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A B S T R A C T

Mitochondria are vital organelles that provide energy for muscle function. When these organelles become
dysfunctional, they produce less energy as well as excessive levels of reactive oxygen species which can trigger
muscle atrophy, weakness and loss of endurance. In this review, molecular evidence is provided to show that
exercise serves as a useful therapeutic countermeasure to overcome mitochondrial dysfunction, even when key
regulators of organelle biogenesis are absent. These findings illustrate the complexity and compensatory nature of
exercise-induced molecular signaling to transcription, as well as to post-transcriptional events within the mito-
chondrial synthesis and degradation (i.e. turnover) pathways. Beginning with the first bout of contractile activity,
exercise exerts a medicinal effect to improve mitochondrial health and whole muscle function.
Introduction

Mitochondria are unique organelles that provide the energy (ATP) for
cell survival. They consist of approximately 1200 proteins within the
matrix, inner and outer membranes, and intermembrane space com-
partments.1 Most of these proteins are transcribed from the nuclear
genome, translated in the cytosol, and imported into existing mito-
chondria. A small number of mitochondrial proteins (13) are synthesized
within the organelle itself, transcribed from a small, compact, circular
mitochondrial DNA (mtDNA). These proteins are vital for the structure
and function of the electron transport chain (ETC), the series of reactions
responsible for the oxidation of reduced coenzymes (NADH2, FADH2)
which are products of glucose and fatty acid catabolism. The oxidation of
these substrates leads to the formation of an electrochemical gradient
across the inner membrane, which is used to power the synthesis of ATP.2

The ETC is composed of five large multi-subunit complexes of protein
(Complexes I–V) which perform this task. mtDNA-encoded components
are found in all complexes, with the exception of Complex II. During the
process of electron transport, excess electrons can be inadvertently
donated to oxygen, thereby forming reactive oxygen species (ROS).
These molecules are useful when produced in moderation, acting as
signaling agents which can affect the transcription of nuclear genes
encoding mitochondrial proteins.3–6 However, when produced in excess,
such as during conditions of ETC inhibition, or in the presence of protein
subunit mutations, excess electrons can serve to oxidize proteins, lipids
and mtDNA, leading to functional defects.7

In skeletal muscle, mitochondria exhibit structurally complex
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morphologies which are regionally distinct.8,9 Below the sarcolemma, a
high concentration of “subsarcolemmal” (SS) mitochondria exist which
have relatively simple configurations. In contrast, more diffusely local-
ized organelles exist between the myofibrils (intermyofibrillar, or IMF
mitochondria).10 This localized organelle is more reticular in nature,
having interconnections between neighbouring mitochondria and form-
ing an irregular network of organelles. SS mitochondria likely serve to
provide ATP for membrane transport functions and provide energy
support for nuclear processes such as transcription, and nuclear molecule
transport. On the other hand, IMF mitochondria support the energy re-
quirements of actin-myosin interactions, and contractile activity per
se.11–13 An interesting note is that these mitochondrial populations
possess subtle differences in biochemical characteristics when isolated
and studied in vitro. In addition, when they are quantified based on
electron microscopy analyses, SS mitochondria occupy about 10–20% of
the total organelle population, while IMF mitochondria comprise of the
remaining 80–90%.14 These proportions can be altered as a result of
adaptations to exercise, disuse, or disease.9,12 In general, the SS mito-
chondria appear to proliferate more in response to cellular perturbations.
The increase in SS mitochondria as a result of training, for example, is
about twice the response of IMF mitochondria.9 This increase is further
amplified under conditions of mtDNA-driven disease conditions, in
which a remarkable increase in SS mitochondria produces a morphology
termed ragged-red fibers.15 This adaptation appears to be the result of a
compensatory nuclear gene expression response to a mitochondrial DNA
defect.

