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Abstract: Chronic obstructive pulmonary disease (COPD) is a worldwide prevalent respiratory
disease mainly caused by tobacco smoke exposure. COPD is now considered as a systemic disease
with several comorbidities. Among them, skeletal muscle dysfunction affects around 20% of COPD
patients and is associated with higher morbidity and mortality. Although the histological alterations
are well characterized, including myofiber atrophy, a decreased proportion of slow-twitch myofibers,
and a decreased capillarization and oxidative phosphorylation capacity, the molecular basis for
muscle atrophy is complex and remains partly unknown. Major difficulties lie in patient heterogeneity,
accessing patients’ samples, and complex multifactorial process including extrinsic mechanisms, such
as tobacco smoke or disuse, and intrinsic mechanisms, such as oxidative stress, hypoxia, or systemic
inflammation. Muscle wasting is also a highly dynamic process whose investigation is hampered by
the differential protein regulation according to the stage of atrophy. In this review, we report and
discuss recent data regarding the molecular alterations in COPD leading to impaired muscle mass,
including inflammation, hypoxia and hypercapnia, mitochondrial dysfunction, diverse metabolic
changes such as oxidative and nitrosative stress and genetic and epigenetic modifications, all leading
to an impaired anabolic/catabolic balance in the myocyte. We recapitulate data concerning skeletal
muscle dysfunction obtained in the different rodent models of COPD. Finally, we propose several
pathways that should be investigated in COPD skeletal muscle dysfunction in the future.

Keywords: cachexia; interleukin; metabolism; myocyte

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a global burden and is currently
the third cause of death worldwide [1]. It is a chronic respiratory disease primarily linked
to inhaled noxious particles exposure, mainly tobacco smoke, but also biomass fuel in de-
veloping countries [2], although recent research increasingly considers the role of different
risk factors in very early life (i.e., in utero and during early childhood) in the development
of COPD [3]. Lung features of COPD include both airway obstruction, currently used to
diagnose the disease and the disruption of alveolar walls called emphysema [4]. How-
ever, COPD should not be limited to its respiratory features and is now considered as a
systemic inflammatory disease implicating a wild range of cytokines and chemokines [5]
and including several comorbidities.
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Among them, skeletal muscle wasting is a prevalent and severe condition, affecting
up to 35% of the patients depending on the considered population (ambulatory or nursing-
home-based), and responsible for substantial morbidity and mortality [6,7]. Skeletal muscle
dysfunction in COPD patients can be referred to in several ways. On a semantic point of
view, different terms can be found in the literature, which should be distinguished from
each other. Sarcopenia is a specific form of muscle loss diagnosed through a loss of muscle
force and mass and is associated to several conditions other than COPD, primarily aging [8].
Muscle atrophy or wasting is a general term defining a reduction in the size of the muscle
fibers, caused by an increased catabolism, whereas muscle dysfunction rather refers to a
loss of force. Finally, cachexia is a specific metabolic syndrome associated with an ongoing
underlying disease. These different concepts can however be interrelated, especially in
the case of COPD, where patients are often of advanced age and suffering from many
comorbidities, such as cardiovascular diseases, metabolic syndrome, or cancer, which are
well-known causes of cachexia.

The origin of skeletal muscle wasting in COPD is still questioned, in particular whether
it only results from external factors (such as tobacco smoke and disuse) or also from specific
pathophysiological mechanisms bound to COPD itself. In particular, physical inactivity
is a major confounding factor, challenging to rule out in comparative studies including
healthy subjects and COPD patients. As a result, no specific and efficient pharmaceutic
therapy is available to date, and pulmonary rehabilitation remains the only validated
treatment [9]. Indeed, skeletal muscle wasting is challenging to study due to several
limitations. First, there is limited access to patients’ samples, as muscular biopsy is not part
of routine care. Some muscles are not easily accessible outside the context of lung cancer
surgery, such as the diaphragm, and the coexisting condition introduces a notable bias
as cancer is a well-known contributor of muscle wasting. In particular, inverse structural
changes are usually reported in respiratory muscles, such as an increase in type I fiber
proportion, capillary, and mitochondrial density; hence, this review focuses on alterations
reported in peripheral muscles, as excellent reviews already address the differences between
respiratory and peripheral muscle (see [10] for example). Secondly, the origin of muscle
wasting is most likely to be multifactorial and is challenging to assess when limited samples
are available for a heterogeneous group of sarcopenic patients, ranging from obese to
malnourished. Moreover, local factors further complicate the issue: peripheral muscles are
actually a heterogeneous group comprising locomotor muscles (mainly lower limb muscles)
and upper limb muscles, both submitted to different force constraints. To date, studies
performed in COPD patients have mainly focused on the quadriceps and more precisely
vastus lateralis muscles. Lastly, muscle wasting is a dynamic process where the same
molecules can be up- or downregulated according to the regenerative stage. Assessing
the stage of disease evolution can be useful to harmonize patients’ samples; however, no
clinical criteria are validated regarding the stage of muscle function impairment.

Several clues can be provided by experimental animal models of COPD, which allow
access to every muscle as well as time-course studies.

In this review, we recapitulate the current knowledge regarding the molecular alter-
ations leading to a decreased muscle mass and function, gathered around an impaired
muscle mass regulation (unbalanced protein synthesis and degradation) and decreased
oxidative capacity (mitochondrial dysfunction). The identified factors for skeletal muscle
wasting are multiple and range from extrinsic factors such as disuse, malnutrition, or
corticosteroids use, to intrinsic factors, such as inflammation and hypoxia. We report recent
pathophysiological advances, with a special focus on preclinical models.

2. Histopathological Alterations of COPD Skeletal Muscle Tissue

Structural alterations of peripheral skeletal muscle are well characterized and include a
global muscle atrophy (with both loss in number and size of muscle fibers), macroscopically
reflected by a decrease in thigh diameter [11] and microscopically reflected by a decreased
fibers’ cross-sectional area (CSA) [12] (Figure 1). A specific metabolic alteration in COPD
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muscle (as opposed to aging muscle for example) is the shift in fiber type, from fatigue-
resistant oxidative (type I and type IIa) to force-predominant glycolytic muscle fibers
(type IIx and, specifically for rodents, type IIb) [12] (Figure 1). The decreased fibers’ CSA
has been reported to be predominant on type IIx fibers [12]. Other known histological
alterations include a decreased capillarity, with both a decrease in capillaries density as
well as in the capillary-to-fiber ratio [13] (Figure 1). Capillarization has notably been found
impaired specifically in type I muscle fibers, which has a deep impact on the muscle’s
oxidative capacity [14,15]. Adipose tissue infiltration has also been reported in COPD
muscle, in a similar way to senescent muscle in the aging population, particularly in the
obese sarcopenic phenotype where adipose inflammation leads to the redistribution of fat
to the intra-abdominal area and skeletal muscle tissue [16,17] (Figure 1).

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 3 of 30 
 

 

Structural alterations of peripheral skeletal muscle are well characterized and include 
a global muscle atrophy (with both loss in number and size of muscle fibers), macroscop-
ically reflected by a decrease in thigh diameter [11] and microscopically reflected by a 
decreased fibers’ cross-sectional area (CSA) [12] (Figure 1). A specific metabolic alteration 
in COPD muscle (as opposed to aging muscle for example) is the shift in fiber type, from 
fatigue-resistant oxidative (type I and type IIa) to force-predominant glycolytic muscle 
fibers (type IIx and, specifically for rodents, type IIb) [12] (Figure 1). The decreased fibers’ 
CSA has been reported to be predominant on type IIx fibers [12]. Other known histological 
alterations include a decreased capillarity, with both a decrease in capillaries density as 
well as in the capillary-to-fiber ratio [13] (Figure 1). Capillarization has notably been found 
impaired specifically in type I muscle fibers, which has a deep impact on the muscle’s 
oxidative capacity [14,15]. Adipose tissue infiltration has also been reported in COPD 
muscle, in a similar way to senescent muscle in the aging population, particularly in the 
obese sarcopenic phenotype where adipose inflammation leads to the redistribution of fat 
to the intra-abdominal area and skeletal muscle tissue [16,17] (Figure 1). 

 
Figure 1. Schematic representation of the main histopathological alterations in COPD skeletal mus-
cle. Alterations of skeletal muscle tissue in COPD result from both extrinsic factors (malnutrition, 
tobacco exposure, deconditioning) and intrinsic factors (hormonal imbalance, oxidative stress, in-
flammation, hypoxia and hypercapnia, and genetic and epigenetic modifications). Created with Bi-
oRender.com (accessed on 1 February 2023). 

3. Inflammation 
The historical perspective is that inflammation is one of the primary drivers of skele-

tal muscle wasting in COPD, through the catabolic effects of systemic inflammation. In-
deed, it has been hypothesized that COPD muscle atrophy would be a consequence of the 
“spill over” of inflammatory molecules from the lungs into the systemic circulation [18]. 
However, inflammation is not the sole driver as exercise can affect factors regulating mus-
cle hypertrophy and regeneration without affecting the levels of systemic or local muscle 
inflammation [19]. Moreover, it is now increasingly recognized that inflammation in mus-
cle homeostasis bears both beneficial and detrimental effects. Chronic, low-grade inflam-
mation induces muscle catabolism via pleiotropic mechanisms mediated by the inflam-
matory secretome [20], whereas acute inflammation (exercise-mediated or in acute muscle 
injury models) activates anabolic pathways leading to muscle regeneration. Several 

Figure 1. Schematic representation of the main histopathological alterations in COPD skeletal muscle.
Alterations of skeletal muscle tissue in COPD result from both extrinsic factors (malnutrition, tobacco
exposure, deconditioning) and intrinsic factors (hormonal imbalance, oxidative stress, inflammation,
hypoxia and hypercapnia, and genetic and epigenetic modifications). Created with BioRender.com
(accessed on 1 February 2023).

3. Inflammation

The historical perspective is that inflammation is one of the primary drivers of skeletal
muscle wasting in COPD, through the catabolic effects of systemic inflammation. Indeed,
it has been hypothesized that COPD muscle atrophy would be a consequence of the
“spill over” of inflammatory molecules from the lungs into the systemic circulation [18].
However, inflammation is not the sole driver as exercise can affect factors regulating muscle
hypertrophy and regeneration without affecting the levels of systemic or local muscle
inflammation [19]. Moreover, it is now increasingly recognized that inflammation in muscle
homeostasis bears both beneficial and detrimental effects. Chronic, low-grade inflammation
induces muscle catabolism via pleiotropic mechanisms mediated by the inflammatory
secretome [20], whereas acute inflammation (exercise-mediated or in acute muscle injury
models) activates anabolic pathways leading to muscle regeneration. Several soluble factors
secreted by muscle cells, named myokines, take part in muscle mass homeostasis. This
section focuses on myokines and recent data regarding their role in COPD skeletal muscle;
for a general review on each cytokine, see [21] or [22]. Studies globally consistently show
that COPD is characterized by the elevation of inflammatory factors such as tumor necrosis
factor α (TNF-α), interleukin-6 (IL-6), and interleukin-8 (IL-8).

BioRender.com
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3.1. Tumor Necrosis Factor α (TNF-α)

Classically, circulating TNF-α is reported to be higher in COPD patients than controls
and negatively correlated to lean mass [23,24], as well as to muscle strength, including
upper muscles [25]. However, this correlation seems to be consistent only in cachectic
patients [26]. Moreover, with regards to muscular TNF-α, significantly elevated, decreased,
and unaltered levels have been reported in the quadriceps of COPD patients [27–29], or even
undetected at the protein level [30,31], although the effects of TNF-α could also be mediated
by the elevated circulating levels. Mechanistically, TNF-α plays a dual role in muscle
mass regulation, possibly via differential signaling according to receptor binding (TNF-
R1 or TNF-R2) [32,33]. On the catabolic counterpart, TNF-α promotes the inflammatory
response by binding on TNF-R at the macrophage surface and activating the nuclear factor-
kappa B (NF-кB) pathway via the inhibitory-kappa B kinase alpha (IKKα) activation, thus
supporting the M1-biased (inflammatory) phenotype. TNF-α secreted by myeloid cells
(CD68+ macrophages) inhibits myotubes fusion in vivo [34], supporting its catabolic role.
In vitro, it can be induced in C2C12 myotubes by serum amyloid A, which is increased
during COPD exacerbations [35]. Possibly in a paracrine/autocrine fashion, its secretion
activates glycolytic metabolism in C2C12 myotubes in a NF-кB-dependent manner, as
well as enhancing the secretion of HIF1α, a key transcription factor induced in hypoxic or
inflammatory conditions [36]. In the same study, HIF1α and its downstream target vascular
endothelial growth factor (VEGF) were found elevated in quadriceps biopsies of COPD
patients and correlated to the level of muscular TNF-α. Finally, a recent study has found
that the downregulation of histone deacetylase 2 (HDAC2) by RNA interference in cultured
primary myotubes increased TNF-α production and cell apoptosis [37]. HDAC2 belongs
to a family of enzymes which classically downregulate inflammatory genes’ expression.
The authors also evidenced a decrease of HDAC2 level in the quadriceps of COPD patients,
associated with an increase in the NF-кB pathway.

However, some in vivo models seem to counteract in vitro data. Indeed, a mice model
of TNF-α-signaling knock out (TNF-R2 KO) exhibited a more severe phenotype of skeletal
muscle wasting (including reduced fibers’ CSA and an increase of type IIx myofibers) than
wild-type littermates [32] after cigarette smoke (CS) exposure. Other data support the
anabolic effects of TNF-α, which acts as a mitogen for satellite cells [38]. In myocytes, the
binding of TNF-α to its receptor TNF-R activates the p38-mitogen-activated protein kinase
(MAPK) pathway, leading to a silencing of target genes such as Pax7 and Notch1 (via an
epigenetic control), promoting satellite cell differentiation into myotubes [39], in contrast to
that previously reported [40]. The latter study also showed an increase in mitochondrial
content in IKKα-expressing myotubes. Other models tend to corroborate in vitro data, such
as a mouse model exposed to CS and exhibiting increased circulating TNF-α levels, which
were correlated to detrimental outcomes such as muscle mass, decreased capillarization,
and increased catabolism [41]. Moreover, an overexpression of TNF-α in the lung leads
to an increased muscle fatigue, decreased muscle mass and mitochondrial content, and
increased catabolism (mostly in male mice) [42]. These data might suggest that part of
the deleterious effects of inflammation are secondary. Of note, therapies against TNF-α
have not proven to be effective for various outcomes such as dyspnea or a number of
exacerbations [43], suggesting that this cytokine is not the primary or at least the sole driver
of COPD inflammation.

3.2. Interleukin-6 (IL-6)

Circulating IL-6 is also classically elevated in COPD patients compared to healthy sub-
jects, both during and outside exacerbations [44] and associated with reduced quadriceps
strength [45]. Like TNF-α, IL-6 is considered as a “double-edged sword” with proinflamma-
tory (catabolic) and anti-inflammatory (anabolic) effects (see the review in [46]) according
to local immune cells and the cytokines’ microenvironment. Overall, the pilot study of
Tsujinaka and colleagues showed that transgenic mice chronically overexpressing IL-6
exhibit a marked muscle atrophy [47]; however, the knockout of IL-6 was not sufficient to
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prevent sarcopenia in a sepsis mouse model [48]. In muscle from COPD patients, IL-6 has
been reported as unchanged at the transcriptional level (at both stable and exacerbation
states) compared to that of healthy controls [27,28].

In vitro, IL-6 bears anabolic effects by regulating satellite cells’ function and enhancing
glucose metabolism; furthermore, a loss of IL-6 signaling in myoblasts results in a reduced
proliferation and migration [49,50].

3.3. Interleukin-8 (IL-8)

In muscle from COPD patients, IL-8 has been reported as unchanged at the transcrip-
tional level (at both stable and exacerbation states) compared to that of healthy controls [28].
Surprisingly, despite an important role for IL-8 in COPD pathophysiology and in particular
lung inflammation, few data are available regarding its expression in the skeletal muscles
of COPD patients.

3.4. Interleukin-18 (IL-18)

One study has found an elevation of IL-18, another proinflammatory cytokine, in the
plasma and the quadriceps of COPD patients (at the mRNA level) compared to healthy
controls [51]. Immunohistochemistry showed that the increase was predominant in type
II fibers. Of note, muscle mRNA levels of TNF-α and IL-6 were unchanged in that study.
Moreover, IL-18 mRNA levels were not significantly different in the quadriceps of COPD
patients compared to that of healthy smokers. Of note, contrary to IL-6, IL-18 was not
altered by exercise [51]. It was hypothesized that this increase could participate in skeletal
muscle wasting by increasing local apoptosis.

3.5. Interleukin-15 (IL-15)

In vitro, IL-15 has an anabolic effect by inducing myosin chain synthesis in my-
otubes [52], notably in response to TNF-α stimulation [53]. This is particularly interesting
given that IL-15 was increased and correlated with TNF-α in a rat model of COPD (induced
by CS exposure as well as LPS instillations), in the serum and in both peripheral and
respiratory skeletal muscles [54]. In the same study, this was paralleled by an increase in
ubiquitin–proteasome markers (as expected), which were positively correlated to IL-15
levels. Furthermore, IL-15 possibly promotes the effector function of memory CD8+ T
cells [55]. However, no data have been reported in human COPD muscle samples to the
best of our knowledge.

3.6. Interferon-γ (IFN-γ)

IFN-γ has been reported as unchanged at the protein level in COPD quadriceps
compared to controls [27]. However, a recent transcriptional analysis shows a globally
downregulated interferon response in COPD quadriceps [56]. In vitro, IFN-γ does not
activate catabolic pathways on C2C12 myoblasts [57] but induces the expression of proan-
giogenic factors such as angiopoietin-2 in primary human myoblasts [58]. Taken together,
these data may indicate that IFN-γ downregulation could be part of the pathological mecha-
nisms leading to skeletal muscle wasting, although other observational as well as functional
data lack at this stage.

3.7. Interleukin-10 (IL-10)

IL-10 exerts a consistent anti-inflammatory, pro-regenerative role (as demonstrated by
acute injury models). It bears potent anabolic effects by inhibiting the atrophy signaling
induced by TNF-α in myotubes [59]. As a cytokine implicated in muscle regeneration
in acute injury models (see below), its potential protective role in muscular dystrophy
is not surprising [60]. However, to date, it has not been studied in skeletal muscles of
COPD patients.
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3.8. Other Myokines

Other myokines can also play a role in the control of muscle mass, most of which
having not been thoroughly investigated in COPD, such as IL-4 (promoting myoblast fusion
in vitro) [61], IL-7, which secretion by skeletal muscle gradually decreases with age [20],
or irisin, known to decrease oxidant-induced apoptosis in diabetes mellitus, and recently
reported to be decreased in COPD serum [62]. Two studies outside the COPD context
also point towards a prominent role of the Toll-like receptor (TLR)-4 pathway in muscle
wasting, via the activation of the p38-MAPK atrophy pathway [63,64]. However, to date,
the expression of IL-17, a cytokine activating TLR4 signaling, has not been investigated in
COPD muscle.

