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Abstract—Physical inactivity and disuse lead to a decrease in the functionality of skeletal muscles (oxidative
capacity, insulin sensitivity, and performance), which is associated with a change in mitochondrial density.
In contrast, aerobic exercise training is effective for maintaining/increasing skeletal muscle mitochondrial
density and functionality. The review considers the effect of increasing and decreasing physical activity on the
mitochondrial density of human skeletal muscles, as well as the main mechanisms responsible for these
changes. It is discussed that the content of mitochondrial proteins can be regulated by changing the content
of their mRNAs, changes in the rate of synthesis specific for mitochondrial proteins, as well as changes in the
rate of degradation, transport, import, and stability of mitochondrial proteins. It has been shown that the
mechanisms of regulation of the mitochondrial proteins content under various interventions are significantly
different. At the same time, their contribution to the change in the content of mitochondrial proteins is char-
acterized clearly insufficiently, which emphasizes the relevance of further research in this area.
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Skeletal muscles make up more than a third of the
body mass and, with a normal level of physical activity,
are characterized by a high level of metabolic activity,
which positively affects the functioning of other tis-
sues, organs, and the organism. Physical inactivity and
a sharp decrease in physical activity while on bed rest
(disuse) have a complex effect on various systems and
organs of the organism, including skeletal muscles.
This is expressed in a decrease in the functional capac-
ity of skeletal muscles (the maximum rate of fat and
carbohydrate oxidation, insulin sensitivity, aerobic
performance, and muscle strength), which is largely
due to a decrease in mitochondrial density and muscle
mass. These changes may be one of the causes of
chronic diseases, such as obesity and type 2 diabetes,
cardiovascular diseases, depression and chronic
fatigue syndrome, as well as a decrease in lifespan [1–
4]. In contrast, regular exercise, particularly aerobic
exercise, is effective in maintaining/increasing skeletal
muscle mitochondrial density, oxidative capacity,
insulin sensitivity, and aerobic performance. The
review briefly characterizes the most striking changes
in the functional capacity and phenotype of human
skeletal muscles that occur with regular aerobic train-
ing and with a decrease in the level of physical activity.
The effect of increase and decrease in physical activity
on mitochondrial density, which changes markedly

and in a multidirectional manner under these inter-
ventions, as well as the main mechanisms responsible
for these changes, is considered in detail.

Influence of Aerobic Exercise Training on the Functions 
and Phenotype of Skeletal Muscles

To study the effects of regular aerobic physical
exercise or increasing the level of physical activity,
bicycle exercise and treadmill training, as well as long-
distance walking, is most often used [5].

The use of physical exercise with different intensity
and duration allows to recruit different muscle fibers.
As an example, low- and moderate-intensity aerobic
exercise predominantly involves type I fibers that are
resistant to fatigue and have high oxidative capacity.
An increase in exercise intensity to submaximal and
maximum aerobic power leads to additional involve-
ment in the work of type II muscle fibers, which have
low oxidative and high glycolytic potentials in an
untrained muscle.

Regular aerobic exercise markedly increases the
density and function of mitochondria in skeletal mus-
cle, as well as the ability of muscles to oxidize fats and
carbohydrates. This relates with an increase in the
concentration of numerous proteins involved in the
261
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transport and β-oxidation of lipids, the tricarboxylic
acid cycle, and oxidative phosphorylation, but there is
no pronounced effect on the content of glycolytic
enzymes [1, 6, 7]. In addition, regular exercise leads to
an increase in capillary density [8], which plays an
important role in increasing the capacity of skeletal
muscles for oxygen diffusion. In addition, the skeletal
muscles adapted to regular aerobic exercise show an
increase in the glycogen and triglyceride stores. The
latter are actively oxidized by trained skeletal muscles
at rest and during physical activity of low and moder-
ate intensity, while carbohydrates are the dominant
substrate during high-intensity aerobic exercise [9].

During the first weeks of regular aerobic exercise,
mitochondrial density (as well as respiratory enzyme
activity and mitochondrial respiratory rate) rapidly
increases. Thus, the volume density of mitochondria
increases by 40% as soon as after 6 weeks of regular
aerobic training [10]. It is important to note that regu-
lar aerobic exercise, unlike strength exercise, does not
lead to a pronounced change in the size of muscle
fibers and trained skeletal muscles, as well as maxi-
mum voluntary contraction [11].

