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Abstract

Background Sarcopenia is characterized by the loss of skeletal muscle mass and strength and is associated with poor
prognosis in patients with chronic obstructive pulmonary disease (COPD). Cigarette smoke (CS) exposure, a major
cause for COPD, induces mitochondrial damage, which has been implicated in sarcopenia pathogenesis. The current
study sought to examine the involvement of insufficient Parkin-mediated mitophagy, a mitochondrion-selective autoph-
agy, in the mechanisms by which dysfunctional mitochondria accumulate with excessive reactive oxygen species (ROS)
production in the development of COPD-related sarcopenia.
Methods The involvement of Parkin-mediated mitophagy was examined using in vitro models of myotube formation,
in vivo CS-exposure model using Parkin�/� mice, and human muscle samples from patients with COPD-related
sarcopenia.
Results Cigarette smoke extract (CSE) induced myotube atrophy with concomitant 30% reduction in Parkin expres-
sion levels (P < 0.05). Parkin-mediated mitophagy regulated myotube atrophy by modulating mitochondrial damage
and mitochondrial ROS production. Increased mitochondrial ROS was responsible for myotube atrophy by activating
Muscle Ring Finger 1 (MuRF-1)-mediated myosin heavy chain (MHC) degradation. Parkin�/� mice with prolonged
CS exposure showed enhanced limb muscle atrophy with a 31.7% reduction in limb muscle weights (P < 0.01) and
2.3 times greater MuRF-1 expression (P< 0.01) compared with wild-type mice with concomitant accumulation of dam-
aged mitochondria and oxidative modifications in 4HNE expression. Patients with COPD-related sarcopenia exhibited
significantly reduced Parkin but increased MuRF-1 protein levels (35% lower and 2.5 times greater protein levels com-
pared with control patients, P < 0.01 and P < 0.05, respectively) and damaged mitochondria accumulation demon-
strated in muscles. Electric pulse stimulation-induced muscle contraction prevented CSE-induced MHC reduction by
maintaining Parkin levels in myotubes.
Conclusions Taken together, COPD-related sarcopenia can be attributed to insufficient Parkin-mediated mitophagy
and increased mitochondrial ROS causing enhanced muscle atrophy through MuRF-1 activation, which may be at least
partly preventable through optimal physical exercise.
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Introduction

Chronic obstructive pulmonary disease (COPD) mainly caused
by cigarette smoke (CS) exposure is the third leading cause of
death worldwide.1 This condition can be clinically character-
ized by not only respiratory symptoms caused by progressive
airflow limitation but also a variety of extrapulmonary co-
morbidities,2,3 which have been increasingly recognized as
important determinants for impaired activities of daily living
and have also been associated with poor prognosis in pa-
tients with COPD.4 Sarcopenia, which is characterized by
the loss of skeletal muscle mass and strength, is a frequent
extrapulmonary co-morbidity, the prevalence of which has
been estimated at 21.6% in patients with COPD but can range
from 8% in population-based studies to 63% in patients resid-
ing in nursing homes.5 Sarcopenia, which affects both ventila-
tory and non-ventilatory muscles, causes physical inactivity,
resulting in increased hospitalization and mortality rates.6–9

Accordingly, elucidating the molecular mechanisms for
COPD-related sarcopenia could provide insights that would
help in not only understanding its pathophysiology but also
developing new treatment modalities for reducing COPD
mortality associated with sarcopenia.

Increased degradation of intracellular protein is one of the
hallmarks of muscle atrophy, resulting in the loss of skeletal
muscle mass.3,10 Intracellular protein degradation is regu-
lated through two major pathways: the ubiquitin–-
proteasome (UP) pathway and the autophagy-lysosome (AL)
pathway.11,12 Studies have shown that the UP pathway is in-
volved in limb muscle atrophy of patients with COPD, which
can be attributed to increased activity of muscle-specific E3
ubiquitin ligase [atrogin-1 and Muscle Ring Finger 1 (MuRF-
1)].11–13 Additionally, the AL pathway has also been recog-
nized to contribute to muscle atrophy in patients with
COPD.12 Muscle-specific deletion of Atg7 or Atg5, crucial
components for autophagosome formation, caused severe
muscle weakness and atrophy accompanied by accumulation
of abnormal mitochondria and polyubiquitinated
proteins.14,15 One previous study showed increased oxidative
stress in the muscles of patients with COPD,16 while another
found that CS exposure can cause mitochondrial respiratory
chain dysfunction complicated with enhanced reactive oxy-
gen species (ROS) production,17 indicating the potential in-
volvement of mitophagy, a mitochondrion-selective autoph-
agy that maintains mitochondrial integrity, in regulating
muscle atrophy during COPD pathogenesis. However, the ex-
act role of mitophagy in the pathogenesis of COPD-related
sarcopenia remains obscure.

Mitophagy is a mechanism through which dysfunctional
mitochondria are selectively delivered for lysosomal degrada-
tion, with the PINK1–Parkin (an E3-ubiquitin ligase) pathway
playing an essential role therein.18,19 Parkin-mediated ubiqui-
tination of mitochondrial substrates is a key step for recogni-
tion by SQSTM1/p62, an adaptor protein that can also bind

microtubule-associated protein 1 light chain 3 (MAP 1LC3/
LC3) on phagophores for selective sequestration of damaged
mitochondria by autophagosomes.18 We had previously
demonstrated the involvement of Parkin-mediated mitoph-
agy in the regulation of CS-induced cellular senescence
during COPD pathogenesis.20,21 Intriguingly, recent reports
have shown that Parkin overexpression induces muscle
hypertrophy, whereas Parkin knockout results in muscle
atrophy.22,23 Accordingly, we hypothesized that insufficient
Parkin-mediated mitophagy is involved in the mechanisms
by which dysfunctional mitochondria accumulate with exces-
sive ROS production in the development of COPD-related
sarcopenia.

The present study examined the involvement of
Parkin-mediated mitophagy in muscle atrophy using in vitro
models of myotube formation, an in vivo CS-exposure model
using Parkin knockout mice, and human muscle samples form
patients with COPD-related sarcopenia.

Materials and methods

Cell culture, antibodies, and reagents

C2C12 mouse myoblasts were cultured in Dulbecco’s modi-
fied Eagle medium (DMEM) (Gibco Life Technologies,
11965-092) with 10% fetal bovine serum and penicillin-strep-
tomycin (Gibco Life Technologies, 15140-122). For differenti-
ation, the medium was changed to differentiation medium
(DMEM supplemented with 2% horse serum and
penicillin–streptomycin).

Antibodies used included rabbit anti-Parkin (Cell Signaling
Technology, 2132), rabbit anti-4 hydroxynonenal (Abcam,
ab46545), rabbit anti-TOMM20 (Proteintech, 11802-1-AP),
rabbit anti-Laminin (Abcam #11575), rabbit anti-GAPDH (Cell
Signaling Technology, #5174), mouse anti-MuRF-1 (Santa-
Cruz, sc398608), mouse anti-MHC (R&D Systems, MAB
4470), rabbit anti-Beclin-1 (MBL, PD017), rabbit anti-PINK1
(Abcam, ab23707), rabbit anti-LC3B (Novus, NB600-1384),
mouse anti-PGC1a (Proteintech, 66369-1-Ig), and rabbit
anti-p62 (MBL, PM045). DAPI (Invitrogen, #R37606), MitoSOX
Red (Molecular Probes-Life technologies, M36008),
MitoTracker Red CMXRos (200 nM for 30 min, Invitrogen,
M7512), Mito-TEMPO (Enzo Life Sciences, ALX-430-150),
CM-H2DCFDA (10 μM for 30 min at 37°C, Life Technologies,
C6827), pepstatin A (Peptide Institute, #4397) and E64d (Pep-
tide Institute, #4321-v) were purchased.

