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OLIVEIRA, A.N., B.J. RICHARDS, M. SLAVIN, and D.A. HOOD. Exercise is muscle mitochondrial medicine. Exerc. Sport Sci.
Rev., Vol. 49, No. 2, pp. 67–76, 2021. Exercise stimulates the biogenesis of mitochondria in muscle. Some literature supports the use of phar-
maceuticals to enhance mitochondria as a substitute for exercise. We provide evidence that exercise rejuvenates mitochondrial function, thereby
augmenting muscle health with age, in disease, and in the absence of cellular regulators. This illustrates the power of exercise to act as mitochon-
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Key points

• Exercise is a potent stimulus for mitochondrial remodeling,
which signals an increased drive for mitochondrial biogene-
sis and the activation of its key regulator PGC-1α.

• Growing evidence illustrates the multifaceted ways through
which exercise can promote an optimization of the quality
of the mitochondrial pool. A key pathway involved is
mitophagy, the process through which dysfunctional mito-
chondria are removed from the reticulum.

• Aging and pathological conditions such as disuse and dis-
ease have overt mitochondrial phenotypes that contribute
to poor muscle oxidative status and metabolic inflexibility.

• Exercise is uniquely capable of improving mitochondrial
content and function through a variety of signaling path-
ways, providing an abundance of therapeutic potential
and making it an ideal mitochondrial medicine that likely
cannot be replicated pharmaceutically.

• This review describes how mitochondria are involved in
disuse-induced muscle atrophy, the aging phenotype, lyso-
somal and mitochondrial DNA diseases, and how exercise
alone or as an adjunct therapy can ameliorate the patho-
physiology by repairing and restoring mitochondria.

INTRODUCTION TO MUSCLE CONDITIONS WITH
MITOCHONDRIAL DYSFUNCTION

The growth of interest in mitochondrial research over the
last decade is related to the knowledge that mitochondrial con-
tent and function exhibit plasticity in response to changes in

metabolic energy demand. Exercise is a stimulus that is well
known to induce increases in mitochondrial content within
skeletal muscle. However, decrements in mitochondrial con-
tent and function can also take place, forcing muscle to derive
a greater fraction of its energy from glycolysis during the stress
of energy demands. Such decreases in mitochondria are readily
apparent in muscle fibers subject to chronic disuse, providing
evidence that muscle activity is critical to maintenance of a
normal, healthy mitochondrial pool. Independent of inactivity,
evidence exists for decrements in mitochondria with advancing
age, as well as in a variety of conditions such as mitochondrial
DNA (mtDNA) diseases, lysosomal defects, and cancer cachexia
and in the absence of critically important regulatory proteins,
such as peroxisome proliferator-activated receptor gamma coacti-
vator 1-alpha (PGC-1α), p53, and SirT1. Given the ability of ex-
ercise to augment the mitochondrial pool in healthy muscle, this
review will highlight the role of exercise in rejuvenating muscle
organelle content and function under conditions of deteriorating
muscle health, thereby acting as mitochondrial “medicine.”

ADAPTIVE PLASTICITY OFMITOCHONDRIA INMUSCLE
Mitochondria are highly dynamic, interconnected organelles

that continuously undergo events of renewal, removal, and re-
organization. At any given time, mitochondrial content is
governed by two opposing processes: mitochondrial biogenesis,
the synthesis of new mitochondria, and mitophagy, the selec-
tive degradation of dysfunctional mitochondria. Together,
these processes are referred to as mitochondrial turnover, and
in conjunction, they regulate mitochondrial quantity and qual-
ity. Signals for mitochondrial biogenesis, including increases in
adenine nucleotide turnover (1), changes in cytosolic Ca2+

concentration (2), and elevations in reactive oxygen species
(ROS) emission (3), all converge on the protein PGC-1α to
promote its transcription, synthesis, and activation. Once in
the nucleus, PGC-1α itself serves as a transcriptional coactiva-
tor by binding transcription factors such as nuclear respiratory
factor-1 and NRF-2, peroxisome proliferator-activated receptor,
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and estogen-related receptor isoforms to up-regulate a wide host
of nuclear genes encoding mitochondrial proteins, otherwise
known as NuGEMPs (4). As NuGEMPs are transcribed and
the mRNAs are translated in the cytosol, they are then shuttled
to the mitochondrion and imported through the tightly regu-
lated protein import machinery (5). One of these NuGEMPs
encodes Tfam, which, upon entry into mitochondria, helps sta-
bilize, transcribe, and replicate mtDNA. mtDNA encodes a
small number of proteins, precisely 13, which are essential for
the function and integrity of the organelle (6). This is especially
evident in mtDNA-derived diseases, resulting from point muta-
tions or deletions in the mtDNA sequence.
In skeletal muscle, mitochondria are often described as

