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Abstract

Sarcopenia, which is characterized by reduction in muscle mass and strength, contributes to several age-related conditions,
including insulin resistance and frailty. Despite the importance of maintaining muscle mass for healthy aging, the mechanisms
contributing to sarcopenia are not fully elucidated. Nevertheless, mitochondria appear to play a key role in the underlying
condition, and importantly, respond robustly to exercise interventions. Mitochondria are intracellular organelles largely
attributed to maintaining ATP concentrations, however, the importance of this organelle in overall cellular homeostasis has
been expanded in the last decades to include redox signaling, calcium homeostasis, inflammation, and apoptosis. Several lines
of evidence suggest that mitochondrial bioenergetics are altered in aged skeletal muscle, resulting in an increase in reactive
oxygen species (ROS) production, while conversely genetic/pharmacological approaches that attenuate mitochondrial ROS
promote healthy aging and maintenance of muscle mass. These observations suggest that increased free radicals are one of
the bases of the aging process and related sarcopenia. Here, we reviewed the current knowledge regarding mitochondrial
function and redox balance in aged human skeletal muscle, highlighting the implications of redox unbalance on skeletal
muscle mass maintenance and muscle health. Additionally, we describe the benefits of exercise and nutrition interventions in
the context of improving mitochondrial bioenergetics and functional outcomes regarding skeletal muscle mass and function.
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Introduction

Skeletal muscle comprises approximately 40% of total body
mass, and therefore represents an important tissue in the
context of healthy aging, as it is essential for locomotion,
overall metabolism and glucose homeostasis [57]. One of
the most significant changes with aging is a loss of muscle
mass and strength, a process called sarcopenia. Sarcopenia
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is implicated in the reduction of functional capacity, mobil-
ity, increasing the risk of falls and resulting in frailty [11].
Therefore, a loss of muscle mass ultimately compromises
the quality of life of older individuals and increases the risk
of mortality. While the direct health-care costs associated
with sarcopenia are estimated to be ~ 20 billion dollars [31]
since decreased physical activity increases the risk of devel-
oping hypertension, heart disease, and diabetes, the over-
all consequence of a loss of muscle mass is likely much
higher. In addition, in almost every country worldwide, the
proportion of individuals over 60 years of age is estimated
to triple by the year 2050, at which time these individuals
will represent ~25% of the world’s population, placing an
unprecedented burden on the health care system [69].
While the etiology of sarcopenia is poorly defined, and
likely involves a complex interaction of a variety of mecha-
nisms, the basic phenotypic changes within muscle have
been well characterized. The current working model sug-
gests that aging is associated with anabolic resistance and
a preferential loss of motor units (MU) innervating type
IT muscle fibres. This process progressively results in a
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reduction of type II muscle fibres cross-sectional area (CSA)
and a higher proportion of type I muscle fibres [49]. Since
type I muscle fibres are smaller and produce less force, these
basic changes compromise muscle function [24]. While the
observation for deterioration in the neuromuscular junction
with aging was reported over 50 years ago, the underlying
mechanisms are only now being identified. In this context,
alterations in mitochondrial function have been implicated as
a cause of sarcopenia [19], as well as several co-morbidities
associated with aging [30]. The mitochondrial participation
in these processes has been highlight by studies showing that
attenuating mitochondrial reactive oxygen species (ROS)
prevents disuse-mediated atrophy [46].

Mitochondria are small organelles within almost every
cell that are required for aerobic ATP production, and also
play a central role in redox biology. Several lines of evi-
dence suggest that mitochondria have a prominent role in
the development of sarcopenia. For instance, aged skeletal
muscle displays a loss of mitochondrial content [18, 21] and
increases mitochondrial-mediated apoptosis [9, 52]. Moreo-
ver, transgenic models that decrease the capacity of mito-
chondria to produce ATP dismantle neuromuscular junctions
and trigger distal degeneration of motor neurons [14]. In
addition, genetic approaches that increase the prevalence of
mitochondrial DNA (mtDNA) mutations and oxidative dam-
age result in premature aging [68]. On the other hand, induc-
tion of mitochondrial biogenesis through the overexpression
of PGC-1a attenuates aging-associated derangements [71].
Combined, these data strongly suggest that mitochondrial
dysfunction contributes to pathological aging.