The Effect of Disuse on the Function and Phenotype
of Skeletal Muscles

To study the effects of a chronic decrease in physi-
cal activity (disuse), immobilization of one limb, bed
rest, and “dry” immersion are most often used. These
models make it possible to significantly reduce the
contractile activity and mechanical load on the stud-
ied skeletal muscles, as well as to significantly reduce
the support afferentation in the case of “dry” immer-
sion [12, 13].

Numerous studies have convincingly shown that a
decrease in physical activity in human muscles is
accompanied by a decrease in the density of mito-
chondria and the maximum rate of their respiration,
oxidation of fats and carbohydrates, as well as a
decrease in aerobic performance [14, 15]. As an exam-
ple, after 5 to 6 weeks of disuse, the activity of various
mitochondrial enzymes, a mitochondrial density
marker, decreases by 20–40% [16]. Interestingly, a
similar decrease in the concentration of several
enzyme of the Krebs cycle and oxidative phosphoryla-
tion was observed in the vastus lateralis muscle after 8
and 35 days of bed rest [17]. Apparently, with a
decrease in physical activity, the oxidative capacity of
skeletal muscles decreases rapidly during the first week
and then changes relatively slowly.

The density of muscle capillaries is one of the key
indicators affecting the diffusion of oxygen to muscle
mitochondria. A number of studies have not revealed
a decrease in the number of capillaries per fiber [18–
20] and capillary density [18–21] in the vastus lateralis
and/or soleus muscles in humans after several weeks of
disuse, while several others showed a decrease in these
indices [22, 23]. Apparently, the absence of a decrease
in capillarization is associated with a decrease in the
size of muscle fibers. Indeed, it has been repeatedly
shown that bed rest and immobilization of one limb
for several days/weeks cause a decrease in muscle vol-
ume (at a rate of ~0.4% per day) and strength [14, 24].
In human skeletal muscle with a mixed fiber type
composition (for example, in the vastus lateralis), the
reduction in cross-sectional area is comparable to
type I and type II muscle fibers, while a decrease in
the size of these fibers is mainly observed in the soleus
muscle with a predominant content of slow-twitch
type I muscle fibers [14, 25–28]; it has also been
shown that the decrease in the mass of the leg extensor
muscles is more pronounced than that of the f lexor
muscles [13]. These data suggest that the mechanisms
regulating the decline in skeletal muscle phenotype in
different muscles may slightly differ.

Regulation of Mitochondrial Biogenesis
in Skeletal Muscles

Regular aerobic training and disuse produce a pro-
nounced and multidirectional effect on the content of
mitochondrial proteins in skeletal muscles. Theoreti-
cally, these changes can be regulated by changing the
content of mRNA encoding mitochondrial proteins,
changing the rate of mitochondrial protein synthesis
(translation), and also by changing the rate of degra-
dation of mitochondrial proteins (proteolysis).

mRNA content. Currently, the activation of mito-
chondrial biogenesis after aerobic exercise is largely
associated with regulation at the transcriptional level
[29]. During aerobic exercise, significant metabolic
changes occur in the muscle cell: in particular, the
AMP/ATP ratio and the content of Ca2+ and reactive
oxygen species increase. It was shown in various mod-
els (myoblast culture, rodent and human skeletal mus-
cles) that this leads to activation of various signaling
cascades, which, in turn, changes the activity of tran-
scriptional regulators (coactivators, corepressors, and
transcription factors) that control angiogenesis, car-
bohydrate and fat metabolism, and mitochondrial
biogenesis [30–32]. Among the best studied transcrip-
tional regulators of mitochondrial biogenesis are per-
oxisome proliferator-activated receptor γ coactivator
1α (PGC-1α) [33], estrogen-related receptor γ
(ESRRG) [34], mitochondrial transcription factor A
(TFAM) [35], nuclear receptor 4A3 (NR4A3)
(nuclear receptor subfamily 4, group A, member 3)
[36], cAMP-responsive element-binding protein
(CREB)-regulated transcriptional coactivator 2
(CRTC2) [37], and nuclear receptor corepressor 1
(NCOR1) [38]. These transcriptional regulators can
control mitochondrial biogenesis by increasing the
expression of genes encoding other regulators of mito-
chondrial biogenesis and mitochondrial proteins.

