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Abstract—Mitochondria are an important source of reactive oxygen species in skeletal muscles. Mitochon-
drial dysfunction accompanies the development of age-related human diseases. An increased production of
reactive oxygen species contributes to the muscle atrophy caused, for example, by the absence of physical
activity. Many regulatory pathways involved in the mitochondrial biogenesis are targets of anti-aging therapy.
An active lifestyle and physical exercise prevent age-related damage to mitochondria in skeletal muscles. The
use of antioxidants aimed directly at mitochondria is another way to correct the effect of reactive oxygen spe-
cies. The treatment with mitochondria-targeted antioxidants weakens the mitochondrial degeneration,
improves the age-related function of skeletal muscles, and protects the muscles from atrophy. Data are pre-
sented on the use of mitochondria-targeted antioxidants and physical exercises to maintain the structural and
functional state of mitochondria and on the protection of muscles from sarcopenia.
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INTRODUCTION
A disdainful (usually unconscious) attitude to a

healthy (necessary) lifestyle is often one of the cir-
cumstances contributing to the acceleration of aging in
elderly individuals. Most often, we are talking about
pathological (pathogenic) behavioral stereotypes,
including the exposure to prolonged emotional
stresses and irrational nutrition, as well as an insuffi-
cient level of physical activity (Yarygin, 2010).

Mitochondria are not only the main source but also
a target of reactive oxygen species (ROS) that cause
the oxidative damage to these cellular structures.
Namely these damages underlie many degenerative
diseases and age-related pathologies (Feniouk and
Skulachev, 2017). Since the 1970s, mitochondria are
considered to be a machine causing cell death and
determining (by regulating the rate of respiration and
oxygen consumption) the life expectancy and rate of
aging of the body (Harman, 1972). Changes in energy
metabolism associated with mitochondrial dysfunc-
tion are central events in aging (Javadov et al., 2015).

Skeletal muscles have the ability to adapt to
mechanical and physiological loads by changing their
phenotype in terms of the size and type of muscle
fibers, capillarization level, and aerobic capacity. Pro-
longed periods of muscle inactivity (for example when
the limbs are immobilized) cause the atrophy of mus-

cle fibers and a decrease in the muscle strength owing
to a loss of muscle protein as a result of its increased
degradation and decreased synthesis (Talbert et al.,
2013). The production of ROS increases with age;
their higher content leads to damage to macromole-
cules and dysfunction of signaling pathways, which
together becomes one of the leading factors in aging of
the cells, tissues, and the body as a whole (Powers
et al., 2012). The oxidative stress is associated with
muscle atrophy and muscle weakness caused by the
absence of physical activity (Zorov et al., 2007; Min
et al., 2011).

The absence of physical activity is an actual reason
for many pathological conditions, including most of
the leading causes of death in the United States (Booth
et al., 2017). In this work, some ways to affect the
mechanisms of development of muscle pathologies,
including age-related ones (sarcopenia), are consid-
ered.

The review discusses a concept according to which
ROS play an important role in the regulation of skele-
tal muscle atrophy caused by the absence of physical
activity. Special attention is paid to the work of mito-
chondria in connection with the cellular respiration,
generation of ROS, and cell death.
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AGE-RELATED CHANGES
IN MITOCHONDRIAL HOMEOSTASIS

As well as a number of neurodegenerative diseases
(including Alzheimer’s and Parkinson’s diseases),
aging is accompanied by a chronic inflammatory
response, an increase in the level of ROS in the tissues,
and progressive mitochondrial dysfunction. All this
leads to a decrease in the level of ATP synthesis, an
increase in the level of ROS, and cell death.

Mitochondrial DNA

Mitochondrial DNA (mtDNA) copy number,
which reflects the number of mitochondria in the cell,
can change with different energy requirements and
different physiological or environmental conditions.
With aging, there is a decrease in the rate of transcrip-
tion, a decrease in the oxidative capacity of different
substrates, and an increase in mitochondrial mem-
brane lipid peroxidation. These data demonstrate that,
although structural changes in mtDNA with human
aging are insignificant, changes in the mitochondrial
homeostasis (ultimately leading to changes in the rate
of mitochondrial biogenesis) play an important role in
the aging process. It was noted that a decrease in the
content of mtDNA and the number of mitochondria
occurs in the cell with age (Hebert et al., 2015; Zhang
et al., 2017). On average, an individual loses about
4 mtDNA copies every 10 years. A decrease in
mtDNA copy number is also associated with age-
related physiological parameters (Zhang et al., 2017).
A low mtDNA copy number is associated with a senile
phenotype and is a predictor of mortality from all
causes in the population (Ashar et al., 2015; Eshima
et al., 2020).