The adaptive response of muscle mitochondrial content to regularly
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performed exercise (i.e. training) was first convincingly demonstrated by
John Holloszy in his classic publication in 1967.16 He demonstrated that
endurance exercise training performed at an appropriately prescribed
intensity, duration, and frequency per week, in combination with high
intensity intervals, could produce a remarkable 100% increase in the
level of oxidative enzymes per gram of muscle. Modest changes in
mitochondrial composition favouring more densely packed electron
transport chain proteins were also observed. Subsequently he and his
research group showed that this adaptation was muscle fibre
type-dependent, and that the physiological consequences of this increase
in mitochondria was more favourable lipid oxidation, accompanied by
reduced glycolytic flux and glycogen utilization. These physiological
adaptations, along with reduced lactic acid production, were shown to
contribute meaningfully to the overall enhancement of endurance per-
formance observed as a result of training. Indeed, a number of studies
have confirmed that the best correlation between any physiological
parameter and endurance performance is the mitochondrial content of
the muscle. Gollnick et al. subsequently showed that these adaptive
changes also took place in humanmuscle subject to endurance training.17

These studies led to a remarkable growth in interest for the adaptive
plasticity of muscle. While these adaptations have now repeatedly been
observed as a result of endurance training, other forms of exercise also
produce changes in muscle mitochondrial content. For example, repeated
interval training bouts at high intensity force the recruitment of all muscle
fibers within the muscle, and while the duration of the exercise is short,
convincing changes inmitochondrial content have been observed.18–20 In
contrast, mitochondrial adaptations to resistance training have shown
inconsistent results. Original studies suggested that, while the stimulus
invoked by such training produced large changes in myofibrillar protein
levels and muscle fiber hypertrophy, little to no change in mitochondrial
content was observed, resulting in a “dilution” of the mitochondrial con-
tent within the fiber.21,22 This adaptation is physiologically disadvanta-
geous, because mitochondrial content dilution increases the diffusion
distance between the capillary and the mitochondrial location, with po-
tential impairments in endurance performance. More recent work has
suggested that despite a lack of change in organelle content, some im-
provements inmitochondrial functionmay take place.23 Further, changes
in mitochondria gene expression may be most evident in muscle pos-
sessing a lower mitochondrial content, such as aged muscle. Indeed this
adaptation appears to be a general principle: the lower the mitochondrial
content to begin with, the greater the adaptive potential observed.24 The
greater adaptation observed under these conditions is most likely the
result of a larger metabolic response to the exercise stress. The higher
levels of metabolites, such as AMP, lactic acid or others, provoke a greater
nuclear gene expression response by activating transcription factors,
leading to a stronger mitochondrial adaptation.

These longstanding results regarding the effects of exercise on mito-
chondrial adaptations were largely based on observations in young,
healthy skeletal muscle. These findings led to the realization that, if
mitochondrial content and function were impaired under certain condi-
tions (eg. disease, aging), exercise might serve as a form of “behavioural
medicine” that could ameliorate the pathophysiology of that condition.
However, the molecular basis for such adaptations remains to be fully
resolved. In the remaining sections of this review, we highlight several
important protein regulators and processes that serve to maintain mito-
chondrial content and function in muscle, the absence of which leads to
muscle pathology. In addition, we describe the evidence that exercise can
serve to compensate for these deficiencies and lead to healthier muscle,
thereby illustrating the function of exercise as “medicine” to attenuate
muscle pathophysiology.

Important signaling proteins for biogenesis

PGC-1α

Likely the most important regulators of the transcription of nuclear
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genes encoding mitochondrial proteins (NuGEMPs) is the peroxisome
proliferator-activated receptor gamma coactivator-1 (PGC-1) family of
transcriptional coactivators. Among the three members, PGC-1α is widely
regarded as the master regulator of mitochondrial biogenesis. As a co-
activator, PGC-1α does not directly interact with the genome, but
rather binds other transcription factors to exert its function.7,25,26

Through its LXXLL motif, PGC-1α is capable of binding a host of tran-
scription factors including PPARs, NRFs, and ERRs. In response to a bout
of exercise, a series of signaling events lead to the nuclear translocation
and activation of PGC-1α to initiate mitochondrial adaptations through
mitochondrial biogenesis27 (Fig. 1). Signals such as influxes of cytosolic
calcium, elevations in reactive oxygen species (ROS) and increases in the
AMP to ATP ratio all occur following an acute bout of exercise, and serve
to promote PGC-1α activation through their respective kinases.28 The
convergence of these various signals on this transcriptional co-activator
illustrates the importance of PGC-1α activation in the maintenance and
expansion of the mitochondrial reticulum.

