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Physical training is a potent therapeutic approach for improving mitochondrial health through peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (PGC-1la) signaling pathways. However, compre-

Mitochondria function hensive information regarding the physical training impact on PGC-1a in the different physiological systems with

PGC'AM . advancing age is not fully understood. This review sheds light on the frontier-of-knowledge data regarding the
Physical activity . . . . .
Age chronic effects of exercise on the PGC-1a signaling pathways in rodents and humans. We address the molecular

mechanisms involved in the different tissues, clarifying the precise biological action of PGC-1a, restricted to the
aged cell type. Distinct exercise protocols (short and long-term) and modalities (aerobic and resistance exercise)
increase the transcriptional and translational PGC-1a levels in adipose tissue, brain, heart, liver, and skeletal
muscle in animal models, suggesting that this versatile molecule induces pleiotropic responses. However, PGC-1a
function in some human tissues (adipose tissue, heart, and brain) remains challenging for further investigations.
PGC-1a is not a simple transcriptional coactivator but supports a biochemical environment of mitochondrial
dynamics, controlling physiological processes (primary metabolism, tissue remodeling, autophagy, inflamma-
tion, and redox balance). Acting as an adaptive mechanism, the long-term effects of PGC-1a following exercise

may reflect the energy demand to coordinate multiple organs and contribute to cellular longevity.

1. Introduction

Aging is a multifaceted biological course related to accumulating
molecular and cellular detrimental alterations, potentially decreasing
function and the regenerative response in organs, tissues, and systems
(Mc Auley et al., 2017). This reduction is related to progressive
macromolecular damage, genomic instability, and diminished physio-
logical reserve in reaction to stress, accompanied by the failure of
multiple mechanisms responsible for overall homeostasis (Edifizi and
Schumacher, 2015). Mitochondrial dysfunction is a general feature in
many aging facets, leading to dysregulated metabolism (Chistiakov
et al,, 2014). Accumulation of mutations in deoxyribonucleic acid
(DNA), oxidized proteins, and imbalance between fission and fusion of
mitochondria are characteristic of advancing age (Lima et al., 2022).
Hence, understanding the molecular phenomena driving the complex
processes underlying mitochondria function could clarify common dis-
orders over the life course.

* Corresponding authors.

The genes implicated in mitochondrial energy metabolism and the
electron transport system are dysregulated with aging, including
peroxisome proliferator-activated receptor gamma coactivator 1 alpha
(PGC-1a). PGC-1a is a transcription coactivator governing mitochon-
drial biogenesis in most tissues. It is also related to several vital func-
tions, such as cell differentiation (Huang et al., 2016), primary
metabolism (Summermatter et al., 2013), adaptive thermogenesis
(Puigserver et al., 1998), and respiratory function (Broskey et al., 2014).
The interplay between PGC-1a and other downstream factors mediates
the communication between external stimuli and tissue function, inte-
grating endocrine events and bioenergetic states (Lin et al., 2004).
Clinical trials and animal experiments suggest PGC-la expression is
reduced during age-associated diseases such as obesity, diabetes, car-
diomyopathy, and neurodegenerative disorders (Botta et al., 2013;
Schilling and Kelly, 2011; Soyal et al., 2006; Wohlgemuth et al., 2011).
However, PGC-1a is considered a powerful molecule for repairing the
harmful impact of aging on mitochondrial activity, integrity, and quality
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(Liang and Ward, 2006).

Mounting evidence has shown exercise attenuates aging from
cellular to clinical levels in several physiological systems. The main
biological effects of exercise include an increase in blood flow and
capillary density (Huang et al., 2016), along with enhanced skeletal
muscle remodeling (Ribeiro et al., 2017), neurogenesis (E et al., 2014),
as well as cardiorespiratory and vascular functions (Gu et al., 2014).
Moreover, exercise activates anti-inflammatory responses, sympathetic
and endocrine regulations (release of catecholamines, exercise hor-
mones, myokine, and cytokines), which robustly improve impaired
metabolism associated with age (Kadoglou et al., 2007). Mechanisti-
cally, physical exercise alleviates the aging-linked worsening in the
cellular housekeeping system (DNA repair and proteasome), positively
impacting organ integrity (Radak et al., 2019). Physical exercise rep-
resents a positive physiological stimulus modulating organelles involved
in repair and quality control, restoring overall homeostasis, mitochon-
drial dynamics, and autophagy process that removes dysfunctional
mitochondria (Halling et al., 2017). These beneficial adaptations are due
to temporary rises in energy expenditure affecting metabolism, turn-
over, and network morphology, including mitochondrial fusion
(Konopka et al., 2014), synthesis, and bioenergetic flux, besides im-
provements in respiration capacity (Broskey et al., 2014) and antioxi-
dant defense system (Bayod et al., 2012).

