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Abstract Aging is multidimensional and the loss of physical activity may be an
important reason in a number of age-related diseases. Exercise seems to be a required
challenge for the modern urban society in order to maintain a healthy life. An indi-
vidual’s capacity to utilize oxygen is an indicator of their Reactive Oxygen Species
(ROS) generation rate. The common feature of all age-related disorders is the reduced
quantity and quality of mitochondria due to the overproduction of ROS. Regular
aerobic exercise induces the biogenesis and functionality ofmitochondria via various
pathways such as peroxisome proliferator-activated receptor-γ coactivator 1 alpha
(PGC-1a) during aging. According to recent findings revealing that the sources of
aging and exercise-induced ROS are both mitochondrial and extramitochondrial.
Although going over of the physiological limits of ROS has detrimental effects,
it allows the cells to adapt to exercise-induced stress within individual physiolog-
ical limits. Thus, regular antioxidant supplementation might be beneficial for the
elderly with regards to exercise performance. Albeit redox homeostasis is funda-
mentally related to aerobic type of exercise, anaerobic exercise has proven to be
beneficial during aging. Regular exercise of low intensity and short duration, that
targets endurance, strength, balance, and flexibility, would be effective in enhancing
quality of life and aging longevity.
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6.1 Introduction

Life expectancy and advancement in the healthcare system have been improving
coordinately for the last 200 years, and the current research has been targeting a
further improvement in quality of life particularly in the context of elderly mortality
(Madreiter-Sokolowski et al. 2020). Although the advancement in health systems,
including vaccination development can lead to a healthier lifestyle, the prevalence of
age-related complications remains high. The misdiagnosis of health problems being
age-related for the general population by the scientific community is among the
factors that hinder the understanding of the aging process and diseases. Recent papers
have recommended that external methods such as behavioral changes can influence
delayed aging and diseases. Exercise is one of the main behavioral strategies that
can delay aging and various age-related chronic diseases including cardiovascular
diseases, obesity, diabetes and neurodegenerative diseases such as Alzheimer’s or
Parkinson’s diseases (Ezzati et al. 2008; Booth et al. 2012; Jaul and Barron 2017).
However, there is no specific exercise-linked mechanism that delays aging and age-
related diseases that has been so far established. This demands us to focus on other
mechanistic theories of howagingprocesses are regulated. Themost studied theory so
far in aging is the oxidative stress theory of aging first postulated byDenhamHarman
in the 1950s which is otherwise called the free radical theory of aging, an idea that
tells that production of oxygen-free radicals during themetabolic process can regulate
the aging phenomenon through inducing oxidative damage in the cellular structures.
However, recent studies contradict this concept that within a certain level of ROS can
regulate various signaling which leads to a delay in the aging processes and diseases.
During oxidative metabolism, the superoxide radical anion (O2

−) formation is the
initial formation that further produces various ROS either by chemical reactions
or by cellular enzymes resulting in redox shifts. For the human coping system to
deal with oxidative stress, powerful antioxidants including superoxide dismutase
(SOD), catalase (CAT), and glutathione system (GSH) can intoxicate ROS or make
O2

− to become less reactive ROS or inert products. These less reactive ROS such
as hydrogen peroxide (H2O2) may function as a signal or mimic some important
signaling including age-related signaling. For example, a common oxidative product
of methionine named methionine sulfoxide increases during aging, and it can be
restored by the enzyme called methionine sulfoxide reductases (MSR) A and B. The
overexpression of MSR is linked with an increased stress resistance and extended
lifespan, but the expression of these antioxidants during aging may be limited, which
demands additional factors that could induce this enzyme or keep the oxidative stress
at the physiological level. Physical exercise is one of the factors that can maintain
cells under a physiological oxidative stress level.