Changes observed in mitochondria with aging also
include a high level of mtROS formation, which leads
to an increase in the level of damage to proteins, lipids,
and mtDNA, activation of stress response pathways
and a decrease in the level of expression of mtDNA-
encoded proteins, and a decrease in the respiratory
function of mitochondria (Conley et al., 2007). It was
demonstrated that the level of oxidative damage to
mtDNA in the heart and brain is inversely propor-
tional to a maximal lifespan of mammals (Barja and
Herrero, 2000). In addition, mitochondria, being the
organelles that produce the largest amount of ATP and
ROS (mtROS) in living cells, are also equipped with a
universal mechanism which can completely prevent
the production of mtROS. This mechanism consists in
a gentle depolarization of the inner mitochondrial
membrane in order to decrease the membrane poten-
tial to a level sufficient for ATP production, but insuf-
ficient for the generation of mtROS. In short-lived
animals (mice), aging is accompanied by inactivation
of the mild depolarization mechanism, which leads to
a chronic poisoning of the body with mtROS. How-
ever, a moderate depolarization persists for many
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years in the long-living naked mole-rat (life span of
32 years) and Carollia perspicillata bat (life span of
17 years) (Vyssokikh et al., 2020).

In humans, age-related decrease in O2 consump-
tion (Coen et al., 2013) and ATP synthesis (Short et al.,
2005) correlate with a decrease in mitochondrial mass
and level of oxidative phosphorylation (Petersen et al.,
2003). Mice with increased level of mtDNA mutations
exhibit the traits of premature aging (Trifunovic and
Larsson, 2008). As a result, mitochondria of older
muscles generate less ATP and are unable to provide
an adequate energy for muscle movement, thus con-
tributing to the development of sarcopenia. In addi-
tion, it is known that mitochondrial dysfunction is
associated with the development of age-related human
diseases, including loss of muscle mass and function
(Gouspillou and Hepple, 2016), muscle atrophy
caused by a lack of physical activity (Min et al., 2011),
Duchenne muscular dystrophy and collagen muscular
dystrophy, long-term muscle dysfunction caused by
chemotherapy, and development of insulin resistance
(Gouspillou and Hepple, 2016). Age-related muscle
dysfunction is accompanied by disturbances in mor-
phology, signaling pathways, and protein interactions
in mitochondria.

Mitochondrial Reactive Oxygen Species

Long periods of the absence of mechanical load
lead to muscle weakness and atrophy (Feng et al.,
2016). A loss of contractile function in the skeletal
muscle is accompanied by an increase in the oxidative
stress and mtROS production. It is considered that
mtROS induces signaling events that contribute to the
muscle atrophy in different animal models (Johnson
et al., 2018). In particular, increased ROS production
in the muscle fibers can contribute to an increase in
proteolysis, as well as suppress the protein synthesis
during the periods of skeletal muscle inactivity (Pow-
ers et al., 2012). Muscle atrophy is apparently based on
age-related dysregulation of redox signaling and mis-
alignment of mitochondrial homeostasis, including
the signaling pathways that control the metabolic and
functional integrity of muscles (protein metabolism,
cell death and regeneration, inflammation, damage to
the body, and metabolic functions). A decrease in the
muscle mass and strength (sarcopenia) is a distin-
guishing feature of the aging process. Consequently, a
decrease in the level of mtROS is important for poten-
tial therapeutic strategies for delaying sarcopenia
(Eshima et al., 2020). Being one of the main sources of
ROS production, mitochondria are a key player in the
field of oxidative stress.