Preparation of cigarette smoke extract

Cigarette smoke extracts (CSEs) were prepared as previously
described.24 Differentiated myotubes were pretreated with
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either 100 μM Mito-TEMPO or an equal volume of DMSO for
6 h before CSE exposure.

Plasmids, siRNA, and transfection

LC3B cDNA was a kind gift from Dr. Mizushima (Tokyo Univer-
sity, Tokyo, Japan) and Dr. Yoshimori (Osaka University, Osaka,
Japan) and was cloned into the pEGFP-C1 vector.25 The Parkin
(PARK2) expression vector and negative control vector were
purchased from Nova Lifetech (#PVTB500005-2a and
#PVT27427). Small interfering RNA (siRNA) targeting PARK2
(Applied Biosystems Life Technologies, s78528, s78528),
TRIM63 (Applied Biosystems Life Technologies, s119560,
s119561), and negative control siRNA (Applied Biosystems
Life Technologies, AM4635) were purchased from Life Tech-
nologies. Specific knockdowns of PARKS and TRIM63 were
validated using two different siRNAs. For siRNA transfection
experiments, 48-h differentiated myotubes were transfected
with 20 nM of each siRNA solution using Lipofectamine
3000 (Invitrogen Life Technologies, L3000015) for 72 h ac-
cording to the manufacturer’s instructions, after which the
medium was changed to 2% CSE containing differentiation
medium for 48 h and cells were harvested for analysis.

Muscle contraction protocol

We adopted the C2C12 myotube contraction system as previ-
ously described.26 After myotube formation, the myotubes
were stimulated with 20-ms electric pulses of 10 V at 1 Hz
for 1 h generated by an electrical pulse generator (SEN-
3301, Nihon Kohden, Tokyo, Japan).26 Myotubes were cul-
tured for 2 days after contraction, and cell lysates were col-
lected for western blotting.

Mitochondria isolation

Mitochondrial fractions were isolated from myotubes with a
commercially available kit (Thermo Fisher Scientific, 89874)
according to the manufacturer’s instructions.

Mouse models and cigarette smoke exposure
protocol

Wild-type (C57BL/6J: CLEA Japan INC,Tokyo, Japan) and Parkin
knockout (Parkin KO: B6.129S4-Prkntm1Shn/J: Jackson Labora-
tories, Bar Harbor, ME) mice were purchased and maintained
at the animal facility of the Jikei University School of Medicine.
All experimental procedures were ethically approved by the
Jikei University School of Medicine Animal Care Committee.
All mice used in this study were age-matched and female. Ac-
cordingly, 6- to 8-week-old mice were exposed to CS using a

whole-body exposure system (SCIREQ ‘InExpose’) within a bar-
rier facility. Mice were exposed to CS at 200 mg/m3 of total
suspended particles using research cigarettes (University of
Kentucky 3R4F research cigarettes) 5 days a week for
6 months. Age-matched and room air-exposed mice served
as non-smoking controls. Wire hanging time was performed
as previously reported.27 For hindlimb muscle weight analysis,
left and right hindlimb muscles were averaged and normalized
to the averaged tibia lengths. Tissue samples were snap frozen
in liquid nitrogen for biochemical analyses or embedded in
OCT using liquid nitrogen-cooled isopentane for histological
analysis and stored at �80°C.

Human muscle evaluation

Patients with femoral neck fractures who underwent bipolar
hip arthroplasty (BHA) were recruited for this study. COPD
was diagnosed based on a previous smoking history (>10
pack-years) and a pulmonary function test showing irrevers-
ible airflow obstruction (FEV1.0/FVC < 70%). Patients with
co-morbidities that could be associated with muscle atrophy,
such as active inflammatory illness, severe heart failure, se-
vere diabetes, or severe chronic renal failure, were excluded.
Informed consent was obtained from all surgical participants
as part of an approved ongoing research protocol by the eth-
ical committee of the Jikei University School of Medicine [30-
361(9382)].

Dual-energy X-ray absorptiometry (Prodigy FUGA, GE
Healthcare, Tokyo, Japan) and Smedley’s dynamometer
(Hata Sporting Goods Ind., Ltd, Osaka, Japan) were used to
measure skeletal muscle mass index and grip strength, re-
spectively. Sarcopenia was diagnosed using the guideline re-
leased by the Asian Working Group for Sarcopenia (AWGS
2019).28 Muscle biopsies were performed on the gluteus
maximus muscle during BHA.

Electron microscopic evaluation

Electronmicroscopy was performed as previously described.29

The procedures of immunofluorescence and immunohisto-
chemistry staining, western blotting, and statistical analysis
are provided in the extended materials and methods section
in the supporting information.

Results

Cigarette smoke extract-induced mitochondrial
reactive oxygen species production induced
atrophic changes in myotubes

To understand the effects of CS exposure on muscle atrophy,
we used the myotube model transformed from C2C12 cells,
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an immortalized mouse myoblast cell line. After 5 days of cul-
ture with the differentiation medium, myotube formation
was morphologically confirmed (Figure 1A). After myotube
formation, CSE (2%) treatment was performed for 48 h. Ac-
cordingly, CSE treatment significantly decreased protein ex-
pression levels of the myosin heavy chain (MHC), a multigene
family of muscle protein comprising myosin, in the myotubes
as determined by Western blotting (Figure 1B). Immunofluo-
rescence staining showed that CSE-treated myotubes had not
only lower MHC expression but also significantly smaller di-
ameters compared with untreated myotubes (Figure 1C), in-
dicating that CSE is capable of inducing myotube atrophy rep-
resenting muscle atrophy.

To examine the relationship between mitochondrial dam-
age and myotube atrophy caused by CSE exposure,
MitoTracker Red staining was performed to determine the in-
tegrity of mitochondrial membrane potential. Compared with
TOMM20 staining, MitoTracker Red staining showed a lower
mitochondrial outer membrane protein in 2% CSE-treated
myotubes, which may reflect CSE-mediated mitochondrial
membrane damage causing depolarization (Figure 1D). Con-
comitantly, increased ROS production as determined by the
DCFH-DA assay for total ROS and by MitoSOX Red staining
for mitochondrial ROS was demonstrated in 2% CSE-treated
myotubes (Figure 1E,F). To elucidate the involvement of in-
creased ROS in CSE-induced myotube atrophy, we used
Mito-TEMPO, a specific antioxidant for mitochondrial ROS.
Mito-TEMPO efficiently inhibited the increase in mitochon-
drial ROS production and prevented myotube atrophy as
evaluated by Western blotting and immunofluorescence
staining of MHC in response to CSE exposure (Figure 1F–H).
These data suggest that CSE induces mitochondrial ROS pro-
duction by accumulating mitochondrial damage, which is in-
volved in the mechanisms for myotube atrophy in response
to CSE exposure.

