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The proteolytic autophagy pathway is enhanced in the lower limb muscles of patients

with chronic obstructive pulmonary disease (COPD). Reactive oxygen species (ROS)

have been shown to regulate autophagy in the skeletal muscles, but the role of

oxidative stress in the muscle autophagy of patients with COPD is unknown. We used

cultured myoblasts and myotubes from the quadriceps of eight healthy subjects and

twelve patients with COPD (FEV1% predicted: 102.0% and 32.0%, respectively;

p < 0.0001). We compared the autophagosome formation, the expression of

autophagy markers, and the autophagic flux in healthy subjects and the patients

with COPD, and we evaluated the effects of the 3‐methyladenine (3‐MA) autophagy

inhibitor on the atrophy of COPD myotubes. Autophagy was also assessed in COPD

myotubes treated with an antioxidant molecule, ascorbic acid. Autophagosome

formation was increased in COPD myoblasts and myotubes (p = 0.011; p < 0.001), and

the LC3 2/LC3 1 ratio (p = 0.002), SQSTM1 mRNA and protein expression (p = 0.023;

p = 0.007), BNIP3 expression (p = 0.031), and autophagic flux (p = 0.002) were higher

in COPD myoblasts. Inhibition of autophagy with 3‐MA increased the COPD myotube

diameter (p < 0.001) to a level similar to the diameter of healthy subject myotubes.

Treatment of COPD myotubes with ascorbic acid decreased ROS concentration

(p < 0.001), ROS‐induced protein carbonylation (p = 0.019), the LC3 2/LC3 1 ratio

(p = 0.037), the expression of SQSTM1 (p < 0.001) and BNIP3 (p < 0.001), and

increased the COPD myotube diameter (p < 0.001). Thus, autophagy signaling is

enhanced in cultured COPD muscle cells. Furthermore, the oxidative stress level

contributes to the regulation of autophagy, which is involved in the atrophy of COPD

myotubes in vitro.
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atrophy, autophagy, chronic obstructive pulmonary disease (COPD), oxidative stress,
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1 | INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is characterized by

airflow obstruction resulting from the inflammatory response of the

lungs to inhaled toxic particles. Among the comorbidities associated
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with COPD, muscle dysfunction has a crucial impact on the quality of

life and mortality rate of patients. Muscle dysfunction is associated

with reduced muscle strength and endurance and is often accom-

panied by muscle atrophy of the lower limbs, which has been

attributed in great part to increased protein degradation due to

activation of the ubiquitin/proteasome pathway (Doucet et al., 2007;

Plant et al., 2010).

The autophagy‐lysosome pathway is a proteolytic system that

contributes to muscle homeostasis through the elimination of protein

aggregates and damaged organelles. Autophagy has been shown to

be induced in skeletal muscles in response to various pro‐atrophic

stimuli such as starvation (Mizushima, Yamamoto, Matsui, Yoshimori,

& Ohsumi, 2004), denervation‐induced muscle disuse (O’Leary,

Vainshtein, Carter, Zhang, & Hood, 2012), hypoxia (Bellot et al.,

2009), and oxidative stress (Dobrowolny et al., 2008). Furthermore,

use of the antioxidant molecule N‐acetylcysteine (NAC) has shown

that reactive oxygen species (ROS) regulate autophagy in in vitro

myogenic C2C12 cells, as well as in the skeletal muscles of mice

(Qi, He, Ji, & Ding, 2014; Rahman et al., 2014). In COPD, autophagy

signaling is enhanced in the tibialis anterior and vastus lateralis of

stable patients (Guo et al., 2013; Puig‐Vilanova et al., 2015).

Moreover, indirect measurements suggest that oxidative stress

might contribute to autophagy, and autophagy markers are inversely

correlated with thigh atrophy and lung function impairment in

patients with COPD (Guo et al., 2013). Nevertheless, while ROS have

been shown to regulate autophagy in skeletal muscles, the involve-

ment of oxidative stress in COPD muscle autophagy has yet to be

clearly demonstrated.

