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Abstract Medical advancements have extended
human life expectancy, which is not always accom-
panied by an improved quality of life or healthspan. A
decline in muscle mass and function is a consequence
of ageing and can result in a loss of independence in
elderly individuals while increasing their risk of falls.
Multiple cellular pathways have been implicated in
age-related muscle atrophy, including the contribution
of reactive oxygen species (ROS) and disrupted redox
signalling. Aberrant levels of ROS disrupts the redox
environment in older muscle, potentially disrupting
cellular signalling and in some cases blunting the
adaptive response to exercise. Age-related muscle
atrophy is associated with disrupted mitochondrial
content and function, one of the hallmarks of age-
related diseases. There is a critical link between
abnormal ROS generation and dysfunctional mito-
chondrial dynamics including mitochondrial biogen-
esis, fusion and fission. In order to develop effective
treatments or preventative strategies, it is important to
gain a comprehensive understanding of the mechanis-
tic pathways implicated in age associated loss of
muscle.
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Introduction

An extended life span does not automatically imply
preservation of the quality of life in later years and is
associated with increasing incidences of age-related
diseases such as osteoporosis, neurodegenerative
disorders and diabetes (Partridge et al. 2018). The
age related loss of muscle mass and function or
sarcopenia can result in a 30-50% decrease in skeletal
muscle mass and accompanied by a reduction in
muscular force in the elderly population (Marzetti
et al. 2013). Reductions in skeletal mass and function
can result in a loss of independence, a reduced quality
of life, increased hospital visits and a predisposition to
injuries and falls (Valenzuela et al. 2019). Inactivity
including bedrest as a result of illness can further
exacerbate muscle atrophy and augments the vulner-
ability of an individual to further injuries and potential
infections. In order to develop effective treatments or
preventative strategies with the ultimate aim to reduce
frailty in the elderly and maintain muscular function, it
is important to understand the mechanistic pathways
implicated in the age associated loss of muscle
(Marzetti et al. 2013).

Research to date suggests the implication of
multiple cellular pathways in age-related muscle
atrophy. Particular emphasis has been placed on the
involvement of reactive oxygen species (ROS) and a
disrupted redox environment in muscle from older
individuals with subsequent effects on cellular
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Fig. 1 An individual can experience pulsatile bouts of
oxidative (or reductive) stress in skeletal muscles particularly
in response to bouts of exercise. Intermittent periods of ROS-
induced stress within homeostatic range induces beneficial
adaptive responses in skeletal muscle myofibres, associated with
improved antioxidant capacity and cellular quality control

signalling and the adaptive response to exercise
(Jackson 2016; McDonagh et al. 2014). ROS include,
the hydroxyl radical (OH’), superoxide (O, ™), nitric
oxide (NO), hydrogen peroxide (H,O,) and peroxyni-
trite (ONOO™), all of which can be generated
endogenously either directly or indirectly as a conse-
quence of metabolic processes within the cell (Reczek
and Chandel 2015). Endogenous generation of ROS in
skeletal muscle following contractile activity was first
demonstrated using electron spin resonance (Davies
et al. 1982; Jackson et al. 1985). An ex vivo study
using electrically stimulated flexor digitorum brevis
(FDB) fibres has demonstrated that the NADPH
oxidase isoform 2 (NOX2) located on the sarcolemma
or transverse t-tubules, is primarily responsible for
contraction induced ROS generation (Sakellariou et al.
2013). The contractile induced NOX2 dependent
increase in ROS has recently been demonstrated to
be required for GLUT4 translocation in muscle fibres
(Henriquez-Olguin et al. 2019). ROS are key sig-
nalling molecules that are specifically generated
during muscle contractions and are required for the
correct adaptive response to exercise (for review see
(Goljanek-Whysall et al. 2016; Henriquez-Olguin
et al. 2020; Margaritelis et al. 2020). The adaptive
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adaptations. In sedentary older individuals there is a narrowing
of the homeostatic range. Previously beneficial elevated levels
of ROS can push the myofibre outside the homeostatic range,
inducting deleterious consequences and overall, a failure to
adapt to bouts of oxidative stress

response to skeletal muscle contractions ensures that
endogenous ROS generation is maintained within a
homeostatic range for signalling, an acute increase in
response to contractions as opposed to chronically
elevated levels as a result of ageing. An imbalance in
ROS concentrations, disturbs the homeostatic balance
resulting in maladaptation and pathophysiological
states (Alleman et al. 2014) (Fig. 1). The elevated
basal level of ROS in muscle from older sedentary
subjects could result in a disruption of the signalling
pathways during muscle contractions. Consequently
there was a blunted response reported with age to
stimulate the signalling pathways required for the
adaptations of skeletal muscle to exercise observed in
younger individuals, senior sportsmen were able to
adapt to some but not all of the parameters tested
(Cobley et al. 2014) This may be as a result of an
altered redox environment but also the consequence of
an accumulation of damage, ultimately resulting in a
narrowing of the homeostatic range as we age. As a
result, an oxidative or reductive stress that may have
resulted in a beneficial adaptive response in younger
individuals could result in a damaging effect as we age