4. Hypoxia and Hypercapnia

Chronic hypoxia in healthy subjects (implicated in altitude expeditions) induces a loss
of muscle mass and decreased fibers’ CSA and mitochondrial density, without affecting
the capillary network [65]. Hypoxia seems to play a prominent role in the skeletal muscle
wasting of COPD patients, as suggested by a network-analysis transcriptomic studies
evidencing upregulation of four histone deacetylase in the muscle of COPD patients
(HDAC 9 and 4, SIRT 2 and 3) compared to that of healthy subjects and correlated with
oxygen availability [66].

In experimental models, hypoxia clearly induces muscle wasting, as evidenced by sev-
eral reports showing muscle atrophy even after only few days of hypoxia exposure [67,68].
At the structural level, hypoxia might favor a fiber-type switch in the muscle of COPD
patients [69]. Several hypotheses have been formulated regarding the molecular basis.
In the study of Favier and colleagues, hypoxia was followed by a downregulation of the
anabolic pathway’s mechanistic target of rapamycin (mTOR) [67] (see Section 9.2). A re-
cent study showed an inhibition of the AKT/GSK3-β/P70S6K protein synthesis pathway
associated with an increased autophagy-related LC3BII/LC3BI ratio in C2C12 myotubes
cultured in hypoxic conditions [70]. Some studies also found a direct link between hypoxia
and the catabolic ubiquitin–proteasome pathway [71]. Along the same line, hypoxia was
found to increase myostatin (a negative regulator of muscle mass) expression in a rat
model [72]. Conversely, hypercapnia led to AMPK/FoxO3a/MuRF1-dependent muscle
fiber size reduction in an experimental model [73].

The transcription factor hypoxia-inducible-factor-1α (HIF-1α) is a major effector of
hypoxic pathways. Surprisingly, very few data are available regarding its expression in the
muscle of COPD patients. To our knowledge, only one study investigated HIF-1α expres-
sion and found an increased mRNA level in the quadriceps of COPD patients, related to
increased TNF-α signaling [36]. Studies unrelated to COPD explored the molecular basis
for HIF-1α in skeletal muscle wasting. HIF1-α expression increases in C2C12 myotubes
submitted to hypoxia [70]. In C2C12 myoblasts, HIF-1α inhibits the canonical Wnt signaling
known to promote muscle regeneration [74]. Moreover, HIF-1α activates the MAP kinase
catabolic signaling pathway’s extracellular signal-regulated kinase (ERK1/2) (cf. infra) [75].
All these mechanisms need to be confirmed in the muscle of COPD patients. Some effects
of hypoxia are HIF-1α-independent [76], and interestingly, low levels of HIF-1α in skeletal
muscle resulted in a more altered phenotype in a mouse model, with an impaired exer-
cise response [77], indicating either that hypoxia-mediated deleterious effects could be
independent of HIF-1 α, or that HIF-1α elevation activated a compensatory mechanism.

Hypoxia also seems to alter myonuclear turnover by affecting satellite cells’ (muscle
stem cells) activity and myogenesis [76]. In an experimental model of hindlimb ischemia,
hypoxia induced a reduced protein expression of the skeletal-muscle differentiation markers
(myogenic differentiation 1 (MyoD) and myogenin) [78]. These observations were in line
with that already shown in vitro [79]. Hypoxia also alters the terminal maturation of
myotubes by decreasing myosin heavy chain’s expression [71]. CD34+ muscle stem cells are
specifically affected by hypoxia: Pagé and colleagues found a worse outcome for CD34−/−

mice exposed to hypoxia compared to wild-type littermates, with a lower number of fibro-
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adipogenic progenitors in CD34−/− mice and a greater muscle atrophy as well as a worse
functional impairment of the extensor digitorum longus muscle [68]. These observations
were associated with a lower number of fibro-adipogenic progenitors in CD34−/− mice.
Collectively, these data indicate that muscle stem cells are affected by hypoxia, albeit the
precise mechanisms remain to be elucidated.

Hypoxia might also be the main reason for impaired COPD muscle response to
exercise training. A study showed that exercise training improved functional capacity in
both normoxemic and hypoxemic COPD patients, however the structural improvements
(increased mitochondrial density, capillary-to-fiber ratio, and fibers’ CSA) occurred only in
the normoxemic ones [80]. This might be due to increased oxidative stress, specifically in
the hypoxemic population [30]. Intricate mechanisms with malnutrition could also compete,
since exposing mice to hypoxia leads to a loss of appetite [81]. However, matching mice
for food uptake still showed a deleterious effect of hypoxia on protein turnover via the
downregulation of mTOR signaling (cf. infra) [82]. Finally, a recent study pointed out a
possible role of intermittent hypoxia (such as the nocturnal hypoxemia seen in obstructive
sleep apnea disorder, frequent among COPD patients [83]) in skeletal muscle wasting,
driven by mitochondrial dysfunction and a lower activity [84].

Overall, hypoxia is an important contributor of muscle wasting, although direct
mechanistic evidence in COPD muscle is lacking.

5. Mitochondrial Dysfunction

An early clinical translation of muscle wasting is increased fatigability, exercise intol-
erance, and a diminished endurance. Thus, it is not surprising that mitochondria appear to
be at the center of sarcopenia pathophysiology [85,86]. Mitochondrial alterations include a
decreased mitochondrial density (biogenesis), impaired mitochondrial oxidative capacities
(activity) and mitochondrial autophagy (mitophagy), increased apoptosis, and finally, an
increased mitochondrial reactive oxygen species (ROS) production (oxidative stress).

5.1. Reduced Mitochondrial Density/Dynamics

The main determinant of the reduced mitochondrial activity observed in COPD pa-
tients is the decreased mitochondrial content associated with a loss of type I fiber and
oxidative phenotype. Thus, data consistently show a decreased mitochondrial density
in COPD muscle tissue, usually reflected by a decrease in citrate synthase expression or
activity, as a mitochondrial mass marker [87]. As another surrogate marker, mitochondrial
DNA over genomic DNA ratio (mtDNA/gDNA) is also lower in COPD muscle compared
to healthy controls [88]. However, data are less consistent at the individual protein level.
The expressions of electron transport chain (ETC) complex proteins I, II, III, and V have, for
example, been reported as unchanged in patients with mild COPD (GOLD II) but decreased
in patients with severe or very severe COPD (GOLD III-IV) [89].

Transcript levels of regulators of mitochondrial biogenesis have been described both as
upregulated and downregulated in COPD compared to controls. Remels and colleagues ob-
served low levels of peroxisome proliferator-activated receptor-gamma coactivator 1 alpha
(PGC1-α, the master regulator of mitochondrial biogenesis) and its downstream effector,
mitochondrial transcription factor A (TFAM), in COPD quadriceps; these differences were
further enhanced in cachectic COPD patients [90]. However, Konokhova and colleagues
found an upregulation of mitochondrial biogenesis markers transcripts, including PGC1α
and TFAM, but also peroxisome proliferator-activated receptors (PPARs), but not at the
protein levels. Other authors suggested an impaired translation in COPD quadriceps [87].
Interestingly, PGC1-β overexpression was responsible for muscular atrophy due to an
enhanced apoptosis and autophagy in a transgenic mouse model [91]. In vitro data tend to
reproduce the former results, as mitochondrial biogenesis markers PGC1α (and to a lesser
extent TFAM and COX1) and MFN2 have been shown to be reduced in cultured myotubes
from COPD patients compared to healthy subjects upon electrical stimulation [92].
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Konokhova and colleagues also performed a single fiber analysis of cytochrome c
oxidase/succinate dehydrogenase coloration (COX/SDH) and did not find any evidence of
mitochondrial biogenesis impairment in COPD COX-/SDH+ fibers. Indeed, the mtDNA
copy number and TFAM protein content of COX−/SDH+ fibers were similar between
COPD patients and healthy subjects. Of note, more frequent mtDNA deletions and lower
mtDNA copies were observed in COPD patients’ quadriceps compared to controls. More-
over, contrary to normal aging, there was no more mtDNA copies in the COX+/SDH+
fibers compared to COX-/SDH+ fibers in COPD patients.

A recent study explored the possibility of the reduced mitochondrial density being due
to deconditioning by matching COPD patients to control subjects for objectively measured
physical activity [93]. The results showed that the dysfunctional mitochondrial phenotype
observed in COPD patients could not be attributed to deconditioning alone, as evidenced
by a decreased citrate synthase activity, altered mitochondrial respiration, and increased
oxidative stress in COPD patients compared to control subjects with the same level of
physical activity.

Relatively few data are available concerning the mechanisms of a reduced mitochon-
drial network. Only one study investigated dynamin-1-like protein DNML1 (also known
as DRP1, a GTPase regulating mitochondrial fission) expression in COPD quadriceps and
found a decreased protein level [88].

5.2. Reduced Mitochondrial Activity

In a cohort of 79 COPD patients, Willis-Owen and colleagues recently performed a non-
biased transcriptomic analysis and showed that COPD was accompanied by coordinated
patterns of transcription of genes involved in mitochondria function in the quadriceps [94].
In particular, the transcriptome revealed an important lower expression of IDH2. IDH2 is
the enzyme responsible for the oxidative decarboxylation of isocitrate to α-ketoglutarate,
and its lower activity is largely described in oncology, where it leads to a reduced metabolic
activity [95].

Mitochondrial activity can be evaluated either by the cytochrome oxidase (COX)—
complex IV—activity, the terminal complex of the respiratory chain, or a respiratory state
assessment. Results for the specific activity of COX normalized on mitochondrial den-
sity are conflicting. While some authors have found an increased COX activity in COPD
patients with resting hypoxemia [96] and with exercise hypoxemia [97], others have not
found any significant increase [98]. The reasons for such discrepancies may be due to
different measurement methods, including the activity of the COX-IV determined spec-
trophotometrically or with immunohistochemical staining, and the respiratory capacities
of complex IV using different substrates. Moreover, differences in the sampled subjects’
resting or exercise arterial blood oxygen content could be determinant for the measurement
of oxygen respiration capacities. Interestingly, some COX genes such as COX11 or COX15
are upregulated after training in the quadriceps of COPD patients but not sedentary healthy
controls [99].

Several reports, which are detailed below, point towards an altered mitochondrial
respiration in ex vivo muscle experiments. The current knowledge considers that state
3 respiration (ADP-stimulated) is impaired in COPD patients; however, contradictory data
are reported regarding complex I- (CI) or complex II-, succinate dehydrogenase (CII-SDH),
driven respiration states [100].

The first study was performed in isolated mitochondria and showed a diminished
state 3:CII respiration in low-body-mass-index (BMI) COPD patients compared to both
normal BMI and healthy subjects [99]. Further studies were then performed in quadriceps’
permeabilized fibers. First, Picard and colleagues observed a decreased state 2 and state 3
respiration in COPD fibers compared to healthy controls. However, a normalization with
respect to the citrate synthase activity abolished these differences [98]. Performing the
same normalization, Naimi and colleagues found a similar state 3:CI+CII respiration, along
with an increase in state 3:CI respiration, inferring a decrease in state 3:CII respiration.
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Finally, Gifford and colleagues observed a reduction in state 3:CI+CII respiration in COPD
patients compared to healthy controls [101]. Of note, contrary to Naimi and colleagues,
they concluded that this reduction was largely driven by diminished CI-driven respiration
rather than CII-driven respiration. The same authors confirmed their observations in 2017
on a different cohort of COPD patients matched to healthy controls based on the same
physical activity, in order to avoid disuse bias. They observed a diminished state 3 CI-
driven respiration, and a trend to a lower state 3:CI+CII driven respiration. However, the
normalization of respiration with respect to the citrate synthase activity again revealed
no differences in any state 3 or state 2 respiration between COPD and healthy subjects,
while a normalization by OXPHOS protein content revealed a significant increase in state
3:CII respiration in COPD patients. The authors globally concluded that CI/CII respiration
ratio was altered in COPD muscle, although results were conflicting according to the
normalization method. Overall, discrepancies between studies mainly come from two
points: (i) the analysis performed either on isolated mitochondria or permeabilized fibers;
(ii) the methods of normalization varying between authors. Further studies are warranted,
in a standardized manner, in order to collect more data. Recently, Balnis and colleagues
evidenced a reduced SDH (CII) activity underlying a decreased mitochondrial respiration in
the extensor digitorum longis of a mouse model of emphysema (IL-13 transgenic mice) [102].
Importantly, transfecting the defective CII subunit C to mice muscles significantly increased
both mitochondrial function (respiration) and oxidative myofibers’ proportion, indicating
that mitochondrial function could regulate the muscle fiber phenotype in vivo. However,
other observations tend to show that metabolic and contractile properties are controlled by
distinct signaling pathways [103].

During exacerbations, mitochondrial respiration seems to be further decreased, as
confirmed by a study investigating the transcriptomic profile of quadriceps biopsies be-
tween exacerbating COPD patients and stable COPD controls, and evidencing a decreased
aspartate catabolism as well as COX6C activity [104]. Of note, mitochondrial respiration
can be affected by external factors, such as glucocorticoid use [105], and the specific role of
COPD in altered respiration remains to be elucidated.

5.3. Increased Mitophagy

Evidence of increased mitophagy, mainly attributed to CS exposure, has already been
reported in the lung [106]. Data are more scarce in skeletal muscles, but the potential
role of mitophagy in skeletal muscle wasting has been recently reviewed [107]. The first
study was performed in a murine model of lung injury (induced by LPS instillation)
and showed an enhanced transcription of mitophagy-related genes such as BNIP3L and
PARKIN and a decrease of FUNDC1 [108]. The same authors simultaneously investigated
COPD patients’ quadriceps biopsies and found decreased FUNDC1 and PINK1 at the
protein level, whereas Parkin was increased. Moreover, no change was observed at the
mRNA level [109]. These discrepancies reflect both the difficulty of obtaining experimental
models as close as possible to the disease and the complex regulation of the mitophagy
process. Finally, the same team performed a similar study in COPD patients according to
their inflammatory status and found an increase in BNIP3 at the protein level in COPD
patients with high circulating C-reactive protein (CRP) compared to other COPD patients,
pointing out that mitophagy was associated with systemic inflammation [110].

5.4. Apoptosis

Regarding skeletal muscle cell apoptosis, contradictory data have been reported. Since
the early reports of Agusti and colleagues and Gosker and colleagues, who observed, re-
spectively, an increased and unchanged myonuclear fragmentation in muscle cells [111,112],
only one study reported increased terminal deoxynucleotidyl transferase mediated dUTP
nick-end labeling (TUNEL)-positive cells in quadriceps and diaphragm muscles [113].
However, no ultrastructural difference in apoptotic nuclei was noticed. Of note, there was
no means to discriminate between myocytes and surrounding cells in these studies. Dis-
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crepancies might also come from the fact that Agusti and colleagues reported an increased
apoptosis specifically in COPD patients with low BMI, whereas Gosker and colleagues
investigated moderate-to-severe COPD patients without weight indication, and Barreiro
and colleagues reported COPD patients with normal body composition. Noteworthy, these
two studies failed to report an increased caspase-3 expression in COPD patients [112,113].
Surprisingly, few data are available to date in COPD despite the fact that caspase-induced
apoptosis is a known contributor of muscle wasting [114].

Mitochondrial permeability transition pore (mPTP) is a key regulator of mitochon-
dria during cell death [115]. Puente-Maestu and colleagues have reported an enhanced
susceptibility to mPTP opening by common triggers (including Ca2+ and H2O2) in isolated
mitochondria of COPD muscle cells [85]. However, and conversely, Picard and colleagues
reported that there was more resistance to Ca2+-induced mPTP opening in permeabilized
muscle fibers from COPD patients than in those from healthy control subjects, attributed
to the increased proportion of type II fibers, which are intrinsically more resistant to
Ca2+-induced mPTP opening [98]. These discrepancies are probably explained by the
analysis performed on isolated mitochondria versus permeabilized fibers, which better
reflect muscle function. However, they need to be confirmed.

6. Oxidative and Nitrosative Stress

Oxidative stress is increased both at the systemic and muscular levels in
COPD [10,89,116]. In the muscle, ROS mainly originate from mitochondrial respiration
and membrane (NAPDH oxidase). In the lung, by contrast, ROS are produced by alveolar
macrophages and activated neutrophils [117]. Direct evidence includes increased nuclear
and mitochondrial superoxide anions in the quadriceps of sarcopenic COPD patients
compared to nonsarcopenic patients [118].

Since mitochondrial oxidative phosphorylation is incomplete, mitochondria are a
major source of ROS production [119]. H2O2 production is significantly increased in the
isolated mitochondria of COPD patients’ muscle compared to control subjects, in state 3:CI
as well as state 3:CII respiration [85]. Indeed, the addition of rotenone, a specific inhibitor of
complex I, validated the specificity of complex I’s site of production. The authors concluded
that CIII was the main site of ROS production in COPD skeletal muscle and attributed this
to the absence of matrix antioxidant in close vicinity (contrary to complex I). Picard and
colleagues also showed in permeabilized fibers normalized per unit of citrate synthase
activity that H2O2 release was significantly higher in COPD patients compared to control
subjects during state 2 and state 3:CII [98]. The authors also confirmed the increased H2O2
production in COPD fibers in the presence of antimycin A. Of note, to date, no study has
been able to settle the question whether the greater ROS production was solely the result of
a fiber-type switch and sedentary lifestyle, as glycolytic fibers, where state 2 respiration is
predominant, produce more ROS than oxidative fibers.

Alterations linked to excessive oxidative stress can be seen at several levels. The evi-
dence for DNA damage is scarce but includes higher (8-OHdG) levels in COPD quadriceps
compared to controls [87]. Alterations at the protein level include protein carbonylation,
malondialdehyde (MDA)-protein adducts, lipid peroxidation, and nitration.

Multiple studies point towards an increased protein carbonylation in COPD quadri-
ceps compared to healthy controls, including total protein content but also specific proteins
such as glycolytic enzymes (creatine kinase), antioxidant enzymes (glutathione peroxidase),
and myosin heavy chain [118,120–122]. MDA-protein adducts are also increased both at
the muscular and systemic levels in COPD patients [123]. Intuitive functional implications
arise from these observations, as oxidative stress is negatively correlated to contractile
performance [124]. However, the absence of increased carbonylation in the quadriceps
muscle of COPD patients compared to healthy controls has also been reported [125]. In-
creased lipid peroxidation has also been observed, possibly favored by reduced UCP3
levels [112]. For example, several studies have found an increased lipofuscin accumulation
in COPD quadriceps [126] and higher levels of hydroxy-2-nonenal (4-HNE) in quadriceps
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tissue [87,127], as well as in cultured myotubes from COPD patients [128]. Ferroptosis, a
newly discovered type of cell death resulting from iron-dependent lipid peroxide accu-
mulation, has been reported to be increased both in vitro in CS-exposed C2C12 myotubes
and in vivo in a mouse model of COPD [129]. Finally, nitrosative stress is also increased,
as evidenced by higher tyrosine nitration levels in the quadriceps from COPD patients
compared to those from healthy subjects [122], as well as inducible nitric oxide synthase
and 3-nitrotyrosine levels [127].