Within skeletal muscle, overexpression of PGC-1α is sufficient to
induce a more oxidative metabolic profile.29 Mitochondrial content in-
creases, and there is a shift to a greater proportion of type I fibers.30 These
adaptations contribute to improving exercise performance and fatigue
resistance. In stark contrast, PGC-1α null animals have lower mitochon-
drial content, reduced state 3 and state 4 respiration,31 elevated ROS
production and are typically described as exercise intolerant. Similarly,
following periods of inactivity or muscle atrophy, such as aging, declines
in PGC-1α are observed.32 Thus, a strong positive correlation exists be-
tween PGC-1α and mitochondrial content, demonstrating the importance
of this co-activator in the maintenance of these organelles. Indeed, a
single bout of exercise initiates the transcription of PGC-1α, and pro-
motes the subsequent accumulation of mitochondrial proteins.33,34

Despite the value of PGC-1α in determining muscle phenotype, a
number of studies have now shown that exercise training-induced im-
provements in mitochondrial content and function can proceed in the
absence of PGC-1α.31,35,36 For example, the mitochondrial respiratory
defects observed in PGC-1α null animals are completely rescued by a
period of endurance training,31 suggesting the presence of other
compensatory transcriptional proteins that are activated to compensate
for PGC-1α. However, this compensation appears to diminish with age, as
the exercise training benefits are diminished in older animal models.37

Thus, exercise serves a medicinal function to improve muscle health,
even in the absence of PGC-1α.

p53

p53 is widely regarded as a tumor suppressor protein as it is heavily
involved in apoptosis as well as in DNA damage and repair. The absence
of p53 leads to cancer, and mutations in this protein are found in
approximately 50% of human cancers.38,39 However, p53 also plays a
notable role in the regulation of mitochondria, as the loss of p53 results in
a decline in mitochondrial content and functional deficiencies.40–43 p53
can regulate mtDNA and is imported into the mitochondrial matrix
through CHCHD4, a component of the protein import machinery (PIM).44

p53 controls mtDNA in two ways, first by directly interacting with the
D-Loop region to upregulate the transcription of mtDNA.45,46 p53 can
also interact with mitochondrial transcription factor A, Tfam, and DNA
polymerase γ to promote its binding to mtDNA46–48 (Fig. 1). This binding
is important for the transcriptional regulation of the mitochondrial
genome, but also to maintain mtDNA integrity.

Further to its roles in regulating and maintaining mtDNA, p53 can
also regulate mitochondria by modulating the expression of NuGEMPs, as
well as that of PGC-1α, as the promoter of PGC-1α contains multiple
putative p53 binding sites49,50 (Fig. 1). p53 null mice exhibit lower levels
of PGC-1α, which contributes to the decline in mitochondrial content.
p53 can also directly transcriptionally regulate the ETC assembly factor
SCO2, resulting in improper complex assembly of the electron transport
chain (ETC).51 Impaired COX holoenzyme formation may contribute to