In confirmation of this concept, a simultaneous
increase in the content of mRNA encoding some
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mitochondrial enzymes (cytochrome b and c, cyto-
chrome oxidase) and mitochondrial density markers
(mitochondrial DNA content, activity of citrate syn-
thase, cytochrome oxidase, etc.) has already been
shown in early studies with chronic (1–3 weeks) low-
frequency stimulation of animal muscles or with run-
ning training [39–42]. However, in other studies with
electrical stimulation of the muscle, it was not always
possible to detect a simultaneous increase in the con-
tent of cytochrome oxidase and cytochrome c mRNA
with an increase in the activity and content of these
proteins [43, 44].

It was noted previously that even several weeks of
aerobic training led to an increase in mitochondrial
density and the content of mitochondrial proteins in
human skeletal muscles. A study evaluating the
expression of a hundred genes in the vastus lateralis
muscle after 12 weeks of aerobic bicycle exercise
showed an increase in the content of about 40 mRNA
encoding enzymes of the tricarboxylic acid cycle and
the electron transport chain [45]. It is important to
note that mitochondria are composed of more than
1000 proteins; moreover, about 150 of them belong to
enzymes of the Krebs cycle and oxidative phosphory-
lation. Therefore, of great interest are studies that cor-
relate changes in the transcriptome (in particular, the
mRNA content of mitochondrial proteins) induced by
regular aerobic training with changes in the content of
many individual mitochondrial proteins. In three such
studies, the effects of various 6–12-week aerobic
training on the transcriptome and proteome of the
vastus lateralis were investigated in young and old
humans [7, 46, 47]. Mass spectrometry-based pro-
teomics made it possible to detect about two hundred
mitochondrial proteins (mainly mitochondrial
enzyme proteins) most of which increased in content.
At the same time, an increase in the expression of sev-
eral hundred genes was found, but only about 20 of
them encoded mitochondrial proteins. This means
that in the basal state (i.e., 2 or 3 days after the last
exercise), an increase in the content of mitochondrial
proteins in human skeletal muscle induced by regular
aerobic training does not correlate with an increase in
the content of corresponding mRNAs. The absence of
a massive increase in the mRNA content of mitochon-
drial proteins in human skeletal muscle after several
weeks of regular aerobic training is confirmed by most
(but not all [48–50]) transcriptomic studies, which
showed, using functional enrichment analysis, that
gene sets with increased expression were not enriched
in mitochondrial protein genes [46, 47, 51–57]. This
conclusion is confirmed by the results of a meta-anal-
ysis, which analyzed and summarized the original
transcriptomic data of these studies [58]. Are there
other examples of activation of mitochondrial biogen-
esis (an increase in the content of mitochondrial pro-
teins) that occurs without an increase in the mRNA
content of mitochondrial proteins? Indeed, using
transcriptomic and proteomic analysis, it was shown
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that an increase in the content of many mitochondrial
proteins is observed in human CD34 hematopoietic
stem cells during their differentiation into proerythro-
blasts [59] and in HeLa cells under endoplasmic retic-
ulum stress [60] and occurs without a massive increase
in the expression of genes encoding these proteins.

It may be suggested that the lack of a massive
increase in the mRNA content of mitochondrial pro-
teins after a period of regular aerobic training can be
explained by a short-term increase in the expression of
these genes after each exercise. A number of studies
have investigated transcriptome changes after a single
aerobic exercise. In most studies, it was shown that a
single aerobic exercise does not induce in vastus later-
alis of healthy people a massive (several tens or more)
increase in the expression of genes encoding mito-
chondrial proteins: immediately after [61, 62], after
1 h [56, 63], 2.5 h [64], 3 h [65 , 66], 4 h [56, 63, 67],
5 h [64], 8 h [63], 48 h [65, 66] and 96 h [66]. This is
confirmed by a meta-analysis that studied transcrip-
tome changes immediately after and 1, and 4 hours
after an aerobic exercise [58]. It cannot be ruled out
that a massive increase in mRNA expression of mito-
chondrial proteins may occur at other times after aer-
obic exercise, for example, after 10–20 hours. This
supported by the fact that during the first hours of
recovery, changes in the transcriptome after an aerobic
exercise are mainly associated with an increase in the
expression of several dozen genes that regulate tran-
scription [56, 58], including a number of well-studied
regulators of mitochondrial biogenesis, angiogenesis,
carbohydrate and fat metabolism (PPARGC1A,
ESRRG, TFAM, NR4A3, etc.).

