\ AMERICAN JOURNAL OF PHYSIOLOGY

american i/ ) .
. . Am J Physiol Cell Physiol 322: C913-C926, 2022.
e aiogical CELL PHYSIOLOGY First published March 30, 2022; doi:10.1152/ajocell00065.2022

MINI-REVIEW

Regulatory networks coordinating mitochondrial quality control in skeletal muscle
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Abstract

The adaptive plasticity of mitochondria within a skeletal muscle is regulated by signals converging on a myriad of regulatory
networks that operate during conditions of increased (i.e., exercise) and decreased (inactivity, disuse) energy requirements.
Notably, some of the initial signals that induce adaptive responses are common to both conditions, differing in their magni-
tude and temporal pattern, to produce vastly opposing mitochondrial phenotypes. In response to exercise, signaling to per-
oxisome proliferator-activated receptor (PPAR)-y coactivator-la (PGC-1o) and other regulators ultimately produces an
abundance of high-quality mitochondria, leading to reduced mitophagy and a higher mitochondrial content. This is accompa-
nied by the presence of an enhanced protein quality control system that consists of the protein import machinery as well
chaperones and proteases termed the mitochondrial unfolded protein response (UPR™). The UPR™ monitors intraorganelle
proteostasis, and strives to maintain a mito-nuclear balance between nuclear- and mtDNA-derived gene products via retro-
grade signaling from the organelle to the nucleus. In addition, antioxidant capacity is improved, affording greater protection
against oxidative stress. In contrast, chronic disuse conditions produce similar signaling but result in decrements in mitochon-
drial quality and content. Thus, the interactive cross talk of the regulatory networks that control organelle turnover during
wide variations in muscle use and disuse remain incompletely understood, despite our improving knowledge of the tradi-
tional regulators of organelle content and function. This brief review acknowledges existing regulatory networks and summa-
rizes recent discoveries of novel biological pathways involved in determining organelle biogenesis, dynamics, mitophagy,
protein quality control, and antioxidant capacity, identifying ample protein targets for therapeutic intervention that determine

muscle and mitochondrial health.
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INTRODUCTION

The adaptive plasticity of skeletal muscle mitochondria
in response to alterations in energy demand is firmly
established. Mitochondrial content increases in response
to exercise and diminishes following periods of disuse.
These dramatic changes have an impact on the efficiency
of metabolism, substrate utilization, fatigue processes, as
well as muscle phenotype and performance. However, the
regulatory processes that control mitochondria in muscle
are incompletely understood. Novel pathways continue to
be discovered that add additional layers of complexity to
already redundant systems that are in place to mediate
changes in mitochondrial synthesis (i.e., biogenesis) and
degradation (i.e., mitophagy). Regulation of these two
arms of the organelle “turnover” pathway must be finely
tuned to refresh and maintain a high-quality organelle
pool over time. In addition, knowledge of these pathways
continues to be important for the identification of molecu-
lar targets that, if amplified, can have therapeutic benefits
for muscle health.
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REMODELING OF THE MITOCHONDRIAL
RETICULUM

Characteristics of the Mitochondrial Network

Skeletal muscle mitochondria exist in a dynamic network,
or reticulum, that is extensively distributed throughout the
cell (1), in a cell type and metabolic state-dependent manner.
For example, in contrast to muscle, such as in the liver and
kidney, mitochondria can resemble the classic, textbook
depictions as singular, oval-shaped structures (2). This differ-
ence between cell types may be a result of the unique topol-
ogy of energy utilization within elongated muscle cells, with a
dispersion of ATPases within myofibrils that span the entire
length of the cell. The energy requirements of muscle contrac-
tion require a unique mitochondrial phenotype that facilitates
the rapid, large-scale diffusion of adenosine triphosphate
(ATP), along with the propagation of the membrane potential,
which serves as the driving force for ATP synthesis (3).

The mitochondrial reticulum in muscle is capable of
expansion or fragmentation. This morphological plasticity
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is made possible by changes in the balance of organelle fis-
sion and fusion processes, resulting in the remodeling of
the organellar network in response to altered physiological
demands. Localized mitochondrial dysfunction stimulates fis-
sion, whereby a portion of the defective organelle is retracted
from the network and ultimately degraded within the lyso-
some via mitophagy. Fission is regulated by the cytosolic
GTPase dynamin-related protein 1 (Drpl), mitochondrial-local-
ized fission 1 protein (Fisl), and anchored receptors mitochon-
drial fission factor (MFF), MiD49 and MiD51. Fisl performs
outer mitochondrial membrane (OMM) fission and recruits
Drpl where it can bind to Fisl and the other receptors. Drpl
subsequently oligomerizes and arranges in a ring-like struc-
ture to break off mitochondrial fragments in a GTP-depend-
ent manner. The deletion of Drpl causes an accumulation of
dysfunctional organelles with impaired respiration, likely a
result of impaired mitophagy, and yields a severe myopathic
phenotype characterized by muscle weakness and atrophy
(4, 121). The overexpression of Drp1 also leads to these detri-
mental muscular outcomes, possibly due to the altered local-
ization of mitochondria (5, 6).

Conversely, mitochondrial membrane fusion occurs through
extension of the preexisting network. Fusion of the OMM is
orchestrated by mitofusins, mitofusin 1 (Mfn1) and mitofusin 2
(Mfn2), whereas optic atrophy 1 (OPA1) permits the fusion of
the inner mitochondrial membrane I (IMM), having a signifi-
cant impact on cristae organization. Mfn2 ablation in skeletal
muscle generates reductions in mitochondrial respiration,
observed concomitantly with increases in reactive oxygen
species (ROS) emission and muscle atrophy (7), whereas the
deletion of OPAL1 is embryonic lethal. Interestingly, balanc-
ing fission and fusion through the knockdown of Drpl in
OPAL1 knockout (KO) animals improves oxidative stress and
the muscle phenotype (8), indicating that a balance
between fission and fusion regulatory proteins is critical for
the maintenance of the organelle network.

Mitochondrial Dynamics in Exercise and Disuse

Regularly performed exercise alters the balance of regulatory
protein expression in muscle, favoring fusion and organelle net-
work formation, evident in both animals and humans (9, 10).
There are physiological advantages to this network configura-
tion, with improved mitochondrial respiration, shorter diffu-
sion distances for substrates and O,, a better platform for lipid
diffusion and subsequent oxidation, with the potential of reduc-
ing lipotoxicity and insulin resistance (11, 12). Indeed, exercise
can also serve to correct the deficits in mitochondrial dynamics
and morphology evident in cancer cachexia (13) and during
chronic muscle disuse (14). Mfn-1 and -2 appear to be critical for
this adaptation, since the absence of these isoforms in combina-
tion results in impaired oxidative phosphorylation, poor endur-
ance performance, and cannot be rescued by a period of
exercise training (15). Taken together, these data indicate that
physiologically meaningful improvements in mitochondrial
morphology occur following chronic contractile activity and a
period of exercise training, yielding a more reticular morphol-
ogy and enhanced organelle quality.

Conversely, more fragmented and “simple” muscle mito-
chondria are observed in conditions of disuse-induced atro-
phy, aging, metabolic diseases, and mitochondrial myopathies,
and contribute to decrements in organelle quality and function
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(17, 18). Denervation and hindlimb unloading, two models of
muscle disuse, produce a cellular environment that favors mi-
tochondrial fission. Reductions in the protein expression of
fusion machinery are observed, concomitant with the activat-
ing phosphorylation of Drpl in the early stages of unloading
(10, 14, 19). A prolonged period of disuse achieved with 7 days
of denervation yields in a reduced fusion:fission regulatory
protein balance (10; Table 1). The effects of muscle disuse
might be preventable via muscle preconditioning by perform-
ing an exercise training protocol before unloading. This could
attenuate the detrimental alterations in mitochondrial dy-
namics and rescue reductions in mitochondrial content and
respiration brought on by disuse (14). Collectively, these find-
ings illustrate the importance of consistent network remodel-
ing and the optimal regulation of mitochondrial distribution
as a necessary facet of mitochondrial quality control in skele-
tal muscle.

MITOCHONDRIAL BIOGENESIS

Regulation of Mitochondrial Biogenesis

Changes in mitochondrial volume in muscle are mediated
by transcriptional regulators that induce a host of nuclear- and
mitochondrially encoded genes. The synthesis of mitochon-
dria requires ~1,200 protein gene products, with the vast ma-
jority originating from the nucleus, and an additional 13
protein gene products transcribed from mtDNA (52). Thus,
changes in functional mitochondrial content necessitate the
coordinated expression of both nuclear- and mitochondrially
derived genes. Here, we briefly highlight the important roles of
traditional and newly uncovered regulators of mitochondrial
biogenesis under conditions of exercise and disuse.

PGC-1o.

The transcriptional coactivator peroxisome proliferator-acti-
vated receptor (PPAR)-y coactivator-1a. (PGC-1a) has long been
heralded as the master regulator of mitochondrial biogenesis
(53). PGC-1a drives the expression of genes transcribing respi-
ratory complex subunits, protein import machinery (PIM),
and antioxidants via its interaction with various transcription
factors, such as PPAR«/3, transcription factor (TF)p1, estrogen-
related receptors (ERRs) and perhaps most notably, nuclear re-
spiratory factors-1 and -2 (NRF-1 and -2), which regulate the
expression of the transcriptional regulator mitochondrial tran-
scription factor A (TFAM; 120, 122). Overexpression of PGC-1a.
augments mitochondrial content and the proportion of type I
fibers, culminating in enhanced endurance capacity and fa-
tigue resistance (54). Conversely, studies using PGC-1o. KO ani-
mals, or using in vitro PGC-1a silencing, reveal reductions in
mitochondrial content and quality (55), and a muscle-specific
shift in fiber type composition toward a more glycolytic phe-
notype (56). An isoform of PGC-1, PGC-1B, is also capable of
regulating the expression of nuclear-encoded mitochondrial
genes, although PGC-1p KO studies indicate that PGC-1o. may
be the predominant regulator of mitochondrial biogenesis
(57). In addition, PGC-1a splice variants also add complexity to
the molecular adaptations of muscle to exercise. Transcription
of the alternative promoter of PGC-1o and subsequent splicing
yields PGC-104, responsible for inducing IGF-1 expression, in
contrast to the classic oxidative phosphorylation (OXPHOS)

AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


http://www.ajpcell.org

() MITOCHONDRIAL QUALITY CONTROL IN SKELETAL MUSCLE

Table 1. Summary of signaling and changes in mRNA and protein expression leading to mitochondrial adaptations in
response to short-term and long-term exercise training or disuse in skeletal muscle

Exercise Training Disuse
Early Late References Early Late References

Signaling

Cytosolic Ca®* 1 . (20) 1 7 (1)

ROS emission 1 l (22, 23, 24) 1 1" (25, 26, 27)

AMPK activation ™ i (22, 28, 29) 1 1 (14, 30, 31)
mRNA

PGC-1a 1 — (24, 28) l l (14, 30)

p53 1 1 (24,32) T 1 (30)

TFAM 1 — (24, 32) l 1 (30, 33)

Nrf2 1 i (34, 35) 1 il (26, 30, 36)

UPR™ 1 1 (37, 38) ? l (39)
Proteins

PGC-1a 1 " (24, 40) l 1 (14, 26, 27)

p53 i 1 (24, 47) T T (30)

TFAM 1 — (24, 28) l 1 (27)

Nrf2 1 ? (42, 43, 44) 1 ! (45, 46)

UPR™ ? i (37, 38) l T (39, 47)
Processes

Fusion:fission ratio 1 i (9,10) ! l (10, 14, 48)

Mitophagy 1 l (22, 23, 49) 1 ! (25)
Cellular outcomes

Mitochondrial content 1 " (23, 37, 40) l 1 (33, 47)

Mitochondrial respiration 1 " (23, 50) ! 1 (25)

Mitochondrial network expansion 1 " (1, 51) l ! (10, 48)

Mitochondrial network fragmentation ? l (1, 51) 1 T (10, 48)

AMPK, AMP-activated protein Kinase; Nrf2, nuclear factor erythroid 2-related factor 2; PGC-1a, peroxisome proliferator-activated receptor
gamma co-activator-1 alpha; ROS, reactive oxygen species; TFAM, mitochondrial transcription factor A; UPR™", mitochondrial unfolded pro-
tein response. 1, increase; 11, further increase; |, decrease; ||, further decrease; <, no change; ?, still in question.

targets of PGC-1a, thereby promoting hypertrophy in response
to resistance exercise (58). In addition, endurance exercise
stimulates the transcription of the PGC-1o-b and PGC-1a-c var-
iants originating from the alternative promoter, which may
account for the majority of the total increase of PGC-1lo« mRNA
with acute exercise (59). However, although PGC-1a protein
expression is sufficient to drive changes in mitochondrial con-
tent and function, its presence is not necessary for mitochon-
drial biogenesis in muscles subjected to exercise (60).