While a lot of research is currently being dedicated to
understanding mitochondrial quality control with aging,
including mechanisms influencing mitophagy and the
removal of damaged mitochondria [18, 38, 50], this review
will focus on the underlying mechanisms impairing mito-
chondrial function with aging, as well as how lifestyle mod-
ifications prevent age-associated skeletal muscle derange-
ments. Additionally, we will discuss the mechanisms causing
an increase in mitochondrial-derived ROS with aging which
is of paramount importance, as increased ROS emission has
been associated with MU loss and abnormal morphology
[36], muscle fiber atrophy [34, 49], inflammation [32] and
apoptosis [65]. Additionally, transgenic and pharmacologi-
cal approaches that attenuate mitochondrial ROS have been
shown to preserve mitochondrial content, increase mus-
cle mass, and prolongs lifespan [39, 63], while conversely
decreasing the antioxidant capacity of muscle compromises
neuromuscular junction morphology as well as muscle mass
and force [29]. Altogether, these data strongly implicate
mitochondrial ROS as a cause of aging-related sarcopenia.
However, we must acknowledge that physical inactivity sim-
ilarly affects mitochondria and skeletal muscle physiology,
and it is, therefore, difficult to distinguish the effects of aging
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from a sedentary lifestyle that usually manifests in older
individuals. Rather than focusing on the limitations of our
current knowledge, instead of these data further implicate
the necessity of physical activity to promote healthy aging.

Role of Mitochondria on Redox Balance

The first description of “free radical” comes from 1954 [10].
By definition, one atom or molecule containing one or more
unpaired electrons is called a free radical. These radicals
can be produced from homolytic, heterolytic, or redox reac-
tions. Free radicals can be nominated reactive oxygen spe-
cies, however, the term reactive oxygen species (ROS) is
a generic statement for oxygen-centered radicals, but also,
for non-radical but still reactive derivatives of oxygen, such
as hydrogen peroxide (H,0,) [48]. Excessive ROS produc-
tion without suitable buffering is called oxidative stress [64].
This condition can damage biomolecules, leading to cell
dysfunction and eventually cell death.

The equilibrium between the production and breakdown/
buffering of ROS is referred to as the redox state within
muscle and is maintained in a narrow range mainly by the
action of antioxidant system. In humans, there are two
broadly defined systems that work together to maintain
the redox balance: namely enzymatic and non-enzymatic
antioxidants (e.g. GSH, vitamin E, carotenoids, vitamin C,
bilirubin) [55]. The main mechanism of action of the non-
enzymatic antioxidants is the capacity to donate one electron
to electron-unpaired molecules. This reduction mechanism
decreases the reactivity of the molecules, preserving adja-
cent biomolecules. On the other hand, the enzymatic anti-
oxidant system utilizes a sophisticated system composed
of proteins, substrates, and cofactors to inactivate ROS.
These enzymes are distributed in all cellular compartments
and work together to keep the redox state in physiological
ranges. Among these enzymes are superoxide dismutase
(SOD), catalase, glutathione peroxidase system (GPX), per-
oxiredoxins (PRX), and thioredoxins (TRX). Although there
is an apparent overlap between these enzymes as a result of
them sharing the same substrate (H,0,, with exception of
SOD), they have different roles in the cells because of the
affinity with substrates, protein residues potentially oxidiz-
able and cellular distribution [5]. Thus, the balance between
mitochondrial ROS production and buffering by enzymatic
and non-enzymatic systems keep superoxide/H,O, in narrow
concentrations. Transitory variations on the production of
these molecules lead to adaptations of these antioxidant pro-
cesses in order to maintain homeostasis, however, chronic
unbalances may result in oxidative stress with damage of
biomolecules.