For normal mitochondria function, it is necessary
to maintain the stoichiometry of the proteins included
in the respiratory complexes [68, 69]. Changes in the
content of individual proteins in respiratory complexes
can lead to an increase in the production of reactive
oxygen species [70, 71]. If the increase in the content
of mitochondrial proteins during regular aerobic train-
ing is regulated by an increase in the content of the
corresponding mRNAs, then this should lead to an
increase in the content of all mRNAs encoding pro-
teins of the respiratory complexes. However, it was
previously shown that acute aerobic exercise increases
the content of only some mRNAs encoding mito-
chondrial enzymes. Few studies directly comparing
changes in the content of many mitochondrial pro-
teins and their mRNAs in human skeletal muscle [7,
46, 47] suggest that an increase in the content of mito-
chondrial proteins during aerobic training is regulated
not only (and not so much) at the level of transcrip-
tion, but by other mechanisms.

What happens to the mRNA content of mitochon-
drial proteins in human skeletal muscle during disuse?
Regardless of the experimental model chosen, all
studies found that the sets of genes that decreased
expression after inactivity and disuse lasting from 2 to
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90 days are enriched in several tens or even hundreds
of genes encoding mitochondrial proteins (mainly
respiratory complex proteins) [72–81]. The same
result was shown in meta-analyses that studied the
effects of several weeks of disuse [50, 58]. This allows
us to conclude that the decrease in the content of
mitochondrial proteins in human skeletal muscle
induced by inactivity and disuse is associated with a
massive decrease in the content of mRNA encoding
mitochondrial proteins (a hundred or more genes,
which is more than 10% of the total number of mito-
chondrial proteins). Interestingly, a similar result was
obtained in vastus lateralis of old individuals with sar-
copenia (characterized by reduced mitochondrial
density) compared with age-related controls [82]. This
suggests that the decrease in the concentration of some
mitochondrial proteins (in particular, some enzymes
of the Krebs cycle and oxidative phosphorylation) is
regulated at the level of mRNA content, while the
content of other mitochondrial proteins is regulated by
other mechanisms.

Translation of mitochondrial proteins. During the
first hours after a single aerobic exercise, an increase
in the rate of synthesis of mitochondrial proteins in
vastus lateralis is observed in untrained and trained
individuals; at the same time, the rate of synthesis of
myofibrillar proteins does not change or increases less
[83, 84]. Moreover, 12-week high-intensity interval
training increases the rate of mitochondrial protein
synthesis in vastus lateralis in the basal state (72 h after
the last exercise) in both young and elderly volunteers
[46]. It is important to note that there is no massive
increase in the mRNA content of mitochondrial pro-
teins in vastus lateralis at these time points. Based on
this, it may be suggested that, after aerobic exercise,
the regulation of translation plays an important role in
increasing the content of mitochondrial proteins. If
the rate of myofibrillar proteins synthesis does not
change after an aerobic exercise, but mitochondrial
protein synthesis increases, then the question arises
how the translation of mRNAs encoding mitochon-
drial proteins can be regulated.

The mTORC1 complex is the main translation reg-
ulator that controls protein synthesis in the cell by reg-
ulating the binding of translation initiation factors to
the 40S ribosomal subunit and to the cap at the 5'
mRNA end (the canonical cap-dependent regulation)
[85]. It was previously noted that during the differen-
tiation of hematopoietic stem cells, an increase in the
content of some (including mitochondrial) proteins
occurs without an increase in the content of the corre-
sponding mRNAs. It turned out that a distinctive fea-
ture of these mRNAs is the presence of motifs with a 5'
terminal oligopyrimidine (TOP- and TOP-like
motifs) in the 5' untranslated region (UTR) [59]. In
another cell study, it was shown that the translation of
most mRNAs is suppressed under stress induced by a
decrease in glucose content, while the translation of
mRNAs encodind proteins that regulate mitochon-
drial energy metabolism does not stop [86]. It
appeared that these mRNAs contain translation initi-
ator motifs of short 5' UTR (TISU- and TISU-like
motifs). Translation of mRNAs containing TOP or
TISU motifs is cap-dependent [86–88] but is regu-
lated in a non-canonical way: these mRNAs have a
short 5' UTR (an average of 12 nucleotides), which
allows the cap-associated 43S complex to directly
interact with the AUG start codon.