subsarcolemmal located beneath the sarcolemmal membrane,
whereas intermyofibrillar (IMF) is dispersed between the myofi-
brils (7–9). Despite these geographical distinctions, and despite
possessing somewhat subtle biochemical differences, these mi-
tochondria exhibit a degree of connectivity. Mitochondria exist
in an interconnected network in skeletal muscle, known as the
mitochondrial reticulum (10,11). This stands to reason as mito-
chondria are highly motile organelles, and they continuously
undergo events of fusion and fission to fine-tune the organiza-
tion of the reticulum within the cell (12,13). Fusion refers to
the assimilation of relatively new mitochondrial fragments to
the network and is carried out by GTPases, Mfn1/2, which
tether and fuse the outer mitochondrial (OM) membranes,
and Opa1, which is largely responsible for fusion of the inner
membrane (IM) (13). Fusion helps expand and elongate the
mitochondrial reticulum, and more complex and extensive
morphologies are characteristic of healthy, exercise-trained in-
dividuals (14). This is associated with greater metabolic flexibil-
ity, lipid metabolism, and the broad distribution of mtDNA and
metabolites within muscle cells. Conversely, fission refers to the
removal of sections from the reticulum and is governed by the
dynamin-related GTPase Drp1 and its receptor Fis1 (13). Fis-
sion events are critical for the maintenance of a healthy net-
work, as this process can selectively excise portions of the
reticulum that have become dysfunctional, serving to limit
the spread of toxic by-products such as ROS or mtDNA muta-
tions. However, an overreliance on fission can lead to small
fragmented mitochondria that have been shown to generate
more ROS and less adenosine triphosphate (ATP). Thus, mito-
chondrial morphology is inherently tied to mitochondrial func-
tion and quality.
As the organization of the mitochondrial network is impor-

tant, so too is its internal morphology. The IM displays varying
degrees of internal folding, referred to as the cristae, providing
increased surface area to house the electron transport chain
(ETC). Cristae density is often used as an indication of mito-
chondrial quality, as highly dense organelles are common in
healthy individuals, whereas those devoid of folding are charac-
teristic of dysfunction. Another unique feature of the IM is the
presence of cardiolipin, a phospholipid found only in mito-
chondrial membranes and which serves to promote cristae fold-
ing due to its irregular shape. It also seems to serve as the “glue”
of the ETC, serving to interact with several membrane com-
plexes to maintain their functional integrity (15,16).
The permeability of the IM is tightly regulated. However, a

pronounced increase in mitochondrial permeability can be pro-
duced upon the opening of the mitochondrial permeability

transition pore (mtPTP), a channel comprising a heavily de-
bated number of IM proteins, possibly including cyclophilin,
and subunits of the ATP synthase (Complex V). Opening of
the mtPTP can be provoked by excessive ROS production ac-
companied by organelle calcium influx, and the result is a loss
of membrane potential, reduced ATP synthesis, mitochon-
drial swelling, and the release of a number of proapoptotic
proteins into the cytosol, including cytochrome c and apo-
ptosis-inducing factor (17). Release of these components ini-
tiates caspase-dependent and caspase-independent apoptotic
pathways, leading to nuclear DNA fragmentation. In a
mononucleated cell, the result would be cell death. Larger,
multinucleated cells such as skeletal muscle do not die, but
rather suffer myonuclear decay and localized atrophy (18,19).