TFAM.

The regulation of TFAM by PGC-1a provides a mechanism in
which mtDNA gene expression can parallel the transcription
process occurring at the nucleus. TFAM facilitates the tran-
scription of mitochondrially encoded genes by unwinding the
mtDNA promotor region for the binding of transcriptional reg-
ulators within the D-loop region (61). In addition, TFAM medi-
ates mtDNA replication and packaging (62), promoting
enhanced mtDNA copy number and stability to match the
increasing mitochondrial volume during biogenesis. The ab-
sence of TFAM results in embryonic lethality in knockout mice
(63), and even partial knockdown of TFAM results in decreases
in mtDNA copy number and mitochondrial respiration, result-
ing in negative consequences for muscle force production (63,
64). However, overexpression of TFAM is also deleterious, per-
haps as a result of excessive DNA compaction resulting in sup-
pression of DNA transcription. This suggests the importance of
maintaining TFAM at optimal levels within the organelle.

p53.

Widely regarded as a potent tumor suppressor protein impli-
cated in a variety of cancers since its discovery 40 yr ago, the
functions of p53 as a contributor to mitochondrial turnover
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are now being appreciated (24, 39). p53 influences the tran-
scription of genes encoded by both the nuclear and mito-
chondrial genomes, whereas also physically interacting with
TFAM in the mitochondrion and modulating mtDNA tran-
scription (32). Coinciding with changes in gene expression,
the mitochondrial localization of p53 and binding to TFAM
on mtDNA is observed in the recovery period, notably 3 h
postexercise (32). The transcription factors PGC-1a, TFAM,
NRF-1, the assembly factor SCO2, and mitochondrially
derived cytochrome c oxidase subunit II (COX-II) are some of
the downstream targets of p53, establishing a role for this
protein in the maintenance of mitochondrial content and
function basally, and under stress conditions (28, 39). Whole
body p53 knockout animals display reduced basal mitochon-
drial content, diminished COX enzyme assembly, and poor
organelle function in muscle (65, 66). However, muscle-spe-
cific p53 knockout mice do not harbor the same degree of mi-
tochondrial derangements (24, 67), supporting the existence
of pathway redundancies in the basal regulation of mito-
chondrial biogenesis in muscle. Nevertheless, the impor-
tance of p53 in organelle homeostasis in muscle is further
underscored when assessing mitochondrial adaptations
under stress conditions such as exercise or disuse.

Mitochondrial Biogenesis in Exercise and Disuse

The signaling for mitochondrial biogenesis in skeletal mus-
cle is fine-tuned to the imposed energy demands, which
change dramatically during exercise or inactivity. A single
exercise bout elicits a myriad of intracellular changes that con-
verge on the upstream activators described earlier. For
instance, during exercise, an increase in cytosolic Ca?*, the
rapid hydrolysis of ATP into AMP, and transient increases in
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Figure 1. Mitochondrial biogenesis and
fusion. A: muscle contraction evokes the rise
of intracellular signals to promote mitochon-
drial biogenesis. These include cytosolic
Ca2+, ROS, and AMP levels, the latter arising
as a product of ATP turnover. B: these signals
activate kinases including AMPK, as well as
phosphatases and other enzymes to promote
posttranslational modifications (PTMs) of tran-
scription factors that converge to facilitate the
transcription of PGC-1a. and other regulators.
C: the activation of AMPK stimulates the nu-
clear activity of PGC-1a.. PGC-1ae enhances the
transcriptional function of many nuclear recep-
tors present on the promoters of NUGEMPs. D:
upon the transcription of NUGEMPs, mRNAs
exit the nucleus and are translated into pro-
teins on cytosolic ribosomes. These gene
products, including TFAM, are imported
through TOM and TIM channels in the OM and
IM, respectively. E: once imported, these pro-
teins can serve enzymatic functions, or in the
case of TFAM, bind to mtDNA and act as a
transcription factor for mtDNA-derived electron
transport chain complex subunits. The mito-
chondrial localization of p53 is also induced,
forming a complex with TFAM on mtDNA. F:
in organelle fusion, OPAT1 facilitates expan-
sion of the IM, whereas Mfn1 and 2 permit
fusion of the OMs of adjacent organelles,
resulting in the expansion of the mitochondrial
reticulum. MDPs from the mitochondrial ge-
nome, such as MOTS-c, activate transcription
factors to promote the expression of
NuGEMPs. G: conversely, a lack of contractile
activity during muscle disuse results in similar
initial intracellular signals as during exercise,
but their patterns and temporal durations dif-
fer markedly. Notably, there is an absence of
ATP turnover-driven signaling, which removes
the drive for mitochondrial biogenesis, leading
to reduced mitochondrial content and quality
(red line). ADP, adenosine diphosphate; AMP,
adenosine monophosphate; AMPK, AMP-acti-
vated protein kinase; ATP, adenosine triphos-
phate; ETC, electron transport chain; IM, inner
membrane; Mfn1/2, mitofusins 1 and 2; MOTS-
¢, mitochondrial ORF of the 12S rRNA type-c;
mtDNA, mitochondrial DNA; NUGEMPs, nuclear
genes encoding mitochondrial proteins; OM,
outer membrane; OPA1, optic atrophy protein 1;
PGC-1a, peroxisome proliferator-activated re-
ceptor gamma co-activator-1 alpha; ROS, reac-
tive oxygen species; TFAM, mitochondrial
transcription factor A; TIM, translocase of the
inner membrane; TOM, translocase of the
outer membrane.
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ROS associated with contractile activity stimulate a plethora of and enhanced DNA binding to influence transcription. The
kinases, (Fig. 1; Table 1), which are each capable of activating cumulative effect of many acute exercise signaling events
PGC-1a (68, 69). Furthermore, PGC-1a, pS3, and TFAM are sub-  increases the expression and activity of these key biogenesis
ject to posttranslational modifications, promoting their pro- regulators, leading to the coordinated upregulation of both nu-
tein stability, or their nuclear or mitochondrial localization, clear and mitochondrially encoded genes (32), culminating in
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their enhanced protein expression with multiple exercise
bouts in both animals (70, 71) and humans (72; Table 1). As a
result, chronic exercise promotes enhanced mitochondrial vol-
ume and respiratory chain function, thereby improving mus-
cle metabolic health.

In contrast to the mitochondrial augmentation observed
with exercise, chronic muscle disuse results in reduced biogen-
esis, perhaps in an effort to prevent the maintenance of redun-
dant organelles that may become toxic to the cell if no longer
utilized effectively (73). Various models of chronic muscle dis-
use such as denervation, immobilization, hindlimb suspen-
sion, and even ventilator-assisted respiration diminish the
contractile stimulus or abolish it entirely (74). Interestingly,
elevations in cytoplasmic calcium and ROS are also observed
during periods of muscle disuse in rodent models accompany-
ing decrements in mitochondrial respiration (21, 25; Table 1),
whereas these changes are not always observed in human sub-
jects (75). It is important to note that the magnitude and tem-
poral nature of these signals differ markedly from the transient
changes observed with bouts of contractile activity (Fig. 1;
Table 1). These discrepancies in molecular signaling during
both physical activity and disuse generate divergent outcomes
with regard to changes in mitochondrial content and organelle
quality (Fig. 2). Further, there is no increase in contractile ac-
tivity-induced ATP turnover during disuse, which suggest this
as a dominant signal in mediating upward changes in mito-
chondrial content, as predicted earlier (76, 77). In the absence
of contraction-induced signaling, there are reductions in mito-
chondrial content, a culmination of the reduced protein
expression of PGC-1a, TFAM, and other regulators (27; Table 1).
Interestingly, pS3 expression is elevated during muscle disuse,
mitigating a further decline in mitochondrial content, and it is
required for mitophagy and organelle turnover to help prevent
the accumulation of dysfunctional organelles in the absence of
contractile activity (39).

Additional Regulators of Mitochondrial Biogenesis

Although PGC-1a, TFAM, and p53 are established, tradi-
tional rheostats of mitochondrial turnover, recent exciting
work has revealed the influence of other potential regulators
in muscle. For example, chronic exercise has been shown to
elevate levels of the cytokine IL-13, which seems to be required
for endurance training-induced mitochondrial biogenesis.
Although its direct mechanism of regulation is incompletely
understood, it is proposed that IL-13 acts via the signal trans-
ducer and activator of transcription 3 (STAT3)-ERRa/y axis to
mediate the expression of a wide variety of mitochondrial
genes (78, 79). Further, the synthesis and secretion in muscle
of brain-derived neurotrophic factor (BDNF) during exercise
have important benefits for neural health, whereas also regu-
lating aspects of mitochondrial quality control in muscle (80).
In addition, short open reading frames (SORFs) encoded
within the mitochondrial genome have been recently shown
to produce bioactive mitochondrial-derived peptides (MDPs)
with a range of physiological functions (81). Mitochondrial
OREF of the 12S rRNA type-c (MOTS-c) is an exercise-inducible,
muscle-derived MDP. The activation of MOTS-c appears to be
acute in nature during exercise stress. Although increased lev-
els of muscular MOTS-c are evident immediately postexercise,
levels of this MDP increase in the blood during the exercise
bout (81). MOTS-c regulates nuclear-encoded mitochondrial
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gene expression, facilitated by its AMP-activated protein kinase
(AMPK)-dependent nuclear translocation upon metabolic
stress (82), and is thus regarded as a novel “mitokine” that acts
as a regulator of adaptation to metabolic stressors (82) and
physical capacity (81). Recent studies of vitamin D receptor
(VDR) expression have revealed that its decreased expression is
associated with muscle atrophy-inducing conditions, in which
mitochondrial content and function are also diminished (83).
The aging process is associated with elevations in prostaglan-
din E2 (PGE2)-degrading enzyme (15-PGDH), which acts to
reduce the levels of prostaglandin E2 (PGE2) in muscle.
Normal levels of PGE2 are required for the incorporation of
muscle stem cells into myofibers to promote muscle growth
(84). Inhibition of 15-PGDH in aged muscle results in improve-
ments in muscle mass, mitochondrial content and function,
possibly via the activation of transcriptional regulators with
CcAMP response elements in their promotors, such as PGC-1a
(84). Finally, the ablation of neuromedin B (NMB), a bombesin-
like peptide that binds to the NMB receptor (NBR), improves
mitochondrial content and oxygen consumption in the skeletal
muscle of female mice (85). These findings are in line with pre-
vious data observing that NBR KO mice exhibit partial meta-
bolic resistance to obesity induced by a high-fat diet (86). In
summary, the discovery of these novel regulators expands the
existing knowledge of the signaling networks coordinating mi-
tochondrial quality in skeletal muscle, and may be exploitable
in the future for therapeutic metabolic purposes.

MITOPHAGY
Mitophagy

The maintenance of an optimal mitochondrial pool within
muscle requires a mechanism, whereby mitochondria of poor
quality (i.e., with reduced respiration, elevated ROS emission,
and/or impaired membrane potential) are actively removed
from the reticulum through events of organelle fission to yield
small fragments for their eventual degradation at the lyso-
some, a process termed mitophagy. A number of signaling
mechanisms coordinate the selection of mitochondria for deg-
radation via mitophagy, and interestingly, these signals also
provoke organelle biogenesis (Figs. 1 and 2), illustrating the
possibility of coordinated control of organelle turnover.