All redox reactions involve the transfer of electrons
between one donor and one acceptor [48], and in biological
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systems, oxidation-reduction (redox) reactions play a fun-
damental role in life. Indeed, oxidative stress has been
suggested as one of the theories of aging, however, living
cells have adapted to these reactive species by developing a
sophisticated system of alternative pathways to create sec-
ond messengers and less reactive compounds. Specifically,
the single-electron reduction of O, results in the formation
of superoxide radical anion (O5") [48], however, superoxide
can react with biomolecules or it can react with nitric oxide
(NO) to form peroxynitrite (ONOO™), a highly reactive
compound. Also, superoxide can be converted into hydro-
gen peroxide (H,0,), a less reactive compound, by SOD
action (Mn-SOD and Cu/Zn-SOD for mitochondrial and
cytosolic isoforms, respectively). Although not categorized
as a free radical, H,0, is considered a ROS, and can also be
transformed into a hydroxyl radical (HO’) in the presence
of transition metals, the predominant reactions are Fenton
and Haber—Weiss reactions. On the other hand, H,0, can be
converted to inert H,O and O,, by the activity of catalase.
Regardless of the complexity, the production of superoxide
is considered paramount to understand redox biology, as
these ROS species are directly required for the production
of ONOO™, H,0,, and HO.

Although there are many sites of superoxide produc-
tion within the muscle, mitochondria have a primary role
in redox balance. From a quantitative viewpoint, mitochon-
dria are thought to be the largest contributors to intracellular
oxidant production [5]. Mitochondria generate ATP in an
oxygen-dependent process, called oxidative phosphorylation
(OXPHOS). Briefly, OXPHOS is a process that harnesses
the free energy released as electrons move through the
respiratory chain to pump protons from the mitochondrial
matrix, against a concentration gradient, into the intermem-
brane space. This process generates an electrochemical gra-
dient (Ap), also called proton-motive force, between these
two mitochondrial compartments. This proton-motive force
is harnessed by F,F,, ATP synthases to produce ATP from
ADP + Pi, resulting in the dissipation of Ap [47]. In gen-
eral, an increase in the proton-motive force is correlated with
increased ROS production while a decrease in the proton-
motive force reduces ROS generation.

The first descriptions of mitochondrial superoxide radical
anion (O3) production and hydrogen peroxide (H,0O,) come
from the 1970 s [41]. Initially, free radical mitochondrial
production was thought to be a result of inefficiency of elec-
tron transfer within the electron transfer system (ETS) and
was harmful to cell function. However, the notion that redox
biology is complicated and intricately regulated, has gained
attention in recent years, as it is now widely recognized that
ROS serves as an important signaling molecule, in addition
to the classically considered harmful compounds attributed
to the aging process [22]. Within mitochondria, the major
sites of superoxide production are believed to be within

complex I and complex III of the electron transport chain
(ETC). Complex I ROS production works based on NADH/
NAD™ ratio, with redox potential (E;) equal to — 28 mV,
furthermore other ROS production sites work based in func-
tion of ubiquinol/ubiquinone (QH,/Q) ratio, which has an
E, of 420 mV. Additionally, other mitochondrial sources
of ROS have been described, such as 2-oxoglutarate dehy-
drogenases (OGDH), pyruvate dehydrogenases (PDH), and
complex II (subunit IIy) [5]. The exact location of ROS
generation is important because it determinates the rates of
superoxide/H,0, production, and potentially the biological
effects. Additionally, it is noteworthy that complex I can
produce superoxide only on the matrix side, whilst complex
IIT is able to produce superoxide on both sides of the inner
mitochondrial membrane. These vector differences between
mitochondrial complexes may have profound effects on
mitochondrial function and cellular signaling. For instance,
ROS production to the mitochondrial matrix can react
with mtDNA and other mitochondrial proteins, impairing
mitochondrial function; however, ROS emission within the
intermembrane space may have a more pronounced role as
a signaling molecule, since it is easier for these molecules
to diffuse to the cytosol and react with cytosolic molecules.
The topology of ROS production is not totally understood;
however, some important data has emerged which can
impact the aging process. For instance, we have shown that
increased ROS production may be specific for individual
sites in skeletal muscle mitochondria of aged people [26]
as while H,0, production was the same when mitochon-
dria were stimulated with succinate (a classical substrate
for mitochondrial complex II), on the other hand, a substrate
for mitochondrial complex I (i.e. pyruvate) increased ROS
emission in older people compared to young. This informa-
tion may be particularly important since the FMN site on
complex I only produces ROS on the mitochondrial matrix
side [5], and therefore may preferentially damage mtDNA.
This ROS-induced mtDNA alteration has been proposed as
one of the theories of aging, which results in a vicious circle
based on mitochondrial oxidative stress [23].