Mitochondrial dysfunction does not always culminate in nu-
clear decay, because mitophagy serves as a cytoprotectivemech-
anism through which dysfunctional organelles can be removed
before the onset of irreversible damage (20,21). Mitophagy is a
mitochondria-specific form of autophagy that starts with the
tagging of dysfunctional organelles to be engulfed in a membra-
nous structure known as the autophagosome. Autophagosomes
are then transported to lysosomes, which degrade the cargo into
its basic lipids and amino acids to support future macromolecu-
lar synthesis. Several mechanisms have been described that ini-
tiate this process; however, the PINK1/Parkin pathway is the
most well studied and is initiated by elevations in ROS emission
and losses in membrane potential, which are common charac-
teristics of mitochondrial dysfunction. These signals perturb
the import capacity of the organelle, causing PINK1, a kinase
that is regularly imported into the mitochondrial matrix and de-
graded, to accumulate on the OM and recruit Parkin (22). As
an E3 ubiquitin ligase, Parkin ubiquitinates various OM proteins
to flag the organelle for degradation. These ubiquitin chains then
signal autophagosome formation to surround the dysfunctional
material. Once mitochondria are fully engulfed within the
autophagosome, this structure is transported to the lysosome,
where it fuses with the aid of lysosome associated membrane pro-
teins (LAMPs) to sequester and degrade the dysfunctional cargo
(23). Therefore, the function of the lysosome is essential for the
maintenance of mitochondrial quality within muscle cells.

AGING MUSCLE
It is estimated that after the age of 30, aerobic capacities de-

cline ~10% each decade (24). In contrast, strength begins to
decline ~1% annually after the age of 40 and accelerates in later
years (25). The age-related declines in muscle strength, which
coincide with losses in muscle mass, are known as sarcopenia.
Sarcopenia is inherently tied to frailty in older adults and results
in increased falls and diminished quality of life. This is concern-
ing, as projections suggest that 22% of the world population will
be over the age of 60 by 2050 (26). Like the rate of sarcopenia,
sedentary behavior also is on the rise, and with advancing age,
this may exacerbate the sarcopenic phenotype in the elderly
population. Thus, to relieve the aging-associated burden onhealth
care systems and to improve the quality of life of older individuals,
the promotion of lifelong exercise behavior is imperative.

Mitochondria have long been central in the discussions of
sarcopenia, in part because they are major contributors to oxida-
tive stress with age (27), leading to ETCdysfunction (28), reduced
membrane potential (29), and the activation of apoptotic
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pathways (29). Electron microscopy images have identified
both small, fragmented mitochondria (30,31) and giant mito-
chondria (32) in aging muscle. These morphological alterations
may be a result of imbalanced mitochondrial dynamics, with
rates of fusion and fission being out of balance (30,33). Interest-
ingly, controversy exists surrounding mitochondrial content
and advancing age. Some studies indicate that mitochondrial
content declines with advancing age, whereas others suggest
that it increases, although the latter includes a larger proportion
of dysfunctional mitochondria (surveyed in 34). Despite the in-
consistencies in overall content, several studies have demon-
strated that with advancing age, mitochondrial dysfunction
becomes more apparent (35). These age-related mitochondrial
impairments can include reduced respiration (28), protein syn-
thesis (36), and maximal rates of ATP production (37,38). In-
terestingly, the alterations in mitochondrial content and
function occur independently of changes in mitochondrial pro-
tein import (39).

An elevation in the proportion of dysfunctional mitochon-
dria within muscle with age could be a consequence of reduced
biogenesis or impaired removal via mitophagy. Although aged
muscle mitochondria have no obvious protein import deficien-
cies, the stability of precursor proteins in the cytosol is reduced
in aged muscle, providing less substrate for the import pathway
(39). In addition, the transcription of the regulator PGC-1α is
decreased, and PGC-1α mRNA decay rates are accelerated in
aged muscle (40). These changes can contribute to a reduction
in organelle biogenesis. From a mitophagy perspective, our lab-
oratory has shown that mitophagy flux increases with advanc-
ing age, at least up to the point of autophagosome engulfment
(20). These increases in flux are accompanied by evidence of
the accumulation of indigestible material, also known as
lipofuscin, indicative of lysosomal defects (20,41). Thus, lyso-
somal dysfunction may limit the capacity to ultimately remove
damaged organelles. Exercise has been shown to reverse many
of these defects and to promote autophagy in general (42).
For example, chronic contractile activity (CCA) reverses the
accelerated ROS production evident in mitochondria from
aged muscle and increases the transcription of PGC-1α toward
levels found in muscle from younger individuals (31,40,42). In
addition, exercise has been shown to increase lysosomal con-
tent irrespective of age, and this may help circumvent the de-
clines in lysosomal function that are apparent with age (20).
Interestingly, mitophagy flux, although elevated with age, was
reduced after training. This is thought to reflect the improve-
ment in mitochondrial quality elicited by the training paradigm,
resulting in an attenuation of mitophagy signaling (20,43).

