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Abstract

There is increased awareness that patients with lung diseases develop
muscle dysfunction. Muscle dysfunction is a major contributor to a
decreased quality of life in patients with chronic pulmonary diseases.
Furthermore, muscle dysfunction exacerbates lung disease outcome,
as a decrease in muscle mass and function are associated with
increased morbidity, often long after critical illness or lung disease
has been resolved. As we are learning more about the role of
metabolism in health and disease, we are appreciating more the direct
role of metabolism in skeletal muscle homeostasis. Altered
metabolism is associated with numerous skeletal muscle pathologies

and, conversely, skeletal muscle diseases are associated with
significant changes in metabolic pathways. In this review, we
highlight the role of metabolism in the regulation of skeletal
muscle homeostasis. Understanding the metabolic pathways that
underlie skeletal muscle wasting is of significant clinical interest

for critically ill patients as well as patients with chronic lung disease,
in which proper skeletal muscle function is essential to disease
outcome.
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Skeletal muscle has many important
biological functions, including insulating
the internal organs, maintaining core body
temperature, and supporting movement.
Skeletal muscle makes up a significant
portion of total human body mass and is a
high-energy-consuming organ, both, at rest
and during exercise (1). Healthy skeletal
muscles display a tightly regulated
metabolic homeostasis. Altered metabolism
is associated with skeletal muscle
pathologies seen in patients with diabetes,
obesity, Pompe’s disease, pulmonary
arterial hypertension, and cancer, among
others (2-6). Skeletal muscle diseases, such
as cachexia, sarcopenia, and muscular
dystrophies, are associated with changes in
metabolism (2). Skeletal muscle alterations
and skeletal muscle wasting in patients with
lung disease contribute to a poor clinical
outcome and are associated with increased

morbidity and mortality (7-9). Recently,
various reports have pointed to the
importance of metabolism in regulating the
skeletal muscle stem cell niche, the satellite
cells. The satellite cells regulate skeletal
muscle repair and homeostasis. The aim
of this review is to discuss the role of
metabolism and skeletal muscle
homeostasis in health and disease, and,
specifically, lung disease-associated muscle
wasting, as an important contributor to
morbidity and mortality.

The Energy Demands of
Skeletal Muscle in Health and
Disease

Skeletal Muscle Energetics
Given its important role in body movement,
skeletal muscle requires high rates of cellular

metabolism and energy production. Cellular
ATP is derived from several breakdown
pathways: carbohydrates via glycolysis, fats
via the fatty acid oxidation, and proteins via
proteolysis, all leading to pyruvate and/or
acetyl coenzyme A (CoA), which, in the
presence of oxygen, are used in the
mitochondria to generate ATP via oxidative
phosphorylation (10). Skeletal muscle relies
on each of these energy-generating
processes, depending on activity status,
substrate, oxygen demand, and need for
energy (10). It is important to note that,
beyond ATP production, mitochondria
are necessary for generating metabolites
that are essential building blocks for
macromolecule synthesis, including lipids,
proteins, and sugars. Furthermore,
emerging data demonstrate that
mitochondria participate as signaling
organelles by releasing reactive oxygen
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species (ROS) to oxidize cysteine residues
in proteins to alter their function, as well as
metabolites, such as citrate, that generate
acetyl-CoA levels for protein acetylation

in the cytosol and nucleus (11, 12). The
bioenergetic, biosynthetic, and signaling
roles of mitochondria are under the control
of many processes, including fission and
fusion of mitochondria (i.e., mitochondrial
dynamics and quality control of
mitochondria, such as the balance between
mitochondrial biogenesis and mitophagy)
(13). Mitochondria dynamics are discussed
in greater detail in later sections, as
contributors to skeletal muscle
maladaptations in patients with lung
disease. Worth discussing here is the role of
autophagy in skeletal muscle mitochondrial
function and skeletal muscle repair. The
importance of autophagy in skeletal muscle
repair has been previously shown in reports
demonstrating that surviving myofibers in
a strenuous exercise model in mice are
positive for autophatic vacuoles, which

are prominent 2-7 days after strenuous
exercise, commonly recognized as the
repair phase of skeletal muscle repair

after injury (14). Furthermore, a blunted
autophagy response by 3-methyladine
treatment significantly impaired the repair
of skeletal muscle in C57BL/6 mice exposed
to myotoxic injury (15). Specifically,
expression of several autophagy-related
proteins, such as unc-51 like autophagy
activating kinase 1, was significantly greater
in injured than in uninjured muscles, and
significant recovery of muscle strength and
mitochondrial function were evident 14
days after injury in injured, control mice
compared with injured mice in which
autophagy was impaired (15). These data
suggest that an autophagic response is
important in skeletal muscle mitochondrial
function and skeletal muscle repair after
injury. In patients with chronic obstructive
pulmonary disease (COPD) and lung
cancer cachectic mice autophagy markers
are significantly elevated (16, 17). Future
studies are needed to determine whether
skeletal muscle—specific defects in the
autophagic response in lung diseases
worsen disease outcomes.