Parkin-mediated mitophagy regulates mitochondrial ROS pro-
duction and atrophic changes in myotubes during CSE expo-
sure Mitophagy plays a crucial role in maintaining mito-
chondrial integrity, with our previous findings suggesting
the involvement of reduced Parkin-mediated mitophagy in
regulating airway epithelial cell senescence in COPD
pathogenesis.20,21 To clarify the mechanisms for increased
mitochondrial ROS production and atrophic changes in
myotubes during CSE exposure, we focused on
Parkin-mediated mitophagy. Firstly, after examining alter-
ations in Parkin expression levels, we found that CSE (2%)
treatment significantly reduced Parkin at the protein and
mRNA levels (Figure 2A,B). Accordingly, after employing
Parkin siRNA for functional evaluation of Parkin-mediated
mitophagy, efficient knockdown of Parkin in the myotubes
was found via Western blotting (Figure 2C). Parkin knock-
down significantly enhanced CSE-induced mitochondrial
ROS production detected using DCFH-DA assay and

MitoSOX Red staining (Figure 2D,E). Parkin knockdown also
significantly enhanced atrophic changes in the myotubes
following CSE exposure, as shown by further diminished
myotube diameter (Figure 2F) and reduced MHC protein
levels (Figure 2G). To confirm the participation of Parkin
in regulating atrophic changes in the myotubes, Parkin
overexpression experiments were also conducted by
transfecting the Parkin HA expression vector. Accordingly,
Parkin overexpression significantly suppressed CSE-induced
mitochondrial ROS production detected using DCFH-DA as-
say and MitoSOX Red staining (Figure 2H,I). Parkin overex-
pression also significantly prevented atrophic changes in
the myotubes caused by CSE exposure, which was deter-
mined using the diameter of myotubes (Figure 2J) and
MHC protein levels (Figure 2K).

To clarify the involvement of autophagic mitochondrial
degradation during Parkin modulation, mitophagy and accu-
mulation of mitochondria were examined. CSE treatment in
the myotubes with Parkin knockdown increased mitochon-
drial mass detected using significantly elevated TOMM20
protein levels (Figure 3A), which was clearly suppressed by
Parkin overexpression (Figure 3B). CSE treatment in the myo-
tubes with Parkin knockdown also significantly increased the
PINK1 and p62 protein levels (Figure 3C), which may reflect
the accumulation of damaged mitochondria due to insuffi-
cient Parkin-mediated mitophagy. CSE-induced accumulation
of ubiquitinated proteins and p62 in the mitochondrial
fraction was significantly reduced by Parkin knockdown,
indicating the involvement of Parkin in the regulation of ubiq-
uitination and p62 accumulation during CSE-mediated
mitophagy (Figure 3D). Impaired mitophagy in the myotubes
with Parkin knockdown was demonstrated by decreased
colocalization between EGFP-LC3 and MitoBright LT
Red-stained mitochondria in the presence of bafilomycin A1
(BFA1), which was determined by means of confocal
microscopic evaluation of colocalized particles in response
to CSE exposure (Figure 3E). Conversely, the myotubes with
Parkin overexpression demonstrated increased colocalization
between EGFP-LC3 and TOMM20 (Figure 3E). Electron
microscopic evaluation showed CSE-induced accumulation
of damaged mitochondria with abnormal swelling and
crista disruption, which was clearly enhanced in the
myotubes with Parkin knockdown (Figure 3F). In contrast,
Parkin overexpression clearly increased autophagic vacuoles
containing mainly deforming mitochondria, especially in the
presence of BFA1 (Figure 3F). WB of additional autophagy
markers (LC3 and Beclin-1) were conducted, but no
significant changes in expression levels of LC3-II (Supporting
Information, Figure S2a–c) and Beclin-1 (Figure S2d–f) were
demonstrated in all three models. Accordingly,
Parkin-mediated mitophagy likely played an important regu-
latory role in the atrophic changes in the myotubes during
CSE exposure by modulating mitochondrial integrity and
ROS production.
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Figure 1 CSE induces mitochondrial damage and ROS production accompanied by myotube atrophy. (A) Phase-contrast images of myoblasts and myo-
tubes. Myoblasts were differentiated for 5 days to form myotubes. Bar: 20 μm. (B) Western blotting (WB) using anti-MHC and anti-GAPDH in
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Muscle Ring Finger 1 induced atrophic changes in
myotubes in the presence of insufficient
Parkin-mediated mitophagy

Muscle Ring Finger 1 is a muscle-specific E3-ubiquitin ligase
whose activity is reflected by protein levels. MuRF-1 is re-
sponsible for the degradation of MHC, with its activity being
associated with the progression of muscle atrophy.30 Interest-
ingly, increased expression levels of MuRF-1 have been re-
ported in muscle biopsies from patients with COPD.11 Signif-
icantly increased MuRF-1 protein levels were observed in
CSE-treated myotubes (Figure 4A). CSE-induced MuRF-1 ex-
pression was further enhanced by Parkin knockdown but
was significantly attenuated by Parkin overexpression and
Mito-TEMPO treatment in CSE-treated myotubes (Figure
4A–C). The foreminded findings suggest that excessive mito-
chondrial ROS production by damaged mitochondria
resulting from insufficient mitophagic degradation induces
MuRF-1 expression during CSE exposure. Thus, MuRF-1
knockdown experiments were performed to determine the
role of MuRF-1 in regulating atrophic changes in myotubes.
Accordingly, MuRF-1 knockdown significantly ameliorated
CSE-induced MHC reduction and myotube atrophy without
affecting CSE-induced mitochondrial ROS production (Figure
4D–F), further supporting the notion that MuRF-1 is a down-
stream regulator of atrophic myotube changes in the pres-
ence of insufficient mitophagy-mediated increased ROS
production.

Long-term cigarette smoke exposure in Parkin
knockout mice

To elucidate the physiological involvement of Parkin reduc-
tion in sarcopenia development in COPD, Parkin knockout
mice (Parkin�/�) were subjected to long-term CS exposure

as a COPD model. After 6 months of exposure, CS-exposed
wild-type (WT) mice had significantly lower total body weight
compared with the room air-exposed WT mice, which was
further enhanced in CS-exposed Parkin�/� mice (Figure 5A).
Moreover, CS-exposed WT mice had shorter wire hanging
time, which reflects grip strength, compared with the room
air-exposed WT mice, and CS-exposed Parkin�/� mice
showed a trend of further reduction compared with CS-ex-
posed WT mice (P = 0.29) (Figure 5B). Similar to wire hanging
time, the CS-exposed WT mice had lower hind limb muscle
weights compared with the room air-exposed WT mice, but
only the soleus muscle (SOL) weight reached statistical signif-
icance. CS-exposed Parkin�/� mice demonstrated signifi-
cantly lower limb muscles weights compared with the room
air-exposed WT mice and a trend of further reduction com-
pared with the CS-exposed WT mice (P = 0.25 for the gastroc-
nemius muscle, P = 0.15 for the extensor digitorum longus
muscle, and P = 0.09 for the soleus muscle). Among limb
muscles, only the tibialis anterior muscle (TA) reached a
significant difference (Figure 5C). Moreover, CS-exposed
Parkin�/� mice had a significantly smaller average fibre diam-
eter of the gastrocnemius muscle compared with CS-exposed
WT mice, with the fibre size distribution shifting to the left in
CS-exposed Parkin�/� mice, indicating relatively increased
muscle atrophy (Figure 5D,E). Accordingly, CS-exposed
Parkin�/� mice showed more prominent features of
COPD-related sarcopenia.