These mechanistic studies fortify the concept that regular ex-
ercise over the long term can act as a protective mechanism
against the risk of disease and is associated with greater maximal
oxygen uptake, longer time to exhaustion, and higher mito-
chondrial enzyme activities compared with sedentary counter-
parts (44,45). Lifelong exercise has also been shown to act as
a protective mechanism against oxidative damage (46). Several
studies of older adults aged 60–75 yr have demonstrated acute,
exercise-induced increases in PGC-1α mRNA, Tfam, and
phosphorylated AMPK (p-AMPK) content (44), as well as in-
creases in mitochondrial markers at both the mRNA and pro-
tein levels after typical endurance training paradigms (47).
This latter study also confirmed a reduction in oxidative

damage and inflammatory markers with training (47). Further-
more, an exercise intervention in older obese women has also
been shown to promote gene expression of autophagy-related
genes (48), although definitive measurements of flux are chal-
lenging in humans. Collectively, these studies of animal models
and humans suggest that introducing exercise at any age can be
advantageous and that aged muscle retains the ability to adapt
to exercise and restore possible defects in mitochondrial
content/function (Fig. 1), although the degree of this adapta-
tion seems to be attenuated at an older age (31,44).

MUSCLE DISUSE
In the absence of contractile activity, mitochondria in mus-

cle exhibit functional and morphological impairments. They
also become fragmented as a result of fission-fusion regulatory
imbalances (30). Declines in mitochondrial volume have been
shown after inactivity as evidenced by reductions in expression
of mitochondrial proteins (19,49–51), whereas impairments in
oxidative phosphorylation and increased ROS production
demonstrate how disuse also significantly affects the organelle's
bioenergetic function (49,52,53). Importantly, mitochondrial
biogenesis signaling also is disrupted early on in disuse, charac-
terized by reductions in PGC-1α gene expression (49,54,55). In
rodent models of disuse, the increase in ROS and a loss of mi-
tochondrial function create an energy deficit, thus, enhancing
AMPK-mediated catabolic signaling and proteolysis (19,49,52,56).
This promotes the rapid up-regulation of a host of atrophy
genes mediated by the Foxo3 family of transcription factors, in-
cluding Atrogin-1 and MuRF1 at both the mRNA (55) and
protein levels (49,56). The ensuing energy deficiency and en-
hanced mitochondrial dysfunction are partly responsible for
the activation of proteolytic pathways, greater apoptotic suscep-
tibility, and the possible loss of myonuclei (19). Phenotypically,
this translates into muscle atrophy and a reduction in contrac-
tile function (55,57).

Exercise Preconditioning Serves as Mitochondrial
Medicine for Disused Muscle

“Exercise preconditioning” is used to describe exercise-induced
adaptations obtained before a period of inactivity that serve to
protect skeletal muscle against atrophy and dysfunction during
disuse (58–60). This protection is achieved through 1) increas-
ing cytosolic and mitochondrial antioxidants and chaperones
(60), 2) increasing mitochondrial gene expression and protein
levels (61), and 3) reducing signaling toward apoptotic and at-
rophy pathways (Fig. 1) (62).