Fig. 1. Exercise-induced activation of mitochondrial biogenesis. An acute bout of exercise elicits signaling events that promote the expansion of the mitochondrial
reticulum. These signals, including increases in cytosolic calcium, elevations in reactive oxygen species, and declines in the energy status converge on the activation of
PGC-1α. Concomitantly, increases in the NADþ: NADH ratio activate SirT1, a deacetylase that activates PGC-1α thus allowing its nuclear translocation. p53 also
transcriptionally regulates PGC-1α and various nuclear encoded mitochondrial proteins (NuGEMPs). PGC-1α coactivates a number of transcription factors to promote
the expression of NuGEMPs, which are subsequently translated in the cytosol. To facilitate mitochondrial localization, NuGEMPs contain a mitochondrial targeting
sequence (MTS) that is recognized by cytosolic chaperones such as HSP90, that unfold preproteins and bring them to the translocase of the outer membrane (TOM)
complex. Receptors on the TOM complex recognize the MTS and initiate the translocation of the preprotein through Tom40. Preproteins destined for the mito-
chondrial matrix are shuttled to the translocase of the inner membrane (TIM) complex, and actively pulled through the Tim23 channel into the matrix via mtHSP70.
Once in the matrix, mitochondrial processing peptidase (MPP) cleaves the MTS, thus allowing chaperones such as cpn10 and HSP60 to refold the protein into its
mature conformation. The expansion of the mitochondrial reticulum also relies on the mitochondrial genome. Nuclear-encoded mitochondrial transcription factor A
(TFAM) is a major regulator of the expression of mtDNA. TFAM has also been found to form complexes with Sirt1, p53 and Polγ to stabilize and maintain the integrity
of the mitochondrial genome. Expansion of the mitochondrial reticulum can also be achieved through events of fusion in which mitofusin 1/2 (Mfn) and optical
atrophy 1/2 (Opa) tether and ligate the outer and inner membranes, respectively, to fuse the joining organelle into the network. As discussed in the text, defects in
several of these processes can be overcome with exercise.
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the functional declines seen in the absence of p53. These changes in
mitochondrial content are reflected in reduced muscle endurance per-
formance in p53 null mice,40 as well a higher blood lactate level during a
progressive exercise test to exhaustion.43

Despite the reduced mitochondrial content and function in the
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absence of p53, endurance training was able to increase mitochondrial
content and ameliorate blood lactate levels during an exercise test. In
addition, PGC-1α and Tfam were restored to normal or higher levels
despite the absence of p53, while the elevated ROS levels evident in
muscle specific KO (mKO) muscle was markedly reduced with exercise



A.N. Oliveira, D.A. Hood Sports Medicine and Health Science 1 (2019) 11–18
training.43 In addition, training also attenuated the elevated basal cyto-
chrome c release evident in isolated subsarcolemmal mitochondria, and
reduced pro-apoptotic Bax expression in p53 mKO animals.43 Thus, ex-
ercise training effectively reversed the mitochondrial defects brought
about by the absence of p53. This suggests that muscle in patients with
p53 loss-of-function mutations could potentially adapt to exercise as
effectively as healthy individuals, to restore muscle function and
metabolism.

Sirt1

Sirt1 is a deacetylase that participates in the regulation of mito-
chondria through both mitochondrial biogenesis and mitophagy. Sirt1 is
responsive to the NADþ/NADH ratio, as NAD þ serves as a coenzyme for
Sirt1, thus making Sirt1 sensitive to both the energy and redox status of
the cell. Deacetylation of PGC-1α by Sirt1 promotes PGC-1α activity,
while also indirectly increasing its transcription52 (Fig. 1). Similar to p53,
Sirt1 appears to translocate into the mitochondrion where it interacts
with Tfam to regulate the transcription of mtDNA.53,54 Therefore, Sirt1
participates in the coordination of both the nuclear and mitochondrial
genome in the expansion of the mitochondrial reticulum. Alternatively,
Sirt1 also regulates autophagy through various mechanisms, ultimately
leading to an increase in mitochondrial degradation. Through deacety-
lation, Sirt1 activates TSC2 preventing the inhibition of autophagy by
mTOR55 (Fig. 2). Sirt1 also activates FOXO3, a transcription factor that
regulates a number of genes including BNIP and LC3, which are both
involved in mitophagy.56,57 Thus, Sirt1 is involved in the optimization of
the mitochondrial pool by stimulating the synthesis of new organelles
and the clearance of damaged ones.