(Fig. 1).
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Redox signalling and skeletal muscle

The oxidative stress theory of aging has been refined
and there has been a greater appreciation of both the
beneficial and deleterious effects of endogenous ROS
generation in cell physiology (Jones 2015). The
beneficial roles of ROS in redox signalling has been
supported by studies using supplementation with
Vitamin C and E, which can dampen some of the
beneficial adaptive responses to exercise (Gomez-
Cabrera et al. 2008, 2012; Paulsen et al. 2014; Ristow
etal. 2009). Disrupted redox signalling can result in the
inhibition of anabolic signalling through the mecha-
nistic target of rapamycin complex 1 (mMTORC1) after
resistance exercise, that has been reported in a number
of human studies after ingestion of Vitamin C and E
(Bjgrnsen et al. 2016; Paulsen et al. 2014).

It has also been demonstrated that repair of the
myocyte plasma membrane post injury was exclusively
dependent on increased ROS production as a result of
increased mitochondrial Ca®" via the mitochondrial
Ca*t uniporter (MCU) (Horn et al. 2017). Following
injury, Ca*" enters mitochondria via the MCU stimu-
lating the production of ROS which then activates
guanosine triphosphatase RhoA (GTPase RhoA), lead-
ing to the accumulation of F-actin at the location of the
injury subsequently initiating repair of the plasma
membrane (PM) (Horn et al. 2017). Inhibition of ROS
generation triggered by MCU Ca”" uptake resulted in
compromised repair of the PM accompanied by a
greater extent of skeletal myofibre damage and deteri-
oration of the force produced. This study highlights the
need for Ca>* induced mitochondrial ROS production
to ensure the repair of the myofibril PM (Horn et al.
2017). Furthermore, a muscle specific MCU1 knockout
mouse model resulted in reduced mitochondrial Ca*"
uptake during contractile activity, impaired repair of the
plasma membrane and ultimately muscle atrophy
(Debattisti et al. 2019). The site specific nature of
endogenous ROS generation coupled with the resources
required for their generation would indicate that exer-
cise induced ROS signalling has an important biological
role (Margaritelis et al. 2016).

Adaptive response to exercise

The elevated production of ROS during contractile
activity upregulates the activity of transcription

factors, nuclear factor-xB (NF-kB), activator protein
1 (AP-1) and nuclear factor erythroid 2-related factor 2
(Nrf2), to augment the activity of antioxidant
enzymes, leading to exercise induced adaptations that
protect the muscle from damage during periods of
oxidative stress (Done et al. 2016; Vasilaki et al. 2006;
Yamada et al. 2019). This upregulation of transcrip-
tional activity appears to be the basis for the cellular
based adaptive protective mechanism against the
potential harmful effects of oxidative stress or ele-
vated ROS concentrations. Skeletal muscle from old
mice post contractions and in older men after exercise
have attenuated activation of antioxidant transcription
factors required for induction of enzymes involved in
redox homeostasis (Done et al. 2016; Done and
Traustadottir 2016; Vasilaki et al. 2006), It would
suggest that due to an altered redox environment in
aging muscle, there may be chronic activation of pro-
inflammatory transcription factors such as NF-xB and
attenuation of anti-oxidant transcription factors such
as Nrf2 resulting in the blunted response of muscle to
exercise in old mice. Under basal condition NF-kB is
sequestered in the cytoplasm by IxB kinases, a
phosphorylation signalling cascade results in degra-
dation of the regulatory proteins allowing transloca-
tion of NF-xB to the nucleus and transcription of
inflammation and stress response genes. ROS can both
activate and inhibit NF-kB signalling (for review see
(Morgan and Liu 2011)) as many of the canonical
regulatory proteins are redox sensitive e.g. Cys50 of
pS0 is sensitive to oxidation (Matthews et al. 1992).
There is also considerable crosstalk between NF-kB
and exercise induced ROS activation of C-Jun N-ter-
minal kinase (JNK) and p38-MAPK kinase signalling,
for instance exercise induced ROS can stimulate
kinase signalling and glucose uptake in muscle
(Chambers et al. 2009; Henriquez-Olguin et al.
2019). Whether these regulatory enzymes are directly
oxidised in response to an elevation of ROS concen-
trations or via intermediary proteins such as the
Peroxiredoxins in a redox relay mechanism has yet to
be determined in skeletal muscle. Many of these
studies highlight the delicate balance between endoge-
nous ROS generation and redox signalling in skeletal
muscle ageing and exercise, a controlled increase in
ROS during exercise for adaptation and the extensive
damage triggered by a chronic, global elevation of
cellular ROS production with age.
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Mitochondria, ROS and exercise

