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Rationale: Locomotor muscle atrophy develops in patients with
chronic obstructive pulmonary disease (COPD) partly because of in-
creasedprotein degradation by the ubiquitin-proteasome system. It
is not known if autophagy also contributes to protein degradation.
Objectives: To investigate whether autophagy is enhanced in locomo-
tor muscles of stable patients with COPD, to quantify autophagy-
related gene expression in thesemuscles, and to identifymechanisms
of autophagy induction.
Methods: Muscle biopsies were obtained from two cohorts of control
subjects andpatientswithCOPDandthenumbersof autophagosomes
in the vastus lateralis and tibialis anterior muscles, the levels of LC3B
protein lipidation,andtheexpressionofautophagy-relatedgeneswere
measuredinthevastuslateralismuscle.Toinvestigatepotentialpathways
that might induce the activation of autophagy, measures were taken of
protein kinase B (AKT), mTORC1, and AMPK pathway activation, tran-
scription factor regulation, proteasome activation, and oxidative stress.
Measurements andMain Results: Autophagy is enhanced in the locomo-
tormusclesofpatientswithCOPDasshownbysignificantlyhighernum-
bers of autophagosomes in affected muscles as compared with control
subjects. Autophagosomenumber inversely correlateswith FEV1. In the
vastus lateralis, LC3B protein lipidation is increased by COPD and the
expressionofautophagy-relatedgeneexpressions isup-regulated.LC3B
lipidation inversely correlates with thigh cross-sectional area, FEV1, and
FEV1/FVCratio. Enhancedautophagy is associatedwithactivationof the
AMPK pathway and FOXO transcription factors, inhibition of the
mTORC1 and AKT pathways, and the development of oxidative stress.
Conclusions: Autophagy is significantlyenhanced in locomotormuscles
of stablepatientswithCOPD. Thedegreeof autophagy correlateswith
severity of muscle atrophy and lung function impairment.

Keywords: autophagy; COPD; proteasome; proteolysis; protein kinase
B (AKT); atrophy

Locomotor muscle weakness and reduced exercise capacity are asso-
ciated with increased mortality in chronic obstructive pulmonary dis-
ease (COPD) independent of the severity of the airflow obstruction
(1–3). Muscle weakness in patients with COPD results from atrophy
and intrinsic metabolic abnormalities (2, 4–6). Atrophy has primarily
been attributed to increased protein degradation. The ATP-
dependent ubiquitin-proteasome (UP) pathway is involved in limb
muscle atrophy of patients with COPD, as illustrated by augmented
20S proteasomal activity and significant inductions of three muscle-
specific E3 ligases (ATROGIN-1, MURF1, and NEDD4) (7–9).

In addition to the UP, studies have indicated involvement of
the autophagy-lysosome pathway in muscle breakdown. Auto-
phagy is significantly induced in skeletal muscles in response
to atrophic stimuli, such as denervation, fasting, disuse, oxidative
stress, and hypoxia (10–14). Because these stimuli are often
present in patients with COPD, it is possible that autophagy is
enhanced in their locomotor muscles and that it contributes to the
muscle atrophy seen in these patients. However, information re-
garding the contribution of the autophagy-lysosome system to
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Skeletal muscle dysfunction contributes to morbidity and
mortality of patients with chronic obstructive pulmonary
disease (COPD). Muscle atrophy is a major cause of muscle
dysfunction in these patients as a result of enhanced pro-
teolysis. The mechanisms behind enhanced proteolysis re-
main unclear.