Since Sirt1 regulates both arms of mitochondrial turnover, it is no
surprise that genetic and pharmacological manipulation of Sirt1 has
dramatic effects on these organelles. Sirt1 null animals exhibit lower
mitochondrial content in skeletal muscle, which contributes to poor ex-
ercise endurance performance.58 In addition, the absence of Sirt1 led to a
marked increase in mitochondrial ROS emission and reductions in both
state 3 and state 4 respiration.58 Alternatively, pharmacological activa-
tion of Sirt1 through Resveratrol partially restored mitochondrial content
and function. However, when combined with endurance training, the
effects on mitochondrial content were synergistic improvements,
compared to either treatment alone. These data suggest that exercise
training, particularly in combination with Resveratrol form a potent
combination to restore mitochondrial health in skeletal muscle.

Cardiolipin metabolism

Cardiolipin is a unique phospholipid located predominantly within
the mitochondrial inner membrane. Cardiolipin is known as the “glue” of
the electron transport chain because of its important interactions with
resident proteins, and its requirement for ETC activity.59 The absence of
cardiolipin as a result of a mutation in Taffazin, a key enzyme in the
cardiolipin synthesis pathway, causes Barth Syndrome, a disease char-
acterized by cardiomyopathy andmuscle weakness. Cardiolipin synthesis
is reduced by muscle disuse60,61 and may contribute to the mitochondrial
dysfunction observed.62 However, exercise can reverse this decline. Ex-
periments using a chronic contractile activity model of exercise have
shown the rapid augmentation of cardiolipin in muscle,63 along with an
increase in gene expression of important enzymes that contribute to
cardiolipin synthesis.61 Thus, exercise can serve to maintain the appro-
priate phospholipid environment essential for electron transport chain
function in muscle.

Protein import

Mitochondria are comprised of ~1200 proteins that are encoded by
both the nuclear and mitochondrial genome (mtDNA), although, mtDNA
encodes for merely 13 proteins.1 Thus, the vast majority of the
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mitochondrial proteome is encoded by nuclear DNA, translated on
cytosolic ribosomes as precursor proteins and imported into the mito-
chondrion. Nascent polypeptides destined for the mitochondrion typi-
cally contain a mitochondrial targeting sequence (MTS) that dictates
mitochondrial-localization.64 Several MTS variations that specify their
sub-localization within the mitochondrion exist. Regardless of their final
destination, all precursor proteins destined for the mitochondrion are
recognized and transported by cytosolic chaperones to the translocase of
the outer membrane (TOM) complex (Fig. 1).

Once bound to a receptor of the TOM complex, unfolded preproteins
transit through the OM via the Tom40 channel. Precursor proteins
destined for the mitochondrial matrix are brought to the TIM complex,
where polypeptide chains translocate through the IM via Tim23, the
major channel of the TIM complex. Translocation through the IM re-
quires ΔΨ and ATP, as transiting proteins are actively pulled into the
matrix by ATP-driven action of mitochondrial Hsp70 (mtHsp70). Once in
the matrix, the MTS is cleaved by mitochondrial processing peptidase
(MPP), and refolded by resident chaperones such as Hsp60 and chaper-
onin10 (cpn10) into their mature conformation28,65 (Fig. 1).

Mitochondrial protein import is a highly dynamic and energetically-
responsive mechanism, as the rate of import can be modified to match
the needs of the cell. For example, chronic exercise has been shown to
increase the expression of several components of the protein import
machinery (PIM), and this increases coincides with increased rates of
protein translocation into the mitochondrion.66 Various key components
of the import machinery such as Tom20, Tom22, Tim23, Hsp90 and MSF
have been shown to increase following chronic contractile activity, a
model of endurance training. A similar drive in the expression of mito-
chondrial chaperones Hsp60, Hsp70 and cpn10 is also observed
following training. Thus, the upregulation of import components is vital
to support the augmented drive in mitochondrial biogenesis that occurs
with chronic exercise.

In contrast, in experimental models of muscle disuse such as dener-
vation, protein import is reduced and is strongly correlated with the
decline in mitochondrial content under these conditions.62 However,
exercise has the potential to reverse this import defect. For example, in
animals lacking the pro-apoptotic proteins BAX and BAK, a surprising
impairment in protein import was observed. Interestingly, a program of
voluntary wheel running upregulated the expression of various PIM
components and normalized their import rate.67 Thus, the beneficial
effects of exercise on the protein import process is critical for improving
skeletal muscle mitochondrial content and function.

