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Skeletal muscle is a tissue with a low mitochondrial content
under basal conditions, but it is responsive to acute increases
in contractile activity patterns (i.e. exercise) which initiate the
signalling of a compensatory response, leading to the biogenesis
of mitochondria and improved organelle function. Exercise also
promotes the degradation of poorly functioning mitochondria
(i.e. mitophagy), thereby accelerating mitochondrial turnover,
and preserving a pool of healthy organelles. In contrast, muscle
disuse, as well as the aging process, are associated with reduced
mitochondrial quality and quantity in muscle. This has strong
negative implications for whole-body metabolic health and the
preservation of muscle mass. A number of traditional, as well
as novel regulatory pathways exist in muscle that control both
biogenesis and mitophagy. Interestingly, although the ablation of
single regulatory transcription factors within these pathways often
leads to a reduction in the basal mitochondrial content of muscle,

this can invariably be overcome with exercise, signifying that
exercise activates a multitude of pathways which can respond
to restore mitochondrial health. This knowledge, along with
growing realization that pharmacological agents can also promote
mitochondrial health independently of exercise, leads to an
optimistic outlook in which the maintenance of mitochondrial
and whole-body metabolic health can be achieved by taking
advantage of the broad benefits of exercise, along with the
potential specificity of drug action.
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INTRODUCTION

The mitochondrial content of any tissue is one of the most
highly variable phenotypic features of a cell type. In skeletal
muscle, mitochondrial content depends on the fibre type, and
their recruitment patterns during contractile activity. Although
species differences exist, in human muscle mitochondria tend to
be abundant in slow-twitch, type I fibres that are readily recruited
during posture and locomotion, whereas the concentration of
mitochondria is considerably less in fast-twitch, type II fibres
that are only used periodically for explosive movements. Based
on this, it stands to reason that the cellular energy demand must
be an important determinant in the regulation of mitochondrial
content. This is certainly why the heart, which beats continuously,
has the highest organelle content of any tissue (30-35% of
the cell by volume), whereas fast-twitch white fibres, which
only contract very infrequently, have a very low (2-3 %)
mitochondrial concentration [1]. A consistent change in energy
demand is the likely cause of why a previously non-exercised
muscle, which undergoes a period of active contractile activity
in the form of regular exercise, increases its mitochondrial
content to support the increase in energy demand. Although the
increase in mitochondrial content following exercise training is a
well-documented phenomenon, the specific signalling pathways
leading from changes in cellular energy demand to an increase
in organelle content still remain to be completely defined.
Having this knowledge in hand would be valuable from clinical,

pharmacological and therapeutic perspectives, because it would
allow for the targeting of specific signalling pathways, which
could serve to augment mitochondrial content and/or function.
Decrements in volume and function in various tissues are
frequently observed in multiple clinically-relevant conditions,
including type 2 diabetes, obesity, neurodegenerative disorders,
along with aging and immobilization [2-6]. Thus, research
designed to investigate how to best ameliorate organelle content
and function is warranted, and recognized to be a highly fundable
pursuit.

The steady-state content of a molecule is the product of both
the rate of synthesis and the degree of breakdown. Naturally,
this concept holds true for organelles as well. Thus, steady-
state mitochondrial content is a net result of organelle biogenesis
(synthesis) and mitophagy (breakdown). Considerable effort has
been devoted to the understanding of biogenesis over the last
three decades. Indeed, molecules have been identified which
appear critical for the maintenance of organelle content in a
tissue-specific manner, such as peroxisome proliferator-activated
receptor y (PPARy) co-activator-1 (PGC-1) family members, for
example. On the other hand, our knowledge of the regulation
of mitophagy in the context of cellular energetic disturbances
remains in its infancy. However, as discussed below, a greater
knowledge of transcription factor EB (TFEB), the protein widely
considered to be the most important regulator of autophagy
and lysosomal biogenesis, would shed considerable light on the
regulation of mitophagy in various cell types.
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synthase; EM, electron microscopy; IMF, intermyofibrillar; LC3, light chain 3; MitoPS, mitochondrial protein synthesis; MTS, mitochondrial targeting
sequences; NUGEMP, nuclear genes encoding mitochondrial protein; PGC-1, PPARy co-activator-1; PIM, protein import machinery; PINK1, PTEN-induced
putative kinase 1; PPARy, peroxisome proliferator-activated receptor y; ROS, reactive oxygen species; SDH, succinate dehydrogenase; SIRT1, sirtuin 1;
SS, subsarcolemmal; TFAM, mitochondrial transcription factor A; TFEB, transcription factor EB; TIM, translocase of the inner mitochondrial membrane;
TOM, translocase of the outer mitochondrial membrane; ULK1, unc-51-like kinase 1; VDACT, voltage-dependent anion channel 1.

" To whom correspondence should be addressed (email dhood@yorku.ca).

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


mailto:dhood@yorku.ca

2296 D.A. Hood and others

In skeletal muscle, a number of proteins have been identified
that appear to be important in maintaining basal levels of
mitochondrial content and function. These include PGC-la,
p53, mechanistic target of rapamycin (mTOR) and sirtuin 1
(SIRT1). Genetic inactivation of the genes encoding these proteins
leads to impaired mitochondrial respiration, and reduced basal
mitochondrial concentration in muscle [7-10]. Interestingly,
their absence becomes much less important during adaptations
to chronically imposed muscle contractions in animal and
cell culture models, as this treatment effectively reverses
the functional and biochemical defects observed under basal
conditions [7-10]. To date, the absence of a single protein does
not appear to abrogate the beneficial effects that chronic muscle
contractile activity, such as that achieved in an exercise training
programme, can bring to bear on mitochondrial content and
function. This appears to be mainly due to the ability of exercise to
activate a number of overlapping intracellular signalling pathways
towards mitochondrial biogenesis in skeletal muscle.

METHODS USED TO EXPLORE CHANGES IN MITOCHONDRIAL
CONTENT AND FUNCTION

Numerous experimental models exist to modulate mitochondrial
content physiologically both in vitro and in vivo. Exercise
training, either of the endurance or intermittent high intensity
variety, are classic and powerful tools to provoke skeletal
mitochondrial biogenesis in skeletal muscle [11]. This can
be achieved in human and rodent models using a variety of
paradigms appropriate to the species being investigated, including
voluntary wheel running, regimented treadmill running, cycling
or swimming. Further, techniques involving chronic electrical
stimulation-induced contractile activity have effectively evolved
to simulate the mitochondrial adaptations in rodent muscle to
an exercise training programme [12,13]. In addition, we [10,14—
16] and others [17-20] have developed “exercise-in-a-dish”
models in cell culture, using depolarizing electrical currents on
skeletal muscle myotubes to effectively mimic the changes which
occur in skeletal muscle with either acute or chronic exercise
[10,14]. Pharmacological treatments have also been developed
to promote mitochondrial biogenesis, the most common of
which are highlighted below. On the other hand, reductions in
mitochondrial content are observed in models of muscle inactivity,
such as immobilization and denervation [3], as well as during
chronological aging [5]. Regardless of the technique employed,
models such as these have allowed for close examination of the
changes in organelle quantity and quality that arise, and permit
the identification of signalling mechanisms which control these
alterations.

A number of time-honoured and more recently developed
methods exist for the study of mitochondrial content and
function. Organelle content can be evaluated most directly using
fluorescence imaging or electron microscopy (EM). In cell
culture, incubation of cells with fluorescent molecular probes
such as MitoTracker green can provide a relative index of
mitochondrial content when compared among treatments. cDNAs
encoding mitochondrially-targeted proteins such as Mito-DsRed2
can be transfected into cells and are very useful tools to quantify
mitochondrial morphology, movement dynamics and content
within single cells [16,21,22]. Alternatively, isolated single
muscle myofibres can be immunohistochemically stained ex vivo
to identify mitochondrially-localized proteins, again providing
valuable insight into the shape of the mitochondrial network [23].
EM is better suited to the detailed analysis of fixed tissues, as
it permits observations on the subdivisions of mitochondria that
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exist in muscle. These pools of mitochondria are named after
their distinct geographical localization within muscle, such as
the subsarcolemmal (SS) or intermyofibrillar (IMF) organelles
[24,25] which reside close to the plasma membrane, or between
the myofibrils respectively. Recent work by Picard et al. [26] and
others [27], using both scanning and transmission EM techniques,
has advanced this methodology to allow snapshot visualizations of
mitochondrial morphology and connectivity in three dimensions.

For many years, organelle content has been approximated by
determining the activity of enzymes involved in mitochondrial
oxidative metabolism, such as succinate dehydrogenase (SDH),
cytochrome c oxidase (COX) or citrate synthase (CS). As enzymes
within same metabolic pathway are in ‘constant proportion’
with each other [28], these enzymes are often also employed as
dependable indices of mitochondrial content. Naturally, because
of the independent turnover of individual proteins, single protein
markers are generally considered to be approximations of
mitochondrial content. CS and SDH are nuclear-encoded enzymes
that form part of Krebs’ cycle and Complex II, respectively,
whereas COX is a holoenzyme composed of subunits derived from
both the nuclear and mitochondrial genomes. Thus, COX activity
may be more representative of the coordinated stoichiometric
expression of the two genomes required for holoenzyme function.
The use of these marker enzymes, or of subunits therein,
often parallels morphometric estimates of mitochondrial volume
derived using EM [29], and they provide the advantage of being
less time-consuming measures, with less subjective involvement.

mtDNA content has often been used as a surrogate marker
of organelle content as well, however its capacity to replicate
autonomously suggests that linearity between changes in tissue
oxidative capacity and mtDNA content should be assessed, as
done previously [30]. Another marker which has gained some
usage is the inner-membrane phospholipid cardiolipin [31].
Localized uniquely in mitochondria, this phospholipid can be
measured using methods such as thin-layer chromatography or
high performance liquid chromatography. Previous work has
shown it to be a sensitive indicator of membrane biogenesis in
muscle under conditions of chronic use [32] or disuse [33,34].

Mitochondrial protein synthesis (MitoPS) is another
measurement of organelle biogenesis that can be utilized.
Mitochondria manufacture 13 mtDNA gene products vital for
electron transport chain function. MitoPS can be measured by
assessing the extent and rate of incorporation of radiolabelled
amino acids into protein in isolated mitochondria [35,36]. This
method has been used to shed light on the effect of contractile
activity, as both acute exercise and chronic training appear to
augment overall MitoPS [37,38], whereas MitoPS in specific
mitochondrial subfractions appears to be both time- and stimulus-
sensitive [36]. Recent studies have also illustrated the utility of
using heavy water (*H,0) labelling to measure MitoPS [39]. This
method will certainly be valuable for improving our understanding
of the mitochondrial translation system, the study of which has
been underdeveloped in mammalian cells and in whole-body
experimental models.

In addition to measuring mitochondrial biogenesis, determining
changes in mitochondrial function can reveal qualitative
alterations within the organelle that are not observed when
their quantity is being assessed. Mitochondrial function has
historically been documented using organelles isolated by
differential centrifugation. Functional measures usually include
indicators of basal and active respiration, reactive oxygen species
(ROS) emission, apoptotic protein release and/or calcium uptake.
Isolated organelles are also useful for understanding processes
of mitophagy, as described below. There is no doubt that the
removal of any organelle from its native cellular environment
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disrupts its in vivo morphology, and thus runs the risk of producing
organelle damage. In the case of mitochondria, several quality
control checks can be used to verify the intactness and quality
of the organelles [40]. Further, comparisons among treatments
(e.g. trained and untrained muscle) are usually valid if the same
isolation procedure has been used for both. A popular method
emerging in the literature is the use of permeabilized muscle fibres
in respirometry measurements. The main advantages are that the
technique is very sensitive, requiring only a few milligrams of
tissue, and there is little chance of damaging the mitochondria in
the preparation of the tissue for respirometry. A more complete
review of the literature in this area has been summarized by Perry
etal. [41].

In contrast with biogenesis, mitochondrial degradation can be
assessed most simply by the decline in the organelle markers
described above, expressed per gram of tissue weight. Alterations
in mitochondrial composition can also be documented by making
the same enzyme or protein measurements on isolated, purified
organelles. The specific degradation of mitochondria, termed
mitophagy, requires more sophisticated analyses, including the
localization of autophagy adapter proteins, such as the lipidated
form of microtubule-associated protein light chain 3 (LC3-II)
or p62, on mitochondrial subfractions. Typically these measures
are best accompanied by immunofluorescence measures in
single fibres in which autophagosomes can be visualized. Co-
staining of GFP-tagged LC3 with MitoTracker can reveal the
abundance of mitochondria associated with autophagosomes.
Because mitophagy is a dynamic process, flux measures are
required for a full interpretation of the data. This is quantified
in animal models using prior treatment with microtubule or
lysosomal inhibitors, such as colchicine or chloroquine. An
extensive review of the methodology associated with autophagy
and mitophagy can be found elsewhere [42].

In summary, mitochondrial content and turnover in muscle
can be assessed using a variety of well-established, as well
as more recently developed techniques. To have the greatest
confidence in these methods, attempts should be made to use
them in combination. Although they need not all be employed,
the complexity of the organelle, including its derivation from two
distinct genomes, as well as its unique phospholipid and protein
composition, suggests that multiple approaches will provide the
most easily interpretable results.

PGC-1 FAMILY OF TRANSCRIPTIONAL CO-ACTIVATORS

Transcriptional co-activators respond to cellular signals to
enhance the production of target transcripts through binding with
transcription factors or nuclear receptors, but not to DNA directly.
The PGC-1 family is made up of three members, PGC-1«, PGC-
18 and PGC-related co-activator (PRC). The mechanism through
which PGC-1 family members up-regulate gene transcription is
through docking with transcription factors through the known
LXXLL motif, followed by the subsequent recruitment of
additional proteins that can modify the DNA, such as p300,
steroid receptor co-activator-1 (SRC-1) and the initiator complex
TRAP/Mediator to promote transcription [43,44]. Interestingly,
although each family member is capable of inducing a unique
transcriptional profile, they are all involved in the co-activation
of nuclear genes encoding mitochondrial proteins (NuGEMPs) to
regulate mitochondrial content and function [45,46].

Of all the family members, PGC-1a has been studied most
intensively and has often been regarded as the ‘master regulator’
of mitochondrial biogenesis. It was initially cloned from a
two-hybrid screen of brown fat cells as a co-activator for

PPARy [47]. PGC-1a levels were found to robustly increase
in response to cold exposure in both brown fat and skeletal
muscle, concomitant with a rise in numerous mitochondrial
markers. Both PGC-1a and PGC-18 are expressed in tissues
with high mitochondrial activity, including skeletal muscle, and
are particularly enriched in oxidative fibres. Muscle-specific
overexpression of PGC-1« increases the transcription of a wide
number of oxidative phosphorylation genes, and substantially
augments muscle mitochondrial content [48]. In contrast, whole-
body deletion or in vitro silencing of either PGC-1a or PGC-
18 reduces skeletal muscle mitochondrial content and function
as well as NuGEMP expression [16,49-51]. Investigations using
muscle-specific knockout (KO) models have also revealed that the
ablation of PGC-1« led to reductions in mitochondrial content
and a fibre type shift from slow type I/Ila myosin isoforms to
fast IIx/IIb [52]. Intriguingly, adult-inducible PGC-18 muscle
KO animals exhibited no change in overall muscle mitochondrial
content, but they did display abnormal structure and function of
the organelles, along with reduced exercise capacity [53]. It has
been suggested that with the deletion of only one co-activator,
there may be compensation by the remaining family member.
However, no changes in PGC-18 were noted in PGC-1laa KO
animals [54], or after PGC-1a knockdown in muscle cells in
culture [16], suggesting that no compensation takes place with
PGC-18 when PGC-1a is absent. Further investigation using dual
KO strategies have been employed for a deeper understanding
of the molecular mechanisms through which these co-activators
combine to regulate mitochondrial content and function in skeletal
muscle. One model used a PGC-1« whole-body KO crossed with
a muscle-specific deletion of PGC-18 [55], whereas the other
model used mice floxed for both PGC-1« and PGC-18 which were
ablated in muscle with Cre-recombinase driven by a Myogenin-
MEF2 promoter [56]. As expected, these genetic models produced
animals with lower mitochondrial markers and impaired function,
along with reduced exercise performance, implicating PGC-
1 (mainly PGC-la) as a logical target for pharmaceutical
manipulations to modify organelle content/function in muscle.

It is well established that exercise can stimulate the expression
of PGC-1a, as muscle contractile activity in vivo or in vitro
increases the transcription and expression of PGC-la [57,58],
an effect which is believed to occur through a number of
signalling pathways (Figure 1) that are responsive to changes
in the intracellular environment [59]. Numerous studies have
replicated this finding at the mRNA and protein level. The basis
for this increase may be transcriptional, since a single bout of
exercise in humans [60] or rodents [61,62] can result in increased
PGC-1a transcription. Aerobic exercise also promotes PGC-1«
nuclear translocation [63,64] to up-regulate the transcription of its
own mRNA transcription through a positive feedback loop [65], as
well as the synthesis of critical NuGEMPs to elicit mitochondrial
biogenesis.

Given the impact of exercise on the expression of PGC-1«,
determining the necessity of this factor in regulating the increase
in mitochondrial content with exercise has been a subject of great
interest. In vitro silencing of PGC-1la attenuates, but does not
abolish the increase in mitochondrial content following contractile
activity [16]. In vivo, PGC-1a KO animals display decrements
in muscle mitochondrial content and function, which can be
restored with chronic endurance training, despite the absence of
PGC-1a [7,66]. Moreover, muscle-specific PGC-1« KO animals
do not experience any noticeable impairments in exercise-
induced mitochondrial biogenesis [67]. Thus, muscle contractile
activity and exercise training undoubtedly activate pathways
that are independent of PGC-1« to improve the mitochondrial
phenotype.

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 1 Exercise-induced mitochondrial biogenesis

(R) Muscle contractile activity alters the concentration of several metabolites and molecules involved in initiating mitochondrial biogenesis, including increasing the ratios of AMP/ATP and
NAD + /NADH, as well as cytosolic calcium and ROS. These changes enhance the activity of a number of kinases (B), including AMPK, CaMK, p38 MAPK and the deacetylase SIRT1. These proteins
can then modify factors involved in the transcriptional response to exercise by either phosphorylation or deacetylation, including the transcriptional co-activator PGC-1« (C) and transcription
factors p53, ATF2 and MEF2. PGC-1 can then enter the nucleus, and interact with transcription factors to induce the transcription of its own gene, or of NUGEMPs. p53 also enters the nucleus
in response to contractile activity, and can induce the expression of NUGEMPs. Once NuGEMPs have been transcribed (D) and the mRNAs have been translated in the cytosol, they are delivered
to the mitochondrion through the PIM (E), consisting of the TOM and the TIM complexes. They are then sorted to different mitochondrial compartments. Expression of the mitochondrial genome
is accomplished by the actions of TFAM and p53, which enter the matrix and interact with mtDNA to promote transcription following contractile activity (F). With the increase in expression of both
nuclear- and mitochondria-encoded proteins, the mitochondrial reticulum can expand (G). Elongation of the reticulum involves the fusion of pre-existing organelles, which is accomplished by fusion
proteins MFN1/2 and Opat. Transient increases in ROS during exercise may prompt the fission of dysfunctional components of the reticulum, a process leading to mitophagy (see Figure 2) and
driven by proteins Drp1, Fis1 and others (see text for details).
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A larger portrait of complexity surrounding PGC- 1« has begun
to emerge through the identification of an additional upstream
promoter, as well as alternative splicing of mRNA transcripts
which generate distinct, functional protein products. Initial studies
from independent laboratories describe two additional variants
for PGC-1o in murine skeletal muscle which are synthesized
from an alternative promoter and the use of an alternative first
exon [68-71]. The original PGC-1« has been labelled as PGC-
la-a or PGC-1a1, depending on the scientific group, whereas
these new splice variants of PGC-la, PGC-la-b and PGC-
la-c, have been found to code for a functional protein that
transcriptionally co-activates gene expression in vitro and in vivo
[69,70]. These variants of PGC-1« are also found abundantly in
skeletal muscle and brown adipose tissue [69]. The alternative
promoter that gives rise to these variants is located ~14 kb
upstream from the canonical (or proximal) PGC-1« promoter, and
examination of the regulatory factors that control the alternative
promoter has revealed similarity to the proximal promoter [71].
Gene expression from this upstream promoter appears to be
coupled to the alternative exonl, known as exonlb, whereas
the rest of the transcript is identical with the original PGC-
la-a. This alternative exonlb shortened the transcript and the
translated protein at the N-terminal, which gave rise to PGC-
la-b [72,73]. Alternative transcript splicing from the upstream
promoter also occurs to produce PGC-la-c, which is further
shortened at the N-terminus. These initially described variants
were found to positively respond to aerobic exercise in skeletal
muscle [69]. Furthermore, PGC-1a-b and PGC-1«-c exhibited
a greater response to exercise than the traditional PGC-la-a,
and also accounted for the majority of the increase when total
transcript change was calculated [69]. However, the functions of
the translation products of these transcripts remain to be identified.
In addition to the full-length variants of PGC-1«, there also exist a
group of protein products approximately 30-37 kDa in size which
include PGC-1a4 [57,73-75]. In contrast with the other isoforms,
PGC-1a4 has been described to confer the benefits of resistance
exercise in skeletal muscle [75], but this remains a controversial
finding [76-78]. Foreseeably, through the use of more specific KO
and/or transgenic experiments, and further exercise experiments,
the importance of each PGC-la splice variant will be
determined.

SIGNALLING PATHWAYS TOWARDS MITOCHONDRIAL BIOGENESIS

A number of signalling pathways activated by contractile activity
are now recognized to be involved in initiating mitochondrial
biogenesis (Figure 1). The most commonly considered pathways
based on extended experimental evidence include the contractile
activity-associated rise of intracellular calcium, mainly derived
from sarcoplasmic reticulum sources, and the turnover of ATP,
leading to an increase in AMP and the activation of AMP-
activated protein kinase (AMPK). Early studies, which applied
calcium ionophores to myotubes in culture, revealed (1) elevated
mitochondrial enzyme activities [79], (2) an increase in the
expression of selected genes associated with mitochondrial
biogenesis [80,81] and (3) a dependence on both calcium-
calmodulin kinase [82,83] and protein kinase C [83]. The
importance of calcium in instigating mitochondrial biogenesis
has been further fortified by results using parvalbumin KO
and overexpressing animals. By modulating the expression of
parvalbumin, a protein which sequesters calcium, it appears
that mitochondrial volume is positively correlated with the
availability of cytosolic calcium in muscle [84,85]. However,
in vitro experiments with cultured muscle cells have revealed that

calcium is not solely responsible for triggering contractile activity-
induced organelle biogenesis. When muscle cells were treated
with various intracellular calcium chelators, the transcription
of cytochrome ¢ was reduced, but its transcriptional activity
in response to contractile activity was unaffected [80,83].
These findings laid the groundwork for research seeking al-
ternative, complementary pathways involved in exercise-induced
biogenesis.

Contractile activity occurs as a result of myosin ATPase-
induced hydrolysis of ATP to ADP, and the energy released is
used for cross-bridge formation and force generation. Some of
the resulting ADP is further dephosphorylated by myokinase
to AMP. AMP binds to the y subunit of the heterotrimeric
AMPK molecule and enhances its activation [86], allowing
AMPK to phosphorylate downstream targets which are intimately
involved in the control of cellular metabolism [87]. These include
acetyl-coA carboxylase and AS160, which promote increases
in lipid oxidation and glucose uptake in muscle respectively.
AMPK also plays an important role in the regulation of
mitochondrial content in skeletal muscle. This is highlighted
by the consequences of muscle-specific loss-of-function, which
include attenuated expression of mitochondrial genes and
reductions in mitochondrial volume [88]. On the other hand, the
activation of AMPK increases the expression of a number of genes
associated with mitochondrial content, including cytochrome c,
SDH and CS [89-91]. This is probably due to several reasons,
including the ability of AMPK to phosphorylate a protein target
such as GATA4, and enhance its DNA binding within a GATA/E-
box region of the PGC-la promoter [92], thereby increasing
the expression of PGC-1a [58,93,94]. Recent research has also
identified protein kinase A anchoring protein 1 (AKAP1) as an
additional substrate of AMPK in skeletal muscle, an interaction
which provides a direct link between the activation of AMPK
and the regulation of mitochondrial respiration [95]. AMPK also
directly phosphorylates PGC-1« on threonine-177 and serine-538
residues [90], a modification which appears to be critical for PGC-
la feedback activity on its own promoter, and the subsequent
induction of PGC-la-regulated genes. Indeed, in PGC-1a KO
animals, the effects of AMPK are minimized, suggesting that
the presence of PGC-1« is necessary for many of the metabolic
consequences of AMPK activation in muscle.

Research has indicated that these two signalling systems also
operate together to induce PGC-1«. Chemical uncoupling of cells
leads to increases in cytosolic calcium levels, which activates
AMPK. This leads to an increase in the expression of PGC-1«
along with oxidative phosphorylation genes, an effect which is
abolished when the increase in calcium is blocked [96]. Under
the more physiological conditions of myotube contractile activity,
calcium and AMPK activation are critical for an increase in the
transcriptional activity of PGC-1«, as well as PGC-1a promoter
activity [59].