However, although reactive oxygen and nitrogen
species (ROS and RNS) were initially considered only
harmful to the muscle cells, it is now recognized that
they are required for normal skeletal muscle physiol-
ogy (Sohal and Orr, 2012), mainly owing to reversible
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redox post-translational modifications that they can
cause.

Mitochondrial metabolism is very sensitive to the
degree of physical load, and its absence contributes to
an acceleration of age-related mitochondrial dysfunc-
tion (Powers et al., 2012). Using a method of simulta-
neous determination of mitochondrial respiration and
H2O2 release in the skeletal muscle tissue in the range
of biologically significant ADP concentrations, it was
demonstrated that the ability of mitochondria to emit
H2O2 does not increase with age, while the sensitivity
of mitochondria to ADP worsens. This leads to an
increase in the level of mitochondrial H2O2 and elec-
tron leakage fraction in H2O2 (Holloway et al., 2018).

An increased ROS generation (and/or loss of
mtDNA repair) and an increase in the lipid peroxida-
tion products can increase mtDNA damage, which
can lead to mtDNA mutations and possible hetero-
plasmy, causing a mitochondrial dysfunction and
potentially leading to a pathology and organ disease
(van Houten et al., 2016). With the oxidative stress
caused by the absence of physical activity, mitochon-
dria are responsible for the production of a significant
amount of superoxide anion formed as a result of leak-
age of electrons from the electron transport chain
(Turrens, 2003).

It is assumed that an increase in mtROS produc-
tion triggers proteolysis (due to autophagy) and
reduces the protein synthesis in the absence of physi-
cal activity (Zhang et al., 2018). The mechanism by
which the autophagy increases after an increase in the
level of ROS appears to include both the mammalian
target of rapamycin (mTOR) protein (this is a key pro-
tein kinase, which controls cellular metabolism and
growth) and adenosine monophosphate-activated
protein kinase (AMPK). Active mTOR usually sup-
presses autophagy by inhibiting the activity of Unc-51-
like kinase 1 (ULK1), while AMPK accelerates the
autophagy by phosphorylating ULK1 and inhibiting
mammalian target of rapamycin complex 1 (mTORC1)
(Rodney et al., 2016; Morgunova and Klebanov,
2019). It was demonstrated that the oxidative stress
caused by muscle immobilization activates the proteo-
lytic pathways and inhibits mTOR (Talbert et al.,
2013).

MITOCHONDRIA-TARGETED 
ANTIOXIDANTS

The preparations for mitochondria-targeted ther-
apy (mitoceutics), including antioxidants, as well as a
number of genetic manipulations, are used to protect
the skeletal muscles from atrophy (Williamson and
Davison, 2020). Efficient mitotherapy should provide
the maintenance of an efficient mitochondrial pool,
ATP production, ability to cope with stress, and main-
tain homeostasis and cell viability. Consequently, the
most efficient strategies should be aimed at biogenesis
BIO
or at the removal of dysfunctional mitochondria
(through mitophagy) and at eliminating the conse-
quences of mitochondrial dysfunction. Thus, the
development of mitochondria-targeted substances
capable of reaching mitochondria not only in vitro but
also in vivo is the most important direction of anti-
aging medicine.

Neutralization of ROS Using Superoxide 
Dismutase and Catalase

The level of superoxide dismutase (SOD) in the
muscles is stable and does not change with overexpres-
sion of catalase targeted to mitochondria (mCAT) or
hindlimb unloading (HU) (Kondo et al., 1993; Lee
et al., 2017). The previous studies suggest that the skel-
etal muscles contain an excess of mitochondrial SOD
(Hsu et al., 1996). At the same time, it was demon-
strated that susceptibility to denervation-induced
muscle atrophy is not increased in mice with tissue-
specific SOD knockout in muscles (Ahn et al., 2019).
In another study, the SOD and catalase mimetic
EUK-134 weakened HU-induced muscle atrophy
(Lawler et al., 2014). Electroporation of mCAT in vivo
also weakened the muscle atrophy in rats (Dodd et al.,
2010). A different effect of the above-listed prepara-
tions is probably caused by differences in the selected
model, in the method of restricting physical activity,
and in the method of overexpression. Thus, neutral-
ization of mtROS by mitochondria-targeted expres-
sion of SOD was insufficient to cancel the pathologi-
cal state caused by the absence of physical load. This
can be explained by the fact that SOD catalyzes the
reaction of converting superoxide anion into hydrogen
peroxide, which is also an oxidizer (Eshima et al.,
2020).

