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Abstract The major tumour suppressor protein, p53, is
one of the most well-studied proteins in cell biology. Often
referred to as the Guardian of the Genome, the list of
known functions of p53 include regulatory roles in cell
cycle arrest, apoptosis, angiogenesis, DNA repair and cell
senescence. More recently, pS3 has been implicated as a
key molecular player regulating substrate metabolism and
exercise-induced mitochondrial biogenesis in skeletal
muscle. In this context, the study of p53 therefore has
obvious implications for both human health and perfor-
mance, given that impaired mitochondrial content and
function is associated with the pathology of many meta-
bolic disorders such as ageing, type 2 diabetes, obesity and
cancer, as well as reduced exercise performance. Studies
on p53 knockout (KO) mice collectively demonstrate that
ablation of p53 content reduces intermyofibrillar (IMF) and
subsarcolemmal (SS) mitochondrial yield, reduces cyto-
chrome ¢ oxidase (COX) activity and peroxisome prolif-
erator-activated receptor gamma co-activator 1-o protein
content whilst also reducing mitochondrial respiration and
increasing reactive oxygen species production during state
3 respiration in IMF mitochondria. Additionally, p53 KO
mice exhibit marked reductions in exercise capacity (in the
magnitude of 50 %) during fatiguing swimming, treadmill
running and electrical stimulation protocols. p53 may
regulate contractile-induced increases in mitochondrial
content via modulating mitochondrial transcription factor
A (Tfam) content and/or activity, given that p53 KO mice
display reduced skeletal muscle mitochondrial DNA, Tfam
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messenger RNA and protein levels. Furthermore, upon
muscle contraction, p53 is phosphorylated on serine 15 and
subsequently translocates to the mitochondria where it
forms a complex with Tfam to modulate expression of
mitochondrial-encoded subunits of the COX complex. In
human skeletal muscle, the exercise-induced phosphory-
lation of p535¢" is enhanced in conditions of reduced
carbohydrate availability in association with enhanced
upstream signalling through 5'adenosine monophosphate-
activated protein kinase but not p38 mitogen-activated
protein kinase. In this way, undertaking regular exercise in
carbohydrate restricted states may therefore be a practical
approach to achieve the physiological benefits of consistent
p53 signalling. Although our knowledge of p53 in exercise
metabolism has advanced considerably, much of our cur-
rent understanding of p53 regulation and associated targets
is derived from various non-muscle cells and tissues. As
such, many fundamental questions remain unanswered in
contracting skeletal muscle. Detailed studies concerning
the time-course of p53 activation (including additional
post-translational modifications and subsequent subcellular
translocation), as well as the effects of exercise modality
(endurance versus resistance), intensity, duration, fibre
type, age, training status and nutrient availability, must
now be performed so that we can optimise exercise pre-
scription guidelines to strategically target p53 signalling.
The emerging role of p53 in skeletal muscle metabolism
therefore represents a novel and exciting research area for
exercise and muscle physiologists.

1 Introduction

Skeletal muscle mitochondrial biogenesis (typically
defined as an increase in mitochondrial content per gram of
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muscle tissue) is one of the hallmark adaptations to regular
endurance exercise training [1]. From a functional per-
spective, the study of the regulation of mitochondrial bio-
genesis has obvious implications for both human health
and performance. Impaired mitochondrial function is
associated with the pathology of many metabolic disorders
such as insulin resistance and type 2 diabetes [2], obesity
[3], ageing [4] and cancer [5]. In relation to exercise per-
formance, the increased mitochondrial content that
accompanies exercise training ensures that exercise in the
trained state induces less disturbance to metabolic
homeostasis for a given exercise intensity. Acute custom-
ary exercise is therefore associated with smaller decreases
in adenosine triphosphate (ATP), phosphocreatine and
muscle glycogen utilisation, and smaller increases in
adenosine diphosphate (ADP), adenosine monophosphate
(AMP), inorganic phosphate and muscle lactate [6]. Such
adaptations are recognised physiologically by the classic
rightward shift of the lactate threshold curve [7], increased
utilisation of lipid sources to fuel muscle contraction [8]
and an improved ability to complete endurance exercise at
higher intensities for a longer period [9].