Exercise induced activation of redox sensitive tran-
scription factors and cytoprotective proteins is also
accompanied by mitochondrial adaptations with
increased respiratory capacity and mitochondrial pro-
tein content (Holloszy 1967; Mansueto et al. 2017).
The increase in mitochondrial content is largely
dependent on peroxisome proliferator-activated recep-
tor y coactivator 1o (PGC-1a)), which is sensitive to
changes in the redox environment (Puigserver and
Spiegelman 2003). ROS concentrations and mito-
chondrial function are intrinsically linked and electron
leakage from mitochondria has been considered a
major source of non-contractile generated ROS
(Muller et al. 2007). In skeletal muscle under quies-
cent or resting conditions associated with low ATP
demand coupled with increased [NADH], there are
increases in mitochondrial O, ™ production primarily
from mitochondrial complexes I and III (Goncalves
et al. 2015). However, using mitochondria isolated
from rat skeletal muscle that were incubated using
substrates to mimic exercise, ROS generation was
lower (Goncalves et al. 2015). The presence of
dysfunctional mitochondria particularly in ageing,
can result in mitochondrial swelling, loss of cristae,
destruction of the inner membrane and impaired
respiration (Bratic and Larsson 2013). However,
recently using the sensitive H,O, probe HyPer7,
Belousov and colleagues demonstrated that H,O, can
pass from the cytosol to mitochondria but not from
mitochondria to the cytosol, only in dysfunctional
mitochondria or where the mitochondrial reducing
power has been eliminated results in elevated levels of
cytosolic ROS (Pak et al. 2020). Mitochondria are
positioned at a critical metabolic junction coordinating
cellular signalling essential for oxidative phosphory-
lation, amino acid biosynthesis, Fe—S cluster biogen-
esis but can also initiate cell death via apoptosis.
Elevated levels of ROS may disrupt signalling path-
ways that contribute to disrupted mitochondrial bio-
genesis and remodelling, increasing the tendency of
the cells to undergo apoptosis and hence contribute to
atrophy of aging muscle. In post mitotic tissues such as
skeletal muscle both mitochondrial function and
dynamics have a central role in the pathogenesis of
age-related skeletal muscle atrophy and loss of
function (Calvani et al. 2013). The promotion or
disruption of mitochondrial dynamics during exercise
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and aging has also been associated with changes in
expression at both the transcriptional and post-tran-
scriptional levels (Ljubicic et al. 2010; Zinovkina and
Zinovkin 2015).

Mitochondrial dysfunction in aging

Dysfunctional mitochondria are one of the main
causative agents contributing to the aging phenotype
(Lopez-Otin et al. 2013). The loss of mitochondrial
content in skeletal muscle with age is well documented
in a variety of different muscle fibre types (Holloszy
et al. 1991; St-Jean-Pelletier et al. 2017). Mitochon-
drial dysfunction is classified as any irregularities in
normal mitochondrial processes including regulation
of Ca%t concentrations, ATP generation, synthesis of
lipids and ROS detoxification (Brand and Nicholls
2011). The decline in ATP production is accompanied
by elevated ROS release from a defective electron
transport chain impacting on the efficiency of the
organelle (Chabi et al. 2008). The production of ROS
via electron leakage is dependent on the assembly of
super-complexes (Goncalves et al. 2015). The subse-
quent degradation of these super-complexes as we get
older is thought to be responsible for non-reversible
and excessive concentrations of ROS associated with
the ageing phenotype (Genova and Lenaz 2015).