We recently developed a cellular model based on purified

satellite cells derived from the quadriceps of patients with COPD and

showed that oxidative stress is involved in the atrophy of cultured

COPD myotubes via the ubiquitin/proteasome signaling pathway

(Pomiès et al., 2015, 2016). Here, we use this cellular model to assess

the role of autophagy in the atrophy of COPD muscle cells in vitro

and to investigate whether oxidative stress is involved in COPD

muscle autophagy. Autophagy signaling was evaluated with various

autophagy markers in in vitro muscle cells of patients with COPD and

healthy subjects, while the effect of the autophagy inhibitor

3‐methyladenine (3‐MA) was tested on COPD myotube atrophy.

Autophagy signaling was also assessed in cultured COPD myotubes

subjected to antioxidant treatment.

2 | MATERIALS AND METHODS

2.1 | Study population

The two study groups, sedentary healthy subjects (n = 8) and patients

with COPD (n = 12), are identical to the groups we have previously

studied (Pomiès et al., 2016), and their characteristics are detailed in

Table 1. Anthropometry, pulmonary function, exercise level and

peripheral muscle function were assessed, as previously described

(Pomiès et al., 2016). All subjects gave an informed written consent,

and the research protocol was approved by the institutional ethics

committee of the Montpellier University Hospitals (no. 2009‐

04‐BPCO‐V2 and no. 2011‐A00842‐39) and conducted in accor-

dance with the Helsinki Declaration and the European guidelines for

“good clinical practice.”

2.2 | Muscle biopsy, myoblast purification, and

cell culture

Muscle biopsies were obtained from the vastus lateralis using our

needle method (Gouzi et al., 2013). One piece of the biopsy was flash

frozen in a liquid nitrogen precooled beaker of isopentane and then

conserved at −80°C, until total RNA extraction using the NucleoSpin

RNA/protein purification kit (Macherey‐Nagel, Düren, Germany).

Another piece of the biopsy was progressively frozen for later

satellite cell purification, as described previously (Pomiès et al.,

2015). Myoblast purification was performed using an immunomag-

netic method, as previously described in detail (Pomiès et al., 2015).

The myoblasts were grown in collagen‐coated petri dishes in

proliferation medium: Dulbecco modified Eagle medium (DMEM)/20%

fetal bovine serum (FBS)/0.5% Ultroser. Myoblasts were always

cultured at a passage below P4. Differentiation was induced by

replacing the proliferation medium with the differentiation medium:

DMEM/2% FBS. Myotubes were obtained after 5 days in differentia-

tion medium.

2.3 | Cell treatments

Healthy and COPD myoblasts and myotubes were grown in the

presence of 200 nM bafilomycin A1 or phosphate‐buffered saline

(PBS) for 90min before harvesting the cells. The LC3 2 autophagic

flux was determined by calculating the difference between the LC3

2/tubulin ratio in the presence and in the absence of bafilomycin A1.
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TABLE 1 Characteristics of the study groups

Healthy subjects COPD patients P‐value

n 8 12 –

Gender (M/F) 7/1 9/3 –

Age (year) 62.0 [57.0–67.5] 59.0 [54.0–62.8] 0.393

BMI (kg/m2) 25.9 [24.3–27.8] 21.6 [19.0–26.0] 0.071

FFMI (kg/m2) 19.4 [18.4–20.5] 17.1 [15.0–18.3] 0.025

FEV1 (% pred.) 102.0 [93.0–105.0] 32.0 [26.8–47.5] <0.0001

FEV1/FVC (%) 75.0 [68.8–81.5] 39.0 [32.0–41.0] 0.002

6MWD (% pred.) 88.0 [83.5–97.0] 68.0 [55.5–71.5] <0.0001

qMVC (kg) 27.7 [25.1–31.6] 17.6 [12.9–32.2] 0.071

BODE index – 5.0 [4.3–8.5] –

Note. BMI, body mass index; COPD, chronic obstructive pulmonary

disease; FFMI, fat‐free mass index; FEV1, forced expiratory volume in 1 s;

FVC, forced vital capacity; 6MWD, 6‐min walking distance; qMVC,

quadriceps muscle voluntary contraction.

The BODE index takes into account the body mass index, the airflow

obstruction, the functional dyspnea, and the exercise capacity (Celli et al.,

2004). Values are presented as median [25th percentile‐75th percentile].



