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The normal decline in skeletal muscle mass that occurs with aging is exacerbated in
patients with chronic obstructive pulmonary disease (COPD) and contributes to poor
health outcomes, including a greater risk of death. There has been controversy about the
causes of this exacerbated muscle atrophy, with considerable debate about the degree to
which it reflects the very sedentary nature of COPD patients vs. being precipitated by
various aspects of the COPD pathophysiology and its most frequent proximate cause,
long-term smoking. Consistent with the latter view, recent evidence suggests that
exacerbated aging muscle loss with COPD s likely initiated by decades of smoking-
induced stress on the neuromuscular junction that predisposes patients to premature
failure of muscle reinnervation capacity, accompanied by various alterations in
mitochondrial function. Superimposed upon this are various aspects of COPD
pathophysiology, such as hypercapnia, hypoxia, and inflammation, that can also
contribute to muscle atrophy. This review will summarize the available knowledge
concerning the mechanisms contributing to exacerbated aging muscle affect in COPD,
consider the potential role of comorbidities using the specific example of chronic kidney
disease, and identify emerging molecular mechanisms of muscle impairment, including
mitochondrial permeability transition as a mechanism of muscle atrophy, and chronic
activation of the aryl hydrocarbon receptor in driving COPD muscle pathophysiology.

Keywords: muscle atrophy, mitochondria, neuromuscular junction, mitochondrial permeability transition, aryl
hydrocarbon receptor, smoking

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) patients are often affected by more severe limb
skeletal muscle atrophy than is typical of normal aging (Corlateanu et al., 2016), with mounting
evidence that, as with other comorbidities, muscle atrophy exacerbates patient outcomes (Marquis
et al., 2002; Jones et al., 2015; Attaway et al., 2021). Whilst the incidence of muscle atrophy may be
somewhat higher in male (15-38%) than female (16-25%) COPD patients, both male and female
patients may exhibit muscle atrophy (Anderson et al., 2017). Amongst the first studies to establish
that the degree of skeletal muscle atrophy is greater in patients with COPD than normal aging was the
work of van den Borst and colleagues (van den Borst et al, 2011). In that seminal study they
examined age-matched men (70-79 years) that comprised 260 patients with COPD, 157 smoking
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COPD Skeletal Muscle Alterations
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FIGURE 1| COPD patient limb muscle is characterized by a variety of alterations that include (A) mitochondrial dysfunction [reduced respiratory capacity, elevated
reactive oxygen species (ROS), and evidence of an increased frequency of mitochondrial permeability transition events causing release of cytochrome c, (B) a fast fiber
shift and fast fiber type grouping indicative of recurring denervation-reinnervation events, (C) accumulation of muscle fibers expressing markers of denervation (e.g.,
neural cell adhesion molecule (NCAM)], and (D) a transcriptional profile suggesting an impaired reinnervation response. Images and data in panels (B-D) are
adapted from (Kapchinsky et al., 2018). MHC IIA = type lla fibers; MHC |, type | fibers; FFMI, fat free muscle index; FGFBP1, fibroblast growth factor binding protein 1
(promotes collateral sprouting of neighboring motoneurons to promote reinnervation).

controls, 866 former-smoking controls, and 891 never-smoking
controls. The primary finding was that COPD patients and
current smokers without COPD had lower muscle mass
(determined by dual x-ray absorptiometry [DEXA]) than age-
matched non-smoking study participants (van den Borst et al.,
2011). Similar findings were reported in a study of 5,082
participants (mean age = 69 years; 56% female) from the
Rotterdam study, where patients with chronic airway diseases
had a lower appendicular skeletal muscle mass index as measured
by DEXA than age-matched healthy controls (Benz et al., 2021).
The degree to which there may be differences in the biological
processes underlying the muscle atrophy occurring with aging, vs.
that which is superimposed on the former by COPD and its
predisposing factors such as long-term smoking, remains a work
in progress. Amongst the goals of this review is to discuss
similarities and differences in the phenotypic manifestations of
muscle with normal aging vs. that seen in COPD, and to provide
some consideration for the biological mechanisms that may
account for these differences. It must be stressed, however,
that this review merely offers one perspective on this evolving
issue and that further research is needed.

In addition to skeletal muscle atrophy, there are many other
manifestations of adverse limb muscle impact in COPD
(summarized in Figure 1). These include reduced endurance/
lower fatigue resistance (Allaire et al., 2004; Bachasson et al., 2013;
van den Borst et al., 2013), altered mitochondrial function (Slebos
et al,, 2007; Picard et al.,, 2008; Puente-Maestu et al., 2009a;
Puente-Maestu et al., 2009b), an increase in fast fiber abundance
(Gosker et al., 2007), increased abundance of fibers expressing
multiple myosin heavy chains (MHCs) simultaneously (so-called
MHC co-expressing fibers) (Kapchinsky et al, 2018), and an
accumulation of very small muscle fibers (Gosker et al., 2002) that

exhibit features of prolonged denervation (Kapchinsky et al,
2018). Interestingly, in COPD patients with low muscle mass
there is a blunted reinnervation transcriptional response,
suggesting that failed reinnervation is a likely driver of the
aggravated muscle atrophy in COPD (Kapchinsky et al., 2018).
In view of the association between severity of skeletal muscle
alterations, including atrophy, and poor health outcomes in
COPD patients (Gosker et al., 2007; van de Bool et al., 2016;
Attaway et al, 2021), this review focuses upon our current
understanding of the mechanisms contributing to the adverse
skeletal muscle impact in COPD patients.