Targeted expression of mCAT preserves the struc-
ture and functions of mitochondria and increases the
life span, which is associated with a decrease in the
muscle dysfunction, as well as insulin resistance in
mice (Lee et al., 2010). Unexpectedly, neutralization
of mtROS (in particular, H2O2) through the mCAT
expression did not change the trends toward HU-
induced loss of mass or contractile function by skeletal
muscles. After HU, the muscles of mCAT and wild-
type mice did not differ in cross-sectional area of the
fibers or the mass of individual muscles (Umanskaya
et al., 2014). Despite this, these observations demon-
strate that neutralization of mtROS does not protect
against the loss of muscle mass even at a microscopic
level (Egawa et al., 2018). It can be assumed that the
suppression of mtROS by catalase expression protects
the muscles from the loss of muscle mass or contractile
function caused by immobilization of the hind limbs
in mice (Lawler at al., 2003). These data indicate that
the formation of skeletal muscle mtROS is not a
mechanism by means of which a low mobility contrib-
utes to skeletal muscle atrophy and weakness (Lustgar-
ten et al., 2011). However, the study of muscle force in
LOGY BULLETIN REVIEWS  Vol. 14  No. 4  2024
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mice with selective overexpression of catalase and
wild-type mice also found no differences after 7 days
of HU (McClung et al., 2010). Similar results were
also observed with other antioxidants acting on differ-
ent components of cellular ROS (Watanabe et al.,
2019). In total, these studies demonstrate that the
involvement of oxidative stress in the loss of muscle
contractile function probably depends on the type of
intervention. An increase in the oxidative stress in
skeletal muscle can be incidental, but not the cause of
atrophy. Overexpression of mCAT probably neutral-
izes only mtROS (in particular, H2O2), but not ROS
that are produced by cytosolic proteins (Eshima et al.,
2020).

PHYSICAL EXERCISES AS A METHOD
OF ANTI-AGING PROTECTION

It is paradoxical, but the absence of physical activ-
ity leads not to a decrease, but to an increase in the for-
mation of ROS and other adverse consequences,
including a decrease in muscle strength, a decrease in
the number of myofibrils, and the development of
pathologies (Austad, 2018). Similar results are
observed in age-related muscle atrophy (Javadov et al.,
2015). Regular physical training is one of the fairly
efficient measures to counteract the muscle weakening
(including age-related). Despite the fact that physical
exercises contribute to an increase in the production of
ROS (Egawa et al., 2018), however, according to the
principle of hormesis, moderately intense exercises
cause the induction of cell protection systems, which
leads to a decrease in the number of defects.

Regular physical exercises have many health
advantages, primarily by preventing chronic diseases
(Booth et al., 2017). Exercises can reverse harmful
consequences of the lack of physical activity and neu-
tralize age-related changes (Gries et al., 2018). In
addition to obvious beneficial effect on a person’s
physical condition and health in general, such training
decreases the probability of heart pathologies
(Ascensão et al., 2011), Alzheimer’s disease
(Marques-Aleixo et al., 2012), and a number of
chronic diseases, including those associated with
inflammatory responses (Austin and St-Pierre, 2012),
and also accelerates the healing of wounds. This effect
was confirmed in the experiments on mice: in older
(18 months) animals exposed to the physical activity,
the wounds healed faster, and also there was a decrease
in the inflammatory response as compared with the
control group (Emery et al., 2005).