Skeletal muscle tissue usually compensates the excessive oxidative stress (induced
for example by exercise training) by increasing the levels of antioxidants [122,127], but in
COPD, this protective mechanism seems to be defective, although contradictory data have
been reported. For example, increased Mn-superoxide dismutase (SOD) and Cu-Zn-SOD
protein levels have been demonstrated in the quadriceps [118,127], whereas unchanged
SOD content and decreased SOD activity have been reported in another study [122], and
unchanged MnSOD, Cu/ZnSOD, and catalase expressions in cultured COPD myoblasts
and myotubes have been found [128]. A recent study evidenced a decreased in SOD2
quadriceps expression only in severe (GOLD III–IV) COPD patients [89]. However, data are
more consistent for other protective mechanisms, which apparently fail to upregulate. Un-
changed glutathione and catalase quadriceps levels have been reported [118,122]. Of note,
we have shown an increase in glutathione peroxidase 1 in cultured COPD myoblasts [128].
Finally, the antioxidant protein carnosine, mainly present in type II myofibers, has been
reported to be unchanged in the muscle of COPD patients compared to healthy controls;
however, in COPD patients, carnosine was decreased in the quadriceps of GOLD III–IV pa-
tients compared to GOLD I–II, despite their increased proportion of type II myofibers [125].

Of note, some studies report no difference in oxidative stress markers between COPD
patients and healthy smokers [130], implying that oxidative stress could mainly be at-
tributed to CS extracts and not the specificity of systemic involvement of COPD.

No study has demonstrated a link between oxidative stress and inflammation in COPD
muscle. However, several studies point towards a direct relationship between oxidative
stress, atrophy, and the ubiquitin–proteasome pathway [131], including data obtained in
experimental models [132]. It is also likely that oxidative stress enhances proteolysis via
the calpain and caspase pathways [133], whereas this has not been directly demonstrated
in COPD muscle.

Altogether, it seems that the predominant feature of COPD muscle is a transient
antioxidant insufficiency, which brings hope in terms of therapeutic issues. For future
therapeutic prospects, roflumilast, an inhibitor of phosphodiesterase-4 (PDE-4) which
exerts antioxidant effects, has shown promising results in a proof-of-concept study on
cultured myotubes from COPD patients [134]. Moreover, a combination of oral antioxidant
supplementation has also shown interesting results on muscle strength with an excellent
tolerance [135].

7. Other Metabolic Processes

Apart from oxidative and nitrosative stresses, other forms of metabolic stress have long
been reported in COPD muscle. Alterations in amino acid (AA) profiles have been reviewed
by Jagoe and Engelen [136] and include decreased glutamate and glutathione levels in
COPD quadriceps [137]. These alterations seem to be further enhanced in emphysema
patients with a decrease in almost all AA levels [138].

More recently, transcriptomic studies helped to uncover other metabolic differences
between COPD patients and healthy subjects. Indeed, one study reported an increase in
the COPD quadriceps of SLC22A3, a metabolic stress gene involved in AA transportation
and histamine clearance [94]. Such increase had also been reported in COPD genome in
genome-wide association studies (GWAS) [139]. Of note, the study of Adami and col-
leagues identified an SNP in the same gene, that was close to be significantly associated
with muscle aerobic capacity response [140]. Willis-Owen and colleagues also reported
an increase of FST, encoding follistatin, a propeptide inhibiting myostatin signaling and
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promoting myogenic differentiation. Thus, this upregulation might represent a compen-
satory mechanism. However, patients and controls were not matched for physical activity,
unravelling a well-known bias due to deconditioning in COPD patients. Another recent
study [56], using microarrays and gene ontology algorithms to detect network modules in
COPD and healthy quadriceps, identified abnormalities in creatine metabolism and cal-
cium homeostasis, which were significantly associated with exercise capacity. Specifically,
the creatine metabolism pathway was significantly altered with downregulation of two
genes related to creatine synthesis (GAMT, GATM) and two creatine kinase genes (CKB,
CKMT2). These results point towards an impairment of the muscle energy production and
are consistent with other studies showing low baseline creatine kinase and ATP concentra-
tions [121]. The disruption of calcium homeostasis was represented by the downregulation
of S100A1 gene, which could lead to abnormal sarcoplasmic reticulum Ca2+ content and
fluxes, impacting muscle contractility [56]. Two other studies performed in CS-exposed
mice evidenced impaired calcium signaling, notably a decreased sarcoplasmic reticulum
calcium uptake [141,142]. To the best of our knowledge, no other study has investigated
calcium signaling in COPD myocytes. However, a recent study reported elevated markers
of sarcoplasmic reticulum stress (at the protein level) in COPD quadriceps [143]. Hyperam-
monemic stress is also known to be associated with COPD, and a recent study evidenced
new pathways associated with hyperammonemia in skeletal muscle (in addition to the
already-known mitochondrial dysfunction, oxidative stress, and senescence), such as anti-
apoptotic B-cell leukemia/lymphoma 2 family protein expression, increased calcium flux,
and increased protein glycosylation [144]. Finally, a recent study evidenced elevated circu-
lating kynurenine levels in COPD patients, as well as reduced muscle levels of kynurenine
aminotransferases; this dysregulated kynurenine clearance was attributed to impaired
PGC1α signaling [145].

On a therapeutic prospect, the metabolic modulator metformin has been shown to
be able to protect against CS-induced myofibers’ type switch and telomere shortening in
a mouse model of emphysema, mediated by the activation of 5′AMPK (AMP-activated
protein kinase) and GDF-15 (growth differentiation factor 15) [146].

8. Genetic Predisposition and Epigenetic Modifications

Genetic predisposition, although not predominant, is a well-known risk factor for
COPD development. Identified polymorphisms notably include genes involved in func-
tions that can favor skeletal muscle wasting, such as oxidative capacity (glutathione-S-
transferase, superoxide dismutase, etc.) or inflammation (TNF-α) [147]. However, few
studies specifically investigate the relationship between genetic polymorphisms and skele-
tal muscle dysfunction in COPD. Some studies drew our attention.

Recently, a GWAS performed simultaneously on humans and mice allowed the identi-
fication of 23 loci associated with appendicular lean mass [148]. Among them, two genes
were confirmed as in vitro modifiers of muscle mass, as their silencing with RNA inter-
ference increased the length of myotubes. These two genes, CPNE1 and STC2, encode
proteins that have not yet been formally associated with COPD sarcopenia (i.e., Copine 1, a
soluble calcium-dependent membrane-binding protein, and Stanniocalcin 2, a homodimeric
glycoprotein hormone involved in the regulation of IGF1). Interestingly, STC2 is among
the genes that are downregulated in skeletal muscle from mice following bimagrumab
(activin type II receptor antagonist) treatment [149]. Future studies should aim to explore
the expression of these proteins in skeletal muscle from COPD patients.

Furthermore, in 2010, a study conducted by Timmons and colleagues identified
11 single-nucleotide polymorphisms (SNPs) associated with the increase in maximal oxygen
uptake (VO2max) after exercise training in the general population [150]. Later, Adami and
colleagues investigated the association between the same SNPs and the muscle oxygen
consumption recovery rate constant (k), assessed with near infrared spectroscopy, which re-
flects skeletal muscle oxidative capacity. Although no significant association was evidenced
in COPD patients, three SNPs were associated with k specifically in moderate-to-severe
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COPD patients [140]. Among them, one SNPs was located in the DEPTOR gene, of particu-
lar interest as it is associated with the regulation of the contractile properties of glycolytic
muscles [151].

Epigenetic modifications, whether methylation, acetylation, or muscle-specific micro-
RNAs (myomiRNAs) play essential roles in muscle physiology, including embryogenesis
and adaptation to environmental factors (for a comprehensive review, see [152]). Epigenetic
modifications are believed to control muscle fiber type, and can be influenced by external
factors such as nutrition [153]. Among them, miRNAs represent a growing body of interest
in COPD, and they have been associated with several features of the disease in the lung [154].
However, few studies explore their expression in skeletal muscle, and data are until now
contradictory.

Muscle-specific miRNAs (miR-1, miR-206, and miR-133) are associated with myotube
formation and the innervation process. The pioneer study in the matter was conducted by
Lewis and colleagues and showed a decreased expression of miR-1 in COPD quadriceps,
as well as an increase in its target, histone deacetylase 4 (HDCA4) at the protein level [155].
The latter is thought to inhibit regulators of myosin heavy chain 1 expression, thus possibly
accounting for the switch in fiber type. miR-1 is also associated with insulin-like growth
factor-1 (IGF-1) regulation, providing a possible explanation for reduced protein synthesis
(cf. infra). In that study, levels of miR-133 and miR-206 were unchanged. Later, miR-1,
miR-206, and miR-133 were found significantly elevated in the plasma of patients with
COPD, as well as miR-499, encoded within the slow myosin heavy chain (MHC) gene and
thus promoting type I fibers [156]. Furthermore, levels of miR-499 were associated with
nuclear NF-κB p50 in mild/moderate COPD, whereas in severe and very severe disease,
miR-206 and miR-133 were associated with circulating cytokines, emphasizing the link
with inflammation. However, in that study, although the authors performed muscular
biopsies, they did not investigate the level of miRNA in the quadriceps, which would
have allowed them to perform correlations with plasma levels. Then, Puig-Vilanova and
colleagues found inverse results with a local decrease of miR-1 and miR-206 and an increase
in HDAC4 in COPD quadriceps (including sarcopenic and nonsarcopenic patients) [157].
These discrepancies are possibly explained by the absence of matching for smoking and
physical activity in the first study. Differences in timing of miRNA secretion can also
be invoked.

Maternally imprinted genes are usually associated with limiting growth, whereas
paternal genes bear the reverse effect [158]. An increase in the maternally imprinted miR-
675 was found in the quadriceps of COPD patients with a low fat-free mass index (FFMI),
and this was associated with an inhibition of myoblast proliferation in vitro [159]. Of
note, no association between miR-675 and FFMI was found among healthy subjects. The
authors then hypothesized that muscle wasting in chronic diseases might result from an
evolutionary response in order to use muscle protein as a source of AA for the damaged
organ or inflammatory system. Recently, miR542-3p/5p has been found elevated in COPD
quadriceps. In vitro data showed its implication in mitochondrial stress and transform-
ing growth factor beta (TGF-β) canonical signaling, and an in vivo experimental study
confirmed its role in muscle wasting through a decrease of mitochondrial function [160].

Overall, further studies are warranted in order to harmonize findings for known
muscle-specific miRNAs (miR-1, miR-206, and miR-133) as well as to identify other candi-
dates. Their therapeutic potential should also be tested in this context. Finally, exosomal
miRNAs also deserve further investigations, as one study (in abstract form) showed dif-
ferentially expressed miRNAs in the serum and broncho-alveolar lavage fluid of COPD
patients, which were associated with skeletal muscle wasting pathways such as mTOR [161].

9. Consequences on Muscle Mass Regulation

All mechanisms detailed above converge to deleterious consequences on muscle mass
regulation, destabilizing the atrophy/hypertrophy balance. A consensual statement is that
muscle protein turnover is impaired both through enhanced degradation and reduced
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synthesis. For a comprehensive review of potential triggers leading to impaired muscle
mass regulation (including deconditioning and use of glucocorticoids), see [162].

9.1. Protein Degradation
9.1.1. Implication of the 26S Ubiquitin–Proteasome System

The ubiquitin–proteasome system plays a major role in protein content turnover by
degrading misfolded or defective proteins [163,164]. In COPD, increased proteolysis is
mainly mediated by an overactivation of the ubiquitin (26S)–proteasome system, activated
via the muscle-specific E3-ubiquitin ligases Atrogin-1/MAFbx and TRIM63/MuRF-1, also
named atrogenes, which are increased in COPD quadriceps [118,165]. Of note, some
studies have failed to report a significant difference between COPD patients and healthy
subjects [166], possibly due to the timing of the assessment. The proteasome is regulated
by the transcription factors FOXO1 and FOXO3; several upstream activators of FOXO
signaling are increased in COPD muscle, such as the NF-кB pathway. During exacerbations,
this pathway seems to be further enhanced in the quadriceps with the upregulation of
MuRF-1 and Atrogin-1 expression [104]. Of note, this study was not conducted on the same
patients (exacerbating versus stable COPD patients).

Nedd4, another muscle-specific E3-ubiquitin ligase acting through Notch1 signal-
ing [167], has recently drawn attention because of its implication in denervation-induced
muscle atrophy [168], here unrelated to Notch1 activation. Yet, its expression has not been
thoroughly investigated in COPD, with only one report indicating an increased expression
in COPD quadriceps [169].

9.1.2. MAP-Kinase (MAPK) Pathways

MAPK pathways are classically considered as catabolic second messengers in my-
ocytes, upon activation by different triggers such as inflammatory cytokines or ROS [170].
One study reported evidence of the activation of MAPK p38 and ERK1/2 in the quadri-
ceps [171]. However, no upregulation was observed in two other studies [118,172]. Puig-
Vilanova and colleagues reported an increase in p38-MAPK levels in COPD quadriceps
but an unchanged ERK1/2 expression [123]. These discrepancies might come from the
diversity in patients’ recruitment and warrant further investigations, although once again,
the timing of the investigation is probably the most crucial point. Ultimately, p38-MAPK
upregulation could directly lead to increased proteasome-related catabolism, as shown in
mice [173].

9.1.3. Myostatin

Myostatin is a ligand of the TGF-β pathway in skeletal muscle and a well-known
negative regulator of muscle mass, as it inhibits satellite cells’ proliferation and differen-
tiation [174]. Upon binding to its receptor, the activin receptor type II A/B, it activates
catabolic pathways via the phosphorylation of downstream effectors Smad2/3 and simul-
taneously inhibits anabolic pathways [175]. Its expression is increased in the quadriceps
of COPD patients [176], possibly related to hypoxia [72]. However, a recent clinical trial
using a monoclonal antibody blocking its receptor has not shown potent results in treating
skeletal muscle wasting for COPD patients [177], despite promising results previously
obtained in cancer models [178].

9.1.4. Autophagy

A major other proteolytic pathway is autophagy-induced lysosomal degradation, an
essential process leading to the degradation of cytoplasmic portions of variable sizes in the
lysosomes (see the review by [179]). It is already established that autophagy is increased in
the lungs of COPD patients [180]. It also seems to play an essential role in skeletal muscle
wasting, as muscle-autophagy-deficient mice (muscle-specific deletion of Atg7) exhibit
sarcopenia features [181].
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Autophagy can be induced by several physiological situations, such as fasting or
physical exercise, and is a complex process requiring multiple simultaneous assays to
assess. A classical way to evaluate autophagy is to assess the level of the autophagosomal
membrane protein LC3 (microtubule-associated protein 1 light chain 3). Although con-
flicting results have been reported, the global conclusion is that autophagy is enhanced in
COPD locomotor muscles. One study reported unchanged transcripts of LC3B and Beclin-1,
another autophagosomal marker, in COPD quadriceps [169]. However, that study lacked
the assessment of the LC3BII/LC3BI ratio (reflecting the active form) as well as that of other
autophagy markers. By contrast, Hussain and colleagues reported an increase in quadricip-
ital LC3BII, Beclin-1, and p62/SQSTM1 at the protein level [179]. After that, several reports
pointed out an enhanced autophagy in COPD muscle, confirming the data observed in
the lung [180]. A significant number of studies reported an increased LC3BII/LC3BI ratio
and/or LC3B lipidation (another marker of activation) in COPD quadriceps [123,182,183].
An increased LC3BII/LC3BI ratio and p62/SQSTM1 protein levels were also reported in
cultured myoblasts from COPD patients compared to healthy subjects [184].

More recently, Balnis and colleagues showed in satellite cells a defective autophagic
flux associated with important proteins’ upregulation such as Beclin-1. In that work,
autophagy seemed to be correlated to satellite cell dysfunction contributing to the patho-
genesis of emphysema in a transgenic mouse model [185].

Furthermore, two studies reported increased ultrastructural autophagosome counts,
respectively, in the quadriceps [123] and both in the quadriceps and tibialis anterior [182].
Guo and colleagues also reported an increase in the mRNA and protein levels of several
autophagy-related genes, such as the genes involved in the autophagosome formation
(BECN1, PI3KCIII, UVRAG, AMBRA1, GABARAPL1, ATG7), the selective targeting of
mitochondria by autophagosomes (SQSTM1, BNIP3, PARKIN), and the degradation of the
autophagosome cargo (CTSL1). They also showed that autophagy was directly correlated
to the severity of muscle atrophy by evidencing an inverse correlation with the thigh cross-
sectional area [182]. Finally, another study reported an increase in the phosphoULK1/ULK1
ratio—ULK1 is a kinase protein essential for autophagy initiation and progression [183].

Autophagy is tightly connected to other catabolic pathways in skeletal muscle, such as
the ubiquitin–proteasome system under the common control of FOXO3. Indeed, it has been
shown that FOXO3 overexpression in C2C12 myotubes, as well as in isolated mouse muscle
fibers, enhanced proteolysis mainly via lysosomal degradation [186]. Moreover, it has also
been reported that increased autophagy was directly linked to oxidative stress, as treatment
with an antioxidant molecule decreased autophagy levels in cultured myotubes [184].

9.1.5. Other Catabolic Pathways

Two other pathways allow a protein degradation in skeletal muscle, namely Ca2+-
dependent (role of calpain) and caspase-dependent (leading to apoptosis), usually taking
the first steps of protein degradation by a disruption of the myofibrillar assembly. Few data
are available regarding their implication in muscle wasting in COPD specifically. To our
knowledge, only one study has investigated the calpain expression in COPD quadriceps and
reported an unchanged expression compared to that of the control group [187]. Apoptosis
has also been discussed above (cf. mitochondrial dysfunction).

9.2. Protein Synthesis

In skeletal muscle, protein synthesis is mainly mediated by the IGF/Akt/mTOR
pathway, which seems globally decreased, although contradictory data between mRNA
and protein levels of different components of the cascade have been reported.

For example, a study performed on the quadriceps of 91 COPD patients showed that
Akt phosphorylation was decreased in COPD compared to healthy subjects as well as in
sarcopenic versus nonsarcopenic patients. However, other markers of protein synthesis
signaling such as S6- or 4EBP1-phosphorylations were increased in both cases [188]. Of note,
this study did not evidence any increased activity of the ubiquitin–proteasome pathway
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in COPD or sarcopenic patients. Later, the same team found nevertheless an increase
in Akt signaling in COPD quadriceps [183]. In the quadriceps of exacerbating COPD
patients, IGF-1 was found downregulated at the mRNA level, as well as myoD at the
protein level [28].

