm sciatic nerve transection was made
in the femoral segment of the left hind limb, which was then
disinfected and sutured. The mice were randomized into the
following groups: sham operation group (Ctrl), denervation
group (DEN), and denervation + isoquercitrin (10, 20, and
40 mg/kg/d) group (ISO-L, ISO-M, and ISO-H). Isoquercitrin
or saline was administrated by intraperitoneal injection after
sciatic nerve transection and lasted for 14 consecutive days in

each group, respectively. Thereafter, the mice were killed, and
the bilateral soleus muscles of the hind limbs of each mouse
were collected, weighed, and stored using different storage
methods as per the requirements of subsequent experiments.
The wet weight ratio of muscle was calculated by the injury
side compared with the contralateral side.

Immunofluorescence Staining

Following sample fixation with 4% paraformaldehyde, the entire
soleus muscle was removed and dehydrated in a series of 10, 20,
and 30% sucrose. Thereafter, one-third of the muscles were embedded
in optimal cutting temperature (OCT) compound, frozen, and
sliced into 8-pm-thick sections. These sections were mounted and
incubated overnight with primary antibodies for laminin or fast
myosin skeletal heavy chain (Abcam, Cambridge, UK). On the
following day, the sections were rinsed with phosphate-buffered
saline (PBS), incubated with the corresponding secondary antibodies
at room temperature for 1-2 h, rinsed with PBS, mounted, dried,
and photographed using a Zeiss fluorescent microscope.

Dihydroethidium Probe for Determination
of ROS Level

The mice were irrigated with saline at room temperature,
followed by perfusion with dihydroethidium (DHE) solution
(10 pM, Beyotime, Haimen, China) for 1 h. Thereafter, they
were perfused with 4% paraformaldehyde, following which the
soleus muscles were removed and dehydrated in a series of
10, 20, and 30% sucrose. One-third of the soleus muscles
obtained was embedded in OCT compound, and 8-pm-thick
frozen sections were prepared and directly observed using the
Zeiss fluorescent microscope.

Quantitative Reverse Transcription-
Polymerase Chain Reaction

Using quantitative reverse transcription-polymerase chain
reaction (QRT-PCR), levels in messenger RNAs (mRNAs) were
analyzed, as described (Huang et al., 2019). In short, total
RNA was extracted from soleus muscle samples and used to
generate cDNA samples. PCR was performed according to our
previous study. The primers were as follows: mouse Nrf2
Forward: TAGATGACCATGAGTCGCTTGC, Reverse: GCCA
AACTTGCTCCATGTCC; mouse NQOI Forward: AGGAT
GGGAGGTACTCGAATC, Reverse: TGCTAGAGATGACT
CGGAAGG; mouse HO-1 Forward: AGGTACACATCCAAG
CCGAGA, Reverse: CATCACCAGCTTAAAGCCTTCT; mouse
IL-6 Forward: CTGCAAGAGACTTCCATCCAG, Reverse: AGT
GGTATAGACAGGTCTGTTGG, mouse IL-1 Forward: GAAA
TGCCACCTTTTGACAGTG, Reverse: TGGATGCTCTCATC
AGGACAG; mouse TNF-a Forward: CAGGCGGTGCCTAT
GTCTC, Reverse: CGATCACCCCGAAGTTCAGTAG; mouse
SODI Forward: AACCAGTTGTGTTGTCAGGAC, Reverse:
CCACCATGTTTCTTAGAGTGAGG; mouse SOD2 Forward:
CAGACCTGCCTTACGACTATGG, Reverse: CTCGGTGGCGTT
GAGATTGTT; mouse Duoxl Forward: TATCTCCCCAGAG
TTCGTTGT, Reverse: GGGTGCTCTCGACTCCAGT; mouse
GAPDH Forward: AACTTTGGCATTGTGGAAGG, Reverse:
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ACACATTGGGGGTAGGAACA; The relative mRNA expression
was calculated by the 2744 method (Livak and Schmittgen, 2001),
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) level
was used as the internal control.