Notably, energy resource adjustments and metabolic processes
inherent to exercise are orchestrated by PGC-la signaling pathways,
which improves aging mitochondrial health (Halling et al., 2019).
Regular training as a mechanical stimulus initiates many actions
converging on PGC-1a (Bayod et al., 2012; Gu et al., 2014). PGC-1a can
be activated by p-adrenergic stimulation, cellular stressors, nutrient
sensors, and oxidative damage through multi-branched metabolic
pathways, including AMP-activated protein kinase (AMPK), p38
mitogen-activated protein kinases (p38 MAPK), silent mating type in-
formation regulation 2 homolog 1 (SIRT1) (Lin et al, 2020),
Ca?*/calmodulin-dependent protein kinase IV, calcineurin A, cAMP
response element-binding protein (CREB), and ROS production (Fer-
nandez-Marcos et al., 2011). Once activated, PGC-1a upregulates other
essential transcription factors on DNA promoters to control genes
encoding proteins involved in bioenergetic homeostasis and mitochon-
dria integrity (Kristensen et al., 2017; Leveille et al., 2020). This tran-
scriptional coordination is necessary for proper functional proteome
maintenance and improves the capacity of mitochondria to argument
ATP supply during aging (Sun et al., 2021; Thirupathi et al., 2019). After
physical exercise, increased protein contents of PGC-1a in different tis-
sues of rodents (i.e., adipose tissue, brain, heart, liver, and skeletal
muscle) can reduce cell damage, apoptosis, and proteasome degrada-
tion, which in turn lessens inflammation and oxidative stress in the aged
state, besides improving tissue plasticity and remodeling (Kang et al.,
2013; Chen et al., 2018; Lin et al., 2020; Bianchi et al., 2021; Sun et al.,
2021). Furthermore, the combination of elevated muscle PGC-1a and
exercise improves lipid metabolism and glucose homeostasis, in addition
to increasing Krebs cycle activity in mice (Summermatter et al., 2013).
These versatile mechanisms potentially provide healthier phenotypes
and improve the innate ability of cellular recovery, impacting longevity.

Although the many functions of PGC-1a are well described, signaling
pathways in response to exercise training that dictates unique tissue-
specific properties are poorly understood. For the first time, exam-
ining the influence of different physical exercise modalities on various
physiological systems, especially in the aging context, may increase the
understanding of beneficial exercise effects, particulars, and restraints,
as well as provide significant evidence for therapeutic approaches.
Identifying a tissue-particular molecular signature could offer new
points of view regarding the pleiotropic impacts of PGC-1a and the in-
tricacy of the response at the molecular level. Of note, these aspects may
suggest a more practical lifestyle intervention design that prevents the
harmful effects inherent to cellular senescence. Exploring new per-
spectives to understand how PGC-la acts as a central effector to
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integrate vital physiological responses could explain the protective ex-
ercise properties against age-related degeneration.

Thus, in the present integrative review, we discuss the chronic effects
of exercise on the PGC-1a signaling pathways in rodents and humans
during the aging process. We addressed the primary physiological and
molecular mechanisms involved in the different organs and tissues.
These aspects are valuable in clarifying the precise function and bio-
logical action of PGC-1a restricted to a cell type. In learning the exact
adaptational mechanisms controlling PGC-1a, we will be closer to
optimizing exercise prescription parameters. Moreover, we provide
additional insights and guidance that warrant attention in basic and
clinical investigations. Since there is substantial growth in the aging
population worldwide (Dogra et al., 2022), our remarks have applica-
bility in exercise physiology, medicine, and biogerontology.

2. The complex mechanisms triggered by aging on
mitochondrial dynamics, structure, and activity

The aging process provokes abnormal mitochondrial fission and
fusion, leading to biogenesis impairment and degradation events,
including reducing the mitochondrial biomass, function, number, and
shape (Liu et al., 2020; Vezza et al., 2022). Senescent cells display de-
fects and reductions in mitochondria-associated membrane couples/-
fractions, besides a gradual decrease in mitochondrial calcium uptake
and lipid fluxes (Janikiewicz et al., 2018). Moreover, aging impairs
mtDNA polymerase, inducing a significant accumulation of mitochon-
drial DNA (mtDNA) mutations (Sharma et al., 2019). These harmful
effects are linked to point mutations or deletions in the genome, mainly
due to random errors during replication (Sharma et al., 2019). More-
over, reactive oxygen species (ROS) production can induce errors in the
mtDNA-encoded polypeptides, which are conducted through mito-
chondrial division (Kumaran et al., 2004). As shown in C. elegans, these
adaptive variations affect mitochondrial and cytosolic translation
(Molenaars et al., 2020). Chronic ineffective repair mechanisms
accompany this harmful process.

Subsequently, autophagy dysregulation is one intrinsic cause of
mitochondrial malfunction and retards the quality maintenance of or-
ganelles (Seo et al., 2010). There is an overall shift towards more fission
events, fragmented mitochondria, and apoptosis accompanied by less
fusion during the aging of Drosophila ovarian germline stem cells
(Amartuvshin et al., 2020). Moreover, aging reduces mitochondria
clearance through autophagy, which explains why selective degradation
capacity diminishes with aging (Seo et al., 2010). Oxidative damage and
the apoptosis process superimpose optimal lysosomal autophagy in the
aging context. These aspects establish the mitochondrial stress-response
network associated with key metabolite dysregulation, proteotoxicity,
and damage-associated molecular patterns (Lima et al., 2022).

In response to mitochondria dysfunction, detrimental alterations in
energy metabolism occur. The primary biological fuels (i.e., carbohy-
drates, amino acids, and fatty acids) are disrupted due to defects in
primary energy metabolism homeostasis (Lima et al., 2022). First,
reduced cytosolic phosphoenolpyruvate carboxykinase (PEPCK) (Lima
et al., 2022) following the reproductive peak and a mutual rise in py-
ruvate kinase decrease ATP efficiency and total energy production in
aged organisms (Yuan et al., 2016). PEPCK is a central enzyme con-
necting the tricarboxylic acid cycle with the metabolism of amino acids,
carbohydrates, fatty acids, and additional vital metabolites, besides
increasing mitochondrial respiration (Feng et al., 2016). In addition to
this harmful process, disturbed glucose homeostasis, fat deposition,
reduction in enzymes of the citric acid cycle, and biosynthesis associated
with cataplerosis promote a decline in energy production during aging
(Feng et al., 2016). In addition, aging reduces succinate dehydrogenase
activity in rat diaphragm muscle and yeast strains (Fogarty et al., 2020;
Berlowska et al., 2006).