Although the phenomenon of training-induced increases
in skeletal muscle mitochondria was first recognised over
40 years ago, the precise molecular mechanisms under-
pinning mitochondrial biogenesis are only beginning to be
understood [10]. It is now generally recognised that acute
muscle contraction induces homeostatic perturbations to
cellular energy status to activate a number of cell signalling
kinases such as the calcium/calmodulin-dependent protein
kinase II (CaMKII), the p38 mitogen-activated protein
kinase (p38MAPK) and the AMP-dependent protein kinase
(AMPK). These kinases converge on the regulation of
transcriptional co-activators (e.g. peroxisome proliferator-
activated vy receptor coactivator, PGC-1a) and transcription
factors (e.g. nuclear respiratory factors 1 and 2, NRF1/2) to
co-ordinate regulation of both the nuclear and mitochon-
drial genomes. In this way, a controlled expression of those
proteins involved in the regulation of substrate oxidation,
substrate transport and mitochondrial fusion and fission
collectively occur in the hours and days following each
successive exercise training bout, providing the exercise
stimulus is sufficient in terms of intensity and duration
[11]. The acute post-translational modifications of cell
signalling kinases, the downstream localisation of their
associated transcription factors and the subsequent increase
in messenger RNA (mRNA) transcripts of their target
genes is therefore considered to form the molecular basis of
training adaptation [12].

In addition to the molecular players alluded to above,
the tumour suppressor protein p53 has also recently
emerged as a potent regulator of mitochondrial content,
function and biogenesis. As the so-called Guardian of the
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Genome, p53 is one of the most well-studied proteins in
cell biology and its list of known functions include regu-
latory roles in cell cycle arrest, apoptosis, angiogenesis,
DNA repair and cell senescence [13]. More recently,
studies employing p53 knockout (KO) rodents provide
convincing evidence for a regulatory role of p53 in mod-
ulating mitochondrial content and exercise performance
[14-16]. Additionally, acute exercise also induces post-
translational modifications [16, 17] and alterations in sub-
cellular localisation [18], thereby consistent with the notion
that pS3 contributes to the regulatory network controlling
contractile-induced mitochondrial biogenesis.

In this current opinion article, we initially provide a
brief overview of some of the acute cell signalling path-
ways associated with the regulation of exercise-induced
mitochondrial biogenesis in skeletal muscle (so as to pro-
vide some context for the text to follow) before proceeding
to review the evidence supportive of a regulatory role of
p53 in modulating mitochondrial content and function.
Data from both animal and human studies are subsequently
presented to outline a potential signalling pathway through
which p53 may regulate contractile-induced increases in
mitochondrial content. Finally, we close by offering some
perspectives, significance and directions for future research
for what is emerging as a novel and exciting area of
skeletal muscle biology.

2 Regular Exercise Training Promotes Skeletal Muscle
Mitochondrial Biogenesis via Co-Ordinated
Regulation of Both the Nuclear and Mitochondrial
Genomes

Training-induced increases in mitochondrial biogenesis are
thought to be due to the accumulative responses of tran-
sient changes in gene expression that occur in the hours
during recovery from each training session [11]. During
muscle contraction, a number of contractile-induced
stressors (e.g. increased AMP/ATP ratio, reactive oxygen
species [ROS], Ca’" flux, lactate, hypoxia, decreased
energy availability) are now known to collectively alter the
post-translational status of key cell signalling kinases, the
most well-studied of which are perhaps the CaMKII,
p38MAPK and AMPK. These kinases, acting alone or in
combination with each other, can subsequently activate
downstream transcription factors and co-activators [19]
that exert regulatory roles in co-ordinating the expression
of both nuclear and mitochondrial-encoded proteins.
Broadly speaking, activation of the aforementioned kinases
is dependent on exercise modality [20], intensity [19],
duration [21, 22], training history [23], training status [24]
and nutrient availability [25]. When taken together, these
data provide an insight as to the potential molecular
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mechanisms underpinning some of the well-known training
principles, in that training programs should ensure a con-
tinual alteration in workload and manipulation of energy
provision in order to repeatedly stimulate the necessary
signalling pathways required to support sustained muscle
adaptation.