The autophagy inhibitor 3‐MA was added to myotubes after 4

days of differentiation at a concentration of 500 µM for 18 hr. These

conditions were chosen because they can induce a significant

decrease in autophagy marker expression associated with an

increase in the COPD myotube diameter, while higher 3‐MA

concentrations do not improve these effects (data not shown).

Ascorbic acid was added at a concentration of 0.14 mM to the

culture medium of myoblasts, 1 day before induction of

differentiation. Ascorbic acid was then renewed every day until

the end of the differentiation, as previously described (Pomiès

et al., 2016).

2.4 | Fluorescence microscopy and image analysis

Myoblasts or myotubes were fixed for 15min in PBS/3.7%

formaldehyde, permeabilized in PBS/0.1% Triton X‐100 for 5 min,
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TABLE 2 Primers used

Gene Forward primer Reverse primer Product length

SQSTM1 GCACCTGTCTGAGGGCTTCT GCTCCAGTTTCCTGGTGGAC 103

BNIP3 CTGAAACAGATACCCATAGCATT CCGACTTGACCAATCCCA 131

GABARAPL1 GGTCCCCGTGATTGTAGAGA GGAGGGATGGTGTTGTTGAC 174

F IGURE 1 Autophagosomes in healthy

and COPD myotubes. Representative

electron micrographs of healthy subject

myotubes (a–d) and COPD patient

myotubes (e–h). b, d, f and h are blow‐up

images (×10,000) of a, c, e and g images

(x5,000), respectively. Arrows point

towards autophagosomes, while

N indicates a nucleus. Bar = 1 µm



and then stained for 1 hr at 37°C with an anti‐LC3 antibody and

Hoechst 33258. Images were taken in five random fields using an

AxioCam MRm CCD camera (Carl Zeiss, Oberkochen, Germany) on

an AxioImager M1 microscope (Carl Zeiss) at 10× magnification.

Images were anonymized and the LC3 staining density for each image

was analyzed using ImageJ (National Institutes of Health, Bethesda,

MD), as previously described (Zhang et al., 2014). For assessment of

the myotube diameter, myotubes were first stained with an anti‐

troponin T antibody and Hoechst 33258. Images were captured in

five random fields at 5× magnification and anonymized. The diameter

was then assessed by measuring three diameters along each

myotube, for 100 myotubes per condition.

2.5 | Electron microscopy

Myotubes were immersed in a solution of 2.5% glutaraldehyde in

PHEM (PIPES, HEPES, EGTA and MgCl2) buffer pH 7.4 overnight at

4°C. They were then rinsed in PHEM buffer and fixed in 0.5% osmic

acid for 2 hr in the dark at room temperature. After two rinses in

PHEM buffer, the cells were dehydrated in a graded series of ethanol

solutions 30%–100%). The cells were then embedded in EMbed

812 (Electron Microscopy Sciences, Hatfield, PA) using an EM AMW

automatic microwave tissue processor (Leica Microsystems, Wetzlar,

Germany). Thin sections of 70 nm were collected with an Ultracut E

microtome (Leica) at different levels of each block. These sections

were counterstained with 1.5% uranyl acetate in 70% ethanol and

lead citrate and observed using a H7100 transmission electron

microscope (Hitachi, Tokyo, Japan).

2.6 | SDS‐PAGE and immunoblotting

Proteins were extracted from myoblasts and myotubes with

hypotonic buffer: 20mM Tris pH 7.5/10mM NaCl/1 mM DTT/

protease inhibitor cocktail, separated by SDS‐PAGE and transferred

to Immobilon‐P PVDF membranes (Millipore, Bedford, MA). LC3 1

and LC3 2 were detected with a specific anti‐LC3A/B antibody. The

membranes were analyzed on an Odyssey imaging system (LI‐COR

Biotechnology, Lincoln, NE).

2.7 | Quantitative polymerase chain reaction

Total RNA extraction from cultured cells, first strand comple-

mentary DNA synthesis, and quantitative polymerase chain

reaction protocol and analysis have been described (Pomiès

et al., 2016). Specific values were normalized to the values of the

housekeeping gene GAPDH. The primer sequences are shown in

Table 2.