The most well-described pathway for mitophagy in muscle
involves PTEN-induced putative kinase 1 (PINK1) and Parkin,
whereby PINK1 accumulates on the OMM upon its attenuated
import with the loss of the organelle membrane potential. The
autophosphorylation of PINK1 (87) and subsequent phospho-
rylation of ubiquitin recruit the E3 ligase Parkin, which polyu-
biquitinates various OM proteins. This serves as a flag to
recruit the growing autophagosomal membrane. These ubig-
uitin chains then tether the dysfunctional cargo to the auto-
phagosome via adaptor proteins, such as p62 and optineurin,
which connect ubiquitin to microtubule-associated protein
1A/1B-light chain 3 (LC3)-II present in the autophagosome
(88). Ubiquitin-independent signaling methods also exist and
rely on the phosphorylation of receptors present on the outer
membrane, such as BNIP3, NIX, AMBRAI1, and FUNDCI, to
directly bind the organelle to LC3-I1.

As the terminal site for all autophagy-related processes, the
quantity and quality of lysosomes must be considered when
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Figure 2. Mitophagy and mitochondrial fission. A:
increases in cytosolic Ca®* and AMPK activation
during exercise promotes the nuclear transloca-
tion of TFEB. TFEB binds to the promoter of lyso-
somal genes to promote lysosomal biogenesis. B:
AMPK phosphorylation also induces the activation
of PGC-1a,, which can promote the nuclear translo-
cation of TFEB and aid in the transcription of lyso-
somal genes. C: AMPK promotes the initiation of
autophagy, including the activation of LC3-ll and
nucleation of the phagophore with bound LC3-lI
and the adaptor protein p62. D: mitochondrial dys-
function, including elevated ROS emission and a
drop in membrane potential prevents the import '
of PINK1, which accumulates on the OM to recruit ‘
parkin. Parkin ubiquitinates OM proteins that will
attach the dysfunctional organelle to the growing
phagophore via p62. E: the organelle is removed
from the network in the fission process by Drpf,
Fis1, and MFF. Fis1 is bound to the OM, whereas
Drp1 is recruited from the cytosol and binds to
MFF. Drp1 oligomerizes around the constriction
site to break off a mitochondrial fragment. F: sub-
sequently, the mitochondrion is enveloped in the
double-membraned autophagosome, which fuses
to the lysosome via LAMP1 and 2 for degradation.
G: mitophagy is also induced during muscle dis-
use, in part as a result of increased ROS-induced
AMPK activation. These signals promote FOXO3
nuclear translocation, which induces the transcrip-
tion of autophagy genes, contributing toward the
mitophagic degradation of mitochondria during
disuse. It is important to note that both the pattern
and duration of intracellular signals during exer-
cise and disuse ultimately influence downstream
signaling, generating differences in the cellular
outcomes in each condition. Green arrows repre-
sent signaling during exercise, whereas the red
arrows indicate that during disuse. AAs, amino
acids; AMPK, AMP-activated protein kinase; A¥m,
mitochondrial membrane potential; Drp1, dynamin-
related protein 1; ETC, electron transport chain;
Fis1, mitochondrial fission 1 protein; FOXO3, fork-
head box protein O3; LAMP1/2, lysosomal-associ-
ated membrane protein 1and 2; LC3, microtubule-
associated protein 1A/1B-light chain 3; MFF, mito-
chondrial fission factor; OMM, outer mitochondrial
membrane; PGC-1o, peroxisome proliferator-acti-
vated receptor gamma co-activator-1 alpha; PINK1,
PTEN-induced putative kinase 1; ROS, reactive ox-
ygen species; TFEB, transcription factor EB.

discussing the regulation of mitophagy. These organelles are
replete with enzymes responsible for recycling the autophago-
somal cargo into its constituents. Lysosomes are primarily
regulated by the microphthalmia family of transcription

Autophagy
genes

Fission

factors, of which TFEB and TFE3 appear to be the most im-
portant. Upon activation, TFEB and TFE3 translocate into the
nucleus to regulate the transcription of autophagy-related
and lysosomal genes (89). Impairments in lysosomal function

CI18 AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


http://www.ajpcell.org

() MITOCHONDRIAL QUALITY CONTROL IN SKELETAL MUSCLE

can result in declines in autophagy and the accumulation of
indigestible material known as lipofuscin, common in aging
and prolonged muscle disuse (90, 91).

Mitophagy in Exercise and Disuse

Concomitant with the transient increases in the expression
of genes regulating mitochondrial dynamics and biogenesis, a
single bout of exercise is capable of initiating mitophagy signal-
ing in both human (92) and animal models (22, 93; Table 1).
The classic exercise-induced intracellular signals (Figs. 1 and 2)
also serve to stimulate mitochondrial degradation during con-
tractile activity. The energetic imbalance brought on by ATP
hydrolysis and the formation of AMP stimulates AMPK, a ki-
nase that seems to be required for exercise-induced mitophagy
(22; Table 1). AMPK coordinates 1) the formation of the auto-
phagosome (22), 2) the nuclear localization of TFEB and TFE3,
and 3) it appears to also localize to mitochondria to stimulate
exercise-induced mitophagy (94). ROS have been shown to aid
in the intralysosomal breakdown of organelles via sensitization
of MCOLN1, the lysosomal calcium channel, although the
increase in cytoplasmic Ca®*, either via the lysosome or the
sarcoplasmic reticulum, activates calcineurin, serving to de-
phosphorylate TFEB and TFE3 and allowing their nuclear
translocation (95). As discussed earlier, these signals also con-
verge to activate PGC-1o, which may help to coordinate the
induction of mitophagy following exercise (93), as it is known
to impact TFEB transcription and cellular localization (96).

Although multiple mitophagy pathways are stimulated with
acute exercise, Parkin seems to be required for initiating
mitophagy flux in muscle, suggesting that it acts as the pre-
dominant pathway in this tissue (97, 98). The overexpression
of Parkin is also protective against the metabolic decrements
and muscle atrophy observed in aging muscle, likely by
enhancing mitochondrial clearance (99). When exercise is
repeated in the form of endurance training, phenotype
changes not only include an increase in mitochondria but are
also accompanied by augmentations in lysosomal content,
increasing the capacity for cellular recycling (23). Despite this,
exercise-induced mitophagy flux is unchanged or even
reduced following training in comparison with untrained
muscle (23, 49). The reason for this appears to be attenuated
cellular signaling in muscle with a high mitochondrial content
and quality (29), resulting in a lower stimulus for mitophagy
(and biogenesis) pathway activation. Nonetheless, with train-
ing, muscle cells have adapted to the appropriate machinery
and are primed for mitochondrial clearance, improving the
capacity of the cell to maintain optimal organelle quality in
response to a future stressor.

In contrast, conditions of muscle disuse result in mitochon-
drial dysfunction and concomitant atrophy. Mitochondrial
content diminishes within the first week, accompanied by
early increases in mitophagy flux, in concert with the expres-
sion of numerous lysosomal proteins (39, 100). Subsequently,
a decline in mitophagy markers has been observed, indicating
possible impairments in the autophagy machinery during
more prolonged disuse (25, 101; Table 1). However, it should be
noted that some groups have reported increased mitophagy
with disuse, for example during 14 days of hindlimb unload-
ing, likely stemming from divergent approaches used to mea-
sure mitophagy flux (102). Since mitochondrial dysfunction is
universally apparent with disuse, it seems that the need for
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clearance does not match the capacity for degradation. The
appearance of undigested lipofuscin and autophagosomes
accumulated in muscle supports this concept (91), indicating
that the terminal stages of autophagy, including autolysoso-
mal fusion and degradation, may be impaired. Whether the
enhanced expression of lysosomal proteins, or enhanced lyso-
somal activity, could also prove to be therapeutic in muscle
wasting associated with disuse and aging remains to be estab-
lished and is an exciting direction for future work.

MITOCHONDRIAL PROTEIN QUALITY
CONTROL

Mechanisms of Protein Quality Control

Mitochondria are equipped with internal protein machin-
ery that trigger adaptive responses during stress to sustain or-
ganelle protein homeostasis. In this respect, the regulation of
protein quality control (PQC) is of great interest, since the
accumulation of toxic protein aggregates is associated with
many disease states, particularly noteworthy in neurodegen-
eration. PQC involves the correct import, targeting, folding,
and turnover of proteins, in appropriate stoichiometry, to
maintain optimal respiratory chain function. To facilitate
this, a specialized protein import machinery (PIM) is localized
in the outer and inner membranes as the translocase of the
outer membrane (TOM) and translocase of the inner mem-
brane (TIM) complexes, respectively, for the selective import
of proteins toward specific mitochondrial sub-compartments
(103). Within the organelle, chaperones such as 60 kDa heat
shock protein (HSP60), HSP10, and mtHSP70 act to mobilize
and refold proteins, whereas proteases in the matrix such as
lon protease 1 (LONP1), caseinolytic mitochondrial matrix
peptidase proteolytic subunit (ClpP), and membrane-bound
m-ATPase associated with diverse cellular activities (m-AAA)
protease serve to degrade unwanted and misfolded proteins.
An additional family of proteases exists in the intermembrane
space (IMS) to also serve this function, including presenilins-
associated rhomboid-like protein (PARL), YME1 like 1 ATPase
(YMEIL1), high-temperature requirement factor A2 (Htra2/
OMI), and OMA1. These proteases monitor protein quality,
and they are also involved in determining cell fate. For exam-
ple, IMS proteases cleave OPALl to influence mitochondrial
morphology (4), PARL modulates mitophagy by degrading
PINK1 (104), and LONP1 is responsible for the degradation of
TFAM to maintain optimal levels of this transcription factor,
thereby modulating mtDNA transcription (105).

The Mitochondrial Unfolded Protein Response (UPR™)

The mitochondrial unfolded protein response (UPR™) is a
PQC mechanism, involving the increased expression of proteo-
static enzymes in response to various forms of mitochondrial
dysfunction. It also invokes retrograde signaling to the nucleus
to trigger an adaptive transcriptional program with the aim of
improving protein folding capacity and mitochondrial func-
tion (106). The upregulation of the UPR™" -regulating activat-
ing transcription factors ATF4, ATF5, and CHOP, as well as
expression of UPR™ machinery in muscle, is observed in mito-
chondrial myopathy (107) and during high-fat feeding (108),
two conditions characterized by decrements in respiration
and increases in ROS emission. Investigations of the UPR™
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and implications for the regulation of mitochondrial function
have thus far been largely carried out in cardiac muscle.
Activation of the UPR™ mediates mitochondrial recovery dut-
ing cardiac ischemia-reperfusion injury, an outcome that is
reliant on the expression of ATF5 (109), which localizes to the
nucleus to aid in the transcription of UPR™ genes during mi-
tochondrial stress (106). This novel protective role of ATF5
may be reliant on PGC-1a, creating a link between the regula-
tion of protein homeostasis and organelle biogenesis (110).

Adequate function of both the protein import system and
resident mitochondrial PQC enzymes is imperative for the
maintenance of organelle quality in muscle. For example, abla-
tion of the proteases LONP1 or CIpP, or of chaperone HSP60,
elicits the development of severe clinical mitochondrial cyto-
pathies, triggered by respiratory chain defects, ROS production,
and a loss of mtDNA, manifesting in myopathy and cardiomy-
opathy (111, 112). In particular, the muscle-specific loss of
LONPI1 generates a detrimental phenotype characterized by
atrophy, weakness, reduced oxidative capacity, function,
and excessive mitophagy (113). Alternatively, the attenua-
tion of protein import by knocking down a component of
the TIM complex, Tim23, induces the expression of UPR™
targets in muscle and increases ROS emissions, indicative
of mitochondrial dysfunction (103). Although research in
this area remains in its infancy, these findings demonstrate
that the molecular machinery in PQC has a significant role
in the maintenance of mitochondrial homeostasis, promot-
ing the health of mammalian striated muscle.

Mitochondrial Protein Quality Control in Exercise and
Disuse

Recent work using chronic contractile activity in rodents
has shown that UPR™ activation and expression of mitochon-
drial chaperones precedes organelle biogenesis signaling (37).
Treadmill training also improves the expression of UPR™
markers in aged rodents, coinciding with improvements in
mitochondrial content (38; Table 1). Chronic exercise also
blunts the increases in UPR™ gene expression in response to
an acute bout of exercise. This is indicative of attenuated pro-
teotoxic stress during contractile activity due to a larger abun-
dance of protective PQC machinery, as an adaptation to
transient spikes in UPR™" signaling, affording long-term pro-
tection against stress (114). The “mito-nuclear balance,” refer-
ring to the stoichiometric proportions of proteins encoded by
the nuclear and mitochondrial genomes, may also be used as
an assessment of mitochondrial PQC. It appears that endur-
ance-trained individuals retain a smaller mito-nuclear protein
ratio in comparison with untrained subjects, suggesting that
improved PQC with chronic exercise may contribute to
improved mitochondrial content and aerobic capacity (17).