The kinases p38MAPK and AMPK have been identified
as two putative signalling proteins, given that they con-
verge on the regulation of PGC-1a, the transcriptional co-
activator often cited as the so-called ‘master regulator’ of
mitochondrial biogenesis [26]. The importance of PGC-1a
in regulating mitochondrial content/function and muscle
metabolic health is evident from rodent studies demon-
strating that overexpression increases mitochondrial con-
tent and oxidative enzyme activity [27], improves insulin
sensitivity (albeit when expressed within physiological
levels comparable to exercise) [28], protects against sar-
copenia [29] and improves exercise capacity [30]. Both
p38MAPK [31] and AMPK [32] can directly phosphorylate
PGC-1a on different sites, thereby resulting in increased
activity and subsequent translocation to both the nucleus
[33] and mitochondria [34] during acute exercise. In the
nucleus, PGC-1a binds to and activates a host of tran-
scription factors such as NRF1, NRF2, peroxisome
proliferator-activated receptor (PPARSJ), estrogen-related
receptor (EERa) and myocyte enhancer factor 2 (MEF2) to
collectively induce upregulation of a variety of proteins
involved in the transport and oxidation of glucose and fatty
acids. In the mitochondria, PGC-1o modulates the activity
of mitochondrial transcription factor A (Tfam), a nuclear-
encoded protein that is, itself, regulated by PGC-1a and
subsequently incorporated into the mitochondria, so as to
increase transcription of mitochondrial-encoded proteins,
notably the cytochrome ¢ oxidase (COX) subunits. In this
way, PGC-1a is therefore recognised as a major point of
control in regulating both nuclear and mitochondrial DNA
(mtDNA) expression.

It is noteworthy that many of the acute transcriptional
responses to acute exercise are observed prior to an
increase in PGC-1a protein [11, 35]. In this regard, it is the
alterations in activity of the existing cytoplasmic PGC-1a
protein that is considered as the initial regulatory step in
controlling the transcriptional network. However, both
acute exercise [11, 17, 19] and exercise training [36-38]
also increase PGC-1oo mRNA and protein content within
hours and days after exercise, respectively. Although the
changes to existing PGC-1a activity co-ordinate the initial
signalling pathways required to stimulate mitochondrial
biogenesis, it is the subsequent increase in PGC-1a protein
content that occurs with repeated exercise sessions that is
therefore considered a necessary requirement to stimulate
further mitochondrial adaptations during the course of an
endurance training program [35]. For this reason, an

understanding of the control of PGC-1la transcription is
also important and, with this in mind, the reader is directed
to several contemporary and excellent reviews [10, 39, 40].

3 p53 Modulates Skeletal Muscle Mitochondrial
Content, Function and Exercise Capacity

Evidence indicative of a role of p53 in modulating mito-
chondrial function (albeit in mouse liver mitochondria and
human HCT116 cells) was initially provided by Matoba
et al. [14]. In both cell types, these authors observed that
loss of p53 reduced oxygen consumption and increased
lactate production whilst maintaining rates of ATP pro-
duction, thus demonstrating that p53 deficiency favours
glycolysis as an energy-producing pathway. The reduction
in cellular oxygen consumption was also accompanied by
parallel decreases in COX activity, which was suggested to
be due in part to reduced synthesis of cytochrome c¢ oxidase
2 (SCO2) protein content in both cell types. Indeed, SCO2
is critical for the assembly of COX subunit II into the COX
complex, and transactivation of cells with p53 confirmed
that SCO2 is a direct transcriptional target of p53. In
relation to exercise performance, exercise capacity was
reduced in p53 KO mice by approximately 50 % during a
fatiguing swimming protocol, thus confirming the func-
tional relevance of p53 activity in vivo.