Mitochondrial Control of ROS Production:
Implications to Aging-Related Sarcopenia

Age-associated sarcopenia develops as a result of ana-
bolic resistance (under feeding or exercise stimulation) or
increased protein breakdown (during fasting and fed con-
ditions) [6]. While protein synthesis is an energetically
demanding process, a direct link between compromised
mitochondrial bioenergetics and anabolic resistance/attenu-
ated protein synthesis remains to be defined. Alternatively,
increased mitochondrial ROS emission has been implicated
in the aging-related atrophy process. The causal relationship
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between ROS unbalance and atrophy has been shown by
genetic deletion of the muscle antioxidant enzyme Cu/Zn-
SOD, which results in muscle oxidative damage, myofiber
atrophy, and neuromuscular junction degeneration [59].
These cellular effects may be direct through oxidation of
cysteine residues on specific protein-targets, or indirect, as
is the case for ROS-induced apoptosis [65]. It is well-estab-
lished that mitochondrial play an important role in skeletal
muscle homeostasis by energy supply, ROS signaling, and
apoptosis [7, 22, 26]. For this reason, it has been speculated
that mitochondrial ROS emission may have a role in apopto-
sis and aging-related muscle loss. Mitochondria can trigger
apoptosis by several mechanisms, one of them is the open-
ing of mitochondrial permeability transition pores (mPTP).
The complete regulation of mPTP opening is not fully elu-
cidated, however, mitochondrial ROS production seems
to be involved in this process. In fact, mitochondria from
older people show a reduction in calcium retention capac-
ity, suggesting an increase sensitization for mPTP opening
[20]. While rodent data has generated a strong link between
mitochondrial ROS unbalance, apoptosis and atrophy, the
mechanisms behind these events need to be investigated. In
addition, although elegant rodent models provide compel-
ling evidence to link mitochondrial ROS with age-associated
pathologies, the data in humans remain ambiguous, in vitro
assessments of mitochondrial ROS emission do not increase
in association with redox stress [3, 7, 13, 26]. These con-
tradictory findings suggest that either mitochondria are not
responsible for the increased oxidative stress with human
aging or, alternatively, contemporary in vitro assessment
of mitochondrial ROS emission do not accurately reflect
in vivo responses. The most important factor involved in
the regulation of in vivo mitochondrial ROS production is
ATP production [48]. Mitochondrial membrane potential is
modulated by the rate of ATP production, which is depend-
ent on ADP availability. In this respect, rates of ROS emis-
sion have almost exclusively been determined in the absence
of ADP (usually with oligomycin), and therefore have exam-
ined the capacity for mitochondrial ROS production under
artificial conditions, which likely does not reflect the in vivo
situation. In fact, resting skeletal muscle has~25-100 pM
free ADP [51], and from a physiological standpoint, it is,
therefore, more appropriate to examine mitochondrial bio-
energetics (respiration and ROS emission) in the presence
of submaximal concentrations of ADP. As a result, previous
data from human skeletal muscle may have underestimated
the importance of mitochondrial ROS in the aging process.
In support of this supposition, our recent data has shown that
while maximal ROS (absence of ADP) is not altered with
aging, in the presence of physiological ADP concentrations,
ROS emission in older subjects is higher. Additionally, our
work demonstrates a reduction in mitochondrial ADP sensi-
tivity with aging [26] which can contribute to this observed
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higher mitochondrial ROS emission under low ADP con-
centrations. Since mitochondrial ADP transport can influ-
ence several mechanisms associated with aging (e.g. ROS,
autophagy, and motor unit retention), the regulation of the
key mitochondrial membrane ADP transporter ANT may
represent a nexus point for numerous processes that influ-
ence aging. Therefore, a molecular understanding of ANT,
and ultimately mitochondrial ADP sensitivity, may have a
broad impact on our understanding of aging.