Meanwhile, some studies report a counterintuitive rise of IGF-1 or Akt levels [155,165],
possibly due to a compensatory mechanism.

Altogether, the balance between protein synthesis and degradation is altered in sar-
copenic COPD patients in a complex way (Figure 2). A recent systematic review emphasizes
the lack of consistency between reported data on gene expression in skeletal muscle [189].
Discrepancies between studies might come from the complex interconnection between path-
ways, as well as the patients’ selection and the fact that biopsies are taken at different time
courses of the disease. Indeed, muscle mass regulation is highly dynamic and timelapse
studies of in vivo models might help to decipher the underlying mechanisms. However,
experimental models do not reflect the complexity of human disease, as currently illustrated
in the field of cancer research [190], and are quite heterogeneous in their ability to repro-
duce every characteristic of COPD sarcopenia. Indeed, skeletal muscle tissue alterations in
rodent models are inconsistent, partly due to the diversity of the experimental procedures
used (CS exposure, elastase or lipopolysaccharide instillations, transgenic models, etc.).
Moreover, one could argue that rodent models are not perfectly adapted to study skeletal
muscle dysfunction, given the difference between rodent and human muscle tissue—for
example, four different types of myofibers exist in mice (type I, IIa, IIx, IIb) whereas only
three in humans (lacking type IIb). Table 1 gathers and summarizes the existing models as
well as the functional, histological, and molecular alterations reported.
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Table 1. Characterization of locomotor skeletal muscle dysfunction in COPD rodent models. 

Animal Model/Toxic 
Agent 

Modalities (Expo-
sure, Administra-

tion) 

Skeletal Muscle 
Function Altera-

tions 

Histological Alter-
ations 

Molecular Altera-
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CS 
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tions: from 4 weeks 

to 6 months) 
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contractility) 
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ity and myofibers 
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Increased catabolism 
(whole tissue 
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Decreased citrate 
synthase activity 
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191–197] 
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weeks to 6 months) 

Decreased muscle 
mass; decreased 

strength 
Fiber-type switch  [198,199] 

IP injection  Decreased myofi-
bers CSA 

 [200] 

Elastase Intratracheal (1X to 
5X) 

Decreased muscle 
mass and endur-

ance 

Decreased myofi-
bers’ CSA (type I), 
fiber-type switch 

 [201,202] 
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mass and grip 
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[203] 
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mass 
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(mRNA and protein 

level) 
[204,205] 

Figure 2. Alteration of the hypertrophy/atrophy balance leading to impaired protein turnover in
COPD myocytes. Anabolic (hypertrophic) processes are represented in blue and catabolic (atrophic)
in red. The chosen pathways have been identified as dysregulated in COPD patients or experimental
models of COPD. IFN, interferon. IGF, insulin growth factor. IL, interleukin. MAPK, mitogen-
activated protein kinase. Created with BioRender.com (accessed on 1 February 2023).
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Table 1. Characterization of locomotor skeletal muscle dysfunction in COPD rodent models.

Animal Model/Toxic Agent Modalities (Exposure,
Administration)

Skeletal Muscle
Function Alterations

Histological
Alterations

Molecular
Alterations Ref.

Mouse

Exposure to CS

Whole body (durations:
from 4 weeks to

6 months)

Decreased muscle mass
and force (grip strength,

endurance, isolated
contractility)

Decreased
capillarity and
myofibers CSA,

fiber-type switch
(type I => II)

Increased
catabolism (whole

tissue mRNA),
protein

carbonylation
Decreased citrate
synthase activity

[32,41,141,191–197]

Nose-only (from 8 weeks
to 6 months)

Decreased muscle mass;
decreased strength Fiber-type switch [198,199]

IP injection Decreased
myofibers CSA [200]

Elastase Intratracheal (1X to 5X) Decreased muscle mass
and endurance

Decreased
myofibers’ CSA

(type I), fiber-type
switch

[201,202]

Elastase + LPS x3 each Decreased muscle mass
and grip strength

Slightly increased
catabolism (whole

tissue protein)
[203]

LPS Intratracheal Decreased muscle mass
Increased

catabolism (mRNA
and protein level)

[204,205]

Bleomycin Intratracheal Decreased
myofibers’ CSA

Increased
catabolism (protein

level)
[206]

Transgenic mouse
TNF-α+/+

Decreased muscle mass
and exercise capacity,

increased ex vivo fatigue,
decreased in vivo

regenerative capacity

Decreased
myofibers’ CSA

Increased
catabolism (mRNA

level), decreased
citrate synthase

activity

[42,207]

IL-13+/+
Decreased muscle mass,

grip strength and
contractility

Decreased
myofibers’ CSA

Increased
catabolism (mRNA

level)
[208]

Klotho−/− Decreased grip strength
and endurance [209]

Rat

CS
Whole body (duration:

from 4 weeks to
4 months 1

2 )

Decreased grip strength
and contractility

Decreased
myofibers’ CSA

Increased
catabolism (mRNA

level)
Decreased

mitochondrial
density and
abnormal

morphology

[210–213]

CS + elastase
CS: whole body

13 weeks
Elastase: intratracheal

Decreased mass
Decreased

myofibers’ CSA,
fiber-type switch

Increased
catabolism (protein

level)
[214]

CS + Klebsiella
pneumonia

CS: whole body
20 weeks

Klebsiella pneumonia
instillations, every
5 days for the first

8 weeks

Increased tissular
apoptosis and

decreased oxidative
phosphorylation

[215]

CS + LPS Decreased
myofibers’ CSA

Decreased
mitochondrial
density, altered

ultrastructure and
oxidative capacity

[216,217]

IL-6 administration 7 days subcutaneous Decreased muscle mass Decreased
myofibers’ CSA [218]

Guinea
Pig CS Acute exposure (24 h)

Decreased skeletal
muscle glu-

tathioneIncreased
plasma lipid
peroxidation

[219]

Hamster Elastase Decreased muscle mass Decreased
myofibers’ CSA [220,221]

CSA: cross-sectional area; CS: cigarette smoke; IP: intraperitoneal.

Finally, it seems that less attention has been paid to protein synthesis pathways in
COPD muscle, although they represent an interesting therapeutic pool, as strategies aiming
to block protein degradation have not been proven effective yet [177].

10. Conclusions

Skeletal muscle wasting is a crucial issue for COPD patients, both associated with an
impaired quality of life and a significant mortality. The underlying pathophysiology is
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vastly multifactorial and implies both extrinsic and intrinsic factors. A complex interplay
between mitochondrial dysfunction and metabolic alteration leads to an impaired muscle
mass regulation. It is likely that the different pathogenic processes are intertwined, and all
converge to an increased catabolism.

One of the major difficulties lies in the interindividual heterogeneity between subtypes
of COPD patients (e.g., cachectic emphysematous patients as opposed to obese patients
with muscle atrophy). Establishing profiles in skeletal muscle dysfunction is thus essen-
tial to tailor COPD treatment in a personalized manner. Cues might come from a vast
transcriptional analysis in the muscle identifying distinct molecular signatures among
COPD patients, associated to specific profiles, for example in response to pulmonary
rehabilitation [222].

Better defining the time course of muscle wasting is also a crucial issue to understand
the molecular basis and draw new potential therapeutic leads. In this regard, experimental
models can help study every stage of muscle wasting, provided that their functional and
histological characteristics fit those of the disease.

COPD must be considered as a systemic disease, and deciphering mechanisms leading
to muscle wasting should help to treat the disease in a personalized manner. Effective phys-
ical therapy should be tailored to each patient. The intensity should be sufficient to induce
anabolism but not too intense in order to limit oxidative stress damage. On a short-term
perspective, clinical research should focus on finding clinical markers determining the indi-
vidual part of each discussed risk factor in sarcopenia, in order to prevent skeletal muscle
wasting intensification. In a longer-term perspective, translational research should aim
at precising the dysregulation of the different anabolic and catabolic pathways according
to the disease evolution and patient profile. New therapeutic targets could also emerge
thanks to the use of large-scale multiomic approaches, such as spatial transcriptomics [223],
allowing the spatiotemporal identification of new molecular targets in skeletal muscle
health and disease.

Author Contributions: Conceptualization, P.H., I.D. and P.B.; writing—original draft preparation,
P.H.; writing—review and editing, P.H., I.D., P.S., P.E., L.B., M.Z., F.G., M.H., P.P. and P.B.; visualization,
I.D. and P.H. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding by a grant from Fondation Bordeaux Université, with
funding from AVAD and FGLMR.

Data Availability Statement: Not applicable.

Conflicts of Interest: I.D. and P.B. have two patents delivered (EP no. 3050574, i.e., “Use of plerixafor
for treating and/or preventing acute exacerbations of chronic obstructive pulmonary disease”, EP no.
20173595.8, i.e., “New compositions and methods of treating COVID-19 disease”). PB is the medical
coordinator of the French national cohort (i.e., COBRA), which received grants from AstraZeneca,
GlaxoSmithKine, Roche, Chiesi, Novartis and Legs Poix foundation. Moreover, PB reports grants and
personal fees from Novartis, personal fees and nonfinancial support from Chiesi, grants, personal
fees and nonfinancial support from Boehringer Ingelheim, personal fees and nonfinancial support
from AstraZeneca, personal fees and nonfinancial support from Sanofi, personal fees from Menarini,
personal fees from TEVA, outside the submitted work. All the other authors declare no conflict
of interest.

References
1. GBD 2015 Disease and Injury Incidence and Prevalence Collaborators. Global, Regional, and National Incidence, Prevalence, and

Years Lived with Disability for 310 Diseases and Injuries, 1990–2015: A Systematic Analysis for the Global Burden of Disease
Study 2015. Lancet 2016, 388, 1545–1602. [CrossRef] [PubMed]

2. Rabe, K.F.; Watz, H. Chronic Obstructive Pulmonary Disease. Lancet 2017, 389, 1931–1940. [CrossRef] [PubMed]
3. Postma, D.S.; Bush, A.; van den Berge, M. Risk Factors and Early Origins of Chronic Obstructive Pulmonary Disease. Lancet 2015,

385, 899–909. [CrossRef] [PubMed]
4. Barnes, P.J. Chronic Obstructive Pulmonary Disease. N. Engl. J. Med. 2000, 343, 269–280. [CrossRef] [PubMed]
5. Henrot, P.; Prevel, R.; Berger, P.; Dupin, I. Chemokines in COPD: From Implication to Therapeutic Use. Int. J. Mol. Sci. 2019,

20, 2785. [CrossRef]

http://doi.org/10.1016/S0140-6736(16)31678-6
http://www.ncbi.nlm.nih.gov/pubmed/27733282
http://doi.org/10.1016/S0140-6736(17)31222-9
http://www.ncbi.nlm.nih.gov/pubmed/28513453
http://doi.org/10.1016/S0140-6736(14)60446-3
http://www.ncbi.nlm.nih.gov/pubmed/25123778
http://doi.org/10.1056/NEJM200007273430407
http://www.ncbi.nlm.nih.gov/pubmed/10911010
http://doi.org/10.3390/ijms20112785


Int. J. Mol. Sci. 2023, 24, 6454 19 of 28

6. Vanfleteren, L.E.G.W.; Spruit, M.A.; Groenen, M.; Gaffron, S.; van Empel, V.P.M.; Bruijnzeel, P.L.B.; Rutten, E.P.A.; Op’t Roodt,
J.; Wouters, E.F.M.; Franssen, F.M.E. Clusters of Comorbidities Based on Validated Objective Measurements and Systemic
Inflammation in Patients with Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2013, 187, 728–735.
[CrossRef]

7. Maltais, F.; Decramer, M.; Casaburi, R.; Barreiro, E.; Burelle, Y.; Debigaré, R.; Dekhuijzen, P.N.R.; Franssen, F.; Gayan-Ramirez,
G.; Gea, J.; et al. An Official American Thoracic Society/European Respiratory Society Statement: Update on Limb Muscle
Dysfunction in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2014, 189, e15–e62. [CrossRef]

8. Henrot, P.; Blervaque, L.; Dupin, I.; Zysman, M.; Esteves, P.; Gouzi, F.; Hayot, M.; Pomiès, P.; Berger, P. Cellular Interplay in
Skeletal Muscle Regeneration and Wasting: Insights from Animal Models. J. Cachexia Sarcopenia Muscle 2023. [CrossRef]

9. Spruit, M.A.; Singh, S.J.; Garvey, C.; ZuWallack, R.; Nici, L.; Rochester, C.; Hill, K.; Holland, A.E.; Lareau, S.C.; Man, W.D.-C.; et al.
An Official American Thoracic Society/European Respiratory Society Statement: Key Concepts and Advances in Pulmonary
Rehabilitation. Am. J. Respir. Crit. Care Med. 2013, 188, e13–e64. [CrossRef]

10. Barreiro, E.; Gea, J. Molecular and Biological Pathways of Skeletal Muscle Dysfunction in Chronic Obstructive Pulmonary Disease.
Chronic Respir. Dis. 2016, 13, 297–311. [CrossRef]

11. Bernard, S.; LeBLANC, P.; Whittom, F.; Carrier, G.; Jobin, J.; Belleau, R.; Maltais, F. Peripheral Muscle Weakness in Patients with
Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 1998, 158, 629–634. [CrossRef]

12. Gosker, H.; Engelen, M.; Mameren, H.; Dijk, P.; Vusse, G.; Wouters, E.F.M.; Schols, A. Muscle Fiber Type IIX Atrophy Is Involved
in the Loss of Fat-Free Mass in Chronic Obstructive Pulmonary Disease. Am. J. Clin. Nutr. 2002, 76, 113–119. [CrossRef]

13. Jobin, J.; Maltais, F.; Doyon, J.-F.; LeBlanc, P.; Simard, P.-M.; Simard, A.-A.; Simard, C. Chronic Obstructive Pulmonary Disease:
Capillarity and Fiber-Type Characteristics of Skeletal Muscle. J. Cardiopulm. Rehabil. Prev. 1998, 18, 432–437. [CrossRef]

14. Eliason, G.; Abdel-Halim, S.M.; Piehl-Aulin, K.; Kadi, F. Alterations in the Muscle-to-Capillary Interface in Patients with Different
Degrees of Chronic Obstructive Pulmonary Disease. Respir. Res. 2010, 11, 97. [CrossRef]

15. Whittom, F.; Jobin, J.; Simard, P.-M.; Leblanc, P.; Simard, C.; Bernard, S.; Belleau, R.; Maltais, F. Histochemical and Morphological
Characteristics of the Vastus Lateralis Muscle in Patients with Chronic Obstructive Pulmonary Disease. Med. Sci. Sport. Exerc.
1998, 30, 1467–1474. [CrossRef]

16. Persson, H.L.; Sioutas, A.; Kentson, M.; Jacobson, P.; Lundberg, P.; Dahlqvist Leinhard, O.; Forsgren, M.F. Skeletal Myosteatosis Is
Associated with Systemic Inflammation and a Loss of Muscle Bioenergetics in Stable COPD. J. Inflamm. Res. 2022, 15, 4367–4384.
[CrossRef]

17. Li, C.; Yu, K.; Shyh-Chang, N.; Jiang, Z.; Liu, T.; Ma, S.; Luo, L.; Guang, L.; Liang, K.; Ma, W.; et al. Pathogenesis of Sarcopenia
and the Relationship with Fat Mass: Descriptive Review. J. Cachexia Sarcopenia Muscle 2022, 13, 781–794. [CrossRef]

18. Barnes, P.J.; Celli, B.R. Systemic Manifestations and Comorbidities of COPD. Eur. Respir. J. 2009, 33, 1165–1185. [CrossRef]
19. Vogiatzis, I.; Stratakos, G.; Simoes, D.C.M.; Terzis, G.; Georgiadou, O.; Roussos, C.; Zakynthinos, S. Effects of Rehabilitative

Exercise on Peripheral Muscle TNFalpha, IL-6, IGF-I and MyoD Expression in Patients with COPD. Thorax 2007, 62, 950–956.
[CrossRef]

20. Nelke, C.; Dziewas, R.; Minnerup, J.; Meuth, S.G.; Ruck, T. Skeletal Muscle as Potential Central Link between Sarcopenia and
Immune Senescence. EBioMedicine 2019, 49, 381–388. [CrossRef]

21. Londhe, P.; Guttridge, D.C. Inflammation Induced Loss of Skeletal Muscle. Bone 2015, 80, 131–142. [CrossRef] [PubMed]
22. Zhou, J.; Liu, B.; Liang, C.; Li, Y.; Song, Y.-H. Cytokine Signaling in Skeletal Muscle Wasting. Trends Endocrinol. Metab. 2016, 27,

335–347. [CrossRef] [PubMed]
23. Kochetkova, E.A.; Nevzorova, V.A.; Ugai, L.G.; Maistrovskaia, Y.V.; Massard, G. The Role of Tumor Necrosis Factor Alpha

and TNF Superfamily Members in Bone Damage in Patients with End-Stage Chronic Obstructive Lung Disease Prior to Lung
Transplantation. Calcif. Tissue Int. 2016, 99, 578–587. [CrossRef] [PubMed]

24. Wouters, E.F.M.; Creutzberg, E.C.; Schols, A.M.W.J. Systemic Effects in COPD. Chest 2002, 121, 127S–130S. [CrossRef]
25. Ferrari, R.; Caram, L.M.O.; Faganello, M.M.; Sanchez, F.F.; Tanni, S.E.; Godoy, I. Relation between Systemic Inflammatory Markers,

Peripheral Muscle Mass, and Strength in Limb Muscles in Stable COPD Patients. Int. J. Chronic Obstr. Pulm. Dis. 2015, 10,
1553–1558. [CrossRef]

26. Eagan, T.M.; Gabazza, E.C.; D’Alessandro-Gabazza, C.; Gil-Bernabe, P.; Aoki, S.; Hardie, J.A.; Bakke, P.S.; Wagner, P.D. TNF-α Is
Associated with Loss of Lean Body Mass Only in Already Cachectic COPD Patients. Respir. Res. 2012, 13, 48. [CrossRef]

27. Barreiro, E.; Schols, A.M.W.J.; Polkey, M.I.; Galdiz, J.B.; Gosker, H.R.; Swallow, E.B.; Coronell, C.; Gea, J. Cytokine Profile in
Quadriceps Muscles of Patients with Severe COPD. Thorax 2008, 63, 100–107. [CrossRef]

28. Crul, T.; Spruit, M.A.; Gayan-Ramirez, G.; Quarck, R.; Gosselink, R.; Troosters, T.; Pitta, F.; Decramer, M. Markers of Inflammation
and Disuse in Vastus Lateralis of Chronic Obstructive Pulmonary Disease Patients. Eur. J. Clin. Investig. 2007, 37, 897–904.
[CrossRef]

29. De Oca, M.M.; Torres, S.H.; Sanctis, J.D.; Mata, A.; Hernández, N.; Tálamo, C. Skeletal Muscle Inflammation and Nitric Oxide in
Patients with COPD. Eur. Respir. J. 2005, 26, 390–397. [CrossRef]