In relation to muscle tissue, Saleem et al. [16] provided
the first report to demonstrate that p53 modulates skeletal
muscle mitochondrial content and function. These workers
observed that pS3 KO mice exhibit reduced subsarcolem-
mal (SS) and intermyofibrillar (IMF) mitochondrial content
as well as reduced COX activity and PGC-1o expression
when compared with wild-type animals. Additionally,
ablation of p53 also reduced state 3 respiration and
increased ROS production in IMF mitochondria. The
reductions in mitochondrial content and function also
impaired exercise performance, as evidenced by an
increased rate of fatigue during acute contractile activity in
the form of electrical stimulation.

In a subsequent study, Park et al. [15] confirmed that
loss of p53 reduces exercise capacity as they observed that
maximal running time to exhaustion was reduced in p53
KO animals. During submaximal running exercise, blood
lactate was also threefold higher in p53 KO mice compared
with wild-type animals, thus demonstrating that energy
production in vivo favours glycolytic metabolism. p53 KO
mice were also relatively unresponsive to 5 weeks of
treadmill exercise training, as recognised by no significant
changes in peak oxygen uptake (VOspcax), Work capacity or
respiratory exchange ratio (as a marker of substrate oxi-
dation). However, unlike findings from mouse liver mito-
chondria, SCO2 mRNA and protein content in skeletal
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muscle was not affected by loss of p53. The baseline
protein content of PGC-1la (in contrast to Saleem et al.
[16]) and exercise-induced mRNA expression of key reg-
ulators of mitochondrial biogenesis (e.g. PGC-1a, PGC-15,
NRF1, NRF2) and nuclear (COXIV) and mitochondrial
encoded (COXII) members of the electron transport chain
(ETC) were also not affected by loss of p53. However, both
Tfam mRNA and protein, as well as mtDNA, were sig-
nificantly lower in p53 KO animals compared with wild-
type mice.

When taken together, the above data unequivocally
demonstrate that p53 is a potent regulator of mitochondrial
content, function and exercise performance. Whilst the
mechanisms underpinning how p53 regulates exercise-
induced mitochondrial biogenesis are not well understood,
it is currently thought that p53 may directly or indirectly
modulate Tfam expression and activity, thereby strategi-
cally targeting regulation of the mitochondrial genome.
Potential signalling mechanisms regulating this pathway in
acutely exercised skeletal muscle are discussed in greater
detail in the subsequent section.

4 Exercise Induces Post-Translational Modification
of p53 and Promotes Subcellular Mitochondrial
and Nuclear Translocation

As noted by Saleem et al. [41], if p53 does indeed play a
regulatory role in contractile-induced mitochondrial bio-
genesis, it follows that it should exhibit post-translational
modification and/or alter its subcellular location upon
contraction. Indeed, Saleem et al. [16] initially observed
that acute muscle contraction (in the form of a fatiguing
electrical stimulation protocol) induces a twofold change in
phosphorylation of p53 on serine 15 (a modification that is
typically associated with increased stability and activity)
immediately post-exercise. This change in phosphorylation
status also occurred in concert with the classical exercise-
induced phosphorylation of both AMPK and p38MAPK,
thus suggesting that these kinases may serve as upstream
kinases modifying p53 activity. In addition, we also
observed that exercise (both high-intensity interval and
moderate-intensity continuous running) induces p53Serts
phosphorylation in human skeletal muscle (vastus lateralis)
at 3 h post-exercise in a time-course that appeared related
to upstream signalling through either AMPK and/or
p38MAPK [17].