MITOCHONDRIAL IMPACT IN CHRONIC
OBSTRUCTIVE PULMONARY DISEASE
SKELETAL MUSCLE

Mitochondria serve numerous roles in the cell and are a key point
of homeostatic regulation. For example, not only are
mitochondria integral to ATP generation and ROS signaling in
skeletal muscle (Hood et al., 2019), recent evidence also indicates
that mitochondria are directly involved in mediating muscle
atrophy through the process of mitochondrial permeability
transition (Burke et al., 2021) (see below for more on this
point). Mitochondria are enriched in skeletal muscle,
particularly in so-called oxidative muscle fibers (type I, type
Ia), including dense mitochondrial accumulation at the
neuromuscular junction in both the pre-synaptic motoneuron
terminals and in the region beneath the acetylcholine receptors
on the muscle fiber (Anagnostou and Hepple, 2020). For these
reasons, alterations in mitochondrial function with COPD are
likely to be involved in various aspects of the adverse skeletal
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muscle impact seen in COPD, including muscle atrophy,
impaired fatigue resistance, and denervation.

Consistent with an important role of mitochondria in COPD
skeletal muscle impairment, a variety of mitochondrial alterations
are commonly reported in studies examining skeletal muscle in
COPD patients. Examples of these alterations include a reduced
activity of mitochondrial enzymes, reduced muscle respiratory
capacity, and elevated mitochondrial reactive oxygen species
emission (ROS) (Puente-Maestu et al, 2009a; D’Agostino
et al.,, 2010; Naimi et al., 2011; van den Borst et al., 2013). It is
important to point out that these mitochondrial alterations
exceed those already occurring with normal aging in skeletal
muscle, and the reader is directed to a recent review of this latter
topic (Alway et al., 2017). Regarding the nature of the changes in
mitochondrial function in COPD skeletal muscle, it has been
questioned whether the alterations seen represent an impairment
in organelle-specific function or whether they are a consequence
of the observed shift towards a greater abundance of fast twitch
fibers in COPD patients (Picard et al, 2008), noting that
mitochondria in fast twitch muscle are less abundant, have
higher ROS emission, and have higher calcium retention
capacity (Picard et al., 2012). Importantly, however, not all
COPD patients exhibit a fast fiber shift (Gosker et al.,, 2007)
and no prior studies have compared mitochondrial function
between patients who exhibit a fast fiber shift vs. those who
do not exhibit this fast fiber shift. Such an analysis will be
important in further understanding the potential link between
fiber type shift and mitochondrial function alterations in COPD
muscle. In support of an organelle-specific defect, Puente-Maestu
and colleagues reported a sensitization of mitochondria to
undergo permeability transition and this was associated with
increased cytochrome ¢ release from incubated isolated
mitochondria of COPD limb skeletal muscle (Puente-Maestu
et al, 2009b), noting that mitochondrial permeability
transition is a well-established mechanism of tissue
dysfunction in various organs (Bauer and Murphy, 2020) and
has been proposed to play a role in aging skeletal muscle (Hepple,
2016).

To further test for manifestations of mitochondrial
dysfunction in COPD limb muscle, in one of our prior studies
we used a histochemical diagnostic approach to identify muscle
fibers with severe mitochondrial respiratory capacity impairment
and observed a markedly elevated abundance of muscle fibers
exhibiting depletion of mitochondrial complex IV activity but
relatively normal (or elevated) mitochondrial complex II activity
in vastus lateralis muscle biopsies of COPD patients (Konokhova
et al., 2016). This phenotype of selective complex IV deficiency
(with or without elevated complex II activity) is characteristic of
muscle fibers harboring a high burden of mitochondrial DNA
(mtDNA) mutations (Bua et al., 2006; Rocha et al., 2015), and
occurs with normal aging and some forms of primary
mitochondrial disease, amongst other conditions (Rak et al.,
2016). The basis of this diagnostic histochemical assay is that
complex IV contains 3 mtDNA-encoded subunits, whereas
complex II is entirely nuclear encoded; hence, muscle fibers
(or segments therein) with high levels of mutations affecting
mtDNA regions encoding subunits of complex IV will exhibit
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preferential depletion of complex IV activity (see blue fibers
denoted by arrow in Figure 2A). Indeed, in addition to the
higher levels of complex IV deficient muscle fibers, we also
observed a high frequency of mtDNA deletions (Figure 2B)
and reduced mtDNA copy number (Figure 2C) in whole
muscle homogenates of COPD locomotor muscle.
Furthermore, those patients with mtDNA deletion mutations
had higher levels of oxidative damage, higher smoking pack years,
and a lower maximal exercise capacity (Konokhova et al., 2016).