2.8 | Reagents and antibodies

Mouse monoclonal anti‐troponin T was purchased from Sigma‐

Aldrich (Saint Louis, MO), and rabbit polyclonal anti‐LC3A/B and

rabbit monoclonal anti‐SQSTM1/p62 from Cell Signaling Technology

(Danvers, MA). Hoechst 33258, 3‐MA, bafilomycin A1 and ascorbic

acid were purchased from Sigma‐Aldrich.

2.9 | Statistical analysis

The variables of the healthy control and COPD patient groups were

compared with the Student t‐test. The percentage of variation

between the “with” and “without” treatment was compared with a

reference value of 100 using the Student t‐test. Spearman's

coefficient was used to assess correlations between variables. The

variations in the myotube diameter of the study groups “with” or

“without” 3‐MA treatment were compared using the Wilcoxon signed

rank test. Statistical analysis was performed using GraphPad Prism 5

(GraphPad Software, San Diego, CA).

3 | RESULTS

3.1 | Characteristics of the study groups

Table 1 illustrates the main clinical and functional characteristics of

the healthy subjects (n = 8) and patients with COPD (n = 12). The

following values reflected the moderate to severe clinical state of the

COPD group: forced expiratory volume in 1 s (FEV1) lower than 50%

predicted, moderately reduced 6‐min walking distance (6MWD) and

quadriceps muscle voluntary contraction (qMVC) values, and a

relatively high BODE index (Celli et al., 2004).

3.2 | Elevated autophagy signaling in COPD

myoblasts and myotubes

To evaluate the autophagosome formation level in the cultured

COPD myotubes, autophagosomes were detected using transmis-

sion electron microscopy. Representative images of myotube

cultures from two healthy subjects and two patients with COPD

showed the abundance of autophagosomes in COPD myotubes

compared with control myotubes (Figure 1). To quantify autop-

hagosome formation, the expression level of the autophagosome

marker, LC3, was assessed using immunofluorescence micro-

scopy in myoblasts and myotubes derived from a limited number

of patients with COPD and healthy subjects from our study

groups. Representative images of one control and one COPD

myoblast culture, as well as one control and one COPD myotube

culture, are presented in Figure 2a,b,d,e, respectively. Figure 2b,e

showed typical dot‐like staining of autophagosomes in COPD

myoblasts and myotubes, respectively. Analysis of the LC3

expression level showed significantly increased autophagosome

formation in COPD myoblasts (p = 0.011; Figure 2c) and COPD

myotubes (p < 0.001; Figure 2f) compared with healthy subject

cells.

To confirm the elevated autophagy signaling in COPD

myoblasts and myotubes, several autophagy‐related markers were

assessed. The LC3 2/LC3 1 ratio was significantly higher in COPD

myoblasts compared with muscle cells from healthy subjects
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(p = 0.002; Figure 3a). In addition, SQSTM1 mRNA and protein as

well as BNIP3 mRNA expression in COPD myoblasts (Figure 3b,c)

was significantly more elevated than in myoblasts from healthy

subjects (p = 0.023, p = 0.007, p = 0.031, respectively). No signifi-

cant difference in GABARAPL1 expression was detected in the

COPD muscle cells (Figure 3d).

To determine whether the enhanced expression of the autophagic

markers in COPD myoblasts was due to an enhanced induction of

autophagy or a reduced autophagic degradation, the autophagic flux

was assessed using the lysosomal inhibitor bafilomycin A1. The LC3 2

autophagic flux was significantly more elevated in COPD myoblasts

than in healthy myoblasts (p =0.002; Figure 4a), whereas no difference

was observed between COPD and healthy myotubes (Figure 4b).

To assess the link between the enhanced autophagy signaling

we observed in vitro and the increased autophagy described in the

lower limb muscles of patients with COPD by others (Guo et al.,

2013; Puig‐Vilanova et al., 2015), we determined the expression of

the autophagy marker BNIP3 in quadriceps biopsies obtained from

five healthy subjects and six patients with COPD of our study

groups. Although the BNIP3 expression in the patients with COPD

was not significantly higher than that in the healthy subjects (p =

0.219; Figure 5a), BNIP3 expression in quadriceps biopsies was

positively correlated with the BNIP3 expression in the cultured

myoblasts (r = 0.663; p = 0.031; Figure 5b). Interestingly, the

BNIP3 expression in muscle biopsies was inversely correlated

with both FEV1 (% predicted) (r = −0.645; p = 0.037; Figure 5c) and

6MWD (% predicted) (r = −0.736; p = 0.013; Figure 5d) of the study

subjects. A statistical significance at p < 0.05 is still observed for

the three presented correlations when the outer COPD value is

removed.
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F IGURE 2 LC3 expression levels in