Finally, the consequence of these modifications impacts the four-
mitochondrial complexes (I, III, and IV) and ATPase (complex V)
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involved in energy conservation and reserve. The decline in enzymatic
activity and overall nicotinamide adenine dinucleotide (NAD") pro-
duction and defective electron transfer induce a decrease in ATP pro-
duction (Choksi et al., 2011; Tatarkova et al., 2011). Furthermore, ROS
production can cause a conformational rearrangement of catalytically
active sites of these complexes and subunits, establishing electron
transport chain disruption in a vicious circle (Emelyanova et al., 2018)
(Fig. 1).
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3. The regulation of the PGC-1la-signaling cascade is negatively
impacted by cellular stress signals inherent to aging

The variety of dysfunctional mechanisms intrinsic to aging delivers
immense versatility to modify PGC-1a activity rapidly. Of note, PGC-1a
modulates multiple stimuli, including mitochondrial biogenesis and
remodeling, fatty acid transport and oxidation, inflammatory responses,
antioxidant metabolism, and glucose metabolic regulation (Anderson
and Prolla, 2009). Although the precise cause of the aging-induced
PGC-1a reduction is unknown, it is reasonable to hypothesize that a
general decrease in beta-adrenergic sensitivity would influence PGC-1a
expression to be suppressed (Cheng et al., 2018). Furthermore, the

FADH,

FAD [ 2H* +1/20, (=) — H,0]
+ 2H*

X2
o | G

Mitochondrial
dysfunction

Induces weakness, frailty and
other comorbidities

Fig. 1. Schematic description of the complex mechanisms involved in mitochondrial dysfunction during the aging process impacting weakness, frailty, and related
comorbidities. Impairment of dynamics (fission and fusion), Mitochondrial biogenesis (number, mass, and size), Structure and function, DNA mutations and
autophagy, Primary energy metabolism, and Electron chain transport activity. Biorender webbased software was used to create the figure (License Num-

ber AG2407FRXZ).
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telomerase reverse transcriptase deficiency-induced PGC-la
down-regulation leads to mitochondrial impairment, showing a possible
relationship between telomere dysfunction and organelle impairment
during aging (Sahin et al., 2011). Mechanistic linkages are incompletely
understood, but somatic mtDNA mutations (Dillon et al., 2012), chronic
tissue disuse, and aging-related diseases can also contribute directly or
indirectly to the decline of PGC-1a during the aging process (Anderson
and Prolla, 2009). All of the functions modulated by PGC-1a are inter-
connected and depend on the integrity of individual mitochondria,
whole cells, and the organelle network.

In the Drosophila model, PGC-1a overexpression in the digestive tract
progenitor cells displays a delay in ROS production compared to con-
trols, leading to upgraded tissue homeostasis and extended lifespan in
the old flies (Rera et al., 2011). In addition, unexercised flies over-
expressing PGC-la in the heart improved negative geotaxis ability,
cardiac stress resistance, and longevity, mimicking some beneficial ef-
fects elicited by exercise (Tinkerhess et al., 2012). Transgenic mice with
high muscle levels of PGC-1a also prolonged their lifespan, which was
associated with increased expression of mRNA levels related to energy
metabolism pathways, muscle integrity, and regeneration (Garcia et al.,
2018).

In many cell types (muscle, nerve, fat, cardiac, and pancreatic cells),
PGC-1a metabolic managers are negatively regulated with aging. These
include the following signaling pathways: insulin/insulin-like growth
factor 1 (IGF-1), mammalian target of rapamycin (mTOR), and AMP-
activated kinase (AMPK), as well as sirtuin 1 (SIRT1) activity (Ander-
son and Prolla, 2009). Reduced activity of these pathways is linked to
impaired fatty-acid oxidation and age-related insulin resistance (Rowe
and Arany, 2014). The stimulation of numerous transcription factors by
PGC-1a, including the nuclear respiratory factors (NRF-1 and 2), mito-
chondrial transcription factor A (TFAM) binding, and estrogen
receptor-related receptor a (ERRa), is impaired with advanced age
(Picca et al., 2013a; Picca et al., 2013b). Additionally, aged rats had
reduced responsiveness to catecholamine, documenting a decrease in
B-adrenergic receptors in the liver (Shi et al., 2018), brain (Greenberg
et al., 1978), heart (Chevalier et al., 1991) and skeletal muscle (Ryall
et al., 2004), which potentially reduces PGC-1a levels. Furthermore,
aging decreases the intracellular Ca®* signaling system in rat myocar-
dium (Xu and Narayanan, 1998) and thoracic muscles of Drosophila
(Delrio-Lorenzo et al., 2020), which is recognized as a primary mecha-
nism of PGC-1a activation.

Due to its potent ability as a transcriptional coactivator, PGC-1a
connects to targets such as peroxisome proliferator-activated receptors
(PPARa, PPARB/S, and PPARy), which are responsible for fatty acid
transport and utilization (Cheng et al., 2018). Subsequently, PGC-1a
deacetylation is necessary to activate mitochondrial fatty acid oxidation
genes. Hence, the metabolic reprogramming in response to PGC-la
overexpression potentializes an alteration from partial to complete
B-oxidation (Koves et al., 2005). Furthermore, PGC-la activation
induced by elevated p38 mitogen-activated protein kinase (MAPK)
seems necessary to stimulate liver gluconeogenesis from free fatty acids
(Fernandez-Marcos and Auwerx, 2011). Aging-induced BAR-regulated
activation leads to lower transfer of fat storage and, consequently,
downregulation of PGC-1a (Cheng et al., 2018). Furthermore, the loss of
PGC-1a did not modify brown fat differentiation but reduced the in-
duction of critical thermogenic genes (Uldry et al., 2006). The loss of
PGC-1a expression linked to aging may contribute considerably to
impaired glucose tolerance, increasing fat mass, insulin resistance, and
inflammation in the liver and white adipose tissues (Sczelecki et a,
2014).