As we age skeletal muscle bioenergetics are not as
efficient in maintaining the same respiratory function
as younger individuals and are more susceptible to
mitochondrial uncoupling (Gouspillou et al. 2014).
This inefficiency is thought to be brought about by (1)
a reduction in the biogenesis of new mitochondria
combined with (2) the accumulation of defective
mitochondria in the muscle tissues due to a disequi-
librium between mitochondrial fusion and fission
(Hepple 2014). Most mitochondrial proteins that are
synthesised in the cytoplasm are imported into mito-
chondria through dedicated protein channels such as
TOMZ20 that recognises a mitochondrial targeting
sequence (Abe et al. 2000). Mitochondria possess their
own genome which encodes 37 genes, 2 for ribosomal
RNAs, 22 for transfer RNAs and 13 which code for
necessary proteins required for the electron transport
chain. Of these 13 polypeptides, 1 is a subunit for
complex III, 2 subunits of ATP synthase, 3 subunits of
complex IV and 7 subunits of complex I (for review
see Hepple 2014). Despite the fact that mitochondrial
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DNA only codes for a limited number of the proteins
contained in the mitochondria, they are essential for a
functional electron transport chain. As we age mito-
chondrial DNA has been reported to acquire harmful
mutations which in turn impairs the synthesis of new
mitochondria and could be in part responsible for the
reduction of mitochondrial biogenesis documented in
aging muscle (Hiona et al. 2010). In addition, mito-
chondria are constantly being replaced and degraded
which ultimately controls the quality of the organelle
present in the tissue. This process is disrupted with age
and related to the accumulation of mitochondria with
atypical function associated with aging (Hood et al.
2019). There are a multitude of signalling pathways
which precisely regulate the processes of mitochon-
drial biogenesis, fusion, fission and mitophagy. In
skeletal muscle aging, many of these systems become
dysregulated, resulting in aggregations of inefficient
and damaged mitochondria which are partially respon-
sible for the debilitating effects associated with aging
(for review see Hood et al. 2019).

Mitochondrial biogenesis

In order to maintain a healthy mitochondrial popula-
tion it is essential that damaged mitochondria are
recognised, removed and appropriate mitochondrial
biogenesis can occur (Hepple 2014). The complex task
of mitochondrial biogenesis encompasses the forma-
tion and organisation of mitochondrial DNA, lipids
and proteins, with these actions carefully co-ordinated
by intricate interplay between mitochondrial and
nuclear genomes. Although the coordination of the
mitochondrial and nuclear genomes is carefully syn-
chronized, mitochondrial DNA is independent of the
nuclear genome. The task of ensuring a correct
balance between the transcription of proteins in
nuclear and mitochondrial genomes relies on PGC-
lo, a transcriptional co-activator responsible for
mitochondrial gene transcription (Vega et al. 2000;
Wu et al. 1999). Exercise is a process with high
oxidative demands and therefore a potent stimulus for
additional mitochondrial biosynthesis (for review see
Hood et al. 2019). Hence a good indication of PGC-1a
activity is the ability of muscle to increase the
biogenesis of mitochondria in response to exercise.
The importance of PGC-1o was demonstrated when
deletion of the PGC-1a gene in skeletal muscle of

mice, resulted in a reduction in mitochondrial biogen-
esis markers in combination with a decline in overall
performance (Handschin et al. 2007). The adaptive
response of enhanced mitochondrial biogenesis fol-
lowing exercise was also dampened in PGC-1a knock
out mice (Geng et al. 2010). Overexpression of PGC-
la enhanced the oxidative capacity and the presence
of mitochondrial proteins especially in slow twitch
oxidative muscle fibres (Lin et al. 2002). Collectively,
this highlights the importance of PGC-la in the
transcription of mitochondrial proteins as a prerequi-
site for the formation of new mitochondria, especially
in situations with increased demand for mitochondrial
biosynthesis for example in response to exercise
(Drake et al. 2016).

Following repeated bouts of exercise, the need for
the formation of mitochondria is amplified, PGC-1a is
activated and together with nuclear respiratory factor 1
(NRF1) and estrogen-related receptor o (ERRa),
elevate the transcription rate of the majority of
mitochondrial genes (Safdar et al. 2011). The nuclear
receptor interacting motif (LLKYL) facilitates the
interaction of PGC-lo with ERRo initiating the
transcription of mitochondrial genes encoded by the
nuclear genome (Ichida et al. 2002).