In contrast to the response evident with exercise, the phe-
notype brought about by chronic muscle disuse is one of the
poor quality organelles, despite the enhancement of mitopha-
gic processes. Using denervation as a model of disuse, recent
findings indicate that the muscle-specific ablation of LONP
expression, a downstream UPR™ target of ATF5, exacerbates
denervation-induced reductions in muscle size and strength
(113). Furthermore, denervation results in the induction of
UPR™" protein targets, and in particular, induces the rapid nu-
clear localization of ATF5 (39; Table 1). These findings occur
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in conjunction with enhanced autophagy and signaling to-
ward lysosomal biogenesis, intertwining the UPR™ with other
established mitochondrial quality control pathways in the
molecular response to energetic stress in muscle disuse.

COORDINATION OF MITOCHONDRIAL
REDOX MECHANISMS

Antioxidant Machinery

The antioxidant system protects the cellular environment
from excessive ROS production, thus preserving the integrity
and quality of the mitochondrial reticulum. However, when
produced in moderate amounts, ROS act as signaling mole-
cules to regulate antioxidant enzyme expression and mitoph-
agy. Thus, there is a necessity for ROS levels to be tightly
controlled in the balancing act of regulating muscle and mito-
chondrial health.

At the forefront of antioxidant signaling is the transcription
factor nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2 is
normally sequestered in the cytoplasm by its negative regula-
tor Keapl, rendering it inactive and prone to degradation by
the proteasome. Oxidative stress disrupts Nrf2-Keapl binding
to promote Nrf2 nuclear translocation and the subsequent
transcription of antioxidant genes (34). In the nucleus, Nrf2
heterodimerizes with small Maf proteins, which bind to anti-
oxidant response element (ARE) sequences on the promoter
region of target genes, including antioxidant enzymes such as
NAD(P)H quinone dehydrogenase 1 (NQO1) and heme oxygen-
ase-1 (HO-1; Fig. 3). Surprisingly, the ablation of Nrf2 does not
appear to influence basal mitochondrial content and quality
in muscle (43). This suggests the existence of pathway redun-
dancies in mitochondrial redox control in muscle. However,
the value of the Nrf2-Keapl system is more evident under con-
ditions in which ROS are modulated across a wider range,
such as that which occurs during exercise, disuse, and aging.

Nrf2 and Antioxidants in Mitochondrial Adaptations to
Exercise and Disuse

Coinciding with increases in mitochondrial ROS emission,
an acute bout of exercise enhances Nrf2-ARE binding (43),
and increases Nrf2 and HO-1 mRNA (34, 115; Table 1).
However, whether Nrf2 protein is increased with training
remains in question (43, 115). In conditions of enhanced phys-
iological demand such as acute and chronic exercise, Nrf2 is
required for the upregulation of antioxidant capacity (34), mi-
tochondrial content, bioenergetics (116), as well as improve-
ments in muscle mass and function (117). Recent work has
also shown that Nrf2 also mediates fission by regulating the
stability of Drpl, contributing to training-induced improve-
ments in mitochondrial morphology. Furthermore, treatment
with the Nrf2 activator sulforaphane rescues mitochondrial
dysfunction and the sarcopenic phenotype in aged animals,
improving exercise capacity and reducing frailty (116).

Chronic disuse, including during spaceflight, denervation,
and hindlimb unloading, results in increases in Nrf2 within
muscle, most likely serving to counteract increases in ROS
emission that occur under these conditions (118, 119). Hindlimb
unloading for 3 days upregulates Nrf2, but is reduced by day 7,
coinciding with the opposite pattern observed in H,O, emis-
sion (26; Table 1). In fact, the loss of Nrf2 during disuse
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C 2 @ Figure 3. Antioxidant capacity and protein
§ quality control. A: contractile activity and mus-
P . cle disuse both induce signaling toward the
expression of antioxidant and mitochondrial
protein quality control machinery. B: increased
« ROS production causes the disassociation of
% the transcription factor Nrf2 from inhibitory
KEAP1 to promote its nuclear translocation.
Binding to ARE elements on DNA, Nrf2 pro-
Anti-oxidation motes the transcription of antioxidant genes
including NQO1 and HO-1. C: these enzymes
contribute toward ROS scavenging in the cyto-
sol. D: mitochondrial PQC encompasses the
import, folding, transport, and degradation of
proteins within the organelle. Matrix chaper-
ones include mtHSP70 and HSP60, which
assist in the import and folding of proteins.
LONP, ClpP, and membrane-bound m-AAA are
matrix proteases, whereas those in the IMS
include PARL, OMI, OMA1, and membrane-
bound YMEIL1. E: the efflux of peptides into the
cytosol derived from ClpP-mediated proteolysis
is suggested to inhibit the mitochondrial import
of the transcription factor ATF5, subsequently
prompting its nuclear localization. There, ATF5
binds to UPR™ elements on DNA and assists in
the transcription of UPR™ genes, as a retro-
grade signal from the mitochondrion. F: these
UPR™ genes include mtHSP70, HSP60, and
LONP, which are then imported to enhance the
proteomic folding and handling capacity of the
organelle. ARE, antioxidant response element;
ATF5, activating transcription factor 5; ClpP,
caseinolytic mitochondrial matrix peptidase
proteolytic subunit; FOXO3, forkhead box O3;
HO-1, heme oxygenase-1; HSP60, 60 kDa heat
shock protein; Htra2/OMI, high-temperature
requirement factor A2; IMS, intermembrane
space; KEAP1, kelch-like ECH-associated pro-
tein 1; LONP, lon protease; Maf, muscular apo-
neurotic fibrosarcoma; mtHSP70, 75 kDa
mitochondrial heat shock protein; NQO1, NAD
(P)H quinone dehydrogenase 1; Nrf2, nuclear
factor erythroid 2-related factor 2; PARL, prese-
nilins-associated rhomboid-like protein; PQC,
protein quality control; UPR™, unfolded protein
response; YMEIL1, YME1 like 1 ATPase.
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aggravates increases in oxidative stress (36) and shifts metabo-
lism toward glycolysis (118) but does not influence the degree
of muscle atrophy (118). Collectively, these findings implicate
the Nrf2 regulatory network alongside mitochondrial dynam-
ics, turnover, and PQC in the maintenance of mitochondrial
and skeletal muscle health with exercise, and in the ROS-
induced myopathic phenotype during inactivity.

CONCLUSION

Coordinated by multiple branches of regulatory signaling,
the morphology, quantity and quality of mitochondria are
subject to significant regulation basally and during physio-
logical stressors, granting muscle with its infamous mallea-
ble nature. Understanding the traditional pathways, and
discovering novel biological networks that coordinate mito-
chondrial fine-tuning in skeletal muscle, including organelle
remodeling, biogenesis, mitophagy, PQC, and antioxidant
capacity is essential in interpreting the molecular adapta-
tions of muscle to imposed stressors, such as exercise and
disuse. This comprehension helps us to conceptualize the
chronology and progression of pathway activation during
physiological challenges, culminating in energetically profi-
cient organelles that are integral for superior oxidative and
metabolic function. The existence of redundant regulatory
networks that control mitochondrial function presents
opportunities for these pathways to be exploited for thera-
peutic interventions in the prevention of metabolic diseases,
for enhancing muscle performance, and ultimately to
improve muscle health and well-being.

ACKNOWLEDGMENTS

The authors apologize for the necessary exclusion of many rel-
evant references as a result of space constraints.

GRANTS

This work was supported by a grant from the Canadian Institutes
of Health Research (PJT-156059 to DAH). David A. Hood is the
holder of a Canada Research Chair in Cell Physiology.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by
the authors.

AUTHOR CONTRIBUTIONS

M.B.S. and D.A.H. conceived and designed research; M.B.S. pre-
pared figures; M.B.S., JM.M., AN.O,, N.M,, and D.AH. drafted
manuscript; M.B.S. and D.A.H. edited and revised manuscript;
M.B.S., JM.M, A.N.O., N.M,, and D.A.H. approved final version of
manuscript.

REFERENCES

1. Kirkwood SP, Packer L, Brooks GA. Effects of endurance training on
a mitochondrial reticulum in limb skeletal muscle. Arch Biochem
Biophys 255: 80—88, 1987. doi:10.1016/0003-9861(87)90296-7.

2. Chung DJ, Madison GP, Aponte AM, Singh K, Li Y, Pirooznia M,
Bleck CKE, Darmani NA, Balaban RS, Barrett K, Chan J. Metabolic
design in @ mammalian model of extreme metabolism, the North
American least shrew (Cryptotis parva). J Physiol 600: 547-567,
2022. doi:10.1113/JP282153.

C922

Glancy B, Balaban RS. Energy metabolism design of the striated mus-
cle cell. Physiol Rev 101: 1561-1607, 2021. doi:10.1152/physrev.00040.
2020.

Romanello V, Sandri M. The connection between the dynamic
remodeling of the mitochondrial network and the regulation of muscle
mass. Cell Mol Life Sci 78:1305-1328, 2021. doi:10.1007/S00018-020-
03662-0.

Dulac M, Leduc-Gaudet JP, Cefis M, Ayoub MB, Reynaud O, Shams
A, Moamer A, Nery Ferreira MF, Hussain SNA, Gouspillou G.
Regulation of muscle and mitochondrial health by the mitochondrial
fission protein Drp1in aged mice. J Physiol 599: 4045-4063, 2021.
doi:10.1113/JP281752.

Giovarelli M, Zecchini S, Martini E, Garreé M, Barozzi S, Ripolone M,
Napoli L, Coazzoli M, Vantaggiato C, Roux-Biejat P, Cervia D,
Moscheni C, Perrotta C, Parazzoli D, Clementi E, De Palma C. Drp1
overexpression induces desmin disassembling and drives kinesin-1
activation promoting mitochondrial trafficking in skeletal muscle. Cell
Death Differ 27: 2383-2401, 2020. doi:10.1038/541418-020-0510-7.
Sebastian D, Sorianello E, Segalés J, Irazoki A, Ruiz-Bonilla V, Sala
D, Planet E, Berenguer-Llergo A, Munoz JP, Sanchez-Feutrie M,
Plana N, Hernandez-Alvarez MI, Serrano AL, Palacin M, Zorzano A.
Mfn2 deficiency links age-related sarcopenia and impaired autophagy
to activation of an adaptive mitophagy pathway. EMBO J 35: 1677—
1693, 2016. doi:10.15252/embj.201593084.

Romanello V, Scalabrin M, Albiero M, Blaauw B, Scorrano L,
Sandri M. Inhibition of the fission machinery mitigates OPA1 impair-
ment in adult skeletal muscles. Cells 8: 597, 2019. do0i:10.3390/
CELLS8060597.

Huertas JR, Ruiz-Ojeda FJ, Plaza-Diaz J, Nordsborg NB, Martin-
Albo J, Rueda-Robles A, Casuso RA. Human muscular mitochondrial
fusion in athletes during exercise. FASEB J 33: 12087-12098, 2019.
doi:10.1096/FJ.201900365RR.

Igbal S, Ostojic O, Singh K, Joseph A-M, Hood DA. Expression of mi-
tochondrial fission and fusion regulatory proteins in skeletal muscle
during chronic use and disuse. Muscle Nerve 48: 963-970, 2013.
doi:10.1002/mus.23838.

Bakeeva LE, Chentsov YS, Skulachev VP. Mitochondrial framework
(reticulum mitochondriale) in rat diaphragm muscle. Biochim Biophys
Acta 501: 349-369, 1978. doi:10.1016/0005-2728(78)90104-4.

King WT, Axelrod CL, Zunica ERM, Noland RC, Davuluri G, Fujioka
H, Tandler B, Pergola K, Hermann GE, Rogers RC, Lépez-
Domenech S, Dantas WS, Stadler K, Hoppel CL, Kirwan JP.
Dynamin-related protein 1 regulates substrate oxidation in skeletal
muscle by stabilizing cellular and mitochondrial calcium dynamics. J
Biol Chem 297: 101196, 2021. doi:10.1016/J.JBC.2021.101196.