Adenine nucleotide translocase (ANT) appears to be
modulated by aging [12]. Indeed, ANT can be regulated
through several post-translational modifications, such as
glutathionylation, acetylation, and oxidation [15, 45, 73].
Since the reduction of ADP sensitivity results in increased
mitochondrial ROS production, oxidation has been indi-
cated to be one candidate to modulate ANT regulation in
aging, and although this remains to be tested in humans,
redox modification of ANT has been identified with aging
in rodents and housefly muscles [73]. While further work
is necessary to elucidate this relationship in humans,
hyperacetylation of ANT is a possible alternative mecha-
nism to consider [45] since SIRT-deacetylase activity has
been shown reduced with aging [74]. Regardless of the
underlying mechanism, a decrease in ANT function can
increase mitochondrial ROS production rates, activating
NF-«B signaling and nuclear sequestration of FoxO. Under
NF-kB activation, FoxO regulates the ubiquitin proteolysis
system and mitophagy, forming a vicious cycle over mito-
chondrial dynamics and quality control [60].

In addition to ANT function, mitochondrial content is
thought to indirectly affect mitochondrial ADP respon-
siveness. In this respect, increasing mitochondrial content
may be preventative in age-associated redox stress. Indeed,
the overexpression of PGC-1a, a transcription co-activator
implicated in the regulation of mitochondrial biogenesis,
increased mitochondrial content, muscle cross-sectional
area, and longevity in the aged mouse [71]. Addition-
ally, improving mitochondrial dynamics and mitophagy
(removal of damaged or dysfunction mitochondrial by
autophagosomes) can similarly improve the quality con-
trol of mitochondria, ultimately increasing mitochondrial
bioenergetics in the absence of stimulating PGC-1a [38].
Several studies show that the preservation of mitochon-
drial quality control improves muscle health, sarcopenia
and insulin-resistance aging-associated. For instance,
4 weeks of Parkin overexpression, a protein involved in
mitochondrial quality control, increases muscle force-pro-
duction and attenuates sarcopenia in aging muscle [38].
Importantly, Parkin overexpression was associated with a
reduction on oxidative stress, measured by 4-HNE content,
which reinforces the crosstalk between mitochondrial ROS
production, mitophagy, and sarcopenia.
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It is important to recognize some inconsistent data in
the literature. For instance, mitochondria from older peo-
ple have been reported to display mild uncoupling, which
would decrease ROS rates [1, 12]. However, in our recent
study, there were no differences in various indexes of mito-
chondrial uncoupling with aging [26]. Also, decreased
ADP responsiveness through the genetic ablation of ANT
has been associated with an attenuation in ROS emission,
however, our data suggest a reduction of ADP/ATP trans-
port increases ROS production. It is likely that these differ-
ences reflect compensatory adaptations in a genetic animal
to maintain cellular survival, as ablation of ANT would be
expected to dramatically increase ROS, while the observed
uncoupling may represent a feedback-loop to prevent apop-
tosis and cellular death. Similarly, in our study, a reduction
in ADP transport may represent a mechanism to stimulate
mitochondrial biogenesis, as the expected minor increase in
cytosolic ADP and induction of mitochondrial ROS have
both been linked to PGC-1a mediated gene transcription.
Regardless of these possible benefits, it appears that an age-
associated increase in ROS favors a detrimental phenotype,
and therefore the potential feed-back-loops (uncoupling and
gene transcription) are not sufficient.

Lifestyle Modifications

Since one of the hallmarks of muscle aging is the presence
of oxidative stress in aged skeletal muscle [7, 26], additional
stimuli resulting in attenuated redox stress may be required
to mitigate aging-related declines on skeletal muscle mass
and function. In this context, physical inactive and poor
dietary habits are known to be risk factors for the develop-
ment of many chronic diseases, including diabetes, cancer,

Fig.1 Aging and physical activ-
ity on mitochondrial function
and redox balance [
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1 Antioxidant defense