Previously published investigations indicate that PGC-1a connects
redox control and inflammatory pathways during aging (Palomer et al.,
2009; Rius-Perez et al., 2020). The loss of PGC-1a during aging causes
local or systemic inflammation and might control the expression of
pro-inflammatory cytokines via nuclear factor kappa B (NF-kB) activa-
tion and p38 MAPK (Palomer et al., 2009; Planavila et al., 2005).
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Activating pro-inflammatory cytokines and toll-like receptors decrease
PGC-1alevels in isolated macrophage cells (Feingold et al., 2004; Maitra
et al., 2009). The complex function of PGC-1a and its capacity to induce
a proper balance of energy supplies with the redox state in the brain and
muscle may be controlled by antioxidant transcription factor nuclear
factor erythroid 2-related factor 2 (NRF2) (Aquilano et al., 2013; Huang
et al., 2019). Furthermore, PGC-1a stimulates Nrf2 in human renal cells
by suppressing glycogen synthase kinase-3 beta (GSK3p) (Choi et al.,
2017).

In the aged state, oxidative stress induces GSK3 activation by p38.
As an outcome, the Nrf2 antioxidant effects are suppressed (Huang et al.,
2019). Subsequently, aging-associated PGC-1a and Nrf2 downregulation
decrease mitochondrial antioxidant gene expressions, such as gluta-
thione peroxidase (GPX), manganese superoxide dismutase (SOD),
catalase (CAT), peroxiredoxins, uncoupling protein 2 (UCP-2), and thi-
oredoxin reductase (TRXR), inducing oxidative injury in multiple tissues
of rodents ( heart, brain, liver) (Valle et al., 2005; Aquilano et al., 2013;
Gu et al., 2014; Gioscia-Ryan et al., 2016; Rius-Perez et al., 2020).

ROS accumulation also induces insulin/IGF-1 pathway suppression,
impairing insulin sensitivity (Papaconstantinou, 2009). Some evidence
indicates that improvements in f-cell survival, islet function, and insulin
secretion with aging are associated with higher pancreatic levels of
PGC-1a (Soesanto et al., 2011; Xu et al., 2020). Regarding plausible
mechanisms, PGC-1a hypothetically regulates the insulin receptor sub-
strates 1 (IRS1)/IRS2 ratio, which is fundamental for modulating the
precise insulin signal (Besse-Patin et al., 2019). Furthermore, a lack of
PGC-1a in muscle induces systemic inflammation and insulin resistance
onset (Sczelecki et al.,, 2014). Mechanistically, decreasing muscle
transforming growth factor p (TGF-p) signaling pathways and AMPK
activity reduces mice muscle glucose uptake and may impact
whole-body glucose homeostasis (Sczelecki et al., 2014).

After cellular damage accumulation, inflammation, oxidative stress,
and impaired glucose metabolism, the autophagic pathways can become
overwhelmed (Rubinsztein et al., 2011). The optimal autophagy process
is impaired with senescence, which hampers the degradation of old and
dysfunctional cellular components, such as mitochondria (Rubinsztein
et al., 2011). Cell culture and aged mice experiments described that
PGC-1a deficiency promotes down-regulation of microtubule-associated
protein 1 A/1B-light chain 3 II (LC3-II), lysosomal-associated membrane
protein 2 (LAMP2), sequestosome 1 (SQSTM1), and transcription factor
EB (TFEB) levels, besides abnormal and reduced autophagosomes (Sal-
azar et al., 2020; Vainshtein et al., 2015; Wu et al., 2009; Yuan et al.,
2021). Although aging reduces autophagic potential, PGC-1u is a potent
molecular candidate to mediate the anti-aging effects on defective
autophagy (Fig. 2).

Interestingly, published data showed that PGC-1la signaling could
modulate premature senescence through p21 and pl6 pathways that
regulate DNA damage and cell cycle arrest. It is established that
Ppargcla deficiency in the mouse vascular smooth cells displayed
augmented senescent target expression (Cyclin-dependent kinase in-
hibitor 1 A/p21) and DNA damage while reducing cell proliferation and
autophagy (Salazar et al., 2020). Also, p16"™“? (p16, encoded by the
Ink4a gene) deletion in fibroblasts rescued the expression of the
SIRT1-PGC-la pathway, which could lead to the anti-aging effects
(Zhang et al., 2021).

Protein posttranslational modifications perform a critical role in
PGC-1a translocation and activation. Elegantly, evidence suggests that
acetylation or phosphorylation of upstream signaling can modulate
PGC-1a transcription or translation. Some investigations elucidated a
reduction in AMPK phosphorylation and p38 MAPK in aged skeletal
muscle (Qiang et al., 2007; Williamson et al., 2003). Likewise, the
phospho-CREB to CREB ratio was drastically decreased in the same
tissue, accompanied by considerably reduced DNA binding (Kang et al.,
2013). Moreover, a recent investigation observed PGC-1a acetylation
was increased by aging, which negatively impacts PGC-1a function, such
as mitochondrial mechanisms and metabolism. From a mechanistic
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Signals inherent to aging process
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perspective, the depletion of histone deacetylase 1 (HDAC1) reduced
SIRT1 levels in aged brain endothelial cells, thereby promoting PGC-1«
acetylation (Kim et al., 2019). Subsequently, lower PGC-1a transcrip-
tional activity reduced downstream mitochondrial genes (Kim et al.,
2019). Furthermore, aging diminished SIRT1 deacetylates, decreasing
mRNA levels of hepatic Ppargcla (Kwon et al., 2017).