Western Blot

The total protein in the muscle was extracted from the protein
lysate. Protein concentration was measured using a BCA kit
(Beyotime, Haimen, China). Thereafter, 30 pg of the total protein
was separated by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred onto a polyvinylidene difluoride
(PVDF) membrane via the wet transfer method. The PVDF
membrane was blocked for 1 h, followed by incubation with the
primary antibody antibodies: mouse anti-MyHC (R&D Systems,
Minneapolis, MN), rabbit anti-NOX4 (Invitrogen, Rockford, IL,
USA), rabbit anti-MAFbx, rabbit anti-PINK1, rabbit anti-ATG7,
mouse anti-BNIP3, rabbit anti-LC3B, rabbit anti-NOX2, rabbit
anti-Nrf2, rabbit anti-NQO1, rabbit anti-PGC-1a (Abcam, Cambridge,
UK), mouse anti-p-Jakl (Tyr1034/1035)/Jak2 (Tyr1007/1008), rabbit
anti-p-Stat3 (Tyr705) and rabbit anti-Stat3 (Cell Signaling technology,
MA, USA), rabbit anti-MuRF-1, mouse anti-Troponin I-FS, mouse
anti-Troponin I-SS, and mouse anti-tubulin (Santa Cruz, Santa
Cruz, CA) at 4°C overnight. On the following day, the PVDF
membrane was rinsed thrice with tris-buffered saline with Tween
(TBST) and incubated with the corresponding secondary antibody
at room temperature for 1 h. Thereafter, PVDF membrane was
rinsed thrice with TBST, treated with the appropriate amount of
luminescent liquid, and finally scanned using a membrane scanner.

Transmission Electron Microscopy
Analysis

To observe the changes in the mitochondria, the soleus muscle
was analyzed through transmission electron microscopy (TEM)
analysis, as previously reported (Huang et al., 2019). Briefly,
1-mm?-sized muscle was fixed in 2.5% glutaraldehyde, followed
by post fixation in 1% osmium tetroxide. Muscle sections (20
fields per mouse and three mouse per group) were analyzed
by TEM (HT7700, Hitachi, Tokyo, Japan). The number of
vacuoles or autophagosomes per 100 mitochondria was calculated.

Enzyme-Linked Immunosorbent Assay

To observe the changes of proinflammatory cytokines, the content
of IL-1B, IL-6, and TNF-a was measured according to the
manufacturer’s instructions. Briefly, enzyme-linked immunosorbent
assay (ELISA) plates (Beyotime, Haimen, China) were incubated
with 100 pl muscle lysates at 37°C for 2 h, followed by incubation
with anti-IL-1B, anti-IL-6, or anti-TNF-a antibodies for 1 h.
Subsequently, ELISA plates were washed and incubated with
horseradish peroxidase (HRP)-streptavidin for 20 min. Absorbance
(450 nm) was measured using a microplate spectrophotometer.

Statistical Analysis

Data in this study were analyzed using one-way ANOVA, followed
by the Tukey’s multiple comparisons test. All statistical analyses
were conducted with GraphPad Prism software (version 7.0; San
Diego, CA, USA). The level of significance was set at p < 0.05.

RESULTS

Isoquercitrin Relieves Skeletal Muscle
Atrophy Caused by Denervation

We used ICR adult mice to prepare sciatic nerve transection
models. The mice were randomly divided into sham operation,
DEN, low-dose isoquercitrin (10 mg/kg/d), middle-dose
isoquercitrin (20 mg/kg/d), and high-dose isoquercitrin
(40 mg/kg/d) groups. The soleus muscle of each mouse was
obtained after 2 weeks of treatment, and the wet weight ratio
of the soleus muscle was analyzed. The target muscle wet weight
ratio in the DEN was significantly lower than that in the
control group (p < 0.001), indicating that the denervated muscle
atrophy model was successfully prepared. The target muscle
wet weight ratios in the isoquercitrin-treated groups were
significantly higher than that in DEN, indicating that isoquercitrin
alleviates skeletal muscle atrophy caused by denervation in a
dose-dependent manner. Middle-dose isoquercitrin (20 mg/kg/d)
demonstrated the optimal protective effect in the mouse model
of denervated muscle atrophy (Figure 1).