What This Study Adds to the Field

We investigated whether autophagy, a proteolytic pathway, is
induced in locomotormuscles of patients withCOPDand how it
is regulated. We report here that autophagosome formation is
significantly elevated in two locomotor muscles of patients with
mild-to-severe COPD. We also describe significant increases in
the expression of several genes involved in autophagosome
formation. Enhanced autophagy is associated with enhanced
protein ubiquitination and correlates with the severity of lung
disease and the degree of limb muscle wasting. Enhanced
autophagy is also associated with activation of the AMPK
pathway and FOXO transcription factors, inhibition of the
mTORC1 and AKT pathways, and the development of ox-
idative stress, including increased protein oxidation and up-
regulation of antioxidant enzymes. Collectively, these results
suggest that enhanced autophagy in locomotor muscles of
patientswithCOPDmayplayaprotective role in the recyclingof
protein aggregates, lipid globules, and dysfunctionalmitochondria.
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protein degradation and the loss of locomotor muscle mass in
patients with COPD is lacking. We sought to test the hypothesis
that autophagy is significantly enhanced in locomotor muscles of
patients with COPD and to determine whether the activation of
autophagy pathways correlates with the severity of muscle atro-
phy and lung function impairment.

Autophagy is initiated by the ULK1-ATG13-FIP200 protein
complex, which is controlled by theAMP-activated protein kinase
(AMPK)andmammalian target of rapamycin complex 1 (mTORC1)
pathways. In addition, the protein kinase B (AKT) pathway inhibits
autophagy through two mechanisms: indirect activation of the
mTORC1 complex and direct inactivation of FOXO transcription
factors, which are involved in replenishing the short-lived proteins
that are required for autophagosome-lysosome fusion (13). We hy-
pothesized that enhanced autophagy in locomotor muscles of
patients with COPD is associated with activation of ULK1 protein,
that this activation is the result of activation of the AMPK pathway,
and, possibly, inhibition of the mTORC1 pathway due to oxidative
and metabolic stress (15–18). We also hypothesize that sustained
autophagy requires the activation of a FOXO transcriptional pro-
gram to replenish short-lived proteins that are required for autopha-
gosome formation (13). The second objective of this study, therefore,
is to investigate the involvement of these pathways in the regulation
of autophagy in locomotor muscles of patients with COPD.

METHODS

Two cohorts of control subjects and patients with COPD were examined.

Cohort 1

Autophagosome formation in the vastus lateralis and tibialis anterior
muscles was quantified by transmission electron microscopy using
samples obtained from two separate previous studies (Table 1). Vastus
lateralis biopsies were obtained using a needle biopsy technique (19) from
six patients with COPD with mild-to-severe airflow obstruction and four
control subjects, as previously described (20). Tibialis anterior biopsies were
obtained using a conchotome (21) from five patients with COPD with
mild-to-severe airflow obstruction and six control subjects, as previously

described (20). Control subjects were healthy, age-matched volunteers.
Specimens were immediately fixed and ultrathin sections were prepared
for electron microscopy (see the online supplement). Autophagosomes
were quantified in 40 separate fields per muscle sample.

Cohort 2

The expression of autophagy-related gene expression was quantified and sig-
naling pathway-associated proteins involved in the regulation of autophagy
were identified in thevastus lateralismuscles of 20patientswith severeCOPD
and 10 control subjects recruited at McGill University and Université Laval
hospitals (Table 2). Identical biopsy procedures were followed at each insti-
tution. Measurements of pulmonary function, exercise performance, and
thigh cross-sectional area (CSA) are described in the online supplement.
RNA extraction. Total RNA was extracted from vastus lateralis

muscles using a GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich, Oakville, ON, Canada). Expressions of various mRNA
transcripts were measured using real-time polymerase chain reaction, as
previously described (22). Details are described in the online supplement.
Immunoblotting. Vastus lateralis biopsies were homogenized and

loaded onto tris-glycine sodium dodecyl sulfate polyacrylamide gel electro-
phoresis. Proteins were electrophoretically separated and transferred onto
polyvinylidene difluoride membranes, blocked with nonfat dry milk, and
incubated overnight with primary antibodies followed by secondary anti-
body. Proteins were detected using a commercial kit and optical densitom-
etry was performed, as previously described (23). To evaluate protein
oxidation, protein carbonyl formation was measured using an OxyBlot
kit (Millipore, Billerica, MA), as previously described (23).