Kitaoka Y, Miyazaki M, Kikuchi S. Voluntary exercise prevents
abnormal muscle mitochondrial morphology in cancer cachexia
mice. Physiol Rep 9: €15016, 2021. doi:10.14814/PHY2.15016.

Brocca L, Rossi M, Canepari M, Bottinelli R, Pellegrino MA.
Exercise preconditioning blunts early atrogenes expression and at-
rophy in gastrocnemius muscle of hindlimb unloaded mice. Int J Mol
Sci 23:148, 2021. doi:10.3390/ijms 23010148.

Bell MB, Bush Z, McGinnis GR, Rowe GC. Adult skeletal muscle de-
letion of Mitofusin 1 and 2 impedes exercise performance and train-
ing capacity. J Appl Physiol (1985) 126: 341-353, 2019. doi:10.1152/
JAPPLPHYSIOL.00719.2018.

Moore TM, Zhou Z, Cohn W, Norheim F, Lin AJ, Kalajian N,
Strumwasser AR, Cory K, Whitney K, Ho T, Ho T, Lee JL, Rucker
DH, Shirihai O, van der Bliek AM, Whitelegge JP, Seldin MM, Lusis
AJ, Lee S, Drevon CA, Mahata SK, Turcotte LP, Hevener AL. The
impact of exercise on mitochondrial dynamics and the role of Drp1in
exercise performance and training adaptations in skeletal muscle.
Mol Metab 21: 51-67, 2019. doi:10.1016/J.MOLMET.2018.11.012.
Houzelle A, Jorgensen JA, Schaart G, Daemen S, van Polanen N,
Fealy CE, Hesselink MKC, Schrauwen P, Hoeks J. Human skeletal
muscle mitochondrial dynamics in relation to oxidative capacity and
insulin sensitivity. Diabetologia 64: 424-436, 2021. doi:10.1007/
S00125-020-05335-W.

Vincent AE, White K, Davey T, Philips J, Ogden RT, Lawless C,
Warren C, Hall MG, Ng YS, Falkous G, Holden T, Deehan D, Taylor
RW, Turnbull DM, Picard M. Quantitative 3D mapping of the human
skeletal muscle mitochondrial network. Cell Rep 26: 996-1009, 2019
[Erratum in Cell Rep 27: 321, 2019]. doi:10.1016/j.celrep.2019.01.010.

AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


https://doi.org/10.1016/0003-9861(87)90296-7
https://doi.org/10.1113/JP282153
https://doi.org/10.1152/physrev.00040.2020
https://doi.org/10.1152/physrev.00040.2020
https://doi.org/10.1007/S00018-020-03662-0
https://doi.org/10.1007/S00018-020-03662-0
https://doi.org/10.1113/JP281752
https://doi.org/10.1038/S41418-020-0510-7
https://doi.org/10.15252/embj.201593084
https://doi.org/10.3390/CELLS8060597
https://doi.org/10.3390/CELLS8060597
https://doi.org/10.1096/FJ.201900365RR
https://doi.org/10.1002/mus.23838
https://doi.org/10.1016/0005-2728(78)90104-4
https://doi.org/10.1016/J.JBC.2021.101196
https://doi.org/10.14814/PHY2.15016
https://doi.org/10.3390/ijms 23010148
https://doi.org/10.1152/JAPPLPHYSIOL.00719.2018
https://doi.org/10.1152/JAPPLPHYSIOL.00719.2018
https://doi.org/10.1016/J.MOLMET.2018.11.012
https://doi.org/10.1007/S00125-020-05335-W
https://doi.org/10.1007/S00125-020-05335-W
https://doi.org/10.1016/j.celrep.2019.01.010
http://www.ajpcell.org

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

() MITOCHONDRIAL QUALITY CONTROL IN SKELETAL MUSCLE

Cannavino J, Brocca L, Sandri M, Grassi B, Bottinelli R, Pellegrino
MA. The role of alterations in mitochondrial dynamics and PGC-1u
over-expression in fast muscle atrophy following hindlimb unloading.
J Physiol 593:1981-1995, 2015. doi:10.1113/jphysiol.2014.286740.
Place N, Ivarsson N, Venckunas T, Neyroud D, Brazaitis M, Cheng
AJ, Ochala J, Kamandulis S, Girard S, Volungevicius G, Pauzdas H,
Mekideche A, Kayser B, Martinez-Redondo V, Ruas JL, Bruton J,
Truffert A, Lanner JT, Skurvydas A, Westerblad H. Ryanodine re-
ceptor fragmentation and sarcoplasmic reticulum Ca®" leak after
one session of high-intensity interval exercise. Proc Natl Acad Sci
USA 112:15492-15497, 2015. doi:10.1073/PNAS.1507176112.

Matecki S, Dridi H, Jung B, Saint N, Reiken SR, Scheuermann V,
Mrozek S, Santulli G, Umanskaya A, Petrof BJ, Jaber S, Marks AR,
Lacampagne A. Leaky ryanodine receptors contribute to diaphrag-
matic weakness during mechanical ventilation. Proc Nat/ Acad Sci
USA 113: 9069-9074, 2016. doi:10.1073/PNAS.1609707113.

Laker RC, Drake JC, Wilson RJ, Lira VA, Lewellen BM, Ryall KA,
Fisher CC, Zhang M, Saucerman JJ, Goodyear LJ, Kundu M, Yan Z.
Ampk phosphorylation of Ulk1 is required for targeting of mitochon-
dria to lysosomes in exercise-induced mitophagy. Nat Commun 8:
548, 2017. doi:10.1038/541467-017-00520-9.

Kim Y, Triolo M, Erlich AT, Hood DA. Regulation of autophagic and
mitophagic flux during chronic contractile activity-induced muscle
adaptations. Pflugers Arch 471: 431—-440, 2019. doi:10.1007/s00424-
018-2225-x.

Beyfuss K, Erlich AT, Triolo M, Hood DA. The role of p53 in determin-
ing mitochondrial adaptations to endurance training in skeletal mus-
cle. Sci Rep 8:14710, 2018. doi:10.1038/541598-018-32887-0.

Triolo M, Slavin M, Moradi N, Hood DA. Time-dependent changes
in autophagy, mitophagy and lysosomes in skeletal muscle during
denervation-induced disuse. J Physiol 600: 1683-1701, 2022.
doi:10.1113/JP282173.

Cannavino J, Brocca L, Sandri M, Bottinelli R, Pellegrino MA.
PGC1-a over-expression prevents metabolic alterations and soleus
muscle atrophy in hindlimb unloaded mice. J Physiol 592: 4575—
4589, 2014. doi:10.1113/jphysiol.2014.275545.

Adhihetty PJ, O ’leary MFN, Chabi B, Wicks KL, Hood DA, O’Leary
MFNN, Chabi B, Wicks KL, Hood DA. Effect of denervation on mito-
chondrially mediated apoptosis in skeletal muscle. J App/ Physiol
(1985) 102: 11431151, 2007. doi:10.1152/japplphysiol.00768.2006.
Saleem A, Carter HN, Hood DA. p53 is necessary for the adaptive
changes in the cellular milieu subsequent to an acute bout of endur-
ance exercise. Am J Physiol Cell Physiol 306: C241-C249, 2014.
doi:10.1152/ajpcell.00270.2013.

Ljubicic V, Hood DA. Specific attenuation of protein kinase phos-
phorylation in muscle with a high mitochondrial content. Am J
Physiol Endocrinol Physiol 297: E749-E758, 2009. doi:10.1152/
ajpendo.00130.2009.

Stouth DW, vanLieshout TL, Ng SY, Webb EK, Manta A, Moll Z,
Ljubicic V. CARM1 regulates AMPK signaling in skeletal muscle.
iScience 23:101755, 2020. doi:10.1016/}.isci.2020.101755.

Romanello V, Guadagnin E, Gomes L, Roder |, Sandri C, Petersen Y,
Milan G, Masiero E, Del Piccolo P, Foretz M, Scorrano L, Rudolf R,
Sandri M. Mitochondrial fission and remodelling contributes to mus-
cle atrophy. EMBO J 29: 1774-1785, 2010. doi:10.1038/emb0j.2010.60.
Saleem A, Hood DA. Acute exercise induces tumour suppressor
protein p53 translocation to the mitochondria and promotes a p53-
Tfam-mitochondrial DNA complex in skeletal muscle. J Physiol 591:
3625-3636, 2013. doi:10.1113/jphysiol.2013.252791.

Tryon LD, Crilly MJ, Hood DA. Effect of denervation on the regulation
of mitochondrial transcription factor A expression in skeletal muscle.
Am J Physiol Cell Physiol 309: C228-C238, 2015. doi:10.1152/ajpcell.
00266.2014.

Merry TL, Ristow M. Nuclear factor erythroid-derived 2-like 2
(NFE2L2, Nrf2) mediates exercise-induced mitochondrial biogenesis
and the anti-oxidant response in mice. J Physiol 594: 5195-5207,
2016. doi:10.1113/JP271957.

Carter HN, Pauly M, Tryon LD, Hood DA. Effect of contractile activity
on PGC-1 transcription in young and aged skeletal muscle. J App/
Physiol (1985) 124: 1605-1615, 2018. doi:10.1152/japplphysiol.01110.
2017.

Kitaoka Y, Takeda K, Tamura Y, Fujimaki S, Takemasa T, Hatta H.
Nrf2 deficiency does not affect denervation-induced alterations in

AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

mitochondrial fission and fusion proteins in skeletal muscle. Physiol
Rep 4: 13064, 2016. doi:10.14814/PHY2.13064.

Memme JM, Oliveira AN, Hood DA. Chronology of UPR activation in
skeletal muscle adaptations to chronic contractile activity. Am J
Physiol Cell Physiol 310: C1024—-C1036, 2016. doi:10.1152/ajpcell.
00009.2016.

Cordeiro AV, Bricola RS, Braga RR, Lenhare L, Silva VRR,
Anaruma CP, Katashima CK, Crisol BM, Simabuco FM, Silva ASR,
Cintra DE, Moura LP, Pauli JR, Ropelle ER. Aerobic exercise train-
ing induces the mitonuclear imbalance and UPRmt in the skeletal
muscle of aged mice. J Gerontol A Biol Sci Med Sci 75: 2258-2261,
2020. doi:10.1093/GERONA/GLAA059.

Memme JM, Oliveira AN, Hood DA. p53 regulates skeletal muscle
mitophagy and mitochondrial quality control following denervation-
induced muscle disuse. J Biol Chem 298: 101540, 2022. doi:10.1016/J.
JBC.2021.101540.

Perry CGR, Lally J, Holloway GP, Heigenhauser GJF, Bonen A,
Spriet LL. Repeated transient mRNA bursts precede increases in tran-
scriptional and mitochondrial proteins during training in human skele-
tal muscle. J Physiol 588: 4795-4810, 2010. doi:10.1113/jphysiol.2010.
199448.

Granata C, Oliveira RSF, Little JP, Renner K, Bishop DJ. Sprint-
interval but not continuous exercise increases PGC-1a. protein con-
tent and p53 phosphorylation in nuclear fractions of human skeletal
muscle. Sci Rep 7: 44227, 2017. doi:10.1038/srep44227.

Wang P, Li CG, Qi Z, Cui D, Ding S. Acute exercise stress promotes
Refl/Nrf2 signalling and increases mitochondrial antioxidant activity
in skeletal muscle. Exp Physiol 101: 410-420, 2016. doi:10.1113/
EP085493.

Crilly MJ, Tryon LD, Erlich AT, Hood DA. The role of Nrf2 in skeletal
muscle contractile and mitochondrial function. J App!/ Physiol (1985)
121: 730-740, 2016. doi:10.1152/japplphysiol.00042.2016.

Yamada M, Iwata M, Warabi E, Oishi H, Lira VA, Okutsu M. p62/
SQSTM1 and Nrf2 are essential for exercise-mediated enhancement
of antioxidant protein expression in oxidative muscle. FASEB J 33:
8022-8032, 2019. doi:10.1096/f].201900133R.

Kang J, Jeong MG, Oh S, Jang EJ, Kim HK, Hwang ES. A FoxO1-de-
pendent, but NRF2-independent induction of heme oxygenase-1
during muscle atrophy. FEBS Lett 588: 79-85, 2014. doi:10.1016/J.
FEBSLET.2013.11.009.