Exercise training in mice performed before hindlimb suspen-
sion or mechanical ventilation (MV) rescued ROS levels and
up-regulated antioxidants such as SOD1 and GPx (59,60).
Mitochondrially sourced ROS seems to be crucial in causing
muscle atrophy during disuse, since the knockdown of SOD2
prevented the protective adaptation of exercise before MV
(63). Protection also is conferred by a training-induced attenu-
ation of the expression of catabolic markers, whereas anabolic
signaling and antiapoptotic proteins are enhanced in rodent
skeletal muscle (52,62,64). These exercise-evoked mechanisms
likely have practical consequences. The prescription of a moder-
ate exercise protocol before surgery could contribute to the pres-
ervation of muscle mass andmitochondrial function, attenuating
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Figure 1. Mitochondrial phenotype with disuse and age.With age andmuscle disuse, mitochondria exhibit diminished electron transport chain (ETC) function
and elevations in reactive oxygen species (ROS) emission. Reductions in PGC-1α and the drive for mitochondrial biogenesis have been described with both age
and disuse. Withmuscle disuse, protein import is impaired, and this is a fundamental component of the biogenesis pathway. This is likely due to the elevations in
ROS. With age, elevations in mitophagy contribute to the reduction in mitochondrial content, but the accumulation of lipofuscin in the lysosomes may be
inhibiting lysosomal function, leading to the accumulation of autophagosomes. Together, this can lead to the appearance of mitochondrial dysfunction in these
conditions as biogenesis through PGC-1α is impaired, while dysfunctional mitochondria are allowed to accumulate, at least in the context of aging. Mitochon-
drial fragmentation also is evident with age and disuse. Both aging and disuse have been associated with increases in mitochondrial-mediated apoptosis. This
initiates DNA fragmentation and can promote muscle atrophy. Exercise (symbolized by the runner) promotes PGC-1α expression, protein import, mitochondrial
biogenesis, lysosomal degradation capacity, and mitophagy to promote mitochondrial turnover, resulting in a more optimal pool of healthy mitochondria. Exer-
cise has also been shown to reduce apoptosis and promote a prosurvival phenotype, in part via the increased expression of antioxidant enzymes, thereby alle-
viating oxidative stress, preserving muscle mass and promoting muscle health.
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the disuse-induced decline in muscle function upon bed rest–
induced inactivity during the healing process (65).

MTDNA DISEASE AND COMPLEX ASSEMBLY DEFECTS
The mitochondrial genome encodes 13 of the 87 proteins

within the ETC of mitochondria (66). Being in close proximity
to the ETC, mtDNA is susceptible to ROS-induced damage
and mutations. Mitochondria are heteroplasmic in nature, of-
ten containing a mixture of both mutated and wild-type
(WT) mtDNA copies. Tissue-dependent heteroplasmy thresh-
olds exist that determine the extent of dysfunction present (67).
For example, skeletal muscle harboring a high level of mtDNA
mutations or large-scale deletions experiences impaired respira-
tion and elevated ROS levels, thereby increasing the vulnera-
bility of muscle cells to apoptotic nuclear decay. Functionally,
this translates into a damaged muscle phenotype with reduced
muscle performance and endurance capacity (68,69).When ac-
companied by chronic physical inactivity, the result is a vicious
cycle of deteriorating mitochondrial and whole-muscle func-
tion, as evident in patients with mitochondrial myopathy
(MM) (67).

Human studies of patients with MM and rodent models with
inducible mtDNA mutations are of great use in researching the
potential benefits of exercise on muscle function and endur-
ance. It is evident that endurance exercise training can lead
to increases in mitochondrial volume, improving peak oxygen
utilization of skeletal muscle in human patients with MM and
rodent models (67,68,70–74). Thus, regular exercise can im-
prove deficient muscle oxidative metabolism and can serve as
a potential therapeutic to alleviate exercise intolerance Fig. 2
(40,41,75–77). Additional studies examining the exercised
muscle of patients with MM show improved mitochondrial
content and quality occurring independent of changes in muta-
tion load (67,70). Interestingly, resistance exercise has also
been found to improve the mtDNA genotype through the
transfer of normal mtDNA from the fusion of new satellite cells
into the myofiber (78). This “gene shifting” approach suggests
an alternative therapeutic route for those with MM to improve
the health of the skeletal muscle and improve the associated ex-
ercise intolerance.

LYSOSOMAL DISEASE AND BIOGENESIS
In healthy cells, mitophagy is a tightly regulated process

whereby dysfunctional mitochondria are recycled by lysosomes
tomaintainmitochondrial quality. Lysosomal-related patholog-
ical conditions such as Pompe disease and Danon disease have
an obstructed degradation pathway, resulting in an accumula-
tion of dysfunctional organelles. Thus, stimuli that increase ly-
sosomal biogenesis to alleviate autophagic blockade would
represent effective treatments for these conditions. Common
symptoms in patients with Pompe disease include skeletal mus-
cle deterioration and functional impairments, which stem from
a deficiency in lysosomal enzyme acid α-glucosidase (GAA)
(79). In contrast, Danon disease is caused by a deficiency in
lysosome-associated membrane protein 2 (LAMP2), and symp-
toms may include hypertrophic cardiomyopathy, muscle weak-
ness, and cognitive deficiencies (80). Although little is known
regarding the effect of exercise in patients with Danon disease,
exercise may be effective to promote the clearance of dysfunc-
tional organelles in patients with Pompe disease, which is