A clarification of the molecular mechanism deter-
mining a positive effect of prolonged physical activity
is one of the actively developing fields of physiology.
A central role in this mechanism is played by the stim-
ulation of mitochondrial biogenesis (Steiner et al.,
2011) and mitochondrial functions in general, as well
as an increase in the efficiency of ROS level control
(Marques-Aleixo et al., 2012). An increase in the pro-
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duction of ROS and damage to macromolecules
(including DNA) caused by regular exercises of mod-
erate intensity can trigger the activation of transcrip-
tion factors and activate redox signaling, which leads
to the induction of antioxidant enzymes and DNA
repair. These load-stimulated phenotypic adaptations
are a consequence of the responses regulated by redox
triggers (for example, ROS and RNS, sarcoplasmic
calcium, and the ATP : ADP and NAD+ : NADH
ratios) (Margaritelis et al., 2020). Nuclear factor
erythroid 2-related factor 2 (Nrf2 factor) is the main
regulator of the transcription of antioxidant enzymes.
This factor is activated by oxidative stressors and elec-
trophilic agents and provides the adaptation to stress
through a positive regulation of cellular antioxidant
protection and other metabolic processes (Shilovsky
et al., 2021). Physical exercises are one of the types of
hormetic stress, which leads to the activation of Nrf2
cell protection systems. The synthesis of small pep-
tides (including mitoregulin) in mitochondria on open
reading frames and their transport into the nucleus is
another regulatory pathway that connects antioxidant
enzymes in the nucleus (Shilovsky and Ashapkin,
2022; Averina et al., 2023).

Although regular exercises of moderate intensity
induce a favorable adaptation, irregular and excessive
physical exercises provoke the oxidative stress owing to
increased production of ROS and RNS (Williamson
and Davison, 2020).

Most studies on the consequences of physical
activity focused on nDNA damage with insufficient
understanding of the relationship between the exer-
cises and mitochondrial redox dynamics in vivo (Try-
fidou et al., 2020). However, there is an association
between mitochondrial dysfunction and progression
of diseases (Druzhyna et al., 2008; Chakrabarty et al.,
2018).

A cross-sectional analysis of mitochondria from
older individuals leading a sedentary lifestyle (as com-
pared with both active older ones and younger adults)
demonstrated that regular physical activity slows down
the age-related decrease in mitochondrial function in
the skeletal muscles. It was also demonstrated that
progeria of mutator mice with a defect in the corrector
region of mtDNA polymerase is sharply weakened by
physical exercises, beginning from the age of three
months (Safdar et al., 2011). An increased load for five
months extended the life of progeria mice by more
than a factor of two. At the same time, almost all
defects accompanying the accelerated aging were lev-
eled: early graying and baldness, fatigue; sarcopenia; a
decrease in the total body weight and skin thickness;
an increase in the weight of the heart muscle and
spleen; a decrease in the size of ovaries and testes; a
drop in the level of hemoglobin, red blood cells, and
leukocytes; a change in the number, shape, and size of
mitochondria; sharp stimulation of apoptosis in dif-
ferent tissues; a decrease in the number of mtDNA; an
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increase in the number of mtDNA mutations; a
decrease in the number of complexes I–IV of the
respiratory chain and the PGC-1α factor regulating
mitochondrial biogenesis. It should be noted that all
these changes are also typical normal aging of mice,
but they appear much earlier in mutator mice (Chow
et al., 2007). It was demonstrated that, in mice sub-
jected to regular endurance training (running from the
age of three months), the level of mitochondrial tran-
scription factors, the number of mtDNA, and ATP
production by muscle mitochondria increase; glucose
tolerance increases and the total level of physical activ-
ity increases; three-month maximal physical activity
also eliminates many pathological changes in mouse
cardiomyocytes in such age-related disease as diabetes
(Stølen et al., 2009). It was also established that, in
adult (twenty-month-old) and old (thirty-month-old)
rats, regular physical exercises (for 8 weeks) led to a
decrease in the level of DNA damage, activation of
repair systems, an increase in resistance to the oxida-
tive stress, and a decrease in the age-dependent
increase in the level of 8-oxy-2'-deoxyguanosine in
muscles (Radák et al., 2002).