Advanced technologies have generally increased a physically inactive lifestyle.
Exercise is a required challenge for the elderly in order to keep up homeostasis which
demands an integrated organ systems response, supporting the form, structure, and
functions of the body. Exercise is a keyway to sustain physical activity at an optimum
level. The general types of exercise are strengthening, stretching, balance, and aerobic
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exercise. Being healthy necessitates all of these. However, aerobic exercise has a
special emphasis on aging and the metabolism of free radicals. Aerobic exercise,
i.e., endurance exercise, is any type of repetitive activity which provides work to the
lungs, cardiac, and skeletalmuscles. In otherwords, it requires a higher rate of oxygen
consumption and mitochondrial activity, which facilitates higher ROS production,
while exercises like strengthening can produce site-specific oxidative stress, which
may not reflect on the entire organism resulting in ROS-mediated signaling failure.
The failure in the implementation of exercise regimens for the general society of
aging people leads to inactivity induced age-related diseases. Mismanaging exercise
regimens such as timing, duration, intensity, and individual training status may addi-
tionally lead to inducing pathological changes in the cells instead of maintaining
ROS homeostasis. This scenario allows any organism to become more prone to
age-related disorders and apoptosis instead of delaying aging. Focusing on all these
aspects not only provides better management of increasing muscle strengthening and
gait training, but also provides protection against aging and age-related diseases.

6.2 Aging, Exercise, and Free Radicals

Accelerated free radical generation may occur as a response to acute and habitual
exercise. Previous studies investigated that physical activity positively affects the
quality of life via decreasing age-related physical inactivity, frailty, and supporting
mental performance in aged rats but has no effect on extending their life span (Deepa
et al. 2017; Cao et al. 2012). Also, it was demonstrated that exercise does have health
benefits, due to the resulting optimal physiological rate of ROS formation.

In addition, excessive amounts of antioxidants supplementation have been widely
preferred to reduce the detrimental effects of free radicals generated during exercise.
However, scientific findings have revealed contrary results. It has been demonstrated
that amegadose of vitaminC supplementation in training inhibits exercise adaptation,
mitochondrial biogenesis, and the synthesis of antioxidant enzymes (Gomez-Cabrera
et al. 2008). Later, Ristow et al. (2009) stated that antioxidant intake during exer-
cise hindered exercise-related physical performance enhancement and overall health
improvement.