Statistical Analysis

Means 6 SEM are presented for all data. To account for nonparamet-
ric data distribution, all variables between control subjects and patients
with COPD were compared using the Mann-Whitney test for unpaired
samples. Correlations were tested using Pearson correlation coefficient.
P values less than 5% were considered significant. Analyses were per-
formed using SigmaStat software (Systat Inc., San Jose, CA).

RESULTS

Cohort 1

No significant differences in age, weight, bodymass index (BMI),
or fat-free mass index were observed between control subjects

TABLE 1. CHARACTERISTICS OF CONTROL SUBJECTS AND
PATIENTS WITH COPD WHOSE VASTUS LATERALIS AND
TIBIALIS ANTERIOR MUSCLE SAMPLES UNDERWENT
ANALYSIS FOR THE PRESENCE OF AUTOPHAGOSOMES
USING ELECTRON MICROSCOPY (COHORT 1)

Vastus Lateralis Biopsy Tibialis Anterior Biopsy

Control

Subjects COPD

Control

Subjects COPD

Subjects, n 4 6 6 5

Male/female, n 3/1 4/2 6/0 5/0

Age, yr 60.5 6 1.5 60.0 6 4.8 65.2 6 2.7 66.5 6 4.3

Length, m 1.71 6 0.02 1.69 6 0.02 1.79 6 0.02 1.75 6 0.03

Weight, kg 80.8 6 4.1 75.8 6 7.6 84.3 6 2.0 66.0 6 4.8*

BMI, kg$m22 27.5 6 01.8 26.5 6 2.3 26.3 6 0.8 21.5 6 1.5*

FFM, kg 61.0 6 4.3 53.5 6 3.4 64.0 6 1.4 47.4 6 1.1*

FFMI, kg$m22 20.7 6 1.0 18.3 6 1.0 20.0 6 0.4 15.7 6 0.4*

FEV1, % pred 99.5 6 2.8 53.7 6 9.3* 111.7 6 4.3 35.4 6 5.2*

FVC, % pred 109.3 6 3.3 88.7 6 8.7 117.3 6 0.8 84.6 6 8.7*

FEV1/FVC, % 73.3 6 0.4 47.7 6 5.6* 73.0 6 3.6 32.8 6 3.9*

DLCO, % pred 114.0 6 5.8 86.1 6 7.9* 123.4 6 8.5 65.8 6 17.7*

Smoking habits, n

Smoker 0 0 1 1

Nonsmoker 0 0 2 1

Exsmoker 4 6 3 3

Definition of abbreviations: BMI ¼ body mass index; COPD ¼ chronic obstruc-

tive pulmonary disease; DLCO ¼ diffusing capacity of the lung for carbon mon-

oxide; FFM ¼ fat-free mass; FFMI ¼ FFM index; % pred ¼ % predicted.

Data are means 6 SEM.

* P , 0.05, compared with control subjects.

TABLE 2. CHARACTERISTICS OF CONTROL SUBJECTS AND
PATIENTS WITH COPD WHOSE VASTUS LATERALIS MUSCLE
SAMPLES UNDERWENT ANALYSIS FOR INDICES OF AUTOPHAGY
INDUCTION AND SIGNALING PATHWAYS INVOLVED IN THE
INITIATION OF AUTOPHAGY (COHORT 2)

Vastus Lateralis Biopsy Vastus Lateralis Biopsy

Control Subjects COPD

Subjects, n 10 20

Male/female, n 7/3 17/3

Age, yr 61.8 6 2.8 67.6 6 3.8

Length, m 1.66 6 0.17 1.69 6 0.16

Weight, kg 77.0 6 4.3 71.8 6 3.6

BMI, kg$m22 27.8 6 1.5 25.3 6 1.6

Right thigh CSA, cm2 102.8 6 5.8 63.2 6 4.7*

FEV1, % pred 123.1 6 6.1 42.7 6 2.1*

FVC, % pred 121.4 6 5.8 86.2 6 4.1*

FEV1/FVC, % 75.1 6 2.0 39.3 6 2.2*

DLCO, % pred 100.4 6 6.2 57.2 6 4.1*

V
:

O2max, ml$min21$kg21 30.47 6 1.74 13.65 6 1.29*

Smoking habits

n 10 20

Smoker 1 10

Nonsmoker 1 0

Exsmoker 8 10

Definition of abbreviations: BMI ¼ body mass index; COPD ¼ chronic obstruc-

tive pulmonary disease; CSA ¼ cross-sectional area; DLCO ¼ diffusing capacity of

the lung for carbon monoxide; % pred ¼ % predicted.