PGC-1a and NRF1 interactions lead to a rise in the
transcription of factor A, mitochondrial (TFAM), a
mitochondrial transcription factor encoded by the
nuclear genome and responsible for mitochondrial
genome replication (Safdar et al. 2011; Wu et al.
1999). Exercise promotes the trafficking of PGC-1a to
the mitochondria where it interacts with TFAM
forming a network on the mitochondrial DNA at the
location of the D loop constituent (Wu et al. 1999)
(Fig. 2). This action stimulates mitochondrial biogen-
esis as it encourages the replication of mitochondrial
DNA (Wu et al. 1999). The interaction between PGC-
la, NRF1 and ERRa, facilitate the transcriptional
needs for successful biogenesis of mitochondria as
seen in exercise, demonstrating effective coordination
between two independent genomes (for review see
Drake et al. 2016). The reduced capability to produce
new mitochondria parallels the ageing process (Betik
et al. 2009), if PCG-1a is not upregulated there is a
subsequent lack of interactions with NRF1 or ERRa
(Betik et al. 2009). Precursor proteins that under
normal conditions are trafficked to the mitochondria to
aid mitochondrial biogenesis undergo increased
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Fig.2 Schematic illustration highlighting the various alterations with age in the regulation of mitochondrial dynamics including ROS
generation, mitochondrial biosynthesis, fusion, fission and mitophagy in response to exercise

degradation which in turn impedes the upregulation of
mitochondrial biogenesis (Huang et al. 2010).

ROS is becoming increasingly important in our
understanding of mitochondrial dysfunction in aging,
with particular emphasis on regulating mitochondrial
dynamics and Ca®" handling by the MCU (Horn et al.
2017). The importance of ROS has been demonstrated
in studies where an increase in ROS production was
followed by an upsurge in NRF1 and TFAM expres-
sion in endothelial cells (Perez-de-Arce et al. 2005).
This highlights the signalling role of ROS in forming a
link between endogenous generation during contrac-
tile activity and the stimulation of mitochondrial
biogenesis in skeletal muscle. There is evidence that
indicates expression or activities of TFAM, PCG-1a
and NRF1 are sensitive to alterations in the redox
environment that can ultimately affect mitochondrial
biogenesis (Radak et al. 2013).

Mitochondrial fusion and fission

Mitochondria are constantly undergoing turnover via
fusion and fission, processes that are essential for the
maintenance of a healthy population in skeletal muscle
(Hood et al. 2019). Fusion of mitochondria involves
joining individual mitochondria together via their
mitochondrial membranes which in turn forms a new
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mitochondrial complex. Fission entails the separation
of mitochondria resulting in the production of distinct
mitochondrial units which are targeted for selected
degradation (Palikaras et al. 2018).

Mitochondrial fusion occurs when two distinct
locations on the reticulum of mitochondria fuse both
their outer mitochondrial membrane (OMM) and inner
mitochondrial membrane (IMM), combining the con-
tent and membranes of the mitochondria involved
(Karbowski et al. 2004). Similar to the role of PGC-1a
in mitochondrial biogenesis, mitochondrial fusion
relies on optic atrophy 1 (OPA1) and the transmem-
brane GTPases, mitofusion 1 and 2 (MFNI and
MEFN?2) (Fig. 2). The joining of the OMM is coordi-
nated by the transmembrane proteins MFN1 and
MFN2, and mitochondrial fusion is impaired with
deletion of MFN1 and MFN2 (Song et al. 2009). It has
been demonstrated that the interaction between PGC-
la and ERRa stimulates fusion by promoting the
transcription of MFN1 and MFN2, and that the
expression of all these regulatory genes are increased
after exercise, although peaking at different time
points (Cartoni et al. 2005). The importance of
dynamin-related GTPase, OPA1, in mitochondrial
fusion has been demonstrated when Opal is deleted
and the fusion of the IMM in vitro is prevented (Song
et al. 2009). Deletion of OPA1 is a lethal phenotype in
mice induced by increased circulation of Fibroblast
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growth factor 21 (Fgf21), mitochondrial dysfunction
and loss of myogenic stem cells (Tezze et al. 2017).
Acute muscle specific deletion of Opal in mice results
in disruption of mitochondrial morphology, ER stress
and muscle atrophy (Tezze et al. 2017). There is a
decrease in the expression of MFN1, MFN2 and OPA1
in skeletal muscle from old sedentary subjects,
however their expression is maintained in senior
sportsmen (Tezze et al. 2017).