30. Koechlin, C.; Maltais, F.; Saey, D.; Michaud, A.; LeBlanc, P.; Hayot, M.; Préfaut, C. Hypoxaemia Enhances Peripheral Muscle
Oxidative Stress in Chronic Obstructive Pulmonary Disease. Thorax 2005, 60, 834–841. [CrossRef]

http://doi.org/10.1164/rccm.201209-1665OC
http://doi.org/10.1164/rccm.201402-0373ST
http://doi.org/10.1002/jcsm.13103
http://doi.org/10.1164/rccm.201309-1634ST
http://doi.org/10.1177/1479972316642366
http://doi.org/10.1164/ajrccm.158.2.9711023
http://doi.org/10.1093/ajcn/76.1.113
http://doi.org/10.1097/00008483-199811000-00005
http://doi.org/10.1186/1465-9921-11-97
http://doi.org/10.1097/00005768-199810000-00001
http://doi.org/10.2147/JIR.S366204
http://doi.org/10.1002/jcsm.12901
http://doi.org/10.1183/09031936.00128008
http://doi.org/10.1136/thx.2006.069310
http://doi.org/10.1016/j.ebiom.2019.10.034
http://doi.org/10.1016/j.bone.2015.03.015
http://www.ncbi.nlm.nih.gov/pubmed/26453502
http://doi.org/10.1016/j.tem.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27025788
http://doi.org/10.1007/s00223-016-0185-8
http://www.ncbi.nlm.nih.gov/pubmed/27501819
http://doi.org/10.1378/chest.121.5_suppl.127S
http://doi.org/10.2147/COPD.S85954
http://doi.org/10.1186/1465-9921-13-48
http://doi.org/10.1136/thx.2007.078030
http://doi.org/10.1111/j.1365-2362.2007.01867.x
http://doi.org/10.1183/09031936.05.00107404
http://doi.org/10.1136/thx.2004.037531


Int. J. Mol. Sci. 2023, 24, 6454 20 of 28

31. Remels, A.H.V.; Gosker, H.R.; Schrauwen, P.; Hommelberg, P.P.H.; Sliwinski, P.; Polkey, M.; Galdiz, J.; Wouters, E.F.M.; Langen,
R.C.J.; Schols, A.M.W.J. TNF-α Impairs Regulation of Muscle Oxidative Phenotype: Implications for Cachexia? FASEB J. 2010, 24,
5052–5062. [CrossRef]

32. De Paepe, B.; Brusselle, G.G.; Maes, T.; Creus, K.K.; D’hose, S.; D’Haese, N.; Bracke, K.R.; D’hulst, A.I.; Joos, G.F.; De Bleecker, J.L.
TNF Alpha Receptor Genotype Influences Smoking-Induced Muscle-Fibre-Type Shift and Atrophy in Mice. Acta Neuropathol.
2008, 115, 675–681. [CrossRef]

33. Steffen, B.T.; Lees, S.J.; Booth, F.W. Anti-TNF Treatment Reduces Rat Skeletal Muscle Wasting in Monocrotaline-Induced Cardiac
Cachexia. J. Appl. Physiol. 2008, 105, 1950–1958. [CrossRef]

34. Wang, Y.; Welc, S.S.; Wehling-Henricks, M.; Tidball, J.G. Myeloid Cell-Derived Tumor Necrosis Factor-Alpha Promotes Sarcopenia
and Regulates Muscle Cell Fusion with Aging Muscle Fibers. Aging Cell 2018, 17, e12828. [CrossRef]

35. Passey, S.L.; Bozinovski, S.; Vlahos, R.; Anderson, G.P.; Hansen, M.J. Serum Amyloid A Induces Toll-Like Receptor 2-Dependent
Inflammatory Cytokine Expression and Atrophy in C2C12 Skeletal Muscle Myotubes. PLoS ONE 2016, 11, e0146882. [CrossRef]

36. Remels, A.H.V.; Gosker, H.R.; Verhees, K.J.P.; Langen, R.C.J.; Schols, A.M.W.J. TNF-α-Induced NF-KB Activation Stimulates
Skeletal Muscle Glycolytic Metabolism through Activation of HIF-1α. Endocrinology 2015, 156, 1770–1781. [CrossRef]

37. To, M.; Swallow, E.B.; Akashi, K.; Haruki, K.; Natanek, S.A.; Polkey, M.I.; Ito, K.; Barnes, P.J. Reduced HDAC2 in Skeletal Muscle
of COPD Patients. Respir. Res. 2017, 18, 99. [CrossRef]

38. Li, Y.-P. TNF-Alpha Is a Mitogen in Skeletal Muscle. Am. J. Physiol. Cell Physiol. 2003, 285, C370–C376. [CrossRef]
39. Tidball, J.G. Regulation of Muscle Growth and Regeneration by the Immune System. Nat. Rev. Immunol. 2017, 17, 165–178.

[CrossRef]
40. Bakkar, N.; Wang, J.; Ladner, K.J.; Wang, H.; Dahlman, J.M.; Carathers, M.; Acharyya, S.; Rudnicki, M.A.; Hollenbach, A.D.;

Guttridge, D.C. IKK/NF-KappaB Regulates Skeletal Myogenesis via a Signaling Switch to Inhibit Differentiation and Promote
Mitochondrial Biogenesis. J. Cell Biol. 2008, 180, 787–802. [CrossRef]

41. Tang, K.; Wagner, P.D.; Breen, E.C. TNF-Alpha-Mediated Reduction in PGC-1alpha May Impair Skeletal Muscle Function after
Cigarette Smoke Exposure. J. Cell. Physiol. 2010, 222, 320–327. [CrossRef]

42. Tang, K.; Murano, G.; Wagner, H.; Nogueira, L.; Wagner, P.D.; Tang, A.; Dalton, N.D.; Gu, Y.; Peterson, K.L.; Breen, E.C. Impaired
Exercise Capacity and Skeletal Muscle Function in a Mouse Model of Pulmonary Inflammation. J. Appl. Physiol. 2013, 114,
1340–1350. [CrossRef] [PubMed]

43. Aaron, S.D.; Vandemheen, K.L.; Maltais, F.; Field, S.K.; Sin, D.D.; Bourbeau, J.; Marciniuk, D.D.; FitzGerald, J.M.; Nair, P.; Mallick,
R. TNFα Antagonists for Acute Exacerbations of COPD: A Randomised Double-Blind Controlled Trial. Thorax 2013, 68, 142–148.
[CrossRef] [PubMed]

44. Sin, D.D.; Man, S.F.P. Interleukin-6: A Red Herring or a Real Catch in COPD? Chest 2008, 133, 4–6. [CrossRef] [PubMed]
45. Yende, S.; Waterer, G.W.; Tolley, E.A.; Newman, A.B.; Bauer, D.C.; Taaffe, D.R.; Jensen, R.; Crapo, R.; Rubin, S.; Nevitt, M.; et al.

Inflammatory Markers Are Associated with Ventilatory Limitation and Muscle Dysfunction in Obstructive Lung Disease in Well
Functioning Elderly Subjects. Thorax 2006, 61, 10–16. [CrossRef]

46. Belizário, J.E.; Fontes-Oliveira, C.C.; Borges, J.P.; Kashiabara, J.A.; Vannier, E. Skeletal Muscle Wasting and Renewal: A Pivotal
Role of Myokine IL-6. SpringerPlus 2016, 5, 619. [CrossRef]

47. Tsujinaka, T.; Fujita, J.; Ebisui, C.; Yano, M.; Kominami, E.; Suzuki, K.; Tanaka, K.; Katsume, A.; Ohsugi, Y.; Shiozaki, H.; et al.
Interleukin 6 Receptor Antibody Inhibits Muscle Atrophy and Modulates Proteolytic Systems in Interleukin 6 Transgenic Mice.
J. Clin. Investig. 1996, 97, 244–249. [CrossRef]

48. Williams, A.; Wang, J.J.; Wang, L.; Sun, X.; Fischer, J.E.; Hasselgren, P.O. Sepsis in Mice Stimulates Muscle Proteolysis in the
Absence of IL-6. Am. J. Physiol. 1998, 275, R1983–R1991. [CrossRef]

49. Baeza-Raja, B.; Muñoz-Cánoves, P. P38 MAPK-Induced Nuclear Factor-KappaB Activity Is Required for Skeletal Muscle Differen-
tiation: Role of Interleukin-6. Mol. Biol. Cell 2004, 15, 2013–2026. [CrossRef]

50. Serrano, A.L.; Baeza-Raja, B.; Perdiguero, E.; Jardí, M.; Muñoz-Cánoves, P. Interleukin-6 Is an Essential Regulator of Satellite
Cell-Mediated Skeletal Muscle Hypertrophy. Cell Metab. 2008, 7, 33–44. [CrossRef]

51. Petersen, A.M.W.; Penkowa, M.; Iversen, M.; Frydelund-Larsen, L.; Andersen, J.L.; Mortensen, J.; Lange, P.; Pedersen, B.K.
Elevated Levels of IL-18 in Plasma and Skeletal Muscle in Chronic Obstructive Pulmonary Disease. Lung 2007, 185, 161–171.
[CrossRef]

52. Quinn, L.S.; Anderson, B.G.; Drivdahl, R.H.; Alvarez, B.; Argilés, J.M. Overexpression of Interleukin-15 Induces Skeletal Muscle
Hypertrophy in Vitro: Implications for Treatment of Muscle Wasting Disorders. Exp. Cell Res. 2002, 280, 55–63. [CrossRef]

53. O’Leary, M.F.; Wallace, G.R.; Bennett, A.J.; Tsintzas, K.; Jones, S.W. IL-15 Promotes Human Myogenesis and Mitigates the
Detrimental Effects of TNFα on Myotube Development. Sci. Rep. 2017, 7, 12997. [CrossRef]

54. Liu, Z.; Fan, W.; Chen, J.; Liang, Z.; Guan, L. The Role of Interleukin 15 in Protein Degradation in Skeletal Muscles in Rats of
Chronic Obstructive Pulmonary Disease. Int. J. Clin. Exp. Med. 2015, 8, 1976–1984.

55. Huang, P.-L.; Hou, M.-S.; Wang, S.-W.; Chang, C.-L.; Liou, Y.-H.; Liao, N.-S. Skeletal Muscle Interleukin 15 Promotes CD8+ T-Cell
Function and Autoimmune Myositis. Skelet. Muscle 2015, 5, 33. [CrossRef]

56. Tényi, Á.; Cano, I.; Marabita, F.; Kiani, N.; Kalko, S.G.; Barreiro, E.; de Atauri, P.; Cascante, M.; Gomez-Cabrero, D.; Roca, J.
Network Modules Uncover Mechanisms of Skeletal Muscle Dysfunction in COPD Patients. J. Transl. Med. 2018, 16, 34. [CrossRef]

http://doi.org/10.1096/fj.09-150714
http://doi.org/10.1007/s00401-008-0348-4
http://doi.org/10.1152/japplphysiol.90884.2008
http://doi.org/10.1111/acel.12828
http://doi.org/10.1371/journal.pone.0146882
http://doi.org/10.1210/en.2014-1591
http://doi.org/10.1186/s12931-017-0588-8
http://doi.org/10.1152/ajpcell.00453.2002
http://doi.org/10.1038/nri.2016.150
http://doi.org/10.1083/jcb.200707179
http://doi.org/10.1002/jcp.21955
http://doi.org/10.1152/japplphysiol.00607.2012
http://www.ncbi.nlm.nih.gov/pubmed/23449936
http://doi.org/10.1136/thoraxjnl-2012-202432
http://www.ncbi.nlm.nih.gov/pubmed/23161645
http://doi.org/10.1378/chest.07-2085
http://www.ncbi.nlm.nih.gov/pubmed/18187736
http://doi.org/10.1136/thx.2004.034181
http://doi.org/10.1186/s40064-016-2197-2
http://doi.org/10.1172/JCI118398
http://doi.org/10.1152/ajpregu.1998.275.6.R1983
http://doi.org/10.1091/mbc.e03-08-0585
http://doi.org/10.1016/j.cmet.2007.11.011
http://doi.org/10.1007/s00408-007-9000-7
http://doi.org/10.1006/excr.2002.5624
http://doi.org/10.1038/s41598-017-13479-w
http://doi.org/10.1186/s13395-015-0058-2
http://doi.org/10.1186/s12967-018-1405-y


Int. J. Mol. Sci. 2023, 24, 6454 21 of 28

57. Smith, M.A.; Moylan, J.S.; Smith, J.D.; Li, W.; Reid, M.B. IFN-γ Does Not Mimic the Catabolic Effects of TNF-α. Am. J. Physiol. Cell
Physiol. 2007, 293, C1947–C1952. [CrossRef]

58. Mofarrahi, M.; Sigala, I.; Vassilakopoulos, T.; Harel, S.; Guo, Y.; Debigare, R.; Maltais, F.; Hussain, S.N.A. Angiogenesis-Related
Factors in Skeletal Muscles of COPD Patients: Roles of Angiopoietin-2. J. Appl. Physiol. 2013, 114, 1309–1318. [CrossRef]

59. Strle, K.; McCusker, R.H.; Johnson, R.W.; Zunich, S.M.; Dantzer, R.; Kelley, K.W. Prototypical Anti-Inflammatory Cytokine IL-10
Prevents Loss of IGF-I-Induced Myogenin Protein Expression Caused by IL-1beta. Am. J. Physiol. Endocrinol. Metab. 2008, 294,
E709–E718. [CrossRef]

60. Villalta, S.A.; Rinaldi, C.; Deng, B.; Liu, G.; Fedor, B.; Tidball, J.G. Interleukin-10 Reduces the Pathology of Mdx Muscular
Dystrophy by Deactivating M1 Macrophages and Modulating Macrophage Phenotype. Hum. Mol. Genet. 2011, 20, 790–805.
[CrossRef]

61. Horsley, V.; Jansen, K.M.; Mills, S.T.; Pavlath, G.K. IL-4 Acts as a Myoblast Recruitment Factor during Mammalian Muscle Growth.
Cell 2003, 113, 483–494. [CrossRef] [PubMed]

62. Sugiyama, Y.; Asai, K.; Yamada, K.; Kureya, Y.; Ijiri, N.; Watanabe, T.; Kanazawa, H.; Hirata, K. Decreased Levels of Irisin, a
Skeletal Muscle Cell-Derived Myokine, Are Related to Emphysema Associated with Chronic Obstructive Pulmonary Disease.
Int. J. Chronic Obstr. Pulm. Dis. 2017, 12, 765–772. [CrossRef] [PubMed]

63. Doyle, A.; Zhang, G.; Fattah, E.A.A.; Eissa, N.T.; Li, Y.-P. Toll-like Receptor 4 Mediates Lipopolysaccharide-Induced Muscle
Catabolism via Coordinate Activation of Ubiquitin-Proteasome and Autophagy-Lysosome Pathways. FASEB J. 2011, 25, 99–110.
[CrossRef] [PubMed]

64. Tang, H.; Pang, S.; Wang, M.; Xiao, X.; Rong, Y.; Wang, H.; Zang, Y.Q. TLR4 Activation Is Required for IL-17–Induced Multiple
Tissue Inflammation and Wasting in Mice. J. Immunol. 2010, 185, 2563–2569. [CrossRef] [PubMed]

65. Hoppeler, H.; Kleinert, E.; Schlegel, C.; Claassen, H.; Howald, H.; Kayar, S.R.; Cerretelli, P. Morphological Adaptations of Human
Skeletal Muscle to Chronic Hypoxia. Int. J. Sport. Med. 1990, 11 (Suppl. S1), S3–S9. [CrossRef]

66. Turan, N.; Kalko, S.; Stincone, A.; Clarke, K.; Sabah, A.; Howlett, K.; Curnow, S.J.; Rodriguez, D.A.; Cascante, M.; O’Neill, L.; et al.
A Systems Biology Approach Identifies Molecular Networks Defining Skeletal Muscle Abnormalities in Chronic Obstructive
Pulmonary Disease. PLoS Comput. Biol. 2011, 7, e1002129. [CrossRef]

67. Favier, F.B.; Costes, F.; Defour, A.; Bonnefoy, R.; Lefai, E.; Baugé, S.; Peinnequin, A.; Benoit, H.; Freyssenet, D. Downregulation of
Akt/Mammalian Target of Rapamycin Pathway in Skeletal Muscle Is Associated with Increased REDD1 Expression in Response
to Chronic Hypoxia. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1659–R1666. [CrossRef]

68. Pagé, M.; Maheux, C.; Langlois, A.; Brassard, J.; Bernatchez, É.; Martineau, S.; Henry, C.; Beaulieu, M.-J.; Bossé, Y.; Morissette,
M.C.; et al. CD34 Regulates the Skeletal Muscle Response to Hypoxia. J. Muscle Res. Cell Motil. 2019, 40, 309–318. [CrossRef]

69. Chaillou, T. Skeletal Muscle Fiber Type in Hypoxia: Adaptation to High-Altitude Exposure and Under Conditions of Pathological
Hypoxia. Front. Physiol. 2018, 9, 1450. [CrossRef]

70. Bensaid, S.; Fabre, C.; Fourneau, J.; Cieniewski-Bernard, C. Impact of Different Methods of Induction of Cellular Hypoxia: Focus
on Protein Homeostasis Signaling Pathways and Morphology of C2C12 Skeletal Muscle Cells Differentiated into Myotubes.
J. Physiol. Biochem. 2019, 75, 367–377. [CrossRef]

71. Di Carlo, A.; De Mori, R.; Martelli, F.; Pompilio, G.; Capogrossi, M.C.; Germani, A. Hypoxia Inhibits Myogenic Differentiation
through Accelerated MyoD Degradation. J. Biol. Chem. 2004, 279, 16332–16338. [CrossRef]

72. Hayot, M.; Rodriguez, J.; Vernus, B.; Carnac, G.; Jean, E.; Allen, D.; Goret, L.; Obert, P.; Candau, R.; Bonnieu, A. Myostatin
Up-Regulation Is Associated with the Skeletal Muscle Response to Hypoxic Stimuli. Mol. Cell. Endocrinol. 2011, 332, 38–47.
[CrossRef]

73. Jaitovich, A.; Angulo, M.; Lecuona, E.; Dada, L.A.; Welch, L.C.; Cheng, Y.; Gusarova, G.; Ceco, E.; Liu, C.; Shigemura, M.; et al.
High CO2 Levels Cause Skeletal Muscle Atrophy via AMPK, FoxO3a and Muscle-Specific Ring Finger Protein1 (MuRF1). J. Biol.
Chem. 2015, 290, 9183–9194. [CrossRef]

74. Majmundar, A.J.; Lee, D.S.M.; Skuli, N.; Mesquita, R.C.; Kim, M.N.; Yodh, A.G.; Nguyen-McCarty, M.; Li, B.; Simon, M.C. HIF
Modulation of Wnt Signaling Regulates Skeletal Myogenesis in Vivo. Development 2015, 142, 2405–2412. [CrossRef]