healthy and COPD myoblasts and

myotubes. (a) Representative images of

control healthy subject (CONT) and COPD

(COPD) myoblasts, showing fluorescence

double‐labeling using an anti‐LC3 antibody

(red) and Hoechst (blue). Bar = 200 µm.

(b) Higher magnification showing dot‐like

staining of autophagosomes in COPD

myoblasts. Bar = 50 µm. (c) Densitometric

analysis of the LC3 staining (arbitrary unit)

in myoblasts from five healthy subjects and

five patients with COPD.

(d) Representative images of control

healthy subject (CONT) and COPD (COPD)

myotubes, showing fluorescence

double‐labeling using an anti‐LC3 antibody

(red) and Hoechst (blue). Bar = 200 µm.

(e) Higher magnification showing dot‐like

staining of autophagosomes in COPD

myotubes. Bar = 50 µm. (f) Densitometric

analysis of the LC3 staining (arbitrary unit)

in myotubes from five healthy subjects and

five patients with COPD. (*) and (***)

indicate statistical significance at p < 0.05

and p < 0.001, respectively. The medians

are indicated. COPD, chronic obstructive

pulmonary disease [Color figure can be

viewed at wileyonlinelibrary.com]



3.3 | Atrophy is reduced in 3‐MA‐treated

COPD myotubes

To investigate the involvement of autophagy in the atrophy of the

cultured COPD myotubes, the autophagy inhibitor 3‐MA was added

to the culture medium of the myotubes derived from twelve patients

with COPD. Treatment induced the inhibition of autophagy signaling

as depicted by the significant decrease in SQSTM1 and BNIP3

(p = 0.001, p = 0.017, respectively; Figure 6a), and a tendency to a

decreased expression of GABARAPL1 (p = 0.060; Figure 6a). Repre-

sentative images of COPD myotubes cultured in the absence and the

presence of the autophagy inhibitor are shown in Figure 6b. Analysis

of the COPD cultures indicated that 3‐MA significantly increased the

myotube diameter (p < 0.001; Figure 6b). However, 3‐MA treatment
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F IGURE 3 Expression of autophagy‐

related markers in healthy and COPD

myoblasts and myotubes. (a) Analysis of

the LC3 2/LC3 1 ratio, from the

quantification of two independent western

blots, in eight control healthy (CONT) and

twelve COPD (COPD) myoblasts and

myotubes. The mean values are presented

in arbitrary units. Expression levels

(arbitrary unit) of SQSTM1 mRNA and

protein (b), BNIP3 mRNA (c) and

GABARAPL1 mRNA (d), in myoblasts and

myotubes derived from healthy subjects

and patients with COPD. (*) and (**)

indicate statistical significance at p < 0.05

and p < 0.01, respectively. (n.s.) indicates

statistically nonsignificant. The medians

are indicated. COPD, chronic obstructive

pulmonary disease



of cultured myotubes derived from healthy subjects did not increase

the myotube diameter (p = 0.641; Figure 6c). Interestingly, treatment

of the COPD myotubes with the autophagy inhibitor 3‐MA could

increase their diameter to a level similar to the diameter of healthy

myotubes (Figure 6b,c, lower panels).

3.4 | Atrophy is decreased in acid

ascorbic‐treated COPD myotubes

We previously reported that antioxidant treatment of COPD muscle

cells with ascorbic acid significantly decreased ROS concentration

and oxidative stress‐induced cellular damage, and increased myotube

diameter (Pomiès et al., 2016) (p < 0.001, p = 0.019, p < 0.001,

respectively; Figure 7a). To determine whether oxidative stress is

also involved in the elevated autophagy signaling of COPD muscle

cells, we assessed the effect of ascorbic acid treatment of COPD

muscle cells on the expression of autophagy‐related markers. As

shown in Figure 7b, the antioxidant treatment induced a significant

decrease in the LC3 2/LC3 1 ratio and the SQSTM1 and BNIP3

expression levels (p = 0.037, p < 0.001, p < 0.001, respectively). No

variation was observed for GABARAPL1 expression (p = 0.998;

Figure 7b).