Mitochondrial dynamics encompasses not only
fusion but also mitochondrial fission for quality
control of mitochondrial turnover. Damage to the
membrane potential of mitochondria can be responsi-
ble for the initiation of fission, separating the mito-
chondrial reticulum from the injured mitochondria
(Youle and van der Bliek 2012). Fission, in particular
OMM fission, is controlled by GTPase dynamin-1-like
protein 1 (DRPI1), which is recruited to injured
mitochondria upon mitochondrial membrane depolar-
isation (Smirnova et al. 1998). The mitochondrial
fission 1 protein (FIS1) together with FIS1 adapter
mitochondrial division 1 protein (MDV1) are respon-
sible for the trafficking of DRP1 in GTPase DRP1
dependent mitochondrial fission (James et al. 2003).
FIS1 is attached to the OMM, where a 6-helical bundle
with tetratricopeptide repeat motifs is formed which
facilitates interactions between DRP1 and MDV1
(Zhang et al. 2012) (Fig. 2). It has also been reported
that the tail-anchored membrane protein mitochon-
drial fission factor 1 (MFF1) is involved in the
trafficking of DRP1 when mitochondria become
damaged, initiating fission and the removal of defec-
tive mitochondria (Otera et al. 2010). Once GTP is
hydrolysed, mitochondrial fission is achieved when a
helix is formed by DRP1 around the OMM, segregat-
ing the injured section of the mitochondria from the
healthy mitochondria and targets it for degradation via
mitophagy (Drake et al. 2016).

Similar to OPA1, constitutive deletion of DRP1 in
mice is lethal while inducible muscle specific deletion
results in mitochondrial dysfunction, muscle atrophy
and degeneration (Favaro et al. 2019). The inducible
muscle specific deletion of DRP1 resulted in the
inhibition of mitophagy resulting in functionally
abnormal large mitochondria, as well as activation of
the unfolded protein response, increase in Ca*" uptake
and fibre atrophy (Favaro et al. 2019). Interestingly the
same group generated a mouse inducible muscle
specific double knockout for OPAl and DRPI

(Romanello et al. 2019). Simultaneous deletion of
DRP1 and OPA1 in the mouse model, alleviated the
phenotype of OPA1 knockout mice, indicating that in
the context of mitophagy inhibition of fission is
dominant over inhibition of fusion (Romanello et al.
2019).

The removal of damaged mitochondria
via mitophagy

Mitochondrial fission separates sections of the orga-
nelle which have become damaged to prevent the
accumulation of defective mitochondria, hence acting
as a quality control mechanism for mitochondria. The
end fate of malfunctioning mitochondria undergoing
fission is their targeted degradation by the lysosome,
termed mitophagy. Mitophagy is a vital catabolic
process that involves the recycling and salvaging of
mitochondrial contents such as amino acids through
the fusion of a lysosome with the phagosome,
promoting the population of efficient mitochon-
dria and preserving the quality of mitochondria
remaining in the muscle (Yu and Long 2015).
Mitophagy is successfully carried out when an
autophagosome encapsulates the targeted mitochon-
dria. There are a number of different pathways that can
regulate mitophagy, including ubiquitin-mediated
(Pink/Parkin pathway) and ubiquitin independent
pathways (via mitophagy receptors on the outer
mitochondrial membrane (e.g. BNIP3). However, the
exact regulatory mechanisms of mitochondrial turn-
over remain to be fully understood (for reviews see
Montava-Garriga and Ganley 2019 ; Palikaras et al.
2018).

The Pink/Parkin pathway of mitophagy has been
well established. Following damaged induced loss of
mitochondrial membrane potential, PINKI is no
longer imported into the mitochondrial matrix for
degradation but accumulates on protein complexes on
the OMM ,which are involved in protein transport out
of the cytosol (Jin et al. 2010). As a result of PINK1
accumulation on the OMM, Parkin, an E3 ubiquitin
ligase, is recruited to the injured mitochondria and
interacts with the voltage-dependent anion channel
(VDAC) and PINKI1. Parkin ubiquitinates MFN1 and
MEFN?2, inhibiting their function and stimulating the
mitochondrial fission pathway (Chen and Dorn 2013;
Narendra et al. 2008). Additionally, the ubiquitination
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of VDAC by Parkin, leads to the aggregation of
MAPILC3-interacting regions—(LIRs) containing
p62/SQSTMI1. The LIR attaches to MAP1LC3, sig-
nalling the removal of the tagged mitochondria via
autophagosomes (Geisler et al. 2010). In skeletal
muscle, the loss of Parkin results in decreased
mitochondrial respiration, increased susceptibility of
opening of the mitochondrial permeability pore and an
increase in the fission protein Drpl (Gouspillou et al.
2018).