In addition to these two kinases, p38 MAPK also has pleiotropic
roles in the regulation of PGC-1w. Similar to AMPK, p38 can
also directly phosphorylate the co-activator [97]. p38 is also
highly responsive to elevations in ROS produced during acute
exercise in muscle [59], and it is sufficient to up-regulate PGC- 1«
mRNA, particularly through the y isoform [98]. p38 also regulates
PGC-1« in a transcriptional manner by the phosphorylation of
transcription factors such as MEF2 and ATF2, known regulators
of the promoter [99], and pharmacological inhibition of p38in
cultured muscle cells attenuates the transcription of PGC-la
[59]. In summary, elevations in cytosolic calcium, along with
the activation of AMPK and p38 (possibly via ROS), are vital
contractile activity-induced events which share the responsibility
of activating PGC- 1« during exercise.

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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REGULATION OF MITOCHONDRIAL MORPHOLOGY

In skeletal muscle, the pioneering work of Brooks and co-
workers [24,100], Kayar and Banchero [101] and Ogata and
Yamasaki [25,102] has led to an appreciation that skeletal muscle
mitochondrial morphology is complex, and regionally distinct in
various compartments of the muscle fibre. This has been further
verified more recently [27] with implications for the effective
subcellular distribution of ATP within muscle. As noted above,
mitochondria in both heart and skeletal muscle can be divided
into morphologically-distinct subfractions, differentiated by their
location, function and biochemical composition [26,40,103,104].
SS mitochondria tend towards greater circularity and are less
involved in reticular networks than IMF mitochondria, however
some continuity exists between these mitochondrial fractions
[26,101]. In cultured cells, mitochondria exhibit very dynamic
movement behaviours which are undoubtedly constrained within
the context of mature muscle cells in vivo. Further, there is
evidence that dynamic changes in mitochondrial shape can take
place in response to a single bout of exercise [105], which likely
has implications for metabolism [106].

Small fragmented mitochondria are a product of fission events
(Figure 1), regulated in part by dynamin-related protein 1 (Drpl),
and its interaction with the mitochondrial receptors mitochondrial
fission protein 1 (Fisl) and mitochondrial fission factor (Mff)
[107]. In contrast, fusion of mitochondria into more reticular
configurations is promoted by optic atrophy protein (Opal) and
mitofusin isoforms, Mfnl and Mfn2 [108], all of which are
regulated by PGC-1a [109,110]. Over-expression and selected
deletion of these proteins in mouse models has clearly revealed
their functionality in determining mitochondrial morphology
[111-113]. Thus, the ratio of fission to fusion regulatory proteins
seems to be a reliable index that determines the connectivity
of the mitochondrial network within muscle, and these proteins
are inducible under conditions of exercise, disuse and aging.
For example, after a period of chronic contractile activity, the
fission to fusion protein ratio diminishes [114], leading to a
more intact mitochondrial reticulum, a conformation that favours
less ROS production and more efficient lipid metabolism. In
contrast, in aged muscle, or in muscle subject to chronic disuse,
the ratio of these proteins is reversed [114], leading to more
fragmented organelles, elevated ROS production and increased
rates of mitophagy.

Interestingly, recent findings seem to indicate that the control
of mitochondrial fission, mitophagy and biogenesis are exerted
by similar signalling events. It has recently been shown that
AMPK activation in response to cellular stress leads to the
phosphorylation of Mff which promotes organelle fission [115].
Thus, it appears that AMPK is at the nexus of the control
of mitochondrial content, as it is an important regulator of
mitochondrial clearance, while simultaneously acting to promote
biogenesis via its activation and induction of PGC-la, as
discussed above.

MITOCHONDRIAL PROTEIN IMPORT

The mitochondrial proteome consists of a vast number of proteins
required for proper organelle function. When compared with other
organelles, the mitochondrial proteome is unique as it is encoded
by two sets of genomes. The MitoCarta2.0 database has revealed
that the nuclear genome codes for over 1100 gene products [116],
whereas only 13 proteins are encoded by mtDNA. Due to the vast
number of NuGEMPs that must be transcribed from nuclear DNA,
translated and subsequently imported into the mitochondrion,
coordinated expression of these two genomes is vital for proper
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mitochondrial biogenesis and function. The value of a functional
mitochondrial import system is highlighted by the number of
diseases or disorders which arise when protein import machinery
(PIM) components are dysfunctional or absent [117]. Further, it
has been shown that the protein import system is adaptable in
response to physiological perturbations in muscle such as chronic
exercise or muscle disuse, as mentioned below.

Over the last several decades, techniques to study mitochondrial
protein import have been developed and refined from the
pioneering methods of the Schatz and Neupert laboratories [118—
120]. Briefly, nuclear-encoded precursor proteins are transcribed
from cDNA, then translated in vitro in the presence of **S-
methionine. They are subsequently incubated with isolated
mitochondria, and the import is monitored over time using
autoradiography. This technique is a sensitive indicator of
mitochondrial function, since import into the matrix requires
an intact membrane potential, ATP synthesis, and adequate
expression of the PIM.

The mitochondrial import system (Figure 1) encompasses
several large machinery complexes found across the inner and
outer mitochondrial membranes (IMM and OMM respectively)
that facilitate the transfer of newly synthesized proteins destined
for mitochondria. These proteins are synthesized in the cytosol
and chaperoned to the mitochondrial outer membrane. However,
due to the double membrane structure of mitochondria, a gateway
for mitochondrial proteins is required. Mitochondria-destined
cytosolic “precursor” proteins contain mitochondrial targeting
sequences (MTS) that assist in the sorting of these proteins [121].
For example, a positively charged N-terminus presequence serves
to target a protein to the matrix compartment [122]. The precursor
protein is recognized by molecular chaperones such as cytosolic
Hsp70, and unravelled in an ATP-dependent manner to make the
protein import-competent, and then directed to the mitochondrion.
This conformational change allows entry of the precursor into
the translocase of the outer mitochondrial membrane (TOM)
complex, which consists of several preprotein receptors (TOM20,
TOM?22, TOM70) responsible for the recognition of the MTS
[123-125]. Once through the TOM complex, precursor proteins
proceed to the translocase of the inner mitochondrial membrane
(TIM) and are sorted via the TIM23 complex [126,127].
Thereafter, proteins are actively pulled into the matrix with the
assistance of mitochondrial Hsp70 and the precursor sequence
is cleaved by mitochondrial processing peptidase (MPP). Lastly,
matrix proteins are refolded into their native conformation with
the assistance of molecular chaperones, such as Hsp60 and
CPNI10. This results in the complete import and maturation
of matrix-destined proteins [128]. Precursor proteins destined
for other mitochondrial subcompartments use a variety of other
proteins and routes to their final destination within the organelle,
as reviewed elsewhere [129].

The arrival and incorporation of proteins into the organelle
produces an expansion of the mitochondrial reticulum. As such,
mitochondrial protein import is a tightly regulated system that is
intimately linked to cellular energetic status, and is impacted in
response to stimuli which can induce or suppress mitochondrial
biogenesis. This likely operates as a mechanism through which
mitochondrial reticulum size and continuity can be modified
in response to the changing metabolic demands of the muscle.
Indeed, protein import of matrix-destined proteins, such as
mitochondrial transcription factor A (TFAM) and outer membrane
proteins such as TOM40, into skeletal muscle mitochondria is
accelerated as an adaptation to chronic contractile activity [130—
132]. To assist in this increase in mitochondrial protein import, a
concomitant elevation in the rate of the TOM complex assembly
has also been observed during increases in muscle activity [132].
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In contrast, muscle inactivity impairs import of mitochondrial
matrix-destined proteins quite rapidly following the onset of
the stimulus [133,134], coinciding with a loss of mitochondrial
content. This is accompanied by depleted ATP levels and
reduced mitochondrial membrane potential. Collectively, these
data underscore the adaptive plasticity of protein import and
assembly in response to changes in skeletal muscle contractile
activity.

Interestingly, in cases where mitochondrial protein import is
defective, endurance exercise may show promise as a therapeutic
modality. In a recent study, a novel role for the apoptosis-
associated outer membrane proteins Bax and Bak in the regulation
of mitochondrial protein import was identified [135]. A double
KO model of these two proteins reduced mitochondrial protein
import and diminished the expression of components of the
PIM. However, this impairment was reversed following an
endurance training programme, accompanied by an increase in the
expression of PIM components. Alternatively, pharmacological
activation can also be utilized to augment components of
mitochondrial PIM in muscle. For example, thyroid hormone
is known to induce mitochondrial biogenesis [136], as well as
enhance protein import in cardiac muscle [137].

With the renewed interest in mitochondrial protein import
in recent years, it has become apparent that this system is a
highly adaptable rheostat, which appropriately matches changes
in mitochondrial content with the rate and capacity to import
proteins into the organelle. Thus, targeting this system with
exercise or pharmaceuticals appears to be an attractive means to
modulate mitochondrial mass, and may serve as a useful therapy
for mitochondrial protein import defects.

MITOCHONDRIAL TRANSCRIPTION FACTOR A

The incorporation of proteins derived from both the nuclear
and mitochondrial genomes is crucial for the construction of
the multi-subunit complexes which make up the ETC. mtDNA
gene expression is controlled by a non-coding portion of the
DNA, referred to as the D-loop regulatory region. This segment
of DNA modulates the expression of 13 mRNAs encoding
components of the ETC, in addition to 2 tRNAs and 22 rRNAs
which assist in the translation of the mRNAs. Interestingly, the
transcription of mtDNA is dependent on three factors which
are completely nuclear-encoded, including mitochondrial RNA
polymerase (POLRMT), mitochondrial transcription factor B2
(TFB2M) and TFAM [138]. Although controversy exists as to the
exact nature through which these components are organized and
interact to modulate transcription in vivo, their role in governing
mtDNA transcription is widely accepted.

Within the mitochondrion, the circular mtDNA is condensed
and packaged in multi-protein complexes called nucleoids. TFAM
is one of the major components of the nucleoid [139-141], and is a
core component of the mtDNA transcription machinery (Figure 1)
[142], with an additional role in mtDNA replication and packaging
[139,143,144]. This protein contains two high-motility group
(HMG) domains, which permit it to bend, wrap and unwind DNA.
Accordingly, TFAM is capable of distorting mtDNA promoters
into a “U-turn”-like conformation [145-147], and provides the
other core proteins with access to the promoter [148] to stimulate
mitochondrial transcription. The indispensability of TFAM is
highlighted by loss-of-function studies in which complete ablation
of this protein is embryonic lethal [149], whereas tissue-specific
or partial deletions result in severe respiratory chain defects
[149-154]. TFAM-mtDNA binding and mtDNA transcription can
be modulated through post-translational modification of TFAM,

specifically by phosphorylation by cellular energy responsive
kinases such as protein kinase A (PKA) and extracellular signal-
regulated protein kinases (ERK1/2) [155,156]. This represents a
mechanism by which mtDNA transcription can be modified in
response to intracellular conditions.

The role of TFAM in skeletal muscle has been highlighted by
muscle-specific loss-of-function studies, which have identified
this protein as a required factor for maintaining normal
mitochondrial respiratory chain function and muscle strength
[151,154]. In skeletal muscle cells, the protein expression of
TFAM and its localization to the mitochondrial matrix correlates
well with the expression of mtDNA-encoded genes [157], a
relationship which holds true following both chronic muscle
activity and inactivity [131,134]. Increased Tfam gene expression
in muscle has been reported following a single acute session of
endurance exercise in both rodent and humans [158-160], which
is not surprising since TFAM expression is regulated by PGC- 1«
[161], which is robustly responsive to exercise. Further, a rise in
total cellular TFAM protein content has been reported in multiple
exercise training paradigms [9,16,131,162-165]. The changes in
TFAM protein content during mitochondrial biogenesis occur
in conjunction with a general increase in organelle protein
import during this process [130], resulting in an increase in the
amount of TFAM within the mitochondrial matrix, as well as
the quantity of TFAM bound to the D-loop region of mtDNA
[131]. These changes undoubtedly contribute to the increased
expression of mtDNA-encoded genes required for the expansion
of the mitochondrial network in muscle for exercise-induced
mitochondrial biogenesis.

p53 — NUCLEAR AND MITOCHONDRIAL GENOME EFFECTS

p53 is a transcription factor which has been canonically regarded
as a tumour suppressor [166], as it promotes the expression
of genes involved in antioxidant defence, autophagy, apoptosis
and DNA damage [167-169]. Recently, p53 has been further
categorized as a critical regulator of mitochondria [170-172],
as work in various cell types has verified a requirement for p53 in
maintaining basal mitochondrial content [8,173—177]. One of the
unique traits of p53 is its apparent ability to regulate transcription
in both the nuclear and mitochondrial genomes [178-180]. Since
mitochondrial function relies on the synchronized expression
of these genomes, it is not surprising that a protein with the
capacity to modulate gene expression in both the nucleus and
the mitochondrion should play a vital role in mitochondrial
biogenesis.

Studies have confirmed that p53 is capable of regulating genes
involved in oxidative metabolism at the transcriptional level, such
as the nuclear-encoded transcription factors TFAM [174,181] and
NRF-1 [174], in addition to synthesis of cytochrome ¢ oxidase
2 (SCO2), a protein which assists in the assembly of the ETC
[176]. Further, PGC-1« contains a putative binding site for p53 in
its promoter [92], and its protein level appears to be reduced in
p53 KO mice [8]. With respect to mtDNA-encoded genes, p53 can
transcriptionally regulate the expression of cytochrome ¢ oxidase
subunit I (COX I) of the COX holoenzyme [160] and 16S RNA
[177]. The ability of p53 to influence the transcription of mtDNA
is presumably aided by the physical interaction between p53 and
TFAM [160,182].

In skeletal muscle, whole-body p53 KO mice display a
reduction in basal mitochondrial content, in conjunction with
deficiencies in the assembly of the COX holoenzyme and
disorganized and disrupted mitochondrial cristae [8,175]. These
structural changes are correlated with a lower respiratory capacity,
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and an increased mitochondrial ROS emission [8]. The excess
ROS can damage mitochondrial proteins and serve as a signal for
their ubiquitination and subsequent degradation by mitochondrial-
specific autophagy [183]. Indeed, skeletal muscle mitochondria
from p53 KO mice are ubiquitinated to a greater extent, and have
higher levels of localized LC3-II, suggesting a greater basal rate
of organelle degradation via mitophagy [174].

Although chronic endurance exercise training can increase
total cellular p53 protein content in skeletal muscle [184], a
role for p53 in the regulation of signalling towards mitochondrial
biogenesis following a single session of endurance exercise has
also been uncovered. pS3 can be post-translationally modified by
phosphorylation on serine-15 residue (serine-18 in mice), which
increases its stability and activity. This site is a bona fide target
of p38 MAPK [185] and AMPK [186], two kinases which are
sensitive to intra- and extra-cellular changes which occur during
exercise [58,61,187]. It is not surprising then that several models
of acute endurance exercise have been shown to increase the
phosphorylation of p53 at this site [8,188,189]. Interestingly,
genetic deletion of p53 can hinder the responsiveness of p38
MAPK and AMPK to acute exercise [174], and in turn, can impair
the rate of PGC-1lw translocation to the nucleus, as well as the
transcription of the Pgc-Ia gene, as well as other NuGEMPs,
following acute exercise [174].

Research has also provided evidence for the translocation of p53
to the mitochondria following exercise, stimulating the formation
of complexes between p53 and Tfam, as well as between p53 and
mtDNA D-loop region (Figure 1). This appears to be critical
for the expression of mtDNA-encoded genes, since p53 KO
animals have a reduced expression of mtDNA encoded transcripts
following exercise [160]. Additionally, p53 is a known substrate
of SIRT1, an NAD-dependent deacetylase [190]. Deacetylation
of p53 also occurs following exercise, prompting its translocation
to the nucleus [191]. Irrespective of where p53 is destined, its
activation and stabilization in response to exercise looks to be a
means through which exercise-induced mitochondrial biogenesis
is mediated. Interestingly however, while p53 KO mice have a
reduced skeletal muscle mitochondrial content, exercise training
appears to be capable of restoring mitochondrial content even
when p53 is absent [8]. This indicates that p53 alone is not
necessarily required for the mitochondrial adaptations to long-
term endurance exercise training, despite being vital for the acute
signalling and transcriptional responses to a single bout of exercise
[174]. Further delineation of the necessity of p53 for long-term
mitochondrial adaptations to endurance training is merited.

MITOCHONDRIAL TURNOVER MECHANISMS/MITOPHAGY AND
TFEB

Skeletal muscle cells are capable of maintaining their functional
and structural quality through the breakdown of damaged and
dysregulated cellular organelles by macroautophagy (hereafter
referred to as autophagy). This cellular degradation system
sequesters targeted substrates within autophagosomes which, in
turn, fuse with lysosomes where the encapsulated substrates are
degraded. Autophagy is initiated by the activation of unc-51-
like kinase 1 (ULK1) [192] and Beclinl complex [193], which
assists in the formation of double-membrane structures called
phagophores around organelles and substrates, isolating the target
to be degraded (Figure 2). The phagophore membrane is then
extended through the recruitment of additional LC3-II, which is
created by the lipidation of LC3-I by the action of several select
autophagy-related genes (ATGs) [194]. A more complete review
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of the pathways and molecules involved in initiating and executing
autophagy can be found elsewhere [195,196].

The more selective autophagy of mitochondria is termed
mitophagy, and in this pathway, additional regulatory
steps are required. When mitochondria are functional,
they maintain a specific mitochondrial membrane potential,
permitting normal levels of mitochondrial protein import and
oxidative phosphorylation. However, when mitochondria become
dysfunctional, as indicated by a dissipation of the membrane
potential, a series of steps leading to their degradation is initiated.
The reduction in membrane potential arrests the import of PTEN-
induced putative kinase 1 (PINK1) into the organelle, where it
would normally be degraded [197]. Instead, PINK1 accumulates
on the outer membrane where it recruits the E3 ubiquitin ligase
Parkin [197,198]. Parkin ubiquitinates outer membrane proteins
such as voltage-dependent anion channel 1 (VDACI) [199,200]
and mitofusin isoforms [201-203]. The ubiquitin chains formed
on mitochondrial proteins then act as an anchor for p62, a
protein which provides a physical link between ubiquitinated
substrates and LC3, allowing for the dysfunctional component
of the mitochondrion to be encapsulated in an autophagosome
[200,204]. The autophagosome is then trafficked to the lysosome,
the two structures fuse, and the contents of the autophagosome
are degraded by a multitude of lysosomal proteolytic enzymes,
such as Cathepsin D (Figure 2) [205].

Exercise induces changes in skeletal muscle which requires
the remodelling of the tissue and its organelles, such as
mitochondria. Although lysosomes have been relatively ignored in
the adaptations to exercise, it has been speculated that remodelling
through the autophagy system, including lysosomes, may be
required for skeletal muscle adaptations to exercise [64,206].
Early work had described a role for autophagic clearance in
maintaining protein homoeostasis in skeletal muscle following
exercise [207,208]. Since then, a number of studies have
highlighted the importance of autophagy in skeletal muscle during
exercise, and it is now recognized that acute exercise is a reliable
stimulus to induce autophagy [64,174,209-217]. Activation of
ULKI in skeletal muscle, a marker of autophagic induction, has
been demonstrated following several acute exercise paradigms
[213-215], suggesting an increase in the signalling towards
autophagy. Further, Beclinl, another critical protein involved
in the initial steps of the generation of the autophagosomal
structure, has also been shown to be activated with an acute
bout of exercise [209]. Acute exercise also increases total cellular
Parkin protein expression, the localization of mitophagic markers
to mitochondria and mitochondrial LC3-II flux in skeletal muscle
[64,174]. PGC-1« appears to be involved in this process, as PGC-
la KO animals exhibit diminished rates of Parkin recruitment
to the mitochondrion, and an attenuation in the rate at which
mitophagy proceeds following a single bout of endurance exercise
[64]. Alternatively, overexpression of PGC-la augmented the
expression of autophagy markers in skeletal muscle following
endurance exercise and reduced basal p62 levels [218]. Together,
these data suggest a dual role for this transcriptional co-activator,
in both promoting exercise-induced mitochondrial biogenesis,
while simultaneously modulating exercise-induced mitochondrial
degradation via mitophagy [64].

A growing number of studies have attempted to identify a
role of TFEB, a master regulator for lysosomal biogenesis,
in autophagic regulation [219-221]. Lysosomal and autophagic
genes possess specific promoter regions called Coordinated
Lysosomal Expression and Regulation (CLEAR) sites which
are targets for TFEB binding [220]. During non-stressful
conditions, TFEB is located in the cytosol and is stabilized
by mTORCI-mediated phosphorylation [222,223]. However,
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Figure 2 Mitophagy in skeletal muscle

Although low levels of basal mitochondrial turnover occur continuously, changes in the cellular environment, such as exercise, can increase the degree to which this process occurs. (A) Exercise
can begin the initial steps required for the autophagosome formation, including the activation of the ULK1 and Beclin1 complexes. This permits the formation of the phagophore, which is
composed of lipidated LC3-Il molecules. In order to optimize the function of the mitochondrial network, dysfunctional portions of the mitochondrial reticulum must be removed. (B) Under basal
conditions, the mitochondrial kinase PINK1 is imported into the mitochondrion and degraded. However, when mitochondria become dysfunctional, they lose their membrane potential, resulting in
a stabilization of PINK1 on the outer mitochondrial membrane. (G) Once stabilized, it can serve as a receptor for the E3 ubiquitin ligase Parkin, which translocates to the mitochondrion, and can
ubiquitinate mitochondrial proteins, such as VDAC and the mitofusins. These proteins that have been targeted for degradation are linked to the phagophore by p62, which serves as a bridge between
ubiquitin-tagged proteins and LC3-II. The phagophore continues to expand and surround the targeted portion of the organelle (C), until completely encapsulated. (D) The changes in the cellular
environment can also activate certain proteins involved in the regulation of autophagy, mitophagy and lysosomal biogenesis, namely TFEB and PGC-1er. TFEB is the master regulator of lysosomal
biogenesis, which when activated by dephosphorylation, can enter the nucleus to initiate a transcriptional programme to increase lysosomal content in cells (E). PGC-1« is the master regulator of
mitochondrial biogenesis, which has also been shown to be involved in the transcriptional regulation of autophagy and mitophagy. Interactions between PGC-1a and TFEB have been identified in
other cell types, however the exact nature of this relationship is still under investigation in skeletal muscle. Nonetheless, autophagosomes containing cargo to be degraded can fuse with lysosomes
(F), the cargo can be broken down into their constituent parts by lysosomal enzymes (G), and then released back into the cell.

TFEB is dephosphorylated and can translocate to the nucleus
in response to various stimuli [219,221,224] including exercise
[225], suggesting a potential role for this factor in exercise-
associated lysosomal biogenesis and function. Although the
activity of lysosomal enzymes cathepsin C and D in skeletal

muscle are increased following acute exercise [208], the latter
of which is a transcriptional target of TFEB [220], the exact role
of TFEB in regulating this process remains unclear.

Recently, Vainshtein et al. [226] demonstrated that denervation,
which promotes mitochondrial degradation and mitophagy flux,
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markedly increases TFEB protein expression. Interestingly,
deletion of PGC-la attenuated this increase and impaired
TFEB nuclear translocation, whereas over-expression of PGC-
la augmented TFEB expression. These data implicate a role for
PGC-1a as a major regulator of TFEB activity and expression,
as well as mitophagy flux, in skeletal muscle. The data also
suggest the presence of a tight-knit relationship between PGC-1«
and TFEB in skeletal muscle, which has been well documented
in other cell types [221,227]. Future work further describing
the relationship between these two transcriptional regulators in
skeletal muscle metabolism will be important for a more complete
understanding of mitochondrial turnover in muscle.

IMPACT OF MUSCLE DISUSE ON MITOCHONDRIAL TURNOVER

Chronic muscle inactivity is a powerful stimulus to induce
muscle wasting. To study muscle disuse, several invasive
and non-invasive experimental models have been traditionally
employed, which provide insight into the molecular mechanisms
through which this occurs. Rodent models of reduced muscle
activity, such as hindlimb casting and tail suspension, have
been utilized to investigate the impact of inactivity on muscle
phenotype. These models have been developed to simulate
selective human circumstances, such as microgravity during
spaceflight or prolonged bed rest [228,229]. In contrast with
these non-invasive techniques, denervation provides a surgical
method to induce muscle disuse, whereby the neural innervation
of the muscle is ablated by neurectomy. This completely removes
nerve-muscle communication, and can rapidly induce atrophy
[133,134,230].

Models of muscle inactivity are also useful as experimental
paradigms to reduce mitochondrial content, and to study
mitochondrial turnover. Studies using EM have noted that muscle
disuse induces a loss of mitochondria [114,231,232], and the
mitochondria which remain are smaller, more fragmented, and
have reductions in cristae density [231-236]. These alterations are
echoed by a reduction in the activity and expression of membrane-
embedded and mitochondrial matrix enzymes such as COX,
SDH and CS [33,133,236-238], alongside impairments in ATP
synthesis and elevations in ROS emission [23,34,133,230,239].
These decrements in organelle function negatively impact
mitochondrial protein import, which is also suppressed during
muscle disuse [133]. Taken together, research in this area strongly
indicates that prolonged muscle disuse causes reductions in
both mitochondrial content and function, suggesting that the
underlying molecular basis for this decay is worthy of study from
a therapeutic perspective.