It is noteworthy that muscle fibers with complex IV deficiency
typically exhibit a compensatory upregulation of mitochondrial
biogenesis and mtDNA copy number in a futile attempt to restore
the bioenergetic capacity of the muscle fiber (futile because the
high burden of mutated mtDNA templates precludes biogenesis
of properly functioning mitochondria). Whereas in age-matched
control subjects fibers with complex IV deficiency and normal or
elevated complex II activity (Cox-/SDH+) exhibited greater than
2-fold higher levels of mtDNA copy number compared to normal
muscle fibers (Cox+/SDH+), this was not seen in COPD patient
muscle (Figure 2D) and this phenotype was associated with an
impaired translation of mtDNA transcription factor A (TFAM)
(Konokhova et al., 2016). As such, these results identify an
impaired mtDNA replication and mitochondrial biogenesis
response to severe energetic stress in COPD muscle, a finding
that likely contributes to the impaired adaptive response to
aerobic exercise training (a milder form of energetic stress that
induces mitochondrial biogenesis) that is often seen in COPD
patients (Tenyi et al., 2018; Latimer et al., 2021). Related to this,
because abnormal mitochondrial function with mtDNA
mutation accumulation requires a high fraction of mutated:
normal mtDNA genomes [estimated to be >80% (Sciacco
et al., 1994)], the low absolute level of mtDNA copy numbers
in COPD locomotor muscle means that fewer absolute numbers
of mtDNA genomes need to be mutated for mitochondrial
dysfunction to ensue within individual muscle fibers in COPD
(Konokhova et al., 2016).

Further to the relevance of specific mitochondrial
enzymatic abnormalities in COPD, a recent study using a
mouse model of pulmonary emphysema observed a down-
regulation of subunit c of complex II (SDH) that was associated
with lower muscle respiratory capacity and greater muscle
fatigability. In addition, genetic gain of function experiments
to rescue complex II in mice with emphysema improved
muscle respiratory capacity and reduced fatigability (Balnis
et al,, 2021). Amongst the most important contributions from
this recent work is that it helps us begin to parse out the
contribution of COPD pathophysiology vs. that which is
secondary to long-term smoking independent of lung
disease. Specifically, the investigators used a model of
emphysema that occurs consequent to genetic upregulation
of IL-13 in Club cells, and which produces not only hallmark
features of lung pathology seen with COPD, but also skeletal
muscle features such as atrophy and impaired muscle
respiratory capacity seen in patients (Balnis et al., 2020a). It
will be interesting in future studies to compare the nature of
the muscle alterations seen in this and other lung disease
models to that occurring with smoking, to more precisely
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FIGURE 2 | COPD patient muscle evidences (A) an increased accumulation of muscle fibers with respiratory impairment (fibers indicated by the red arrows lack
cytochrome oxidase activity), (B) accumulation of mtDNA deletion mutations, (C) reduced mtDNA copy number, and (D) an impaired up-regulation of mtDNA copy
number in response to energetic stress in muscle fibers with respiratory impairment. Images and data in panels (B-D) are adapted from (Konokhova et al., 2016).
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FIGURE 3 | Recent evidence identifies mitochondrial permeability transition (MPT) as a mechanism that induces skeletal muscle atrophy in a mitochondrial ROS-

and Caspase 3-dependent manner (Burke et al., 2021). (A) Single FDB muscle fibers from adult mice treated with Bz423 (to induce MPT) for 24 h demonstrated
significant atrophy that could be prevented by inhibiting mitochondrial ROS using mitoTemo or by inhibiting caspase 3 using Ac-ATS010-KE (figure panel adapted from
(Burke et al., 2021)). (B) Schematic illustration showing how MPT-induced release of cytochrome C leads to activation of caspase 3 that in turn leads to cleavage of
actin from the muscle cross-bridges, and release of ROS that activates ubiquitin ligase and autophagy signaling to promote muscle atrophy.

address the potential for interactions between COPD
pathophysiology and smoking-induced alterations in skeletal
muscle.

Despite mitochondria frequently being implicated in muscle
atrophy processes (Romanello and Sandri, 2021), no prior studies
have directly assessed whether any of the mitochondrial
impairments observed with COPD relate to the exacerbated
muscle atrophy in patients. In addressing this point, it is
relevant that one prior study noted an increased release of
cytochrome ¢ from mitochondria isolated from COPD patient
muscle (Puente-Maestu et al., 2009b). As noted above,
cytochrome ¢ release from mitochondria can occur in
response to an event known as mitochondrial permeability
transition (see beginning of this section) (Davidson et al,

2020), and is part of the pathway causing an increase in
caspase 3 activation, with caspase 3 being an established
mechanism causing muscle atrophy via actin cleavage (Du
et al, 2004) and cleavage of negative regulators of the
proteasome (Wang et al, 2010). Furthermore, mitochondrial
permeability transition is also associated with an increase in
mitochondrial ROS emission (Akopova et al., 2011), which is
another established mechanism driving muscle atrophy (Hyatt
et al, 2019). To directly test the potential for mitochondrial
permeability transition to induce muscle atrophy, we recently
showed that chemically inducing mitochondrial permeability
transition in single muscle fibers causes atrophy that depends
upon an increase in caspase 3 and mitochondrial ROS emission
(Figure 3). Furthermore, muscle atrophy occurring in a single
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muscle fiber multi-day incubation model of denervation/disuse
atrophy was prevented by inhibiting mitochondrial permeability
transition (Burke et al., 2021). Thus, the previously observed
increase in cytochrome c release from mitochondria isolated from
COPD patient muscle (Puente-Maestu et al., 2009b) could reflect
an increased occurrence of mitochondrial permeability
transition, and for this reason it may be worthwhile to explore
the therapeutic value of targeting of mitochondrial permeability
transition as a means of attenuating exacerbated skeletal muscle
atrophy in various conditions, including COPD.