Laminin immunofluorescence staining performed to further
investigate the effect of isoquercitrin on denervated muscle
atrophy revealed that the muscle fiber cross-sectional area in
DEN was significantly smaller than that in the control group,
indicating that denervation significantly reduced the muscle
fiber cross-sectional area. Compared with DEN, the muscle
fiber cross-sectional area in the low-dose isoquercitrin group
was larger but not of significance, whereas the muscle fiber
cross-sectional area in the middle- and high-dose isoquercitrin
group was significantly larger (p < 0.01). It was suggested that
isoquercitrin inhibits the reduction in the muscle fiber cross-
sectional area caused by denervation, and the middle-dose
isoquercitrin showed the optimal protective effect (Figure 1).
These findings were consistent with the results of the target
muscle wet weight ratio, indicating that isoquercitrin intervention
can effectively alleviate denervated muscle atrophy.

Isoquercitrin Inhibits Proteolysis via the
Ubiquitin-Proteasome Pathway

Because middle-dose isoquercitrin demonstrated the best effect
for preventing and treating denervated muscle atrophy, it was
used in subsequent experiments. We measured the expression
of the ubiquitin-proteasome proteolytic system during denervated
muscle atrophy to further explore the possible mechanism of
isoquercitrin in alleviating this condition. The ubiquitin-proteasome
system plays an important role in various muscle atrophies
(Winbanks et al., 2016; Quattrocelli et al, 2017; Qiu et al,
2019). Our study found that the expression of the muscle-specific
ubiquitin ligases muscle atrophy F-box (MAFbx) and muscle
RING finger 1 (MuRF1) in DEN was significantly higher than
that in the control group. Therefore, the ubiquitin-proteasome
proteolytic system in the target muscle was significantly activated
following denervation, thereby enhancing the protein degradation
ability. In contrast, isoquercitrin treatment significantly reduced
the expression of MAFbx and MuRF1 in the denervated muscle
and inhibited the activation of the ubiquitin-proteasome proteolytic
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FIGURE 1 | Isoquercitrin reduces soleus muscle mass loss caused by denervation (n = 6). (A) The ratio of muscles wet weight in each group. (B) Representative
images of laminin-stained muscles cross-sections in each group. Green indicates laminin staining. Scale bar: 50 um. (C) The histogram shown the cross-sectional
area (CSA) of muscles in each group. Ctrl, control group; Den, denervation group; ISO-L, denervated target muscle plus low-dose isoquercitrin (10 mg/kg/d);
ISO-M, denervated target muscle plus middle-dose isoquercitrin (20 mg/kg/d); ISO-H, denervated target muscle plus high-dose isoquercitrin (40 mg/kg/d).
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system in the target muscle following denervation, thereby
reducing the proteolytic capacity. Myosin is the main contractile
and regulatory protein in skeletal muscle fibers, and myosin
heavy chain (MyHC), an important component of myosin, can
be used to determine the extent of muscle protein degradation
(Tajsharghi and Oldfors, 2013). In the present study, the expression
of MyHC in DEN was significantly lower than that in the control
group, whereas its expression in the isoquercitrin-treated groups
was significantly higher than that in DEN (Figure 2), which
may be attributed to the changes in the expression of MAFbx
and MuRF1. These findings indicated that isoquercitrin can delay
denervated skeletal muscle atrophy progression by inhibiting
proteolysis via the ubiquitin-proteasome pathway and by reducing
myosin degradation.

Isoquercitrin Reduces Mitophagy Caused
by Skeletal Muscle Denervation

Studies have shown that autophagy plays an important role
in the muscle atrophic process (Milan et al, 2015). In our
study, the number of vacuoles in the DEN was significantly
higher than that in the control group, which indicated that
vacuolar degeneration and autophagy were observed in a large

number of mitochondria following target muscle denervation,
accompanied by the high expression of the autophagy-related
proteins ATG7, BNIP3, PINKI, and LC3B (Figure 3). However,
isoquercitrin treatment significantly inhibited mitochondrial
vacuolar degeneration and autophagy and downregulated the
expression of ATG7, BNIP3, PINKI1, and LC3B (Figure 3).
These findings suggested that isoquercitrin alleviates mitophagy
by downregulating the expression of autophagy-related proteins
in denervated target muscles, thereby delaying denervated
muscle atrophy.