The loss in mitochondrial content with muscle disuse is, in part,
due to a reduction in the drive for mitochondrial biogenesis. A
dramatic drop in PGC-1a mRNA content occurs within the first
day following denervation [240,241], which remains depressed
for weeks [236,240-242]. PGC- 1« protein content also is reduced
[230,238], along with the expression of other factors which
positively regulate mitochondrial biogenesis, including ERR«
and NRF-1/2 [236,243]. This culminates in a loss of total cellular
TFAM protein content [230,236] and intra-mitochondrial TFAM,
which lessens mtDNA copy number and impairs mtDNA-encoded
gene expression [134,243]. Further, the expression of fission and
fusion proteins involved in modifying mitochondrial connectivity
shift to favour mitochondrial fission, causing fragmentation of the
mitochondrial network [114].

The overexpression of PGC-1l« is sufficient to mitigate the
loss of mitochondrial mass during muscle disuse, and this is
accompanied by a reduction in muscle atrophy, likely via the
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direct or indirect inhibition of several intracellular degradation
pathways [226,238,241,242,244-247]. It has also been shown that
overexpression of mitochondrial fusion protein Opal preserves
mitochondrial function, and also protects against loss of muscle
mass during denervation [112]. Conversely, the over-activation
of mitochondrial fission in muscle is sufficient to fragment the
mitochondrial network and drastically impair organelle function,
an effect which directly results in muscle atrophy [111,248]. Taken
together, these studies highlight the intimate link between an
intact mitochondrial network and optimal mitochondrial function,
with the maintenance of muscle mass. Thus, directly targeting
mitochondrial function, as well as preserving mitochondrial
reticulum integrity, may be viable means to combating muscle
atrophy during muscle inactivity.

Muscle disuse also increases the expression of a number of
autophagy proteins, as well as the localization of LC3-II on
mitochondria [23,249], resulting in an increase in autophagy
and mitophagy flux [226]. Despite this apparent enhancement
of the removal of dysfunctional organelles during disuse, the
continued presence of poorly functioning mitochondria within
disused muscle suggests that the elevated mitophagy is insufficient
to adequately restore organelle homoeostasis. Thus, therapeutic
methods to enhance mitochondrial biogenesis, or to stimulate
further mitophagy, possibly via agents which signal through PGC-
la [64,226], would be beneficial in this respect.

IMPACT OF AGING AND EXERCISE ON MUSCLE MITOCHONDRIA

A wealth of scientific literature shows that aging and physical
inactivity lead to reduced mitochondrial content and function in
muscle (cf. [5,250,251] for reviews of current controversies in the
field). As mentioned above, mitochondrial function is implicated
in the maintenance of muscle mass. A decline in mitochondrial
function is believed to be one of the major underlying causes
of the sarcopenia (loss of muscle mass and strength) evident
with old age. In addition, mitochondrial dysfunction is known to
accompany the age-related diseases of obesity and type 2 diabetes
[252,253]. Thus, the decrements in mitochondrial content and
function with age play a vital role in the declining metabolic health
landscape evident in modern society. Therefore a comprehensive
understanding of these organelles and how they may be remedied
with aging will ultimately contribute to greater health outcomes
for the aging population.

A decline in organelle content with age is supported by
many studies which report reduced protein markers and mtDNA
content, along with Krebs’ cycle and ETC enzyme activities
[5,254-260]. Additionally, electron micrograph evidence of
diminished IMF mitochondrial size and a reduced thickness
of the SS mitochondrial layer [114,261-263], supports the
biochemical findings of reduced mitochondrial content with
aging. Mitochondrial fragmentation is also prominent in aging
muscle, and is probably a result of an imbalance in the ratios of
proteins that regulate morphology of the organelles through fission
and fusion [114]. These alterations in mitochondrial structure are
accompanied by defects in mitochondrial respiration [264,265],
which may be a consequence of reduced MitoPS [35] or increased
uncoupling of oxygen consumption to ATP synthesis [264].
Furthermore, accumulation of dysfunctional organelles may occur
through impaired mitophagy/autophagy processes that are unable
to clear the damaged organelle debris from the cellular milieu.
Indeed, in aged muscle, evidence has shown an accumulation of
undigested material, termed lipofuscin [266]. This phenomenon
may also contribute to the cellular damage, exacerbating apoptosis
and skeletal muscle loss.
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The underlying cellular basis for the decline in mitochondrial
content and function in skeletal muscle with age remains
controversial. Maintenance of organelle content and function
encompasses numerous molecular events and alteration in any
aspect (i.e. decreased synthesis and/or increased degradation)
could impact organelle homoeostasis. Important steps that could
be altered include transcriptional regulation of NuGEMPs or
of mtDNA, post-transcriptional trafficking of nuclear-encoded
proteins into the organelle or alterations in clearance of
the organelles. Mitochondrial protein import and holoenzyme
assembly pathways have been found to be unaffected with age
[132,261]. Further, mtDNA deletions and point mutations occur
with increasing incidence with age, but appear to occur in later
life, after the onset of the decline in mitochondrial function
[256,267,268], suggesting that neither impairments in protein
import, ETC enzyme assembly nor mtDNA integrity are primary
causal factors in the decline of organelle function.

However, it is known that PGC-1a mRNA and protein content
are reduced in both slow- and fast-twitch muscles with age [269]
along with decrements in their downstream targets [262]. This
suggests that reductions in mitochondrial function or content
could be attributable to the loss of this important co-activator.
In support of this, overexpression of PGC-la specifically in
skeletal muscle of aged animals retains mitochondrial content
and function, and protects from sarcopenia [270]. Interestingly,
endurance training is also capable of rescuing the deficiency
in mitochondrial content and function in aged skeletal muscle.
However, this beneficial effect of endurance training with age
requires PGC-lo, as training is incapable of rescuing the
mitochondrial decline in aged PGC-1ae KO mice [271]. Thus,
the decline in PGC-1a (and/or one of its isoforms) expression
accompanied by a reduction in the transcription of NuGEMPs
may be one of the most compelling reasons for the decrease in
organelle content with age.

Lastly in regards to PGC-1e, it has recently been identified
to also have a role in autophagy/mitophagy [272]. Therefore,
a decline of this co-activator may impact quality control
mechanisms in aged muscle, through decreased biogenesis and
decreased clearance. If old organelles are not being purged
from the cellular environment, and they are becoming increasing
dysfunctional, this would lead to increased ROS production,
mtDNA damage, nuclear DNA fragmentation and the induction
of muscle atrophy. Further research in this area is warranted to
gain a comprehensive picture of the dual role for PGC-1l« in
mitochondrial maintenance with aging.

An important issue to resolve in the aging literature is
whether the decrements in mitochondria observed with age
are a result of aging-related declines in the processes which
determine mitochondrial maintenance in muscle (i.e. biogenesis
and mitophagy), or whether these can be attributed, partially
or entirely, to reductions in physical activity which accompany
aging. It is known, for example, that very active older individuals
retain higher levels of mitochondrial content and respiration
[273-275], and that ROS production appears to be equal
in older and younger subjects when matched for physical
activity levels [276,277]. However, several studies have indicated
that a variety of organelle functions remain depressed even
when physical activity levels between young and old subjects
are carefully matched [35,278], suggesting true age-related
deficits in mitochondrial function. For example, older human
subjects have exhibited mild organelle uncoupling, greater
mitochondrial permeability transition pore (mtPTP) sensitization,
and a 3-fold greater fraction of endonuclease G positive
myonuclei [276], suggesting a greater propensity to undergo
apoptosis. Nonetheless, this conclusion remains controversial

[250,279,280], and the level of physical activity of the individual
is certainly one of the most important determinants of organelle
function in aging muscle. However, cross-sectional studies do
not allow for the strongest conclusions because of the inherently
divergent genetic and behavioural characteristics of the subjects.
As discussed in Figure 3, appropriately-dosed exercise can be
used to facilitate the interpretation of whether decrements in
mitochondria (content or function) are due to physical inactivity,
or aging per se. For example, if the largely “normal” decrease in
mitochondrial content observed in aging individuals is completely
reversed by a comparable training programme at the same relative
intensity and duration as in young individuals, then one could
interpret the decrement prior to training as a consequence of
physical inactivity [281]. On the other hand, if a deficit in the
adaptation of the muscle persists after the training regimen, then
this would imply that aged muscle has an inherent deficit in
the pathways that maintain mitochondria that is independent of
physical activity levels.

Our understanding of the molecular regulation of mitochondrial
biogenesis in aging muscle has benefited from the use of
rodent models of exercise. These afford the possibility of
strict control over the absolute training workload and in depth
examination of the molecular mechanisms. Using genetically
homogeneous Fischer Brown Norway/F1 hybrid rats, we and
others have previously demonstrated that the initial signalling
response to acute contractile activity [282], as well as the
subsequent adaptation to a standardized chronic contractile
activity regimen is attenuated [262], or delayed [283], in
comparison with younger animals. This blunted adaptive
mitochondrial response was attributable to reduced elevations
of PGC-1a and TFAM, in addition to lack of exercise-induced
alterations in PIM components in aged muscle. These data
illustrate the potential corrective nature of exercise in ameliorating
organelle dysfunction, but also suggest that the kinetics of
mitochondrial adaptations in old muscle are delayed in response
to an exercise regimen. These data also suggest that an inherent
deficit exists in muscle which is ‘age-related’ and that can
only be partially rescued by exercise. It should nonetheless be
clear that exercise remains an important therapeutic intervention
to ameliorate this mitochondrial decline and restore organelle
function, at least in part, with age.

PHARMACOLOGICAL ACTIVATION OF MITOCHONDRIAL
BIOGENESIS

Although it is abundantly clear that exercise promotes positive
adaptations within muscle for tissue function and energy
metabolism, there are portions of the population that are unable or
disinclined to participate in regular physical activity. As a result,
the search for pharmacological agents which activate molecular
pathways similar to those stimulated by exercise is an active
area of research [284,285]. Physical activity induces metabolic
alterations in multiple tissues and improvements in multi-organ
systems that are difficult to fully recapitulate pharmacologically.
Nonetheless, molecular compounds can be exploited to encourage
mitochondrial biogenesis and improve mitochondrial health,
similar to that which is achieved following an endurance exercise
training regimen. The utility of these drugs extends beyond
improving athletic performance, as improving mitochondrial
quality is a viable strategy to enhance systemic health and
pathologies associated with numerous diseases.

AICAR

5-Aminoimidazole-4-carboxamide ribonucleotide (AICAR) is an
analogue of AMP, and an intermediate in the synthesis pathway of

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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Figure 3 Is the reduction in mitochondrial content in aged muscle due to
‘aging’ per se or due to the inactivity which accompanies aging?

One way to determine the answer to this controversial question is to compare the mitochondrial
adaptation of young and old subjects to training. In this hypothetical graph based on literature
data, the mitochondrial content in young, healthy, untrained skeletal muscle is represented
at a value of 2 (A). With an imposed training regimen (e.g. 75% V0,max for 6 weeks in
humans, or 1 week of chronic contractile activity in rodent models), a typical strong adaptation
in mitochondrial content can be represented by a 50 % increase, up to 3 units, representing a
change (A) of 1 absolute unit (B). This degree of adaptation manifests because all mechanisms
governing mitochondrial content are intact and responsive to the training protocol. In advanced
age, and in the absence of other disease, skeletal muscle may lose 40 % of its mitochondrial
content, to a level approximately 60 % of what is observed in young, untrained muscle (G). When
a similar training regimen of the same relative workload (T1, e.g. 75% V0,max) and duration
is applied to aged skeletal muscle, two scenarios may result. In the first (D), an adaptation
significantly less than a 50 % increase reveals that the exercise level is incapable of restoring
mitochondrial content in aged muscle. This suggests that the impairment in mitochondrial
content with age is not simply due to inactivity, but also a result of decrements in the fundamental
mechanisms of mitochondrial biogenesis (e.g. upstream signalling mechanisms, transcription
of genes etc.) that cannot be reversed by exercise alone. In the second scenario (E), if the
same relative workload paradigm elicits a 50 % increase relative to the starting point (D), this
can be viewed as the same adaptive response in the young and aged muscle, indicating that
the decrement in mitochondrial content in the aged muscle is simply due to the inactivity
accompanying aging, and can be fully reversed by an appropriate physical activity programme.
Italso suggests that the molecular signalling mechanisms remain responsive to training in aged
individuals. This adaptation is the same percentage increase as in young muscle, but the overall
mitochondrial content of the muscle still falls below that seen in young, untrained subjects
because of the lower starting level prior to training (C). Further interpretations are possible
if the aged muscle is trained at the same absolute workload as the young muscle (T2). This
may not be possible to achieve in human subjects, but can be accomplished using a chronic
contractile activity paradigm in rodents (F). This workload would represent a greater relative
workload for the aged muscle because of its lower initial mitochondrial content, and thus is a
greater stimulus for adaptation. The expectation, in the absence of an impaired mitochondrial
biogenesis activation pathway, is an increase in mitochondria of the same absolute magnitude,
or more, as in young muscle (i.e. A = 1 unit) if the signalling pathway towards biogenesis is
fully intact. The absence of this response would suggest that the biogenesis pathway is impaired
in aged muscle.

inosine monophosphate [286,287]. As an AMP analogue, it can
allosterically activate and promote the phosphorylation of AMPK,
akinase which is intimately involved in metabolic sensing and the
control of muscle adaptation to exercise [288]. When activated by
AICAR, AMPK phosphorylates PGC-1e, increasing its activity,
as well as its cooperation with other transcription factors to
activate its own promoter [90,92]. This causes an increase in both
PGC-1a mRNA and protein content in muscle cells in vitro and in
muscle in vivo [58,92,94,289-291]. Consequently, this augments
the expression of many genes related to fatty acid oxidation

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

and oxidative phosphorylation in skeletal muscle [91,289-293],
and induces a shift in muscle fibre composition towards that
of a “slower” muscle [289]. Systemically, this contributes to an
increase in basal oxygen consumption and a notable improvement
in endurance exercise performance [289,292]. These data suggest
that AICAR treatment brings about mitochondrial adaptations
that are similar to that of endurance exercise. Despite the large
number of positive adaptations that AICAR can induce in skeletal
muscle, the true utility of AICAR alone as a pharamacotherapeutic
agent or as an ‘exercise pill’ has been brought into question for a
number of reasons, including off-target cellular effects, compound
half-life in vivo and oral bioavailability when administered alone
[294,295]. Developing techniques to improve the bioavailability
of AICAR, or compounds to more specifically target AMPK in
skeletal muscle without experiencing undesired cellular effects,
are certainly areas of interest.

GW501516

This compound was developed several decades ago as a selective
agonist for the nuclear receptor PPARS/S [296]. In skeletal
muscle, PPARS/S has been identified as a positive transcriptional
regulator of fatty acid oxidation, mitochondrial metabolism
and a slower muscle fibre phenotype [297-299], and is thus
an attractive agent for therapy. Activation of PPARGS/B by
GW510516 increases the expression of genes involved in energy
uncoupling, fatty acid oxidation and transport [292,300-303], and
is reliant on PGC-1« for this effect [302]. However, its ability
to induce mitochondrial biogenesis in skeletal muscle under
basal conditions has been questioned [292,301,302,304]. Instead,
GW501516 appears to produce large improvements in endurance
performance, mitochondrial content and a shift towards a slower
fibre type composition when combined with endurance exercise
training [292]. Further, when administered alongside AICAR,
an increase in the expression of a number of genes involved
in oxidative metabolism is observed [292]. Due to some of the
aforementioned drawbacks of AICAR treatment by itself, the use
of GW501 516 in conjunction with a more specific AMPK agonist
may be a preferred route to increasing mitochondrial volume.

SIRT1 activators
Resveratrol

Resveratrol is a natural occurring polyphenol, which has garnered
attention in recent years for its proposed role in disease
prevention and antioxidant capabilities [305,306]. This compound
has also been recognized as an upstream activator of SIRT1
[10,307-309], a deacetylase which has a well-established role in
regulating mitochondrial function and mass [10,310] through the
deacetylation and activation of PGC-1« (Figure 1) [311,312]. In
rodents, treatment with resveratrol has revealed increases in kinase
signalling towards mitochondrial biogenesis, enriched expression
of mitochondrial genes and proteins, as well as elevations
in mitochondrial volume in skeletal muscle [10,308,309,313],
an effect which is enhanced when resveratrol is administered
concomitant with an exercise programme [10]. In turn, this
contributes to an improvement in muscle function and whole-body
endurance performance [10,314]. Unfortunately, recent results
from human studies utilizing resveratrol supplementation have
shown mixed success [315-319], perhaps owing to differences
in study design, outcome measures, target population, treatment
length and dose, in addition to other confounding variables. Thus,
continued attention to optimizing resveratrol dose and duration
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for the purpose of improving mitochondrial content and function
in human skeletal muscle is still of value.

NAD + precursors

NAD + is a cofactor for SIRT1, and may be another means by
which this deacetylase may be activated. Increasing intracellular
concentrations of precursors to NAD +, such as nicotinamide
riboside (NR), has been considered a worthwhile means to
enhance mitochondrial biogenesis [320]. Indeed, oral intake of
NR elevates the NAD + content in multiple tissues, increases
mitochondrial content and cristae density in skeletal muscle,
and enhances endurance exercise performance [321,322]. Further,
treatment with acipimox, a niacin derivative and another NAD +
precursor, improves mitochondrial biogenesis and function both
in vitro and in human skeletal muscle in vivo [323]. The
efficacy of NAD + precursors is promising for the treatment of
various myopathies, which are characterized by compromised
mitochondria, as these compounds can boost mitochondrial gene
expression and rescue mitochondrial function [322,324].

CONCLUSIONS

Mitochondrial research in muscle has progressed at an astonishing
rate in recent years thanks to substantial improvements in
molecular and biochemical techniques, along with advances in
animal and cell culture models used to study the organelle.
It has become abundantly clear that there are a number of
intersecting and overlapping molecular pathways that control
mitochondrial reticulum connectivity, volume and function. At
the same time, research is only beginning to scratch the surface
in terms of uncovering novel pathways and factors controlling
mitochondrial degradation and turnover. Developing a better
understanding of the interplay between the pathways controlling
organelle biogenesis and degradation is critical to the development
of physiological or pharmaceutical therapies to optimize organelle
health within muscle. This knowledge will be crucial to improving
the state of the mitochondrial networks in instances where it is
compromised, such as during muscle inactivity, aging or disease.

ACKNOWLEDGEMENTS

David A. Hood is the holder of a Canada Research Chair in Cell Physiology. The authors
are grateful to Dorrin Zarrin-khat for her help in the preparation of this manuscript.

FUNDING

This work was supported by the Natural Science and Engineering Research Council of
Canada [grant number 38462]; and the Canadian Institutes of Health Research [grant
number FRN-89930].

REFERENCES

1 Hoppeler, H. (1986) Exercise-induced ultrastructural changes in skeletal muscle. Int. J.
Sports Med. 7, 187-204 CrossRef PubMed

2 Kelley, D.E., He, J., Menshikova, E.V. and Ritov, V.B. (2002) Dysfunction of mitochondria
in human skeletal muscle in Type 2 diabetes. Diabetes 51, 2944-2950
CrossRef PubMed

3 Tryon, L.D., Vainshtein, A., Memme, J.M., Crilly, M.J. and Hood, D.A. (2014) Recent
advances in mitochondrial turnover during chronic muscle disuse. Integr. Med. Res. 3,
161-171 CrossRef

4 Lin, M.T. and Beal, M.F. (2006) Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases. Nature 443, 787—795 CrossRef PubMed

10

1

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Carter, H.N., Chen, C.C.W. and Hood, D.A. (2015) Mitochondria, muscle health, and
exercise with advancing age. Physiology 30, 208-223 CrossRef PubMed

Romanello, V. and Sandri, M. (2016) Mitochondrial quality control and muscle mass
maintenance. Front. Physiol. 6, 1-21 CrossRef

Adhihetty, PJ., Uguccioni, G., Leick, L., Hidalgo, J., Pilegaard, H. and Hood, D.A. (2009)
The role of PGC-1alpha on mitochondrial function and apoptotic susceptibility in
muscle. Am. J. Physiol. Cell Physiol. 297, C217-C225 CrossRef PubMed

Saleem, A., Adhihetty, P.J. and Hood, D.A. (2009) Role of p53 in mitochondrial
biogenesis and apoptosis in skeletal muscle. Physiol. Genomics 37, 58-66

CrossRef PubMed

Carter, H.N. and Hood, D.A. (2012) Contractile activity-induced mitochondrial
biogenesis and mTORC1. Am. J. Physiol. Cell Physiol. 303, C540-C547

CrossRef PubMed

Menzies, K.J., Singh, K., Saleem, A. and Hood, D.A. (2013) Sirtuin 1-mediated effects of
exercise and resveratrol on mitochondrial biogenesis. J. Biol. Chem. 288, 6968—6979
CrossRef PubMed

Holloszy, J.0. (1967) Biochemical adaptations in muscle. Effects of exercise on
mitochondrial oxygen uptake and respiratory enzyme activity in skeletal muscle. J. Biol.
Chem. 242, 2278-2282 PubMed

Ljubicic, V., Adhihetty, P.J. and Hood, D.A. (2005) Application of animal models: chronic
electrical stimulation-induced contractile activity. Can. J. Appl. Physiol. 30, 625-643
CrossRef PubMed

Pette, D., Smith, M.E., Staudte, H.W. and Vrbovd, G. (1973) Effects of long-term
electrical stimulation on some contractile and metabolic characteristics of fast rabbit
muscles. Pfliigers Arch. 338, 257—272 CrossRef

Connor, M.K., Irrcher, 1. and Hood, D.A. (2001) Contractile activity-induced
transcriptional activation of cytochrome ¢ involves Sp1 and is proportional to
mitochondrial ATP synthesis in C2C12 muscle cells. J. Biol. Chem. 276, 1589815904
CrossRef PubMed

Irrcher, 1. and Hood, D.A. (2004) Regulation of Egr-1, SRF, and Sp1 mRNA expression in
contracting skeletal muscle cells. J. Appl. Physiol. 97, 2207-2213 CrossRef PubMed
Uguccioni, G. and Hood, D.A. (2011) The importance of PGC-1e in contractile
activity-induced mitochondrial adaptations. Am. J. Physiol. Endocrinol. Metab. 300,
E361-E371 CrossRef PubMed

Raschke, S., Eckardt, K., Bjerklund Holven, K., Jensen, J. and Eckel, J. (2013)
|dentification and validation of novel contraction-regulated myokines released from
primary human skeletal muscle cells. PLoS One 8, 662008 CrossRef PubMed

Nedachi, T., Fujita, H. and Kanzaki, M. (2008) Contractile C2C12 myotube model for
studying exercise-inducible responses in skeletal muscle. Am. J. Physiol. Endocrinol.
Metab. 295, E1191-E1204 CrossRef PubMed

Burch, N., Arnold, A.-S., Item, ., Summermatter, S., Brochmann Santana Santos, G.,
Christe, M., Boutellier, U., Toigo, M. and Handschin, C. (2010) Electric pulse stimulation
of cultured murine muscle cells reproduces gene expression changes of trained mouse
muscle. PLoS One 5, €10970 CrossRef PubMed

Manabe, Y., Miyatake, S., Takagi, M., Nakamura, M., Okeda, A., Nakano, T., Hirshman,
M.F.,, Goodyear, L.J. and Fujii, N.L. (2012) Characterization of an acute muscle
contraction model using cultured C2C12 myotubes. PLoS One 7, €52592

CrossRef PubMed

Igbal, S. and Hood, D.A. (2014) Cytoskeletal regulation of mitochondrial movements in
myoblasts. Cytoskeleton 71, 564-572 CrossRef PubMed

Igbal, S. and Hood, D.A. (2014) Oxidative stress-induced mitochondrial fragmentation
and movement in skeletal muscle myoblasts. Am. J. Physiol. Cell Physiol. 306,
C1176-C1183 CrossRef PubMed

O’Leary, M.EN., Vainshtein, A., Carter, H.N., Zhang, Y. and Hood, D.A. (2012)
Denervation-induced mitochondrial dysfunction and autophagy in skeletal muscle of
apoptosis-deficient animals. Am. J. Physiol. Cell Physiol. 303, C447-C454

CrossRef PubMed

Kirkwood, S.P., Munn, E.A. and Brooks, G.A. (1986) Mitochondrial reticulum in limb
skeletal muscle. Am. J. Physiol. 20, C395-C402

Ogata, T. and Yamasaki, Y. (1985) Scanning electron-microscopic studies on the
three-dimensional structure of sarcoplasmic reticulum in the mammalian red, white and
intermediate muscle fibers. Cell Tissue Res. 241, 251-256 CrossRef PubMed

Picard, M., White, K. and Turnbull, D.M. (2013) Mitochondrial morphology, topology,
and membrane interactions in skeletal muscle: a quantitative three-dimensional electron
microscopy study. J. Appl. Physiol. 114, 161171 CrossRef PubMed

Glancy, B., Hartnell, L.M., Malide, D., Yu, Z.-X., Combs, C.A., Connelly, PS.,
Subramaniam, S. and Balaban, R.S. (2015) Mitochondrial reticulum for cellular energy
distribution in muscle. Nature 523, 617-620 CrossRef PubMed