characterized by the accumulation of glycogen in autophagic
vacuoles and lysosomes. Lysosomal enlargement and rupture
along with impaired autophagic flux are evident, leading to ab-
normal mitochondrial structure (81,82). A common treatment
is the use of enzyme replacement therapy (ERT), and when
combined with exercise training, it has been shown to result
in greater mitochondrial enzyme activity in quadriceps muscles
than if ERT therapy was used alone in GAA knockout (KO)
mice (81). Autophagy markers were also restored to normal
levels in cardiac tissue of GAA KO mice after the combined
therapy approach. Another study demonstrated that exercise
and ERT, rather than each treatment alone, led to a more effec-
tive clearance of autophagic debris and lipofuscin (83). Other
benefits of this combined polytherapy approach included im-
proved antioxidant system capacity and reduced oxidative dam-
age, whereas the mitochondrial size distribution was restored.
These studies suggest that a combined therapy approach leads
to better outcomes than each therapy used individually.

Exercise may effectively alleviate a blockade in autophagy,
such as that evident in the diseases above. To study this exper-
imentally, Parousis et al. (84) used a cell culture model of
chronic exercise in myotubes, known as CCA, while treating
them with either vehicle or with bafilomycin A (BafA), a drug
that inhibits autophagosome-lysosome fusion. BafA treatment
led to impaired mitochondrial respiration, elevated ROS emis-
sion, and autophagy/mitophagy blockage. After CCA, ROS
emission was reduced, respiration rates were restored, lysosomal
proteins increased, and mitophagy flux was ameliorated. Thus,
this suggests that “exercise” can serve to restore mitochondrial
function and turnover, leading to a healthier mitochondrial
pool in the presence of lysosomal dysfunction (Fig. 2).

The microphthalmia (MiT) family of transcription factors,
namely, transcription factor EB (TFEB) and its family member
TFE3, are widely regarded as master regulators of lysosomal bio-
genesis as they are responsible for regulating promoter regions
on the genome to up-regulate various lysosomal genes (85). It
is interesting to note that the absence of TFEB or TFE3 also is
associated with a dysfunctional mitochondrial phenotype
(86,87). This is attributed to declines in lysosomal biogenesis,
leading to impaired organelle clearance, favoring the accumula-
tion of dysfunctional mitochondria. However, independent of
their roles as regulators of lysosomal genes, TFEB and TFE3
have been shown to regulate PGC-1α (88,89). Mansueto et al.
(86) showed that the overexpression of TFEB improved mito-
chondrial content in a manner that was independent of
PGC-1α and PGC-1β. These data suggest that a coordinated
relation should exist between lysosomal and mitochondrial bio-
genesis (75,90), as driven by MiT family transcription factors,
an area of research that is ripe for further investigation. Evi-
dence for this coordination can be found in response to chronic
exercise. Widely recognized as a potent stimulus for mitochon-
drial biogenesis, chronic exercise also promotes the synthesis of
lysosomes. A number of lysosomal markers including LAMP1/
2, MCOLN1, and v-ATPase, were up-regulated early on in
the training paradigm (43). Interestingly, these adaptations pre-
ceded changes in mitochondrial content, highlighting the im-
portance of the lysosomes in facilitating the onset of an
exercise-induced oxidative phenotype. This increase in lyso-
somal capacity likely aids in the removal of damaged mitochon-
dria to promote an optimally functioning mitochondrial pool.
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Figure 2. Mitochondrial dysfunction in mtDNA disease and lysosomal disease. The presence of lysosomal disease has repercussions for mitochondria. Mito-
chondrial dysfunction is present and characterized by declines in oxidative phosphorylation and elevations in reactive oxygen species (ROS) emission. This is likely
due to the accumulation of mitochondria that cannot be cleared via the lysosomes. Cristae density is reduced, and mitochondrial swelling has been observed.
Interestingly, exercise (symbolized by the runner) has been shown to stimulate lysosomal biogenesis andmay offer some promising outcomes, especially in com-
bination therapies. mtDNA disease arises out of genetic mutations in the mitochondrial genome. Because of the heteroplasmic nature of mitochondria, the phe-
notypes observed in mtDNA disease can vary significantly and correlates positively with mutation load. In general, mitochondrial dysfunction is observed and
characterized by decrements in oxidative phosphorylation and elevations in ROS emission. Declines in membrane potential have also been described and likely
contribute to the impaired electron transport chain (ETC) function. These organelles also show a greater tendency toward mtPTP opening and, subsequently, ap-
optosis. Exercise has shown to be a promising therapy in patients withmtDNA disease, promoting an increase inwork capacity, V̇O2 peak, andmitochondrial enzyme
activities, with no apparent change in mutation load. Despite optimism, more research is needed to evaluate mitophagy in these two disease conditions, as well as
the full spectrum of benefits brought about by exercise.
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REGULATORY PROTEIN DEFECTS