Lawler JM, Hord JM, Ryan P, Holly D, Gomes MJ, Rodriguez D,
Guzzoni V, Garcia-Villatoro E, Green C, Lee Y, Little S, Garcia M,
Hill L, Brooks MC, Lawler MS, Keys N, Mohajeri A, Kamal KY. Nox2
inhibition regulates stress response and mitigates skeletal muscle
fiber atrophy during simulated microgravity. Int J Mol Sci 22: 3252,
2021. doi:10.3390/1JMS22063252.

Singh K, Hood DA. Effect of denervation-induced muscle disuse on
mitochondrial protein import. Am J Physiol Cell Physiol 300: C138—
C145, 2011. doi:10.1152/ajpcell.00181.2010.

Picard M, Azuelos |, Jung B, Giordano C, Matecki S, Hussain S,
White K, Li T, Liang F, Benedetti A, Gentil BJ, Burelle Y, Petrof BJ.
Mechanical ventilation triggers abnormal mitochondrial dynamics
and morphology in the diaphragm. J Appl Physiol (1985) 118: 1161—
1171, 2015. doi:10.1152/japplphysiol.00873.2014.

Chen CCCW, Erlich AT, Hood DA. Role of parkin and endurance
training on mitochondrial turnover in skeletal muscle. Skelet Muscle
8:10, 2018. doi:10.1186/513395-018-0157-y.

Jacobs RA, Lundby C. Mitochondria express enhanced quality as
well as quantity in association with aerobic fitness across recreation-
ally active individuals up to elite athletes. J Appl Physiol (1985) 114:
344-350, 2013. doi:10.1152/japplphysiol.01081.2012.

Picard M, Gentil BJ, McManus MJ, White K, St. Louis K, Gartside SE,
Wallace DC, Turnbull DM. Acute exercise remodels mitochondrial
membrane interactions in mouse skeletal muscle. J Appl Physiol
(1985) 115: 15621571, 2013. doi:10.1152/japplphysiol.00819.2013.

Rath S, Sharma R, Gupta R, Ast T, Chan C, Durham TJ, Goodman
RP, Grabarek Z, Haas ME, Hung WHW, Joshi PR, Jourdain AA, Kim
SH, Kotrys AV, Lam SS, Mccoy JG, Meisel JD, Miranda M, Panda A,
Patgiri A, Rogers R, Sadre S, Shah H, Skinner OS, To T-L, Walker
MA, Wang H, Ward PS, Wengrod J, Yuan C-C, Calvo SE, Mootha
VK. MitoCarta3.0: an updated mitochondrial proteome now with
sub-organelle localization and pathway annotations. Nucleic Acids
Res 49:1541-1547, 2020. doi:10.1093/nar/gkaa1011.

C923

Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


https://doi.org/10.1113/jphysiol.2014.286740
https://doi.org/10.1073/PNAS.1507176112
https://doi.org/10.1073/PNAS.1609707113
https://doi.org/10.1038/s41467-017-00520-9
https://doi.org/10.1007/s00424-018-2225-x
https://doi.org/10.1007/s00424-018-2225-x
https://doi.org/10.1038/s41598-018-32887-0
https://doi.org/10.1113/JP282173
https://doi.org/10.1113/jphysiol.2014.275545
https://doi.org/10.1152/japplphysiol.00768.2006
https://doi.org/10.1152/ajpcell.00270.2013
https://doi.org/10.1152/ajpendo.00130.2009
https://doi.org/10.1152/ajpendo.00130.2009
https://doi.org/10.1016/j.isci.2020.101755
https://doi.org/10.1038/emboj.2010.60
https://doi.org/10.1113/jphysiol.2013.252791
https://doi.org/10.1152/ajpcell.00266.2014
https://doi.org/10.1152/ajpcell.00266.2014
https://doi.org/10.1113/JP271957
https://doi.org/10.1152/japplphysiol.01110.2017
https://doi.org/10.1152/japplphysiol.01110.2017
https://doi.org/10.14814/PHY2.13064
https://doi.org/10.1152/ajpcell.00009.2016
https://doi.org/10.1152/ajpcell.00009.2016
https://doi.org/10.1093/GERONA/GLAA059
https://doi.org/10.1016/J.JBC.2021.101540
https://doi.org/10.1016/J.JBC.2021.101540
https://doi.org/10.1113/jphysiol.2010.199448
https://doi.org/10.1113/jphysiol.2010.199448
https://doi.org/10.1038/srep44227
https://doi.org/10.1113/EP085493
https://doi.org/10.1113/EP085493
https://doi.org/10.1152/japplphysiol.00042.2016
https://doi.org/10.1096/fj.201900133R
https://doi.org/10.1016/J.FEBSLET.2013.11.009
https://doi.org/10.1016/J.FEBSLET.2013.11.009
https://doi.org/10.3390/IJMS22063252
https://doi.org/10.1152/ajpcell.00181.2010
https://doi.org/10.1152/japplphysiol.00873.2014
https://doi.org/10.1186/s13395-018-0157-y
https://doi.org/10.1152/japplphysiol.01081.2012
https://doi.org/10.1152/japplphysiol.00819.2013
https://doi.org/10.1093/nar/gkaa1011
http://www.ajpcell.org

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

C924

() MITOCHONDRIAL QUALITY CONTROL IN SKELETAL MUSCLE

Scarpulla RC. Metabolic control of mitochondrial biogenesis
through the PGC-1 family regulatory network. Biochim Biophys Acta
1813:1269-1278, 2011. doi:10.1016/j.bbamcr.2010.09.019.

Calvo JA, Daniels TG, Wang X, Paul A, Lin J, Spiegelman BM,
Stevenson SC, Rangwala SM. Muscle-specific expression of PPARy
coactivator-loe improves exercise performance and increases peak ox-
ygen uptake. J Appl Physiol (1985) 104: 1304-1312, 2008. doi:10.1152/
Jjapplphysiol.01231.2007.

Uguccioni G, Hood DA. The importance of PGC-1a. in contractile activ-
ity-induced mitochondrial adaptations. Am J Physiol Endocrinol Physiol
300: E361-E371, 2011. doi:10.1152/ajpendo.00292.2010.

Handschin C, Chin S, Li P, Liu F, Maratos-Flier E, Lebrasseur NK,
Yan Z, Spiegelman BM. Skeletal muscle fiber-type switching, exer-
cise intolerance, and myopathy in PGC-1a. muscle-specific knock-
out animals. J Biol Chem 282: 30014-30021, 2007. doi:10.1074/jbc.
M704817200.

Gali Ramamoorthy T, Laverny G, Schlagowski A-l, Zoll J, Messaddeq
N, Bornert J-M, Panza S, Ferry A, Geny B, Metzger D. The transcrip-
tional coregulator PGC-1B controls mitochondrial function and anti-oxi-
dant defence in skeletal muscles. Nat Commun 6: 10210, 2015.
doi:10.1038/ncomms10210.

Ruas JLL, White JPP, Rao RRR, Kleiner S, Brannan KTT, Harrison
BCC, Greene NPP, Wu J, Estall JLL, Irving BAA, Lanza IRR,
Rasbach KAA, Okutsu M, Nair KSS, Yan Z, Leinwand LAA,
Spiegelman BMM. A PGC-1o isoform induced by resistance training
regulates skeletal muscle hypertrophy. Cell 151: 1319-1331, 2012.
doi:10.1016/j.cell.2012.10.050.

Miura S, Kai Y, Kamei Y, Ezaki O. Isoform-specific increases in mu-
rine skeletal muscle peroxisome proliferator-activated receptor-
gamma coactivator-lo (PGC-1a) mRNA in response to 2-adrenergic
receptor activation and exercise. Endocrinology 149: 4527-4533,
2008. doi:10.1210/EN.2008-0466.

Leick L, Wojtaszewski JFPP, Johansen STJ, Kiilerich K, Comes J,
Hellsten Y, Hidalgo J, Pilegaard H, Comes G, Hellsten Y, Hidalgo J,
Pilegaard H. PGC-1a is not mandatory for exercise-and training-
induced adaptive gene responses in mouse skeletal muscle. Am J
Physiol Endocrinol Physiol 294: E463-E474, 2008. doi:10.1152/
ajpendo.00666.2007.

Falkenberg M, Larsson N-GG, Gustafsson CM. DNA replication and
transcription in mammalian mitochondria. Annu Rev Biochem 76:
679-699, 2007. doi:10.1146/annurev.biochem.76.060305.152028.
Ngo HB, Lovely GA, Phillips R, Chan DC. Distinct structural features
of TFAM drive mitochondrial DNA packaging versus transcriptional
activation. Nat Commun 5: 3077, 2014. doi:10.1038/ncomms4077.
Larsson N-GG, Wang J, Wilhelmsson H, Oldfors A, Rustin P,
Lewandoski M, Barsh GS, Clayton DA, Lewandowski M, Barsh GS,
Clayton DA, Lewandoski M, Barsh GS, Clayton DA, Lewandowski
M, Barsh GS, Clayton DA. Mitochondrial transcription factor A is
necessary for mtDNA maintenance and embryogenesis in mice. Nat
Genet 18: 231-236, 1998. doi:10.1038/ng0398-231.

Wredenberg A, Wibom R, Wilhelmsson H, Graff C, Wiener HH,
Burden SJ, Oldfors A, Westerblad H, Larsson N-G. Increased mito-
chondrial mass in mitochondrial myopathy mice. Proc Nat/ Acad Sci
USA 99:15066-15071, 2002. doi:10.1073/pnas.232591499.

Beyfuss K, Hood DA. A systematic review of p53 regulation of oxi-
dative stress in skeletal muscle. Redox Rep 23: 100-117, 2018.
doi:10.1080/13510002.2017.1416773.

Saleem A, Igbal S, Zhang Y, Hood DA. Effect of p53 on mitochondrial
morphology, import and assembly in skeletal muscle. Am J Physiol
Cell Physiol 308: C319—C329, 2015. doi:10.1152/ajpcell.00253.2014.
Stocks B, Dent JR, Joanisse S, McCurdy CE, Philp A. Skeletal mus-
cle fibre-specific knockout of p53 does not reduce mitochondrial
content or enzyme activity. Front Physiol 8: 1-10, 2017. doi:10.3389/
fphys.2017.00941.

Brandt N, Nielsen L, Thiellesen Buch B, Gudiksen A, Ringholm S,
Hellsten Y, Bangsbo J, Pilegaard H. Impact of f-adrenergic signaling
in PGC-la-mediated adaptations in mouse skeletal muscle. Am J
Physiol Endocrinol Physiol 314: E1-E20, 2018. doi:10.1152/ajpendo.
00082.2017.

Handschin C, Rhee J, Lin J, Tarr PT, Spiegelman BM. An autoregula-
tory loop controls peroxisome proliferator-activated receptor gamma
coactivator 1o expression in muscle. Proc Natl Acad Sci USA 100:
71M-7116, 2003. doi:10.1073/pnas.1232352100.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Hood DA, Zak R, Pette D. Chronic stimulation of rat skeletal muscle
induces coordinate increases in mitochondrial and nuclear mMRNAs
of cytochrome-c-oxidase subunits. Eur J Biochem 179: 275-280,
1989. doi:10.1111/J.1432-1033.1989.TB14551.X.

Reichmann H, Hoppeler H, Mathieu-Costello O, von Bergen F,
Pette D. Biochemical and ultrastructural changes of skeletal muscle
mitochondria after chronic electrical stimulation in rabbits. Pflugers
Arch 404:1-9, 1985. doi:10.1007/BF00581484.

Little JP, Safdar A, Wilkin GP, Tarnopolsky MA, Gibala MJ. A practical
model of low-volume high-intensity interval training induces mitochon-
drial biogenesis in human skeletal muscle: potential mechanisms. J
Physiol 588: 10111022, 2010. doi:10.1113/JPHYSIOL.2009.181743.
Hyatt H, Deminice R, Yoshihara T, Powers SK. Mitochondrial dys-
function induces muscle atrophy during prolonged inactivity: a
review of the causes and effects. Arch Biochem Biophys 662: 49—
60, 2019. doi:10.1016/j.abb.2018.11.005.

Memme JM, Slavin M, Moradi N, Hood DA. Mitochondrial bioener-
getics and turnover during chronic muscle disuse. Int J Mol Sci 22:
5179, 2021. doi:10.3390/1JMS22105179.