Aging is deeply related to epigenetic changes such as DNA methyl-
ation (Su et al., 2015). Older adults with Parkinson’s disease display
promoter-proximal non-canonical cytosine methylation of the
PPARGCIA gene and reduced mRNA levels in the brain, which is
probably associated with the endoplasmic reticulum (ER) stress and
inflammatory signaling cascade (Su et al., 2015). Furthermore, evidence
indicates PGC- a hypermethylation occurs concomitantly with reduced
mitochondrial levels in type 2 diabetic older adults (Barres et al., 2009).
Therefore, the aging process can induce nucleosome repositioning in the
PGC-1a locus (Fig. 3).

4. Exercise training coordinates PGC-1a signaling pathways in
the distinct aged cells, tissues, and physiological systems

4.1. Musculoskeletal system

4.1.1. Animal models

One of the major physiological systems affected during aging is the
musculoskeletal system, which is fundamental for movement and
mobility, as well as energy balance and metabolism (McCormick and
Vasilaki, 2018). Aging induces a progressive reduction in skeletal mus-
cle function and mass, a situation established as sarcopenia, and some
studies indicate mitochondrial involvement in this degenerative condi-
tion (McCormick and Vasilaki, 2018). However, the scientific literature
suggests physical training similarly regulates the PGC-1a in the skeletal
muscle of young and old conditions (Ribeiro et al., 2017; Lanza et al.,
2008), reinforcing the positive effects of PGC-la on mitochondrial
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health. Furthermore, several reports underline the action of PGC-1a in
atrophy (Sandri et al., 2006), fiber type switching (Handschin et al.,
2007), Dbiogenic pathway (Baar et al, 2002), cellular
oxidant-antioxidant homeostasis, and mitophagy (Anderson and Prolla,
2009; Dillon et al., 2012; Gill et al., 2018).

Koltai et al. (2012) showed aerobic exercise training (6 weeks, 5
times per week at 60% of maximal oxygen uptake/VOsmax) increased
the protein content of many factors in the PGC-1a pathway (i.e., PGC-1a,
SIRT1 activity, AMPK, and pAMPK) in the gastrocnemius muscle of aged
rats, as well as several indicators of mitochondrial biogenesis (i.e.,
succinate dehydrogenase, citrate synthase, cytochrome-c oxidase-4,
mtDNA). Furthermore, this exercise protocol reduced the difference
between young and aged animals for other relevant molecules involved
in mitochondrial health, such as NRF-1, fission-1, and mitofusin-1,
which critically modulate the renewal of the mitochondrial network
via fission and fusion. (Koltai et al., 2012).

In agreement with these findings, Kang et al. (2013) demonstrated
that treadmill running (12 weeks, 5 days/week for 45 min/day at
17.5 m/min) increased PGC-la, TFAM, cytochrome C, and mtDNA
content, besides upregulating pAMPK, MAPK, and SIRT1 in the soleus
muscle. In addition, endurance training prevents muscle apoptosis
through a reduced Bax/Bcl2 mRNA ratio and Caspase-3 mRNA levels in
aged rats, suggesting that PGC-1a can promote antiapoptotic responses.
Similarly, in response to aerobic training, the gastrocnemius and soleus
muscles of 3, 12, and 18-month-old rats presented higher protein con-
tents of AMPK, PGC-1a, and SIRT1 compared to aged sedentary animals

(Huang et al., 2016), suggesting PGC-1a possibly has a central role in
regulating metabolic adaptations during aging.

The relevance of preserving PGC-1a levels on muscle function was
highlighted by Derbré et al., 2012. The global deficiency in PGC-1a
resulted in delayed mitochondrial responses to treadmill training (4
weeks, 5 times per week, at 75% of VOsax). The authors found similar
results in exercised-aged rats, which displayed lower protein content of
PGC-1a, NRF-1, and cytochrome C in the soleus muscle. Therefore, these
data suggest the aging process is similar to PGC-1a deletion. Moreover,
young animals showed up-regulation of PGC-1a protein in response to
physical training, which was not observed during aging. Thus, the
age-associated worsening mitochondrial function may be justified by an
absence of normal PGC-1a levels.

Regarding the underlying molecular mechanisms, Halling et al.
(2019) showed that decreased aerobic capacity in aged mice was related
to mitochondrial fragmentation and impaired cellular respiration in
skeletal muscle, which were normalized by physical training (7 weeks, 5
times per week, at 60% of the velocity max). Furthermore, mitochon-
drial ADP-stimulated respiration in the muscle-specific PGC-la
knockout aged mice was enhanced by exercise training. This result was
further associated with decreased mitochondrial ROS emission (Halling
et al., 2019). Thus, PGC-1a via exercise is essential to counterbalance
oxidative stress and organelle fragmentation.

Certainly, transgenic rodents with targets in the genome can eluci-
date intricate mechanisms in skeletal muscle submitted to physical ex-
ercise. PGC-1a muscle-specific knockout and overexpression impaired
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and improved aging-related muscle function in aged mice, respectively
(Gill et al., 2018). However, the positive effects of treadmill exercise (12
weeks, 3 times per week, for 30 min) on oxidative phosphorylation
proteins were blunted by skeletal muscle PGC-1a deletion. In contrast,
PGC-1a overexpression enhanced the exercise properties on mitochon-
drial morphology and the proportion of the oxidative fiber, besides
leading to beneficial responses in motor skills and balance (Gill et al.,
2018), suggesting a therapeutic relevance in muscle biology.