SIGNIFICANCE OF DENERVATION IN
CHRONIC OBSTRUCTIVE PULMONARY
DISEASE SKELETAL MUSCLE

The importance of cross-talk between the motoneuron and
skeletal muscle fiber in regulating muscle phenotype is an area
of continuing research. The pioneering work by the Eccles was
amongst the first to investigate this area where they showed that
surgically switching the nerve input between fast and slow
muscles, such that fast muscle became innervated by slow
motoneurons and slow muscle became innervated by fast
motoneurons, yielded marked alterations in the contractile
properties of the cross-innervated skeletal muscles (Buller
et al, 1960). That this motoneuron-muscle fiber
communication is bidirectional is supported by work showing
that skeletal muscle-specific over-expression of peroxisome
proliferator activated receptor -gamma coactivator 1 alpha
(PGC-1a) leads to not only an increase in slow muscle fiber
types but also an increased expression of the slow motoneuron-
specific protein SVA2 in the motoneuron terminals (Chakkalakal
et al., 2010), and this operates through PGC-1a-induced increase
in the myokine neurturin in skeletal muscle (Correia et al., 2021).
Although the importance of denervation in COPD muscle has not
yet been widely studied, one of the first studies to hint at the
involvement of denervation in COPD muscle phenotypes came
from Gosker and colleagues where they reported the presence of
very small muscle fibers (referred to as “minifibers” in this work)
(Gosker et al., 2002), noting that the size and angular shape of
these fibers, along with their frequent co-expression of multiple
myosin heavy chain isoforms, are well-known attributes of
neuromuscular diseases with motoneuron involvement such as
amyotrophic lateral sclerosis (Baloh et al., 2007). In this respect,
we recently examined COPD patient limb skeletal muscle to
address the potential involvement of denervation and found
numerous indications of ongoing denervation-reinnervation
(fibers of the same type grouped together), along with
evidence for persistent denervation of muscle fibers
(accumulation of small fibers with angular shape, expression
of the denervation-inducible glycoprotein neural cell adhesion
molecule). Furthermore, patients with low muscle mass (based
upon dual X-ray absorptiometry body composition) had higher
fiber type grouping and a higher abundance of the very small
muscle fibers, suggesting more denervation in the patients with
low muscle mass. Strikingly, whereas patients who had
maintained muscle mass exhibited a marked increase in
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expression of genes involved in re-establishing innervation
following denervation (e.g., Agrin, muscle specific kinase
(MuSK), and fibroblast growth factor binding protein 1
(FGFBP1)], patients with low muscle mass had a markedly
blunted increase in these genes (Kapchinsky et al., 2018). We
suggest that this implicates a failure of the muscle reinnervation
response in the exacerbated accumulation of persistently
denervated muscle fibers and resulting muscle atrophy in
COPD. Consistent with an important role of denervation in
COPD muscle, a recent study found significant correlations
between circulating biomarkers of denervation (e.g., cleaved
agrin fragment 22, brain derived neurotrophic factor) and the
presence of muscle atrophy in male COPD patients (Karim et al.,
2021). Based on the evidence so far, we suggest that further study
of the involvement of, and mechanisms causing, denervation in
COPD muscle is clearly warranted.

SYSTEMIC MECHANISMS OF SKELETAL
MUSCLE IMPAIRMENT IN CHRONIC
OBSTRUCTIVE PULMONARY DISEASE

At the systemic level, COPD has multifactorial consequences that
include hypercapnia, hypoxemia (particularly during physical
exertion), and inflammation, amongst others. These
consequences are further compromised during acute
exacerbations of disease severity, which can occur secondary
to bacterial or viral infections (MacLeod et al., 2021). As a
result of the high burden of smoking history that most often
underlies COPD, and the frequent occurrence of major
comorbidities in COPD patients (e.g., kidney disease,
cardiovascular disease, etc.), there are many interacting
mechanisms likely to contribute to the skeletal muscle
impairment seen with COPD and it is not feasible to address
every possibility in detail here. Amongst the most thoroughly
addressed mechanisms considered to date are hypoxia,
hypercapnia, inflammation and tobacco smoke, but other
mechanisms are also emerging including chronic activation of
the aryl hydrocarbon receptor, as will be reviewed below.
Skeletal muscle contractile function is affected by alterations in
O, supply through modulation of bioenergetic stress (Hepple,
2002), with hyperoxia being beneficial and hypoxia being
detrimental, and the acute impairment of skeletal muscle
function secondary to reduced muscle O, delivery in COPD
patients is well-known (Richardson et al., 1999; Broxterman
et al,, 2020). In addition to this acute effect of hypoxia, it is
also thought that chronic exposure of skeletal muscle to a hypoxic
milieu may contribute to chronic adverse muscle impact in
COPD patients. Whereas there are many studies that have
addressed the impact of chronic systemic hypoxia on skeletal
muscle (Hoppeler and Vogt, 2001), most address more severe
hypoxia than would typically be encountered in COPD patients.
In addressing the impact of a relatively mild level of hypoxemia
that has broader relevance to COPD patients, Debevec and
colleagues (Debevec et al., 2018) recently examined changes in
muscle mass by quantitative computed tomography and muscle
fiber type in muscle biopsies in subjects undergoing 21 days of
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bedrest in normoxia vs. hypoxia (P;O, = 90 mmHg, yielding a
blood O, saturation = 88 * 2%). Their results showed that
hypoxia further exacerbated both the decline of muscle mass
and shift towards type IIx fibers seen with bed rest (Debevec et al.,
2018), suggesting that, when present, systemic hypoxemia
resulting from impaired pulmonary function with COPD is a
potential contributor to the muscle impairment in patients,
particularly when superimposed upon the very low level of
habitual physical activity typical of patients.