Pette, D. and Hofer, H.W. (1980) The constant proportion enzyme group concept in the
selection of reference enzymes in metabolism. Ciba Found. Symp. 73, 231-242
Reichmann, H., Hoppeler, H., Mathieu-Costello, 0., von Bergen, F. and Pette, D. (1985)
Biochemical and ultrastructural changes of skeletal muscle mitochondria after chronic
electrical stimulation in rabbits. Pfligers Arch. 404, 1-9 CrossRef

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1055/s-2008-1025758
http://www.ncbi.nlm.nih.gov/pubmed/3531039
http://dx.doi.org/10.2337/diabetes.51.10.2944
http://www.ncbi.nlm.nih.gov/pubmed/12351431
http://dx.doi.org/10.1016/j.imr.2014.09.001
http://dx.doi.org/10.1038/nature05292
http://www.ncbi.nlm.nih.gov/pubmed/17051205
http://dx.doi.org/10.1152/physiol.00039.2014
http://www.ncbi.nlm.nih.gov/pubmed/25933821
http://dx.doi.org/10.3389/fphys.2015.00422
http://dx.doi.org/10.1152/ajpcell.00070.2009
http://www.ncbi.nlm.nih.gov/pubmed/19439529
http://dx.doi.org/10.1152/physiolgenomics.90346.2008
http://www.ncbi.nlm.nih.gov/pubmed/19106183
http://dx.doi.org/10.1152/ajpcell.00156.2012
http://www.ncbi.nlm.nih.gov/pubmed/22700793
http://dx.doi.org/10.1074/jbc.M112.431155
http://www.ncbi.nlm.nih.gov/pubmed/23329826
http://www.ncbi.nlm.nih.gov/pubmed/4290225
http://dx.doi.org/10.1139/h05-144
http://www.ncbi.nlm.nih.gov/pubmed/16293907
http://dx.doi.org/10.1007/BF00587391
http://dx.doi.org/10.1074/jbc.M100272200
http://www.ncbi.nlm.nih.gov/pubmed/11279044
http://dx.doi.org/10.1152/japplphysiol.00388.2004
http://www.ncbi.nlm.nih.gov/pubmed/15310743
http://dx.doi.org/10.1152/ajpendo.00292.2010
http://www.ncbi.nlm.nih.gov/pubmed/21081705
http://dx.doi.org/10.1371/journal.pone.0062008
http://www.ncbi.nlm.nih.gov/pubmed/23637948
http://dx.doi.org/10.1152/ajpendo.90280.2008
http://www.ncbi.nlm.nih.gov/pubmed/18780777
http://dx.doi.org/10.1371/journal.pone.0010970
http://www.ncbi.nlm.nih.gov/pubmed/20532042
http://dx.doi.org/10.1371/journal.pone.0052592
http://www.ncbi.nlm.nih.gov/pubmed/23300713
http://dx.doi.org/10.1002/cm.21188
http://www.ncbi.nlm.nih.gov/pubmed/25147078
http://dx.doi.org/10.1152/ajpcell.00017.2014
http://www.ncbi.nlm.nih.gov/pubmed/24740540
http://dx.doi.org/10.1152/ajpcell.00451.2011
http://www.ncbi.nlm.nih.gov/pubmed/22673615
http://dx.doi.org/10.1007/BF00217168
http://www.ncbi.nlm.nih.gov/pubmed/4028126
http://dx.doi.org/10.1152/japplphysiol.01096.2012
http://www.ncbi.nlm.nih.gov/pubmed/23104694
http://dx.doi.org/10.1038/nature14614
http://www.ncbi.nlm.nih.gov/pubmed/26223627
http://dx.doi.org/10.1007/BF00581484

2308

D.A. Hood and others

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

45

46

47

48

49

50

51

52

Williams, R.S. (1986) Mitochondrial gene expression in mammalian striated muscle.
Evidence that variation in gene dosage is the major regulatory event. J. Biol. Chem. 261,
12390-12394 PubMed

Osman, C., Voelker, D.R. and Langer, T. (2011) Making heads or tails of phospholipids
in mitochondria. J. Cell Biol. 192, 7-16 CrossRef PubMed

Takahashi, M. and Hood, D.A. (1993) Chronic stimulation-induced changes in
mitochondria and performance in rat skeletal muscle. J. Appl. Physiol. 74, 934-941
PubMed

Wicks, K.L. and Hood, D.A. (1991) Mitochondrial adaptations in denervated muscle:
relationship to muscle performance. Am. J. Physiol. 260, C841—-C850 PubMed
Ostojic, 0., O'Leary, M.FN., Singh, K., Menzies, K.J., Vainshtein, A. and Hood, D.A.
(2013) The effects of chronic muscle use and disuse on cardiolipin metabolism. J. Appl.
Physiol. 114, 444-452 CrossRef PubMed

Rooyackers, O.E., Adey, D.B., Ades, PA. and Nair, K.S. (1996) Effect of age on in vivo
rates of mitochondrial protein synthesis in human skeletal muscle. Proc. Natl. Acad. Sci.
U.S.A. 93, 15364-15369 CrossRef PubMed

Connor, M.K., Bezborodova, 0., Escobar, C.P. and Hood, D.A. (2000) Effect of contractile
activity on protein turnover in skeletal muscle mitochondrial subfractions. J. Appl.
Physiol. 88, 1601-1606 PubMed

Wilkinson, S.B., Phillips, S.M., Atherton, P.J., Patel, R., Yarasheski, K.E., Tarnopolsky,
M.A. and Rennie, M.J. (2008) Differential effects of resistance and endurance exercise in
the fed state on signalling molecule phosphorylation and protein synthesis in human
muscle. J. Physiol. 586, 3701-3717 CrossRef PubMed

Di Donato, D.M., West, D.W.D., Churchward-Venne, T.A., Breen, L., Baker, S.K. and
Phillips, S.M. (2014) Influence of aerobic exercise intensity on myofibrillar and
mitochondrial protein synthesis in young men during early and late postexercise
recovery. Am. J. Physiol. Endocrinol. Metab. 306, E1025—-E1032 CrossRef PubMed
Miller, B.F., Robinson, M.M., Bruss, M.D., Hellerstein, M. and Hamilton, K.L. (2012) A
comprehensive assessment of mitochondrial protein synthesis and cellular proliferation
with age and caloric restriction. Aging Cell 11, 150-161 CrossRef PubMed

Cogswell, A.M., Stevens, R.J. and Hood, D.A. (1993) Properties of skeletal muscle
mitochondria isolated from subsarcolemmal and intermyofibrillar regions. Am. J.
Physiol. 264, C383-C389 PubMed

Perry, C.G.R., Kane, D.A., Lanza, |.R. and Neufer, P.D. (2013) Methods for assessing
mitochondrial function in diabetes. Diabetes 62, 1041-1053 CrossRef PubMed
Klionsky, D.J. (2016) Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy 12, 1-222 CrossRef PubMed

Puigserver, P., Adelmant, G., Wu, Z,, Fan, M., Xu, J., O'Malley, B. and Spiegelman, B.M.
(1999) Activation of PPARgamma coactivator-1 through transcription factor docking.
Science 286, 1368—1371 CrossRef PubMed

Wallberg, A.E., Yamamura, S., Malik, S., Spiegelman, B.M. and Roeder, R.G. (2003)
Coordination of p300-mediated chromatin remodeling and TRAP/Mediator function
through coactivator PGC-1ce. Mol. Cell 12, 1137—1149 CrossRef PubMed

Scarpulla, R.C. (2011) Metabolic control of mitochondrial biogenesis through the
PGC-1 family regulatory network. Biochim. Biophys. Acta 1813, 1269-1278

CrossRef PubMed

Scarpulla, R.C., Vega, R.B. and Kelly, D.P. (2012) Transcriptional integration of
mitochondrial biogenesis. Trends Endocrinol. Metab. 23, 459-466 CrossRef PubMed
Puigserver, P, Wu, Z., Park, C.W., Graves, R., Wright, M. and Spiegelman, B.M. (1998)
A cold-inducible coactivator of nuclear receptors linked to adaptive thermogenesis. Cell
92, 829-839 CrossRef PubMed

Calvo, J.A., Danigls, T.G., Wang, X., Paul, A., Lin, J., Spiegelman, B.M., Stevenson, S.C.
and Rangwala, S.M. (2008) Muscle-specific expression of PPARgamma
coactivator-Talpha improves exercise performance and increases peak oxygen uptake. J.
Appl. Physiol. 104, 1304-1312 CrossRef PubMed

Sonoda, J., Mehl, I.R., Chong, L.-W., Nofsinger, R.R. and Evans, R.M. (2007) PGC-1beta
controls mitochondrial metabolism to modulate circadian activity, adaptive
thermogenesis, and hepatic steatosis. Proc. Natl. Acad. Sci. U.S.A. 104, 5223-5228
CrossRef PubMed

Lelliott, C.J., Medina-Gomez, G., Petrovic, N., Kis, A., Feldmann, H.M., Bjursell, M.,
Parker, N., Curtis, K., Campbell, M., Hu, P. et al. (2006) Ablation of PGC-1beta results in
defective mitochondrial activity, thermogenesis, hepatic function, and cardiac
performance. PLoS Biol. 4, €369 CrossRef PubMed

Lin, J., Wu, P-H., Tarr, PT,, Lindenberg, K.S., St-Pierre, J., Zhang, C.-Y., Mootha, V.K.,
Jdger, S., Vianna, C.R., Reznick, R.M. et al. (2004) Defects in adaptive energy
metabolism with CNS-linked hyperactivity in PGC-1alpha null mice. Cell 119, 121-135
CrossRef PubMed

Handschin, C., Chin, S., Li, P, Liu, F.,, Maratos-Flier, E., Lebrasseur, N.K., Yan, Z. and
Spiegelman, B.M. (2007) Skeletal muscle fiber-type switching, exercise intolerance, and
myopathy in PGC-1alpha muscle-specific knock-out animals. J. Biol. Chem. 282,
30014-30021 CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

4

2

Gali Ramamoorthy, T., Laverny, G., Schlagowski, A.-1., Zoll, J., Messaddeg, N., Bornert,
J.-M., Panza, S., Ferry, A., Geny, B. and Metzger, D. (2015) The transcriptional
coregulator PGC-18 controls mitochondrial function and anti-oxidant defence in
skeletal muscles. Nat. Commun. 6, 10210 CrossRef PubMed

Handschin, C., Choi, C.S., Chin, S., Kim, S., Kawamori, D., Kurpad, A.J., Neubauer, N.,
Hu, J., Mootha, VK., Kim, Y.-B. et al. (2007) Abnormal glucose homeostasis in skeletal
muscle-specific PGC-1alpha knockout mice reveals skeletal muscle-pancreatic beta cell
crosstalk. J. Clin. Invest. 117, 3463-3474 CrossRef PubMed

Zechner, C., Lai, L., Zechner, J.F, Geng, T, Yan, Z., Rumsey, J.W., Collia, D., Chen, Z.,
Wozniak, D.F., Leone, T.C. and Kelly, D.P. (2010) Total skeletal muscle PGC-1 deficiency
uncouples mitochondrial derangements from fiber type determination and insulin
sensitivity. Cell Metab. 12, 633-642 CrossRef PubMed

Rowe, G.C., Patten, I.S., Zsengeller, Z.K., El-Khoury, R., Okutsu, M., Bampoh, S.,
Koulisis, N., Farrell, C., Hirshman, M.F., Yan, Z. et al. (2013) Disconnecting
mitochondrial content from respiratory chain capacity in PGC-1-deficient skeletal
muscle. Cell Rep. 3, 1449-1456 CrossRef PubMed

Baar, K., Wende, A.R., Jones, T.E., Marison, M., Nolte, L.A., Chen, M., Kelly, D.P. and
Holloszy, J.0. (2002) Adaptations of skeletal muscle to exercise: rapid increase in the
transcriptional coactivator PGC-1. FASEB J. 16, 18791886 CrossRef PubMed

Irrcher, 1., Adhihetty, PJ., Sheehan, T., Joseph, A.M. and Hood, D.A. (2003) PPARy
coactivator-1a: expression during thyroid hormone- and contractile activity-induced
mitochondrial adaptations. Am. J. Physiol. Cell Physiol. 284, C1669-C1677

CrossRef PubMed

Zhang, Y., Uguccioni, G., Ljubicic, V., Irrcher, 1., Igbal, S., Singh, K., Ding, S. and Hood,
D.A. (2014) Multiple signaling pathways regulate contractile activity-mediated PGC-1«
gene expression and activity in skeletal muscle cells. Physiol. Rep. 2, 1-12

Pilegaard, H., Saltin, B. and Neufer, P.D. (2003) Exercise induces transient
transcriptional activation of the PGC-1alpha gene in human skeletal muscle. J. Physiol.
546, 851-858 CrossRef PubMed

Akimoto, T., Pohnert, S.C., Li, P,, Zhang, M., Gumbs, C., Rosenberg, P.B., Williams, R.S.
and Yan, Z. (2005) Exercise stimulates Pgc-1alpha transcription in skeletal muscle
through activation of the p38 MAPK pathway. J. Biol. Chem. 280, 1958719593
CrossRef PubMed

Akimoto, T., Li, P. and Yan, Z. (2008) Functional interaction of regulatory factors with the
Pgc-1alpha promoter in response to exercise by in vivo imaging. Am. J. Physiol. Cell
Physiol. 295, C288-C292 CrossRef PubMed

Wright, D.C., Han, D.H., Garcia-Roves, PM., Geiger, P.C., Jones, T.E. and Holloszy, J.0.
(2007) Exercise-induced mitochondrial biogenesis begins before the increase in muscle
PGC-1alpha expression. J. Biol. Chem. 282, 194—199 CrossRef PubMed

Vainshtein, A., Tryon, L.D., Pauly, M. and Hood, D.A. (2015) Role of PGC-1er during
acute exercise-induced autophagy and mitophagy in skeletal muscle. Am. J. Physiol.
Cell Physiol. 308, C710-C719 CrossRef PubMed

Handschin, C., Rhee, J., Lin, J., Tarr, P.T. and Spiegelman, B.M. (2003) An autoregulatory
loop controls peroxisome proliferator-activated receptor gamma coactivator 1alpha
expression in muscle. Proc. Natl. Acad. Sci. U.S.A. 100, 7111-7116 CrossRef PubMed
Leick, L., Wojtaszewski, J.F.P., Johansen, S.T., Kiilerich, K., Comes, G., Hellsten, Y.,
Hidalgo, J. and Pilegaard, H. (2008) PGC-1alpha is not mandatory for exercise- and
training-induced adaptive gene responses in mouse skeletal muscle. Am. J. Physiol.
Endocrinol. Metab. 294, E463—E474 CrossRef PubMed

Rowe, G.C., EI-Khoury, R., Patten, .S., Rustin, P. and Arany, Z. (2012) PGC-1« is
dispensable for exercise-induced mitochondrial biogenesis in skeletal muscle. PLoS
One 7, e41817 CrossRef PubMed

Miura, S., Kawanaka, K., Kai, Y., Tamura, M., Goto, M., Shiuchi, T., Minokoshi, Y. and
Ezaki, 0. (2007) An increase in murine skeletal muscle peroxisome proliferator-activated
receptor-gamma coactivator-1alpha (PGC-1alpha) mRNA in response to exercise is
mediated by beta-adrenergic receptor activation. Endocrinology 148, 3441-3448
CrossRef PubMed

Miura, S., Kai, Y., Kamei, Y. and Ezaki, 0. (2008) Isoform-specific increases in murine
skeletal muscle peroxisome proliferator-activated receptor-gamma coactivator-1alpha
(PGC-1alpha) mRNA in response to beta2-adrenergic receptor activation and exercise.
Endocrinology 149, 45274533 CrossRef PubMed

Chinsomboon, J., Ruas, J., Gupta, R.K., Thom, R., Shoag, J., Rowe, G.C., Sawada, N.,
Raghuram, S. and Arany, Z. (2009) The transcriptional coactivator PGC-1alpha mediates
exercise-induced angiogenesis in skeletal muscle. Proc. Natl. Acad. Sci. U.S.A. 106,
21401-21406 CrossRef PubMed

Yoshioka, T., Inagaki, K., Noguchi, T., Sakai, M., Ogawa, W., Hosooka, T., Iguchi, H.,
Watanabe, E., Matsuki, Y., Hiramatsu, R. et al. (2009) Identification and characterization
of an alternative promoter of the human PGC-1alpha gene. Biochem. Biophys. Res.
Commun. 381, 537-543 CrossRef PubMed

Correia, J.C., Ferreira, D.M.S. and Ruas, J.L. (2015) Intercellular: local and systemic
actions of skeletal muscle PGC-1s. Trends Endocrinol. Metab. 26, 305-314

CrossRef PubMed



http://www.ncbi.nlm.nih.gov/pubmed/3745193
http://dx.doi.org/10.1083/jcb.201006159
http://www.ncbi.nlm.nih.gov/pubmed/21220505
http://www.ncbi.nlm.nih.gov/pubmed/8458817
http://www.ncbi.nlm.nih.gov/pubmed/1850197
http://dx.doi.org/10.1152/japplphysiol.01312.2012
http://www.ncbi.nlm.nih.gov/pubmed/23221956
http://dx.doi.org/10.1073/pnas.93.26.15364
http://www.ncbi.nlm.nih.gov/pubmed/8986817
http://www.ncbi.nlm.nih.gov/pubmed/10797119
http://dx.doi.org/10.1113/jphysiol.2008.153916
http://www.ncbi.nlm.nih.gov/pubmed/18556367
http://dx.doi.org/10.1152/ajpendo.00487.2013
http://www.ncbi.nlm.nih.gov/pubmed/24595306
http://dx.doi.org/10.1111/j.1474-9726.2011.00769.x
http://www.ncbi.nlm.nih.gov/pubmed/22081942
http://www.ncbi.nlm.nih.gov/pubmed/8383431
http://dx.doi.org/10.2337/db12-1219
http://www.ncbi.nlm.nih.gov/pubmed/23520284
http://dx.doi.org/10.1080/15548627.2015.1100356
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://dx.doi.org/10.1126/science.286.5443.1368
http://www.ncbi.nlm.nih.gov/pubmed/10558993
http://dx.doi.org/10.1016/S1097-2765(03)00391-5
http://www.ncbi.nlm.nih.gov/pubmed/14636573
http://dx.doi.org/10.1016/j.bbamcr.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20933024
http://dx.doi.org/10.1016/j.tem.2012.06.006
http://www.ncbi.nlm.nih.gov/pubmed/22817841
http://dx.doi.org/10.1016/S0092-8674(00)81410-5
http://www.ncbi.nlm.nih.gov/pubmed/9529258
http://dx.doi.org/10.1152/japplphysiol.01231.2007
http://www.ncbi.nlm.nih.gov/pubmed/18239076
http://dx.doi.org/10.1073/pnas.0611623104
http://www.ncbi.nlm.nih.gov/pubmed/17360356
http://dx.doi.org/10.1371/journal.pbio.0040369
http://www.ncbi.nlm.nih.gov/pubmed/17090215
http://dx.doi.org/10.1016/j.cell.2004.09.013
http://www.ncbi.nlm.nih.gov/pubmed/15454086
http://dx.doi.org/10.1074/jbc.M704817200
http://www.ncbi.nlm.nih.gov/pubmed/17702743
http://dx.doi.org/10.1038/ncomms10210
http://www.ncbi.nlm.nih.gov/pubmed/26674215
http://dx.doi.org/10.1172/JCI31785
http://www.ncbi.nlm.nih.gov/pubmed/17932564
http://dx.doi.org/10.1016/j.cmet.2010.11.008
http://www.ncbi.nlm.nih.gov/pubmed/21109195
http://dx.doi.org/10.1016/j.celrep.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23707060
http://dx.doi.org/10.1096/fj.02-0367com
http://www.ncbi.nlm.nih.gov/pubmed/12468452
http://dx.doi.org/10.1152/ajpcell.00409.2002
http://www.ncbi.nlm.nih.gov/pubmed/12734114
http://dx.doi.org/10.1113/jphysiol.2002.034850
http://www.ncbi.nlm.nih.gov/pubmed/12563009
http://dx.doi.org/10.1074/jbc.M408862200
http://www.ncbi.nlm.nih.gov/pubmed/15767263
http://dx.doi.org/10.1152/ajpcell.00104.2008
http://www.ncbi.nlm.nih.gov/pubmed/18434626
http://dx.doi.org/10.1074/jbc.M606116200
http://www.ncbi.nlm.nih.gov/pubmed/17099248
http://dx.doi.org/10.1152/ajpcell.00380.2014
http://www.ncbi.nlm.nih.gov/pubmed/25673772
http://dx.doi.org/10.1073/pnas.1232352100
http://www.ncbi.nlm.nih.gov/pubmed/12764228
http://dx.doi.org/10.1152/ajpendo.00666.2007
http://www.ncbi.nlm.nih.gov/pubmed/18073319
http://dx.doi.org/10.1371/journal.pone.0041817
http://www.ncbi.nlm.nih.gov/pubmed/22848618
http://dx.doi.org/10.1210/en.2006-1646
http://www.ncbi.nlm.nih.gov/pubmed/17446185
http://dx.doi.org/10.1210/en.2008-0466
http://www.ncbi.nlm.nih.gov/pubmed/18511502
http://dx.doi.org/10.1073/pnas.0909131106
http://www.ncbi.nlm.nih.gov/pubmed/19966219
http://dx.doi.org/10.1016/j.bbrc.2009.02.077
http://www.ncbi.nlm.nih.gov/pubmed/19233136
http://dx.doi.org/10.1016/j.tem.2015.03.010
http://www.ncbi.nlm.nih.gov/pubmed/25934582

Mitochondrial biogenesis in muscle 2309

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

Martinez-Redondo, V., Pettersson, A.T. and Ruas, J.L. (2015) The hitchhiker's guide to
PGC-1« isoform structure and biological functions. Diabetologia 58, 19691977
CrossRef PubMed

Zhang, Y., Huypens, P, Adamson, A.W., Chang, J.S., Henagan, TM., Boudreau, A.,
Lenard, N.R., Burk, D., Klein, J., Perwitz, N. et al. (2009) Alternative mRNA splicing
produces a novel biologically active short isoform of PGC-1alpha. J. Biol. Chem. 284,
32813-32826 CrossRef PubMed

Ruas, J.L., White, J.P,, Rao, R.R., Kleiner, S., Brannan, K.T., Harrison, B.C., Greene, N.P,,
Wu, J., Estall, J.L., Irving, B.A. et al. (2012) A PGC-1e isoform induced by resistance
training regulates skeletal muscle hypertrophy. Cell 151, 1319-1331 CrossRef PubMed
Silvennoinen, M., Ahtiainen, J.P., Hulmi, J.J., Pekkala, S., Taipale, R.S., Nindl, B.C.,
Laine, T., Hakkinen, K., Seldnne, H., Kyréldinen, H. and Kainulainen, H. (2015) PGC-1
isoforms and their target genes are expressed differently in human skeletal muscle
following resistance and endurance exercise. Physiol. Rep. 3, €12563 PubMed
Ogborn, D.I., McKay, B.R., Crane, J.D., Safdar, A., Akhtar, M., Parise, G. and
Tarnopolsky, M.A. (2015) Effects of age and unaccustomed resistance exercise on
mitochondrial transcript and protein abundance in skeletal muscle of men. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 308, R734-R741 CrossRef PubMed

Ydfors, M., Fischer, H., Mascher, H., Blomstrand, E., Norrbom, J. and Gustafsson, T.
(2013) The truncated splice variants, NT-PGC-1cr and PGC-1a4, increase with both
endurance and resistance exercise in human skeletal muscle. Physiol. Rep. 1, €00140
CrossRef PubMed

Schudt, C., Gaertner, U., Dolken, G. and Pette, D. (1975) Calcium-related changes of
enzyme activities in energy metabolism of cultured embryonic chick myoblasts and
myotubes. Eur. J. Biochem. 60, 579-586 CrossRef PubMed

Freyssenet, D., Irrcher, I., Connor, M.K., Di Carlo, M. and Hood, D.A. (2004)
Calcium-regulated changes in mitochondrial phenotype in skeletal muscle cells. Am. J.
Physiol. Cell Physiol. 286, C1053—-C1061 CrossRef PubMed

Ojuka, E.0., Jones, T.E., Han, D.H., Chen, M. and Holloszy, J.0. (2003) Raising Ca* in
L6 myotubes mimics effects of exercise on mitochondrial biogenesis in muscle. FASEB
J. 17, 675-681 CrossRef PubMed

Wu, H., Kanatous, S.B., Thurmond, FA., Gallardo, T., Isotani, E., Bassel-Duby, R. and
Williams, R.S. (2002) Regulation of mitochondrial biogenesis in skeletal muscle by
CaMK. Science 296, 349-352 CrossRef PubMed

Freyssenet, D., Di Carlo, M. and Hood, D.A. (1999) Calcium-dependent regulation of
cytochrome ¢ gene expression in skeletal muscle cells: identification of a protein kinase
c-dependent pathway. J. Biol. Chem. 274, 93059311 CrossRef PubMed