4 | DISCUSSION

Although oxidative stress has been shown to regulate autophagy

signaling in skeletal muscles, its involvement in the skeletal muscle

autophagy of patients with COPD has never been demonstrated. In

the current study, we used a cellular model to show that

autophagosome formation was increased in COPD myoblasts and

myotubes compared with healthy control cells (Figures 1 and 2),

along with increased expression of autophagy markers and enhanced

autophagic flux in COPD myoblasts (Figures 3 and 4). We also

showed that in vitro autophagy signaling was correlated with the

autophagy signaling observed in the quadriceps of the study subjects

(Figure 5). Use of the 3‐MA autophagy inhibitor confirmed the

involvement of the autophagy pathway in the atrophy of cultured

COPD myotubes (Figure 6). Most interestingly, the use of an

antioxidant molecule on COPD myotubes, which resulted in a
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F IGURE 4 LC3 2 autophagic flux in healthy and COPD myoblasts and myotubes. (a) Representative western blots showing the expression

levels of LC3 1, LC3 2 and tubulin in cultured myoblasts derived from eight control healthy subjects (CONT 1–8) and eight patients with COPD

(COPD 1–8) in absence or in presence of bafilomycin A1, and analysis of the LC3 2 autophagic flux in the eight control healthy (CONT) and eight

COPD (COPD) myoblasts. (b) Representative western blots showing the expression levels of LC3 1, LC3 2 and tubulin in cultured myotubes

derived from six control healthy subjects (CONT 1–6) and six patients with COPD (COPD 1–6) in absence or in presence of bafilomycin A1, and

analysis of the LC3 2 autophagic flux in the six control healthy (CONT) and six COPD (COPD) myoblasts. (**) indicates statistical significance at

p < 0.01. (n.s.) indicates statistically nonsignificant. COPD, chronic obstructive pulmonary disease



decrease of ROS concentration and an increase in myotube diameter,

induced a significant decrease in autophagy signaling (Figure 7).

Taken together, our findings showed that autophagy signaling was

increased in cultured COPD muscle cells, where it played a role in the

atrophy of COPD myotubes in vitro, and that oxidative stress was

involved in COPD muscle autophagy.

Muscle dysfunction and atrophy are common processes that have

been associated with a decreased survival rate in patients with

COPD independent of the pulmonary obstruction (Marquis et al.,

2002). Atrophy of the lower limb muscles of patients has been shown

to result mostly from elevated protein degradation due to increased

ubiquitin/proteasome signaling (Doucet et al., 2007; Plant et al.,

2010). Recently, autophagosome formation and autophagy marker

expression were shown to be increased in the quadriceps of both,

patients with COPD with mild to severe airflow obstruction (Guo

et al., 2013) and patients with cachectic COPD (Puig‐Vilanova et al.,

2015), compared with healthy subjects. Furthermore, autophago-

some formation was inversely correlated with FEV1 (% predicted),

whereas the LC3 2/LC3 1 ratio was negatively correlated with the

thigh cross‐sectional area, suggesting a link between autophagy‐

associated muscle degradation and COPD muscle atrophy, with a

protective role of autophagy toward muscle function (Guo et al.,

2013). Our in vitro studies showed that autophagosome formation,

autophagy‐related marker expression, and autophagic flux were

enhanced in COPD myoblasts and/or myotubes compared with

muscle cells derived from sedentary healthy subjects (Figures 1-4).

However, since SQSTM1 is an adapter protein of the autophagic

degradation process, one could expect a decrease in expression of

SQSTM1 in COPD muscle cells. Nevertheless, our result showing

increased expression of SQSTM1 in COPD myoblasts (Figure 3) is in

agreement with the enhanced expression of mRNA and protein

SQSTM1 observed in the vastus lateralis of patients with COPD (Guo

et al., 2013). Furthermore, it has been shown that an enhanced

expression of SQSTM1 can occur in parallel with activated

autophagic flux in some situations, including autophagy activation

in cardiac proteinopathy (Zheng, Su, Ranek, & Wang, 2011) and

autophagy induction, contributing to muscle wasting in mouse

models of cancer cachexia (Penna et al., 2013). It is, therefore,

reasonable to think that in COPD muscle cells, an increased

expression of SQSTM1 is associated with an enhanced autopha-

gic flux.