CS-exposed Parkin�/� mice had significantly lower MHC
protein levels in limb muscle homogenates compared with
air-exposed and CS-exposed WT mice (Figure 6A). In contrast,
CS-exposed Parkin�/� mice showed increased protein levels
of TOMM20, p62, PINK1, and MuRF-1 in limb muscle homog-
enates, but MuRF-1 demonstrated statistical significance only
in comparison with air-exposed WT mice (Figure 6A). En-
hanced expression levels of 4-Hydroxynonenal (4-HNE), rep-
resenting the lipid peroxidation around the sarcolemma,

control-treated (Lanes 1 to 3) and CSE (2% for 48 h)-treated (Lanes 4 to 6) myotubes. The right panel shows the average (±SEM) of the relative de-
crease in MHC normalized to GAPDH, determined from densitometric analysis of WB from three independent experiments. Open bars indicate no
treatment, whereas filled bars indicate CSE treatment. *P < 0.05. (C) Images of immunofluorescent staining of MHC in 2% CSE-treated myotubes
for 48 h. Bar: 100 μm. The left panel shows the average (±SEM) of the myotube diameter. The diameter of 10 randomly selected myotubes were av-
eraged using five images. Open bars indicate no treatment, whereas filled bars indicate CSE treatment. **P < 0.01. (D) Fluorescence microscope im-
ages of TOMM20 staining of mitochondria (left panels) and MitoTracker Red staining (right panels). Myotubes were treated with CSE (2%) for 48 h
(lower panels) or control (upper panels). Bar: 50 μm. MitoTracker Red staining was quantified using BZ-X800 analyzer and normalized by the area
of the myotube (rightmost panel). (E) Fluorescence intensity of DCFH-DA staining for intracellular ROS production of myotubes in response to CSE ex-
posure. The fluorescence level in the control-treated myotubes was designated as 1.0. **P < 0.01. (F) Fluorescence microscope images of MitoSOX
Red staining for mitochondrial ROS production (uppermost panels), and phase-contrast images of myotubes (middle panels). Myotubes were
pretreated with Mito-TEMPO (100 μM) for 6 h before CSE exposure (2% for 24 h). Bar: 50 μm. MitoSOX Red staining was quantified using BZ-X800
analyzer and normalized by the area of the myotube (bottom panel). (G) WB using anti-MHC, anti-Parkin, and anti-GAPDH in DMSO-treated (Lanes
1 and 2), and Mito-TEMPO (100 μM)-treated myotubes (Lanes 3 and 4). Pretreatment with Mito-TEMPO (100 μM) for 6 h before CSE exposure (2%
for 48 h). The lower left panel shows the average (±SEM) of the relative expression in MHC normalized to GAPDH, which was determined from den-
sitometric analysis of WB from four independent experiments. The lower right panel shows the average (±SEM) of the relative expression in Parkin
normalized to GAPDH, which was determined from densitometric analysis of WB from four independent experiments. Open bars indicate no treat-
ment, whereas filled bars indicate CSE treatment. *P < 0.05; **P < 0.01. (H) Images of immunofluorescent staining of MHC in myotubes treated with
PBS (upper panels) and CSE (2%) for 48 h (lower panels) with the addition of DMSO (left column) and Mito-TEMPO (right column). Bar: 100 μm. Bot-
tom panels show the average (±SEM) of the myotube diameter. The diameter of 10 randomly selected myotubes were measured using nine images.
Open bars indicate no treatment, whereas filled bars indicate CSE-treated treatment. **P < 0.01.
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Figure 2 Parkin-mediated mitophagy regulates mitochondrial ROS production and atrophic changes in myotubes during CSE exposure. (A) WB using
anti-Parkin and anti-GAPDH in control-treated (Lane 1) and CSE (2% for 48 h)-treated (Lane 2) myotubes. The right panel shows the average (±SEM) of
the relative decrease in Parkin normalized to GAPDH, determined from densitometric analysis of WB from 3 independent experiments. Open bars in-
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reflected enhanced oxidative stress in CS-exposed Parkin�/�

mice (Figure 6B). Immunohistochemical evaluation of
TOMM20 also demonstrated increased expression levels,
which were prominent around the sarcolemma in
CS-treated Parkin�/� mice (Figure 6C). Electron microscopic
evaluation showed accumulation of damaged mitochondria
with abnormal swelling and crista disruption around the sar-
colemma in CS-treated Parkin�/� mice (Figure 6D), further
supporting the notion that Parkin-mediated mitophagy
played a regulatory role in CS-induced sarcopenia by modu-
lating mitochondrial damage and ROS production in associa-
tion with MuRF-1 expression.

Decreased Parkin expression levels with
concomitant accumulation of damaged
mitochondria in muscles from patients with chronic
obstructive pulmonary disease-related sarcopenia

We had previously reported that COPD lungs exhibited re-
duced Parkin expression levels.21 GEO2R analysis of the mi-
croarray dataset (GSE100281), which evaluated gene tran-
scription in the quadriceps of 79 stable COPD patients

and 16 healthy age- and gender-matched controls, showed
a significant reduction in Parkin expression levels among
patients with COPD (Figure 7A). Hence, Parkin protein levels
in the gluteus maximus muscle were compared between
patients with COPD-related sarcopenia, those with
non-COPD sarcopenia, and controls. Patient characteristics
are summarized in Table S1. Both non-COPD sarcopenia
and COPD-related sarcopenia demonstrated trends of low
BMI (19.9 ± 3.4 kg/m2 and 20.7 ± 3.9 kg/m2, respectively)
and reduced SMI (5.28 ± 0.76 kg/m2 and 5.71 ± 1.14 kg/
m2, respectively) compared with controls (BMI
24.3 ± 3.3 kg/m2 and SMI 6.25 ± 0.06 kg/m2), but only
COPD-related sarcopenia had significantly reduced FEV1.0/
FVC (65.7 ± 11.1%, P < 0.05) compared with controls and
non-COPD sarcopenia (78.7 ± 4.4% and 83.4 ± 4.3%, respec-
tively). Compared with those with non-COPD sarcopenia
and controls, those with COPD-related sarcopenia showed
significantly lower Parkin but greater TOMM20, PINK1,
p62, and MuRF-1 protein levels in the muscles (Figure
7B). Enhanced expression levels of 4-HNE around the sarco-
lemma indicated exaggerated oxidative stress (Figure 7C).
Immunofluorescence evaluation by TOMM20 staining indi-
cated mitochondrial accumulation, especially around sarco-

dicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05. (B) Real-time PCR using mouse Parkin and GAPDH primers in
control-treated (Lane 1) and CSE (2% for 48 h)-treated (Lane 2) myotubes. The panel shows the average (±SEM) of the relative expression in Parkin
normalized to GAPDH, which were determined taken from three independent experiments. Open bars indicate no treatment, whereas filled bars in-
dicate CSE treatment. *P < 0.05. (C) WB using anti-Parkin and anti-GAPDH in control siRNA-treated (Lane 1) and Parkin siRNA-treated (Lane 2) myo-
tubes. The right panel shows the average (±SEM) of the relative decrease in Parkin normalized to GAPDH, determined from densitometric analysis of
WB from three independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05. (D) Fluorescence
intensity of DCFH-DA staining for intracellular ROS production of myotubes in response to CSE exposure. Myotubes were transfected with nonsilencing
control siRNA and Parkin siRNA, and CSE treatment (2% for 48 h) was started 72 h post-transfection. The fluorescence level in the control-treated myo-
tubes was designated as 1.0, and shown in panel is the average (±SEM). Open bars indicate no treatment, whereas filled bars indicate CSE treatment.
*P < 0.05, **P < 0.01, ***P < 0.001. (E) Phase-contrast images of myotubes (upper panels) and fluorescence microscope detection of MitoSOX Red
staining for mitochondrial ROS production (lower panels) in control or CSE (2%)-treated myotubes. Myotubes were transfected with nonsilencing con-
trol siRNA and Parkin siRNA, and CSE treatment (2% for 24 h) was started 72 h post-transfection. Bar: 50 μm. MitoSOX Red staining was quantified
using BZ-X800 analyzer and normalized by the area of the myotube (rightmost panel). (F) Images of immunofluorescent staining of MHC in control
(upper panels) or CSE (2%)-treated (lower panels) myotubes. Bar: 100 μm. Myotubes were transfected with nonsilencing control siRNA and Parkin
siRNA, and CSE treatment (2% for 48 h) was started 72 h post-transfection. The right panel shows the average (±SEM) of the myotube diameter.
The diameters of 10 randomly selected myotubes were averaged using nine images per group. Open bars indicate no treatment, whereas filled bars
indicate CSE treatment. *P < 0.05; **P < 0.01. (G) WB using anti-MHC and anti-GAPDH in PBS-treated (Lanes 1 and 2), and CSE (2% for 48 h)-treated
(Lanes 3 and 4) myotubes. Myotubes were transfected with nonsilencing control siRNA and Parkin siRNA, and CSE treatment was started 72 h post-
transfection. The lower panel shows the average (±SEM) of the relative decrease in MHC normalized to GAPDH, determined from densitometric anal-
ysis of WB from three independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05. (H) Fluores-
cence intensity of DCFH-DA staining for intracellular ROS production of myotubes in response to CSE exposure. Myotubes were transfected with
control vector (Lanes 1 and 2) and Parkin HA expression vector (Lanes 3 and 4). CSE treatment (2% for 48 h) was started 72 h post-transfection.
The fluorescence level in the control-treated myotubes was designated as 1.0, and shown in panel is the average (±SEM). Open bars indicate no treat-
ment, whereas filled bars indicate CSE treatment. *P < 0.05, **P < 0.01, ***P < 0.001. (I) Phase-contrast images of myotubes (upper panels) and
fluorescence microscope detection of MitoSOX Red staining for mitochondrial ROS production (lower panels) in control or CSE (2%)-treated myotubes.
Myotubes were transfected with control vector (Lanes 1 and 2) and Parkin HA expression vector (Lanes 3 and 4). CSE treatment (2% for 24 h) was
started 72 h post-transfection. Bar: 50 μm. MitoSOX Red staining was quantified using BZ-X800 analyzer and normalized by the area of the myotube
(rightmost panel). (J) Images of immunofluorescent staining of MHC in control or CSE (2%)-treated myotubes. Bar: 100 μm. The lower panel shows the
average (±SEM) of the myotube diameter. The diameters of 10 randomly selected myotubes from 1 image were measured at the maximum width using
ImageJ software (NIH, Bethesda, MD) and averaged using 3 images per experiment. This was repeated from seven independent experiments. Open
bars indicate no treatment, whereas filled bars indicate CSE treatment. **P < 0.01; **P < 0.01. (K) WB using anti-MHC, and anti-GAPDH in
control-treated (Lanes 1 and 2), and CSE (2% for 48 h)-treated (Lanes 3 and 4) myotubes. Myotubes were transfected with control vector (Lanes 1
and 2) and Parkin HA expression vector (Lanes 3 and 4), and CSE treatment was started 72 h post-transfection. The right panel shows the average
(±SEM) of the relative increase in MHC normalized to GAPDH, determined from densitometric analysis of WB from three independent experiments.
Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05; **P < 0.01.
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Figure 3 Parkin-mediated mitophagy is involved in atrophic changes of myotubes during CSE exposure through modulating mitochondrial integrity. (A)
WB using anti-TOMM20 and anti-GAPDH in control siRNA-treated (Lanes 1 and 2) and Parkin siRNA-treated (Lanes 3 and 4) myotubes with CSE expo-
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lemma area in those with COPD-related sarcopenia
(Figure 7D). Consistently, electron microscopic evaluation
showed mitochondrial accumulation with abnormal
swelling and crista disruption, especially around the sarco-
lemma area (Figure 7E), suggesting that damaged mito-
chondria accumulation caused by insufficient
Parkin-mediated mitophagy was responsible for excessive
ROS production and muscle atrophy in those with
COPD-related sarcopenia.

Muscle contraction increases myosin heavy chain
levels by enhancing Parkin expression

Physical exercise is the most efficient way for preventing
muscle atrophy. To examine the preventive role of exercise
against muscle atrophy during CSE exposure, we adopted
the C2C12 myotube contraction system. Accordingly, the
contracted myotube showed a significant increase in MHC
and Parkin protein levels (Figure 8A). Intriguingly, Parkin
knockdown clearly suppressed contraction-induced MHC up-
regulation, suggesting that contraction induces MHC expres-
sion through a Parkin-mediated mechanism of MuRF-1 regu-
lation (Figure 8B). To elucidate the effects of myotube con-
traction on CSE-induced atrophy, CSE (2%) treatment for
2 days was started 1 day after 1 h contraction. Notably, myo-
tube contraction significantly prevented CSE-induced MuRF-1
up-regulation and MHC reduction with concomitant mainte-
nance of Parkin protein levels (Figure 8C), indicating that
contraction-mediated maintenance of Parkin expression
may prevent MuRF-1 up-regulation during CSE exposure by
enhancing mitophagy.

Discussion

The current study demonstrates that CSE-induced myotube
atrophy accompanied by accumulation of damaged mito-
chondria and enhanced mitochondrial ROS production with
a concomitant reduction in parkin expression. Parkin knock-
down and overexpression experiments indicated that
Parkin-mediated mitophagy played a pivotal role in regulat-
ing myotube atrophy by modulating mitochondrial ROS pro-
duction. Increased mitochondrial ROS caused myotube atro-
phy by activating MuRF-1-mediated MHC degradation. The
physiological involvement of Parkin reduction in sarcopenia
development during COPD pathogenesis was confirmed by
the CS-exposed Parkin�/� mice model of COPD, which
showed enhanced limb muscles atrophy. Notably,
CS-exposed Parkin�/� mice demonstrated increased
MuRF-1 and oxidative modification of 4HNE expression with
concomitant accumulation of damaged mitochondria in their
limb muscle. Meanwhile, human samples from patients with
COPD-related sarcopenia showed significantly decreased
Parkin but increased MuRF-1 and TOMM20 protein levels
in muscle homogenates. Accumulation of damaged mito-
chondria in the muscles of patients with COPD-related sar-
copenia was detected through immunohistochemistry and
electron microscopy. Moreover, muscle contraction-induced
MHC expression through Parkin up-regulation even in
CSE-exposed myotubes, suggesting the potential for exercise
to prevent progression of COPD-related sarcopenia. Taken
together, COPD-related sarcopenia can be attributed to in-
sufficient Parkin-mediated mitophagy and increased mito-
chondrial ROS causing enhanced muscle atrophy by activat-
ing MuRF-1, which may be at least partly preventable by
appropriate exercise.