75. Ren, H.; Accili, D.; Duan, C. Hypoxia Converts the Myogenic Action of Insulin-like Growth Factors into Mitogenic Action by
Differentially Regulating Multiple Signaling Pathways. Proc. Natl. Acad. Sci. USA 2010, 107, 5857–5862. [CrossRef]

76. Chaillou, T.; Lanner, J.T. Regulation of Myogenesis and Skeletal Muscle Regeneration: Effects of Oxygen Levels on Satellite Cell
Activity. FASEB J. 2016, 30, 3929–3941. [CrossRef]

77. Mason, S.D.; Howlett, R.A.; Kim, M.J.; Olfert, I.M.; Hogan, M.C.; McNulty, W.; Hickey, R.P.; Wagner, P.D.; Kahn, C.R.; Giordano,
F.J.; et al. Loss of Skeletal Muscle HIF-1α Results in Altered Exercise Endurance. PLoS Biol. 2004, 2, e288. [CrossRef]

78. Majmundar, A.J.; Skuli, N.; Mesquita, R.C.; Kim, M.N.; Yodh, A.G.; Nguyen-McCarty, M.; Simon, M.C. O(2) Regulates Skeletal
Muscle Progenitor Differentiation through Phosphatidylinositol 3-Kinase/AKT Signaling. Mol. Cell. Biol. 2012, 32, 36–49.
[CrossRef]

79. Kook, S.-H.; Son, Y.-O.; Lee, K.-Y.; Lee, H.-J.; Chung, W.-T.; Choi, K.-C.; Lee, J.-C. Hypoxia Affects Positively the Proliferation
of Bovine Satellite Cells and Their Myogenic Differentiation through Up-Regulation of MyoD. Cell Biol. Int. 2008, 32, 871–878.
[CrossRef]

http://doi.org/10.1152/ajpcell.00269.2007
http://doi.org/10.1152/japplphysiol.00954.2012
http://doi.org/10.1152/ajpendo.00662.2007
http://doi.org/10.1093/hmg/ddq523
http://doi.org/10.1016/S0092-8674(03)00319-2
http://www.ncbi.nlm.nih.gov/pubmed/12757709
http://doi.org/10.2147/COPD.S126233
http://www.ncbi.nlm.nih.gov/pubmed/28424548
http://doi.org/10.1096/fj.10-164152
http://www.ncbi.nlm.nih.gov/pubmed/20826541
http://doi.org/10.4049/jimmunol.0903664
http://www.ncbi.nlm.nih.gov/pubmed/20631308
http://doi.org/10.1055/s-2007-1024846
http://doi.org/10.1371/journal.pcbi.1002129
http://doi.org/10.1152/ajpregu.00550.2009
http://doi.org/10.1007/s10974-019-09525-x
http://doi.org/10.3389/fphys.2018.01450
http://doi.org/10.1007/s13105-019-00687-3
http://doi.org/10.1074/jbc.M313931200
http://doi.org/10.1016/j.mce.2010.09.008
http://doi.org/10.1074/jbc.M114.625715
http://doi.org/10.1242/jcs.177576
http://doi.org/10.1073/pnas.0909570107
http://doi.org/10.1096/fj.201600757R
http://doi.org/10.1371/journal.pbio.0020288
http://doi.org/10.1128/MCB.05857-11
http://doi.org/10.1016/j.cellbi.2008.03.017


Int. J. Mol. Sci. 2023, 24, 6454 22 of 28

80. Costes, F.; Gosker, H.; Feasson, L.; Desgeorges, M.; Kelders, M.; Castells, J.; Schols, A.; Freyssenet, D. Impaired Exercise Training-
Induced Muscle Fiber Hypertrophy and Akt/MTOR Pathway Activation in Hypoxemic Patients with COPD. J. Appl. Physiol.
2015, 118, 1040–1049. [CrossRef]

81. De Theije, C.C.; Schols, A.M.W.J.; Lamers, W.H.; Ceelen, J.J.M.; van Gorp, R.H.; Hermans, J.J.R.; Köhler, S.E.; Langen, R.C.J.
Glucocorticoid Receptor Signaling Impairs Protein Turnover Regulation in Hypoxia-Induced Muscle Atrophy in Male Mice.
Endocrinology 2018, 159, 519–534. [CrossRef] [PubMed]

82. De Theije, C.C.; Schols, A.M.W.J.; Lamers, W.H.; Neumann, D.; Köhler, S.E.; Langen, R.C.J. Hypoxia Impairs Adaptation of
Skeletal Muscle Protein Turnover- and AMPK Signaling during Fasting-Induced Muscle Atrophy. PLoS ONE 2018, 13, e0203630.
[CrossRef] [PubMed]

83. McNicholas, W.T. Chronic Obstructive Pulmonary Disease and Obstructive Sleep Apnoea—The Overlap Syndrome. J. Thorac.
Dis. 2016, 8, 236–242. [CrossRef] [PubMed]

84. Attaway, A.H.; Bellar, A.; Mishra, S.; Karthikeyan, M.; Sekar, J.; Welch, N.; Musich, R.; Singh, S.S.; Kumar, A.; Menon, A.;
et al. Adaptive Exhaustion during Prolonged Intermittent Hypoxia Causes Dysregulated Skeletal Muscle Protein Homeostasis.
J. Physiol. 2022, 601, 567–606. [CrossRef]

85. Puente-Maestu, L.; Tejedor, A.; Lázaro, A.; de Miguel, J.; Alvarez-Sala, L.; González-Aragoneses, F.; Simón, C.; Agustí, A. Site
of Mitochondrial Reactive Oxygen Species Production in Skeletal Muscle of Chronic Obstructive Pulmonary Disease and Its
Relationship with Exercise Oxidative Stress. Am. J. Respir. Cell Mol. Biol. 2012, 47, 358–362. [CrossRef]

86. Taivassalo, T.; Hussain, S.N.A. Contribution of the Mitochondria to Locomotor Muscle Dysfunction in Patients with COPD. Chest
2016, 149, 1302–1312. [CrossRef]

87. Konokhova, Y.; Spendiff, S.; Jagoe, R.T.; Aare, S.; Kapchinsky, S.; MacMillan, N.J.; Rozakis, P.; Picard, M.; Aubertin-Leheudre,
M.; Pion, C.H.; et al. Failed Upregulation of TFAM Protein and Mitochondrial DNA in Oxidatively Deficient Fibers of Chronic
Obstructive Pulmonary Disease Locomotor Muscle. Skelet. Muscle 2016, 6, 10. [CrossRef]

88. Leermakers, P.A.; Schols, A.M.W.J.; Kneppers, A.E.M.; Kelders, M.C.J.M.; de Theije, C.C.; Lainscak, M.; Gosker, H.R. Molecular
Signalling towards Mitochondrial Breakdown Is Enhanced in Skeletal Muscle of Patients with Chronic Obstructive Pulmonary
Disease (COPD). Sci. Rep. 2018, 8, 15007. [CrossRef]

89. Haji, G.; Wiegman, C.H.; Michaeloudes, C.; Patel, M.S.; Curtis, K.; Bhavsar, P.; Polkey, M.I.; Adcock, I.M.; Chung, K.F. COPDMAP
consortium Mitochondrial Dysfunction in Airways and Quadriceps Muscle of Patients with Chronic Obstructive Pulmonary
Disease. Respir. Res. 2020, 21, 262. [CrossRef]

90. Remels, A.H.; Schrauwen, P.; Broekhuizen, R.; Willems, J.; Kersten, S.; Gosker, H.R.; Schols, A.M. Peroxisome Proliferator-
Activated Receptor Expression Is Reduced in Skeletal Muscle in COPD. Eur. Respir. J. 2007, 30, 245–252. [CrossRef]

91. Sopariwala, D.H.; Yadav, V.; Badin, P.-M.; Likhite, N.; Sheth, M.; Lorca, S.; Vila, I.K.; Kim, E.R.; Tong, Q.; Song, M.S.; et al.
Long-Term PGC1β Overexpression Leads to Apoptosis, Autophagy and Muscle Wasting. Sci. Rep. 2017, 7, 1–16. [CrossRef]

92. Catteau, M.; Passerieux, E.; Blervaque, L.; Gouzi, F.; Ayoub, B.; Hayot, M.; Pomiès, P. Response to Electrostimulation Is Impaired
in Muscle Cells from Patients with Chronic Obstructive Pulmonary Disease. Cells 2021, 10, 3002. [CrossRef]

93. Gifford, J.R.; Trinity, J.D.; Kwon, O.-S.; Layec, G.; Garten, R.S.; Park, S.-Y.; Nelson, A.D.; Richardson, R.S. Altered Skeletal Muscle
Mitochondrial Phenotype in COPD: Disease vs. Disuse. J. Appl. Physiol. 2017, 124, 1045–1053. [CrossRef]

94. Willis-Owen, S.A.G.; Thompson, A.; Kemp, P.R.; Polkey, M.I.; Cookson, W.O.C.M.; Moffatt, M.F.; Natanek, S.A. COPD Is
Accompanied by Co-Ordinated Transcriptional Perturbation in the Quadriceps Affecting the Mitochondria and Extracellular
Matrix. Sci. Rep. 2018, 8, 12165. [CrossRef]

95. Wallace, D.C. Mitochondria and Cancer. Nat. Rev. Cancer 2012, 12, 685–698. [CrossRef]
96. Sauleda, J.; García-Palmer, F.; Wiesner, R.J.; Tarraga, S.; Harting, I.; Tomás, P.; Gómez, C.; Saus, C.; Palou, A.; Agustí, A.G.

Cytochrome Oxidase Activity and Mitochondrial Gene Expression in Skeletal Muscle of Patients with Chronic Obstructive
Pulmonary Disease. Am. J. Respir. Crit. Care Med. 1998, 157, 1413–1417. [CrossRef]

97. Puente-Maestu, L.; Pérez-Parra, J.; Godoy, R.; Moreno, N.; Tejedor, A.; González-Aragoneses, F.; Bravo, J.-L.; Álvarez, F.V.;
Camaño, S.; Agustí, A. Abnormal Mitochondrial Function in Locomotor and Respiratory Muscles of COPD Patients. Eur. Respir.
J. 2009, 33, 1045–1052. [CrossRef]

98. Picard, M.; Godin, R.; Sinnreich, M.; Baril, J.; Bourbeau, J.; Perrault, H.; Taivassalo, T.; Burelle, Y. The Mitochondrial Phenotype of
Peripheral Muscle in Chronic Obstructive Pulmonary Disease: Disuse or Dysfunction? Am. J. Respir. Crit. Care Med. 2008, 178,
1040–1047. [CrossRef]

99. Rabinovich, R.A.; Bastos, R.; Ardite, E.; Llinàs, L.; Orozco-Levi, M.; Gea, J.; Vilaró, J.; Barberà, J.A.; Rodríguez-Roisin, R.;
Fernández-Checa, J.C.; et al. Mitochondrial Dysfunction in COPD Patients with Low Body Mass Index. Eur. Respir. J. 2007, 29,
643–650. [CrossRef]

100. Meyer, A.; Zoll, J.; Charles, A.L.; Charloux, A.; de Blay, F.; Diemunsch, P.; Sibilia, J.; Piquard, F.; Geny, B. Skeletal Muscle
Mitochondrial Dysfunction during Chronic Obstructive Pulmonary Disease: Central Actor and Therapeutic Target. Exp. Physiol.
2013, 98, 1063–1078. [CrossRef]

101. Gifford, J.R.; Trinity, J.D.; Layec, G.; Garten, R.S.; Park, S.-Y.; Rossman, M.J.; Larsen, S.; Dela, F.; Richardson, R.S. Quadriceps
Exercise Intolerance in Patients with Chronic Obstructive Pulmonary Disease: The Potential Role of Altered Skeletal Muscle
Mitochondrial Respiration. J. Appl. Physiol. 2015, 119, 882–888. [CrossRef] [PubMed]

http://doi.org/10.1152/japplphysiol.00557.2014
http://doi.org/10.1210/en.2017-00603
http://www.ncbi.nlm.nih.gov/pubmed/29069356
http://doi.org/10.1371/journal.pone.0203630
http://www.ncbi.nlm.nih.gov/pubmed/30212583
http://doi.org/10.3978/j.issn.2072-1439.2016.01.52
http://www.ncbi.nlm.nih.gov/pubmed/26904264
http://doi.org/10.1113/JP283700
http://doi.org/10.1165/rcmb.2011-0382OC
http://doi.org/10.1016/j.chest.2015.11.021
http://doi.org/10.1186/s13395-016-0083-9
http://doi.org/10.1038/s41598-018-33471-2
http://doi.org/10.1186/s12931-020-01527-5
http://doi.org/10.1183/09031936.00144106
http://doi.org/10.1038/s41598-017-10238-9
http://doi.org/10.3390/cells10113002
http://doi.org/10.1152/japplphysiol.00788.2017
http://doi.org/10.1038/s41598-018-29789-6
http://doi.org/10.1038/nrc3365
http://doi.org/10.1164/ajrccm.157.5.9710039
http://doi.org/10.1183/09031936.00112408
http://doi.org/10.1164/rccm.200807-1005OC
http://doi.org/10.1183/09031936.00086306
http://doi.org/10.1113/expphysiol.2012.069468
http://doi.org/10.1152/japplphysiol.00460.2015
http://www.ncbi.nlm.nih.gov/pubmed/26272320


Int. J. Mol. Sci. 2023, 24, 6454 23 of 28

102. Balnis, J.; Drake, L.A.; Vincent, C.E.; Korponay, T.C.; Singer, D.V.; Lacomis, D.; Lee, C.G.; Elias, J.A.; Jourd’heuil, D.; Singer, H.A.;
et al. Succinate Dehydrogenase (SDH)-Subunit C Regulates Muscle Oxygen Consumption and Fatigability in an Animal Model of
Pulmonary Emphysema. Am. J. Respir. Cell Mol. Biol. 2021, 65, 259–271. [CrossRef] [PubMed]

103. Schiaffino, S.; Reggiani, C. Fiber Types in Mammalian Skeletal Muscles. Physiol. Rev. 2011, 91, 1447–1531. [CrossRef] [PubMed]
104. Crul, T.; Testelmans, D.; Spruit, M.A.; Troosters, T.; Gosselink, R.; Geeraerts, I.; Decramer, M.; Gayan-Ramirez, G. Gene Expression

Profiling in Vastus Lateralis Muscle During an Acute Exacerbation of COPD. Cell. Physiol. Biochem. 2010, 25, 491–500. [CrossRef]
[PubMed]

105. Liu, J.; Peng, Y.; Wang, X.; Fan, Y.; Qin, C.; Shi, L.; Tang, Y.; Cao, K.; Li, H.; Long, J.; et al. Mitochondrial Dysfunction Launches
Dexamethasone-Induced Skeletal Muscle Atrophy via AMPK/FOXO3 Signaling. Mol. Pharm. 2016, 13, 73–84. [CrossRef]

106. Mizumura, K.; Cloonan, S.M.; Nakahira, K.; Bhashyam, A.R.; Cervo, M.; Kitada, T.; Glass, K.; Owen, C.A.; Mahmood, A.; Washko,
G.R.; et al. Mitophagy-Dependent Necroptosis Contributes to the Pathogenesis of COPD. J. Clin. Investig. 2014, 124, 3987–4003.
[CrossRef]

107. Leermakers, P.A.; Gosker, H.R. Skeletal Muscle Mitophagy in Chronic Disease: Implications for Muscle Oxidative Capacity? Curr.
Opin. Clin. Nutr. Metab. Care 2016, 19, 427–433. [CrossRef]

108. Leermakers, P.; Remels, A.; Langen, R.; Schols, A.; Gosker, H. Activation of Skeletal Muscle Mitophagy in a Murine Model of
Pulmonary and Systemic Inflammation. Eur. Respir. J. 2016, 48, PA3402. [CrossRef]

109. Leermakers, P.; Schols, A.; van den Borst, B.; de Theije, C.; Kelders, M.; Gosker, H. Peripheral Muscle Mitophagy Is Enhanced in
Patients with COPD. Eur. Respir. J. 2016, 48, PA3408. [CrossRef]

110. Gosker, H.R.; Leermakers, P.A.; Kneppers, A.E.; Kelders, M.C.; Theije, C.C.D.; Schols, A.M. Systemic Inflammation Is Associated
with Mitophagy Signalling in Skeletal Muscle of COPD Patients. Eur. Respir. J. 2018, 52, PA932. [CrossRef]

111. Agustí, A.G.N.; Sauleda, J.; Miralles, C.; Gomez, C.; Togores, B.; Sala, E.; Batle, S.; Busquets, X. Skeletal Muscle Apoptosis and
Weight Loss in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2002, 166, 485–489. [CrossRef]

112. Gosker, H.R.; Schrauwen, P.; Hesselink, M.K.C.; Schaart, G.; van der Vusse, G.J.; Wouters, E.F.M.; Schols, A.M.W.J. Uncoupling
Protein-3 Content Is Decreased in Peripheral Skeletal Muscle of Patients with COPD. Eur. Respir. J. 2003, 22, 88–93. [CrossRef]

113. Barreiro, E.; Ferrer, D.; Sanchez, F.; Minguella, J.; Marin-Corral, J.; Martinez-Llorens, J.; Lloreta, J.; Gea, J. Inflammatory Cells and
Apoptosis in Respiratory and Limb Muscles of Patients with COPD. J. Appl. Physiol. 2011, 111, 808–817. [CrossRef]

114. Moresi, V.; Garcia-Alvarez, G.; Pristerà, A.; Rizzuto, E.; Albertini, M.C.; Rocchi, M.; Marazzi, G.; Sassoon, D.; Adamo, S.; Coletti,
D. Modulation of Caspase Activity Regulates Skeletal Muscle Regeneration and Function in Response to Vasopressin and Tumor
Necrosis Factor. PLoS ONE 2009, 4, e5570. [CrossRef]

115. Bonora, M.; Pinton, P. The Mitochondrial Permeability Transition Pore and Cancer: Molecular Mechanisms Involved in Cell
Death. Front. Oncol. 2014, 4, 302. [CrossRef]

116. Mano, Y.; Tsukamoto, M.; Wang, K.-Y.; Nabeshima, T.; Kosugi, K.; Tajima, T.; Yamanaka, Y.; Suzuki, H.; Kawasaki, M.; Nakamura,
E.; et al. Oxidative Stress Causes Muscle Structural Alterations via P38 MAPK Signaling in COPD Mouse Model. J. Bone Miner.
Metab. 2022, 40, 927–939. [CrossRef]

117. Barreiro, E. Role of Protein Carbonylation in Skeletal Muscle Mass Loss Associated with Chronic Conditions. Proteomes 2016,
4, 18. [CrossRef]