In a further study, we subsequently demonstrated that
the exercise-induced activation of p53 appears dependent
on CHO availability, given that completing the exercise
bout in accordance with conventional sports nutrition
guidelines (i.e. glycogen loaded, pre-exercise meal and
both CHO provision during exercise and in the recovery
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period) attenuated p53 signalling [42]. In contrast, com-
mencing and recovering from the exercise bout with low
CHO availability induced threefold increases in p53
phosphorylation at 3 h post-exercise. The enhanced p53
response with low carbohydrate (CHO) availability was
also associated with enhanced acetyl CoA carboxylase
(ACC) phosphorylation on serine 79 immediately post-
exercise (but not p38MAPK phosphorylation), thus sug-
gesting that AMPK may be the dominant upstream sig-
nalling kinase regulating contractile-induced p53
phosphorylation. Interestingly, we also observed that SCO2
mRNA levels were not affected by exercise or CHO
restriction (despite enhanced p53 activation), thus extend-
ing previous data from rodent muscle [15] that p53 may not
regulate the SCO2 protein in skeletal muscle. It is worth
noting, however, that our chosen biopsy sampling points
were limited to immediately post-exercise and 3 h post-
exercise and hence it is possible that more detailed time-
course studies need to be performed to detect any signifi-
cant effects of exercise on SCO2 expression.

The observation that CHO restriction enhances exercise-
induced p53 signalling is consistent with cell culture data
demonstrating a potent effect of glucose deprivation on p53
activity [43]. There is also a growing body of literature
demonstrating that training in conditions of reduced CHO
availability enhances oxidative adaptations of human
skeletal muscle [37, 44, 45] and, in this regard, the emer-
gence of an AMPK-p53 signalling axis provides an addi-
tional pathway that may potentially contribute to this
enhanced training effect. Such an hypothesis is consistent
with the well-known observation that p53 promotes a shift
from glycolysis towards lipid metabolism in cell lines [5,
46, 47], and the fact that training with low CHO avail-
ability also enhances whole body [44, 48] and intra-mus-
cular lipid oxidation [45] during customary submaximal
exercise.

In addition to post-translational modifications, Saleem
and Hood [18] also recently observed that acute treadmill
exercise of moderate intensity (90 min at approximately
70 % VOspear) in rodents induces p53 translocation to both
the SS and IMF mitochondria (but not the nucleus) at 3 h
post-exercise. Although the authors observed no apparent
exercise-induced increase in mitochondrial Tfam content,
they did demonstrate that pS3 forms a complex with Tfam
and mtDNA (within the D-loop region) at 3 h post-exer-
cise. When taken together, these findings suggest that p53
may preferentially function to co-ordinate regulation of the
mitochondrial genome either directly or indirectly through
modulation of Tfam activity. Supporting evidence for this
hypothesis was also provided by the observation that the
exercise-induced expression of COX-I mRNA (an mtDNA-
encoded protein) was abolished in p53 KO mice compared
with wild-type animals. The authors also present an
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Fig. 1 Schematic illustration of the potential signalling pathway
through which acute exercise may modulate p53 signalling. During
muscle contraction, disruptions to cellular energy homeostasis (e.g.
increased mechanical stress, Ca’>", AMP/ATP ratio, ROS and
decreased glycogen, etc.) phosphorylate AMPK and/or p38MAPK
to converge on the activation of p53 through phosphorylation on
serine p53. Upon activation, p53 translocates to the mitochondria
where it co-ordinates expression of COX subunits through modulation
of Tfam activity. Additionally, p53 may also translocate to the
nucleus to induce expression of Tfam (that is subsequently incorpo-
rated into the mitochondria) as well as other key proteins involved in
mitochondrial biogenesis such as PGC-1a, Drpl, Mfn2, SCO2, AIF
and HSP70. Note that many of the potential downstream targets of
p53 are based on data from a variety of non-muscle cells and tissues

intriguing hypothesis that the apparent exodus of pS3 from
the nucleus upon muscle contraction may be a controlled
regulatory molecular mechanism to offset any negative
regulation on PGC-1a, thereby allowing the master regu-
lator to continue its work in regulating the nuclear genome.
It is worth noting, however, that other researchers have
indeed observed the nuclear translocation of p53 upon
muscle contraction [49]. As such, it is possible that p53
may dually function to upregulate Tfam expression in the
nucleus and then further modify existing mitochondrial
Tfam activity and/or newly expressed Tfam that has been
subsequently incorporated into the mitochondria in the
hours following each successive exercise bout. Further-
more, p53 has also been shown in other cell types to reg-
ulate additional proteins with key roles in mitochondrial
biogenesis such as heat shock protein 70 (HSP70, a
molecular chaperone), apoptosis-inducing factor (AIF,
necessary for correct assembly of complex 1 of the