6.3 Exercise-Induced Extramitochondrial ROS

Albeit mitochondria are generally accepted as the source of free radical formation
in aging, recently scientists believe that this radical-centered aging theory has lost
its importance. Aging is probably a multidimensional cause process. Mitochondria
are also considered as the ROS formation center during exercise. Indeed, recent
scientific findings suggest that there are other sources of free radical formation in
exercise. Even the relationship between free radical metabolism and exercise during
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aging still requires further studies, while the beneficial effects of exercise on all
physiological systems is unquestionable. The most studied tissues related to ROS
formation in exercise are the heart, lungs, white blood cells, and skeletal muscles
(Gomez-Cabrera et al. 2009; Powers and Jackson 2008). Superoxide and nitric oxide
(NO) are the radicalsmainly formed in cells and both can potentially react to generate
a series of other ROS formations and reactive nitrogen species (RNS). As mentioned
above, there may be other sources for ROS formation outside of mitochondria in
exercise, such as nicotinamide adenine dinucleotide phosphate (NAD(P)H) oxidase
(NOX) from transverse tubules (T-tubules), the sarcolemma, the sarcoplasmic retic-
ulum, and neutrophils secondarily, via myeloperoxidase. As the family members of
NOX are differentially expressed among tissues, NOX1 to NOX5 and DUOX1 and
DUOX2 make up the NOX family while DUOX1 and DUOX2 are homologs of
NOX2, which are composed of the NOX-like region at the C-terminal half, two EF-
hands, amembrane-spanning region, and a peroxidase-like domain at theN terminus.
Therefore, they are called dual-oxidase, DUOX (Katsuyama et al. 2012). NOX1,
NOX3, and NOX5 form a superoxide, while DUOX1, DUOX2, and NOX4 seem to
mainly produce H2O2 (Katsuyama 2010). NOX2, NOX4, and their partner proteins
(p22phox, p67phox, p47phox, and p40phox) are expressed in skeletal muscle (Cheng
et al. 2001) and are found in T-tubules, the sarcolemma, and the sarcoplasmic retic-
ulum while NOX4 also exists in mitochondria (Sakellariou et al. 2013). The flavin
adenine dinucleotide (FAD) andNADPH-binding sites and six transmembrane alpha-
helices with cytosolic N- and C-termini exist in NOX isoforms (Bedard and Krause
2007) which seem to play significant roles in the skeletal muscle fibers’ adaptation
to exercise in response to physiological stimuli (Sakellariou et al. 2013). In contrast,
the overactivity of NO synthase (NOS) isoforms in glycolytic muscle causes atrophy
in experimental rats (Cunha et al. 2017). In this process, the NF-κB was activated
and the p38 phosphorylation was increased while on the other hand, aerobic exercise
training diminished p38 phosphorylation and NF-κB activation. The aforementioned
aerobic exercise was of a long-term, low-intensity exercise in which the mitochon-
drial energy system was used more actively. This type of exercise might cause ROS
formation and the activation of upper cascade molecules of PGC1a, which might
lead to a PGC1a expression. The PGC1a might have activated the expression of
antioxidant enzymes with the genes involved in mitochondrial biogenesis in oxida-
tive muscle as the antioxidant enzymes’ activities are very low in glycolytic muscle
fibers. The antioxidants expressed in slow-twitch muscles by way of aerobic exer-
cise detoxify over-formed ROS in the cellular environment since a superoxide is very
labile and reduced to H2O2. This non-radical, weak oxidant is more stable and can
diffuse across cell membranes. H2O2 also generates the hydroxyl radical (OH·) by the
Fenton Reaction if there is free iron or transition metals in the cellular environment.
Iron is freely present in skeletal muscle at a rate of 10–15% and is mostly found in
mitochondria and myoglobin while OH·, which is highly reactive, is known to cause
damage to lipids, proteins, and DNA. Nevertheless, H2O2 is considered as second
messenger due to its feature of being more stable and more suitable for intercellular
transfer.
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The necessity of phospholipase A2’s function has been shown in both tiring
and repetitive muscle contractions (Gong et al. 2006). Phospholipase A2 enzyme
enhances intercellular ROS formation while also causing the activation of NAD(P)H
oxidase enzymes and is effective in separating arachidonic acids from membranes.
Arachidonic acids are a substrate for ROS-forming enzyme systems like cyclooxy-
genase and lipoxygenase. There are two types of phospholipase A2 enzyme isoforms
in skeletal muscles: calcium-dependent and calcium-independent. Both of these
isoforms are active in the formation ofROS inmuscle contractionwhile only calcium-
independent isoform supports the formation of cytosolic ROS (Zhao et al. 2002),
only calcium-dependent isoform plays a role in generating mitochondrial ROS in
skeletal muscle (Zhao et al. 2002). Furthermore, calcium-independent phospholi-
pase A2 is found in the myotubes of adult mice tissues lile, diaphragm, soleus,
extensor digitorum longus, gastrocnemius, and heart. The expression and protein
levels of phospholipase A2 muscular cells exhibit no difference in levels among rat
muscles. Phospholipase A2 was reported to arrange cytosolic oxidant activity and
contractile function in murine skeletal muscle cells while the blockage of phospho-
lipase A2 caused reduced cytosolic oxidant activity in myotubes and intact soleus
muscle fibers. As a result, a diminished soleus muscle function and depressed force
production with a rightward shift in the force–frequency relationship was observed.
The scientists also reported all these changes could be repeated by the depletion of
superoxide anions (Gong et al. 2006). Thefindings of this research show that calcium-
independent phospholipase A2 regulates the oxidant activity of skeletal muscle by
supporting the formation of ROS, and thus, it might affect muscle contraction and
fatigue during physical activity.

The xanthine oxidase (XO) is the most ROS productive enzymatic system among
the other enzyme systems and exists in most tissues and organs as well as in the
vascular endothelium. XO delivers electrons to molecular oxygen and forms O2 ·–
by a one-electron reduction or H2O2 by a two-electron reduction. Then, hydroxyl
radicals can be generated in the presence of iron or other transition metals. Vida
et al. (2011) investigated the activity and expression of the XO in the liver, kidney,
and thymus of different age groups of mice, including long-lived ones. A higher
activity and expression of XO were determined in all the tissues of old mice. The
inhibition of XO by allopurinol revealed that XOmay have a special relevance in the
formation of H2O2 in older animals. Furthermore, among the other ROS generating
enzymes, XO had the highest activity and expression amongst all tissues, therefore
XOmight play an important role in the etiology of aging.Additionally,whenLee et al.
(2009) reviewed ischemia–reperfusion and heart failure in association with XO, they
reported the inhibition of XO diminishes the formation of ROS as well as uric acid
production in ischemia and reperfusion injury. During exercise, hypoxia occurs at
tissue level for short periods of time so,XOmight bemore effective during these times
as XO was informed as an oxidant producer in high-intensity intermittent exercise
(Gomez-Cabrera et al. 2006). This type of exercise fundamentally meets its energy
requirement from anaerobic glycolysis. Low levels of ATP results in an accumulation
of hypoxanthine and xanthine and conversion of xanthine dehydrogenase toXO. This
process is a step for O2 generation in the replenishment of oxygen to a relatively
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hypoxic muscle (Kaminsky and Kosenko 2009). By inhibiting XO by allopurinol, a
reduction in muscle oxidative stress after strenuous exercise in both rats and humans
was observed (Gomez-Cabrera et al. 2010), though human skeletal muscle has low
levels of xanthine dehydrogenase or oxidase (Hirschfield et al. 2000). These outcomes
suggest that XO might generate ROS effectively in anaerobic exercise. Moreover,
the decrease in lung capacity and the consumption of less oxygen during aging may
be one of the reasons why this enzyme is more effective in ROS production in the
elderly.