Miotto PM, Mcglory C, Bahniwal R, Kamal M, Phillips SM,
Holloway GP. Supplementation with dietary ®-3 mitigates immobili-
zation-induced reductions in skeletal muscle mitochondrial respira-
tion in young women. FASEB J 33: 8232—-8240, 2019. doi:10.1096/
FJ.201900095R.

Connor MK, Irrcher I, Hood DA. Contractile activity-induced tran-
scriptional activation of cytochrome C involves Sp1 and is propor-
tional to mitochondrial ATP synthesis in C2C12 muscle cells. J Biol
Chem 276:15898-15904, 2001. doi:10.1074/jbc.M100272200.
Holloszy JO. Biochemical adaptations in muscle. J Biol Chem 242:
2278-2282,1967.

Dufour CR, Wilson BJ, Huss JM, Kelly DP, Alaynick WA, Downes
M, Evans RM, Blanchette M, Giguere V. Genome-wide orchestra-
tion of cardiac functions by the orphan nuclear receptors ERRa and
v. Cell Metab 5: 345-356, 2007. doi:10.1016/j.cmet.2007.03.007.
Knudsen NH, Stanya KJ, Hyde AL, Chalom MM, Alexander RK,
Liou Y-H, Starost KA, Gangl MR, Jacobi D, Liu S, Sopariwala DH,
Fonseca-Pereira D, Li J, Hu FB, Garrett WS, Narkar VA, Ortlund
EA, Kim JH, Paton CM, Cooper JA, Lee C-H. Interleukin-13 drives
metabolic conditioning of muscle to endurance exercise. Science
368: eaat3987, 2020. doi:10.1126/science.aat3987.

Ahuja P, Ng CF, Pak B, Pang S, Chan WS, Chui M, Tse L, Bi X, Lam
H-, Kwan R, Brobst D, Herlea-Pana O, Yang X, Du G,
Saengnipanthkul S, Lim Noh H, Jiao B, Kim JK, Lee CW, Ye K, Chan
CB. Muscle-generated BDNF (brain derived neurotrophic factor) main-
tains mitochondrial quality control in female mice. Autophagy: 1-18,
2021. doi:10.1080/15548627.2021.1985257.

Reynolds JC, Lai RW, Woodhead JST, Joly JH, Mitchell CJ,
Cameron-Smith D, Lu R, Cohen P, Graham NA, Benayoun BA, Merry
TL, Lee C. MOTS-c is an exercise-induced mitochondrial-encoded reg-
ulator of age-dependent physical decline and muscle homeostasis.
Nat Commun 12: 470, 2021. doi:10.1038/s41467-020-20790-0.

Kim KH, Son JM, Benayoun BA, Lee C. The mitochondrial-encoded
peptide MOTS-c translocates to the nucleus to regulate nuclear
gene expression in response to metabolic stress. Cell Metab 28:
516-524.e7, 2018. doi:10.1016/j.cmet.2018.06.008.

Bass JJ, Kazi AA, Deane CS, Nakhuda A, Ashcroft SP, Brook MS,
Wilkinson DJ, Phillips BE, Philp A, Tarum J, Kadi F, Andersen D,
Garcia AM, Smith K, Gallagher 1J, Szewczyk NJ, Cleasby ME,
Atherton PJ, Hogan M, Bergouignan A. The mechanisms of skeletal
muscle atrophy in response to transient knockdown of the vitamin D
receptor in vivo. J Physiol 599: 963-979, 2021. doi:10.1113/JP280652.
Palla AR, Ravichandran M, Wang YX, Alexandrova L, Yang AV,
Kraft P, Holbrook CA, Schiirch CM, Ho AV, Blau HM. Inhibition of
prostaglandin degrading enzyme 15-PGDH rejuvenates aged muscle
mass and strength. Science 371: eabc8059, 2021. doi:10.1126/science.
abc8059.

Bento-Bernardes T, Rossetti CL, Borba Vieira de Andrade C,
Lopes de Souza L, Wilieman Cabral M, Silva Monteiro de Paula G,
Woyames J, Jesus Oliveira K, Seixas da-Silva W, Cabanelas Pazos-
Moura C. Disruption of neuromedin B receptor improves mitochon-
drial oxidative phosphorylation capacity in gastrocnemius muscle of
female mice. Am J Physiol Endocrinol Physiol 322: E250-E259,
2022. doi:10.1152/ajpendo.00073.2021.

AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


https://doi.org/10.1016/j.bbamcr.2010.09.019
https://doi.org/10.1152/japplphysiol.01231.2007
https://doi.org/10.1152/japplphysiol.01231.2007
https://doi.org/10.1152/ajpendo.00292.2010
https://doi.org/10.1074/jbc.M704817200
https://doi.org/10.1074/jbc.M704817200
https://doi.org/10.1038/ncomms10210
https://doi.org/10.1016/j.cell.2012.10.050
https://doi.org/10.1210/EN.2008-0466
https://doi.org/10.1152/ajpendo.00666.2007
https://doi.org/10.1152/ajpendo.00666.2007
https://doi.org/10.1146/annurev.biochem.76.060305.152028
https://doi.org/10.1038/ncomms4077
https://doi.org/10.1038/ng0398-231
https://doi.org/10.1073/pnas.232591499
https://doi.org/10.1080/13510002.2017.1416773
https://doi.org/10.1152/ajpcell.00253.2014
https://doi.org/10.3389/fphys.2017.00941
https://doi.org/10.3389/fphys.2017.00941
https://doi.org/10.1152/ajpendo.00082.2017
https://doi.org/10.1152/ajpendo.00082.2017
https://doi.org/10.1073/pnas.1232352100
https://doi.org/10.1111/J.1432-1033.1989.TB14551.X
https://doi.org/10.1007/BF00581484
https://doi.org/10.1113/JPHYSIOL.2009.181743
https://doi.org/10.1016/j.abb.2018.11.005
https://doi.org/10.3390/IJMS22105179
https://doi.org/10.1096/FJ.201900095R
https://doi.org/10.1096/FJ.201900095R
https://doi.org/10.1074/jbc.M100272200
https://doi.org/10.1016/j.cmet.2007.03.007
https://doi.org/10.1126/science.aat3987
https://doi.org/10.1080/15548627.2021.1985257
https://doi.org/10.1038/s41467-020-20790-0
https://doi.org/10.1016/j.cmet.2018.06.008
https://doi.org/10.1113/JP280652
https://doi.org/10.1126/science.abc8059
https://doi.org/10.1126/science.abc8059
https://doi.org/10.1152/ajpendo.00073.2021
http://www.ajpcell.org

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

() MITOCHONDRIAL QUALITY CONTROL IN SKELETAL MUSCLE

Paula GSM, Souza LL, Cabanelas A, Bloise FF, Mello-Coelho V,
Wada E, Ortiga-Carvalho TM, Oliveira KJ, Pazos-Moura CC. Female
mice target deleted for the neuromedin B receptor have partial resist-
ance to diet-induced obesity. J Physiol 588: 1635-1645, 2010.
doi10.1113/JPHYSIOL.2009.185322.

Jin SM, Lazarou M, Wang C, Kane LA, Narendra DP, Youle RJ.
Mitochondrial membrane potential regulates PINK1 import and pro-
teolytic destabilization by PARL. J Cell Biol 191: 933-942, 2010.
doi:10.1083/jch.201008084.

Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C, Burman JL,
Sideris DP, Fogel Al, Youle RJ. The ubiquitin kinase PINK1 recruits
autophagy receptors to induce mitophagy. Nature 524: 309-314,
2015. doi:10.1038/nature14893.

Roczniak-Ferguson A, Petit CS, Froehlich F, Qian S, Ky J, Angarola
B, Walther TC, Ferguson SM. The transcription factor TFEB links
mTORC1 signaling to transcriptional control of lysosome homeosta-
sis. Sci Signal 5: ra42, 2012. doi:10.1126/scisignal.2002790.

Carter HN, Kim Y, Erlich AT, Zarrin-Khat D, Hood DA. Autophagy and
mitophagy flux in young and aged skeletal muscle following chronic
contractile activity. J Physiol 596: 3567-3584, 2018. doi:10.1113/
JP275998.

O'Leary MF, Vainshtein A, Igbal S, Ostojic O, Hood DA. Adaptive
plasticity of autophagic proteins to denervation in aging skeletal mus-
cle. Am J Physiol Cell Physiol 304: C422—-C430, 2013. doi:10.1152/
ajpcell.00240.2012.

Brandt N, Gunnarsson TP, Bangsbo J, Pilegaard H. Exercise and
exercise training-induced increase in autophagy markers in
human skeletal muscle. Physiol Rep 6: €13651, 2018. doi:10.14814/
phy2.13651.

Vainshtein A, Tryon LD, Pauly M, Hood DA. Role of PGC-1a during
acute exercise-induced autophagy and mitophagy in skeletal mus-
cle. Am J Physiol Cell Physiol 308: C710-C719, 2015. doi:10.1152/
ajpcell.00380.2014.

Drake JC, Wilson RJ, Laker RC, Guan Y, Spaulding HR, Nichenko
AS, Shen W, Shang H, Dorn MV, Huang K, Zhang M, Bandara AB,
Brisendine MH, Kashatus JA, Sharma PR, Young A, Gautam J, Cao
R, Wallrabe H, Chang PA, Wong M, Desjardins EM, Hawley SA,
Christ GJ, Kashatus DF, Miller CL, Wolf MJ, Periasamy A,
Steinberg GR, Hardie DG, Yan Z. Mitochondria-localized AMPK
responds to local energetics and contributes to exercise and ener-
getic stress-induced mitophagy. Proc Natl Acad Sci USA 118:
€2025932118, 2021. doi:10.1073/pnas.2025932118.

Medina DL, Di Paola S, Peluso I, Armani A, De Stefani D, Venditti
R, Montefusco S, Scotto-Rosato A, Prezioso C, Forrester A,
Settembre C, Wang W, Gao Q, Xu H, Sandri M, Rizzuto R, De
Matteis MA, Ballabio A, Paola SD, Peluso |, Armani A, Stefani DD,
Venditti R, Montefusco S, Scotto-Rosato A, Prezioso C, Forrester
A, Settembre C, Wang W, Gao Q, Xu H, Sandri M, Rizzuto R, De
Matteis MA, Ballabio A. Lysosomal calcium signalling regulates
autophagy through calcineurin and TFEB. Nat Cell Biol 17: 288—299,
2015. doi:10.1038/ncb3114.

Erlich AT, Brownlee DM, Beyfuss K, Hood DA. Exercise induces
TFEB expression and activity in skeletal muscle in a PGC-1o-depend-
ent manner. Am J Physiol Cell Physiol 314: C62-C72, 2018.
doi:10.1152/ajpcell.00162.2017.

Chen CCW, Erlich AT, Crilly MJ, Hood DA. Parkin is required for exer-
cise-induced mitophagy in muscle: impact of aging. Am J Physiol
Endocrinol Physiol 315: E404-E415, 2018. doi:10.1152/ajpendo.
00391.2017.

Gao J, Yu L, Wang Z, Wang R, Liu X. Induction of mitophagy in
C2C12 cells by electrical pulse stimulation involves increasing the
level of the mitochondrial receptor FUNDC1 through the AMPK-ULK1
pathway. Am J Trans/ Res 12: 6879-6894, 2020.

Leduc-Gaudet JP, Reynaud O, Hussain SN, Gouspillou G. Parkin
overexpression protects from ageing-related loss of muscle mass
and strength. J Physiol 597:1975-1991, 2019. doi:10.1113/JP277157.
Leermakers PA, Kneppers AEM, Schols AMWYJ, Kelders MCJM, de
Theije CC, Verdijk LB, van Loon LJC, Langen RCJ, Gosker HR.
Skeletal muscle unloading results in increased mitophagy and
decreased mitochondrial biogenesis regulation. Muscle Nerve 60:
769-778, 2019. doi:10.1002/mus.26702.

Rosa-Caldwell ME, Brown JL, Perry RA, Shimkus KL, Shirazi-Fard
Y, Brown LA, Hogan HA, Fluckey JD, Washington TA, Wiggs MP,
Greene NP. Regulation of mitochondrial quality following repeated

AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org

102.

103.

104.

105.

106.

107.

108.

109.

110.

.

12.

13.

114.

15.