and hence further research is required to verify the existence of such
pathways in contracting skeletal muscle as well as additional
downstream targets. Any additional exercise-induced post-transla-
tional modifications of p53 that are required in order to gain full
activity must also be identified. P phosphorylation, AIF apoptosis-
inducing factor, AMP adenosine monophosphate, AMPK 5 AMP-
activated protein kinase, ATP adenosine triphosphate, COX cyto-
chrome ¢ oxidase, Drpl dynamin-related protein 1, HSP70 heat shock
protein 70, Mfn2 mitofusion 2, p38MAPK p38 mitogen-activated
protein kinase, PGC-la peroxisome proliferator-activated receptor
gamma co-activator 1-o, ROS reactive oxygen species, SCO2
synthesis of cytochrome c¢ oxidase 2, Tfam mitochondrial transcrip-
tion factor A; solid lines represent activation and dashed lines
represent translocation

respiratory chain) and the mitochondrial fission (dynamin
related protein 1, Drpl) and fusion proteins (mitofusion 2,
Mfn2) [50-52], although further work is needed to verify
these pathways in exercising skeletal muscle. Nevertheless,
with this in mind we present a schematic overview of how
acute exercise may regulate p53 activity in skeletal muscle
so as to modulate transcription of both nuclear and
mtDNA-encoded genes in the hours following each acute
exercise bout that are likely translated into protein with
successive days of repeated exercise (see Fig. 1).

5 Perspectives and Future Directions
The identification of p53 as a molecular regulator of the
mitochondrial and/or nuclear genome represents a signifi-

cant development in our understanding of p53 function in
skeletal muscle, one that has obvious implications for both
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human health and physical performance. Indeed, reduced
p53 function is associated with tumour development,
insulin resistance, reduced longevity and impaired exercise
performance [41, 46]. Furthermore, the nutritional modu-
lation of contractile-induced p53 signalling (i.e. low CHO
availability) also represents an additional approach to
potentially achieve the physiological and therapeutic ben-
efits of p53 signalling, especially in relation to reducing the
risk of associated metabolic disorders such as cancer, type
2 diabetes, obesity and ageing. The strategic periodization
of training with low CHO availability also represents a
practical approach for sports scientists to modulate mito-
chondrial-related training adaptations and, hence, poten-
tially improve endurance performance in the elite athlete.
At a fundamental level, however, there are many basic
questions that remain unanswered in relation to exercise-
induced p53 signalling. Perhaps most notably, much of our
current understanding of p53 regulation and associated
targets is derived from various cell lines and tissues with
limited data on skeletal muscle. In this regard, and similar
to other key molecular players, detailed studies concerning
the time-course of p53 activation (including additional
post-translational modifications and subsequent subcellular
translocation), as well as the effects of exercise mode (i.e.
endurance versus resistance), intensity, duration, fibre type,
age, training status and nutrient availability, must now be
performed so that we can optimise exercise prescription
guidelines to strategically target p53 signalling. Additional
downstream gene targets of p53 must also be identified so
as to provide direct evidence for a crucial regulatory role in
modulating mitochondrial biogenesis. The impact of
exercise modality on p53 regulation is of particular interest
given that endurance and resistance exercise are known to
induce very different muscle phenotypes. As such, p53 may
represent an additional player that is also involved in
influencing concurrent training adaptations and the
molecular interference effect that may occur when diver-
gent exercise modalities are performed in close proximity
to one another. The emerging role of p53 in skeletal muscle
metabolism therefore represents a novel and exciting
research area for exercise and muscle physiologists.
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