118. Fermoselle, C.; Rabinovich, R.; Ausín, P.; Puig-Vilanova, E.; Coronell, C.; Sanchez, F.; Roca, J.; Gea, J.; Barreiro, E. Does Oxidative
Stress Modulate Limb Muscle Atrophy in Severe COPD Patients? Eur. Respir. J. 2012, 40, 851–862. [CrossRef]

119. Murphy, M.P. How Mitochondria Produce Reactive Oxygen Species. Biochem. J. 2009, 417, 1–13. [CrossRef]
120. Barreiro, E.; Hussain, S.N.A. Protein Carbonylation in Skeletal Muscles: Impact on Function. Antioxid. Redox Signal. 2010, 12,

417–429. [CrossRef]
121. Barreiro, E.; Gea, J.; Matar, G.; Hussain, S.N.A. Expression and Carbonylation of Creatine Kinase in the Quadriceps Femoris

Muscles of Patients with Chronic Obstructive Pulmonary Disease. Am. J. Respir. Cell Mol. Biol. 2005, 33, 636–642. [CrossRef]
[PubMed]

122. Rodriguez, D.A.; Kalko, S.; Puig-Vilanova, E.; Perez-Olabarría, M.; Falciani, F.; Gea, J.; Cascante, M.; Barreiro, E.; Roca, J. Muscle
and Blood Redox Status after Exercise Training in Severe COPD Patients. Free Radic. Biol. Med. 2012, 52, 88–94. [CrossRef]
[PubMed]

123. Puig-Vilanova, E.; Rodriguez, D.A.; Lloreta, J.; Ausin, P.; Pascual-Guardia, S.; Broquetas, J.; Roca, J.; Gea, J.; Barreiro, E. Oxidative
Stress, Redox Signaling Pathways, and Autophagy in Cachectic Muscles of Male Patients with Advanced COPD and Lung Cancer.
Free Radic. Biol. Med. 2015, 79, 91–108. [CrossRef] [PubMed]

124. Van den Borst, B.; Slot, I.G.M.; Hellwig, V.A.C.V.; Vosse, B.A.H.; Kelders, M.C.J.M.; Barreiro, E.; Schols, A.M.W.J.; Gosker, H.R.
Loss of Quadriceps Muscle Oxidative Phenotype and Decreased Endurance in Patients with Mild-to-Moderate COPD. J. Appl.
Physiol. 2012, 114, 1319–1328. [CrossRef] [PubMed]

125. De Brandt, J.; Burtin, C.; Pomiès, P.; Vandenabeele, F.; Verboven, K.; Aumann, J.; Blancquaert, L.; Everaert, I.; Van Ryckeghem, L.;
Cops, J.; et al. Carnosine, Oxidative and Carbonyl Stress, Antioxidants, and Muscle Fiber Characteristics of Quadriceps Muscle of
Patients with COPD. J. Appl. Physiol. 2021, 131, 1230–1240. [CrossRef]

126. Allaire, J.; Maltais, F.; LeBlanc, P.; Simard, P.-M.; Whittom, F.; Doyon, J.-F.; Simard, C.; Jobin, J. Lipofuscin Accumulation in the
Vastus Lateralis Muscle in Patients with Chronic Obstructive Pulmonary Disease. Muscle Nerve 2002, 25, 383–389. [CrossRef]

http://doi.org/10.1165/rcmb.2020-0551OC
http://www.ncbi.nlm.nih.gov/pubmed/33909984
http://doi.org/10.1152/physrev.00031.2010
http://www.ncbi.nlm.nih.gov/pubmed/22013216
http://doi.org/10.1159/000303054
http://www.ncbi.nlm.nih.gov/pubmed/20332630
http://doi.org/10.1021/acs.molpharmaceut.5b00516
http://doi.org/10.1172/JCI74985
http://doi.org/10.1097/MCO.0000000000000319
http://doi.org/10.1183/13993003.congress-2016.PA3402
http://doi.org/10.1183/13993003.congress-2016.PA3408
http://doi.org/10.1183/13993003.congress-2018.PA932
http://doi.org/10.1164/rccm.2108013
http://doi.org/10.1183/09031936.03.00089802
http://doi.org/10.1152/japplphysiol.01017.2010
http://doi.org/10.1371/journal.pone.0005570
http://doi.org/10.3389/fonc.2014.00302
http://doi.org/10.1007/s00774-022-01371-1
http://doi.org/10.3390/proteomes4020018
http://doi.org/10.1183/09031936.00137211
http://doi.org/10.1042/BJ20081386
http://doi.org/10.1089/ars.2009.2808
http://doi.org/10.1165/rcmb.2005-0114OC
http://www.ncbi.nlm.nih.gov/pubmed/16166745
http://doi.org/10.1016/j.freeradbiomed.2011.09.022
http://www.ncbi.nlm.nih.gov/pubmed/22064359
http://doi.org/10.1016/j.freeradbiomed.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25464271
http://doi.org/10.1152/japplphysiol.00508.2012
http://www.ncbi.nlm.nih.gov/pubmed/22815389
http://doi.org/10.1152/japplphysiol.00200.2021
http://doi.org/10.1002/mus.10039


Int. J. Mol. Sci. 2023, 24, 6454 24 of 28

127. Barreiro, E.; Rabinovich, R.; Marin-Corral, J.; Barberà, J.A.; Gea, J.; Roca, J. Chronic Endurance Exercise Induces Quadriceps
Nitrosative Stress in Patients with Severe COPD. Thorax 2009, 64, 13–19. [CrossRef]

128. Pomiès, P.; Rodriguez, J.; Blaquière, M.; Sedraoui, S.; Gouzi, F.; Carnac, G.; Laoudj-Chenivesse, D.; Mercier, J.; Préfaut, C.; Hayot,
M. Reduced Myotube Diameter, Atrophic Signalling and Elevated Oxidative Stress in Cultured Satellite Cells from COPD Patients.
J. Cell. Mol. Med. 2015, 19, 175–186. [CrossRef]

129. Zhang, L.; Li, D.; Chang, C.; Sun, Y. Myostatin/HIF2α-Mediated Ferroptosis Is Involved in Skeletal Muscle Dysfunction in
Chronic Obstructive Pulmonary Disease. Int. J. Chronic Obstr. Pulm. Dis. 2022, 17, 2383–2399. [CrossRef]

130. Barreiro, E.; Peinado, V.I.; Galdiz, J.B.; Ferrer, E.; Marin-Corral, J.; Sánchez, F.; Gea, J.; Barberà, J.A. ENIGMA in COPD Project
Cigarette Smoke-Induced Oxidative Stress: A Role in Chronic Obstructive Pulmonary Disease Skeletal Muscle Dysfunction. Am.
J. Respir. Crit. Care Med. 2010, 182, 477–488. [CrossRef]

131. Pomiès, P.; Blaquière, M.; Maury, J.; Mercier, J.; Gouzi, F.; Hayot, M. Involvement of the FoxO1/MuRF1/Atrogin-1 Signaling
Pathway in the Oxidative Stress-Induced Atrophy of Cultured Chronic Obstructive Pulmonary Disease Myotubes. PLoS ONE
2016, 11, e0160092. [CrossRef]

132. Fermoselle, C.; Sanchez, F.; Barreiro, E. Reduction of Muscle Mass Mediated by Myostatin in an Experimental Model of Pulmonary
Emphysema. Arch. Bronconeumol. 2011, 47, 590–598. [CrossRef]

133. Powers, S.K.; Duarte, J.; Kavazis, A.N.; Talbert, E.E. Reactive Oxygen Species Are Signalling Molecules for Skeletal Muscle
Adaptation. Exp. Physiol. 2010, 95, 1–9. [CrossRef]

134. Barreiro, E.; Puig-Vilanova, E.; Salazar-Degracia, A.; Pascual-Guardia, S.; Casadevall, C.; Gea, J. The Phosphodiesterase-4 Inhibitor
Roflumilast Reverts Proteolysis in Skeletal Muscle Cells of Patients with COPD Cachexia. J. Appl. Physiol. 2018, 125, 287–303.
[CrossRef]

135. Gouzi, F.; Maury, J.; Héraud, N.; Molinari, N.; Bertet, H.; Ayoub, B.; Blaquière, M.; Bughin, F.; De Rigal, P.; Poulain, M.; et al.
Additional Effects of Nutritional Antioxidant Supplementation on Peripheral Muscle during Pulmonary Rehabilitation in COPD
Patients: A Randomized Controlled Trial. Oxid. Med. Cell. Longev. 2019, 2019, 5496346. [CrossRef]

136. Jagoe, R.T.; Engelen, M.P.K.J. Muscle Wasting and Changes in Muscle Protein Metabolism in Chronic Obstructive Pulmonary
Disease. Eur. Respir. J. 2003, 22, 52s–63s. [CrossRef]

137. Pouw, E.M.; Schols, A.M.; Deutz, N.E.; Wouters, E.F. Plasma and Muscle Amino Acid Levels in Relation to Resting Energy
Expenditure and Inflammation in Stable Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 1998, 158, 797–801.
[CrossRef]

138. Engelen, M.P.; Wouters, E.F.; Deutz, N.E.; Menheere, P.P.; Schols, A.M. Factors Contributing to Alterations in Skeletal Muscle and
Plasma Amino Acid Profiles in Patients with Chronic Obstructive Pulmonary Disease. Am. J. Clin. Nutr. 2000, 72, 1480–1487.
[CrossRef]

139. Rabinovich, R.A.; Drost, E.; Manning, J.R.; Dunbar, D.R.; Díaz-Ramos, M.; Lakhdar, R.; Bastos, R.; MacNee, W. Genome-Wide
MRNA Expression Profiling in Vastus Lateralis of COPD Patients with Low and Normal Fat Free Mass Index and Healthy
Controls. Respir. Res. 2015, 16, 1. [CrossRef]

140. Adami, A.; Hobbs, B.D.; McDonald, M.-L.N.; Casaburi, R.; Rossiter, H.B. Genetic Variants Predicting Aerobic Capacity Response
to Training Are Also Associated with Skeletal Muscle Oxidative Capacity in Moderate-to-Severe COPD. Physiol. Genom. 2018, 50,
688–690. [CrossRef]

141. Robison, P.; Sussan, T.E.; Chen, H.; Biswal, S.; Schneider, M.F.; Hernández-Ochoa, E.O. Impaired Calcium Signaling in Muscle
Fibers from Intercostal and Foot Skeletal Muscle in a Cigarette Smoke-Induced Mouse Model of COPD. Muscle Nerve 2017, 56,
282–291. [CrossRef] [PubMed]

142. Nogueira, L.; Trisko, B.M.; Lima-Rosa, F.L.; Jackson, J.; Lund-Palau, H.; Yamaguchi, M.; Breen, E.C. Cigarette Smoke Directly
Impairs Skeletal Muscle Function through Capillary Regression and Altered Myofibre Calcium Kinetics in Mice. J. Physiol. 2018,
596, 2901–2916. [CrossRef] [PubMed]

143. Qaisar, R.; Ustrana, S.; Muhammad, T.; Shah, I. Sarcopenia in Pulmonary Diseases Is Associated with Elevated Sarcoplasmic
Reticulum Stress and Myonuclear Disorganization. Histochem. Cell Biol. 2022, 157, 93–105. [CrossRef] [PubMed]

144. Welch, N.; Singh, S.S.; Kumar, A.; Dhruba, S.R.; Mishra, S.; Sekar, J.; Bellar, A.; Attaway, A.H.; Chelluboyina, A.; Willard, B.B.;
et al. Integrated Multiomics Analysis Identifies Molecular Landscape Perturbations during Hyperammonemia in Skeletal Muscle
and Myotubes. J. Biol. Chem. 2021, 297, 101023. [CrossRef]

145. Gosker, H.R.; Clarke, G.; de Theije, C.C.; Cryan, J.F.; Schols, A.M.W.J. Impaired Skeletal Muscle Kynurenine Metabolism in
Patients with Chronic Obstructive Pulmonary Disease. J. Clin. Med. 2019, 8, 915. [CrossRef]

146. Polverino, F.; Wu, T.D.; Rojas-Quintero, J.; Wang, X.; Mayo, J.; Tomchaney, M.; Tram, J.; Packard, S.; Zhang, D.; Cleveland, K.H.;
et al. Metformin: Experimental and Clinical Evidence for a Potential Role in Emphysema Treatment. Am. J. Respir. Crit. Care Med.
2021, 204, 651–666. [CrossRef]

147. Yuan, C.; Chang, D.; Lu, G.; Deng, X. Genetic Polymorphism and Chronic Obstructive Pulmonary Disease. Int. J. Chronic Obstruct.
Pulmon. Dis. 2017, 12, 1385–1393. [CrossRef]

148. Hernandez Cordero, A.I.; Gonzales, N.M.; Parker, C.C.; Sokolof, G.; Vandenbergh, D.J.; Cheng, R.; Abney, M.; Sko, A.; Douglas,
A.; Palmer, A.A.; et al. Genome-Wide Associations Reveal Human-Mouse Genetic Convergence and Modifiers of Myogenesis,
CPNE1 and STC2. Am. J. Hum. Genet. 2019, 105, 1222–1236. [CrossRef]

http://doi.org/10.1136/thx.2008.105163
http://doi.org/10.1111/jcmm.12390
http://doi.org/10.2147/COPD.S377226
http://doi.org/10.1164/rccm.200908-1220OC
http://doi.org/10.1371/journal.pone.0160092
http://doi.org/10.1016/j.arbres.2011.07.008
http://doi.org/10.1113/expphysiol.2009.050526
http://doi.org/10.1152/japplphysiol.00798.2017
http://doi.org/10.1155/2019/5496346
http://doi.org/10.1183/09031936.03.00004608
http://doi.org/10.1164/ajrccm.158.3.9708097
http://doi.org/10.1093/ajcn/72.6.1480
http://doi.org/10.1186/s12931-014-0139-5
http://doi.org/10.1152/physiolgenomics.00140.2017
http://doi.org/10.1002/mus.25466
http://www.ncbi.nlm.nih.gov/pubmed/27862020
http://doi.org/10.1113/JP275888
http://www.ncbi.nlm.nih.gov/pubmed/29797443
http://doi.org/10.1007/s00418-021-02043-3
http://www.ncbi.nlm.nih.gov/pubmed/34665327
http://doi.org/10.1016/j.jbc.2021.101023
http://doi.org/10.3390/jcm8070915
http://doi.org/10.1164/rccm.202012-4510OC
http://doi.org/10.2147/COPD.S134161
http://doi.org/10.1016/j.ajhg.2019.10.014


Int. J. Mol. Sci. 2023, 24, 6454 25 of 28

149. Lach-Trifilieff, E.; Minetti, G.C.; Sheppard, K.; Ibebunjo, C.; Feige, J.N.; Hartmann, S.; Brachat, S.; Rivet, H.; Koelbing, C.; Morvan,
F.; et al. An Antibody Blocking Activin Type II Receptors Induces Strong Skeletal Muscle Hypertrophy and Protects from Atrophy.
Mol. Cell. Biol. 2014, 34, 606–618. [CrossRef]

150. Timmons, J.A.; Knudsen, S.; Rankinen, T.; Koch, L.G.; Sarzynski, M.; Jensen, T.; Keller, P.; Scheele, C.; Vollaard, N.B.J.; Nielsen, S.;
et al. Using Molecular Classification to Predict Gains in Maximal Aerobic Capacity Following Endurance Exercise Training in
Humans. J. Appl. Physiol. 2010, 108, 1487–1496. [CrossRef]

151. Meng, Z.-X.; Li, S.; Wang, L.; Ko, H.J.; Lee, Y.; Jung, D.Y.; Okutsu, M.; Yan, Z.; Kim, J.K.; Lin, J.D. BAF60c Drives Glycolytic
Muscle Formation and Improves Glucose Homeostasis through Deptor-Mediated AKT Activation. Nat. Med. 2013, 19, 640–645.
[CrossRef]

152. Barreiro, E.; Sznajder, J.I. Epigenetic Regulation of Muscle Phenotype and Adaptation: A Potential Role in COPD Muscle
Dysfunction. J. Appl. Physiol. 2013, 114, 1263–1272. [CrossRef]

153. Baar, K. Epigenetic Control of Skeletal Muscle Fibre Type. Acta Physiol. 2010, 199, 477–487. [CrossRef]
154. Osei, E.T.; Florez-Sampedro, L.; Timens, W.; Postma, D.S.; Heijink, I.H.; Brandsma, C.-A. Unravelling the Complexity of COPD by

MicroRNAs: It’s a Small World after All. Eur. Respir. J. 2015, 46, 807–818. [CrossRef]
155. Lewis, A.; Riddoch-Contreras, J.; Natanek, S.A.; Donaldson, A.; Man, W.D.-C.; Moxham, J.; Hopkinson, N.S.; Polkey, M.I.; Kemp,

P.R. Downregulation of the Serum Response Factor/MiR-1 Axis in the Quadriceps of Patients with COPD. Thorax 2012, 67, 26–34.
[CrossRef]

156. Donaldson, A.; Natanek, S.A.; Lewis, A.; Man, W.D.-C.; Hopkinson, N.S.; Polkey, M.I.; Kemp, P.R. Increased Skeletal Muscle-
Specific MicroRNA in the Blood of Patients with COPD. Thorax 2013, 68, 1140–1149. [CrossRef]

157. Puig-Vilanova, E.; Martínez-Llorens, J.; Ausin, P.; Roca, J.; Gea, J.; Barreiro, E. Quadriceps Muscle Weakness and Atrophy Are
Associated with a Differential Epigenetic Profile in Advanced COPD. Clin. Sci. 2015, 128, 905–921. [CrossRef]

158. Kemp, P.; Natanek, A. Epigenetics and Susceptibility to Muscle Wasting in COPD. Arch. Bronconeumol. 2017, 53, 364–365.
[CrossRef]

159. Lewis, A.; Lee, J.Y.; Donaldson, A.V.; Natanek, S.A.; Vaidyanathan, S.; Man, W.D.-C.; Hopkinson, N.S.; Sayer, A.A.; Patel, H.P.;
Cooper, C.; et al. Increased Expression of H19/MiR-675 Is Associated with a Low Fat-Free Mass Index in Patients with COPD.
J. Cachexia Sarcopenia Muscle 2016, 7, 330–344. [CrossRef]

160. Garros, R.F.; Paul, R.; Connolly, M.; Lewis, A.; Garfield, B.E.; Natanek, S.A.; Bloch, S.; Mouly, V.; Griffiths, M.J.; Polkey, M.I.;
et al. MicroRNA-542 Promotes Mitochondrial Dysfunction and SMAD Activity and Is Elevated in Intensive Care Unit-Acquired
Weakness. Am. J. Respir. Crit. Care Med. 2017, 196, 1422–1433. [CrossRef]

161. Burke, H.; Spalluto, C.M.; Cellura, D.; Staples, K.J.; Wilkinson, T.M.A. Role of Exosomal MicroRNA in Driving Skeletal Muscle
Wasting in COPD. Eur. Respir. J. 2015, 46, OA2930. [CrossRef]