The impact of hypercapnia on skeletal muscle alterations in
COPD has also received some attention. As with studies on
hypoxia, the levels of hypercapnia studied often exceed that
seen in COPD patients, except perhaps under extreme
conditions associated with acute exacerbations and/or in very
severe patients needing lung transplant. Nonetheless, previous
studies have shown that a PaCO, level of approximately
75 mmHg is associated with muscle atrophy (Jaitovich et al,,
2015; Ceco et al., 2020), and in C2C12 muscle cell culture yields
an increase in mitochondrial respiratory capacity that appears to
be due to a compensatory upregulation of mitochondria (Ceco
et al., 2020). Thus, whilst hypercapnia may contribute to the
exacerbated muscle atrophy observed in COPD, it is possible that
it may have a beneficial compensatory impact in limiting the
severity of muscle mitochondrial respiratory capacity (Balnis et
al., 2020b). The mechanisms underlying hypercapnia-mediated
muscle atrophy remain under study, but current evidence
implicates activation of the energy sensor AMP Kinase
(AMPK), particularly the AMPKa2 isoform, which in turn
leads to increased expression of ubiquitin ligases such as
MuRF1 (Jaitovich et al., 2015). Further to this, there is also
recent evidence showing that COPD patients exhibiting
hypcapnia had suppressed ribosomal gene expression, and
mice exposed to chronically elevated CO, levels had reduced
ribosomal biogenesis and reduced protein synthesis based upon
puromycin incorporation into skeletal muscle (Korponay et al.,
2020). On this basis, it does appear that hypercapnia can be one of
the systemic factors contributing to skeletal muscle atrophy in
COPD through both suppressed protein synthesis and increased
protein degradation.

Systemic inflammation is one of the best established features
of COPD systemic pathophysiology and is particularly relevant
during periods of acute exacerbations (MacLeod et al.,, 2021).
Interestingly, inflammation is implicated in a wide variety of
conditions involving muscle wasting, such as cancer cachexia and
rheumatoid arthritis (Londhe & Guttridge, 2015; Webster et al.,
2020), and has been frequently posited as a contributor to muscle
atrophy in COPD (Maltais et al., 2014). For example, two recent
studies have examined relationships between various circulating
inflammatory cytokines and indices of muscle mass in COPD
patients, where significant negative relationships between muscle
mass and TNFa (Byun et al, 2017) and IL-6 (Lin et al., 2021)
emerged following multivariate analysis. At a mechanistic level, a
mouse model of chronic systemic inflammation consequent to
knockout of IL10 exhibits various features of muscle impairment,
including muscle atrophy, weakness, and neuromuscular
junction alterations (Westbrook et al., 2020). Furthermore,
increased NLRP3 inflammasome activity in muscle cell culture
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is associated with myotube atrophy (Liu et al., 2020), whereas
NLRP3 inflammasome deficient mice have attenuated muscle loss
with aging (Sayed et al., 2019). As such, chronic inflammation is
likely to be an important contributor to muscle atrophy in COPD
patients, and one that becomes even more important during acute
exacerbations. It also important to consider that patients
admitted to hospital during acute exacerbations are very
physically inactive, which can be an additional factor
contributing to muscle atrophy in COPD (Maltais et al., 2014).