Daily physical load (1 h per day, for 8 weeks) stim-
ulates the biogenesis of brain mitochondria: in young
(2 months) mice, the amount of mtDNA in the brain
tissues noticeably increases, and also the level of
expression of a number of protein markers of mito-
chondrial biogenesis increases (Steiner et al., 2011). It
is possible that namely this phenomenon causes a
favorable effect of exercises in the development of age-
related neurodegenerative diseases (Marques-Aleixo
et al., 2012). The molecular mechanism of muscle
loading includes a number of events triggered by mus-
cle contraction and regulating mitochondrial biogene-
sis and functions. During muscle contraction, calcium
is released from the sarcoplasmic reticulum. This
affects the activity of calcium-dependent enzymes,
including calcium/calmodulin-dependent kinases. As
a result, the phosphorylation profile of a number of
transcription factors and their co-activators (including
PGC-1α, which regulates the plasticity of skeletal
muscle cells in normal condition and in the case of
pathology) changes (Handschin and Spiegelman,
2008; Kupr and Handschin, 2015). The factors stimu-
lating the formation of PGC-1α include not only cold
but also the physical load and starvation (Kelly and
Scarpulla, 2004). In addition to the control of thermo-
genesis, PGC-1α is involved in the regulation of the
expression of many genes, including those responsible
for the formation of mitochondria (Austin and
St-Pierre, 2012), for fat and glucose metabolism (Fan
et al., 2023), and for the control of circadian rhythms
(biological clock genes) (Liu et al., 2007).

This protein interacts with a variety of transcription
factors and is involved in the regulation of mitochon-
drial function, and its expression increases during reg-
ular endurance exercises (Wenz, 2011). PGC-1α is a
co-activator of the nuclear receptor PPAR-γ, which
BIO
controls the development and metabolism of adipose
tissue and muscles (Chen et al., 2022).

The regulation of transcription is the main function
of PPAR-γ. By binding low molecular weight com-
pounds, PPAR-γ changes its affinity for promoter
regions of DNA. PGC-1α regulates the plasticity of
skeletal muscle cells in normal condition and in the
case of pathology, mediating both short-term and
long-term organism responses to the physical load. Its
level increases quite quickly in working muscles and
drops during relaxation, but regular endurance exer-
cises lead to its steady increase. Overexpression of
PGC-1α leads to an increase in the portion of slow
oxidative fibers (Kupr and Handschin, 2015).

A submaximal ADP-supported mitochondrial res-
piration and/or ROS release change depending on dif-
ferent physiological situations, including brief high-
intensity loads, regular low-intensity loads, HU, blood
flow restriction, aging, and development of high-fat
diet-induced insulin resistance; their differences in
men and women were demonstrated (Petrick and Hol-
loway, 2020). The content and functions of mitochon-
dria, as well as mitochondrial sensitivity to ADP,
decrease with age in the skeletal muscles, which leads
to an increase in the level of mtROS. This provokes
impaired utilization of glucose and lipids, insulin
resistance, and obesity.

Long-term training with weights in older individu-
als increases the muscle mass, strength, and maximal
mitochondrial respiration, but has no effect on redox
balance, including the rate of H2O2 formation in the
presence of ADP and the portion of electron leakage
in H2O2 (Holloway et al., 2018).

CONCLUSIONS
In the concept of aging proposed back in the 1970s,

mitochondria play a decisive role in aging and cell
death (Harman, 1972). The oxidative stress arising as
a result of increased mtROS production and impaired
antioxidant protection is associated with muscle atro-
phy. The protective strategies in this model are associ-
ated with a geroprotective effect of mitochondria-tar-
geted antioxidants, dietary restriction, and regular
physical load, leading to the activation of the body’s
own antioxidant system. The treatment with mito-
chondria-targeted antioxidants (as well as targeted
delivery of antioxidant enzymes to mitochondria)
decreases the formation of mtROS (including H2O2)
and prevents the muscle atrophy caused by the
absence of physical activity (Javadov et al., 2015). All
these effects are pleiotropic in nature; that is, they
affect a large group of parameters that are different
traits of aging. These effects not only slow down the
aging of muscles but also to a certain extent reverse
some of its manifestations. The physical load and
delivery of antioxidant enzymes to mitochondria in
animal models are also efficient in slowing down pro-
LOGY BULLETIN REVIEWS  Vol. 14  No. 4  2024
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geria caused by a mutation in the corrector domain of
mitochondrial DNA polymerase. Thus, the methods
of anti-aging therapy, including physical exercises of
moderate intensity, are efficient in reducing the degree
of age-related mitochondrial dysfunction and associ-
ated pathologies.
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