Under conditions of energy deficiency, the cell
reduces energy consumption by suppressing the
energy-intensive process of protein synthesis. The
main role of the mechanism controlling mRNA spe-
cific regulation of translation (including the mRNAs
encoding mitochondrial proteins) is to maintain the
synthesis of proteins necessary for cell survival under
changed environmental conditions. As an example,
mRNAs with TISU motifs were found in only 4% of
protein-coding genes, in particular, in genes that reg-
ulate protein synthesis, degradation and folding,
mRNA metabolism, and mitochondrial biogenesis
[89]. It may be suggested that the mechanisms
described above may play a role in increasing the rate
of mitochondrial protein synthesis in human skeletal
muscle after an aerobic exercise. In addition, it should
be noted that cap-independent translation initiation
mechanisms exist, which allow maintaining the rate of
translation of some mRNAs encoding proteins
important for cell survival. These mechanisms associ-
ated with the structures that form internal ribosome
entry sites (IRES) in the 5' UTR mRNA and N6-
methyladenosine modifications (m6A) in the 5' and
3' UTR mRNA [85]. We have not found evidence that
translation of mitochondrial proteins can be regulated
in this way, but the potential role of these mechanisms
in the regulation of mitochondrial biogenesis cannot
be ruled out.

Disuse leads to a decrease in the content of mito-
chondrial proteins, which occurs along with muscle
mass decrease. In human skeletal muscle with a mixed
fiber type compositions (for example, in vastus latera-
lis), muscle mass decrease is closely associated with a
decrease in the rate of protein synthesis [90, 91]. It
may be suggested that during disuse, the decrease in
the content of mitochondrial proteins is at least par-
tially due to the suppression of translation, which
occurs simultaneously with a decrease in the content
of mRNA encoding some mitochondrial and ribo-
somal proteins [80]. At the same time, it remains
unclear whether the translation of mRNA encoding
mitochondrial proteins is regulated by the noncanon-
ical cap-dependent and cap-independent mecha-
nisms.

Degradation of mitochondrial proteins. The ubiqui-
tin-proteasome system plays an important role in the
regulation of the mitochondrial biogenesis and their
functions by ubiquitinating maturing mitochondrial
proteins in the cytoplasm, as well as proteins in various
HUMAN PHYSIOLOGY  Vol. 48  No. 3  2022
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mitochondrial compartments [92, 93]. The autopha-
gal–lysosomal system is involved in the degradation of
large protein complexes, including damaged mito-
chondria [94]. Actively functioning mitochondria can
accumulate damaged proteins; therefore, it is logical
to assume that this should cause the activation of pro-
teolytic systems that eliminate such proteins thereby
maintaining proteostasis.

Indeed, an intensive aerobic exercise causes short-
term dephosphorylation of transcription factor
FOXO1Ser256 (an activation marker) and an increase in
the expression of its target genes, muscle-specific E3
ubiquitin ligases TRIM63 (MURF1) and FBXO32
(MAFbx) in human skeletal muscle [67, 95–98], as
well as an increase in phosphorylation of the
ULK1Ser555 kinase (an activation marker) without
altering ULK1Ser757 (an inhibition marker), which
indicates the activation of autophagy [99]. Studies on
rodents have shown that regular aerobic training
increases the content of autophagy-regulating proteins
(LC3-II, Beclin-1, ATG7, LAMP2a) and the activity
of the 26S proteasome [100, 101]. On the other hand,
after low-intensity aerobic exercise, there is no activa-
tion of markers of the ubiquitin-proteasome system
and autophagy [67, 102, 103]. Apparently, the activa-
tion of proteolytic systems occurs mainly after inten-
sive and/or prolonged physical activity, which causes
the accumulation of damaged proteins in the muscle.
At the same time, it has been repeatedly shown that
the regular exercise training is a powerful stimulus for
the activation of mitochondrial biogenesis and an
increase in mitochondrial density. This suggests that
short-term activation of proteolytic systems after each
exercise does not limit the increase in the content of
mitochondrial proteins during exercise training. On
the other hand, mitochondrial proteins, compared to
other muscle proteins, contain fewer degradation-reg-
ulating motifs, which correlates with their longer half-
life [7]. This indirectly indicates that degradation does
not play a key role in the regulation of the content of
mitochondrial proteins, in particular, during regular
aerobic training.