Skeletal Muscle Composition and
Energy Demands

Skeletal muscle is composed of slow-
and fast-twitch fibers that differ in the
composition of contractile proteins,
oxidative capacity, and substrate used for
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Figure 1. Skeletal muscle fiber type and metabolic demands in health and disease. Skeletal muscle
is comprised of both slow- and fast-twitch muscle fibers, and relies on glycolysis and oxidative
phosphorylation to meet its energy demands. During endurance exercise and in the diaphragm

of patients with chronic obstructive pulmonary disease (COPD), there is a switch toward a slow-
twitch myofiber phenotype and increased fatty acid oxidation. Alternatively, the skeletal muscle

of sedentary individuals, obese patients, those with diabetes or cachexia, and in the limb muscles
of patients with COPD are comprised primarily of fast-twitch myofibers, which exhibit lowered

oxidative capacity.

ATP production (Figure 1). Slow-twitch
fibers are more resistant to fatigue, have
higher oxidative capacity, and use fatty
acids as their source for ATP production.
Fast-twitch fibers fatigue easily, have lower
oxidative capacity, and use glucose as their
energy source via anaerobic glycolysis, an
inefficient ATP-generating pathway

when the O, supply is limited or impaired
(two molecules of ATP versus 32 molcules
of ATP generated by aerobic glycolysis
coupled to oxidative phosphorylation).
Therefore, skeletal muscle fiber
composition greatly impacts its metabolic
program. Skeletal muscle fiber
composition is plastic, and muscle fibers
can switch from one fiber type to
another, depending on physical activity
status/demand. For example, endurance or
aerobic exercise imposes a higher physical
and metabolic demand on skeletal muscle,
which, in turn, results in a switch from
fast- to slow-twitch skeletal muscle fiber
phenotype (1). Obesity and diabetes,
where individuals have a higher caloric
intake without an increase in energy
demand, have been shown to lead to
higher fast-twitch skeletal muscle fiber
composition (1, 18). Fiber type switching
is also observed in the diaphragm of
patients with COPD, where a fast-to-slow
fiber switch phenotype is associated with
a significantly decreased diaphragmatic
force (19). Diaphragm single-fiber

maximal specific force measurements
revealed a lower force in the fibers isolated
from patients with COPD compared with
that of patients with normal pulmonary
function test. Furthermore, type 1 fibers
from patients with COPD produced
significantly lower specific force compared
with type 2 fibers, suggesting not only a
switch in fiber type, but adaptations within
a fiber type as well (19). The increase in
slow fibers in the diaphragm of patients
with COPD is thought to be an adaptive
response that increases resistance to fatigue
(20); however, this remains a controversial
topic and an attractive area of research.
Differently from the diaphragm muscle of
patients with COPD, a slow-to-fast muscle
fiber switch is more commonly observed in
the limb muscles of patients with COPDd
and Figure 1 (21, 22). Although both
respiratory and limb muscles are affected in
patients with COPD, the limb muscles show
greater reduced function (23). Given the
varying degree of loss of function in the limb
muscles of patients with COPD, analyses of
both upper- and lower-limb muscles have
been suggested when making predictions
about the progression of skeletal muscle
wasting in patients with COPD (24).