Isoquercitrin Delays the Slow-to-Fast Fiber
Type Conversion Caused by Denervation

The conversion between muscle fiber types is an important feature
of muscle atrophy. Studies have reported that denervation-induced
slow-to-fast fiber type conversion severely impacts the normal
function of the target muscle. Immunofluorescence staining of
fast muscle fiber protein indicated that the proportion of fast
muscle fibers in the soleus muscle following denervation was
significantly higher than that in the control group. Moreover,
western blots revealed that the expression of fast skeletal muscle
troponin I (TnI-FS) significantly increased and that of slow skeletal
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FIGURE 3 | Isoquercitrin reduces mitochondrial autophagy in denervated soleus muscles. (A) Ultrastructure of muscle fibers observed using transmission electron
microscopy (n = 3). The white arrow indicates mitochondria between muscle fibers. The black arrow indicates an autophage or an autophagic vesicle. (B) Western
blot and quantification of the autophagy-related proteins ATG7, BNIP3, PINK1, and LC3B (n = 6). Ctrl, control group; Den, denervation group; ISO, denervated
target muscle plus isoquercitrin (20 mg/kg/d) group. "p < 0.05, “p < 0.01, *p < 0.001, and **p < 0.0001 vs. Ctrl; *p < 0.05 and *p < 0.01 vs. Den.
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muscle troponin I (TnI-SS) significantly decreased in the soleus
muscle following denervation, suggesting the conversion from
slow to fast muscle fibers following denervation. After isoquercitrin
intervention, the proportion of fast muscle fibers in the denervated
target muscle was significantly decreased, accompanied by TnI-FS
downregulation and TnI-SS upregulation. Therefore, isoquercitrin
could delay the slow-to-fast fiber type conversion caused by
denervation. Peroxisome proliferator-activated receptor y coactivator
1-alpha (PGC-1a) is a key factor that regulates mitochondrial
function, regulates muscle fiber types, and controls the fast-to-slow
muscle fiber type conversion (Lin et al, 2002). In the present
study, isoquercitrin treatment significantly inhibited a reduction
in the expression of PGC-1a in denervated target muscles (Figure 4).
These results suggested that isoquercitrin reverses the slow-to-fast
fiber type conversion by promoting the expression of PGC-la,
thereby protecting denervated muscle atrophy.

Isoquercitrin Inhibits the Inflammatory
Response Caused by Target Muscle
Denervation

Inflammation is involved in skeletal muscle atrophy caused by
tumor cachexia and sepsis, and inflammation inhibition can
alleviate muscle atrophy (Zhu et al.,, 2017; Cerquone Perpetuini
et al., 2018). However, it is unclear whether isoquercitrin activity
can delay denervated muscle atrophy by suppressing inflammation.

Using qRT-PCR and ELISA, we observed that the expression
of inflammation-related genes and proteins (IL-1p, IL-6, and
TNF-a) in denervated target muscles was significantly increased,
suggesting that these inflammatory factors are involved in
denervated muscle atrophy. Isoquercitrin treatment significantly
inhibited the elevation of the inflammatory factors IL-1pB, IL-6,
and TNF-a in denervated target muscles (Figures 5A,B).
JAK/STAT3 is a classic signaling pathway downstream of IL-6.
We observed that although pJAK2, pSTAT3, and STAT3 were
significantly overexpressed in denervated target muscles,
isoquercitrin could significantly inactivate the JAK2/STATS3 signals
(Figure 5C). These results revealed that isoquercitrin may alleviate
denervated muscle atrophy by relieving inflammation.