Heat shock proteins (chaperones) play an import-
ant role in the intracellular transport of proteins, in the
formation and maintenance of the structure of pro-
teins, and in the restoration of the structure of dam-
aged proteins, thereby reducing the likelihood of their
degradation [104, 105]. It turned out that overexpres-
sion of the 72 kDa heat shock protein (Hsp72) (a pro-
tein of the chaperone 70 family with mitochondrial
localization) in murine skeletal muscles increases
mitochondrial content, the time and maximum run-
ning speed of mice. In addition, Hsp72 overexpression
increases the mitochondrial content in the heart of
rodents [106, 107]. The influence of chaperones on
the regulation of mitochondrial functions in mouse
skeletal muscles is also confirmed by studies with
modulation of the expression of the transcriptional
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factor Hsf1, which regulates the expression of various
chaperones [108]. Interestingly, in human skeletal
muscle, regular aerobic training leads to a simultane-
ous increase in the content of many mitochondrial
proteins and two tens of chaperones and chaperone-
associated proteins [6, 7], which is consistent with the
results of the studies described previously. However,
the presented studies did not give an unambiguous
answer about the mechanisms of chaperone-depen-
dent regulation of mitochondrial biogenesis. These
mechanisms can be related with an increase in the
transport and import of mitochondrial proteins from
the cytoplasm (more than 99% of mitochondrial pro-
teins are encoded by genomic DNA and synthesized in
the cytoplasm) [106, 107, 109], as well as by an
increase in the stability of mitochondrial proteins [7].

During disuse, a decrease in the content of con-
tractile proteins and muscle mass in the mixed vastus
lateralis is predominantly associated with a decrease in
the rate of protein synthesis rather than with an
increase in the rate of their degradation [90, 91]. How-
ever, a number of studies on models [110] and human
muscle showed the activation of some elements of the
ubiquitin–proteasome and autophage–lysosomal sys-
tems [72, 75, 77, 79, 80, 111–114]. This, as well as the
chaperone-dependent decrease in the import of mito-
chondrial proteins from the cytoplasm [115], may be
responsible for the decrease in the skeletal muscle
content of mitochondrial proteins induced by disuse.

CONCLUSIONS
The use of high-throughput methods allowed to

characterize changes in the content of almost all
mRNAs encoding mitochondrial proteins and several
hundred mitochondrial proteins induced by increase
and decrease in physical activity in human skeletal
muscle. It has been shown that the mechanisms of reg-
ulation of the content of mitochondrial proteins under
such exposures are significantly different.

The results of most studies have shown that an
increase in the content of various mitochondrial pro-
teins induced by regular aerobic training is not associ-
ated with a massive increase in the content of the cor-
responding mRNAs either in the basal state (2 to 3
days after the last exercise) or during the first hours of
recovery after a single aerobic exercise. It is important
to note that in this case, there is a predominant
increase in the rate of synthesis of mitochondrial
rather than myofibrillar proteins. One of the most
probable mechanism responsible for such changes is
noncanonical cap-dependent and independent regu-
lation of mRNA translation of mitochondrial proteins.
Another potential mechanism for increasing the con-
tent of mitochondrial proteins during regular exercise
may be a chaperone-dependent increase in their trans-
port, import, and stability. Disuse-induced decrease
in the content of mitochondrial proteins, at least in
part, is associated with a decrease in the content of the
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corresponding mRNAs. In parallel with this, there is a
decrease in the overall rate of muscle protein synthesis
and import of mitochondrial proteins, as well as acti-
vation of some elements of various proteolytic systems.
However, the contribution of these processes to the
decrease in the content of mitochondrial proteins has
not been fully characterized. In this context, it seems
promising to directly assess the effect of increased and
decreased levels of physical activity on the rate of
translation and degradation of individual proteins
using mass spectrometric analysis of proteins labeled
with deuterium in vivo [116], as well as ribosomal pro-
filing.
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