Metabolic Maladaptations and
Disease States

Metabolic maladaptations can result in a
pathological state, and, often, the skeletal
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muscle is negatively affected. It has been
reported that skeletal muscle mitochondrial
alterations (decreased pyruvate oxidation
and increased ROS) in postoperative
patients result in insulin resistance (25). In
addition, approximately 50% of patients with
cancer develop cachexia, a severe muscle-
wasting syndrome associated with weakness
and fatigue (26-28). Indeed, C2C12
myoblasts exposed to Lewis lung
carcinoma-conditioned media displayed
decreased oxygen consumption (including
ATP-coupled oxygen consumption) and a
transient increase in ROS (without changes
in the content of mitochondrial complexes I,
11, 1V, or V) (27). Several reports have
underscored the role of mitochondrial
dysfunction in cachexia as a contributor

to muscle wasting (29-31). The various
molecular and metabolic mechanisms
underlying skeletal muscle wasting in cancer-
mediated cachexia were recently reviewed,
highlighting the cross-talk among signals,
such as atrophy, reduced protein synthesis,
increased degradation, and the respective
feedback regulation (28). In addition,
transcriptome and cytokine profiling of
human cancer-induced cachexia models in
mice revealed that cancer cells secrete
inflammatory cytokines, leading to increased
fatty acid metabolism and p38
stress—response in skeletal muscle (32).
Indeed, metabolomics profiling analyses
confirmed that cachectic conditioned media
induced lipolysis and fatty acid oxidation in
human myotubes, an effect that was fully
reversed by the pharmacological blockade of
fatty acid utilization by the specific fatty acid
import inhibitor etomoxir (32).

Adenosine Monophosphate-Activated
Protein Kinase and Metabolism

We have recently reported that activation of
adenosine monophosphate-activated
protein kinase (AMPK), a master regulator
of metabolism, leads to the up-regulation of
the muscle-specific E-3 ubiquitin ligase,
muscle-specific Ring finger protein 1, as a
result of high CO, exposure, resulting in
decreased C2C12 myotube cross-sectional
area and skeletal muscle dysfunction in
mice (33). AMPK activity is essential in
regulating the energy available to muscle
fibers by specifically regulating fatty acid
oxidation pathways (34). Activation of
AMPK by phosphorylation of threonine
172 on its catalytic domain leads to a series
of downstream signaling events, including
the phosphorylation and inhibition of the

downstream target, acetyl-CoA carboxylase.
Acetyl-CoA carboxylase inhibition, in turn,
reduces malonyl-CoA synthesis, a signal
that activates carnitine palmitoyl
transferase and increases mitochondrial
import of long-chain acyl-CoA fatty acids
in skeletal muscle, where fatty acids can be
readily used to generate ATP via oxidative
phosphorylation (34). The molecular
pathways through which AMPK affects
mitochondrial energetics and oxidative
phosphorylation are highlighted clearly in an
extensive review by Kahn and colleagues (34).

AMPK and In Vitro Skeletal Muscle
Differentiation

AMPK activation directly affects skeletal
muscle homeostasis by impairing
differentiation. Activation of AMPK inhibits
murine C2C12 myoblast differentiation

in vitro (35). 5-Aminoimidazole-4-
carboxamide ribonucleotide-mediated
activation of AMPK in C2C12 myoblasts
impairs myotube formation as early as

24 hours after exposure to low serum, an
important differentiation signal. Accordingly,
5-aminoimidazole-4-carboxamide
ribonucleotide-mediated activation of AMPK
in C2C12 myoblasts resulted in significantly
reduced levels of both embryonic myosin
heavy chain and myogenin, two well known
skeletal muscle differentiation markers (35).
New metabolic targets for the control of
myogenic differentiation in skeletal muscle
were recently identified using an RNA
interference screen of 50 known metabolic
mediators of carbon catabolism (36). This
study revealed that knockdown of three
metabolic enzymes—phosphoglycerate
kinase 1, hexose-6-phosphate dehydrogenase,
and ATP citrate lyase (Acl or Acly)—induced
differentiation in murine C2C12 myoblasts
(36). Thus, metabolic dysregulation in
skeletal muscle can have biological
consequences on skeletal muscle homeostasis
and function.

Satellite Cells and Skeletal
Muscle Homeostasis

Skeletal Muscle Repair

Skeletal muscle is a highly dynamic tissue
with ongoing cycles of injury and repair
(37). In homeostatic muscle, both injury
and repair happen simultaneously and
repeatedly. In healthy muscle, homeostasis
relies on the activity of the satellite cells, the
stem cells of skeletal muscle. Quiescent

skeletal muscle satellite cells are found
below the basal lamina. After skeletal
muscle insult or injury, the satellite cells can
re-enter the cell cycle, become activated
myoblasts, and fuse with one another to
form immature myotubes or fuse directly to
the site of muscle damage and help repair
the injured muscle (38, 39). During the
repair process, activated satellite cells give
rise not only to myoblasts, but to a
daughter satellite cell as well, replenishing
the satellite cell pool (38, 39).