In addressing the specific role of chronic tobacco smoke (TS)
exposure in the etiology of COPD muscle impairment, there is
growing evidence that long-term cigarette smoking plays a key
role in initiating the muscle impairments with COPD (as
summarized in Figure 4). First, similar to what is reported in
COPD patients (Gosker et al., 2007), Orlander and colleagues
previously showed that skeletal muscle of smokers who had no
evidence of lung disease demonstrated a pronounced fast fiber
shift (Orlander et al, 1979), and this was true even when
controlling for genetic predisposition for muscle fiber type
(Larsson and Orlander, 1984). Smoking is also amongst the
most consistent lifestyle factors associated with a greater
degree of muscle atrophy with normal aging, independent of
lung disease (Castillo et al., 2003; Szulc et al., 2004; Lee et al., 2007;
van den Borst et al., 2011; Hashemi et al., 2016). Other groups
have employed smoking mouse models, finding that chronic TS
exposure in mice yields atrophy and fiber type shift (Gosker et al.,
2009; Basic et al., 2012; Rinaldi et al., 2012; Caron et al., 2013),
consistent with the observations in human smokers (Gosker et al.,
2007; van den Borst et al., 2011). Smoking mouse studies have
also identified a reduced skeletal muscle mitochondrial
respiratory capacity (Fukuda et al, 2017; Perez-Rial et al,
2020; Thome et al, 2022), although this is not seen in all
studies (Bowen et al., 2017; Decker et al., 2021). Furthermore,
we recently showed that chronic TS exposure in mice causes
morphological adaptations at the neuromuscular junction, which
we propose plays a key role in the motor unit remodeling (fast
fiber shift, type grouping), expression of histological markers of
denervation (high non-specific esterase activity, high neural cell
adhesion molecule [NCAM] expression), and transcriptional
indicators of denervation in COPD patient muscle
(Kapchinsky et al., 2018). In a follow-up study using a
smoking mouse model, we showed that TS-induced
neuromuscular junction alterations also involve the diaphragm
(Thome et al., 2022), which likely plays a role in the diaphragm
involvement seen in COPD patients (Ottenheijm et al., 2008). In
addition to TS being implicated in the atrophy and fast fiber shift
seen in COPD patient limb muscle, there is also evidence that
chronic TS exposure causes increased muscle fatigue (Wust et al.,
2008), which is another manifestation of skeletal muscle impact
in COPD patients (Allaire et al., 2004; Bachasson et al., 2013). It is
important to note that ascribing a role for chronic TS exposure in
precipitating COPD muscle phenotypes does not in any way rule
out the additional contributions of systemic COPD
pathophysiology (e.g., hypoxia, hypercapnia, inflammation,
etc.) discussed above. Notwithstanding this important
distinction, it is also relevant to note that despite the
abundance of evidence that chronic TS exposure contributes
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FIGURE 4 | Prolonged cigarette smoking alone yields skeletal muscle changes that resonate with those seen in COPD patients. For example, long-term smokers
without evidence of lung disease demonstrate (A) a fast fiber shift, and data from a smoking mouse model show that chronic cigarette smoke exposure leads to (B)
reduced mitochondrial respiratory capacity that is associated with a down-regulation of mitochondrial genes, and (C) marked alterations to the neuromuscular junction.
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FIGURE 5 | Exposure to cigarette smoke leads to activation of the aryl hydrocarbon receptor (AHR). Upon cigarette smoke constituent binding to the AHR, the AHR
translocates to the nucleus and dissociates from its chaperones before binding to the aryl hydrocarbon receptor nuclear translocase (Arnt) and then binding with the so-
called DNA response element (or xenobiotic response element) of target genes to up-regulate the expression of detoxifying cytochrome P450 enzymes (e.g., Cyp1A1).
Notably, whereas acute activation of the AHR is adaptive, chronic activation leads to ROS-mediated stress and mitochondrial dysfunction that leads to toxicity. The

to the muscle impairment in COPD patients, the mechanisms
underlying the impact of chronic TS exposure have, until
recently, been largely unknown.

The aryl hydrocarbon receptor (AHR) is a ligand-activated
transcription factor with a wide variety of endogenous and
exogenous ligands that leads to increased transcription of

detoxifying pathways, including cytochrome P450 enzymes such
as CyplAl (Nebert, 2017) (Figure 5, above). The AHR is perhaps
best known for mediating much of the toxicity associated with dioxin
poisoning (McIntosh et al, 2010), and it is noteworthy that
mitochondrial dysfunction is implicated as a key mechanism
responsible for the toxicity associated with chronic AHR
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FIGURE 6 | Tobacco smoke exposure activates AHR signaling in skeletal muscle. (A) AHR signaling (Cyp1A1 expression) is elevated exclusively in COPD patients
who are current smokers but not those who were former smokers. (B) Acute tobacco smoke exposure (2 x 60 min exposures separated by 30 min) in mice leads to
increases AHR signaling in skeletal muscle (Cyp1A1, Cyp1B1). Graphs are adapted from Thome et al., 2022,
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FIGURE 7 | (A) Tobacco smoke condensate (TSC) exposure in C2C12 myotubes (B) activates AHR signaling (Cyp1A1), (C) reduces mitochondrial respiratory
capacity (JO2), (D) increases mitochondrial ROS (detected using a MitoSox probe), and (E) leads to reduced myotube size that is blocked by shRNA targeting the AHR
(shAHR) delivered by adeno-associated virus (AAV). Figure panels adapted from (Thome et al., 2022).

activation (Senft et al., 2002; Forgacs et al., 2010; Zhou et al., 2017).
Since TS activates the AHR (Kitamura and Kasai, 2007), and muscle
impairment has been mentioned in some instances where chronic
AHR activation occurs (Max and Silbergeld, 1987; Yi et al., 2014), we
recently undertook studies to examine the role of the AHR in
mediating muscle impairment with chronic TS exposure. Our
initial experiments confirmed that AHR signaling (e.g, the
cytochrome P450 enzymes CyplAl and CyplBl) is elevated in
the skeletal muscle of human smokers (Figure 6A) and in mice

acutely exposed to TS (Figure 6B), and that chronic activation of the
AHR by TS condensate in skeletal muscle cell culture (Figure 7A)
elevates AHR signaling, impairs mitochondrial respiratory capacity,
increases mitochondrial ROS emission, and causes an AHR-
dependent myotube atrophy (Figures 7B-E). We then showed
that knock-in of a constitutively active mutant of the AHR
(demonstrates transcription factor activity without ligand)
(Figure 8A) into skeletal muscle cells in vitro recapitulates the
muscle atrophy (Figure 8B) and mitochondrial impairment seen
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FIGURE 8| (A) Removal of a region containing the ligand binding domain from the AHR yields a mutant with constitutive AHR transcriptional activity (CAAHR). AAV-
mediated transduction of the CAAHR phenocopies muscle and mitochondrial phenotypes produced by chronic tobacco smoke exposure, including (B) a reduction in
myotube area, (C) reduced mitochondrial respiratory capacity (JO2), and (D) increased mitochondrial ROS emission (based upon a MitoSox probe). Graphs are adapted
from (Thome et al., 2022).