Chin, E.R., Grange, R.W., Viau, F, Simard, A.R., Humphries, C., Shelton, J.,
Bassel-Duby, R., Williams, R.S. and Michel, R.N. (2003) Alterations in slow-twitch
muscle phenotype in transgenic mice overexpressing the Ca?+ buffering protein
parvalbumin. J. Physiol. 547, 649-663 CrossRef PubMed

Chen, G., Carroll, S., Racay, P, Dick, J., Pette, D., Traub, I., Vrbova, G., Eggli, P,, Celio,
M. and Schwaller, B. (2001) Deficiency in parvalbumin increases fatigue resistance in
fast-twitch muscle and upregulates mitochondria. Am J Physiol. Cell Physiol. 281,
C114-C122 PubMed

Gowans, G.J., Hawley, S.A., Ross, F.A. and Hardie, D.G. (2013) AMP is a true
physiological regulator of AMP-activated protein kinase by both allosteric activation and
enhancing net phosphorylation. Cell Metab. 18, 556-566 CrossRef PubMed

Hardie, D.G. (2014) AMP-activated protein kinase: A key regulator of energy balance
with many roles in human disease. J. Intern. Med. 276, 543-559 CrossRef PubMed
O'Neill, H.M., Maarbjerg, S.J., Crane, J.D., Jeppesen, J., Jargensen, S.B., Schertzer,
J.D., Shyroka, 0., Kiens, B., van Denderen, B.J., Tarnopolsky, M.A. et al. (2011)
AMPK-activated protein kinase (AMPK) 812 muscle null mice reveal an essential role
for AMPK in maintaining mitochondrial content and glucose uptake during exercise.
Proc. Natl. Acad. Sci. U.S.A. 108, 16092—16097 CrossRef PubMed

Bergeron, R., Ren, J.M., Cadman, K.S., Moore, |.K., Perret, P, Pypaert, M., Young, L.H.,
Semenkovich, C.F. and Shulman, G.I. (2001) Chronic activation of AMP kinase results in
NRF-1 activation and mitochondrial biogenesis. Am. J. Physiol. Endocrinol. Metab.
281, E1340-E1346 PubMed

Jdger, S., Handschin, C., St-Pierre, J. and Spiegelman, B.M. (2007) AMP-activated
protein kinase (AMPK) action in skeletal muscle via direct phosphorylation of
PGC-1alpha. Proc. Natl. Acad. Sci. U.S.A. 104, 12017-12022 CrossRef PubMed
Winder, W.W., Holmes, B.F., Rubink, D.S., Jensen, E.B., Chen, M. and Holloszy, J.0.
(2000) Activation of AMP-activated protein kinase increases mitochondrial enzymes in
skeletal muscle. J. Appl. Physiol. 88, 2219-2226 PubMed

Irrcher, 1., Ljubicic, V., Kirwan, A.F. and Hood, D.A. (2008) AMP-activated protein
kinase-regulated activation of the PGC-1alpha promoter in skeletal muscle cells. PLoS
One 3, 3614 CrossRef PubMed

Garcia-Roves, PM., Osler, M.E., Holmstrom, M.H. and Zierath, J.R. (2008)
Gain-of-function R225Q mutation in AMP-activated protein kinase gamma3 subunit
increases mitochondrial biogenesis in glycolytic skeletal muscle. J. Biol. Chem. 283,
35724-35734 CrossRef PubMed

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

10

m

112

13

114

115

Irrcher, 1., Ljubicic, V. and Hood, D.A. (2009) Interactions between ROS and AMP kinase
activity in the regulation of PGC-1« transcription in skeletal muscle cells. Am. J.
Physiol. Cell Physiol. 296, C116—-C123 CrossRef PubMed

Hoffman, N.J., Parker, B.L., Chaudhuri, R., Fisher-Wellman, K.H., Kleinert, M.,
Humphrey, S.J., Yang, P., Holliday, M., Trefely, S., Fazakerley, D.J. et al. (2015) Global
phosphoproteomic analysis of human skeletal muscle reveals a network of
exercise-regulated kinases and AMPK substrates. Cell Metab. 22, 922-935

CrossRef PubMed

Rohas, L.M., St-Pierre, J., Uldry, M., Jager, S., Handschin, C. and Spiegelman, B.M.
(2007) A fundamental system of cellular energy homeostasis regulated by PGC-1alpha.
Proc. Natl. Acad. Sci. U.S.A. 104, 7933-7938 CrossRef PubMed

Fan, M., Rhee, J., St-Pierre, J., Handschin, C., Puigserver, P., Lin, J., Jaeger, S.,
Erdjument-Bromage, H., Tempst, P. and Spiegelman, B.M. (2004) Suppression of
mitochondrial respiration through recruitment of p160 myb binding protein to PGC-1a:
Modulation by p38 MAPK. Genes Dev. 18, 278-289 CrossRef PubMed

Pogozelski, A.R., Geng, T, Li, P, Yin, X,, Lira, V.A., Zhang, M., Chi, J.T. and Yan, Z.
(2009) p38y mitogen-activated protein kinase is a key regulator in skeletal muscle
metabolic adaptation in mice. PLoS One 4, 7934 CrossRef PubMed

Yan, Z., Li, P. and Akimoto, T. (2007) Transcriptional control of the Pgc-1alpha gene in
skeletal muscle in vivo. Exerc. Sport Sci. Rev. 35, 97101 CrossRef PubMed
Kirkwood, S.P., Packer, L. and Brooks, G.A. (1987) Effects of endurance training on a
mitochondrial reticulum in limb skeletal muscle. Arch. Biochem. Biophys. 255, 80-88
CrossRef PubMed

Kayar, S.R. and Banchero, N. (1987) Volume density and distribution of mitochondria in
myocardial growth and hypertrophy. Respir. Physiol. 70, 275-286 CrossRef PubMed
Ogata, T. and Yamasaki, Y. (1997) Ultra-high-resolution scanning electron micrscopy of
mitochondria and sarcoplasmic reticulum arrangement in human red, white and
intermediate muscle fibers. Anat. Rec. 248, 1997 CrossRef

Ferreira, R., Vitorino, R., Alves, R.M.P,, Appell, H.J., Powers, S.K., Duarte, J.A. and
Amado, F. (2010) Subsarcolemmal and intermyofibrillar mitochondria proteome
differences disclose functional specializations in skeletal muscle. Proteomics 10,
3142-3154 CrossRef PubMed

Takahashi, M. and Hood, D.A. (1996) Protein import into subsarcolemmal and
intermyofibrillar muscle mitochondria: differential import regulation in distinct
subcellular regions. J. Biol. Chem. 271, 27285-27291 CrossRef PubMed

Picard, M., Gentil, B.J., McManus, M.J., White, K., St. Louis, K., Gartside, S.E., Wallace,
D.C. and Turnbull, D.M. (2013) Acute exercise remodels mitochondrial membrane
interactions in mouse skeletal muscle. J. Appl. Physiol. 115, 1562-1571

CrossRef PubMed

Picard, M., Shirihai, 0.S., Gentil, B.J. and Burelle, Y. (2013) Mitochondrial morphology
transitions and functions: implications for retrograde signaling? Am. J. Physiol. Regul.
Integr. Comp. Physiol. 304, R393-R406 CrossRef

Los6n, 0.C., Song, Z., Chen, H. and Chan, D.C. (2013) Fis1, Mff, MiD49, and MiD51
mediate Drp1 recruitment in mitochondrial fission. Mol. Biol. Cell 24, 659-667
CrossRef PubMed

Song, Z., Ghochani, M., Mccaffery, J.M., Frey, T.G. and Chan, D.C. (2009) Mitofusins
and OPA1 mediate sequential steps in mitochondrial membrane fusion. Mol. Biol. Cell
20, 3525-3532 CrossRef PubMed

Cartoni, R., Leger, B., Hock, M.B., Praz, M., Crettenand, A., Pich, S., Ziltener, J.L., Luthi,
F., Olivier, D., Zorzano, A. et al. (2005) Mitofusins 1/2 and ERRer expression are
increased in human skeletal muscle after physical exercise. J. Physiol. 567, 349-358
CrossRef PubMed

Martin, 0.J., Lai, L., Soundarapandian, M.M., Leone, T.C., Zorzano, A., Keller, M.P,,
Attie, A.D., Muoio, D.M. and Kelly, D.P. (2014) A role for peroxisome
proliferator-activated receptor y coactivator-1 in the control of mitochondrial dynamics
during postnatal cardiac growth. Circ. Res. 114, 626-636 CrossRef PubMed
Romanello, V., Guadagnin, E., Gomes, L., Roder, I., Sandri, C., Petersen, Y., Milan, G.,
Masiero, E., Del Piccolo, P, Foretz, M. et al. (2010) Mitochondrial fission and
remodelling contributes to muscle atrophy. EMBO J. 29, 1774-1785 CrossRef PubMed
Varanita, T., Soriano, M.E., Romanello, V., Zaglia, T., Quintana-Cabrera, R., Semenzato,
M., Menabo, R., Costa, V., Civiletto, G., Pesce, P. et al. (2015) The Opa1-dependent
mitochondrial cristae remodeling pathway controls atrophic, apoptotic, and ischemic
tissue damage. Cell Metab. 21, 834—844 CrossRef PubMed

Mishra, P, Varuzhanyan, G., Pham, A.H. and Chan, D.C. (2015) Mitochondrial dynamics
is a distinguishing feature of skeletal muscle fiber types and regulates organellar
compartmentalization. Cell Metab. 22, 10331044 CrossRef PubMed

Igbal, S., Ostojic, 0., Singh, K., Joseph, A.M. and Hood, D.A. (2013) Expression of
mitochondrial fission and fusion regulatory proteins in skeletal muscle during chronic
use and disuse. Muscle Nerve 48, 963-970 CrossRef PubMed

Toyama, E.Q., Herzig, S., Courchet, J., Lewis Jr, T.L., Losén, 0.C., Hellberg, K., Young,
N.P., Chen, H., Polleux, F., Chan, D.C. and Shaw, R.J. (2016) AMP-activated protein
kinase mediates mitochondrial fission in response to energy stress. Science 351,
275-281 CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1007/s00125-015-3671-z
http://www.ncbi.nlm.nih.gov/pubmed/26109214
http://dx.doi.org/10.1074/jbc.M109.037556
http://www.ncbi.nlm.nih.gov/pubmed/19773550
http://dx.doi.org/10.1016/j.cell.2012.10.050
http://www.ncbi.nlm.nih.gov/pubmed/23217713
http://www.ncbi.nlm.nih.gov/pubmed/26438733
http://dx.doi.org/10.1152/ajpregu.00005.2014
http://www.ncbi.nlm.nih.gov/pubmed/25695287
http://dx.doi.org/10.1002/phy2.140
http://www.ncbi.nlm.nih.gov/pubmed/24400142
http://dx.doi.org/10.1111/j.1432-1033.1975.tb21036.x
http://www.ncbi.nlm.nih.gov/pubmed/812701
http://dx.doi.org/10.1152/ajpcell.00418.2003
http://www.ncbi.nlm.nih.gov/pubmed/15075204
http://dx.doi.org/10.1096/fj.02-0951com
http://www.ncbi.nlm.nih.gov/pubmed/12665481
http://dx.doi.org/10.1126/science.1071163
http://www.ncbi.nlm.nih.gov/pubmed/11951046
http://dx.doi.org/10.1074/jbc.274.14.9305
http://www.ncbi.nlm.nih.gov/pubmed/10092607
http://dx.doi.org/10.1113/jphysiol.2002.024760
http://www.ncbi.nlm.nih.gov/pubmed/12562945
http://www.ncbi.nlm.nih.gov/pubmed/11401833
http://dx.doi.org/10.1016/j.cmet.2013.08.019
http://www.ncbi.nlm.nih.gov/pubmed/24093679
http://dx.doi.org/10.1111/joim.12268
http://www.ncbi.nlm.nih.gov/pubmed/24824502
http://dx.doi.org/10.1073/pnas.1105062108
http://www.ncbi.nlm.nih.gov/pubmed/21896769
http://www.ncbi.nlm.nih.gov/pubmed/11701451
http://dx.doi.org/10.1073/pnas.0705070104
http://www.ncbi.nlm.nih.gov/pubmed/17609368
http://www.ncbi.nlm.nih.gov/pubmed/10846039
http://dx.doi.org/10.1371/journal.pone.0003614
http://www.ncbi.nlm.nih.gov/pubmed/18974883
http://dx.doi.org/10.1074/jbc.M805078200
http://www.ncbi.nlm.nih.gov/pubmed/18838377
http://dx.doi.org/10.1152/ajpcell.00267.2007
http://www.ncbi.nlm.nih.gov/pubmed/19005163
http://dx.doi.org/10.1016/j.cmet.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26437602
http://dx.doi.org/10.1073/pnas.0702683104
http://www.ncbi.nlm.nih.gov/pubmed/17470778
http://dx.doi.org/10.1101/gad.1152204
http://www.ncbi.nlm.nih.gov/pubmed/14744933
http://dx.doi.org/10.1371/journal.pone.0007934
http://www.ncbi.nlm.nih.gov/pubmed/19936205
http://dx.doi.org/10.1097/JES.0b013e3180a03169
http://www.ncbi.nlm.nih.gov/pubmed/17620927
http://dx.doi.org/10.1016/0003-9861(87)90296-7
http://www.ncbi.nlm.nih.gov/pubmed/3592671
http://dx.doi.org/10.1016/S0034-5687(87)80050-6
http://www.ncbi.nlm.nih.gov/pubmed/2961036
http://dx.doi.org/10.1002/(SICI)1097-0185(199706)248:2
elax protect $
elax <$214::AID-AR8
elax protect $
elax >$3.0.CO;2-S
http://dx.doi.org/10.1002/pmic.201000173
http://www.ncbi.nlm.nih.gov/pubmed/20665633
http://dx.doi.org/10.1074/jbc.271.44.27285
http://www.ncbi.nlm.nih.gov/pubmed/8910303
http://dx.doi.org/10.1152/japplphysiol.00819.2013
http://www.ncbi.nlm.nih.gov/pubmed/23970537
http://dx.doi.org/10.1152/ajpregu.00584.2012
http://dx.doi.org/10.1091/mbc.E12-10-0721
http://www.ncbi.nlm.nih.gov/pubmed/23283981
http://dx.doi.org/10.1091/mbc.E09-03-0252
http://www.ncbi.nlm.nih.gov/pubmed/19477917
http://dx.doi.org/10.1113/jphysiol.2005.092031
http://www.ncbi.nlm.nih.gov/pubmed/15961417
http://dx.doi.org/10.1161/CIRCRESAHA.114.302562
http://www.ncbi.nlm.nih.gov/pubmed/24366168
http://dx.doi.org/10.1038/emboj.2010.60
http://www.ncbi.nlm.nih.gov/pubmed/20400940
http://dx.doi.org/10.1016/j.cmet.2015.05.007
http://www.ncbi.nlm.nih.gov/pubmed/26039448
http://dx.doi.org/10.1016/j.cmet.2015.09.027
http://www.ncbi.nlm.nih.gov/pubmed/26603188
http://dx.doi.org/10.1002/mus.23838
http://www.ncbi.nlm.nih.gov/pubmed/23494933
http://dx.doi.org/10.1126/science.aab4138
http://www.ncbi.nlm.nih.gov/pubmed/26816379

2310

D.A. Hood and others

116

17

118

19

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

Calvo, S.E., Clauser, K.R. and Mootha, V.K. (2016) MitoCarta2.0: an updated inventory
of mammalian mitochondrial proteins. Nucleic Acids Res. 44, D1251-D1257

CrossRef PubMed

MacKenzie, J.A. and Payne, R.M. (2007) Mitochondrial protein import and human health
and disease. Biochim. Biophys. Acta 1772, 509-523 CrossRef PubMed

Maccecchini, M.L., Rudin, Y., Blobel, G. and Schatz, G. (1979) Import of proteins into
mitochondria: precursor forms of the extramitochondrially made F1-ATPase subunits in
yeast. Proc. Natl. Acad. Sci. U.S.A. 76, 343-347 CrossRef PubMed

Maccecchini, M.L., Rudin, Y. and Schatz, G. (1979) Transport of proteins across the
mitochondrial outer membrane. A precursor form of the cytoplasmically made
intermembrane enzyme cytochrome ¢ peroxidase. J. Biol. Chem. 254, 7468—7471
PubMed

Hallermayer, G., Zimmerman, R. and Neupert, W. (1977) Transport of cytoplasmically
synthesized proteins into the mitochondria in a cell free system from Neurospora crassa.
Eur. J. Biochem. 81, 533-544 CrossRef PubMed

Omura, T. (1998) Mitochondria-targeting sequence, a multi-role sorting sequence
recognized at all steps of protein import into mitochondria. J. Biochem. 123,
1010-1016 CrossRef PubMed

Mihara, K. and Omura, T. (1996) Cytoplasmic chaperones in precursor targeting to
mitochondria: the role of MSF and hsp 70. Trends Cell Biol 6, 104-108

CrossRef PubMed

Yamano, K., Yatsukawa, Y.-I., Esaki, M., Hobbs, A.E., Jensen, R.E. and Endo, T. (2008)
Tom?20 and Tom?22 share the common signal recognition pathway in mitochondrial
protein import. J. Biol. Chem. 283, 3799-3807 CrossRef PubMed

van Wilpe, S., Ryan, M.T., Hill, K., Maarse, A.C., Meisinger, C., Brix, J., Dekker, PJ.,
Moczko, M., Wagner, R., Meijer, M. et al. (1999) Tom22 is a multifunctional organizer of
the mitochondrial preprotein translocase. Nature 401, 485-489 CrossRef PubMed
Yamamoto, H., Fukui, K., Takahashi, H., Kitamura, S., Shiota, T., Terao, K., Uchida, M.,
Esaki, M., Nishikawa, S., Yoshihisa, T. et al. (2009) Roles of Tom70 in import of
presequence-containing mitochondrial proteins. J. Biol. Chem. 284, 31635—-31646
CrossRef PubMed

Bauer, M.F,, Sirrenberg, C., Neupert, W. and Brunner, M. (1996) Role of Tim23 as
voltage sensor and presequence receptor in protein import into mitochondria. Cell 87,
33-41 CrossRef PubMed

Bauer, M.F,, Hofmann, S., Neupert, W. and Brunner, M. (2000) Protein translocation into
mitochondria: the role of TIM complexes. Trends Cell Biol. 10, 25-31 CrossRef PubMed
Schneider, H., Arretz, M., Wachter, E. and Neupert, W. (1990) Matrix processing
peptidase of mitochondria. Structure—function relationships. J. Biol. Chem. 265,
9881-9887 PubMed

Wenz, L.S., Opalinski, L., Wiedemann, N. and Becker, T. (2015) Cooperation of protein
machineries in mitochondrial protein sorting. Biochim. Biophys. Acta 1853,
1119-1129 CrossRef PubMed

Takahashi, M., Chesley, A., Freyssenet, D. and Hood, D.A. (1998) Contractile
activity-induced adaptations in the mitochondrial protein import system. Am. J. Physiol.
274, C1380-C1387 PubMed

Gordon, J.W., Rungi, A.A., Inagaki, H. and Hood, D.A. (2001) Effects of contractile
activity on mitochondrial transcription factor A expression in skeletal muscle. J. Appl.
Physiol. 90, 389-396 CrossRef PubMed

Joseph, A.-M., Ljubicic, V., Adhihetty, PJ. and Hood, D.A. (2010) Biogenesis of the
mitochondrial Tom40 channel in skeletal muscle from aged animals and its adaptability
to chronic contractile activity. Am. J. Physiol. Cell Physiol. 298, C1308-C1314
CrossRef PubMed

Singh, K. and Hood, D.A. (2011) Effect of denervation-induced muscle disuse on
mitochondrial protein import. Am. J. Physiol. Cell Physiol. 300, C138—-C145

CrossRef PubMed

Tryon, L.D., Crilly, M.J. and Hood, D.A. (2015) Effects of denervation on the regulation
of mitochondrial transcription factor A expression in skeletal muscle. Am. J. Physiol.
Cell Physiol. 309, C228-C238 CrossRef PubMed

Zhang, Y., lgbal, S., O'Leary, M.FN., Menzies, K.J., Saleem, A., Ding, S. and Hood, D.A.
(2013) Altered mitochondrial morphology and defective protein import reveal novel roles
for Bax and/or Bak in skeletal muscle. Am. J. Physiol. Cell Physiol. 305, C502—C511
CrossRef PubMed

Hood, D.A., Simoneau, J.A., Kelly, AM. and Pette, D. (1992) Effect of thyroid status on
the expression of metabolic enzymes during chronic stimulation. Am. J. Physiol. 263,
(788-C793 PubMed

Craig, E.E., Chesley, A. and Hood, D.A. (1998) Thyroid hormone modifies mitochondrial
phenotype by increasing protein import without altering degradation. Am. J. Physiol.
275, C1508-C1515 PubMed

Yakubovskaya, E., Guja, K.E., Eng, E.T., Choi, W.S., Mejia, E., Beglov, D., Lukin, M.,
Kozakov, D. and Garcia-Diaz, M. (2014) Organization of the human mitochondrial
transcription initiation complex. Nucleic Acids Res. 42, 4100-4112 CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

139

140

141

142

143

144

145

146

147

148

149

150

151

152

1563

154

155

156

157

158

Kukat, C., Wurm, C.A., Spahr, H., Falkenberg, M. and Larsson, N.G. (2011)
Super-resolution microscopy reveals that mammalian mitochondrial nucleoids have a
uniform size and frequently contain a single copy of mtDNA. Proc. Natl. Acad. Sci.
U.S.A. 108, 1353413539 CrossRef PubMed

Bogenhagen, D.F. (2012) Mitochondrial DNA nucleoid structure. Biochim. Biophys. Acta
1819, 914-920 CrossRef PubMed

Bogenhagen, D.F., Rousseau, D. and Burke, S. (2008) The layered structure of human
mitochondrial DNA nucleoids. J. Biol. Chem. 283, 3665—3675 CrossRef PubMed

Shi, Y., Dierckx, A., Wanrooij, PH., Wanrooij, S., Larsson, N.G., Wilhelmsson, L.M.,
Falkenberg, M. and Gustafsson, C.M. (2012) Mammalian transcription factor A is a core
component of the mitochondrial transcription machinery. Proc. Natl. Acad. Sci. U.S.A.
109, 16510-16515 CrossRef PubMed

Ekstrand, M.1., Falkenberg, M., Rantanen, A., Park, C.B., Gaspari, M., Hultenby, K.,
Rustin, P, Gustafsson, C.M. and Larsson, N.G. (2004) Mitochondrial transcription factor
A regulates mtDNA copy number in mammals. Hum. Mol. Genet. 13, 935-944
CrossRef PubMed

Kaufman, B.A., Durisic, N., Mativetsky, J.M., Costantino, S., Hancock, M.A., Grutter, P.
and Shoubridge, E.A. (2007) The mitochondrial transcription factor TFAM coordinates
the assembly of multiple DNA molecules into nucleoid-like structures. Mol. Biol. Cell
18, 3225-3236 CrossRef PubMed

Ngo, H.B., Kaiser, J.T. and Chan, D.C. (2011) The mitochondrial transcription and
packaging factor Tfam imposes a U-turn on mitochondrial DNA. Nat. Struct. Mol. Biol.
18, 1290-1206 CrossRef PubMed

Ngo, H.B., Lovely, G.A., Phillips, R. and Chan, D.C. (2014) Distinct structural features of
TFAM drive mitochondrial DNA packaging versus transcriptional activation. Nat.
Commun. 5, 3077 CrossRef PubMed

Rubio-Cosials, A., Sidow, J.F., Jiménez-Menéndez, N., Fernandez-Millan, P., Montoya,
J., Jacabs, H.T,, Coll, M., Bernado, P. and Sola, M. (2011) Human mitochondrial
transcription factor A induces a U-turn structure in the light strand promoter. Nat. Struct.
Mol. Biol. 18, 1281-1289 CrossRef PubMed

Mcculloch, V. and Shadel, G.S. (2003) Human mitochondrial transcription factor B1
interacts with the C-terminal activation region of h-mtTFA and stimulates transcription
independently of its RNA methyltransferase activity. Mol. Cell. Biol. 23, 5816-5824
CrossRef PubMed

Larsson, N.G., Wang, J., Wilhelmsson, H., Oldfors, A., Rustin, P., Lewandowski, M.,
Barsh, G.S. and Clayton, D.A. (1998) Mitochondrial transcription factor A is necessary
for mtDNA maintenance and embryogenesis in mice. Nature 18, 231-236 PubMed
Wang, J., Wilhelmsson, H., Graff, C., Li, H., Oldfors, A., Rustin, P., Briining, J.C., Kahn,
C.R., Clayton, D.A., Barsh, G.S. et al. (1999) Dilated cardiomyopathy and atrioventricular
conduction blocks induced by heart-specific inactivation of mitochondrial DNA gene
expression. Nat. Genet. 21, 133—137 CrossRef PubMed

Wredenberg, A., Wibom, R., Wilhelmsson, H., Graff, C., Wiener, H.H., Burden, S.J.,
Oldfors, A., Westerblad, H. and Larsson, N.G. (2002) Increased mitochondrial mass in
mitochondrial myopathy mice. Proc. Natl. Acad. Sci. U.S.A. 99, 15066—15071
CrossRef PubMed