162. Langen, R.C.J.; Gosker, H.R.; Remels, A.H.V.; Schols, A.M.W.J. Triggers and Mechanisms of Skeletal Muscle Wasting in Chronic
Obstructive Pulmonary Disease. Int. J. Biochem. Cell Biol. 2013, 45, 2245–2256. [CrossRef] [PubMed]

163. Kitajima, Y.; Yoshioka, K.; Suzuki, N. The Ubiquitin–Proteasome System in Regulation of the Skeletal Muscle Homeostasis and
Atrophy: From Basic Science to Disorders. J. Physiol. Sci. 2020, 70, 40. [CrossRef] [PubMed]

164. Gavriilidis, C.; Laredj, L.; Solinhac, R.; Messaddeq, N.; Viaud, J.; Laporte, J.; Sumara, I.; Hnia, K. The MTM1–UBQLN2–HSP
Complex Mediates Degradation of Misfolded Intermediate Filaments in Skeletal Muscle. Nat. Cell Biol. 2018, 20, 198–210.
[CrossRef] [PubMed]

165. Doucet, M.; Russell, A.P.; Léger, B.; Debigaré, R.; Joanisse, D.R.; Caron, M.-A.; LeBlanc, P.; Maltais, F. Muscle Atrophy and
Hypertrophy Signaling in Patients with Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med. 2007, 176, 261–269.
[CrossRef]

166. Natanek, S.A.; Riddoch-Contreras, J.; Marsh, G.S.; Hopkinson, N.S.; Moxham, J.; Man, W.D.-C.; Kemp, P.R.; Polkey, M.I. MuRF-1
and Atrogin-1 Protein Expression and Quadriceps Fiber Size and Muscle Mass in Stable Patients with COPD. COPD 2013, 10,
618–624. [CrossRef]

167. Koncarevic, A.; Jackman, R.W.; Kandarian, S.C. The Ubiquitin-Protein Ligase Nedd4 Targets Notch1 in Skeletal Muscle and
Distinguishes the Subset of Atrophies Caused by Reduced Muscle Tension. FASEB J. 2006, 21, 427–437. [CrossRef]

168. Nagpal, P.; Plant, P.J.; Correa, J.; Bain, A.; Takeda, M.; Kawabe, H.; Rotin, D.; Bain, J.R.; Batt, J.A.E. The Ubiquitin Ligase Nedd4-1
Participates in Denervation-Induced Skeletal Muscle Atrophy in Mice. PLoS ONE 2012, 7, e46427. [CrossRef]

169. Plant, P.J.; Brooks, D.; Faughnan, M.; Bayley, T.; Bain, J.; Singer, L.; Correa, J.; Pearce, D.; Binnie, M.; Batt, J. Cellular Markers of
Muscle Atrophy in Chronic Obstructive Pulmonary Disease. Am. J. Respir. Cell Mol. Biol. 2010, 42, 461–471. [CrossRef]

170. McClung, J.M.; Judge, A.R.; Powers, S.K.; Yan, Z. P38 MAPK Links Oxidative Stress to Autophagy-Related Gene Expression in
Cachectic Muscle Wasting. Am. J. Physiol. Cell Physiol. 2010, 298, C542–C549. [CrossRef]

171. Lemire, B.B.; Debigaré, R.; Dubé, A.; Thériault, M.-E.; Côté, C.H.; Maltais, F. MAPK Signaling in the Quadriceps of Patients with
Chronic Obstructive Pulmonary Disease. J. Appl. Physiol. 2012, 113, 159–166. [CrossRef]

172. Riddoch-Contreras, J.; George, T.; Natanek, S.A.; Marsh, G.S.; Hopkinson, N.S.; Tal-Singer, R.; Kemp, P.; Polkey, M.I. P38
Mitogen-Activated Protein Kinase Is Not Activated in the Quadriceps of Patients with Stable Chronic Obstructive Pulmonary
Disease. COPD 2012, 9, 142–150. [CrossRef]

173. Zhang, G.; Li, Y.-P. P38β MAPK Upregulates Atrogin1/MAFbx by Specific Phosphorylation of C/EBPβ. Skelet. Muscle 2012, 2, 20.
[CrossRef]

http://doi.org/10.1128/MCB.01307-13
http://doi.org/10.1152/japplphysiol.01295.2009
http://doi.org/10.1038/nm.3144
http://doi.org/10.1152/japplphysiol.01027.2012
http://doi.org/10.1111/j.1748-1716.2010.02121.x
http://doi.org/10.1183/13993003.02139-2014
http://doi.org/10.1136/thoraxjnl-2011-200309
http://doi.org/10.1136/thoraxjnl-2012-203129
http://doi.org/10.1042/CS20140428
http://doi.org/10.1016/j.arbres.2016.10.020
http://doi.org/10.1002/jcsm.12078
http://doi.org/10.1164/rccm.201701-0101OC
http://doi.org/10.1183/13993003.congress-2015.OA2930
http://doi.org/10.1016/j.biocel.2013.06.015
http://www.ncbi.nlm.nih.gov/pubmed/23827718
http://doi.org/10.1186/s12576-020-00768-9
http://www.ncbi.nlm.nih.gov/pubmed/32938372
http://doi.org/10.1038/s41556-017-0024-9
http://www.ncbi.nlm.nih.gov/pubmed/29358706
http://doi.org/10.1164/rccm.200605-704OC
http://doi.org/10.3109/15412555.2013.781577
http://doi.org/10.1096/fj.06-6665com
http://doi.org/10.1371/journal.pone.0046427
http://doi.org/10.1165/rcmb.2008-0382OC
http://doi.org/10.1152/ajpcell.00192.2009
http://doi.org/10.1152/japplphysiol.01518.2011
http://doi.org/10.3109/15412555.2011.644359
http://doi.org/10.1186/2044-5040-2-20


Int. J. Mol. Sci. 2023, 24, 6454 26 of 28

174. Liu, D.; Black, B.L.; Derynck, R. TGF-Beta Inhibits Muscle Differentiation through Functional Repression of Myogenic Transcrip-
tion Factors by Smad3. Genes Dev. 2001, 15, 2950–2966. [CrossRef]

175. Morissette, M.R.; Cook, S.A.; Buranasombati, C.; Rosenberg, M.A.; Rosenzweig, A. Myostatin Inhibits IGF-I-Induced Myotube
Hypertrophy through Akt. Am. J. Physiol. Cell Physiol. 2009, 297, C1124–C1132. [CrossRef]

176. Man, W.D.-C.; Natanek, S.A.; Riddoch-Contreras, J.; Lewis, A.; Marsh, G.S.; Kemp, P.R.; Polkey, M.I. Quadriceps Myostatin
Expression in COPD. Eur. Respir. J. 2010, 36, 686–688. [CrossRef]

177. Polkey, M.I.; Praestgaard, J.; Berwick, A.; Franssen, F.M.E.; Singh, D.; Steiner, M.C.; Casaburi, R.; Tillmann, H.-C.; Lach-Trifilieff,
E.; Roubenoff, R.; et al. Activin Type II Receptor Blockade for Treatment of Muscle Depletion in Chronic Obstructive Pulmonary
Disease. A Randomized Trial. Am. J. Respir. Crit. Care Med. 2019, 199, 313–320. [CrossRef]

178. Murphy, K.T.; Chee, A.; Gleeson, B.G.; Naim, T.; Swiderski, K.; Koopman, R.; Lynch, G.S. Antibody-Directed Myostatin Inhibition
Enhances Muscle Mass and Function in Tumor-Bearing Mice. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 301, R716–R726.
[CrossRef]

179. Hussain, S.N.A.; Sandri, M. Role of Autophagy in COPD Skeletal Muscle Dysfunction. J. Appl. Physiol. 2013, 114, 1273–1281.
[CrossRef]

180. Chen, Z.-H.; Kim, H.P.; Sciurba, F.C.; Lee, S.-J.; Feghali-Bostwick, C.; Stolz, D.B.; Dhir, R.; Landreneau, R.J.; Schuchert, M.J.;
Yousem, S.A.; et al. Egr-1 Regulates Autophagy in Cigarette Smoke-Induced Chronic Obstructive Pulmonary Disease. PLoS ONE
2008, 3, e3316. [CrossRef]

181. Masiero, E.; Agatea, L.; Mammucari, C.; Blaauw, B.; Loro, E.; Komatsu, M.; Metzger, D.; Reggiani, C.; Schiaffino, S.; Sandri, M.
Autophagy Is Required to Maintain Muscle Mass. Cell Metab. 2009, 10, 507–515. [CrossRef] [PubMed]

182. Guo, Y.; Gosker, H.R.; Schols, A.M.W.J.; Kapchinsky, S.; Bourbeau, J.; Sandri, M.; Jagoe, R.T.; Debigaré, R.; Maltais, F.; Taivassalo,
T.; et al. Autophagy in Locomotor Muscles of Patients with Chronic Obstructive Pulmonary Disease. Am. J. Respir. Crit. Care Med.
2013, 188, 1313–1320. [CrossRef] [PubMed]

183. Kneppers, A.E.M.; Langen, R.C.J.; Gosker, H.R.; Verdijk, L.B.; Cebron Lipovec, N.; Leermakers, P.A.; Kelders, M.C.J.M.; de
Theije, C.C.; Omersa, D.; Lainscak, M.; et al. Increased Myogenic and Protein Turnover Signaling in Skeletal Muscle of Chronic
Obstructive Pulmonary Disease Patients With Sarcopenia. J. Am. Med. Dir. Assoc. 2017, 18, 637.e1–637.e11. [CrossRef] [PubMed]

184. Gouzi, F.; Blaquière, M.; Catteau, M.; Bughin, F.; Maury, J.; Passerieux, E.; Ayoub, B.; Mercier, J.; Hayot, M.; Pomiès, P. Oxidative
Stress Regulates Autophagy in Cultured Muscle Cells of Patients with Chronic Obstructive Pulmonary Disease. J. Cell. Physiol.
2018, 233, 9629–9639. [CrossRef] [PubMed]

185. Balnis, J.; Drake, L.A.; Singer, D.V.; Vincent, C.E.; Korponay, T.C.; D’Armiento, J.; Lee, C.G.; Elias, J.A.; Singer, H.A.; Jaitovich, A.
Deaccelerated Myogenesis and Autophagy in Genetically Induced Pulmonary Emphysema. Am. J. Respir. Cell Mol. Biol. 2022, 66,
623–637. [CrossRef]

186. Zhao, J.; Brault, J.J.; Schild, A.; Cao, P.; Sandri, M.; Schiaffino, S.; Lecker, S.H.; Goldberg, A.L. FoxO3 Coordinately Activates
Protein Degradation by the Autophagic/Lysosomal and Proteasomal Pathways in Atrophying Muscle Cells. Cell Metab. 2007, 6,
472–483. [CrossRef]

187. Constantin, D.; Menon, M.K.; Houchen-Wolloff, L.; Morgan, M.D.; Singh, S.J.; Greenhaff, P.; Steiner, M.C. Skeletal Muscle
Molecular Responses to Resistance Training and Dietary Supplementation in COPD. Thorax 2013, 68, 625–633. [CrossRef]

188. Kneppers, A.; Langen, R.; Gosker, H.; Leermakers, P.; Kelders, M.; de Theye, C.; Lipovec, N.C.; Omersa, D.; Lainscak, M.; Schols,
A. Impaired Coordination of Skeletal Muscle Protein Turnover Signalling in Sarcopenic COPD Patients. Eur. Respir. J. 2016,
48, PA3400. [CrossRef]

189. Byrne, C.A.; McNeil, A.T.; Koh, T.J.; Brunskill, A.F.; Fantuzzi, G. Expression of Genes in the Skeletal Muscle of Individuals with
Cachexia/Sarcopenia: A Systematic Review. PLoS ONE 2019, 14, e0222345. [CrossRef]

190. Mueller, T.C.; Bachmann, J.; Prokopchuk, O.; Friess, H.; Martignoni, M.E. Molecular Pathways Leading to Loss of Skeletal Muscle
Mass in Cancer Cachexia—Can Findings from Animal Models Be Translated to Humans? BMC Cancer 2016, 16, 75. [CrossRef]

191. Hansen, M.J.; Chen, H.; Jones, J.E.; Langenbach, S.Y.; Vlahos, R.; Gualano, R.C.; Morris, M.J.; Anderson, G.P. The Lung
Inflammation and Skeletal Muscle Wasting Induced by Subchronic Cigarette Smoke Exposure Are Not Altered by a High-Fat
Diet in Mice. PLoS ONE 2013, 8, e80471. [CrossRef]

192. Krüger, K.; Dischereit, G.; Seimetz, M.; Wilhelm, J.; Weissmann, N.; Mooren, F.C. Time Course of Cigarette Smoke-Induced
Changes of Systemic Inflammation and Muscle Structure. Am. J. Physiol. Lung Cell Mol. Physiol. 2015, 309, L119–L128. [CrossRef]

193. Cielen, N.; Maes, K.; Heulens, N.; Troosters, T.; Carmeliet, G.; Janssens, W.; Gayan-Ramirez, G.N. Interaction between Physical
Activity and Smoking on Lung, Muscle, and Bone in Mice. Am. J. Respir. Cell Mol. Biol. 2016, 54, 674–682. [CrossRef]

194. Hansen, M.; Langenbach, S.; Dousha, L.; Ferdinando, O.; Allan, D.; Kosack, L.; Seow, H.; Chan, J.; Jones, J.; Anderson, G. The
Prolonged Effects of Cigarette Smoke Exposure on Lung Inflammation and Skeletal Muscle Wasting in Mice. Am. J. Respir. Crit.
Care Med. 2009, 179, A2934.

195. Gosker, H.R.; Langen, R.C.J.; Bracke, K.R.; Joos, G.F.; Brusselle, G.G.; Steele, C.; Ward, K.A.; Wouters, E.F.M.; Schols, A.M.W.J.
Extrapulmonary Manifestations of Chronic Obstructive Pulmonary Disease in a Mouse Model of Chronic Cigarette Smoke
Exposure. Am. J. Respir. Cell Mol. Biol. 2009, 40, 710–716. [CrossRef]

196. Basic, V.T.; Tadele, E.; Elmabsout, A.A.; Yao, H.; Rahman, I.; Sirsjö, A.; Abdel-Halim, S.M. Exposure to Cigarette Smoke Induces
Overexpression of von Hippel-Lindau Tumor Suppressor in Mouse Skeletal Muscle. Am. J. Physiol. Lung Cell Mol. Physiol. 2012,
303, L519–L527. [CrossRef]

http://doi.org/10.1101/gad.925901
http://doi.org/10.1152/ajpcell.00043.2009
http://doi.org/10.1183/09031936.00032510
http://doi.org/10.1164/rccm.201802-0286OC
http://doi.org/10.1152/ajpregu.00121.2011
http://doi.org/10.1152/japplphysiol.00893.2012
http://doi.org/10.1371/journal.pone.0003316
http://doi.org/10.1016/j.cmet.2009.10.008
http://www.ncbi.nlm.nih.gov/pubmed/19945408
http://doi.org/10.1164/rccm.201304-0732OC
http://www.ncbi.nlm.nih.gov/pubmed/24228729
http://doi.org/10.1016/j.jamda.2017.04.016
http://www.ncbi.nlm.nih.gov/pubmed/28578881
http://doi.org/10.1002/jcp.26868
http://www.ncbi.nlm.nih.gov/pubmed/29943813
http://doi.org/10.1165/rcmb.2021-0351OC
http://doi.org/10.1016/j.cmet.2007.11.004
http://doi.org/10.1136/thoraxjnl-2012-202764
http://doi.org/10.1183/13993003.congress-2016.PA3400
http://doi.org/10.1371/journal.pone.0222345
http://doi.org/10.1186/s12885-016-2121-8
http://doi.org/10.1371/journal.pone.0080471
http://doi.org/10.1152/ajplung.00074.2015
http://doi.org/10.1165/rcmb.2015-0181OC
http://doi.org/10.1165/rcmb.2008-0312OC
http://doi.org/10.1152/ajplung.00007.2012


Int. J. Mol. Sci. 2023, 24, 6454 27 of 28

197. Barreiro, E.; del Puerto-Nevado, L.; Puig-Vilanova, E.; Pérez-Rial, S.; Sánchez, F.; Martínez-Galán, L.; Rivera, S.; Gea, J.; González-
Mangado, N.; Peces-Barba, G. Cigarette Smoke-Induced Oxidative Stress in Skeletal Muscles of Mice. Respir. Physiol. Neurobiol.
2012, 182, 9–17. [CrossRef]

198. Beckett, E.L.; Stevens, R.L.; Jarnicki, A.G.; Kim, R.Y.; Hanish, I.; Hansbro, N.G.; Deane, A.; Keely, S.; Horvat, J.C.; Yang, M.;
et al. A New Short-Term Mouse Model of Chronic Obstructive Pulmonary Disease Identifies a Role for Mast Cell Tryptase in
Pathogenesis. J. Allergy Clin. Immunol. 2013, 131, 752–762. [CrossRef]

199. Rinaldi, M.; Maes, K.; De Vleeschauwer, S.; Thomas, D.; Verbeken, E.K.; Decramer, M.; Janssens, W.; Gayan-Ramirez, G.N.
Long-Term Nose-Only Cigarette Smoke Exposure Induces Emphysema and Mild Skeletal Muscle Dysfunction in Mice. Dis.
Model. Mech. 2012, 5, 333–341. [CrossRef]

200. Zhang, Y.; Cao, J.; Chen, Y.; Chen, P.; Peng, H.; Cai, S.; Luo, H.; Wu, S.-J. Intraperitoneal Injection of Cigarette Smoke Extract
Induced Emphysema, and Injury of Cardiac and Skeletal Muscles in BALB/C Mice. Exp. Lung Res. 2013, 39, 18–31. [CrossRef]

201. Lüthje, L.; Raupach, T.; Michels, H.; Unsöld, B.; Hasenfuss, G.; Kögler, H.; Andreas, S. Exercise Intolerance and Systemic
Manifestations of Pulmonary Emphysema in a Mouse Model. Respir. Res. 2009, 10, 7. [CrossRef]

202. Tsukamoto, M.; Mori, T.; Wang, K.-Y.; Okada, Y.; Fukuda, H.; Naito, K.; Yamanaka, Y.; Sabanai, K.; Nakamura, E.; Yatera, K.; et al.
Systemic Bone Loss, Impaired Osteogenic Activity and Type I Muscle Fiber Atrophy in Mice with Elastase-Induced Pulmonary
Emphysema: Establishment of a COPD-Related Osteoporosis Mouse Model. Bone 2019, 120, 114–124. [CrossRef] [PubMed]

203. Ceelen, J.J.M.; Schols, A.M.W.J.; Kneppers, A.E.M.; Rosenbrand, R.P.H.A.; Drożdż, M.M.; van Hoof, S.J.; de Theije, C.C.; Kelders,
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