sure (2% for 48 h). The lower panel shows the average (±SEM) of the relative increase in TOMM20 normalized to GAPDH, determined from densito-
metric analysis of WB from four independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P< 0.05. (B)
WB using anti-TOMM20 and anti-GAPDH in control vector (Lanes 1 and 2) and Parkin HA expression vector (Lanes 3 and 4). CSE treatment (2% for 48 h)
was started 72 h post-transfection. The lower panel shows the average (±SEM) of the relative expression in TOMM20 normalized to GAPDH, deter-
mined from densitometric analysis of WB from four independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treat-
ment. **P < 0.01; ***P < 0.001. (C) WB using anti-p62, anti-PINK1 and anti-GAPDH in control siRNA-treated (Lanes 1 and 2) and Parkin siRNA-treated
(Lanes 3 and 4) myotubes with CSE exposure (2% for 48 h). The middle and right panels show the average (±SEM) of the relative increase in p62 and
PINK1 normalized to GAPDH, determined from the densitometric analysis of WB from five and four independent experiments, respectively. Open bars
indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05; **P < 0.01; ***P < 0.001. (D) WB using anti-p62, anti-ubiquitin, and
anti-TOMM20 in control siRNA-treated (Lanes 1 and 2) and Parkin siRNA-treated (Lanes 3 and 4) myotubes. CSE treatment (2.0%) was started after
5 days of differentiation, and protein samples from mitochondrial fractions were collected after 48 h of treatment. Shown is a representative exper-
iment of 3 showing similar results. The middle panel is the average (±SEM) relative increase in p62 normalized to TOMM20, which are taken from the
densitometric analysis of WB from three independent experiments. The rightmost panel is the average (±SEM) relative increase in ubiquitin normalized
to TOMM20, which are taken from the densitometric analysis of WB from four independent experiments. Open bar is no treatment; filled bar is CSE
treatment. *P < 0.05. (E) Colocalization analysis of confocal laser scanning microscope images of MitoBright LT Red-stained mitochondria and ECFP-
LC3B. Myotubes were co-transfected with pEGFP-LC3B vector and control-siNRA (Lanes 1 and 2), Parkin siRNA (Lanes 3 and 4), or Parkin HA expression
vector (Lanes 5 and 6). Myotubes were treated with 2% CSE for 48 h in the absence or presence of bafilomycin A1 (Baf A1, 200 nM). Bar: 5 μm. The
bottom panel showed the quantitative measurement of colocalized particles standardized by the myotube area. (F) Electron microscope images of
mitochondria and autophagosomes in myotubes. Myotubes were transfected with control-siNRA (upper lane), Parkin siRNA (middle lane), or Parkin
HA expression vector (lower lane). Myotubes were treated with 2% CSE for 48 h in the absence or presence of Baf A1. Bar: 500 nm.
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Figure 4 MuRF-1 is responsible for atrophic changes in myotubes in the presence of insufficient Parkin-mediated mitophagy. (A) WB using anti-MuRF-
1 and anti-GAPDH in control siRNA-treated (Lanes 1 and 2) and Parkin siRNA-treated (Lanes 3 and 4) myotubes with CSE exposure (2% for 48 h). The
lower panel shows the average (±SEM) of the relative increase in MuRF-1 normalized to GAPDH, determined from densitometric analysis of WB from
three independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05; **P < 0.01. (B) WB using
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Accumulation of damaged mitochondria plays an impor-
tant role in the aging process of the skeletal muscles, includ-
ing sarcopenia, with reduced mitophagy having been impli-
cated in this process.22,31 Although evidence has shown that
the atrophied muscles of older men demonstrated reduced
parkin expression and that parkin overexpression prevented
aging-related loss of muscle mass,22,32 the specific implication
of parkin and Parkin-mediated mitophagy in COPD-related
sarcopenia remains undetermined. Consistent with our previ-
ous findings regarding accelerated cellular senescence in hu-
man bronchial epithelial cells (HBEC) in COPD,21 we eluci-
dated the potential involvement of insufficient
Parkin-mediated mitophagy in the mechanisms of
CSE-induced myotube atrophy and COPD-related sarcopenia
by regulating mitochondrial damage and mitochondrial ROS
production. Intriguingly, our findings showed that those with
COPD-related sarcopenia had significant lower Parkin protein
levels in their muscles compared with those with non-COPD
sarcopenia. Although the detailed mechanisms for Parkin re-
duction remains uncertain, CSE significantly reduced Parkin
mRNA levels in the myotubes, suggesting the involvement
of transcriptional regulation. Insufficient Parkin-mediated mi-
tophagy induced accumulation of damaged mitochondria
with higher mitochondrial ROS production, which may fur-
ther induce mitochondrial damage during CSE exposure.
The expression levels of PGC1-alpha demonstrated no signif-
icant alterations in all models (data not shown), suggesting
that the increase in mitochondrial mass in our experimental
results was mainly attributed to insufficient mitophagic deg-
radation, but not to an increase in mitochondrial biogenesis.
In muscle samples of COPD-related sarcopenia and
CS-exposed Parkin�/� mice, accumulation of damaged mito-
chondria was mainly detected in the perivascular region
around the sarcolemma, suggesting that
mitochondrion-damaging agents can be carried through the
bloodstream. Accordingly, the soluble fraction of inhaled CS
is likely involved in not only mitochondrial damage but also

Parkin reduction, resulting in enhanced mitochondrial ROS
production in the muscles of those with COPD-related sarco-
penia (Figure S1). Based on the plasma nicotine concentra-
tions in smokers, a previous paper showed that a 1.0% CSE
solution, which uses two cigarettes to making a 10-mL CSE so-
lution, corresponds to exposures associated with smoking 0.5
pack/day.33 Given that the current study used one cigarette
to make a 10-mL CSE solution, we considered that 2.0% of
CSE was within the physiological range in the blood stream
of smokers and was optimal for our in vitro experiments. In
contrast to our findings, previous reports have demonstrated
the potentially increased autophagy and mitophagy flux in
the skeletal muscles of COPD patients.34,35 The discrepancy
could likely be attributed to the difference in the biopsied
muscle and the characteristics of the study population.
Vastus lateralis muscles were biopsied in previous reports,
whereas the gluteus maximus muscle, which contains more
oxidative type I fibres, was used in the present study
(37.8% and 52.4% Type I fibres, respectively36), suggesting
that sensitivity to oxidative stress may be different. The char-
acteristics of the study population were also different in
terms of the smoking history of the controls (more than
50% of smoking history in previous reports and 0% in our
study), BMI of the COPD cases (more than 25 kg/m2 in previ-
ous reports and 20.7 kg/m2 in our report), and age of the
COPD cases (approximately 65 years old in previous reports
and 85 years old in our study). COPD is a representative pul-
monary disorder associated with aging, and Parkin expression
levels show an aging-related decline.22 Hence, it is plausible
that not only CS but also aging may affect Parkin reduction
and status of mitophagy flux in muscle samples of patients
with COPD-related sarcopenia in our study.