Data are means 6 SEM.

* P , 0.05, compared with control subjects.
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and patients with COPD from whom vastus lateralis muscle bi-
opsies were taken and analyzed for autophagosome formation
(Table 1). However, FEV1, FVC, FEV1/FVC ratios, and diffus-
ing lung capacity (DLCO) were significantly lower in patients

with COPD as compared with control subjects (Table 1).
Weight, BMI, fat-free mass, fat-free mass index, FEV1, FVC,
and DLCO values were significantly lower in patients with
COPD as compared with control subjects from whom tibialis

Figure 1. (A) Representative electron micrograph of nor-

mal mitochondrial and sarcomeric structures in the vastus

lateralis of a control subject (cohort 1). (B) Representative
electron micrograph of an autophagosome (arrow) in the

tibialis anterior of a control subject. Mito ¼ mitochondria.

(C and D) Representative electron micrograph of an auto-

phagosome (arrow) in the vastus lateralis of a patient with
chronic obstructive pulmonary disease. (E and F) Represen-

tative electron micrograph of an autophagosome (arrow) in

the tibialis anterior of a patient with chronic obstructive pul-
monary disease.

Figure 2. (A) Autophagosome formation in the vastus lat-
eralis and tibialis anterior of control subjects and patients

with chronic obstructive pulmonary disease (COPD) (co-

hort 1). Values (means 6 SEM) are expressed as number
of autophagosomes per field. *P , 0.05, compared with

control subjects. (B) Correlation between FEV1 (% pre-

dicted) and autophagosome number per field in the vastus

lateralis and tibialis anterior of control subjects and patients
with COPD (cohort 1). (C) Lipofuscin inclusion formation in

the vastus lateralis and tibialis anterior of control subjects

and patients with COPD (cohort 1). Values (means 6 SEM)

are expressed as number of autophagosomes per field. (D)
Correlation between lipofuscin inclusion number per field

and autophagosome number per field in vastus lateralis and

tibialis anterior muscles of control subjects and patients with
COPD (cohort 1).
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anterior muscle biopsies were taken and analyzed for autopha-
gosome formation (Table 1).
Autophagosome formation. In control subjects, few autopha-

gosomes were visualized and those were primarily in the subsar-
colemmal region (Figure 1B). Significantly higher numbers of

autophagosomes (white arrows) containing diverse cargo were
seen in the subsarcolemmal and intermyofibrillar regions of the
vastus lateralis (Figures 1C and 1D) and tibialis anterior (Figures
1E and 1F) of patients with COPD (Figure 2A) (see online sup-
plement). Within control subjects and patients with COPD, no
significant differences in autophagosome number were detected
between the vastus lateralis and tibialis anterior (Figure 2A).
The number of autophagosomes significantly and inversely corre-
lated with FEV1 (% predicted) (Figure 2B) and FEV1/FVC ratios
(see online supplement). Lipofuscin inclusions (markers of oxida-
tive cellular damage) were also detected (see online supplement),
with the vastus lateralis and tibialis anterior muscles of patients
with COPD showing significantly higher numbers of inclusions as
compared with control subjects (Figure 2C). A significant linear
correlation was observed between number of lipofuscin inclusions
and number of autophagosomes (Figure 2D). A significant in-
crease in the number of lipid globules was seen in the tibialis
anterior of patients with COPD, but not in the vastus lateralis,
as compared with control subjects (see online supplement).