Metabolic Status and Muscle Repair
Muscle satellite cells must continuously
reprogram their energy demands depending
on their activity state and caloric intake
has been shown to affect satellite cell
mitochondrial mass and oxidative capacity,
and satellite cell number (10, 40). Caloric
restriction was associated with a significant
increase in the transplant efficiency of the
satellite cells and enhanced tibialis anterior
muscle repair after freeze injury (40). A
glycolytic or oxidative metabolic status
dictates satellite cell myogenic activity (41).
Specifically, a forced shift to oxidative
metabolism by replacing glucose with
galactose in the C2C12 growth medium
results in increased nicotinamide adenine
dinucleotide (NAD")/NAD™ (reduced)
levels and significantly reduced myogenic
differentiation protein (MyoD) levels (41).
Increased NAD™ levels by nicotinamide
riboside also prevented senescence in the
Mdx mouse model of muscular dystrophy
and significantly improved muscle repair
after cardiotoxin injection, indicating a
direct role for metabolic pathway
modulation in skeletal muscle repair (42).
Genetically engineered mice that lack the
Nampt gene, a critical enzyme in the NAD
pathway, respond remarkably to
nicotinamide riboside treatment in vivo,
indicated by improvement of both muscle
mass and muscle function (43). In addition,
short-hairpin RNA-mediated reduction in
sirtuin 1 (SIRT1) levels increased global
acetylation of lysine 16 of histone 4 (a direct
SIRT1 substrate) and restored MyoD levels
in C2C12 myoblasts grown in galactose
medium, pointing to an important role for
muscle metabolism in regulating epigenetic
changes and muscle repair (41). Histone
deacetylase (HDAC) 4 expression increases
in the tibialis anterior muscle that had been
injured by cardiotoxin (44), and specific
deletion of HDACH4 in satellite cells results
in decreased expression of the satellite cell
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transcription factor, paired box protein 7,
decreased satellite cell proliferation and
impaired muscle regeneration (44). HDAC1-
deficient dogs and HDAC™'~ mice exhibit
reduced skeletal muscle mass, significantly
smaller myofiber cross-sectional area, and
significantly impaired myoblast fusion
compared with controls (45). SIRT1 has

also been shown to regulate skeletal muscle
differentiation by affecting other targets, such
as proliferator-activated receptor -y coactivator
al, MyoD, and forkhead box O1/3a (46, 47).
In critically ill patients, transcriptome analyses
revealed an enrichment of dysregulated
skeletal muscle repair genes in the modules
associated with muscle weakness and atrophy,
in both early and late intensive care unit
(ICU)-acquired weakness (48). The role of
epigenetic changes in aging satellite cells has
been shown to be a major contributor to
impaired regeneration in aged muscle as well
(1-5,7, 9, 10, 18, 25-31, 33, 35-41, 46, 47,
49-57), and only recently has this topic
attracted due attention, as the World
population continues to grow older and
sarcopenia presents many socioeconomic
challenges.

Recent studies using carbon tracing
and proteomic analyses reveal that lipid-
based metabolism contributes to increased
histone acetylation in immortalized murine
hepatocytes, where fatty acid oxidation
results in nearly all (90%) of lysine
acetylation in histones (58), further
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pointing to a critical role for metabolism-
driven epigenetic changes. Lipid
accumulation in the diaphragm of
mechanically ventilated brain-dead
patients and down-regulation of AMPK
not only help explain exacerbation of
diaphragm function due to oxidative stress
(59), but it also points out the possible role
of altered metabolism in negatively
affecting skeletal muscle gene function.

In the same study, the induction of
hyperlipidemia worsened diaphragmatic
oxidative stress in mice placed on
mechanical ventilation, whereas transgenic
overexpression of a mitochondria-localized
antioxidant (peroxiredoxin-3) significantly
protected against ventilator-induced
diaphragmatic dysfunction (59). Fatty
acid-based metabolism, hence, presents a
potential therapeutic intervention area for
proper skeletal muscle function.