Strong evidence revealed organelle turnover is the balance between
mitochondrial biogenesis and autophagy, and the combination of these
activities aid in energetic homeostasis maintenance (Seo et al., 2010;
Halling et al., 2017). Aging has been shown to induce an accelerated
imbalance of these two opposing processes, leading to disturbances in
the skeletal muscle of mice (Yeo et al.,, 2019). However, the over-
expression of PGC-1a effectively alleviated the mitophagy pathway in
aged skeletal muscle and can fine-tune autophagy in a manner specific to
the cellular metabolic state (Yeo et al., 2019). Furthermore, aerobic
exercise (15 months of running 6.0 km/week on a wheel) can induce
PGC-la-mediated crosstalk between these two opposing processes,
rescuing the aging-induced increase in the LC3II/I ratio (Halling et al.,
2017).

More recently, compared to control mice, Christensen et al. (2023)
described the upregulation of Parkin protein levels in liver mitochondria
of aged mice with specific deletion of PGC-1a in skeletal muscles. Thus,
the status of metabolic muscle capacity can control mitophagy in the
liver during aging, and PGC-1a can mediate this inter-organ signaling.
Consequently, the improved knowledge about these inter-organ net-
works can help us to redefine specific exercise strategies.

Paradoxically, the overexpression of PGC-1a in the skeletal muscle of
sedentary mice can exacerbate fat-induced insulin resistance, although
positive effects on mitochondrial density and activity were observed
(Choi et al., 2008; Summermatter et al., 2013). On the other hand,
elevated PGC-la in conjunction with aerobic exercise preferentially
improved glucose homeostasis and increased Krebs cycle activity, be-
sides changing lipid metabolism for insulin sensitivity improvement
(Summermatter et al., 2013). Thus, the overexpression of PGC-1a must
be accompanied by exercise to prevent the development of some
harmful consequences.

Although distinctive studies have demonstrated aerobic exercise
protocols can modulate PGC-1a signaling pathways, resistance training
(RT) elicited positive benefits to muscle hypertrophy (Ribeiro et al.,
2017), enhancing muscle strength through multiple intracellular path-
ways, especially in aging populations. Ribeiro et al. (2017) showed that
RT [12 weeks, 3 times/week with progressive overload during 4 climbs
(65%, 85%, 95%, and 100% of the maximum load)] elevated Ppargcla
mRNA levels in gastrocnemius and soleus muscles of young and aged
rats. This adaptation was associated with significant increases in skeletal
muscle fiber cross-sectional area while decreasing intramyocellular lipid
accumulation. Hence, PGC-1a is crucial to lipogenesis, oxidative meta-
bolism, and lipid catabolism in skeletal muscle, indicating this molecule
can be related to the protective mechanisms preventing muscle wasting.

To explore the role of aerobic (1 week of swimming training, 7 days
per week, 20 min at 2.3% of anaerobic threshold) or resistance exercise
training (1 week, 7 days per week, 3 sets of 10 jumps with vest at 60% of
the one repetition maximum test) during aging, Vechetti-Junior et al.
(2016) suggested a novel mechanistic insight by which exercise training
improved muscle recovery after disuse in aged rats. After an atrophic
stimulus (7 days of immobilization), the authors observed that only the
trained rodents showed upregulation of PGC-1a protein levels, besides
total recovery of muscle size after 3 days of recovery, which was linked
to the suppression of the ubiquitin-proteasome system (FoxO pathway).
The findings support the hypothesis that PGC-1a pathway activation
may also be necessary for muscle restoration. Also, it is feasible to
suppose that the minimal anabolic impact of PGC-1a is induced by
aerobic training.

On the other hand, dynamic RT can be difficult for fragile older
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subjects with impaired motion range. From this perspective, Liu et al.
(2021) determined the advantages of static resistance training (8 weeks
of upper limb suspension for 15 min with the rats grasping the metal
rod) on muscle function and PGC-1a signaling as a critical mechanism to
attenuate muscle atrophy in aged rats. Interestingly, the authors
observed that this training type effectively increased the protein content
of PGC-1a, UCP1, and FNDCS5 in the biceps brachii muscle after static
RT. Furthermore, static RT revealed an advantage by decreasing fat and
weight gain while increasing muscle fiber size (Liu et al., 2021).
Therefore, PGC-1u is essential in adjusting mitochondrial dysfunction
and fat metabolism, preventing sarcopenia in an animal model.

Despite substantial progress in understanding the role of PGC-1a in
the skeletal muscle of rodents following different exercise protocols,
future studies are necessary to elucidate the function of this transcrip-
tion coactivator in the bone, tendon, and myotendinous junction in aged
animals, since these other tissues are also responsive to mitochondrial
metabolism and exercise. Further experiments could measure the spec-
ified molecular characterization in these tissues. For advanced molec-
ular approaches, a blend of proteomics, metabolomics, transcriptomics,
and lipidomics post-exercise could be indispensable for discovering
additional mechanisms mediating PGC-1a activation. New biomarkers
implicated in the relationship between PGC-1a could implement inno-
vative ideas in the health context and the interaction between organs
and different physiological systems.