Silva, J.P, Graff, C., Magnuson, M.A., Berggren, P.0. and Larsson, N.G. (2000) Impaired
insulin secretion and beta-cell loss in tissue-specific knockout mice with mitochondrial
diabetes. Nat. Genet. 26, 336-340 CrossRef PubMed

Li, H., Wang, J., Wilhelmsson, H., Hansson, A., Thoren, P., Duffy, J., Rustin, P. and
Larsson, N.G. (2000) Genetic modification of survival in tissue-specific knockout mice
with mitochondrial cardiomyopathy. Proc. Natl. Acad. Sci. U.S.A. 97, 34673472
CrossRef PubMed

Aydin, J., Andersson, D.C., Hanninen, S.L., Wredenberg, A., Tavi, P., Park, C.B.,
Nils-Géran, L., Bruton, J.D. and Westerblad, H. (2009) Increased mitochondrial Ca?+
and decreased sarcoplasmic reticulum Ca®+ in mitochondrial myopathy. Hum. Mol.
Genet. 18, 278-288 CrossRef PubMed

Lu, B., Lee, J., Nig, X., Li, M., Morozov, Y.I., Venkatesh, S., Bogenhagen, D.F., Temiakov,
D. and Suzuki, C.K. (2013) Phosphorylation of human TFAM in mitochondria impairs
DNA binding and promotes degradation by the AAA + Lon protease. Mol. Cell 49,
121-132 CrossRef PubMed

Wang, K.Z.Q., Zhu, J., Dagda, R.K., Uechi, G., Cherra, S.J., Gusdon, A.M.,
Balasubramani, M. and Chu, C.T. (2014) ERK-mediated phosphorylation of TFAM
downregulates mitochondrial transcription: implications for Parkinson’s disease.
Mitochondrion 17, 132—140 CrossRef PubMed

Collu-Marchese, M., Shuen, M., Pauly, M., Saleem, A. and Hood, D.A. (2015) The
regulation of mitochondrial transcription factor A (Tfam) expression during skeletal
muscle cell differentiation. Biosci. Rep. 35, 00221 PubMed

Perry, C.G., Lally, J., Holloway, G.P.,, Heigenhauser, G.J., Bonen, A. and Spriet, L.L.
(2010) Repeated transient mRNA bursts precede increases in transcriptional and
mitochondrial proteins during training in human skeletal muscle. J. Physiol. 588,
4795-4810 CrossRef PubMed



http://dx.doi.org/10.1093/nar/gkv1003
http://www.ncbi.nlm.nih.gov/pubmed/26450961
http://dx.doi.org/10.1016/j.bbadis.2006.12.002
http://www.ncbi.nlm.nih.gov/pubmed/17300922
http://dx.doi.org/10.1073/pnas.76.1.343
http://www.ncbi.nlm.nih.gov/pubmed/154672
http://www.ncbi.nlm.nih.gov/pubmed/224028
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11978.x
http://www.ncbi.nlm.nih.gov/pubmed/145943
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022036
http://www.ncbi.nlm.nih.gov/pubmed/9603986
http://dx.doi.org/10.1016/0962-8924(96)81000-2
http://www.ncbi.nlm.nih.gov/pubmed/15157486
http://dx.doi.org/10.1074/jbc.M708339200
http://www.ncbi.nlm.nih.gov/pubmed/18063580
http://dx.doi.org/10.1038/46802
http://www.ncbi.nlm.nih.gov/pubmed/10519552
http://dx.doi.org/10.1074/jbc.M109.041756
http://www.ncbi.nlm.nih.gov/pubmed/19767391
http://dx.doi.org/10.1016/S0092-8674(00)81320-3
http://www.ncbi.nlm.nih.gov/pubmed/8858146
http://dx.doi.org/10.1016/S0962-8924(99)01684-0
http://www.ncbi.nlm.nih.gov/pubmed/10603473
http://www.ncbi.nlm.nih.gov/pubmed/2141023
http://dx.doi.org/10.1016/j.bbamcr.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25633533
http://www.ncbi.nlm.nih.gov/pubmed/9612226
http://dx.doi.org/10.1063/1.1375806
http://www.ncbi.nlm.nih.gov/pubmed/11133932
http://dx.doi.org/10.1152/ajpcell.00644.2008
http://www.ncbi.nlm.nih.gov/pubmed/20107041
http://dx.doi.org/10.1152/ajpcell.00181.2010
http://www.ncbi.nlm.nih.gov/pubmed/20943961
http://dx.doi.org/10.1152/ajpcell.00266.2014
http://www.ncbi.nlm.nih.gov/pubmed/26063705
http://dx.doi.org/10.1152/ajpcell.00058.2013
http://www.ncbi.nlm.nih.gov/pubmed/23784543
http://www.ncbi.nlm.nih.gov/pubmed/1329543
http://www.ncbi.nlm.nih.gov/pubmed/9843712
http://dx.doi.org/10.1093/nar/gkt1360
http://www.ncbi.nlm.nih.gov/pubmed/24413562
http://dx.doi.org/10.1073/pnas.1109263108
http://www.ncbi.nlm.nih.gov/pubmed/21808029
http://dx.doi.org/10.1016/j.bbagrm.2011.11.005
http://www.ncbi.nlm.nih.gov/pubmed/22142616
http://dx.doi.org/10.1074/jbc.M708444200
http://www.ncbi.nlm.nih.gov/pubmed/18063578
http://dx.doi.org/10.1073/pnas.1119738109
http://www.ncbi.nlm.nih.gov/pubmed/23012404
http://dx.doi.org/10.1093/hmg/ddh109
http://www.ncbi.nlm.nih.gov/pubmed/15016765
http://dx.doi.org/10.1091/mbc.E07-05-0404
http://www.ncbi.nlm.nih.gov/pubmed/17581862
http://dx.doi.org/10.1038/nsmb.2159
http://www.ncbi.nlm.nih.gov/pubmed/22037171
http://dx.doi.org/10.1038/ncomms4077
http://www.ncbi.nlm.nih.gov/pubmed/24435062
http://dx.doi.org/10.1038/nsmb.2160
http://www.ncbi.nlm.nih.gov/pubmed/22037172
http://dx.doi.org/10.1128/MCB.23.16.5816-5824.2003
http://www.ncbi.nlm.nih.gov/pubmed/12897151
http://www.ncbi.nlm.nih.gov/pubmed/9500544
http://dx.doi.org/10.1038/5089
http://www.ncbi.nlm.nih.gov/pubmed/9916807
http://dx.doi.org/10.1073/pnas.232591499
http://www.ncbi.nlm.nih.gov/pubmed/12417746
http://dx.doi.org/10.1038/81649
http://www.ncbi.nlm.nih.gov/pubmed/11062475
http://dx.doi.org/10.1073/pnas.97.7.3467
http://www.ncbi.nlm.nih.gov/pubmed/10737799
http://dx.doi.org/10.1093/hmg/ddn355
http://www.ncbi.nlm.nih.gov/pubmed/18945718
http://dx.doi.org/10.1016/j.molcel.2012.10.023
http://www.ncbi.nlm.nih.gov/pubmed/23201127
http://dx.doi.org/10.1016/j.mito.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24768991
http://www.ncbi.nlm.nih.gov/pubmed/25989201
http://dx.doi.org/10.1113/jphysiol.2010.199448
http://www.ncbi.nlm.nih.gov/pubmed/20921196

Mitochondrial biogenesis in muscle 2311

159

160

161

162

163

164

165

166

167

168

169

170

17

172

173

174

175

176

177

178

179

180

181

182

183

184

Pilegaard, H., Saltin, B. and Neufer, P.D. (2003) Exercise induces transient
transcriptional activation of the PGC-1 gene in human skeletal muscle. J. Physiol. 546,
851-858 CrossRef PubMed

Saleem, A. and Hood, D.A. (2013) 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 CrossRef PubMed

Wu, Z., Puigserver, P, Andersson, U., Zhang, C., Adelmant, G., Mootha, V., Troy, A.,
Cinti, S., Lowell, B., Scarpulla, R.C. and Spiegelman, B.M. (1999) Mechanisms
controlling mitochondrial biogenesis and respiration through the thermogenic
coactivator PGC-1. Cell 98, 115—124 CrossRef PubMed

Lai, R.Y.J., Ljubicic, V., D'souza, D. and Hood, D.A. (2010) Effect of chronic contractile
activity on mRNA stability in skeletal muscle. Am. J. Physiol. Cell Physiol. 299,
(155-C163 CrossRef PubMed

Pastore, S. and Hood, D.A. (2013) Endurance training ameliorates the metabolic and
performance characteristics of circadian Clock mutant mice. J. Appl. Physiol. 114,
1076-1084 CrossRef PubMed

Bengtsson, J., Gustafsson, T., Widegren, U., Jansson, E. and Sundberg, C.J. (2001)
Mitochondrial transcription factor A and respiratory complex IV increase in response to
exercise training in humans. Pflugers Arch. 443, 61-66 CrossRef PubMed

Norrbom, J., Wallman, S.E., Gustafsson, T., Rundgvist, H., Jansson, E. and Sundberg,
C.J. (2010) Training response of mitochondrial transcription factors in human skeletal
muscle. Acta Physiol. (Oxf). 198, 71—79 CrossRef PubMed

Lane, D.P. (1992) Cancer. p53, guardian of the genome. Nature 358, 15-16

CrossRef PubMed

Levine, A.J., Hu, W. and Feng, Z. (2006) The P53 pathway: what questions remain to be
explored? Cell Death Differ. 13, 1027—-1036 CrossRef PubMed

Maiuri, M.C., Tasdemir, E., Criollo, A., Morselli, E., Vicencio, J.M., Carnuccio, R. and
Kroemer, G. (2009) Control of autophagy by oncogenes and tumor suppressor genes.
Cell Death Differ. 16, 87-93 CrossRef PubMed

Yu, J. and Zhang, L. (2005) The transcriptional targets of p53 in apoptosis control.
Biochem. Biophys. Res. Commun. 331, 851-858 CrossRef PubMed

Bartlett, J.D., Close, G.L., Drust, B. and Morton, J.P. (2014) The emerging role of p53 in
exercise metabolism. Sport. Med. 44, 303-309 CrossRef

Saleem, A., Carter, H.N., Igbal, S. and Hood, D.A. (2011) Role of p53 within the
regulatory network controlling muscle mitochondrial biogenesis. Exerc. Sport Sci. Rev.
39, 199-205 PubMed

Park, J., Zhuang, J., Li, J. and Hwang, P.M. (2016) p53 as guardian of the mitochondrial
genome. FEBS Lett. 1-11

Zhou, S., Kachhap, S. and Singh, K K. (2003) Mitochondrial impairment in p53-deficient
human cancer cells. Mutagenesis 18, 287-292 CrossRef PubMed

Saleem, A., Carter, H.N. and Hood, D.A. (2014) p53 is necessary for the adaptive
changes in the cellular milieu subsequent to an acute bout of endurance exercise. Am. J.
Physiol. Cell Physiol. 306, C241-C249 CrossRef PubMed

Saleem, A, Igbal, S., Zhang, Y. and Hood, D.A. (2015) Effect of p53 on mitochondrial
morphology, import and assembly in skeletal muscle. Am. J. Physiol. Cell Physiol. 308,
(319-C329 CrossRef PubMed

Matoba, S., Kang, J.-G., Patino, W.D., Wragg, A., Boehm, M., Gavrilova, 0., Hurley, P.J.,
Bunz, F. and Hwang, P.M. (2006) p53 regulates mitochondrial metabolism. Science 312,
1650—1653 CrossRef PubMed

Donahue, R.J., Razmara, M., Hoek, J.B. and Knudsen, T.B. (2001) Direct influence of the
p53 tumor suppressor on mitochondrial biogenesis and function. FASEB J. 15,
635-644 CrossRef PubMed

Heyne, K., Mannebach, S., Wuertz, E., Knaup, K.X., Mahyar-Roemer, M. and Roemer, K.
(2004) Identification of a putative p53 binding sequence within the human mitochondrial
genome. FEBS Lett. 578, 198-202 CrossRef PubMed

Riley, T., Sontag, E., Chen, P. and Levine, A. (2008) Transcriptional control of human p53
regulated genes. Nat. Rev. Mol. Cell Biol. 9, 402—412 CrossRef PubMed

Green, D.R. and Kroemer, G. (2009) Cytoplasmic functions of the tumour suppressor
p53. Nature 458, 1127-1130 CrossRef PubMed

Park, J.-Y., Wang, P-Y., Matsumoto, T., Sung, H.J., Ma, W., Choi, J.W., Anderson, S.A,,
Leary, S.C., Balaban, R.S., Kang, J.-G. and Hwang, PM. (2009) p53 improves aerobic
exercise capacity and augments skeletal muscle mitochondrial DNA content. Circ. Res.
105, 705712 CrossRef PubMed

Yoshida, Y., lzumi, H., Torigoe, T., Ishiguchi, H., Itoh, H., Kang, D. and Kohno, K. (2003)
p53 physically interacts with mitochondrial transcription factor A and differentially
requlates binding to damaged DNA. Cancer Res. 63, 3729-3734 PubMed

Lee, J., Giordano, S. and Zhang, J. (2012) Autophagy, mitochondria and oxidative
stress: cross-talk and redox signalling. Biochem. J. 441, 523-540 CrossRef PubMed
Granata, C., Oliveira, R.S., Little, J.P., Renner, K. and Bishop, D.J. (2016) Training
intensity modulates changes in PGC-1a and p53 protein content and mitochondrial
respiration, but not markers of mitochondrial content in human skeletal muscle. FASEB
J. 30, 959-970 CrossRef PubMed

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

She, Q.-B., Bode, AM., Ma, W.-Y., Chen, N.-Y. and Dong, Z. (2001) Resveratrol-induced
activation of p53 and apoptosis is mediated by extracellular- signal-regulated protein
kinases and p38 kinase. Cancer Res. 61, 16041610 PubMed

Jones, R.G., Plas, D.R., Kubek, S., Buzzai, M., Mu, J., Xu, Y., Birnbaum, M.J. and
Thompson, C.B. (2005) AMP-activated protein kinase induces a p53-dependent
metabolic checkpoint. Mol. Cell 18, 283293 CrossRef PubMed

Winder, W.W. and Hardie, D.G. (1996) Inactivation of acetyl-CoA carboxylase and
activation of AMP-activated protein kinase in muscle during exercise. Am. J. Physiol.
Endocrinol. Metab. 270, E299-E304 PubMed

Bartlett, J.D., Hwa Joo, C., Jeong, T.S., Louhelainen, J., Cochran, A.J., Gibala, M.J.,
Gregson, W,, Close, G.L., Drust, B. and Morton, J.P. (2012) Matched work high-intensity
interval and continuous running induce similar increases in PGC-1ae mRNA, AMPK,
p38, and p53 phosphorylation in human skeletal muscle. J. Appl. Physiol. 112,
1135-1143 CrossRef PubMed

Bartlett, J.D., Louhelainen, J., Igbal, Z., Cochran, A.J., Gibala, M.J., Gregson, W., Close,
G.L., Drust, B. and Morton, J.P. (2013) Reduced carbohydrate availability enhances
exercise-induced p53 signaling in human skeletal muscle: implications for
mitochondrial biogenesis. Am. J. Physiol. Regul. Integr. Comp. Physiol. 304,
R450-R458 CrossRef PubMed

Vaziri, H., Dessain, S.K., Eaton, E.N., Imai, S.I., Frye, R.A., Pandita, TK., Guarente, L.
and Weinberg, R.A. (2001) hSIR2 (SIRT1) functions as an NAD-dependent p53
deacetylase. Cell 107, 149-159 CrossRef PubMed

Philp, A., Chen, A,, Lan, D., Meyer, G.A., Murphy, AN., Knapp, A.E., Olfert, M.,
McCurdy, C.E., Marcotte, G.R., Hogan, M.C. et al. (2011) Sirtuin 1 (SIRT1) deacetylase
activity is not required for mitochondrial biogenesis or peroxisome proliferator-activated
receptor-y coactivator-1ar (PGC-1er) deacetylation following endurance exercise. J.
Biol. Chem. 286, 30561-30570 CrossRef PubMed

Kim, J., Kundu, M., Viollet, B. and Guan, K.L. (2011) AMPK and mTOR regulate
autophagy through direct phosphorylation of Ulk1. Nat. Cell Biol. 13, 132—141
CrossRef PubMed

Tassa, A., Roux, M.P., Attaix, D. and Bechet, D.M. (2003) Class Ill phosphoinositide
3-kinase—Beclin1 complex mediates the amino acid-dependent regulation of autophagy
in C2C12 myotubes. Biochem. J. 376, 577-586 CrossRef PubMed

Nakatogawa, H. (2013) Two ubiquitin-like conjugation systems that mediate membrane
formation during autophagy. Essays Biochem. 55, 39-50 CrossRef PubMed

Parzych, K.R. and Klionsky, D.J. (2014) An overview of autophagy: morphology,
mechanism, and regulation. Antioxid. Redox Signal. 20, 460—473 CrossRef PubMed
Feng, Y., He, D., Yao, Z. and Klionsky, D.J. (2014) The machinery of macroautophagy.
Cell Res. 24, 24—41 CrossRef PubMed

Jin, S.M., Lazarou, M., Wang, C., Kane, L.A., Narendra, D.P. and Youle, R.J. (2010)
Mitochondrial membrane potential regulates PINK1 import and proteolytic
destabilization by PARL. J. Cell Biol. 191, 933-942 CrossRef PubMed

Matsuda, N., Sato, S., Shiba, K., Okatsu, K., Saisho, K., Gautier, C.A., Sou, Y.-S., Saiki,
S., Kawajiri, S., Sato, F. et al. (2010) PINK1 stabilized by mitochondrial depolarization
recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy. J.
Cell Biol. 189, 211—221 CrossRef PubMed

Sun, Y., Vashisht, A.A., Tchieu, J., Wohlschlegel, J.A. and Dreier, L. (2012)
Voltage-dependent anion channels (VDACs) recruit parkin to defective mitochondria to
promote mitochondrial autophagy. J. Biol. Chem. 287, 40652—40660 CrossRef PubMed
Geisler, S., Holmstrém, K.M., Skujat, D., Fiesel, F.C., Rothfuss, 0.C., Kahle, P.J. and
Springer, W. (2010) PINK1/Parkin-mediated mitophagy is dependent on VDAC1 and
p62/SQSTM1. Nat. Cell Biol. 12, 119-131 CrossRef PubMed

Tanaka, A., Cleland, M.M., Xu, S., Narendra, D.P., Suen, D., Karbowski, M. and Youle,
R.J. (2010) Proteasome and p97 mediate mitophagy and degradation of mitofusins
induced by Parkin. J. Cell Biol. 191, 1367-1380 CrossRef PubMed

Gegg, M.E., Cooper, J.M., Chau, K.Y., Rojo, M., Schapira, A.H.V. and Taanman, J.W.
(2010) Mitofusin 1 and mitofusin 2 are ubiquitinated in a PINK1/parkin-dependent
manner upon induction of mitophagy. Hum. Mol. Genet. 19, 4861-4870

CrossRef PubMed

Chen, Y. and Dorn, G.W. (2013) PINK1-phosphorylated mitofusin 2 is a Parkin receptor
for culling damaged mitochondria. Science 340, 471-475 CrossRef PubMed

Pankiv, S., Clausen, TH., Lamark, T., Brech, A., Bruun, J.-A., Outzen, H., @vervatn, A.,
Bjarkay, G. and Johansen, T. (2007) p62/SQSTM1 binds directly to Atg8/LC3 to
facilitate degradation of ubiquitinated protein aggregates by autophagy. J. Biol. Chem.
282, 24131-24145 CrossRef PubMed

Ladror, U.S., Snyder, S.W., Wang, G.T., Holzman, T.F. and Krafft, G.A. (1994) Cleavage at
the amino and carboxyl termini of Alzheimer’s amyloid-beta by cathepsin D. J. Biol.
Chem. 269, 18422-18428 PubMed

Lira, VA, Okutsu, M., Zhang, M., Greene, N.P,, Laker, R.C., Breen, D.S., Hoehn, K.L. and
Yan, Z. (2013) Autophagy is required for exercise training-induced skeletal muscle
adaptation and improvement of physical performance. FASEB J. 27, 4184-4193
CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1113/jphysiol.2002.034850
http://www.ncbi.nlm.nih.gov/pubmed/12563009
http://dx.doi.org/10.1113/jphysiol.2013.252791
http://www.ncbi.nlm.nih.gov/pubmed/23690562
http://dx.doi.org/10.1016/S0092-8674(00)80611-X
http://www.ncbi.nlm.nih.gov/pubmed/10412986
http://dx.doi.org/10.1152/ajpcell.00523.2009
http://www.ncbi.nlm.nih.gov/pubmed/20375275
http://dx.doi.org/10.1152/japplphysiol.01505.2012
http://www.ncbi.nlm.nih.gov/pubmed/23429867
http://dx.doi.org/10.1007/s004240100628
http://www.ncbi.nlm.nih.gov/pubmed/11692267
http://dx.doi.org/10.1111/j.1748-1716.2009.02030.x
http://www.ncbi.nlm.nih.gov/pubmed/19681768
http://dx.doi.org/10.1038/358015a0
http://www.ncbi.nlm.nih.gov/pubmed/1614522
http://dx.doi.org/10.1038/sj.cdd.4401910
http://www.ncbi.nlm.nih.gov/pubmed/16557269
http://dx.doi.org/10.1038/cdd.2008.131
http://www.ncbi.nlm.nih.gov/pubmed/18806760
http://dx.doi.org/10.1016/j.bbrc.2005.03.189
http://www.ncbi.nlm.nih.gov/pubmed/15865941
http://dx.doi.org/10.1007/s40279-013-0127-9
http://www.ncbi.nlm.nih.gov/pubmed/21799424
http://dx.doi.org/10.1093/mutage/18.3.287
http://www.ncbi.nlm.nih.gov/pubmed/12714696
http://dx.doi.org/10.1152/ajpcell.00270.2013
http://www.ncbi.nlm.nih.gov/pubmed/24284795
http://dx.doi.org/10.1152/ajpcell.00253.2014
http://www.ncbi.nlm.nih.gov/pubmed/25472962
http://dx.doi.org/10.1126/science.1126863
http://www.ncbi.nlm.nih.gov/pubmed/16728594
http://dx.doi.org/10.1096/fj.00-0262com
http://www.ncbi.nlm.nih.gov/pubmed/11259382
http://dx.doi.org/10.1016/j.febslet.2004.10.099
http://www.ncbi.nlm.nih.gov/pubmed/15581641
http://dx.doi.org/10.1038/nrm2395
http://www.ncbi.nlm.nih.gov/pubmed/18431400
http://dx.doi.org/10.1038/nature07986
http://www.ncbi.nlm.nih.gov/pubmed/19407794
http://dx.doi.org/10.1161/CIRCRESAHA.109.205310
http://www.ncbi.nlm.nih.gov/pubmed/19696408
http://www.ncbi.nlm.nih.gov/pubmed/12839966
http://dx.doi.org/10.1042/BJ20111451
http://www.ncbi.nlm.nih.gov/pubmed/22187934
http://dx.doi.org/10.1096/fj.15-276907
http://www.ncbi.nlm.nih.gov/pubmed/26572168
http://www.ncbi.nlm.nih.gov/pubmed/11245472
http://dx.doi.org/10.1016/j.molcel.2005.03.027
http://www.ncbi.nlm.nih.gov/pubmed/15866171
http://www.ncbi.nlm.nih.gov/pubmed/8779952
http://dx.doi.org/10.1152/japplphysiol.01040.2011
http://www.ncbi.nlm.nih.gov/pubmed/22267390
http://dx.doi.org/10.1152/ajpregu.00498.2012
http://www.ncbi.nlm.nih.gov/pubmed/23364526
http://dx.doi.org/10.1016/S0092-8674(01)00527-X
http://www.ncbi.nlm.nih.gov/pubmed/11672523
http://dx.doi.org/10.1074/jbc.M111.261685
http://www.ncbi.nlm.nih.gov/pubmed/21757760
http://dx.doi.org/10.1038/ncb2152
http://www.ncbi.nlm.nih.gov/pubmed/21258367
http://dx.doi.org/10.1042/bj20030826
http://www.ncbi.nlm.nih.gov/pubmed/12967324
http://dx.doi.org/10.1042/bse0550039
http://www.ncbi.nlm.nih.gov/pubmed/24070470
http://dx.doi.org/10.1089/ars.2013.5371
http://www.ncbi.nlm.nih.gov/pubmed/23725295
http://dx.doi.org/10.1038/cr.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/24366339
http://dx.doi.org/10.1083/jcb.201008084
http://www.ncbi.nlm.nih.gov/pubmed/21115803
http://dx.doi.org/10.1083/jcb.200910140
http://www.ncbi.nlm.nih.gov/pubmed/20404107
http://dx.doi.org/10.1074/jbc.M112.419721
http://www.ncbi.nlm.nih.gov/pubmed/23060438
http://dx.doi.org/10.1038/ncb2012
http://www.ncbi.nlm.nih.gov/pubmed/20098416
http://dx.doi.org/10.1083/jcb.201007013
http://www.ncbi.nlm.nih.gov/pubmed/21173115
http://dx.doi.org/10.1093/hmg/ddq419
http://www.ncbi.nlm.nih.gov/pubmed/20871098
http://dx.doi.org/10.1126/science.1231031
http://www.ncbi.nlm.nih.gov/pubmed/23620051
http://dx.doi.org/10.1074/jbc.M702824200
http://www.ncbi.nlm.nih.gov/pubmed/17580304
http://www.ncbi.nlm.nih.gov/pubmed/8034590
http://dx.doi.org/10.1096/fj.13-228486
http://www.ncbi.nlm.nih.gov/pubmed/23825228