p53
The tumor suppressor protein p53 and its role in the develop-

ment of cancer have been well documented. p53 drives cellular
apoptosis and DNA damage/repair, whereas its functional ab-
sence is associated with several cancers (91). Interestingly,
p53 can also regulate and maintain mtDNA by binding directly
to the D-Loop region or with Tfam, the main transcription fac-
tor for mtDNA (92). p53 also can bind to the promoter region
of PGC-1α and several NuGEMPs. Our laboratory has shown
that whole-body p53 null mice exhibit a pronounced mitochon-
drial phenotype characterized by reduced PGC-1α expression,
cytochrome c oxidase activity, IMF mitochondrial respiration,
and elevated IMF ROS production, suggesting that p53 is impor-
tant for maintaining mitochondrial content and function (93).
Interestingly, the absence of p53 did not hinder the ability of
these mice to adapt to exercise (76). p53 muscle-specific knock-
out (mKO)mice have been shown to display a less severe pheno-
type (77). Indeed, our studies have shown that p53 mKO mice
subjected to exercise improved their endurance capacity to the
same level as WT animals, despite having lower basal COX ac-
tivity, PGC-1α protein, and Tfam protein before training (76).
Furthermore, exercise training was enough to reverse excessive
ROS production. Autophagy clearance also seemed to be dis-
turbed in mKO mice, demonstrated by elevated basal levels of
p62, Parkin, and Beclin-1. However, with exercise, autophagy
markers were restored toward normal levels. These studies dem-
onstrate that p53may have important ramifications for themain-
tenance of basal mitochondrial content and function but that
this can be reversed by exercise training, again illustrating the
breadth of signaling that exercise evokes to produce a healthy
muscle phenotype.

Sirt1
Sirt1 belongs to a family of deacetylases that gained notoriety

for its role in the regulation of mitochondria, as well as its in-
volvement in the NAD+ synthesis pathway. Sirt1 is responsive
to the NAD+/NADH status of the cell, as NAD+ acts as a co-
enzyme or substrate for Sirt1 action. Sirt1 deacetylates
PGC-1α, thereby increasing its activity and indirectly promot-
ing its transcription (94). This uniquely positions Sirt1 as a ho-
meostatic sensor, as it, therefore, is sensitive to the energy and
redox status of the cell. As such, Sirt1 is appropriately situated
to aid in the regulation of mitochondria, both by stimulating
mitochondrial biogenesis and mitophagy.

Manipulation of Sirt1 both pharmacologically and geneti-
cally results in a dramatic mitochondrial phenotype. Sirt1 null
animals have poor endurance capacity that is attributed to the
decline in mitochondrial content within skeletal muscle, and
poor mitochondrial function characterized by elevations in
ROS emission along with reductions in basal and maximal res-
piration (95). Despite the mitochondrial decrement caused by
the absence of SirT1, endurance training in the form of tread-
mill running was able to improve this mitochondrial defect.
These data demonstrate the importance of SirT1 in the mainte-
nance of mitochondria but highlight its redundancy in
exercise-induced adaptations while demonstrating the value of
exercise in rescuing mitochondrial dysfunction. Interestingly,
activation of Sirt1 through resveratrol partially restores the

mitochondrial phenotype, and this effect is synergistic when
combined with endurance training (95). This is an important
finding as resveratrol treatment in older men and women en-
hances exercise-induced increases in mitochondrial density
and further elevates the improvements seen in functional mea-
sures such as fatigue resistance and power (96). This illustrates
the value of seeking pharmaceutical interventions that can re-
store mitochondrial health in skeletal muscle when combined
with exercise training.