with TS condensate (Figures 8C,D). Finally, in mice 12 weeks
following intramuscular injection of this constitutively active
AHR mutant using an AAV vector revealed muscle atrophy and
altered neuromuscular junction morphology that was similar to
what was seen with 16 weeks of chronic TS exposure in mice
(Thome et al,, 2022) (Figure 9). These findings suggest that TS-
induced chronic activation of the AHR is likely to be an important
contributor to the mitochondrial impairment, muscle atrophy and
denervation phenotypes seen in COPD patients, and clearly
warrants additional study.

Interestingly, the role of chronic AHR activity in mediating
adverse muscle impact in COPD may not be exclusive to the
effects of TS on AHR activation. As noted above, several disease
comorbidities are seen in COPD patients. Amongst these
comorbid diseases is chronic kidney disease, where recent data
indicates approximately 7% of COPD patients also have chronic
kidney disease (Trudzinski et al., 2019), with many more patients
expected to have subclinical kidney disease (i.e., renal impairment
that is below the clinical threshold for disease diagnosis). Notably,
the impaired ability of the kidney to filter out various toxic
metabolites (so-called uremic toxins) is thought to be an
important contributor to muscle atrophy (Schardong et al,
2018) and mitochondrial impairment (Thome et al., 2019) in
patients with chronic kidney disease, and subclinical kidney

disease has also been implicated as a significant exacerbating
factor for muscle atrophy in the elderly (Lustgarten and Fielding,
2017). Interestingly, blood serum from patients with chronic
kidney disease activates AHR signaling (Dou et al, 2018),
consistent with evidence that several of the uremic toxins
activate the AHR, including the tryptophan metabolite
kynurenine (Mezrich et al, 2010). In this latter respect, a
recent study revealed an elevated circulating kynurenine level
in COPD patients (Gosker et al, 2019), suggesting that
kynurenine-mediated AHR activation could contribute to
COPD muscle impairment, in addition to the aforementioned
impact of TS-mediated AHR activation. As such, the available
evidence provides a strong rationale for further studies to address
the role played by chronic AHR activation in mediating the toxic
muscle effects of multiple aspects of the COPD systemic milieu.

CHRONIC OBSTRUCTIVE PULMONARY
DISEASE AND EXACERBATED MUSCLE
AGING

Several studies have addressed whether COPD may accelerate
fundamental aging biology in an attempt to understand whether
this may underlie some of the adverse muscle impact in COPD. In
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FIGURE 9 | (A) Adeno-associated virus (AAV)-mediated delivery of a constitutively active mutant of the AHR (CAAHR) to skeletal muscle in mice yields (B) reduced
muscle mass, and (C) alterations to the neuromuscular junction morphology that are strikingly similar to those produced by chronic exposure to tobacco smoke in mice.
Graph and images are adapted from (Thome et al., 2022).
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denervation (e.g., neural cell adhesion molecule [NCAM] expression). Image showing NCAM labeling adapted from (Kapchinsky et al., 2018).

this respect, it is relevant to point out some key similarities  atrophy, where, as noted from the beginning of this review,
(Figure 10) and differences between aging and COPD muscle = COPD patients exhibit more atrophy than is typical of age-
phenotypes. Amongst the most obvious similarities is muscle =~ matched healthy subjects. Similarly, reduced mitochondrial
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respiratory capacity, increased mitochondrial ROS and increased
incidence of mitochondrial permeability transition are all
properties of aging skeletal muscle mitochondria (Gouspillou
et al,, 2014; Spendiff et al., 2016; Sonjak et al., 2019b) that appear
to be further impaired in skeletal muscle of COPD patients
(Picard et al., 2008; Puente-Maestu et al., 2009a; Puente-
Maestu et al., 2009b). Finally, the well-known accumulation of
muscle fibers exhibiting markers of persistent denervation and
fiber type grouping that reflect recurring cycles of denervation-
reinnervation with aging (Messi et al., 2016; Sonjak et al., 2019a)
are further potentiated in skeletal muscle of COPD patients
(Kapchinsky et al., 2018). On the other hand, COPD patients
frequently exhibit a pronounced shift towards an increased
abundance of fast twitch muscle fibers (Gosker et al., 2007;
Kapchinsky et al., 2018), and this is not typical of normal
aging where the primary impact is an increased abundance of
fibers expressing multiple myosin heavy chains (co-expressing
fibers) with little change in the overall proportion of slow vs. fast
fibers (Andersen, 2003; Kelly et al., 2018; Sonjak et al., 2019a).
Thus, whereas there is some overlap in muscle phenotypes
between COPD and aging, consistent with the possibility of
COPD causing an exacerbation of fundamental aging biology,
there may also be some mechanisms that distinguish COPD from
exacerbated aging at least at the gross muscle phenotypic level.