t mPTP opening sensitivity

hypertension, and musculoskeletal disorders. In fact, it has
been reported that the amount of time spent being physically
active decreases with age, which can potentiate/cause aging-
related conditions [31]. Since lifestyle modifications can
promote health, well-being, and functional improvements
to minimize the appearance and/or progression of aging-
related diseases, exercise and nutrition interventions may be
particularly beneficial in these conditions [8, 42].
Although elderly individuals typically present with an
unbalanced redox state, it is unclear if the observed increase
in redox stress associated with aging is indirectly influenced
by a lack of physical activity, as exercise training improves
the antioxidant capacity of muscle, mitochondrial ADP
responsiveness and ultimately redox control [26] (Please,
see Fig. 1 for a summary of aging and physical activity on
mitochondrial function and redox balance). Additionally,
exercise training improves cardiovascular function, muscle
mass, strength, bone density, vascularization among others
in adults and elderly people, and therefore represents a com-
prehensive preventative strategy. Therefore, while physically
inactivity likely contributes to pathological aging, impor-
tantly, regardless of age, individuals can benefit from the
regular practice of physical exercise. The link between the
effects of exercise on mitochondrial function and aging can
best be exemplified by the observation that exercise prevents
severe mitochondrial dysfunction, aging, and prolongs life
expectancy in a genetically modified mouse prone to mtDNA
deletions (PolG mutant), while also preserving muscle mass,
increasing mitochondrial content and reducing mtDNA
damage [58]. Altogether, these data highlight the beneficial
effects of exercise training with respect to mitigating age-
associated changes within skeletal muscle. In addition to
these intracellular mechanisms, redox unbalance has been
linked to compromised neuromuscular junction morphology
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[29, 50], a mechanism believed to contribute to age-associ-
ated sarcopenia [24]. While not tested in PolG mice, exercise
training has been shown to prevent the loss of neuromuscu-
lar innervation, as master athletes display preserved motor
unit number and neuromuscular stability [54]. Therefore, it
appears that exercise training in both humans and rodents
improves muscle function, muscle mass, and inflammation,
which may be associated mitochondrial bioenergetics [21,
26, 33, 36, 58]. In the next sections we describe the posi-
tive effects of exercise and nutritional lifestyle interventions
within the elderly population. Additionally, we highlight
how these interventions can target mitochondrial function
and redox balance in order to support the beneficial out-
comes of these strategies.

Exercise

Exercise is a front-line intervention for the prevention and
treatment of a large range of chronic diseases, including,
type-2 diabetes mellitus (T2DM), metabolic syndrome, neu-
rological disease, osteoporosis, and cardiovascular disease.
Exercise training can be classically distinguished as endur-
ance or resistance in nature, although all weight-bearing
exercise should be considered on a continuum of power and
duration. Endurance “type” exercise is composed from min-
utes up to several hours at various intensities, incorporating
repetitive, low-resistance load contractions. On the other
hand, resistance focussed training consists of short-duration
activity at high intensity, with relatively few repetitions. The
divergent adaptations as a result of these two kinds of exer-
cise modalities can easily be observed, as in general terms,
but not exclusively, endurance training improves cardiac
function and aerobic performance while resistance train-
ing is known to increase muscle mass and strength. Older
individuals benefit from both kinds of exercise training, and
therefore a multicomponent plan of physical training, based
on exercises to improve force-production, aerobic fitness,
balance, and motor coordination, has been suggested for the
elderly population.

Aerobic training is well established as a strategy to
induce mitochondrial biogenesis and improvements on
mitochondrial function in skeletal muscle. These param-
eters are inversely associated with age-related chronic dis-
eases. Indeed, trained older individuals can present with
mitochondrial ATP production and whole-body health
status at the same level than young sedentary people. This
demonstrates the independent positive effects of exercise
over skeletal muscle mitochondrial function and total body
health [62]. Specifically, aerobic training increases gene
expression related to mitochondrial function (COX4 and
ND4) and mitochondrial biogenesis (PGC-1a, NRF-1,
and TFAM) [44]. Indeed, 12 weeks of endurance exercise
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training increase cardiorespiratory fitness in older people.
These improvements are associated with increments in skel-
etal muscle mitochondrial content, such as cardiolipin and
mtDNA. Additionally, aerobic training increases mitochon-
drial NADH oxidase and succinate oxidase activity [44].
Furthermore, aerobic training increases catalase expression,
which can improve the antioxidant defense in the skeletal
muscle of older people [18].