Parkin
Mutations in the Parkin gene are the predominant cause of

familial Parkinson disease. Parkin is a key player in the widely
studied PINK1/Parkin pathway of mitophagy, discussed above.
As an E3 ubiquitin ligase, it is responsible for tagging dysfunc-
tional mitochondria for their degradation. Although Parkin is
one of many E3 ubiquitin ligases within the cell, in Drosophila,
the absence of Parkin is associated with a dramatic mitochon-
drial phenotype and results in the degeneration of flight muscles
(97). In rodent skeletal muscle, the absence of Parkin confers a
more nuanced mitochondrial phenotype, whereby mitochon-
drial content is maintained but the organelles are functionally
impaired (98–100). This deficit is characterized by a decline
in maximal respiration and occurs independent of a disruption
in basal mitophagy (98). In contrast, Parkin overexpression
has been associated with the extension of life span and im-
proved mitochondrial function inDrosophila (101). In mamma-
lian tissue, overexpression of Parkin attenuated age-related
declines in muscle mass and strength and, surprisingly, pro-
moted hypertrophy in adult skeletal muscle (102). Parkin over-
expression also improved mitochondrial content and function,
thus, protecting against aging-associated elevations in oxidative
stress and apoptosis (102). However, Parkin is required to facil-
itate the normal stress-induced increase in mitophagy promoted
by acute exercise (98,103). This does not seem to be dependent
on Pink1 accumulation on the OM membrane (104), suggest-
ing that Parkin may be recruited to the mitochondria to facili-
tate clearance independent of PINK1 after exercise. Therefore,
the acute exercise effect on mitophagy serves as a first step in
the maintenance of a healthy mitochondrial pool. With re-
peated bouts, this effect tapers off, likely reflecting early remod-
eling and subsequent adaptation, attenuating the signaling that
stimulates further mitophagy. However, because the acute re-
sponse is lost in the absence of Parkin, mitophagy remains
low after training, and functional improvements are not seen
in the mitochondria of Parkin KO animals (98). Endurance
training is still capable of increasing mitochondrial content
but is not able to rescue the functional impairment (94). This
highlights a role for Parkin in mediating exercise-induced mito-
chondrial adaptations through mitophagy, as well as via nonca-
nonical routes of mitochondrial biogenesis.

FUTURE PERSPECTIVES
Mitochondria are highly plastic organelles that are inher-

ently tied to the health of skeletal muscle. As such, mitochon-
dria are often central in discussions of the muscle pathology
observed with atrophy, aging, and disease. Exercise provides a
compelling avenue for therapy, as it evokes the activation of a
broad array of redundant signaling pathways that stimulate mi-
tochondrial biogenesis to maintain organelle content and
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function. Recent studies also indicate that exercise has the
unique ability to promote the removal of dysfunctional mito-
chondria that are often central in the etiology of disease, via a
simultaneous increase in mitophagy and in lysosomal degrada-
tion capacity. The complexity and multifaceted nature of the
adaptations elicited through exercise training illustrate the
therapeutic potential of “exercise as mitochondrial medicine”
that may be impossible to replicate pharmaceutically. Future
work in this area could focus on 1) a better understanding of
novel, yet independent, biogenesis pathways that respond to
both exercise and pharma/nutriceuticals, with the hope of
achieving synergistic responses when both are used in combina-
tion; 2) the activation of mitophagy as an equal partner with
biogenesis in maintaining a healthy organelle pool; 3) the role
of exercise in stimulating mitochondrial motility and dynamics
via fission and fusion, as mitochondrial morphology often deter-
mines organelle function; and finally, 4) lysosomal degradation
capacity as a determinant of mitochondrial health, currently a
poorly studied area of muscle biology. Knowledge of these path-
ways would allow greater possibilities for intervention, espe-
cially when exercise is impossible or challenging.
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