Receptor mediated mitophagy involves LIR con-
taining proteins such as BCL2/adenovirus E1B 19 kDa
interacting protein 3 (BNIP3) and Nix, may prove
essential to the recognition of dysfunctional mito-
chondria for degradation during exercise (for review
see Palikaras et al. 2018). Mitophgy occurring via this
mechanism involves attachment of the autophago-
some to the OMM where BNIP3 and Nix have both
accumulated allowing interaction with MAPI1LC3.
The importance of BNIP3 and Nix in mitophagy is
observed when the LIR containing amino terminus of
the Nix protein is deleted, resulting in a reduction in
the removal of dysfunctional mitochondria (Palikaras
et al. 2018). Current evidence highlights both BNIP3
and Nix involvement in the detection of damaged
mitochondria for removal in skeletal muscle and could
potentially be manipulated to address the accumula-
tions of defective mitochondria often seen in aged
muscle (Drake et al. 2016).

It has also been reported in skeletal muscle that in
response to increased metabolic demand such as
during exercise, mitophagy is regulated by 5° AMP-
activated protein kinase (AMPK) (Laker et al. 2017).
AMPK interacts antagonistically with mTORCI in
order to promote mitophagy. The normal action of
mTORCI prevents the mitophagic process, firstly the
presence of nutrients and Rag GTPases stimulates its
translocation to the lysosome, inactivating the lyso-
some (Sancak et al. 2010), and secondly via the
phosphorylation of the serine/threonine kinase unc51-
like kinase (ULK1) along with the amalgamation of
the ULK1, FIP200 and ATG13 network, impeding the
activation of ULK1 (Sancak et al. 2010). AMPK acts
to phosphorylate the mTORC1 component raptor and
the upstream inhibitor tuberous sclerosis complex 2
tumour suppressor (TSC2) which impedes mTORC1
action, thus preventing trafficking of mTORCI to the
lysosome thereby encouraging mitophagy (Laplante
and Sabatini 2012). Furthermore, AMPK also
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upregulates mitophagy by stimulating the activity of
ULKI (Fig. 2) (Laker et al. 2017), linking mitochon-
drial turnover with metabolic demand.

Disrupted mitochondrial dynamics in aging

An imbalance in mitochondrial fusion and fission has
been reported to occur in skeletal muscle as we age
(Hepple 2014). Evidence has indicated that levels of
FIS1 along with activity of DRP1 declines in senes-
cent cells (Mai et al. 2010), which may have impli-
cations in skeletal muscle during satellite cell
activation and muscle regeneration. In models of
muscle injury, such as the rotator cuff injury, with an
associated loss of muscle force, there is a metabolic
shift resulting in an accumulation of lipid and
increased fibrosis associated with dysfunctional mito-
chondria and reduced fatty acid metabolism in
myosteatosis (Gumucio et al. 2019). It is also inter-
esting to note that in this study there was an
accumulation of the authophagy adaptor protein p62,
a classic indicator of autophagy impairment (Gumucio
et al. 2019). Typically fragmentation of mitochondria,
the loss in the mitochondrial membrane potential and
elevated level of ROS generated, increases the rate of
mitophagy (Schiavi and Ventura 2014). There is an
aggregation of mitochondria sensitized to permeabil-
ity transition in older muscular tissue (Gouspillou
etal. 2014), suggesting that mitophagy is obstructed as
we age because typically the loss of the membrane
potential of mitochondria stimulates mitophagy (Twig
et al. 2008). Parkin, which normally promotes fission
and the removal of dysfunctional mitochondria via
autophagosomes is also implicated in aging. Parkin
knockout in mice results in reduced muscle force,
decrease in mitochondrial respiration and increased
susceptibility to the opening of the permeability
transition pore (Gouspillou et al. 2018), while Parkin
overexpression attenuates sarcopenia and results in
muscle hypertrophy in adult skeletal muscle (Leduc-
Gaudet et al. 2019). The coupling or integration
between mitochondrial biogenesis and selective
degradation via mitophagy is essential for the preser-
vation of healthy skeletal muscle. Disruption of this
balance can result in alterations in muscle bioenerget-
ics and loss of muscle mass and function for example
during ageing. In skeletal muscle from old mice,
disruption of the mitophagic process can result in the
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accumulation of dysfunctional mitochondria, while
improving the mitophagic flux results in a parallel
increase in mitochondrial biogenesis improving over-
all mitochondrial function (Goljanek-Whysall et al.
2020). In C. elegans the age-related decline in
mitophagy inhibits both the removal of dysfunctional
mitochondria and impairs mitochondrial biogenesis
(Palikaras et al. 2015). In our recent study we
identified miR-181a as a potential regulator of mito-
chondrial dynamics and delivery of miR-181a to old
mice improved mitochondrial content in muscle
during ageing with physiologically-relevant conse-
quences on myofibre size and force (Goljanek-
Whysall et al. 2020). Although there are contrasting
results on whether mitophagy flux is increased or
decreased in skeletal muscle during ageing and
exercise (Carter et al. 2018; Leduc-Gaudet et al.
2019; Romanello and Sandri 2015), it is clear that
mitochondrial quality has an important impact on the
health and bioenergetics of healthy skeletal muscle
and is tightly regulated by mitochondrial biogenesis,
fusion, fission and selective degradation of mitochon-
dria. Current therapeutic options for mitochondrial
diseases has focused on delivering mitochondrial
components such as CoQ10, improving antioxidant
capacity or increasing mitochondrial biogenesis by
activating Nrf2 and PGCla (for review see Zhang
et al. 2020), pathways activated by redox dependent
mechanisms during exercise.