Muscle atrophy is caused by accelerated destruction of the
myofibril, which constitutes more than 70% of muscle
proteins.37 Moreover, MuRF-1 is responsible for controlling
protein levels of essential myofibril proteins, including MHC
through the UP pathway.38 The current study demonstrated

anti-MuRF-1 and anti-GAPDH in control vector-treated (Lanes 1 and 2) and Parkin HA expression vector-treated (Lanes 3 and 4) myotubes with CSE
exposure (2% for 48 h). The lower panel shows the average (±SEM) of the relative increase in MuRF-1 normalized to GAPDH, determined from den-
sitometric analysis of WB from three independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treatment.
**P < 0.01. (C) WB using anti-MuRF-1 and anti-GAPDH in DMSO-treated (Lanes 1 and 2) and Mito-TEMPO-treated (Lanes 3 and 4) myotubes with
CSE exposure (2% for 48 h). The lower panel shows the average (±SEM) of the relative increase in MuRF-1 normalized to GAPDH, determined from
densitometric analysis of WB from three independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE treatment.
*P < 0.05. (D) WB using anti-MHC, anti-MuRF-1 and anti-GAPDH in control siRNA-treated (Lanes 1 and 2) and MuRF-1 siRNA-treated (Lanes 3 and
4) myotubes with CSE exposure (2% for 48 h). The right panel shows the average (±SEM) of the relative increase in MHC normalized to GAPDH, de-
termined from densitometric analysis of WB from five independent experiments. Open bars indicate no treatment, whereas filled bars indicate CSE
treatment. *P < 0.05; **P < 0.01. (E) Images of immunofluorescent staining of MHC in control or CSE (2%)-treated myotubes. Bar: 50 μm. Myotubes
were transfected with nonsilencing control siRNA andMuRF-1 siRNA, and CSE treatment (2% for 48 h) was started after 72 h post-transfection. The left
panel shows the average (±SEM) of the myotube diameter. The diameters of 10 randomly selected myotubes were averaged using nine images per
group. Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05; ***P < 0.001. (F) Fluorescence microscope detection
of MitoSOX Red staining for mitochondrial ROS production (upper panels) and phase-contrast images of myotubes (lower panels) in control or CSE
(2%)-treated myotubes. Myotubes were transfected with nonsilencing control siRNA and MuRF-1 siRNA, and CSE treatment (2% for 24 h) was started
after 72 h post-transfection. Bar: 50 μm. MitoSOX Red staining was quantified using BZ-X800 analyzer and normalized by the stained myotube area
(rightmost panel).
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that CSE-exposed myotubes, as well as muscles from
CS-exposed Parkin�/� mice and COPD-related sarcopenia,
had increased MuRF-1 protein levels (Figures 4, 6, and 7).
MuRF-1 expression levels reflect its activity, with its
up-regulation being associated with a variety of mechanisms,

including mitochondrial ROS.11 Enhanced MuRF-1 expression
by Parkin knockdown but reduction by Parkin overexpression
and Mito-TEMPO indicated that MuRF-1 protein levels were
regulated by Parkin-modulated mitochondrial ROS during
CSE exposure (Figure 4). Consistent with previous studies

Figure 5 Effects of long-term cigarette smoke (CS) exposure on Parkin knockout mice. (A) Time course of body weight during 6-month CS exposure for
wild-type (WT) and Parkin knockout (PKO) mice (n = 7 to 9). Data are presented as mean ± SEM. *P < 0.05; **P < 0.01. ***P < 0.001. (B) Panel show-
ing wire hanging time (impulse score) in linear wire hanging test. Mice were allowed to grasp the middle of the wire with their fore limbs, and the time
until the mice completely released their grasp and fell down was recorded. Mice were provided three trials, and data were recorded as the maximum
holding impulse, which is the hanging time in seconds multiplied by animal weight in grams. Data are presented as mean ± SEM, (n = 5 to 6). *P< 0.05.
**P < 0.01. (C) Panel showing the weights of Musculus (M) gastrocnemius (GC), M. tibialis anterior (TA), M. soleus (SOL), and M. extensor digitorum
longus (EDL) muscles of WT and PKO mice. All hindlimb muscle weights were normalized to the tibia length (n = 7 to 9). Data are presented as
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (D) Representative images of laminin-stained GC muscle sections of WT and PKO mice. Bar:
50 μm. The lower panel shows the average (±SEM) of the muscle fibre diameter. Open bars indicate no treatment, whereas filled bars indicate CSE
treatment. **P < 0.01. (E) the panel showing the distribution of myofibre cross-sectional area (CSA) in GC muscles of WT and PKO mice. Data are
presented as mean ± SEM. *P < 0.05; **P < 0.01.

1876 A. Ito et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 1864–1882
DOI: 10.1002/jcsm.12988



Figure 6 Long-term CS exposure induces mitochondrial damage and ROS production with increased MuRF-1 expression to cause muscle atrophy. (A)
WB using anti-MuRF-1, anti-TOMM20, anti-Parkin, anti-MHC, anti-p62, anti-PINK1 and anti-GAPDH of GC muscles from WT mice (Lanes 1 to 6) and
Parkin knockout mice (Lanes 7 to 12) subjected to 6-month CS exposure. Panels show the average (±SEM) determined from densitometric analysis
of WB (n = 7 to 9). Open bars indicate no treatment, whereas filled bars indicate CSE treatment. *P < 0.05; **P < 0.01. (B) Fluorescence microscope
images of 4HNE staining for the oxidative modifications in the GC muscles from WT mice (Lane 1) and Parkin knockout mice (Lane 2) exposed to
6-month CS exposure. The right panel shows the average (±SEM) of the 4HNE staining intensity normalized by muscle fibre count. Bar: 50 μm.
*P < 0.05; ***P < 0.001. (C) Confocal laser scanning microscope images of TOMM20 staining in the GC muscles from WT mice (Lane 1) and Parkin
knockout mice (Lane 2) exposed to 6-month CS exposure. The right panel shows the average (±SEM) of the TOMM20 stained area normalized by mus-
cle fibre count. Bar: 50 μm. *P< 0.05; ***P< 0.001. (D) Electron microscope images of mitochondria in the GC muscles from WT mice (Lanes 1 and 2)
and Parkin knockout mice (Lanes 3 and 4) exposed to 6-month CS exposure. Arrows show damaged mitochondria with abnormal swelling and crista
disruption. Bar: 500 nm (lower panels).
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Figure 7 Gluteus maximus muscles of patients with COPD-related sarcopenia exhibited reduced parkin expression levels and concomitant accumula-
tion of mitochondria with elevated MuRF-1. (A) Parkin expression levels from GEO2R analysis of the microarray dataset (GSE100281), evaluating gene
transcription in the quadriceps of 79 stable patients with COPD and 16 healthy age- and gender-matched controls. **P < 0.01. (B) WB using anti-
MuRF-1, anti-TOMM20, anti-Parkin, anti-p62, anti-PINK1 and anti-GAPDH in the gluteus maximus muscles from patients with no COPD and sarcopenia
(Lanes 1 to 3), sarcopenia without COPD (Lane 4 to 6), and COPD-related sarcopenia (Lanes 7 to 9). The lower panels show the average (±SEM) taken
from densitometric analysis of WB from patient with no COPD and sarcopenia (n = 3), sarcopenia without COPD (n = 5), and COPD-related sarcopenia
(n = 5). *P< 0.05; **P< 0.01. (C) Fluorescence microscopic images of 4HNE staining for the oxidative modifications in the gluteus maximus muscles of
patient with no COPD and sarcopenia (Lane 1), sarcopenia without COPD (Lane 2), and COPD-related sarcopenia patients (Lane 3). The right panel
shows the average (±SEM) of the 4HNE staining intensity normalized by muscle fibre count. Bar: 20 μm. *P < 0.05. (D) Confocal laser scanning micro-
scope images of TOMM20 staining in the gluteus maximus muscles of patients with no COPD and sarcopenia (Lane 1), sarcopenia without COPD pa-
tients (Lane 2), and COPD-related sarcopenia (Lane 3). The right panel shows the average (±SEM) of the TOMM20 stained area normalized by muscle
fibre count from patients with no COPD and sarcopenia (n = 3), sarcopenia without COPD (n = 5), and COPD-related sarcopenia (n = 5). Arrows indicate
the accumulation of mitochondria. Bar: 50 μm. *P < 0.05. (E) Electron microscope detection of mitochondria in the gluteus maximus muscles of pa-
tient with no COPD and sarcopenia (Lane 1), sarcopenia without COPD (Lane 2), and COPD-related sarcopenia (Lane 3). Bar: 500 nm.
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showing MuRF-1 up-regulation in the skeletal muscles of CS-
exposed animals, CS exposure tended to increase MuRF-1 in
WT mice (Figure 6).11,39,40 Additionally, the
markedly enhanced MuRF-1 protein levels in CS-exposed
Parkin�/� mice further support the notion that Parkin plays
a pivotal role in negatively regulating MuRF-1 protein levels
in muscles during CS exposure. The participation of MuRF-1
in the process of MHC degradation was confirmed through