Isoquercitrin Inhibits Oxidative Stress in
Denervated Target Muscles

Studies have reported that high ROS levels can cause proteolysis,
muscle cell apoptosis, and eventual skeletal muscle atrophy (Theilen
et al.,, 2017; Abrigo et al., 2018; Guigni et al., 2018). Our previous
study has suggested that excessive ROS causes oxidative stress
damage, subsequently inducing the production of numerous
inflammatory factors that cause inflammation (Shen et al., 2019).
In the present study, we explored whether isoquercitrin can
suppress the inflammatory response by suppressing oxidative
stress. We used DHE probe detection to demonstrate that the
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FIGURE 4 | Isoquercitrin delays the slow-to-fast fiber type conversion caused by denervation. (A) Immunofluorescence staining of fast myosin skeletal heavy chain
in soleus muscle. (B) Quantification of the positive proption of fast muscle fibers (n = 3). (C) Western blot of PGC-1a, Tn I-FS, and Tn I-SS related to the slow-to-fast
fiber type conversion. (D) Quantification of PGC-1a, Tn I-FS, and Tn I-SS. Ctrl, control group; Den, denervation group; ISO, denervated target muscle plus
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ROS level in denervated target muscles was significantly higher
than that in the control group and that isoquercitrin intervention
could significantly inhibit the increase of ROS level in denervated
target muscles (Figures 6A,B). qPCR and western blot findings
showed that the expression of antioxidant-related genes and
proteins (SOD1, SOD2, NRF2, NQOI, and HOI) in denervated
target muscles significantly decreased and that of genes related
to ROS production (Nox2, Nox4, and DUOX1) in denervated
target muscles significantly increased. Isoquercitrin treatment
significantly reversed the expression of antioxidant-related genes
and proteins (SOD1, SOD2, NRF2, NQO1, and HO1) and ROS
production-related genes (Nox2, Nox4, and DUOX1) in denervated
target muscles (Figure 6C). These results suggested that isoquercitrin
relieves denervated muscle atrophy by inhibiting oxidative stress
and reducing inflammation.

DISCUSSION

Denervated muscle atrophy is a highly prevalent disease in clinical
settings. Although several studies have been performed on
denervated muscle atrophy and substantial progress has been

made, there is no sound method for its prevention and treatment.
The molecular mechanism of denervated muscle atrophy remains
unelucidated (Cao et al, 2018). Currently, drug therapy for
muscular atrophy mainly focuses on inhibiting protein degradation
and promoting protein synthesis (Dutt et al, 2015). However,
during the muscle atrophic process, there are several pathways
involved in proteolysis and protein synthesis, such as the
ubiquitin-proteasome system, autophagy-lysosome system, cathepsin
hydrolysis, and insulin-like growth factor 1/phosphatidylinositide
3-kinase/protein kinase B-mediated anabolic pathways (Ma et al.,
2019; Han et al,, 2020; Nguyen et al., 2020). It is impractical to
sequentially intervene in these pathways. If we can identify the
early upstream trigger factors that concurrently regulate these
pathways, interventions in these pathways may achieve better results.

Our previous study has shown that denervated muscle atrophy
can be divided into oxidative stress, inflammatory, atrophic, and
atrophic fibrosis stages. Because oxidative stress and inflammation
can be sequentially activated within 24 h following skeletal
muscle denervation, oxidative stress and inflammatory signals
may play an essential early triggering role in denervated skeletal
muscle atrophy (Shen et al., 2019). Therefore, the present study
explored whether isoquercitrin, which has antioxidative and
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anti-inflammatory activities, can alleviate denervated muscle
atrophy. Our findings confirm the role of oxidative stress and
inflammation in denervated muscle atrophy and provide a scientific
basis for isoquercitrin as a protective drug for the prevention
and treatment of muscle atrophy. Furthermore, our study revealed
that isoquercitrin inhibits target muscle atrophy following
denervation, which is mainly characterized as inhibiting the
reduction of the wet weight ratio and muscle fiber cross-sectional
area of the denervated target muscle. The ubiquitin-proteasome