6.4 Exercise-Induced NO

Nitric oxide, which is a highly diffusible gas, is synthesized via NO synthase’s
enzymes in a number of cell types. There are three NOS isoforms: neuronal NOS
(nNOS/NOS1); endothelial NOS (eNOS/NOS3); and inducible NOS (iNOS/NOS2).
L-Arginine is converted into NO and citrulline via these NO synthases. NO reacts
with oxygen to form nitric dioxide and reacts with superoxide to generate perox-
ynitrite which is a strong oxidizing agent. Albeit, NO is synthesized in various
cells, it has an important role in the cardiovascular system, nervous system, and
skeletal muscle contraction. NO diminishes leukocytes adhesion, aids vasodilation,
and lessens thrombosis and apoptosis. Arterial hypertension, atherosclerosis, heart
failure, and neurodegenerative diseases have endothelial dysfunction, which are
related to a reduction in NO bioavailability in aging while eNOS expression and
activity decrease in aged vascular system. Indeed, aged endothelial dysfunction is
related to a higher expression of proinflammatory enzymes, i.e., cyclooxygenase-2
(COX-2) and iNOS. Augmented NO synthesis is based on iNOS, which reacts with
ROS to produce RNS and deforms post-translational modification of proteins. All
these result in a higher vasoconstriction tonus in the arteries of the elderly (Novella
et al. 2013).

All three NOS enzymes are found in skeletal muscle. The eNOS and nNOS are
Ca2+-dependent isoforms, while iNOS is Ca2+-independent. These three enzymes
are normally responsible for NO synthesis at a lower physiological level. NO, like
ROS, shows its toxic effects depending on its levels. When NO is expressed in high
levels in the cellular environment, it shows its toxic effects. The nNOS isoform is
expressed at a higher ratio in fast-twitch muscle fibers when compared with slow-
twitch fibers (Reid 1998). The iNOS expression rate increases with respect to aging.
In other words, iNOS’s role inmuscle contractile function decreases while increasing
its inflammatory role (Song et al. 2009). It is informed that NO synthesis increases
during muscle contraction, while muscle fibers form lower physiological levels of
NO during inactivity (Pye et al. 2007). Moreover, NOS inhibitors lead to an increase
of muscle force production, though NO providers cause a depression in muscle force
generation during submaximal tetanic contractions (Andrade et al. 1998). Song et al.
(2009) investigated the effects of endurance exercise on NOS enzymes in the soleus
and white gastrocnemius muscles in aged rats. In aged, sedentary rats, the protein
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level and enzyme activity of iNOSwas found to be high in both fast- and slow-twitch
muscles while the protein level of nNOS was found to be lower in each muscle, the
protein level of eNOS was only found to be lower in the white gastrocnemius. In
addition, after endurance exercise, an increase in the protein level of nNOS was
detected in both muscles, while an increase in the protein level in the fast-twitch
muscle was detected only in the eNOS enzyme. When the eNOS and nNOS enzyme
activities were evaluated together after exercise, only in the white gastrocnemius
muscle was an increase found. No significant change in the protein level and enzyme
activity of iNOS were found in both muscles from endurance exercise (Song et al.
2009). This studywas supportedby another research.Chunget al. (2001) reported that
a caloric restriction diminished age-related augmentations in the proinflammatory
mediator cytokines, iNOS, and NF-kB in the kidney, heart, and brain. In summary,
the findings show that there is an increased iNOS expression in the brain, skeletal
muscle, and endothelial cells, though there is a decreased expression of nNOS and
eNOS in these tissues. Unlike nNOS and eNOS, that are responsible for lower levels
of NO synthesis, iNOS is responsible for a higher ratio of NO synthesis. In the study
of Song et al. (2009), endurance exercise increased the expression of the nNOS and
eNOS ratios in the fast-twitch muscle, while there was no change in the expression
level of these enzymes in the slow-twitch muscle. These findings show that different
mechanisms may be more effective in the slow-twitch muscle during aging.