Cohort 2

No significant differences in age, weight, or BMI were observed be-
tween control subjects and patients with COPD from whom vastus
lateralis biopsies were taken and analyzed for presence of auto-
phagy (Table 2). However, thigh CSA, FEV1, FVC, FEV1/FVC
ratios, DLCO, and V

:

O2max, were significantly lower in patients with
COPD as compared with control subjects (Table 2).
Lipidation of LC3B protein. LC3B-II (lipidated LC3B) and

LC3B-II/LC3B-I ratio was significantly increased in the muscles
of patients with COPD as compared with control subjects (Figures
3A and 3B), indicating enhanced mobilization of LC3B protein to
autophagosome membranes. LC3B-II level and LC3B-II/LCB3-I
ratio significantly and negatively correlated with thigh CSA and
FEV1/FVC (Figure 4). LC3B-II level and LC3B-II/LC3B-I ratio
also significantly and negatively correlated with FEV1 (% pre-
dicted) albeit with lower correlation coefficients than those asso-
ciated with thigh CSA and FEV1/FVC (see online supplement). In
addition, LC3B-II protein levels positively correlated with Global
Initiative for Chronic Obstructive Lung Disease stage of COPD
(see online supplement). No correlations were observed among
LC3B-II level, LC3B-II/LC3B-I ratio, and BMI.

Figure 3. (A) Representative immunoblots of LC3B and b-ACTIN pro-

teins in the vastus lateralis of control subjects and patients with chronic

obstructive pulmonary disease (COPD) (cohort 2). LC3B-I refers to cy-

tosolic form of LC3B protein, LC3B-II refers to lipidated form of LC3B
protein. LC3B-II is incorporated into autophagosome membranes. (B)

Optical densities of LC3B-I and LC3B-II detected in the vastus lateralis of

control subjects and patients with COPD (cohort 2). Values (means 6
SEM) are expressed as picogram of LC3B per microgram of total muscle

protein. LC3B-II/LC3B-I ratios are also shown. *P , 0.05, compared

with control subjects.

Figure 4. Correlations between thigh cross-sectional area,

FEV1/FVC ratio, and indices of autophagosome formation
(LC3B-II intensity and LC3B-II/LC3B-I ratio) in the vastus

lateralis of control subjects and patients with chronic ob-

structive pulmonary disease (cohort 2).
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Expression of autophagy-related genes. mRNA and protein
levels of several autophagy-related genes involved in autopha-
gosome formation (BECN1, PI3KCIII, UVRAG, AMBRA1,
GABARAPL1, ATG7), selective targeting of mitochondria by
autophagosomes (SQSTM1, BNIP3, PARKIN), and degrada-
tion of autophagosome cargo (CTSL1) significantly increased
in the muscles of patients with COPD as compared with con-
trol subjects (Figure 5).
Regulation of autophagy initiation. AKT phosphorylation on

Ser473, but not total AKT protein, was significantly decreased in
the muscles of patients with COPD as compared with control
subjects (Figure 6A). Phospho-AKT/AKT ratios in the muscles
of patients with COPD did not differ from those of control sub-
jects (Figure 6B). To confirm these results, phosphorylation of
proline-rich AKT substrate 40 (PRAS40) was measured. PRAS40
is a downstream effector of AKT that interacts with Raptor in the
mTORC1 complex to inhibit its activation (24). Phosphorylation
of PRAS40 on Thr246 by AKT counteracts PRAS40 inhibition of
mTORC1 (25). Phospho-PRAS40 (Thr246)/PRAS40 ratios in the
muscles of patients with COPD did not differ from those of con-
trol subjects (see online supplement). To evaluate mTORC1 ac-
tivity, phosphorylation of ribosomal protein S6 on Ser235/236 was
measured. mTORC1 activates the kinase P70S6K1, which in turn
phosphorylates the ribosomal protein S6 (26). S6 phosphorylation,
but not total S6 protein, significantly decreased in the muscles of
patients with COPD as compared with control subjects (Figures
6C and 6D). Phospho-AMPKa and total AMPKa significantly
increased in the muscles of patients with COPD as compared with
control subjects (Figure 6). ULK1 phosphorylation, but not total
ULK1, significantly decreased in the muscles of patients with
COPD as compared with control subjects (Figure 7).
Regulation of FOXO transcription factors. FOXO1 mRNA