Skeletal Muscle Wasting in
Lung Disease

Skeletal Muscle Metabolism and Lung
Disease

Skeletal muscle wasting in patients with lung
diseases, including COPD, acute respiratory
distress syndrome, and cystic fibrosis,
contributes to a worse outcomes and it is
associated with increased morbidity (7).
Critically ill patients continue to exhibit
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weakness, fatigue, reduced exercise capacity
(decreased 6-minute walk distance), and
loose muscle mass even after ICU discharge
and after lung recovery (8). Patients with
lung diseases suffer increased work of
breathing, and a large fraction of this
increased work is performed by the
diaphragm muscle. Diaphragm dysfunction
has been reported in patients with COPD
(60, 61). Quadriceps muscle dysfunction,
characterized by reduced force and reduced
exercise tolerance, is another hallmark of
COPD disease manifestation, even at

early disease stages (50-52). Bioenergy
maladaptations characterize diaphragmatic
muscle fibers of patients with COPD, where
a significantly higher mitochondrial
capacity is observed in all the diaphragm
fiber types of patients with COPD
compared with control subjects (62).
Furthermore, mitochondria of patients with
COPD display significant alterations in
other muscle groups as well, including the
vastus lateralis and external intercostalis
muscles (53, 63). Specifically, oxygen
consumption measurements in
mitochondria isolated from the vastus
lateralis and external intercostalis muscles
of patients with COPD revealed reduced
basal mitochondrial oxygen consumption
and reduced ATP production and increased
ROS in both muscle groups as compared
with control subjects (53). Gene expression
profiling of vastus lateralis muscle biopsies
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Figure 2. Metabolic maladaptations result in impaired skeletal muscle repair. Shown are homeostatic skeletal muscle and impaired skeletal muscle repair

after injury and/or metabolic maladaptation.
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from patients with stable COPD and
patients with acute exacerbation of COPD
revealed roughly 2,000 differentially
expressed genes between the two groups,
and further gene ontology analysis revealed
that several dysregulated transcripts
belonged to pathways involved in oxidative
phosphorylation (54). Skeletal muscle
dysfunction also plays a role in the
pathophysiology of acute respiratory
distress syndrome, and is associated with
prolonged mechanical ventilation, weaning
failure, and a markedly elevated risk of
returning to ICU after discharge, creating
a vicious cycle that leads not only to
increased hospital stay and impaired quality
of life, but also increased morbidity and
mortality (9, 55). Muscle fiber analyses
from biopsies of critically ill patients placed
on mechanical ventilation reveal significant
diaphragm muscle fiber atrophy and
reduced contractile force compared with
control subjects (64). Mitochondrial
antioxidant SS-31 treatment in rats exposed
to mechanical ventilation protects

the diaphragm from mechanical
ventilation-induced weakness (65).
Decreased quadriceps type I fiber cross-

sectional area and reduced exercise capacity
were also observed in patients with
idiopathic pulmonary arterial hypertension
(PAH) (6). In addition, mRNA expression
analyses revealed that patients with PAH
did not have any alternation in transcripts
related to mitochondrial biogenesis or
mitochondrial fission; rather, the PAH
muscle exhibited significantly reduced
levels of the mitochondrial fusion protein,
mitofusin2 (6). Hence, mitochondrial
maturation might be a contributing factor
to underlying altered metabolism in disease
states.

Understanding the metabolic
regulation of skeletal muscle repair is of
significant clinical interest for patients with
lung diseases, and could help with the design
of novel therapeutic pathways. A proposed
model for the modulation of metabolism
with respect to skeletal muscle homeostasis
is presented in Figure 2. In addition to the
traditional pharmacological interventions
for patients with COPD and other lung
diseases, attention should be redirected
toward understanding the imbalance in
metabolic state of the cells during critical
illness, where metabolism could act as a

master integrator of both extracellular and
intracellular stimuli in skeletal muscle.
Furthermore, understanding the role of
metabolism in skeletal muscle of lung
diseases, such as bacterial and viral
infection, could help identify other disease
contributing factors, besides the well
accepted aging-related changes in the
skeletal muscle of these lung disease models
(66). Conversely, longitudinal studies
elucidating the impact of aging on
metabolic and regenerative potential of
skeletal muscle are needed. Of great
importance remains the role of metabolism
in epigenetic imprinting of skeletal muscle,
where maladaptive responses can
drastically change the course of disease
progression for critically ill patients.
Although most of these therapeutic
interventions warrant further basic science
research, implementation of exercise-based
therapies, especially during the ICU stay,
might have a beneficial and long-term effect
for disease outcome in patients with lung
diseases. Hl

Author disclosures are available with the text
of this article at www.atsjournals.org.
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