6.5 Aging, Exercise, and Nrf2 Signaling

Redox shift, inflammation, and mitochondrial dysfunction alter the way of signaling
pathways from the way they should behave in aging cells which finally contribute
to degrading the molecular process and manifest age-related pathologies. Studies
have reported that ROS can mediate to crosstalk these signaling pathways (Silva-
Palacios et al. 2018;Yanar et al. 2020).However, how this is orchestrated during aging
is not well established particularly at the transcriptional level of the antioxidants’
expressions. The transcription factor nuclear erythroid-2-p45-related factor-2 (Nrf-
2) is not only themaster regulator of antioxidants, but it can also contribute to regulate
several cytoprotective genes (approximately 250) including detoxifying enzymes and
drug transporters (Silva-Palacios et al. 2018). Generally, Nrf-2 is coupled with the
cysteine-rich Keap-1 protein which is associated with the Cullin-3 (Cul-3) and Ring-
box protein. This scenario leads to Nrf2 ubiquitination and proteasomal degradation.
ROS exposure induces the cysteine oxidation within the Keap-1 (Cys 151, Cys273,
Cys288), which results in the release of Nrf2 and the further re-establishment of
redox status. The activation of Nrf2 is not only dependent on ROS exposure, but
also depends on aging. Nrf2 expression declines with aging and this decrease may
be related to the decrease of Nrf-2 target genes such as quinone 1 (NQO1) and
heme-oxygenase 1 (HO-1) (Done et al. 2016). Furthermore, an external stimulus
can activate Nrf2 and extend its half-life. Exercise is a known external stimulus
that induces various stresses on the skeletal system such as oxidative, mechanical,
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and thermal stresses. Therefore, it is clear that exercise can induce a redox balance;
however, how the exercise protocol can activate Nrf2-ARE pathway and what is the
duration or intensity necessary to activate the Nrf2-ARE pathway remains unknown.
Yet, studies have shown that Nrf2 activation depends on exercise duration (>60 min
of exercise) (Li et al. 2015; Wang et al. 2016). However, the duration could be varied
even more during the condition of aging as elderly individuals may respond poorly
to this redox balance. Consequently, Nrf2 accumulation and its stability becomes
lower with aging, suggesting that there is an important role to Nrf2 and biological
aging (Yates et al. 2007). It was observed that acute exercise impaired the Nrf2
nuclear accumulation and its downstream antioxidant genes in the aging animals,
but moderate 6-week exercise restores the Nrf2 accumulation and antioxidant genes
(Gounder et al. 2012). However, studies have shown that exercise only influences
the gene expression rate during aging, and does not impact the level of protein
response such as SOD1 and HMOX to exercise (Done et al. 2016). This may be
due to having a defect in the sampling collection which will delay in the detection
of protein after the exercise stimulus, suggesting that the change in the findings
of the protein synthesis need several hours or even days or weeks after exercise.
Nonetheless, exercise’s influence on mRNA expression within hours of exercise is
assumed to be as a response to aging (Done et al. 2016). Therefore, focusing on
exercise duration and the number of stimuli that influence Nrf2 expression and by
following its target genes in the subjects will pave the way to developing exercise
as non-pharmacological approach to preventing aging and diseases (Fig. 6.1). The
Nrf-2 and further antioxidant activation via the redox balance during exercise is
demonstrated in Fig. 6.1.

6.6 Exercise-Induced Mitochondrial ROS

The mitochondria control cell cycles, various aging processes, redox homeostasis,
and apoptosis. Exercise is one of the non-pharmacological interventions for allevi-
ating age-related impaired redox status. Oxidative metabolism in the mitochondria
is the major source of ROS along with producing ATP through oxidative phos-
phorylation. Approximately 0.2–2% of molecular oxygen undergoes a one-electron
reduction into superoxide radicals in the respiratory complexes I and III. This is
further converted into singlet oxygen or H2O2.