Fission-fusion

Mitochondria exist in complex reticular structures that are highly
dynamic and constantly undergo morphological changes. The
morphology of these organelles is important for their function, as a
highly interconnected network is able to share mtDNA, metabolites and
substrates, and distribute energy throughout the muscle.68 In contrast,
small fragmented mitochondria typically produce more ROS and exhibits
signs of dysfunction. The dynamic nature of the mitochondrial reticulum
is mediated by events of fusion and fission, through which mitochondria
are constantly being added or removed from the network.69 Fusion
supports the expansion of the network, where mitofusin 1/2 (mfn1 and
mfn2) and optical atrophy 1/2 (Opa1 and Opa2) tether and ligate the
outer and inner membranes, respectively, to facilitate the addition of the
mitochondrion to the reticulum (Fig. 1). In contrast, segments of the
reticulum can be removed through events of fission, in which
dynamin-related protein 1 (Drp1), mitochondrial fission factor (Mff) and
fission protein 1 (Fis1) actively constrict around the outer mitochondrial
membrane to facilitate separation and excision from the network.70,71

Fission is critical for the clearance of dysfunctional segments of the
mitochondrial network through mitophagy.4 The selective removal pro-
motes the optimization of the organelle pool and ensure that damaging
byproducts such as ROS produced by adjacent dysfunctional segments do



Fig. 2. Exercise promotes the turnover of mitochondria through mitophagy. Damaged organelles exhibit classic signs of dysfunction including the loss of
membrane potential and elevations in reactive oxygen species emission. These organelles are removed from the mitochondrial reticulum through events of fission,
carried out by Drp1 and Fis1, which constrict the outer and inner membranes to excise portions of the network. Mitochondrial depolarization inhibits the basal import
of PINK1, causing it to accumulate on the outer membrane. Pink1 then recruits Parkin, an E3 ligase capable of ubiquitinating various proteins on the outer membrane.
These ubiquitin chains serve as a signal to target the engulfment of the organelle in an autophagosomal membrane to be degraded by the lysosome. p62 links the
ubiquitin chains on the dysfunctional cargo to LC3-II present in the phagophore. Once fully encapsulated, the autophagosome travels along microtubules to fuse with
the lysosome with the aid of lysosome associated membrane proteins (LAMP1 and LAMP2). The lysosome then degrades the contents of the autophagosome via
resident proteolytic enzymes and releases amino acids to support future protein synthesis. In resting muscle, mTOR inhibits TFEB and TFE3 translocation into the
nucleus through phosphorylation that promotes the binding of chaperone 14-3-3, thereby preventing nuclear translocation. In response to exercise, mTOR is inhibited,
in part by the deacetylation and activation of TSC2 by SirT1. At the same time, calcium is released from the lysosome through mucolipin-1 (MCOLN1), which activates
calcineurin to dephosphorylate TFEB and TFE3 and allow their nuclear translocation. Once in the nucleus, TFEB and TFE3 transcriptionally regulate numerous
lysosomal and autophagy-related genes. In conjunction to its role in inhibiting mTOR, SirT1 also activates FOXO, thereby allowing it to localize to the nucleus and
transcribe components of the autophagy/mitophagy pathway including LC3 and BNIP3. Exercise also stimulates lysosomal biogenesis to increase the capacity of the
muscle for organelle turnover.
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not compromise the network as a whole.
Both aging and chronic periods of muscle disuse result in an increase

in fission, relative to fusion, regulatory proteins.72 This imbalance results
in mitochondrial populations that are smaller and more fragmented, and
tend to produce more ROS. These smaller mitochondrial fragments serve
as substrates for mitophagy (see below) which is elevated basally under
these conditions. Chronic exercise can reverse the imbalance in these
fission-fusion proteins, and favour the formation of a more physiologi-
cally efficient organelle reticulum.72