system plays an important role in various muscle atrophies,
including those associated with denervation, disuse, tumor
cachexia, diabetes, and various chronic inflammatory conditions
(Gao et al, 2018; Lala-Tabbert et al., 2019; Han et al., 2020;
Nguyen et al., 2020). MAFbx and MuRF1 are two muscle-specific
E3 ubiquitin ligases that are increased in various muscle atrophies
and are confirmed as suitable markers of muscle atrophy (Bodine
and Baehr, 2014). In the present study, isoquercitrin inhibited
the increase in the expression of MAFbx and MuRF1 in denervated
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target muscles and reduced the degradation of MyHC, thereby
alleviating denervated muscle atrophy. These results suggest that
isoquercitrin relieves denervated muscle atrophy by inhibiting
the ubiquitin-proteasome proteolytic system. Bandyopadhaya
et al. (2019) reported that ROS accumulation may trigger the
activity of the ubiquitin ligases MuRF1 and MAFbx. The expression
of MAFbx and MuRF1 was inhibited by increase in the activity
of the antioxidant factor HO1 in sepsis-induced muscle wasting
(Yu et al,, 2018a). Inflammation can induce muscle atrophy by
enhancing the expression of MAFbx and MuRF1 (Hahn et al,
2020; Kim et al, 2020). TNF-a stimulates the expression of
MAFbDx in the skeletal muscle via the p38 MAPK pathway and
promotes muscle fiber proteolysis (Ma, 2010). We observed that
isoquercitrin can upregulate the expression of antioxidant factors
(SOD1, SOD2, NRF2, NQOI, and HOI1), downregulate the
expression of ROS production-related factors (Nox2, Nox4, and
DUOX1), inhibit the production of IL-1p, IL-6, and TNF-a,
and inactivate JAK/STAT3 signaling. Therefore, isoquercitrin may
reduce the expression of MAFbx and MuRF1 by inhibiting
oxidative stress and inflammatory responses and further reduce
MyHC degradation, thereby alleviating denervated muscle atrophy.

Mitophagy refers to the process that selectively removes damaged
or incomplete mitochondria via the mechanism of autophagy. In
the human body, mitophagy maintains the integrity of mitochondrial
function, thereby delaying aging and treating diseases (Wing et al.,
2011). Gatica et al. (2018) showed that maintaining a balance in
autophagy is particularly important in the body and that excessive
autophagy can cause skeletal muscle atrophy. Another study
indicated a significant increase in the expression of beclin 1 and
LC3B in the skeletal muscle in spinal muscular atrophy (Sandri,
2010). Autophagy plays an important role in the process of spinal
muscular atrophy and denervated muscle atrophy. Autophagy
inhibition can effectively relieve muscle atrophy, and autophagy
is a key target for the treatment of muscle atrophy (Piras et al.,
2017; Cicardi et al, 2019; Wang et al,, 2019; Cui et al, 2020).
Our findings demonstrate that isoquercitrin can significantly inhibit
mitophagy caused by denervation of the target muscle, accompanied
by decreased expression of the autophagy-related proteins ATG7,
BNIP3, and PINKI. Therefore, isoquercitrin treatment may prevent
the occurrence of a process associated with autophagy inhibition
as a part of its protective effect against denervated muscle atrophy.
ROS may induce autophagy by activating the mucolipin-lysosome
Ca*-transcription factor EB pathway (Zhang et al., 2016). Smuder
et al. (2018) found that diaphragmatic mitochondrial ROS
production during mechanical ventilation is essential to promote
the expression of autophagy-related genes (such as LC3, Atg7,
Atgl2, Beclinl, and p62) and to increase the activity of cathepsin
L, ie, oxidative stress stimulates autophagy enhancement. In
patients with chronic inflammation, inflammatory factors (IL-6,
TNF-o, and TGF-p) can cause exacerbated mitophagy and
dysfunction by reducing PGC-1a and upregulating autophagy-related
genes (LC3B, Beclin-1, p62, Atg5, and Bnip3; Carson et al., 2016;
VanderVeen et al., 2017). Our findings indicate that isoquercitrin
can upregulate the expression of antioxidant-related genes in the
target muscle following denervation, downregulate the expression
of ROS production-related genes, inhibit inflammatory factors,
and block the JAK/STAT3 pathway. Overall, isoquercitrin may

inhibit autophagy in the target muscle following denervation by
suppressing ROS and inflammatory signals, thereby inhibiting the
expression of autophagy-related genes, reducing autophagy, and
eventually protecting denervated muscle against atrophy.