An increase in mitochondrial ROS is linked with oxidative damage and a loss of
mitochondrial membrane potential which further releases pro-apoptotic factors and
induces apoptosis. ROS is also linked with telomere shortening and DNA damage.
Biological aging is characterized by the increase in mitochondrial ROS, mutation
in the mitochondrial genome, morphological abnormalities in the mitochondria, and
ATP synthesis impairment. As mentioned above, exercise can be the rejuvenating
method that can alter ROS-mediated intracellular signaling, decrease the energy ratio
(NAD/NADH and AMP/ATP), and increase the release of several circulatory factors
which all coordinately activate mitochondrial biogenesis pathways such as PGC-1a,
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Fig. 6.1 Schematic illustration represents that an exercise-induced redox shift activates the Nrf-
2 and a further antioxidant response, which results in a regulation of the molecular processes
and delays aging and prevents diseases. Nrf2: nuclear erythroid-2-p45-related factor-2; ARE:
antioxidant response element; Keap-1: Kelch-like ECH-associated protein 1

SIRT1, and AMPK and antioxidant defense genes including Nrf2-Keap-1. Further,
exercise strengthens the immune system and contributes to the removal of damage
which ultimately increases the functional capacity of the organs. Aerobic exercise is
the gold-standard method to increase mtDNA replication, protein expression, enzy-
matic antioxidants, and ATP synthesis. For example, Viña et al. (2009) reported
that aerobic training improves mitochondrial biogenesis (PGC-1a and Nrf1) and
increases the respiratory complex capacity during aging. One of the important things
to consider is that the reduction in mitochondrial content is associated with aging
or the increased inactivity that comes with aging. Furthermore, whether exercise
has an important role in maintaining mitochondrial content and function or whether
exercise can aid in the recovery of mitochondrial content during aging is not known.
Indeed, scientific findings show that aerobic or anaerobic exercise training is effec-
tive in preserving both mitochondrial content and function and has positive effects
on the quality and quantity of mitochondria in all age groups. Indeed, prolonged
moderate-intensity aerobic exercise at 50–70% of VO2max for 12 weeks showed
an increased mitochondrial quality, NADH oxidase, and succinate oxidase enzyme
activity levels in the elderly (Menshikova et al. 2005). In a similar manner, regular
anaerobic exercise, i.e., strength training, enhancedmitochondrial qualitywith poten-
tially increased efficiency in mitochondrial complex I and complex II with respect
to maximum electron transfer (Porter et al. 2014). Furthermore, progressive strength
exercises at 50–75% of one-repetition maximum decrease mtDNA deletions in older
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adults (Tarnopolsky 2009). Tarnopolosky also reported that strength training partially
activated satellite cells, which fused with the myofiber and brought in undamaged
wildtype mtDNA. These studies illustrate that both aerobic and anaerobic exercise
models have positive effects on mitochondrial content and function. Both types of
exercise in these studies are of moderate intensity: Aerobic exercise is at 50–70%
of VO2max while anaerobic exercise is at 50–75% of one-repetition maximum. It
is expected that ROS formation rates in these exercise types might have been at a
lower level. Radak et al. (2005) proposed to apply the hormesis theory to ROS, which
appears to plateau during exercise. ROS at lower levels has a modulation effect on
the cellular environment like as in signaling, receptor stimulation, and enzymatic
stimulation, though an over-generated ratio of ROS damages macromolecules and
may result in apoptosis or necrosis.

6.7 Aging, Exercise, and PGC1a Signaling

PGC-1a can be regulated by multiple signaling pathways during endurance exercise.
Silent mating type information regulation 2 homolog 1 (SIRT1), AMP-activated
protein kinase (AMPK), calcineurin A, Ca2+/calmodulin-dependent protein kinases,
p38MAPK, NO, and ROS can activate PGC-1a (Erlich et al. 2016; Philp and Schenk
2013; Canto et al. 2009; Serrano et al. 2001; Puigserver et al. 2001). The activation of
PGC-1a during exercise is also partially aided by β-adrenergic signaling (Miura et al.
2007), while the cAMP and cAMP response element-binding protein (CREB) seems
to activate a PGC-1a expression (Herzig et al. 2001). The activation of AMPK is
associated with diminished levels of ATP during exercise in muscles. AMPK either
directly phosphorylates PGC-1α or activates it via promoting Sirt1 (Canto et al.
2009). Muscle contractions activate the Ca2/calmodulin-dependent serine/threonine
protein phosphatase calcineurin A and Ca2/calmodulin-dependent protein kinases
(Serrano et al. 2001). p38 MAPK phosphorylates and activates PGC-1a (Puigserver
et al. 2001), which seems to be in the center of exercise-induced PGC1a regula-
tion (Fig. 6.2). The regulation of PGC1a during endurance exercise is illustrated in
Fig. 6.2.