and protein levels significantly increased in the muscles of patients
with COPD as compared with control subjects (see online supple-
ment). Phosphorylation of FOXO1 on Ser256 significantly increased
in patients with COPD (see online supplement). Phospho-FOXO1/
total FOXO1 ratios did not differ from those of control subjects
(see online supplement). FOXO3 mRNA and protein levels and
FOXO3 phosphorylation on Ser253 did not differ from those of
control subjects (see online supplement).
Proteasome activation. The intensity of ubiquitin-protein conju-

gates significantly increased in the muscles of patients with COPD
as compared with control subjects (see online supplement). Three
muscle-specific E3 ligases were measured. MURF1 was the most
abundant and NEDD4 the least abundant (see online supple-
ment). mRNA levels of ATROGIN-1 and MURF1 did not differ
between patients with COPD and control subjects. NEDD4 sig-
nificantly increased (see online supplement).
Oxidative stress. The development of oxidative stress was indi-

rectly assessed bymeasuring protein carbonyl formation and expres-
sions of three important antioxidant enzymes (SOD1, SOD2, and
CATALASE). Total protein carbonyl formation and mRNA levels
of SOD1 and SOD2, but not CATALASE, significantly increased in
the muscles of patients with COPD as compared with control sub-
jects (see online supplement).

DISCUSSION

The most important findings of this study are (1) the number of
autophagosomes is significantly greater in the vastus lateralis and
tibialis anterior muscles of patients with COPD than in control
subjects; (2) lipidation of LC3B protein and the expression of
several autophagy-related genes are significantly increased in the
vastus lateralis of patients with COPD; (3) both the number of
autophagosomes and degree of LC3B lipidation correlate with
degree of lower limb atrophy and severity of lung function

impairment in patients with COPD; and (4) ULK1 phosphoryla-
tion in the vastus lateralis of patients with COPD is significantly
decreased and this is associated with up-regulation of the AMPK
pathway and inhibition of the mTORC1 pathway.

Our data including electron microscopy analyses, LC3B pro-
tein immunoblotting, and measurements of autophagy-related

Figure 5. (A) Representative immunoblots of BECN1, SQSTM1, PI3KCIII,

BNIP3, ATG7, PARKIN, and b-ACTIN proteins in the vastus lateralis of control

subjects and patients with chronic obstructive pulmonary disease (COPD)

(cohort 2). (B) Protein expressions of BECN1, SQSTM1, PI3KCIII, BNIP3,
ATG7, and PARKIN in the vastus lateralis of control subjects and patients

with COPD. Values (means6 SEM) are expressed as ratio of specific protein

optical density to b-ACTIN optical density. *P , 0.05, compared with con-
trol subjects. (C) mRNA expressions of SQSTM1, GABARAPL1, UVRAG,

AMBRA1, and CTSL1 in the vastus lateralis of control subjects and patients

with COPD. Values (means 6 SEM) are expressed as fold change relative to

control group. *P , 0.05, compared with control subjects.
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gene expression suggest that autophagy is significantly enhanced
in locomotor muscles of COPD. However, we acknowledge that
the limited sample size of the study population warrants further
investigation using larger populations of patients with COPD
with varying degrees of disease severity.

In their study comparing the vastus lateralis muscles of nine
patients with COPD and nine control subjects, Plant and cow-
orkers (7) observed no significant differences in the expression
of the autophagy genes BECN1 and LC3B. The discrepancy be-
tween their study and ours may simply be an effect of our larger
experimental population and our use of multiple techniques to
detect activation of autophagy pathways.

Our observational study can only suggest potential mecha-
nisms that lead to the activation of autophagy in the skeletal
muscles of patients with COPD: (1) alterations in the balance
between the AMPK and mTORC1 pathways; (2) inhibition of
the AKT pathway; and (3) enhanced production of reactive ox-
ygen species (ROS).