Mitophagy

Mitochondrial content at any given time is a byproduct of two
opposing process, the expansion of the network through mitochondrial
biogenesis, and the degradation of dysfunctional mitochondria through
mitophagy. Mitophagy is a selective form of autophagy, in which
dysfunctional portions of the mitochondrial reticulum are excised
through events of fission and tagged for recycling73 (Fig. 2). Dysfunc-
tional organelles are then engulfed in an autophagosomal membrane and
brought to the lysosome, where the two will fuse to degrade the contents
of the autophagosome. Lysosomes contain a highly acidic lumen and a
plethora of catalytic enzymes capable of degrading cellular material into
its basic amino acids, which are then released into the cytosol to support
future protein synthesis.

The most commonly studied pathway in the context of skeletal muscle
involves the proteins PINK1 and Parkin. PINK1 is a cytosolic kinase that
is regularly imported into the mitochondrion and degraded by PARL.74

While this process seems energy-inefficient, it allows the constant
monitoring of the mitochondria as the import process requires a viable
membrane potential and ATP. In the event of mitochondrial dysfunction,
the import of PINK1 is arrested, causing it to accumulate on the outer
membrane. The presence of PINK1 on the outer mitochondrial membrane
recruits Parkin, an E3 ubiquitin ligase, that ubiquitinates various outer
mitochondrial membrane proteins75 (Fig. 2). These ubiquitin chains
serve as a flag to recruit the phagophore to engulf the organelle. The
phagophore is a membranous structure that is scavenged from other
membranes in the cell and contains LC3-II, the lipidated form of LC3-I.
p62 serves as an adaptor protein to dock the ubiquitin chains on the
mitochondria to the LC3-II embedded within the phagophore membrane.
Once the organelle is fully engulfed, creating an autophagosome, it will
travel along microtubule tracts to the lysosome. Here the two vesicles
will fuse with the aid of lysosomal membrane bound protein LAMP1 and
LAMP2, to expose the contents of the autophagosome to the catabolic
environment of the lysosome.76

Exercise serves a major role as mitochondrial medicine because even
a single bout of exercise activates mitophagy above the basal levels
observed at rest.77–79 Alongside this enhanced removal, signals to in-
crease the capacity for cellular recycling are also initiated following an
acute bout of exercise. TFEB and its family member TFE3, key regulators
of lysosomal and autophagy related genes, translocate to the nucleus in
response to exercise, thereby promoting lysosomal biogenesis.80,81

Basally, TFEB and TFE3 are sequestered in the cytosol via phosphoryla-
tion by mTOR82,83 (Fig. 2). Phosphorylation of TFEB and TFE3 promote
the binding of chaperone 14-3-3 which effectively masks the nuclear
localization sequence of these transcription factors.84 However, in
response to an acute bout of exercise, mTOR is inhibited. Concomitantly,
calcium is released from the lysosome through mucolipin-1 (MCOLN1),
thereby generating an influx of cytosolic calcium capable of activating
Calcineurin, a calcium-dependent phosphatase.85 Dephosphorylation of
TFEB and TFE3 by Calcineurin, promotes the release of 14-3-3 and allows
the nuclear translocation of these transcription factors (Fig. 2). This series
of reactions facilitates the subsequent removal of dysfunctional mito-
chondria and matches the timing of signaling toward mitochondrial
biogenesis (see PGC-1 discussion, above). The fact that exercise initiates
this organelle “turnover” with one bout is an important mechanism to
maintain a healthy pool of mitochondria within muscle.86
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Repeated bouts of exercise in the form of training lead to an
enhancement of mitochondrial content, as well as subtle improvements
in mitochondrial quality.16,87 If the mitochondria within muscle undergo
adaptive qualitative improvements, a reduced signaling toward biogen-
esis as well as mitophagy is provoked. This reduction is evident when
muscle with a high mitochondrial content is subjected to exercise; a
lower kinase activation is observed compared to the same exercise
stimulus imposed on a muscle with a lower mitochondrial content.88

Thus, repeated bouts of exercise lead to a reduced activation of turnover
pathways because of a higher quality of the organelle pool. Interestingly,
this exercise-induced mitophagy signaling is absent in Parkin-null ani-
mals, thereby illustrating a fundamentally important function for this
protein in muscle.79 Chronic exercise also increases the level of lysosomal
enzymes within muscle, and leads to lysosomal biogenesis.89 This altered
biogenesis may have a beneficial role to help increase the capacity of
muscle for autophagic degradation when lysosome dysfunction is
apparent, as in aging muscle (see below), or in lysosomal storage dis-
eases. More research in this exciting area is warranted.