Muscle contraction causes NO generation via both eNOS and nNOS. Both have
been reported to be activated by Ca2/calmodulin and AMPK (Pattwell et al. 2004;
Tatsumi et al. 2009; Close et al. 2005). However, PGC-1a activation through NO
seems to be blunted during exercise. Exercise induces activity in all three NOS
enzymes isoforms (endothelial, neural, and inducible isoforms) and the generation
of NO. Boushel et al. (2012) reported that NO competes with oxygen in order to
bind to a 3-heme-site of cytochrome oxidase at a lower physiological level and
reversibly decreases the oxygen consumption of mitochondria. However, NO forms
peroxynitrite at a higher level, which irreversibly inhibits complex I and II of the
electron transport chain. On the other hand, the upregulation of the slow-twitch
myosin heavy chain (MHC I) during overload exercise necessitates NO (Sellman
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Fig. 6.2 Schematic illustration represents endurance exercise-induced signaling pathways, ROS
and RNS activation of the PGC1a, and further gene expressions, which results in regulating
mitochondrial biogenesis. ROS: reactive oxygen species; NO: nitric oxide; PGC1a: peroxisome
proliferator-activated receptor-γ coactivator 1 alpha; AMPK:AMP-activated protein kinase; SIRT1:
silentmating type information regulation 2 homolog 1;Nrf2: nuclear erythroid-2-p45-related factor-
2; Tfam: mitochondrial transcription factor A; p38 MAPK: p38 mitogen-activated protein kinases;
eNOS: endothelial nitric oxide synthase; nNOS: neural nitric oxide synthase; ATP: adenosine
triphosphate; AMP: adenosine monophosphate; NAD: Nicotinamide adenine dinucleotide; NADH:
Nicotinamide adenine dinucleotide phosphate

et al. 2006) by the activation of Akt and glycogen synthase kinase-3 (GSK-3) and
CnA/NFAT-dependent signaling (Drenning et al. 2008).

Ca2/calmodulin andAMPK activate eNOS and nNOS in skeletal muscle (Tatsumi
et al. 2009). In addition, it is reported that NO interacts with AMPK which cooper-
atively regulate PGC-1α in skeletal muscle cells (McConell et al. 2010). Endurance
exercise induces a PGC-1a expression which cannot be hindered by either the dele-
tion of eNOS (or nNOS) genes in mice or the inactivation of NOS enzymes in rats
(Wadley andMcConell 2007). These outcomes suggest that NO plays to some extent
a regulatory role in PGC-1a, but there are some alternative ways to exercise-induce
the upregulation of PGC-1a (Fig. 6.2).
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6.8 Exercise and Antioxidant Defense

Free radicals are products of normal cellular function and the natural physiolog-
ical process. They have both beneficial and toxic effects depending on their cellular
levels in the metabolism. When free radicals are over-generated, i.e., when they
exceed the antioxidant capacity, their harmful effects cannot be avoided.Antioxidants
are basically classified into two groups as endogenous and exogenous. Exogenous
antioxidants are nutritionally taken by one’s diet and/or supplements. Endogenous
antioxidants are synthesized by the body, and this group of antioxidants is further
divided into two subgroups, enzymatic and nonenzymatic. The former group consists
of superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reduc-
tase (GR), and catalase (CAT). Nonenzymatic antioxidant group includes glutathione
(GSH), protein thiol groups, thioredoxin (TRX), ubiquinone/CoQ10, uric acid, lipoic
acid, bilirubin (Kayali et al. 2007, 2009). Some of the free radicals which are formed
in the oxidative metabolism may escape from the control of the endogenous antiox-
idant system. Thus, it may cause oxidative damage to the surrounding mitotic and
post-mitotic tissues, and ultimately initiate the molecular aging process (Cakatay
et al. 2003). Thavanati et al. (2008) reported that muscular glutathione S-transferase
(GST), SOD, and catalase activities were significantly reduced in elderly people. All
of this information suggests that elderly individuals are more susceptible to oxidative
damage due to their diminished muscular antioxidant defense capacity.