Unlike a previous report (Guo et al., 2013), we did not detect a

significant difference in the quadriceps expression of BNIP3 in

healthy subjects and patients with COPD, but this discrepancy might

be due to the relatively low number of quadriceps biopsies available

for our study. In their study, Guo et al. (2013) found an inverse
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F IGURE 5 BNIP3 expression levels in the quadriceps of healthy subjects and patients with COPD. (a) Expression levels of BNIP3 in the

quadriceps biopsies obtained from five healthy subjects and six patients with COPD of our study groups. (n.s.) indicates statistically

nonsignificant. The medians are indicated. (b) Statistical analysis showing the correlation between BNIP3 quadriceps expression and BNIP3

expression in cultured myoblasts derived from the same healthy subjects and patients with COPD. Statistical analysis showing correlations

between BNIP expression in the quadriceps and (c) FEV1 (% predicted) and (d) 6MWD (% predicted) of the healthy subjects and patients with

COPD. Healthy subjects: open circles; patients with COPD: filled circles. COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory

volume in 1 s; 6MWD, 6‐min walking distance



correlation between markers of autophagosome formation (autop-

hagosomes/field, LC3 intensity, LC3 2/LC3 1 ratio) in the lower limb

muscles and lung and muscle function (FEV1 [% predicted], FEV1/

forced vital capacity [%], thigh cross‐sectional area). In our study,

we observed similar significant correlations between autophagy

signaling (BNIP3 expression) in the quadriceps and FEV1

(% predicted) and 6MWD (% predicted; Figure 5), although our

experimental study would have benefited from a larger population of

patients with COPD with various severities. We also observed a

correlation between BNIP3 expression in the quadriceps of the study

subjects and BNIP3 expression in the cultured myoblasts (Figure 5).

Together, these observations indicate that the increased autophagy

signaling we identified in the cultured COPD muscle cells derived

from human satellite cells reflects the enhanced autophagy observed

in the quadriceps muscle of the stable patients with COPD (Guo

et al., 2013; Puig‐Vilanova et al., 2015).

Autophagy, a major catabolic process in the elimination of

damaged molecules and organelles, plays a crucial role in muscle

cell homeostasis. A relationship between autophagy and atrophy has

been demonstrated in skeletal muscles subjected to various atrophic

stimuli such as starvation and denervation (Mizushima et al., 2004;

O’Leary et al., 2012). In the skeletal muscles of patients with COPD,

it was proposed that enhanced autophagy participates in the
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F IGURE 6 Expression levels of autophagy‐related markers and

myotube diameter after 3‐MA treatment of COPD and healthy

myotubes. (a) SQSTM1, BNIP3, and GABARAPL1 expression levels in

myotubes derived from twelve patients with COPD with 3‐MA

treatment, relative to the expression levels of the same markers

without treatment (dotted line). The means ± SEM are indicated.

(b) Representative images of COPD myotubes without or with 3‐MA

treatment, and analysis of the variation of the diameter of myotubes

derived from twelve patients with COPD after 3‐MA treatment.

(c) Representative images of healthy myotubes without or with 3‐MA

treatment, and analysis of the variation of the diameter of myotubes

derived from eight healthy subjects after 3‐MA treatment. The medians

are indicated. (*), (**) and (***) indicate statistical significance at p< 0.05,

p <0.01 and p <0.001, respectively. (n.s.) indicates statistically

nonsignificant. Bar = 200 µm. COPD, chronic obstructive pulmonary

disease; 3‐MA, 3‐methyladenine; SEM, standard error of the mean

[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 7 Expression levels of autophagy‐related markers in

COPD myotubes after ascorbic acid treatment. (a) Analysis of ROS

concentration, protein carbonylation level and myotube diameter in

cultured myotubes derived from twelve patients with COPD after

ascorbic acid treatment, relative to the detection of the same

markers without treatment (dotted line). (b) Analysis of the LC3

2/LC3 1 ratio, and SQSTM1, BNIP3 and GABARAPL1 expression

levels in cultured myotubes derived from twelve patients with COPD

with ascorbic acid treatment, relative to the expression levels of the

same markers without treatment (dotted line). (*) and (***) indicate

statistical significance at p < 0.05 and p < 0.001, respectively.