2312

D.A. Hood and others

207

208

209

210

211

212

213

214

215

216

27

218

219

220

221

222

223

224

225

226

221

228

Schott, L.H. and Terjung, R.L. (1979) The influence of exercise on muscle lysosomal
enzymes. Eur. J. Appl. Physiol. 42, 175-182 CrossRef

Salminen, A., Hongisto, K. and Vihko, V. (1984) Lysosomal changes related to exercise
injuries and training-induced protection in mouse skeletal muscle. Acta Physiol. Scand.
120, 15-19 CrossRef PubMed

He, C., Bassik, M.C., Moresi, V., Sun, K., Wei, Y., Zou, Z., An, Z., Loh, J., Fisher, J., Sun,
Q. et al. (2012) Exercise-induced BCL2-regulated autophagy is required for muscle
glucose homeostasis. Nature 481, 511-515 CrossRef PubMed

Jamart, C., Benoit, N., Raymackers, J.M., Kim, H.J., Kim, C.K. and Francaux, M. (2012)
Autophagy-related and autophagy-regulatory genes are induced in human muscle after
ultraendurance exercise. Eur. J. Appl. Physiol. 112, 3173-3177 CrossRef PubMed
Jamart, C., Francaux, M., Millet, G.Y., Deldicque, L., Frére, D. and Féasson, L. (2012)
Modulation of autophagy and ubiquitin-proteasome pathways during ultra-endurance
running. J. Appl. Physiol. 112, 1529-1537 CrossRef PubMed

Grumati, P, Coletto, L., Schiavinato, A., Castagnaro, S., Bertaggia, E., Sandri, M. and
Bonaldo, P. (2014) Physical exercise stimulates autophagy in normal skeletal muscles
but is detrimental for collagen VI-deficient muscles. Autophagy 7, 1415-1423 CrossRef
Pagano, AF., Py, G., Bernardi, H., Candau, R.B. and Sanchez, A.M. (2014) Autophagy
and protein turnover signaling in slow-twitch muscle during exercise. Med. Sci. Sports
Exerc. 46, 1314-1325 CrossRef PubMed

Maller, A.B., Vendelbo, M.H., Christensen, B., Clasen, B.F,, Bak, A.M., Jargensen, J.0.,
Maller, N. and Jessen, N. (2015) Physical exercise increases autophagic signaling
through ULKT in human skeletal muscle. J. Appl. Physiol. 118, 971-979

CrossRef PubMed

Schwalm, C., Jamart, C., Benoit, N., Naslain, D., Prémont, C., Prevet, J., Van Thienen,
R., Deldicque, L. and Francaux, M. (2015) Activation of autophagy in human skeletal
muscle is dependent on exercise intensity and AMPK activation. FASEB J. 29,
35153526 CrossRef PubMed

Fritzen, AM., Madsen, A.B., Kleinert, M., Treebak, J.T., Lundsgaard, A.-M., Jensen, T.E.,
Richter, E.A., Wojtaszewski, J., Kiens, B. and Frasig, C. (2016) Regulation of autophagy
in human skeletal muscle — effects of exercise, exercise training and insulin stimulation.
J. Physiol. 594, 745-761 CrossRef PubMed

LoVerso, F,, Carnio, S., Vainshtein, A. and Sandri, M. (2014) Autophagy is not required
to sustain exercise and PRKAA1/AMPK activity but is important to prevent mitochondrial
damage during physical activity. Autophagy 10, 1883-1894 CrossRef PubMed

Halling, J.F., Ringholm, S., Nielsen, M.M., Overby, P. and Pilegaard, H. (2016) PGC-1c
promotes exercise-induced autophagy in mouse skeletal muscle. Physiol. Rep. 4,
12698 CrossRef PubMed

Settembre, C., Di Malta, C., Polito, V.A., Garcia Arencibia, M., Vetrini, ., Erdin, S., Erdin,
S.U., Huynh, T, Medina, D., Colella, P. et al. (2011) TFEB links autophagy to lysosomal
biogenesis. Science 332, 14291433 CrossRef PubMed

Sardiello, M., Palmieri, M., di Ronza, A., Medina, D.L., Valenza, M., Gennarino, V.A., Di
Malta, C., Donaudy, F., Embrione, V., Polishchuk, R.S. et al. (2009) A gene network
regulating lysosomal biogenesis and function. Science 325, 473-477 PubMed
Settembre, C., De Cegli, R., Mansueto, G., Saha, PK., Vetrini, F, Visvikis, 0., Huynh, T,,
Carissimo, A., Palmer, D., Jirgen Klisch, T. et al. (2013) TFEB controls cellular lipid
metabolism through a starvation-induced autoregulatory loop. Nat. Cell Biol. 15,
647-658 CrossRef PubMed

Settembre, C., Zoncu, R., Medina, D.L., Vetrini, ., Erdin, S., Erdin, S., Huynh, T., Ferron,
M., Karsenty, G., Vellard, M.C. et al. (2012) A lysosome-to-nucleus signalling
mechanism senses and regulates the lysosome via mTOR and TFEB. EMBO J. 31,
1095-1108 CrossRef PubMed

Martina, J.A., Chen, Y., Gucek, M. and Puertollano, R. (2012) MTORC1 functions as a
transcriptional regulator of autophagy by preventing nuclear transport of TFEB.
Autophagy 8, 903-914 CrossRef PubMed

Unuma, K., Aki, T., Funakoshi, T., Yoshida, K. and Uemura, K. (2013) Cobalt
protoporphyrin accelerates TFEB activation and lysosome reformation during
LPS-induced septic insults in the rat heart. PLoS One 8, €56526 CrossRef PubMed
Medina, D.L., Di Paola, S., Peluso, I., Armani, A., De Stefani, D., Venditti, R.,
Montefusco, S., Scotto-Rosato, A., Prezioso, C., Forrester, A. et al. (2015) Lysosomal
calcium signalling regulates autophagy through calcineurin and TFEB. Nat. Cell Biol.
17, 288-299 CrossRef PubMed

Vainshtein, A., Desjardins, E.M.A., Armani, A., Sandri, M. and Hood, D.A. (2015)
PGC-1 modulates denervation-induced mitophagy in skeletal muscle. Skelet. Muscle
5, 1-17 CrossRef PubMed

Tsunemi, T., Ashe, T.D., Morrison, B.E., Soriano, K.R., Au, J., Roque, R.A.V., Lazarowski,
E.R., Damian, V.A., Masliah, E. and La Spada, A.R. (2012) PGC-1« rescues Huntington's
diseases proteotoxicity by preventing oxidative stress and promoting TFEB function. Sci.
Transl. Med. 4, 142ra97 CrossRef PubMed

Morey-Holton, E.R. and Globus, R.K. (1998) Hindlimb unloading of growing rats: a
model for predicting skeletal changes during space flight. Bone 22, 835-88S

CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

229

230

231

232

233

234

235

236

237

238

239

240

24

242

243

244

245

246

247

248

249

250

251

Morey-Holton, E.R. and Globus, R.K. (2002) Hindlimb unloading rodent model:
technical aspects. J. Appl. Physiol. 92, 1367—1377 CrossRef PubMed

Adhihetty, PJ., O’'Leary, M.EN., Chabi, B., Wicks, K.L. and Hood, D.A. (2007) Effect of
denervation on mitochondrially mediated apoptosis in skeletal muscle. J. Appl. Physiol.
3, 1143-1151 PubMed

Gauthier, G.F. and Dunn, R.A. (1973) Ultrastructural and cytochemical features of
mammalian skeletal muscle fibers following denervation. J. Cell. Sci. 12, 525-547
PubMed

Liu, J., Peng, Y., Feng, Z., Shi, W., Qu, L., Li, Y., Liu, J. and Long, J. (2014) Reloading
functionally ameliorates disuse-induced muscle atrophy by reversing mitochondrial
dysfunction, and similar benefits are gained by administering a combination of
mitochondrial nutrients. Free Radic. Biol. Med. 69, 116128 CrossRef PubMed
Tomanek, R.J. and Lund, D.D. (1973) Degeneration of different types of skeletal muscle
fibres. . Denervation. J. Anat. 116, 395-407 PubMed

Pellegrino, C. and Franzini, C. (1963) An electron microscope study of denervation
atrophy in red and white skeletal muscle fibers. J. Cell Biol. 17, 327-349

CrossRef PubMed

Lu, D.X., Huang, S.K. and Carlson, B.M. (1997) Electron microscopic study of long-term
denervated rat skeletal muscle. Anat. Rec. 248, 355-365 CrossRef PubMed
Wagatsuma, A., Kotake, N., Mabuchi, K. and Yamada, S. (2011) Expression of
nuclear-encoded genes involved in mitochondrial biogenesis and dynamics in
experimentally denervated muscle. J. Physiol. Biochem. 67, 359-370 CrossRef PubMed
Raffaello, A., Laveder, P, Romualdi, C., Bean, C., Toniolo, L., Germinario, E., Megighian,
A., Danieli-Betto, D., Reggiani, C. and Lanfranchi, G. (2006) Denervation in murine
fast-twitch muscle: short-term physiological changes and temporal expression profiling.
Physiol. Genomics 25, 60—74 CrossRef PubMed

Brault, J.J., Jespersen, J.G. and Goldberg, A.L. (2010) Peroxisome proliferator-activated
receptor y coactivator 1o or 1B overexpression inhibits muscle protein degradation,
induction of ubiquitin ligases, and disuse atrophy. J. Biol. Chem. 285, 1946019471
CrossRef PubMed

Muller, F.L., Song, W., Jang, Y.C., Liu, Y., Sabia, M., Richardson, A. and Van Remmen,
H. (2007) Denervation-induced skeletal muscle atrophy is associated with increased
mitochondrial ROS production. Am. J. Physiol. Regul. Integr. Comp. Physiol. 293,
R1159-R1168 CrossRef PubMed

Sacheck, J.M., Hyatt, J.P., Raffaello, A., Jagoe, R.T., Roy, R.R., Edgerton, V.R., Lecker,
S.H. and Goldberg, A.L. (2007) Rapid disuse and denervation atrophy involve
transcriptional changes similar to those of muscle wasting during systemic diseases.
FASEB J. 21, 140-155 CrossRef PubMed

Sandri, M., Lin, J., Handschin, C., Yang, W., Arany, Z.P,, Lecker, S.H., Goldberg, A.L. and
Spiegelman, B.M. (2006) PGC-1alpha protects skeletal muscle from atrophy by
suppressing Fox03 action and atrophy-specific gene transcription. Proc. Natl. Acad. Sci.
U.S.A. 103, 1626016265 CrossRef PubMed

Hindi, S.M., Mishra, V., Bhatnagar, S., Tajrishi, M.M., Ogura, Y., Yan, Z., Burkly, L.C.,
Zheng, T.S. and Kumar, A. (2014) Regulatory circuitry of TWEAK-Fn14 system and
PGC-1e in skeletal muscle atrophy program. FASEB J. 28, 1398-1411

CrossRef PubMed

Kang, C. and Ji, L.L. (2013) Muscle immobilization and remobilization downregulates
PGC-1e signaling and the mitochondrial biogenesis pathway. J. Appl. Physiol. 115,
1618-1625 CrossRef PubMed

Cannavino, J., Brocca, L., Sandri, M., Grassi, B., Bottinelli, R. and Pellegrino, M.A.
(2015) The role of alterations in mitochondrial dynamics and PGC-1ax over-expression
in fast muscle atrophy following hindlimb unloading. J. Physiol. 593, 1981-1995
CrossRef PubMed

Cannavino, J., Brocca, L., Sandri, M., Bottinelli, R. and Pellegrino, M.A. (2014) PGC-1a
over-expression prevents metabolic alterations and soleus muscle atrophy in hindlimb
unloaded mice. J. Physiol. 592, 4575-4589 CrossRef PubMed

Kang, C., Goodman, C.A., Hornberger, T.A. and Ji, L.L. (2015) PGC-1a: overexpression
by in vivo transfection attenuates mitochondrial deterioration of skeletal muscle caused
by immabilization. FASEB J. 29, 4092—-4106 CrossRef PubMed

Kang, C. and Ji, L.L. (2016) PGC-1c overexpression via local transfection attenuates
mitophagy pathway in muscle disuse atrophy. Free Radic. Biol. Med. 93, 32—40
CrossRef PubMed

Touvier, T, De Palma, C., Rigamonti, E., Scagliola, A., Incerti, E., Mazelin, L., Thomas,
J.-L., D'Antonio, M., Politi, L., Schaeffer, L. et al. (2015) Muscle-specific Drp1
overexpression impairs skeletal muscle growth via translational attenuation. Cell Death
Dis. 6, £1663 CrossRef PubMed

O’Leary, M.F.N. and Hood, D.A. (2009) Denervation-induced oxidative stress and
autophagy signaling in muscle. Autophagy 5, 230-231 CrossRef PubMed

Johnson, M.L., Robinson, M.M. and Nair, K.S. (2013) Skeletal muscle aging and the
mitochondrion. Trends Endocrinol. Metab. 24, 247-256 CrossRef PubMed

Hepple, R.T. (2014) Mitochondrial involvement and impact in aging skeletal muscle.
Front. Aging Neurosci. 6, 211 CrossRef PubMed



http://dx.doi.org/10.1007/BF00431024
http://dx.doi.org/10.1111/j.1748-1716.1984.tb07367.x
http://www.ncbi.nlm.nih.gov/pubmed/6720324
http://dx.doi.org/10.1038/nature10758
http://www.ncbi.nlm.nih.gov/pubmed/22258505
http://dx.doi.org/10.1007/s00421-011-2287-3
http://www.ncbi.nlm.nih.gov/pubmed/22194006
http://dx.doi.org/10.1152/japplphysiol.00952.2011
http://www.ncbi.nlm.nih.gov/pubmed/22345427
http://dx.doi.org/10.4161/auto.7.12.17877
http://dx.doi.org/10.1249/MSS.0000000000000237
http://www.ncbi.nlm.nih.gov/pubmed/24389528
http://dx.doi.org/10.1152/japplphysiol.01116.2014
http://www.ncbi.nlm.nih.gov/pubmed/25678702
http://dx.doi.org/10.1096/fj.14-267187
http://www.ncbi.nlm.nih.gov/pubmed/25957282
http://dx.doi.org/10.1113/JP271405
http://www.ncbi.nlm.nih.gov/pubmed/26614120
http://dx.doi.org/10.4161/auto.32154
http://www.ncbi.nlm.nih.gov/pubmed/25483961
http://dx.doi.org/10.14814/phy2.12698
http://www.ncbi.nlm.nih.gov/pubmed/26869683
http://dx.doi.org/10.1126/science.1204592
http://www.ncbi.nlm.nih.gov/pubmed/21617040
http://www.ncbi.nlm.nih.gov/pubmed/19556463
http://dx.doi.org/10.1038/ncb2718
http://www.ncbi.nlm.nih.gov/pubmed/23604321
http://dx.doi.org/10.1038/emboj.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22343943
http://dx.doi.org/10.4161/auto.19653
http://www.ncbi.nlm.nih.gov/pubmed/22576015
http://dx.doi.org/10.1371/journal.pone.0056526
http://www.ncbi.nlm.nih.gov/pubmed/23457579
http://dx.doi.org/10.1038/ncb3114
http://www.ncbi.nlm.nih.gov/pubmed/25720963
http://dx.doi.org/10.1186/s13395-015-0033-y
http://www.ncbi.nlm.nih.gov/pubmed/25664165
http://dx.doi.org/10.1126/scitranslmed.3003799
http://www.ncbi.nlm.nih.gov/pubmed/22786682
http://dx.doi.org/10.1016/S8756-3282(98)00019-2
http://www.ncbi.nlm.nih.gov/pubmed/9600759
http://dx.doi.org/10.1152/japplphysiol.00969.2001
http://www.ncbi.nlm.nih.gov/pubmed/11895999
http://www.ncbi.nlm.nih.gov/pubmed/17122379
http://www.ncbi.nlm.nih.gov/pubmed/4704638
http://dx.doi.org/10.1016/j.freeradbiomed.2014.01.003
http://www.ncbi.nlm.nih.gov/pubmed/24418157
http://www.ncbi.nlm.nih.gov/pubmed/4281422
http://dx.doi.org/10.1083/jcb.17.2.327
http://www.ncbi.nlm.nih.gov/pubmed/19866627
http://dx.doi.org/10.1002/(SICI)1097-0185(199707)248:3
elax protect $
elax <$355::AID-AR8
elax protect $
elax >$3.0.CO;2-O
http://www.ncbi.nlm.nih.gov/pubmed/9214553
http://dx.doi.org/10.1007/s13105-011-0083-5
http://www.ncbi.nlm.nih.gov/pubmed/21394548
http://dx.doi.org/10.1152/physiolgenomics.00051.2005
http://www.ncbi.nlm.nih.gov/pubmed/16380408
http://dx.doi.org/10.1074/jbc.M110.113092
http://www.ncbi.nlm.nih.gov/pubmed/20404331
http://dx.doi.org/10.1152/ajpregu.00767.2006
http://www.ncbi.nlm.nih.gov/pubmed/17584954
http://dx.doi.org/10.1096/fj.06-6604com
http://www.ncbi.nlm.nih.gov/pubmed/17116744
http://dx.doi.org/10.1073/pnas.0607795103
http://www.ncbi.nlm.nih.gov/pubmed/17053067
http://dx.doi.org/10.1096/fj.13-242123
http://www.ncbi.nlm.nih.gov/pubmed/24327607
http://dx.doi.org/10.1152/japplphysiol.01354.2012
http://www.ncbi.nlm.nih.gov/pubmed/23970536
http://dx.doi.org/10.1113/jphysiol.2014.286740
http://www.ncbi.nlm.nih.gov/pubmed/25565653
http://dx.doi.org/10.1113/jphysiol.2014.275545
http://www.ncbi.nlm.nih.gov/pubmed/25128574
http://dx.doi.org/10.1096/fj.14-266619
http://www.ncbi.nlm.nih.gov/pubmed/26178167
http://dx.doi.org/10.1016/j.freeradbiomed.2015.12.032
http://www.ncbi.nlm.nih.gov/pubmed/26746585
http://dx.doi.org/10.1038/cddis.2014.595
http://www.ncbi.nlm.nih.gov/pubmed/25719247
http://dx.doi.org/10.4161/auto.5.2.7391
http://www.ncbi.nlm.nih.gov/pubmed/19098460
http://dx.doi.org/10.1016/j.tem.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23375520
http://dx.doi.org/10.3389/fnagi.2014.00211
http://www.ncbi.nlm.nih.gov/pubmed/25309422

Mitochondrial biogenesis in muscle 2313

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

Thrush, A.B., Dent, R., McPherson, R. and Harper, M.-E. (2013) Implications of
mitochondrial uncoupling in skeletal muscle in the development and treatment of
obesity. FEBS J. 280, 5015-5029 CrossRef PubMed

Patti, M.-E. and Corvera, S. (2010) The role of mitochondria in the pathogenesis of
type 2 diabetes. Endocr. Rev. 31, 364—395 CrossRef PubMed

Huang, J.H. and Hood, D.A. (2009) Age-associated mitochondrial dysfunction in
skeletal muscle: contributing factors and suggestions for long-term interventions.
IUBMB Life 61, 201—214 CrossRef PubMed

Ljubicic, V., Joseph, A.-M., Saleem, A., Uguccioni, G., Collu-Marchese, M., Lai, R.Y.J.,
Nguyen, L.M.-D. and Hood, D.A. (2010) Transcriptional and post-transcriptional
regulation of mitochondrial biogenesis in skeletal muscle: effects of exercise and aging.
Biochim. Biophys. Acta 1800, 223—234 CrossRef PubMed

Conley, K.E., Marcinek, D.J. and Villarin, J. (2007) Mitochondrial dysfunction and age.
Curr. Opin. Clin. Nutr. Metab. Care 10, 688—692 CrossRef PubMed

Ji, L.L. and Kang, C. (2015) Role of PGC-1« in sarcopenia: etiology and potential
intervention — a mini-review. Gerontology 61, 139—148 CrossRef PubMed

Kruse, S.E., Karunadharma, P.P, Basisty, N., Johnson, R., Beyer, R.P., MacCoss, M.J.,
Rabinovitch, P.S. and Marcinek, D.J. (2016) Age modifies respiratory complex | and
protein homeostasis in a muscle type-specific manner. Aging Cell 15, 89-99

CrossRef PubMed

McDonagh, B., Sakellariou, G.K., Smith, N.T., Brownridge, P. and Jackson, M.J. (2014)
Differential cysteine labeling and global label-free proteomics reveals an altered
metabolic state in skeletal muscle aging. J. Proteome Res. 13, 5008-5021

CrossRef PubMed

Welle, S., Bhatt, K., Shah, B., Needler, N., Delehanty, J.M. and Thornton, C.A. (2003)
Reduced amount of mitochondrial DNA in aged human muscle. J. Appl. Physiol. 94,
1479-1484 CrossRef PubMed

Huang, J.H., Joseph, A.M., Ljubicic, V., Igbal, S. and Hood, D.A. (2010) Effect of age on
the processing and import of matrix-destined mitochondrial proteins in skeletal muscle.
J. Gerontol. A Biol. Sci. Med. Sci. 65, 138146 CrossRef PubMed

Ljubicic, V., Joseph, A.M., Adhihetty, PJ., Huang, J.H., Saleem, A., Uguccioni, G. and
Hood, D.A. (2009) Molecular basis for an attenuated mitochondrial adaptive plasticity in
aged skeletal muscle. Aging 1, 818-831 CrossRef PubMed

Crane, J.D., Devries, M.C., Safdar, A., Hamadeh, M.J. and Tarnopolsky, M.A. (2010) The
effect of aging on human skeletal muscle mitochondrial and intramyocellular lipid
ultrastructure. J. Gerontol. A Biol. Sci. Med. Sci. 69, 119-128 CrossRef PubMed
Conley, K.E., Jubrias, S.A. and Esselman, P.C. (2000) Oxidative capacity and ageing in
human muscle. J. Physiol. 526, 203-210 CrossRef PubMed

Porter, C., Hurren, N.M., Cotter, M. V, Bhattarai, N., Reidy, P.T., Dillon, E.L., Durham,
W.J., Tuvdendorj, D., Sheffield-Moore, M., Volpi, E. et al. (2015) Mitochondrial
respiratory capacity and coupling control decline with age in human skeletal muscle.
Am. J. Physiol. Endocrinol. Metab. 309, E224-E232 CrossRef PubMed

O'Leary, M.F, Vainshtein, A., lgbal, S., Ostojic, 0. and Hood, D.A. (2013) Adaptive
plasticity of autophagic proteins to denervation in aging skeletal muscle. Am. J. Physiol.
Cell Physiol. 304, C422—-C430 CrossRef PubMed

Cortopassi, G.A. and Arnheim, N. (1990) Detection of a specific mitochondrial DNA
deletion in tissues of older humans. Nucleic Acids Res. 18, 6927-6933

CrossRef PubMed

Cortopassi, G.A., Shibata, D., Soong, N.W. and Arnheim, N. (1992) A pattern of
accumulation of a somatic deletion of mitochondrial DNA in aging human tissues. Proc.
Natl. Acad. Sci. U.S.A. 89, 7370-7374 CrossRef PubMed

Chabi, B., Ljubicic, V., Menzies, K.J., Huang, J.H., Saleem, A. and Hood, D.A. (2008)
Mitochondrial function and apoptotic susceptibility in aging skeletal muscle. Aging Cell
7, 2-12 CrossRef PubMed

Wenz, T., Rossi, S.G., Rotundo, R.L., Spiegelman, B.M. and Morags, C.T. (2009)
Increased muscle PGC-1alpha expression protects from sarcopenia and metabolic
disease during aging. Proc. Natl. Acad. Sci. U.S.A. 106, 20405-20410

CrossRef PubMed

Leick, L., Lyngby, S.S., Wojtaszewski, J.F.P. and Pilegaard, H. (2010) PGC-1alpha is
required for training-induced prevention of age-associated decline in mitochondrial
enzymes in mouse skeletal muscle. Exp. Gerontol. 45, 336342 CrossRef PubMed
Vainshtein, A. and Hood, D.A. (2016) The regulation of autophagy during exercise in
skeletal muscle. J. Appl. Physiol. 120, 664—673 CrossRef PubMed

Zampieri, S., Pietrangelo, L., Loefler, S., Fruhmann, H., Vogelauer, M., Burggraf, S.,
Pond, A., Grim-Stieger, M., Cvecka, J., Sedliak, M. et al. (2014) Lifelong physical
exercise delays age-associated skeletal muscle decline. J. Gerontol. A Biol. Sci. Med.
Sci. 70, 163-173 CrossRef PubMed