4.1.2. Human trials

The biopsy technique is a valuable tool utilized in exercise and
applied physiology to study human skeletal muscle morphology,
regeneration, and overall regeneration (Roth et al., 2000). In addition,
tissue biopsy is necessary to clarify the human skeletal muscle shape and
molecular conjectures responsible for modifications in skeletal muscle
fiber (Roth et al., 2000). Interestingly, the findings observed in human
trials agree with animal studies, indicating the successful translation of
PGC-1a as a potential therapeutic in aging research. Exercise acts as
mitochondrial medicine for disused human skeletal muscle, improving
the poor oxidative status and metabolic inflexibility.

The initial evidence regarding the exercise effects on human skeletal
muscle PGC-1a expression was presented twenty years ago. In a classic
study, Short et al. (2003) discovered aerobic exercise training (16 weeks
on a stationary bicycle; 20-40 min, 3 sessions/week, at 70-80% of
maximal heart rate) induced an increase of 55% in the vastus lateralis
muscle PPARGCIA mRNA levels of young and elderly. Moreover, in a
cross-sectional study, the protein content of PGC-1a, NRF-1, and TFAM
in the vastus lateralis muscle was higher in young and older trained
adults (1 h of cycling or running, 6 days per week, over the past 4 years)
compared to sedentary age-matched counterparts. (exercised less than
30 min per day, twice per week) (Lanza et al., 2008). Also, the proteomic
analysis revealed that endurance-trained older people displayed a
higher abundance of oxidative ATP production proteins than sedentary
subjects (Lanza et al., 2008), indicating endurance training may
normalize age-related mitochondrial dysfunction through pathways
linked to mitochondrial health.

Regarding controlled exercise, aerobic training (12 weeks on a cycle
ergometer; 20-45 min, 3-4 sessions/week, at 60-80% of heart rate
reserve) increased protein contents related to mitochondrial biogenesis
(PGC-1a, citrate synthase/CS, succinate dehydrogenase/SDH, and cy-
tochrome C) and markers of mitochondrial fusion (MFN1 and MFN2)
and fission (FIS1), as well as vastus lateralis muscle hypertrophy, inde-
pendent of age (Konopka et al., 2014). Additionally, exercise training
(16 weeks, 30-60 min of walking and biking, at 75% of the maximum
heart rate) increased the protein contents related to electron transport
chain complexes (I, IV, V). These adaptations occurred concomitantly
with elevated PPARGCIA and TFAM mRNA levels in the vastus lateralis
biopsies of older individuals (Broskey et al., 2014). These data provide
practical effects for ameliorating metabolic health after regular exercise.

Similarly to aerobic exercise training, Mesquita et al. (2020)
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demonstrated 10 weeks of RT (whole body workout performed twice
weekly, 10-12 repetitions, with intensity controlled by individual scale
perception) increased markers of mitochondrial biogenesis (PGC-1a,
NRF1, and TFAM), fusion (mitofusin 1/MFN1, mitofusin 2/MFN2, and
optic atrophy 1/0PA 1), and fission (dynamin-related protein 1/DRP1).
However, no differences were detected in these targets following the
first bout. Moreover, the molecules involved in mitophagy (Pinkl and
Parkin) were not significantly modified in response to the exercise
protocol. The researchers caution that acute mitochondrial adaptation
may not illustrate the chronic state and that repetitive sessions are
needed for a positive outcome.

Additional studies showed that other isoforms of PGC-la can be
important for resistance exercise adaptations. Ruas et al. (2012) verified
PGC-104 is highly expressed in exercised skeletal muscle of humans after
RT, and these changes had a high correlation with performance in the
leg press exercise. Furthermore, PGC-1a4 represses myostatin mRNA
levels, modulating hypertrophy. Elegantly, Koh et al. (2022) demon-
strated in human and cell line experiments that RT provokes metabolic
benefits governed by the upregulation of PGC-1a4. In human skeletal
muscles, PGC-1a4 promotes glycolysis and proper ATP production for
muscle contractions during exercise. Moreover, the authors discovered
PGC-1a4 overexpression in the myotubes induced fat oxidation and
anaerobic glycolysis in a PPARB-dependent manner. Thus, considering
the importance of RT to old individuals, detecting these molecular
players may lead to imminent translational investigations to prevent
aging-related diseases.

Wohlgemuth et al. (2011) evaluated the impact of a 6-month weight
loss strategy conjugated with moderate-intensity exercise (3 times per
week of aerobic walking at 13 on the Borg Scale), strength training
(whole-body exercise with 2 sets of 10 repetitions at 13 on the Borg
Scale), and flexibility exercises on cellular quality control mechanisms,
such as autophagy, apoptosis, and mitochondrial function, in the skel-
etal muscle of older obese women. The authors observed increased
mRNA levels of the autophagy regulators MAP1LC3B, autophagy protein
7 (ATG?7), and lysosome-associated membrane protein-2 (LAMP-2).
Furthermore, the intervention increased PPARGCIA and TFAM mRNA
levels, but no meaningful adjustments in mitochondrial complex activity
were observed to accompany these mentioned responses. In summary,
this investigation suggests the intervention improved mitochondrial
turnover, biogenesis, and autophagic process, but the effects on electron
transport chain complexes were limited.

Chronic kidney disease is a complex comorbid, which is additionally
intensified by the aging process. Older individuals with chronic kidney
disease (stage 3) reduced skeletal muscle mitochondrial mass compared
to healthy individuals, coupled with a decrease in the gene expression of
transcription factors related to mitochondrial biogenesis (i.e.,
PPARGCIA, NRF-1, NRF2, TFAM, and MFN2) (Watson et al., 2020).
However, 12 weeks of exercise training (12 weeks, 3 times per week,
consisting of a combination of treadmill, cycling, and rowing exercises
for 30 min, at 70-80% of maximum heart rate, as well as leg press with 3
sets of 12-15 repetitions at 70% of repetition maximum/RM)) do not
change this deficit, although this training model increased PPARGC1A
mRNA levels in the vastus lateralis (Watson et al., 2020). Despite
increasing transcript levels, the exercise program did not trigger the
AMPK, P38 MAPK, and SIRT1 axis, suppressing nuclear translocation of
PGC-1a and successive downstream target expressions. Thus, future
investigations are necessary to evaluate the appropriate exercise dose to
improve mitochondrial response.