The effects of exercise on antioxidant mechanisms in the elderly are still obscure.
Lambertucci et al. (2007a, b) reported that the activities of the CAT,GPX, andCu,Zn-
and Mn-superoxide dismutase (Cu,Zn-SOD) were not changed in the soleus of aged
rats, whereas the activities of the Mn-SOD and XO were found to be decreased.
Furthermore, the same groups of authors reported that the expression levels of CAT,
GPX, and Cu,Zn-SOD were significantly elevated in the soleus of aged rats. There
may be many reasons why the outcomes of Lambertucci et al.’s study were unex-
pected. Some of the possible reasons can be listed as the duration, intensity, and type
of exercise, as well as differences in tissue and ages.

As mentioned earlier, exercise-induced ROS formation enhances the expression
of PGC1a, which leads to the upregulation of endogenous ROS-scavenger enzymes
(St-Pierre et al. 2003, 2006). Moreover, exercise-induced ROS also activates the
nuclear factor kappa-B (NF-kB), which has a role in the regulation of antioxidant
enzyme coding gene clusters (Lingappan 2018). Furthermore, NF-kB is believed
to be an important regulator of muscular adaptation to exercise stress (Cuevas et al.
2005). NF-kB is also reported to modulate redox homeostasis via the upregulation of
the expression of antioxidant enzymes (Jarosz et al. 2017). Indeed, elevatedmuscular
antioxidant enzyme activity illustrates a higher tolerance to exercise-induced ROS
formation (Pittaluga et al. 2006). An increased muscular antioxidant enzyme activity
was reported in aged rodents which undertook a habitual endurance and strength
exercise regime (Lambertucci et al. 2007a, b).

Previous studies indicate that the benefits of antioxidant supplements in exercise
is controversial as the administration of antioxidants negatively affect the adaptation
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process of skeletal muscle to endurance exercise (Morrison et al. 2015; Paulsen
et al. 2014). On the other hand, antioxidant supplementation may interfere with
the muscular redox-signaling pathways during endurance exercise (Gomez-Cabrera
et al. 2015).

The administration of antioxidantsmaybe beneficial for elderly individuals during
exercise. It was reported that the administration of resveratrol ameliorates the aging-
related insufficiency in physical performance in elderly individuals, who have regular
exercise habits (Murase et al. 2009). Moreover, the intake of vitamin C enhances the
physical performance capacity in the elderly (Saito et al. 2012). However, Nalbant
et al. (2009) reported that the supplementation of vitamin E over a 6-month period
has no extra beneficial effects on physical performance as well as aerobic exercise.
In brief, both of the exercises’ effects on the endogenous antioxidant system and the
benefits of exogenous antioxidant supplementation during exercise by the elderly
are thought-provoking. Hopefully, future studies will enlighten all these unresolved
matters.

6.9 Conclusion

Aging is linked with several degenerative processes which are related with restricted
mobility and a compromised quality of life. At the same, finding a target for pharma-
cotherapy is not fully achievable since aging corresponds to multifactorial targets
including cellular and molecular mechanisms. Redox homeostasis management
could be the core of either initiating aging and diseases or regulating age-related
signaling. A slight increase in the level of ROS could facilitate the adaptation of cells
to a better homeostatic status through activating various redox sensitive signaling
mechanisms, by having an effective antioxidant defense system in the cell since
the redox balance is significantly altered in the elderly as aging cells are prone
to an impaired redox homeostasis and aberrant signaling. Exercise is one of the
non-pharmacological approaches that induces an antioxidant enzyme expression and
scavenger activity. It was proven that exercise could produce an over formation of
ROS. The mismanagement of exercise protocols is linked with an unregulated ROS
production and cellular damage. With advancements in techniques developed for the
assessment of ROS, exercise-induced ROS sources (including its further pleiotropic
effect on cellular signaling), metabolic functions, transcriptional factors, we now
know that exercise-induced ROS aids in the cellular adaptations to exercise.

However, ROS has complex interactions withmetabolome, whichmay be the core
of several degenerative diseases and disorders. Also, the overall effects of exercise on
ROS-aging cell interaction still remain a mystery. For example, we still do not know
at what exercise-induced production rate of ROS would be beneficial to the overall
redox status and how it could be maintained in aging cells. Exercise professionals
need to design exercise regimens carefully with respect to the regulation of the redox
status which occurs during aging as the regulation of exercise needs added attention
for establishing an optimum redox status.
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