Skeletal muscle comprises various fibers with different metabolic
characteristics. Each muscle fulfills a specific function and responds
differently to external stimuli and disturbances due to different
innervations and fiber types (Lang et al.,, 2018). The conversion
between muscle fiber types is a dominant feature of muscle
atrophy. The slow-to-fast fiber type conversion severely impacts
the function of the target muscle following denervation. In the
present study, we found that isoquercitrin can delay the conversion
from slow-to-fast muscle fibers following denervation, accompanied
by a decrease in the expression of TnI-FS and an increase in
the expression of TnI-SS. PGC-1a is a key factor that regulates
mitochondrial function, modulates muscle fiber type, and controls
fast-to-slow muscle fiber type conversion (Lin et al., 2002). Our
findings revealed that isoquercitrin significantly inhibits the
decreased expression of PGC-1a in denervated target muscles.
Therefore, isoquercitrin may reverse the slow-to-fast fiber type
conversion in denervated target muscles by promoting the
expression of PGC-la, thereby protecting against denervated
muscle atrophy. Existing studies have shown that ROS production
suppresses silent information regulator 1 (SIRT1)/PGC-1a signaling
and that a decrease in ROS production can increase the expression
of SIRT1 and PGC-1a proteins in the skeletal muscle of aging
rats (Yu et al., 2018b; Yang et al., 2019). Moreover, inflammatory
factors (IL-6, TNF-a, and TGF-B) can reduce the expression of
PGC-1a (Carson et al, 2016; VanderVeen et al., 2017). The
results obtained in our study indicate that isoquercitrin can
inhibit oxidative stress and inflammation. Therefore, isoquercitrin
can reduce autophagy and may inhibit oxidative stress and
inflammation signals to promote the expression of PGC-la
following skeletal muscle denervation, by reversing the slow-to-fast
fiber type conversion following denervation, thereby protecting
against denervated muscle atrophy.

It should be mentioned that there are some limitations. In
this study, we only studied the protective effect of isoquercetin
on denervated soleus (slow-twitch fibers) muscle atrophy. Future
studies to evaluate the effect of isoquercitrin on other muscles
[e.g., TA (fast-twitch fibers) muscle] against denervation-induced
muscle atrophy in mice are warranted. Pharmacokinetic study
of isoquercitrin in plasma after intraperitoneal administration
is a matter of significance, as well as the impact of isoquercitrin
on contralateral leg. The young mice used in the experiments
grew considerably during the period 14 days post nerve injury,
which might induce some added impact compared to adult
mice. Another drawback of our study was that all the analyses
were done after 2 weeks of treatment, which do not allow to
fine tune the molecular events underlying the process.

In summary, this study further confirms the role of oxidative
stress and inflammatory response in denervated muscle atrophy.
Isoquercitrin can alleviate denervated muscular atrophy by
inhibiting oxidative stress and reducing inflammatory response
to reduce autophagy, inhibit proteolysis via the ubiquitin-protease
system, and suppress muscle fiber type conversion (Figure 7).
Our findings enrich the knowledge regarding the molecular
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FIGURE 7 | A schematic diagram illustrating the proposed mechanism by which peripheral nerve injury induces soleus muscle atrophy. Denervation-induced
skeletal muscle atrophy is associated with oxidative stress and inflammation. The inhibition of oxidative stress and inflammation through Isoquercitrin alleviated
denervation-induced skeletal muscle atrophy by reducing proteolysis, inhibiting mitophagy, and reversing the slow-to-fast fiber type conversion following

regulation mechanism of denervated muscular atrophy and
provide a scientific basis for the use of isoquercitrin as a
protective drug for the prevention and treatment of muscle atrophy.
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