MuRF-1 knockdown experiments, which showed significant
recovery from CSE-induced MHC reduction in the myotubes
(Figure 4). Inconsistent with our findings, the previous report
could not demonstrate significant up-regulation of MuRF-1 in
quadriceps biopsy from COPD patients,41 and we speculate
that substantial differences in patient characteristics, includ-
ing age and BMI, may be partly responsible for this
discrepancy.

Figure 8 Contraction of the muscle enhanced Parkin expression levels, causing muscle hypertrophy and protection from CSE-induced atrophy. (A) WB
using anti-MHC, anti-Parkin, and anti-GAPDH in no contraction (Lane 1) and 1 h contraction-treated (Lane 2) myotubes. Myotubes were stimulated
with 10 V electric pulses for 20 ms at 1 Hz interval. Right panels show the average (±SEM) of the relative increase in MHC or Parkin normalized to
GAPDH, determined from densitometric analysis of WB from three independent experiments. Open bars indicate no treatment, whereas filled bars
indicate 1 h contraction treatment. *P < 0.05. (B) WB using anti-MHC, anti-Parkin, and anti-GAPDH in no contraction (Lanes 1 and 3) and 1 h
contraction-treated (Lanes 2 and 4) myotubes. Myotubes were transfected with nonsilencing control siRNA and Parkin siRNA, and 1 h-electric pulse
stimulations (10 V pulses for 20 ms at 1 Hz interval) were started 48 h post-transfection. The right panels show the average (±SEM) of the relative
increase in MHC or Parkin normalized to GAPDH, determined from densitometric analysis of WB from three independent experiments. Open bars in-
dicate no treatment, whereas filled bars indicate 1 h contraction treatment. *P < 0.05; **P < 0.01. (C) WB using anti-MHC, anti-Parkin, and
anti-GAPDH in control or CSE (2%)-treated myotubes. Myotubes were stimulated for 1 h with 10 V electric pulses for 20 ms at 1 Hz interval, and
CSE treatment (2% for 24 h) was started 1 day after the contraction. The right panels show the average (±SEM) of the relative increase in MHC or
MuRF-1 normalized to GAPDH, determined from densitometric analysis of WB from four independent experiments. Open bars indicate no treatment,
whereas filled bars indicate CSE (2%) treatment. *P < 0.05, **P < 0.01, ***P < 0.001.
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Based on previous reports and the findings of the present
study, Parkin overexpression may have a preventive role in
muscle atrophy among patients with COPD-related
sarcopenia22 (Figure 2). In general, exercise can be the most
efficient method for maintaining muscle mass and strength.
Recent studies have demonstrated the important role of
Parkin in physical exercise-induced mitophagy in association
with mitochondria biogenesis of muscles in a mouse model.42

Available data suggest that physical exercise may likely play a
pivotal role in regulating Parkin-mediated mitophagy. Intrigu-
ingly, myotube contraction by electrical stimulation induced
both Parkin and MHC expression, and Parkin was responsible
for MHC expression, which was demonstrated in the Parkin
knockdown experiment (Figure 8). Although the mechanism
for contraction-induced Parkin expression remains elusive,
exercise-mediated Parkin up-regulation remains a promising
treatment strategy for sarcopenia including COPD-related.
Searching for novel agents that up-regulate Parkin expression
in terms of drug repositioning can also be a potential ap-
proach for treating patients with COPD-related sarcopenia,
especially those who cannot perform sufficient exercise due
to respiratory dysfunction.

The present study has several limitations warranting dis-
cussion. First, we used CSE in our in vitro experiments as
the model for COPD-related sarcopenia. Proinflammatory cy-
tokines have been widely implicated in extrapulmonary
co-morbidities of COPD by leaking out from the inflamed
lung. Accordingly, the involvement of CS-induced proinflam-
matory cytokines in regulating Parkin expression and mito-
chondrial integrity should be examined. Second, our findings
showed the potential participation of Parkin-mediated mi-
tophagy in regulating MuRF-1 expression levels. However,
previous papers have shown that the NF-kB and p38 MAPK
signalling pathways were involved in the activation of
MuRF-1 during CS-induced catabolism of myotubes.39 Thus,
it is reasonable to speculate that Parkin reduction is not
the only mechanism for MuRF-1 expression during CS expo-
sure and that other possibilities should be elucidated. Third,
a recent paper showed that Parkin-mediated mitophagy
might play a role in regulating muscle stem cell
differentiation.43 The results of our experiment demon-
strated that CSE (2%) exposure induced a significantly lower
expression levels of myogenin, a key transcription factor for
myotube differentiation, in myoblasts, which was further re-
duced in CSE-treated Parkin KD myoblasts (data not shown).
Hence, it is likely that not only increased degradation of
muscle proteins but also reduced muscle regeneration may
be involved in the development of COPD-related sarcopenia
associated with insufficient Parkin-mediated mitophagy,
which should be examined in future studies. Fourth, we
showed that CS-exposed Parkin�/� mice demonstrated
shorter wire hanging time and a trend of lower hind limb
muscles weights compared with CS-exposed WT mice, but
only TA muscle weight reached a significant difference. How-

ever, the p-values for the rest of the muscles were close to
α-error, which indicates that our small sample size may have
led to the absence of a statistically significant difference.
Hence, further evaluation with an increased sample size is
necessary. Fifth, we demonstrated that patients with
COPD-related sarcopenia had significantly lower Parkin and
greater MuRF-1 protein levels in muscle homogenates com-
pared with those with non-COPD sarcopenia. However, our
sample size was small and may not have been sufficient
for determining the specific involvement of insufficient
Parkin-mediated mitophagy in COPD-related sarcopenia. Fur-
ther evaluation with increased number of cases, including
both COPD-related and non-COPD-related sarcopenia, is
necessary.

In conclusion, the current study showed that increased mi-
tochondrial ROS caused by insufficient Parkin-mediated mi-
tophagy was involved in the development of COPD-related
sarcopenia through MuRF-1 expression. Parkin
up-regulation can be a promising treatment modality for
COPD-related sarcopenia, which should be further confirmed
in future studies.
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