Effect of age on mitochondria

With age a gradual and progressive loss of muscle mass and function
known as sarcopenia can occur. Sarcopenia is often accompanied and
preceded by changes in mitochondrial content and function.90–93 De-
clines in PGC-1αmRNA and protein have been observed with aging likely
contributing to the age-associated losses in mitochondrial content.33

Age-related reductions in the transcriptional drive for PGC-1α are likely
due to increased DNA methylation and altered expression of PGC-1α
regulators such as NRF2, YY1 and ATF2 resulting in declines in PGC-1α
promoter activity. In addition, there is an increase in PGC-1α mRNA
instability that likely contributes to the decline in PGC-1α expression
seen with age, and is an important contributor to the decrease mito-
chondrial biogenesis with age.33

Muscle mitochondria exhibit signs of dysfunction with age, including
elevations in ROS and losses in membrane potential, both of which are
triggers for mitophagy.94 Enhanced targeting for mitophagy has been
observed in aged skeletal muscle, as shown by elevations of p62 and
LC3-II on the mitochondrial fraction and elevations in Parkin expres-
sion.79,95 Recent studies have confirmed that aged skeletal muscle ex-
hibits enhanced mitochondrial engulfment by autophagosomes, thus
suggesting enhanced mitophagy with age. Despite the drive for enhanced
mitophagy, mitochondrial dysfunction remains a common characteristic
of the aging phenotype suggesting that although the clearance of
damaged mitochondria is elevated with age, this is insufficient to
maintainmitochondrial function. Furthermore, with age lysosomes begin
to accumulate lipofuscin, also known as the “aging pigment”, an index of
lysosomal dysfunction.95,96 Thus, despite having enhanced targeting and
encapsulation, a decrement in the final clearance of these autophago-
somes at the level of the lysosome may exist, again contributing to the
age-related decline in function.

In response to exercise, aging muscle responds with a lower ampli-
tude of signaling activation toward gene expression.97 The consequence
of this change is a lower mitochondrial adaptive response to long-term
exercise.24 Despite this, chronic exercise can rescue, in part, the mito-
chondrial declines observed with age. Exercise restores mitochondrial
content back toward levels observed in younger individuals,94,95 and at
the same time reduces mitochondrially-produced ROS and apoptotic
signaling.24 Exercise also reverses the decline in PGC-1α transcription
observed with age, while increasing the expression of the coactivator at
the mRNA and protein level.33,98 Exercise training helps to restore
mitochondrial health in aging muscle.

Conclusion: exercise is mitochondrial medicine for muscle

Well established for many years, regularly performed exercise has
beneficial effects on muscle endurance through the stimulation of
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mitochondrial biogenesis. The applied consequence of this adaptation on
athletic performance is well recognized. Less established is the role that
exercise can play to improve muscle health and metabolism under dis-
ease conditions, or with age when mitochondrial function is compro-
mised. Further, the molecular basis of this potential utility of exercise as
“medicine” to treat metabolic and genetic disorders to restore mito-
chondrial function is poorly understood. In this review, we have provided
fundamental evidence illustrating that 1) exercise can initiate organelle
turnover with each bout of contractile activity to refresh the organelle
pool, 2) exercise can trigger this response, in whole or in part, even with
the genetic loss-of-function of important metabolic regulators, 3) exercise
ameliorates mitochondrial dysfunction through multiple compensatory
pathways that are not all fully characterized, and 4) exercise serves as a
therapeutic modality, under behavioural control, that can improve
muscle and mitochondrial health, and ultimately quality of life.
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