(n.s.) indicates statistically nonsignificant. The means ± SEM are

indicated. COPD, chronic obstructive pulmonary disease; ROS,

reactive oxygen species; SEM, standard error of the mean



remodeling of the muscle, contributing to muscle atrophy (Hussain &

Sandri, 2013). In our study, treatment of atrophic COPD myotubes

with the autophagy inhibitor 3‐MA induced a drastic increase in the

myotube diameter, showing that autophagy was involved in the

atrophy of COPD muscle cells in vitro (Figure 6).

Although the pro‐oxidant molecule, hydrogen peroxide, has been

shown to activate autophagy in cultured C2C12 myotubes (McClung,

Judge, Powers, & Yan, 2010; Rahman et al., 2014), administration of

the antioxidant molecule NAC to mice reduced the autophagy

signaling (Qi et al., 2014; Rahman et al., 2014), suggesting that

oxidative stress regulates skeletal muscle autophagy. Direct evidence

of the involvement of oxidative stress in skeletal muscle autophagy

was reported in a study using a transgenic mouse model expressing a

mutant of the antioxidant enzyme superoxide dismutase 1 selectively

in skeletal muscle (Dobrowolny et al., 2008). Nevertheless, the

involvement of oxidative stress in COPD muscle autophagy has never

been studied. Here, we showed that antioxidant treatment of COPD

myotubes with ascorbic acid significantly decreased ROS concentra-

tion, oxidative stress‐induced cellular damage, as well as expression

of various autophagy markers, and increased the myotube diameter

(Figure 7). Therefore, lowering the oxidative burden in COPD muscle

cells reduced the autophagy signaling, showing for the first time that

the oxidative stress level regulates autophagy in COPD skeletal

muscle cells. This result suggests that reduction of autophagy by

antioxidant molecules might be a potential therapeutic strategy to

counteract oxidative stress‐induced atrophy in patients with COPD.

Mitophagy is an autophagic process dedicated to the selective

elimination of damaged and dysfunctional mitochondria to avoid

excessive ROS generation and preserve muscle homeostasis (Youle &

Narendra, 2011). In COPD skeletal muscles, it was shown that the

altered functioning of mitochondria led to enhanced mitochondrial

ROS production linked to skeletal muscle oxidative stress (Puente‐

Maestu et al., 2009, 2012). It would, therefore, be of interest to

determine whether the increased ROS concentration we have

observed in cultured COPD myoblasts and myotubes is coming from

altered mitochondria. Furthermore, our results showed that the

expression levels of SQSTM1 and BNIP3, two molecular adapters

targeting mitochondria to autophagosomes for mitophagy, were

increased in cultured COPD muscle cells compared with healthy

control cells (Figure 3), and that ascorbic acid reduced their

expression (Figure 7). These results suggest that oxidative stress is

involved in the autophagy‐associated remodeling of the mitochon-

drial network by the removal of dysfunctional mitochondria in the

atrophic COPD muscle cells, a process that will be addressed in a

forthcoming study.

In summary, we assessed autophagosome formation, autophagy

marker expression, and autophagic flux and showed that autophagy

signaling was enhanced in cultured muscle cells derived from patients

with COPD compared with those from healthy subjects, reflecting

the increased autophagy signaling observed in the quadriceps of

patients with COPD. Furthermore, treatment of COPD myotubes

with an autophagy inhibitor significantly decreased their atrophic

phenotype, confirming the involvement of autophagy in the atrophy

of COPD muscle cells. Last, antioxidant treatment diminished the

ROS concentration and the autophagy signaling and increased the

COPD myotube diameter. These data are therefore the first evidence

that the oxidative stress level contributes to the regulation of

autophagy in COPD muscle cells and that autophagy may be involved

in the atrophy of COPD skeletal muscles. While little information is

available on how oxidative stress levels affect autophagy in muscle,

such in vitro approaches should help us to decipher this signaling

pathway in COPD muscles.
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