Autophagy initiation is regulated by ULK1 kinase, mTORC1,
and AMPK activity (27–29). We found that the AMPK pathway
is significantly up-regulated in the vastus lateralis muscles of
patients with COPD, that the mTORC1 pathway is significantly
inhibited, and that these changes are associated with reductions in
ULK1 phosphorylation (Figures 6 and 7). This suggests an imbal-
ance between the AMPK and mTORC1 pathways, favoring the
former, which may contribute to autophagy induction. AKT inhib-
its autophagy through activation of mTORC1 (30), inactivation of
FOXO (13), and phosphorylation of BECN1 (Figure 8) (31). To
evaluate the relationships between autophagy, AKT phosphoryla-
tion, and muscle atrophy, we divided patients from cohort 2 into
two groups based on thigh CSA (32). Patients with greater muscle
atrophy had significantly lower phospho-AKT/total AKT ratios
and significantly greater levels of autophagy (see online supple-
ment). Based on these observations, we speculate that decreased

AKT phosphorylation may also contribute to autophagy induction
in locomotor muscles of patients with COPD. Autophagy is also
activated by oxidative stress under various conditions (14, 33–36).

Figure 6. (A) Representative immunoblots of phosphory-
lated and total AKT, ribosomal protein S6, AMPKa, and

b-ACTIN in vastus lateralis muscles of control subjects and

patients with chronic obstructive pulmonary disease (COPD).
(B–D) Protein expressions of phosphorylated and total AKT,

S6, and AMPKa (normalized to b-ACTIN) in vastus lateralis

muscles of control subjects and patients with COPD. Ratios of

phosphorylated to total protein for AKT, S6, and AMPKa also
shown. Values are means6 SEM. *P, 0.05, compared with

control subjects.

Figure 7. (A) Representative immunoblots of phosphorylated and total
ULK1 and b-ACTIN in the vastus lateralis of control subjects and

patients with chronic obstructive pulmonary disease (COPD). (B) Pro-

tein expressions of phosphorylated and total ULK1 (normalized to

b-ACTIN) in the vastus lateralis of control subjects and patients with
COPD. Ratios of phosphorylated to total ULK1 also shown. Values are

means 6 SEM. *P , 0.05, compared with control subjects.
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ROS influence autophagy through activation of AMPK, inhibition
of mTORC1, recruitment of BNIP3 to the mitochondria (37), and
activation of FOXO (12). We found that ROS production is en-
hanced in the vastus lateralis muscles of patients with COPD and
suggest that this oxidative stress may also contribute to autophagy
induction.

We should emphasize that that our findings regarding the in-
duction of autophagy in locomotormuscles of patientswithCOPD
are descriptive and observational and do not directly delineate the
functional contributions of autophagy to muscle dysfunction in
these patients. Currently, this question is difficult to answer be-
cause there is a dearth of safe and selective autophagy inhibitors
that can be administered in humans without affecting other critical
processes. We speculate that enhanced autophagy is a protective
mechanism designed to preserve muscle function by removing
protein aggregates, lipid globules, and dysfunctional mitochon-
dria. Such a protective role has recently been identified in amurine
model of ATG7 deficiency where muscle force generation is im-
paired, leading to the development of muscle atrophy (38). It can
also be speculated that autophagy and UP protein degradation
are somehow coupled: as myofilament proteins degrade, ratios of
cellular organelles to myofilament proteins need to be readjusted,
a process for which autophagy is thought to be an important
mechanism. Enhanced autophagy was indeed associated with in-
creased UP activity in patients with COPD in the current study.
Moreover, the observed increased levels of SQSTM1, BNIP3,
and PARKIN are indicative of enhanced mitochondrial clear-
ance through autophagy.

In summary, existing research has tended to focus on the con-
tribution of the UP pathway to muscle breakdown in COPD. In
our study, the autophagy-lysosome pathway is clearly enhanced
in locomotor muscles of patients with COPD and is associated
with muscle atrophy. Understanding how the various proteolytic
pathways are intertwined in the process of atrophy may increase
our chances of developing improved interventions to prevent or
reverse muscle wasting in COPD.
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