116.

bouts of hindlimb unloading. App/ Physiol Nutr Metab 45: 264—-274,
2020. doi:10.1139/apnm-2019-0218.

Yamashita SI, Kyuuma M, Inoue K, Hata Y, Kawada R, Yamabi M,
Fujii Y, Sakagami J, Fukuda T, Furukawa K, Tsukamoto S, Kanki T.
Mitophagy reporter mouse analysis reveals increased mitophagy ac-
tivity in disuse-induced muscle atrophy. J Cell Physiol 236: 7612—
7624, 2021. doi:10.1002/jcp.30404.

Oliveira AN, Hood DA. Effect of Tim23 knockdown in vivo on mito-
chondrial protein import and retrograde signaling to the UPRmt in
muscle. Am J Physiol Cell Physiol 315: C516—C526, 2018. doi:10.1152/
AJPCELL.00275.2017.

Jadiya P, Tomar D. Mitochondrial protein quality control mecha-
nisms. Genes (Basel) 11: 563, 2020. doi:10.3390/GENES11050563.
Lu B, Lee J, Nie X, Li M, Morozov YI, Venkatesh S, Bogenhagen
DF, Temiakov D, Suzuki CK. Phosphorylation of human TFAM in mi-
tochondria impairs DNA binding and promotes degradation by the
AAA + Lon protease. Mol Cell 49: 121-132, 2013. doi:10.1016/J.
MOLCEL.2012.10.023.

Fiorese CJ, Schulz AM, Lin Y-FF, Rosin N, Pellegrino MW, Haynes
CM. The transcription factor ATF5 mediates a mammalian mitochon-
drial UPR. Curr Biol 26: 2037-2043, 2016. doi:10.1016/j.cub.2016.
06.002.

Forsstrom S, Jackson CB, Carroll CJ, Kuronen M, Pirinen E, Pradhan
S, Marmyleva A, Auranen M, Kleine IM, Khan NA, Roivainen A,
Marjamaki P, Liljenback H, Wang L, Battersby BJ, Richter U,
Velagapudi V, Nikkanen J, Euro L, Suomalainen A. Fibroblast growth
factor 21 drives dynamics of local and systemic stress responses in mi-
tochondrial myopathy with mtDNA deletions. Cell Metab 30: 1040—
1054.e7, 2019. doi:10.1016/J.CMET.2019.08.019.

Lee H, Ha TY, Jung CH, Nirmala FS, Park SY, Huh YH, Ahn J.
Mitochondrial dysfunction in skeletal muscle contributes to the devel-
opment of acute insulin resistance in mice. J Cachexia Sarcopenia
Muscle 12:1925-1939, 2021. doi:10.1002/JCSM.12794.

Wang YT, Lim Y, McCall MN, Huang KT, Haynes CM, Nehrke K,
Brookes PS. Cardioprotection by the mitochondrial unfolded protein
response requires ATF5. Am J Physiol Heart Circ Physiol 317: H472—
H478, 2019. doi:10.1152/AJPHEART.00244.2019.

Zhang B, Tan Y, Zhang Z, Feng P, Ding W, Wang Q, Liang H,
Duan W, Wang X, Yu S, Liu J, Yi D, Sun Y, Yi W. Novel PGC-1
o/ATF5 axis partly activates UPR mt and mediates cardioprotec-
tive role of tetrahydrocurcumin in pathological cardiac hypertro-
phy. Oxid Med Cell Longev 2020: 9187065, 2020. doi:10.1155/
2020/9187065.

Fan F, Duan Y, Yang F, Trexler C, Wang H, Huang L, Li Y, Tang H,
Wang G, Fang X, Liu J, Jia N, Chen J, Ouyang K. Deletion of heat
shock protein 60 in adult mouse cardiomyocytes perturbs mitochon-
drial protein homeostasis and causes heart failure. Cell Death Differ
27:587-600, 2020. doi:10.1038/541418-019-0374-x.
Hannah-Shmouni F, MacNeil L, Brady L, Nilsson MI, Tarnopolsky
M. Expanding the clinical spectrum of LONPT7-related mitochondrial
cytopathy. Front Neurol 10: 981, 2019. doi:10.3389/FNEUR.2019.
00981.

XuZ,FuT, Guo Q, Zhou D, Sun W, Zhou Z, Chen X, Zhang J, Liu L,
Xiao L, Yin Y, Jia Y, Pang E, Chen Y, Pan X, Fang L, Zhu M. S, Fei
W, Lu B, Gan Z. Disuse-associated loss of the protease LONP1 in
muscle impairs mitochondrial function and causes reduced skeletal
muscle mass and strength. Nat Commun 13: 894, 2022. doi:10.1038/
s41467-022-28557-5.

Wu J, Ruas JL, Estall JL, Rasbach KA, Choi JH, Ye L, Bostrom P,
Tyra HM, Crawford RW, Campbell KP, Rutkowski DT, Kaufman RJ,
Spiegelman BM. The unfolded protein response mediates adapta-
tion to exercise in skeletal muscle through a PGC-1a/ATF6a complex.
Cell Metab 13: 160-169, 2011. doi:10.1016/j.cmet.2011.01.003.

Islam H, Bonafiglia JT, Turnbull PC, Simpson CA, Perry CGR, Gurd
BJ. The impact of acute and chronic exercise on Nrf2 expression in
relation to markers of mitochondrial biogenesis in human skeletal
muscle. Eur J Appl Physiol 120: 149-160, 2020. doi:10.1007/S00421-
019-04259-7/FIGURES/5.

Yan X, Shen Z, Yu D, Zhao C, Zou H, Ma B, Dong W, Chen W,
Huang D, Yu Z. Nrf2 contributes to the benefits of exercise interven-
tions on age-related skeletal muscle disorder via regulating Drp1 sta-
bility and mitochondrial fission. Free Radic Biol Med 178: 59-75,
2022. doi:10.1016/j.freeradbiomed.2021.11.030.

C925

Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


https://doi.org/10.1113/JPHYSIOL.2009.185322
https://doi.org/10.1083/jcb.201008084
https://doi.org/10.1038/nature14893
https://doi.org/10.1126/scisignal.2002790
https://doi.org/10.1113/JP275998
https://doi.org/10.1113/JP275998
https://doi.org/10.1152/ajpcell.00240.2012
https://doi.org/10.1152/ajpcell.00240.2012
https://doi.org/10.14814/phy2.13651
https://doi.org/10.14814/phy2.13651
https://doi.org/10.1152/ajpcell.00380.2014
https://doi.org/10.1152/ajpcell.00380.2014
https://doi.org/10.1073/pnas.2025932118
https://doi.org/10.1038/ncb3114
https://doi.org/10.1152/ajpcell.00162.2017
https://doi.org/10.1152/ajpendo.00391.2017
https://doi.org/10.1152/ajpendo.00391.2017
https://doi.org/10.1113/JP277157
https://doi.org/10.1002/mus.26702
https://doi.org/10.1139/apnm-2019-0218
https://doi.org/10.1002/jcp.30404
https://doi.org/10.1152/AJPCELL.00275.2017
https://doi.org/10.1152/AJPCELL.00275.2017
https://doi.org/10.3390/GENES11050563
https://doi.org/10.1016/J.MOLCEL.2012.10.023
https://doi.org/10.1016/J.MOLCEL.2012.10.023
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1016/J.CMET.2019.08.019
https://doi.org/10.1002/JCSM.12794
https://doi.org/10.1152/AJPHEART.00244.2019
https://doi.org/10.1155/2020/9187065
https://doi.org/10.1155/2020/9187065
https://doi.org/10.1038/s41418-019-0374-x
https://doi.org/10.3389/FNEUR.2019.00981
https://doi.org/10.3389/FNEUR.2019.00981
https://doi.org/10.1038/s41467-022-28557-5
https://doi.org/10.1038/s41467-022-28557-5
https://doi.org/10.1016/j.cmet.2011.01.003
https://doi.org/10.1007/S00421-019-04259-7/FIGURES/5
https://doi.org/10.1007/S00421-019-04259-7/FIGURES/5
https://doi.org/10.1016/j.freeradbiomed.2021.11.030
http://www.ajpcell.org

17.

118.

119.

C926

() MITOCHONDRIAL QUALITY CONTROL IN SKELETAL MUSCLE

Huang D-D, Fan S-D, Chen X-Y, Yan X-L, Zhang X-Z, Ma B-W, Yu D-
Y, Xiao W-Y, Zhuang C-L, Yu Z. Nrf2 deficiency exacerbates frailty
and sarcopenia by impairing skeletal muscle mitochondrial biogenesis
and dynamics in an age-dependent manner. Exp Gerontol 119: 61-73,
2019. doi:10.1016/j.exger.2019.01.022.

Hayashi T, Kudo T, Fujita R, Fujita . S I, Tsubouchi H, Fuseya S,
Suzuki R, Hamada M, Okada R, Muratani M, Shiba D, Suzuki T,
Warabi E, Yamamoto M, Takahashi S. Nuclear factor E2-related fac-
tor 2 (NRF2) deficiency accelerates fast fibre type transition in soleus
muscle during space flight. Commun Biol 4: 787, 2021. doi:10.1038/
s42003-021-02334-4.

Suzuki T, Uruno A, Yumoto A, Taguchi K, Suzuki M, Harada N et al.
Nrf2 contributes to the weight gain of mice during space travel.
Commun Biol 3: 496, 2020 [Erratum in Commun Biol 3: 566, 2020].
doi:10.1038/S42003-020-01227-2.

120.

121.

122.

Dominy JE, Puigserver P. Mitochondrial biogenesis through activa-
tion of nuclear signaling proteins. Cold Spring Harb Perspect Biol Biol
5:a015008, 2013. doi:10.1101/cshperspect.a015008.

Favaro G, Romanello V, Varanita T, Andrea Desbats M,
Morbidoni V, Tezze C, Albiero M, Canato M, Gherardi G, De
Stefani D, Mammucari C, Blaauw B, Boncompagni S, Protasi F,
Reggiani C, Scorrano L, Salviati L, Sandri M. DRP1-mediated mi-
tochondrial shape controls calcium homeostasis and muscle
mass. Nat Commun 10: 2576, 2019. doi:10.1038/s41467-019-
10226-9.

Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V,
Troy A, Cinti S, Lowell B, Scarpulla RC, Spiegelman BM. Mechanisms
controlling mitochondrial biogenesis and respiration through the ther-
mogenic coactivator PGC-1. Cell 98: 115-124, 1999. doi:10.1016/S0092-
8674(00)80611-X.

AJP-Cell Physiol « doi:10.1152/ajpcell.00065.2022 - www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell at Y ork Univ Libraries (130.063.063.214) on May 12, 2022.


https://doi.org/10.1016/j.exger.2019.01.022
https://doi.org/10.1038/s42003-021-02334-4
https://doi.org/10.1038/s42003-021-02334-4
https://doi.org/10.1038/S42003-020-01227-2
https://doi.org/10.1101/cshperspect.a015008
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1016/S0092-8674(00)80611-X
https://doi.org/10.1016/S0092-8674(00)80611-X
http://www.ajpcell.org

	Regulatory networks coordinating mitochondrial quality control in skeletal muscle
	INTRODUCTION
	REMODELING OF THE MITOCHONDRIAL RETICULUM
	Characteristics of the Mitochondrial Network
	Mitochondrial Dynamics in Exercise and Disuse

	MITOCHONDRIAL BIOGENESIS
	Regulation of Mitochondrial Biogenesis
	PGC-1α.
	TFAM.
	p53.

	Mitochondrial Biogenesis in Exercise and Disuse
	Additional Regulators of Mitochondrial Biogenesis

	MITOPHAGY
	Mitophagy
	Mitophagy in Exercise and Disuse

	MITOCHONDRIAL PROTEIN QUALITY CONTROL
	Mechanisms of Protein Quality Control
	The Mitochondrial Unfolded Protein Response (UPRmt)
	Mitochondrial Protein Quality Control in Exercise and Disuse

	COORDINATION OF MITOCHONDRIAL REDOX MECHANISMS
	Antioxidant Machinery
	Nrf2 and Antioxidants in Mitochondrial Adaptations to Exercise and Disuse

	CONCLUSION
	ACKNOWLEDGMENTS
	GRANTS
	DISCLOSURES
	AUTHOR CONTRIBUTIONS
	REFERENCES