Conclusions

Mitochondrial dysfunction and disrupted dynamics
has a significant role to play in age related muscle
atrophy and Sarcopenia. Consistent with the “Hall-
marks of Aging” (Lopez-Otin et al. 2013), there is a
significant loss of mitochondrial content in skeletal
muscle with age that is accompanied by an increase in
dysfunctional mitochondria (for review Hood et al.
2019). Moreover, accumulation of damaged or dys-
functional mitochondria increases the potential oxi-
dation of contractile proteins in muscle and elevated
ROS generation, altering mechanical function. There
are a number of regulatory signalling pathways
involved in mitochondrial dynamics including bio-
genesis, fusion and fission, one of the common factors
that connect these pathways is redox signalling. In
age-related muscle atrophy these regulatory pathways

are disrupted, resulting in the accumulation of dys-
functional and damaged mitochondria, and accompa-
nied by a reduction in the ability to stimulate
mitochondrial biogenesis. There is an inability to
further augment protective mechanisms and disrupted
activation of transcription factors such as PGC-la,
Tfam, NF-«xB and Nrf2, all thought to be brought
about by chronic elevated levels of ROS in muscle
from older sedentary subjects. Increased intracellular
concentrations of ROS could potentially result in
oxidative modifications of proteins, lipids and nucleic
acids as compared to homeostatic concentrations for
redox signalling. One of the outstanding issues in
relation to redox signalling or the transfer of oxidising
equivalents via ROS to selective targets, is the
specificity of the signalling. The concept of localised
endogenous ROS generation e.g. during contractile
activity, diffusing through the cell to target a selective
redox regulated enzyme or transcription factor has
been questioned (Winterbourn 2015). One hypothesis
that has been demonstrated in vitro is that redox
signalling occurs via conserved intermediary proteins
(Peroxiredoxins) that have evolved to specifically
react with peroxides, transferring their oxidising
equivalents to target proteins in a “redox relay”
mechanism (Sobotta et al. 2015; Stocker et al. 2018).
Similarly, apoptosis signalling factor-1 (ASK1), part
of the p38 signalling pathway has been demonstrated
to be indirectly oxidised by Peroxiredoxin 1 through
the transfer of oxidising equivalents (Jarvis et al.
2012). A dedicated redox relay mechanism could
potentially bring specificity to redox signalling, as
ROS were originally considered as a non-specific
oxidising agents. The altered redox environment in
muscle fibres undergoing age-related atrophy could be
a feedback response due to disrupted redox signalling
as a result of aberrant mitochondrial ROS generation.
The identification of the intermediary relay proteins
and their targets would help in our understanding of
the interplay between disrupted mitochondrial dynam-
ics and redox signalling. In this review, we describe
factors which may yield potential targets for thera-
peutic manipulation and in the case of sarcopenia,
potentially ameliorate the debilitating loss of muscle
mass and function as we age. A greater understanding
of the factors and identification of intermediary
proteins would allow a focus on developing strategies
to combat the detrimental effects of aging such as the

@ Springer



470

Biogerontology (2020) 21:461-473

increased incidence of frailty, risk of falls and lack of
independence.
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