Trappe, S., Hayes, E., Galpin, A., Kaminsky, L., Jemiolo, B., Fink, W., Trappe, T.,
Jansson, A., Gustafsson, T. and Tesch, P. (2013) New records in aerobic power among
octogenarian lifelong endurance athletes. J. Appl. Physiol. 114, 3-10

CrossRef PubMed

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

Joseph, A.M., Adhihetty, P.J., Buford, T.W., Wohlgemuth, S.E., Lees, H.A., Nguyen,
L.M.D., Aranda, J.M., Sandesara, B.D., Pahor, M., Manini, T.M. et al. (2012) The impact
of aging on mitochondrial function and biogenesis pathways in skeletal muscle of
sedentary high- and low-functioning elderly individuals. Aging Cell 11, 801-809
CrossRef PubMed

Gouspillou, G., Sgarioto, N., Kapchinsky, S., Purves-Smith, F., Norris, B., Pion, C.H.,
Barbat-Artigas, S., Lemieux, F., Taivassalo, T., Morais, J.A. et al. (2014) Increased
sensitivity to mitochondrial permeability transition and myonuclear translocation of
endonuclease G in atrophied muscle of physically active older humans. FASEB J. 28,
1621-1633 CrossRef PubMed

Gram, M., Vigelsg, A., Yokota, T., Helge, J.W., Dela, F. and Hey-Mogensen, M. (2015)
Skeletal muscle mitochondrial H,0, emission increases with immobilization and
decreases after aerobic training in young and older men. J. Physiol. 593, 4011-4027
CrossRef PubMed

Ghosh, S., Lertwattanarak, R., Lefort, N., Molina-Carrion, M., Joya-Galeana, J., Bowen,
B.P., Garduno-Garcia J. de, J., Abdul-Ghani, M., Richardson, A., DeFronzo, R.A. et al.
(2011) Reduction in reactive oxygen species production by mitochondria from elderly
subjects with normal and impaired glucose tolerance. Diabetes 60, 2051-2060
CrossRef PubMed

Kent-Braun, J.A. and Ng, A.V. (2000) Skeletal muscle oxidative capacity in young and
older women and men. J. Appl. Physiol. 89, 1072-1078 PubMed

Larsen, R.G., Callahan, D.M., Foulis, S.A. and Kent-Braun, J.A. (2012) Age-related
changes in oxidative capacity differ between locomotory muscles and are associated
with physical activity behavior. Appl. Physiol. Nutr. Metab. 37, 88-99

CrossRef PubMed

Irving, B.A., Lanza, |.R., Henderson, G.C., Rao, R.R., Spiegelman, B.M. and Nair, K.S.
(2015) Combined training enhances skeletal muscle mitochondrial oxidative capacity
independent of age. J. Clin. Endocrinol. Metab. 100, 1654-1663 CrossRef PubMed
Ljubicic, V. and Hood, D.A. (2009) Diminished contraction-induced intracellular
signaling towards mitochondrial biogenesis in aged skeletal muscle. Aging Cell 8,
394-404 CrossRef PubMed

Walters, T.J., Sweeney, H.L. and Farrar, R.P. (1991) Influence of electrical stimulation on
a fast-twitch muscle in aging rats. J. Appl. Physiol. 71, 1921-1928 PubMed
Handschin, C. (2016) Caloric restriction and exercise “mimetics”: ready for prime time?
Pharmacol. Res. 103, 158—166 CrossRef PubMed

Craig, D.M., Ashcroft, S.P., Belew, M.Y., Stocks, B., Currell, K., Baar, K. and Philp, A.
(2015) Utilizing small nutrient compounds as enhancers of exercise-induced
mitochondrial biogenesis. Front. Physiol. 6, 1-11 CrossRef PubMed

Sabina, R.L., Holmes, E.W. and Becker, M.A. (1984) The enzymatic synthesis of
5-amino-4-imidazolecarboxamide riboside triphosphate (ZTP). Science 223,
1193-1195 CrossRef PubMed

Corton, J.M., Gillespie, J.G., Hawley, S.A. and Hardie, D.G. (1995)
5-aminoimidazole-4-carboxamide ribonucleoside. A specific method for activating
AMP-activated protein kinase in intact cells? Eur. J. Biochem. 229, 558-565

CrossRef PubMed

O'Neill, H.M., Holloway, G.P. and Steinberg, G.R. (2013) AMPK regulation of fatty acid
metabolism and mitochondrial biogenesis: Implications for obesity. Mol. Cell.
Endocrinol. 366, 135-151 CrossRef PubMed

Suwa, M., Nakano, H. and Kumagai, S. (2003) Effects of chronic AICAR treatment on
fiber composition, enzyme activity, UCP3, and PGC-1 in rat muscles. J. Appl. Physiol.
95, 960-968 CrossRef PubMed

Lira, VA, Brown, D.L., Lira, AK., Kavazis, AN., Soltow, Q.A., Zeanah, E.H. and Criswell,
D.S. (2010) Nitric oxide and AMPK cooperatively regulate PGC-1 in skeletal muscle
cells. J. Physiol. 588, 3551-3566 CrossRef PubMed

Gurd, B.J., Yoshida, Y., Lally, J., Holloway, G.P. and Bonen, A. (2009) The deacetylase
enzyme SIRT1 is not associated with oxidative capacity in rat heart and skeletal muscle
and its overexpression reduces mitochondrial biogenesis. J. Physiol. 587, 18171828
CrossRef PubMed

Narkar, V.A., Downes, M., Yu, R.T., Embler, E., Wang, Y.X., Banayo, E., Mihaylova, M.M.,
Nelson, M.C., Zou, Y., Juguilon, H. et al. (2008) AMPK and PPARS agonists are exercise
mimetics. Cell 134, 405-415 CrossRef PubMed

Jargensen, S.B., Treebak, J.T., Viollet, B., Schierling, P, Vaulont, S., Wojtaszewski, J.F.P.
and Richter, E.A. (2007) Role of AMPKalpha2 in basal, training-, and AICAR-induced
GLUT4, hexokinase II, and mitochondrial protein expression in mouse muscle. Am. J.
Physiol. Endocrinol. Metab. 292, E331-E339 PubMed

Dixon, R., Gourzis, J., McDermott, D., Fujitaki, J., Dewland, P. and Gruber, H. (1991)
AICA-riboside: safety, tolerance, and pharmacokinetics of a novel adenosine-regulating
agent. J. Clin. Pharmacol. 31, 342—347 CrossRef PubMed

Guigas, B., Sakamoto, K., Taleux, N., Reyna, S.M., Musi, N., Viollet, B. and Hue, L.
(2009) Beyond AICA riboside: in search of new specific AMP-activated protein kinase
activators. [UBMB Life 61, 18-26 CrossRef PubMed

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.


http://dx.doi.org/10.1111/febs.12399
http://www.ncbi.nlm.nih.gov/pubmed/23786211
http://dx.doi.org/10.1210/er.2009-0027
http://www.ncbi.nlm.nih.gov/pubmed/20156986
http://dx.doi.org/10.1002/iub.164
http://www.ncbi.nlm.nih.gov/pubmed/19243006
http://dx.doi.org/10.1016/j.bbagen.2009.07.031
http://www.ncbi.nlm.nih.gov/pubmed/19682549
http://dx.doi.org/10.1097/MCO.0b013e3282f0dbfb
http://www.ncbi.nlm.nih.gov/pubmed/18089948
http://dx.doi.org/10.1159/000365947
http://www.ncbi.nlm.nih.gov/pubmed/25502801
http://dx.doi.org/10.1111/acel.12412
http://www.ncbi.nlm.nih.gov/pubmed/26498839
http://dx.doi.org/10.1021/pr5006394
http://www.ncbi.nlm.nih.gov/pubmed/25181601
http://dx.doi.org/10.1152/japplphysiol.01061.2002
http://www.ncbi.nlm.nih.gov/pubmed/12496142
http://dx.doi.org/10.1093/gerona/glp201
http://www.ncbi.nlm.nih.gov/pubmed/20045872
http://dx.doi.org/10.18632/aging.100083
http://www.ncbi.nlm.nih.gov/pubmed/20157569
http://dx.doi.org/10.1093/gerona/glp179
http://www.ncbi.nlm.nih.gov/pubmed/19959566
http://dx.doi.org/10.1111/j.1469-7793.2000.t01-1-00203.x
http://www.ncbi.nlm.nih.gov/pubmed/10878112
http://dx.doi.org/10.1152/ajpendo.00125.2015
http://www.ncbi.nlm.nih.gov/pubmed/26037248
http://dx.doi.org/10.1152/ajpcell.00240.2012
http://www.ncbi.nlm.nih.gov/pubmed/23220115
http://dx.doi.org/10.1093/nar/18.23.6927
http://www.ncbi.nlm.nih.gov/pubmed/2263455
http://dx.doi.org/10.1073/pnas.89.16.7370
http://www.ncbi.nlm.nih.gov/pubmed/1502147
http://dx.doi.org/10.1111/j.1474-9726.2007.00347.x
http://www.ncbi.nlm.nih.gov/pubmed/18028258
http://dx.doi.org/10.1073/pnas.0911570106
http://www.ncbi.nlm.nih.gov/pubmed/19918075
http://dx.doi.org/10.1016/j.exger.2010.01.011
http://www.ncbi.nlm.nih.gov/pubmed/20085804
http://dx.doi.org/10.1152/japplphysiol.00550.2015
http://www.ncbi.nlm.nih.gov/pubmed/26679612
http://dx.doi.org/10.1093/gerona/glu006
http://www.ncbi.nlm.nih.gov/pubmed/24550352
http://dx.doi.org/10.1152/japplphysiol.01107.2012
http://www.ncbi.nlm.nih.gov/pubmed/23065759
http://dx.doi.org/10.1111/j.1474-9726.2012.00844.x
http://www.ncbi.nlm.nih.gov/pubmed/22681576
http://dx.doi.org/10.1096/fj.13-242750
http://www.ncbi.nlm.nih.gov/pubmed/24371120
http://dx.doi.org/10.1113/JP270211
http://www.ncbi.nlm.nih.gov/pubmed/26096818
http://dx.doi.org/10.2337/db11-0121
http://www.ncbi.nlm.nih.gov/pubmed/21677280
http://www.ncbi.nlm.nih.gov/pubmed/10956353
http://dx.doi.org/10.1139/h11-135
http://www.ncbi.nlm.nih.gov/pubmed/22236246
http://dx.doi.org/10.1210/jc.2014-3081
http://www.ncbi.nlm.nih.gov/pubmed/25599385
http://dx.doi.org/10.1111/j.1474-9726.2009.00483.x
http://www.ncbi.nlm.nih.gov/pubmed/19416128
http://www.ncbi.nlm.nih.gov/pubmed/1761492
http://dx.doi.org/10.1016/j.phrs.2015.11.009
http://www.ncbi.nlm.nih.gov/pubmed/26658171
http://dx.doi.org/10.3389/fphys.2015.00296
http://www.ncbi.nlm.nih.gov/pubmed/25688210
http://dx.doi.org/10.1126/science.6199843
http://www.ncbi.nlm.nih.gov/pubmed/6199843
http://dx.doi.org/10.1111/j.1432-1033.1995.tb20498.x
http://www.ncbi.nlm.nih.gov/pubmed/7744080
http://dx.doi.org/10.1016/j.mce.2012.06.019
http://www.ncbi.nlm.nih.gov/pubmed/22750049
http://dx.doi.org/10.1152/japplphysiol.00349.2003
http://www.ncbi.nlm.nih.gov/pubmed/12777406
http://dx.doi.org/10.1113/jphysiol.2010.194035
http://www.ncbi.nlm.nih.gov/pubmed/20643772
http://dx.doi.org/10.1113/jphysiol.2008.168096
http://www.ncbi.nlm.nih.gov/pubmed/19237425
http://dx.doi.org/10.1016/j.cell.2008.06.051
http://www.ncbi.nlm.nih.gov/pubmed/18674809
http://www.ncbi.nlm.nih.gov/pubmed/16954334
http://dx.doi.org/10.1002/j.1552-4604.1991.tb03715.x
http://www.ncbi.nlm.nih.gov/pubmed/2037706
http://dx.doi.org/10.1002/iub.135
http://www.ncbi.nlm.nih.gov/pubmed/18798311

2314

D.A. Hood and others

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

Sznaidman, M.L., Haffner, C.D., Maloney, PR., Fivush, A., Chao, E., Goreham, D., Sierra,
M.L., LeGrumelec, C., Xu, H.E., Montana, V.G. et al. (2003) Novel selective small
molecule agonists for peroxisome proliferator-activated receptor § (PPARS) — synthesis
and biological activity. Bioorg. Med. Chem. Lett. 13, 1517—1521 CrossRef PubMed
Neels, J.G. and Grimaldi, P.A. (2014) Physiological functions of peroxisome
proliferator-activated receptor 8. Physiol. Rev. 94, 795-858 CrossRef PubMed
Schuler, M., Ali, F.,, Chambon, C., Duteil, D., Bornert, J.M., Tardivel, A., Desvergne, B.,
Wahli, W., Chambon, P. and Metzger, D. (2006) PGC1er expression is controlled in
skeletal muscles by PPARB, whose ablation results in fiber-type switching, obesity, and
type 2 diabetes. Cell Metab. 4, 407-414 CrossRef PubMed

Luquet, S., Lopez-Soriano, J., Holst, D., Fredenrich, A., Melki, J., Rassoulzadegan, M.
and Grimaldi, PA. (2003) Peroxisome proliferator-activated receptor § controls muscle
development and oxidative capability. FASEB J. 17, 2299-2301 PubMed

Dimopoulos, N., Watson, M., Green, C. and Hundal, H.S. (2007) The PPARS agonist,
GW501516, promotes fatty acid oxidation but has no direct effect on glucose utilisation
or insulin sensitivity in rat L6 skeletal muscle cells. FEBS Lett. 581, 47434748
CrossRef PubMed

Tanaka, T, Yamamoto, J., Iwasaki, S., Asaba, H., Hamura, H., lkeda, Y., Watanabe, M.,
Magoori, K., loka, R.X., Tachibana, K. et al. (2003) Activation of peroxisome
proliferator-activated receptor & induces fatty acid beta-oxidation in skeletal muscle and
attenuates metabolic syndrome. Proc. Natl. Acad. Sci. U.S.A. 100, 15924-15929
CrossRef PubMed

Kleiner, S., Nguyen-Tran, V., Baré, 0., Huang, X., Spiegelman, B. and Wu, Z. (2009)
PPARS agonism activates fatty acid oxidation via PGC-1e but does not increase
mitochondrial gene expression and function. J. Biol. Chem. 284, 18624—18633
CrossRef PubMed

Dressel, U., Allen, T.L., Pippal, J.B., Rohde, PR., Lau, P. and Muscat, G.E.O. (2003) The
peroxisome proliferator-activated receptor beta/delta agonist, GW501516, regulates the
expression of genes involved in lipid catabolism and energy uncoupling in skeletal
muscle cells. Mol. Endocrinol. 17, 2477-2493 CrossRef PubMed

Krdmer, D.K., Al-Khalili, L., Guigas, B., Leng, Y., Garcia-Roves, PM. and Krook, A.
(2007) Role of AMP kinase and PPARS in the regulation of lipid and glucose metabolism
in human skeletal muscle. J. Biol. Chem. 282, 19313-19320 CrossRef PubMed
Smoliga, J.M., Baur, J.A. and Hausenblas, H.A. (2011) Resveratrol and health —a
comprehensive review of human clinical trials. Mol. Nutr. Food Res. 55, 1129-1141
CrossRef PubMed

Rodrigo, R., Miranda, A. and Vergara, L. (2011) Modulation of endogenous antioxidant
system by wine polyphenols in human disease. Clin. Chim. Acta 412, 410-424
CrossRef PubMed

Kulkarni, S.S. and Canto, C. (2015) The molecular targets of resveratrol. Biochim.
Biophys. Acta. 1852, 11141123 CrossRef PubMed

Price, N.L., Gomes, A.P, Ling, A.J.Y., Duarte, F.V., Martin-Montalvo, A., North, B.J.,
Agarwal, B., Ye, L., Ramadori, G., Teodoro, J.S. et al. (2012) SIRT1 is required for AMPK
activation and the beneficial effects of resveratrol on mitochondrial function. Cell Metab.
15, 675-690 CrossRef PubMed

Higashida, K., Kim, S.H., Jung, S.R., Asaka, M., Holloszy, J.0. and Han, D.H. (2013)
Effects of resveratrol and SIRT1 on PGC-1« activity and mitochondrial biogenesis: a
reevaluation. PLoS Biol. 11, 1001603 CrossRef PubMed

Gerhart-Hines, Z., Rodgers, J.T., Bare, 0., Lerin, C., Kim, S.-H., Mostoslavsky, R., Alt,
FW., Wu, Z. and Puigserver, P. (2007) Metabolic control of muscle mitochondrial
function and fatty acid oxidation through SIRT1/PGC-1alpha. EMBO J. 26, 1913-1923
CrossRef PubMed

Received 22 January 2016/14 April 2016; accepted 18 April 2016
Version of Record published 28 July 2016, doi:10.1042/BCJ20160009

© 2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.

31

312

313

314

315

316

317

318

319

320

321

322

323

324

Nemoto, S., Fergusson, M.M. and Finkel, T. (2005) SIRT1 functionally interacts with the
metabolic regulator and transcriptional coactivator PGC-1alpha. J. Biol. Chem. 280,
1645616460 CrossRef PubMed

Rodgers, J.T., Lerin, C., Haas, W., Gygi, S.P,, Spiegelman, B.M. and Puigserver, P.
(2005) Nutrient control of glucose homeostasis through a complex of PGC-1« and
SIRT1. Nature 434, 113-118 CrossRef PubMed

Ljubicic, V., Burt, M., Lunde, J.A. and Jasmin, B.J. (2014) Resveratrol induces
expression of the slow, oxidative phenotype in mdx mouse muscle together with
enhanced activity of the SIRT1-PGC-1a axis. Am. J. Physiol. Cell Physiol. 307, 66-82
CrossRef

Lagouge, M., Argmann, C., Gerhart-Hines, Z., Meziane, H., Lerin, C., Daussin, F.,
Messadeq, N., Milne, J., Lambert, P., Elliott, P. et al. (2006) Resveratrol improves
mitochondrial function and protects against metabolic disease by activating SIRT1 and
PGC-1e. Cell 127, 1109-1122 CrossRef PubMed

Williams, C.B., Hughes, M.C., Edgett, B.A., Scribbans, T.D., Simpson, C.A., Perry,
C.G.R. and Gurd, B.J. (2014) An examination of resveratrol’s mechanisms of action in
human tissue: Impact of a single dose in vivo and dose responses in skeletal muscle ex
vivo. PLoS One 9, €102406 CrossRef PubMed

Scribbans, T.D., Ma, J.K., Edgett, B.A., Vorobej, K.A., Mitchell, A.S., Zelt, J.G.E.,
Simpson, C.A., Quadrilatero, J. and Gurd, B.J. (2014) Resveratrol supplementation does
not augment performance adaptations or fibre-type-specific responses to high-intensity
interval training in humans. Appl. Physiol. Nutr. Metab. 1313, 1-9 PubMed

Timmers, S., Konings, E., Bilet, L., Houtkooper, R.H., Van De Weijer, T., Goossens, G.H.,
Hoeks, J., Van Der Krieken, S., Ryu, D., Kersten, S. et al. (2011) Calorie restriction-like
effects of 30 days of resveratrol supplementation on energy metabolism and metabolic
profile in obese humans. Cell Metab. 14, 612—622 CrossRef PubMed

Olesen, J., Gliemann, L., Biensg, R., Schmidt, J., Hellsten, Y. and Pilegaard, H. (2014)
Exercise training, but not resveratrol, improves metabolic and inflammatory status in
skeletal muscle of aged men. J. Physiol. 592, 18731886 CrossRef PubMed
Gliemann, L., Schmidt, J.F, Olesen, J., Biensg, R.S., Peronard, S.L., Grandjean, S.U.,
Mortensen, S.P., Nyberg, M., Bangsbo, J., Pilegaard, H. and Hellsten, Y. (2013)
Resveratrol blunts the positive effects of exercise training on cardiovascular health in
aged men. J. Physiol. 591, 5047-5059 CrossRef PubMed

Mouchiroud, L., Houtkooper, R.H. and Auwerx, J. (2013) NAD + metabolism: a
therapeutic target for age-related metabolic disease. Crit. Rev. Biochem. Mol. Biol. 48,
397-408 CrossRef PubMed

Canto, C., Houtkooper, R.H., Pirinen, E., Youn, D.Y., Oosterveer, M.H., Cen, Y.,
Fernandez-Marcos, P.J., Yamamoto, H., Andreux, P.A., Cettour-Rose, P. et al. (2012) The
NAD+ precursor nicotinamide riboside enhances oxidative metabolism and protects
against high-fat diet-induced obesity. Cell Metab. 15, 838—847 CrossRef PubMed
Khan, N.A., Auranen, M., Paetau, I., Pirinen, E., Euro, L., Forsstrom, S., Pasila, L.,
Velagapudi, V., Carroll, C.J., Auwerx, J. and Suomalainen, A. (2014) Effective treatment
of mitochondrial myopathy by nicotinamide riboside, a vitamin B3. EMBO Mol. Med. 6,
721-731 PubMed

van de Weijer, T., Phielix, E., Bilet, L., Williams, E.G., Ropelle, E.R., Bierwagen, A.,
Livingstone, R., Nowotny, P,, Sparks, L.M., Paglialunga, S. et al. (2015) Evidence for a
direct effect of the NAD+ precursor acipimox on muscle mitochondrial function in
humans. Diabetes 64, 1193-1201 CrossRef PubMed

Cerutti, R., Pirinen, E., Lamperti, C., Marchet, S., Sauve, A.A., Li, W., Leoni, V., Schon,
E.A., Dantzer, ., Auwerx, J. et al. (2014) NAD * -dependent activation of Sirt1 corrects
the phenotype in a mouse model of mitochondrial disease. Cell Metab. 19, 1042—1049
CrossRef PubMed



http://dx.doi.org/10.1016/S0960-894X(03)00207-5
http://www.ncbi.nlm.nih.gov/pubmed/12699745
http://dx.doi.org/10.1152/physrev.00027.2013
http://www.ncbi.nlm.nih.gov/pubmed/24987006
http://dx.doi.org/10.1016/j.cmet.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17084713
http://www.ncbi.nlm.nih.gov/pubmed/14525942
http://dx.doi.org/10.1016/j.febslet.2007.08.072
http://www.ncbi.nlm.nih.gov/pubmed/17869249
http://dx.doi.org/10.1073/pnas.0306981100
http://www.ncbi.nlm.nih.gov/pubmed/14676330
http://dx.doi.org/10.1074/jbc.M109.008797
http://www.ncbi.nlm.nih.gov/pubmed/19435887
http://dx.doi.org/10.1210/me.2003-0151
http://www.ncbi.nlm.nih.gov/pubmed/14525954
http://dx.doi.org/10.1074/jbc.M702329200
http://www.ncbi.nlm.nih.gov/pubmed/17500064
http://dx.doi.org/10.1002/mnfr.201100143
http://www.ncbi.nlm.nih.gov/pubmed/21688389
http://dx.doi.org/10.1016/j.cca.2010.11.034
http://www.ncbi.nlm.nih.gov/pubmed/21130758
http://dx.doi.org/10.1016/j.bbadis.2014.10.005
http://www.ncbi.nlm.nih.gov/pubmed/25315298
http://dx.doi.org/10.1016/j.cmet.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22560220
http://dx.doi.org/10.1371/journal.pbio.1001603
http://www.ncbi.nlm.nih.gov/pubmed/23874150
http://dx.doi.org/10.1038/sj.emboj.7601633
http://www.ncbi.nlm.nih.gov/pubmed/17347648
http://dx.doi.org/10.1074/jbc.M501485200
http://www.ncbi.nlm.nih.gov/pubmed/15716268
http://dx.doi.org/10.1038/nature03354
http://www.ncbi.nlm.nih.gov/pubmed/15744310
http://dx.doi.org/10.1152/ajpcell.00357.2013
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://www.ncbi.nlm.nih.gov/pubmed/17112576
http://dx.doi.org/10.1371/journal.pone.0102406
http://www.ncbi.nlm.nih.gov/pubmed/25019209
http://www.ncbi.nlm.nih.gov/pubmed/25211703
http://dx.doi.org/10.1016/j.cmet.2011.10.002
http://www.ncbi.nlm.nih.gov/pubmed/22055504
http://dx.doi.org/10.1113/jphysiol.2013.270256
http://www.ncbi.nlm.nih.gov/pubmed/24514907
http://dx.doi.org/10.1113/jphysiol.2013.258061
http://www.ncbi.nlm.nih.gov/pubmed/23878368
http://dx.doi.org/10.3109/10409238.2013.789479
http://www.ncbi.nlm.nih.gov/pubmed/23742622
http://dx.doi.org/10.1016/j.cmet.2012.04.022
http://www.ncbi.nlm.nih.gov/pubmed/22682224
http://www.ncbi.nlm.nih.gov/pubmed/24711540
http://dx.doi.org/10.2337/db14-0667
http://www.ncbi.nlm.nih.gov/pubmed/25352640
http://dx.doi.org/10.1016/j.cmet.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24814483