One of the challenges in determining whether COPD
exacerbates fundamental aging biology is selecting appropriate
biomarkers to represent the severity of aging muscle impact. For
example, amongst the most commonly used biomarkers of
cellular senescence are the cyclin-dependent kinase inhibitor
pl6, senescence associated P-Galactoside (SA B-Gal), and the
histone H2A variant gamma-H2AX (yH2AX). These senescence
markers were recently evaluated in the context of aging human
skeletal muscle using immunolabeling of muscle cross-sections
from young (18-35years) vs. old (>70 years) subjects. The
authors noted that despite using numerous commercially
available antibodies for each senescence marker, yH2AX was
the only one detectable in human muscle, and strikingly it did not
evidence an increase with aging and instead was elevated
exclusively in myonuclei of obese vs. lean subjects (Dungan
et al,, 2020). Keeping in mind this important caveat suggesting
classical senescence markers may not be informative in gauging
the impact of aging on skeletal muscle, another recent study
employing Western blot for protein quantification reported
reduced YH2AX protein levels in muscle of COPD patients
(Lakhdar et al., 2018). Although further analyses may alter our
understanding, based upon current knowledge, adverse skeletal
muscle impact in COPD seems unlikely to be consequent to
exacerbated accumulation of senescent cells.

Another biomarker of aging that has received some attention
in the context of COPD skeletal muscle impairment is the anti-
aging hormone a-klotho (hereafter referred to as klotho). Klotho
serves as a co-receptor for fibroblast growth factor 23 to activate a
variety of fibroblast growth factor receptors throughout the body
(Cheikhi et al., 2019), and is necessary for normal mitochondrial
function in a variety of tissues (Chen et al., 2020; Lee et al., 2021),
including skeletal muscle (Sahu et al., 2018). Various studies have
implicated klotho in normal aging of skeletal muscle, with studies

Adverse Muscle Impact in COPD

showing that reduced circulating levels of klotho in the blood with
aging correlate with poor grip strength (Semba et al, 2012),
reduced knee extensor strength (Semba et al., 2016), and impaired
muscle regeneration (Sahu et al, 2018), amongst other age-
related issues. Further to this, klotho knockout mice exhibit
features of premature aging (Kuro-o et al, 1997), including a
reduction in muscle strength and increased fatigability (Phelps
et al.,, 2013). Interestingly, there is some evidence for reduced
serum klotho levels in COPD that appears to be driven by
smoking (Kureya et al., 2016; Patel et al., 2016), and serum
but not muscle levels of klotho appear to be predictive of
quadriceps muscle strength (Patel et al,, 2016). On the other
hand, another study found no association of plasma klotho levels
with clinical parameters, including strength, in COPD patients
undergoing pulmonary rehabilitation (Pako et al., 2017). Thus,
based on current knowledge, the importance of klotho in the
muscle impairment in COPD remains an interesting idea, but
with mixed evidence.

SUMMARY AND CONCLUSION

Skeletal muscle of COPD patients is characterized by an exacerbated
degree of atrophy relative to age-matched healthy subjects. They
also exhibit other manifestations of skeletal muscle impairment,
including exacerbated fatigue, weakness, a fast fiber shift,
mitochondrial dysfunction, and an accumulation of denervated
muscle fibers that is associated with a failed reinnervation
transcriptional profile. Notably, COPD patient skeletal muscle
exhibits evidence of an increased frequency of mitochondrial
permeability transition events, where recent evidence identifies
mitochondrial permeability transition as a mechanism of muscle
atrophy operating through mitochondrial ROS and caspase 3. There
are likely multiple contributing factors underlying the skeletal
muscle alterations in COPD, including chronic TS exposure,
systemic hypoxia, systemic hypercapnia, and inflammation.
Notably, smoking mouse models show that chronic TS exposure
without overt lung disease can cause muscle atrophy, mitochondrial
impairment, and neuromuscular junction alterations, underscoring
the likely role of long-term TS exposure in initiating the muscle
impairment in COPD. Furthermore, recent evidence suggests that
chronic activation of the AHR in skeletal muscle is likely to play an
important role in driving these TS-induced muscle alterations as
constitutive activation of the AHR without TS exposure
recapitulates many of the same muscle phenotypes induced by
chronic TS exposure. In addition to TS-mediated AHR activation,
the higher circulating level of the tryptophan metabolite kynurenine
seen in COPD patients, which is likely a consequence of impaired
renal function, can also activate the AHR. This suggests multiple
pathological insults involved in COPD may converge upon the
AHR in causing skeletal muscle toxicity. Although an exacerbated
accumulation of senescent cells in COPD muscle seems unlikely to
underlie the exacerbation of aging muscle phenotypes (atrophy,
mitochondrial dysfunction, denervation), reduced circulating levels
of the longevity-promoting klotho protein have been reported in
COPD and some evidence suggests this may contribute to the
adverse muscle phenotypes. In conclusion, COPD patient skeletal
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muscle alterations are likely to be driven by a combination of factors,
some of which precede COPD disease diagnosis (e.g., TS-induced
muscle alterations), and others that are part of the COPD patient’s
systemic milieu (e.g., hypoxemia, hypercapnia, inflammation) and
disease comorbidities (e.g., renal impairment). Based upon
emerging evidence, preclinical models examining the potential of
approaches targeting the mitochondrion (e.g, to inhibit
mitochondrial permeability transition) and the aryl hydrocarbon
receptor may be valuable in seeking new targeted therapies for
treating and preventing adverse skeletal muscle impact in COPD
patients.
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