On the other hand, strength training is well recognized
as one of the most effective strategies to reduce age-related
skeletal muscle loss. In older individuals, the age-related loss
of skeletal muscle mass is primarily caused by a reduction
in muscle fiber cross-sectional area, which predominately
occurs in type II fibres [70]. Type II fibres are distinguished
from type I fibres by a greater force- and power- producing
capacity. The atrophy of type II fibres in elderly subjects is
most likely related to a decrease in physical activity, muscle
denervation and/or redox unbalance [26, 49]. Resistance-
type exercise training has been shown to increase skeletal
muscle mass and strength in a variety of older and more
compromised populations [35, 56]. More specifically, vari-
ous studies have demonstrated that 12-24 weeks structured
resistance-type exercise program can lead to a 1-2 kg gain in
whole-body lean mass and a substantial (20-50%) increase
in muscle strength in the older population [27, 40]. On the
muscle fiber level, the hypertrophic response to resistance
exercise training predominantly occurs in type II muscle
fibres [56]. Heavy resistance exercise training has been dem-
onstrated to effectively increase muscle mass and strength in
women over the age of 90 years [16]. These findings indicate
that the anabolic properties of resistance-type exercise train-
ing on skeletal muscle mass and strength are not restricted
by an individual’s age. While endurance training is known to
induce mitochondrial adaptations, resistance ‘type’ exercise
training is also capable of inducing functional and mitochon-
drial improvements in elderly subjects. In a recent study,
we demonstrated an increase in maximal oxidative phos-
phorylation (OXPHOS) after 12-week of resistance exercise
training in elderly subjects. Also, after the training period,
mitochondrial ADP sensitivity was increased in the skel-
etal muscle of the participants, and the ability of ADP to
decrease mitochondrial ROS emission was increased [26].
These data demonstrate the ability of exercise to improve
mitochondrial bioenergetics in the skeletal muscle of older
individuals.

High-intensity interval training (HIIT) has been proposed
as an alternative training based on extremely low-volume
of sessions. Older adults who performed 12-week of HIIT
on cycle ergometer showed an increase in several markers
of mitochondrial content in skeletal muscle [72]. Addition-
ally, when comparing different models of exercise training,
12-week of HIIT increased mitochondrial respiration while
there was no effect following resistance training. However,
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when the data from HIIT training participants were normal-
ized by mitochondrial protein content, there was no effect of
HIIT on mitochondrial respiration [72]. These data reinforce
the importance of mitochondrial biogenesis in response to
exercise training, however, the influence of HIIT on redox
biology within aging remains to be determined. Since a mul-
ticomponent plan for exercise training has been suggested
for older people, a mix of endurance and resistance training
could be an alternative to improve the cardiovascular sys-
tem, mitochondrial function, and skeletal muscle strength.
Indeed, a combination of exercise training, composed of
endurance and resistance training was able to increase mito-
chondrial oxidative phosphorylation and body composition
in older people [28].

Nutrition

In addition to exercise, nutrition interventions can be advan-
tageous to increase muscle health, antioxidant capacity, and
mitochondrial bioenergetics. Currently, there are several
nutritional experiments aiming to improve quality of life
and longevity in humans. Polyphenols compounds and pol-
yunsaturated fatty acids are among the most interventions
studied. Here, we highlight how these dietetic manipulations
can impact mitochondrial function, redox status, and inflam-
mation in older people.

Aging is linked with low-grade chronic inflammation,
which has been implicated in skeletal muscle health and
sarcopenia [2]. Omega-3 (n-3) polyunsaturated fatty acids
(PUFAs) are receiving increasing attention due to their anti-
inflammatory action in several conditions, such as cancer,
diabetes, and metabolic syndrome. The main biological
effects come from the presence of docosahexaenoic (DHA)
and eicosapentaenoic acid (EPA), which can be incorpo-
rated in the sarcolemmal and mitochondrial phospholipidic
membranes [25, 43], increasing fluidity due to the presence
of unsaturated binding in its structural composition. Impor-
tantly, omega-3 PUFA supplementation increases mitochon-
drial ADP sensitivity without alterations in mitochondrial
content or oxidative stress markers in healthy humans [25].
Recently, the effects of n-3 PUFA supplementation were
tested in skeletal muscle mitochondria from older men. Six-
teen weeks of n-3 PUFA supplementation was not able to
change maximal mitochondrial oxygen consumption, how-
ever, there was a decrease in mitochondrial ROS emission in
the presence of several substrates [37]. These findings raise
the positive biological effects of n-3 PUFA on mitochondrial
function and redox state, which can lower inflammation and
improve muscle function in elderly.

Omega-3 PUFA can present positive effects on muscle
protein synthesis (MPS) in younger and older adults [66].
Supplementation with n-3 PUFA increased MPS rate and

attenuates muscle mass loss during immobilization [43]. In
older humans, 6 months of n-3 PUFA supplementation atten-
uated muscle mass loss and muscle strength [67]. Also, these
effects of n-3 PUFA supplementation in older people were
associated with alterations on several genes set pathways
related to mitochondrial function [75]. These results from
n-3 PUFA supplementation and muscle mass maintenance
reinforce the role of mitochondrial function in redox balance
and inflammation status of older people.

Several other nutritional compounds possess some anti-
oxidant activity or impact mitochondrial function and have
therefore been applied to balance redox state in older people
and slow the impact of oxidative stress. Among them, much
attention has been given to the therapeutic effect of dietary
polyphenols, which have been shown positive effects on age-
related oxidative stress, inflammation and toxin accumula-
tion [61]. Resveratrol is a non-flavonoid belonging to the
stilbene class of compounds found abundantly is peanuts,
blueberries, pine nuts, and grapes. Resveratrol is believed to
modulate the expression and activity of different molecular
targets, such as AMP-regulated kinase (AMPK) and NAD-
dependent deacetylase Sirt-1 [4]. Mitochondrial content
and function are regulated by these molecular pathways,
and both appear to be altered in aging [74]. Therefore, res-
veratrol has been studied to restore these molecular path-
ways and redox equilibrium in senescent cells. Although
several studies in cell culture or laboratory animals’ models
show positive effects of resveratrol on antioxidant defense,
inflammation, and lifespan [4, 53], human studies are not so
consistent. Resveratrol supplementation for 6 weeks in older
adults increases the expression of several mitochondrial
genes, however, it is noteworthy that mitochondrial func-
tion or redox state was not directly addressed in this study
[53]. In addition, resveratrol supplementation seems to blunt
exercise training-induced adaptations, such as improvements
on VO, .. and angiogenesis, in aged humans [17]. Due to
antioxidant effects of resveratrol, it may be speculated that
exercise-induced cellular signals (mainly ROS production)
could be blunted by resveratrol supplementation. It is note-
worthy that other polyphenols, such as curcumin and querce-
tin, have been pointed out as aging regulator molecules due
to their antioxidant’s proprieties. However, regarding inflam-
mation and oxidative stress aged-related, the effects of these
antioxidants are not clear yet. Also, it is still unknown how
these molecules can act in the presence of exercise-induced
adaptations on mitochondrial function and redox status.

In summary, nutrition interventions and exercise training
may be modulated to target mitochondrial function in skel-
etal muscle of aged people. These interventions can restore
mitochondrial function, content and redox state, which
could support the positive effects on inflammation, oxida-
tive stress, and sarcopenia in this population. However, it
remains to be demonstrated the combined effects of exercise
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training and nutrition interventions on mitochondrial func-
tion. Also, these interventions need to be more elucidated in
several situations that are common for elderly people, such
as immobility, physical inactivity or metabolic diseases.

Conclusion

One hallmark of aging is a decrease in mitochondrial content
and redox unbalance. Although historically ROS production
was seen as harmful to cell function, currently ROS must
be interpreted as signaling molecules, controlling inflam-
mation, skeletal muscle mass, atrophy, and mitochondrial
quality, by mitophagy, fusion, and fission. This new vision of
ROS requires future studies examining mitochondrial ROS
emission/buffering under physiological conditions as well as
following different stresses (i.e. immobility, exercise, and/
or nutrition interventions) to fully delineate a mechanistic
relationship between mitochondrial bioenergetics, anabolic
resistance, atrophy and ultimately sarcopenia. Additionally,
a detailed topology of ROS emission during aging is neces-
sary for a better understanding of the role of free radicals in
mitochondrial damage and retrograde cell signaling. Never-
theless, despite the absence of a clear optimal exercise pre-
scription, exercise training has consistently demonstrated a
protective effect on pathological aging, and therefore should
be advocated as an affordable and reliable intervention.
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