Further studies instigating different exercise intensities, frequencies,
and times must elucidate the possible mechanisms involved in mito-
chondrial function. Relevantly, comparisons between aerobic training
versus RT and concurrent exercise training are needed to distinguish
how each modality can precisely modulate PGC-1a signaling pathways.
Finally, the intrinsic and extrinsic factors affecting PGC-1a expression in
significantly older adults (those over 80) have not yet been thoroughly
investigated. These reports may aid health professionals in designing

Ageing Research Reviews 87 (2023) 101935

interventions targeted at muscle health. Addressing the critical pre-
dictors of PGC-1a has significant implications for clinical management
and could help health professionals create optimal rehabilitative pro-
grams. In addition, to the best of our knowledge, the connection be-
tween PGC-la content in different aged fiber types after an exercise
program has never been investigated. Since type I fibers have the highest
PGC-1a content (Lin et al., 2002) and age advanced induces an adap-
tation from fast to slow fibers (de Sousa Neto et al., 2020), the distinc-
tion of PGC-1u expression in type I and II fibers must be addressed in the
future.

Additionally, it is essential to highlight skeletal muscle can undergo
the direct influence of PGC-1a. In contrast, indirect responses can affect
other tissues, including exercise-associated metabolism changes or
circulating hormones (Bostrom et al., 2012). Skeletal muscle is a critical
systemic effector of physical exercise, acting as an endocrine tissue that
releases myokines, inferring an intricate interplay between tissues and
different physiological systems (Bostrom et al., 2012). Based on this
statement, future studies should aim to obtain a holistic picture of the
interaction between tissues playing an essential role in exercise-induced
PGC-1a.

4.2. Metabolic system
4.2.1. Liver

4.2.1.1. Animal models. One hallmark of liver diseases inherent to the
aging process is the occurrence of modifications in mitochondrial
structure and overall activity that are attended by a blocked flow of
electrons in the respiratory chain, which enhances mitochondrial reac-
tive oxygen species formation in a self-perpetuating vicious cycle
(Kristensen et al., 2017). In this context, mitochondrial oxidative stress
is modulated by PGC-1a signaling pathways through organelle turnover,
unfolded protein response, mitophagy, and mitochondrial biogenesis,
which, in turn, maintain hepatic energy homeostasis (Leveille et al.,
2020).

Mitochondrial dysfunction has been related to ER stress triggered by
misfolded protein accumulation due to decreased ER-linked degrada-
tion. Elegantly, Kristensen et al. (2017) analyzed the impact of PGC-1a
in aging, and lifelong exercise training-induced hepatic unfolded protein
response in aged mice. Lifelong exercise training (6 months on running
wheels, approximately 6 km per week) prevented the age-associated
alteration in binding immunoglobulin protein (BIP), inositol-requiring
protein 1a (IREla), and protein kinase R (PKR)-like endoplasmic retic-
ulum kinase (PERK), but not cleaved activating transcription factor 6
(ATF6) protein in aged wild-type mice. However, the authors observed
that the global deletion of PGC-1a did not modulate the hepatic unfolded
protein content after exercise training, except for the lower IRE1a levels.
These findings indicate PGC-1a controls the ability of the liver to induce
UPR in a particular manner. As these experiments were conducted in
mice with global deletion, it was impossible to differentiate between the
systemic and local functions of PGC-1a in hepatic physiology.

Moderate aerobic exercise (3 months of treadmill training, 3 times
per week, for 20-min at 20 cm/s) increased hepatic NAD™ levels, SIRT
activity, and NF-kB deacetylation while decreasing overall PGC-1a
acetylation in the liver of aged mice (Bianchi et al., 2021). In addition,
this exercise protocol increased Ppargcla gene expression (i.e., Phos-
phoenolpyruvate Carboxykinase 1 and Glucose-6-phosphatase, catalytic
subunit), confirming the broad downstream consequences of SIRT ac-
tivity. Consequently, exercise effectively reduced tissue inflammation
and oxidative damage, reversing hepatic steatosis and preventing tumor
development (Bianchi et al., 2021). In addition, other authors found that
long-term aerobic exercise (36 weeks, 4-5 days per week, at 12 m/min)
can protect the aged liver through an enhancement in PGC-1a and SIRT1
protein levels, as well as p53 acetylation, besides increasing vascular
endothelial growth factor (VEGF) levels and reducing carbonylated
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proteins (Bayod et al., 2012). These results show aerobic exercise may be
a non-drug approach to modify hepatotoxicity through its beneficial
influence on mitochondrial and oxidant biomarkers.

Interestingly, lifestyle interventions can exert anti-fibrotic action by
upregulating PGC-1a in the liver. Indeed, aging reduced the Ppargcla
and Mfnl gene expressions in the rat liver while increasing collagen
deposition (Khodabandeh et al., 2021). However, RT (20 min on ladders
with weights, performed for 8 weeks, three days a week, 20 min per day)
significantly increased Ppargcla mRNA levels and reduced collagen
deposition (Khodabandeh et al., 2021). Future studies must develop new
therapeutic interventions to understand the complex interplay between
hepatic unfolded protein, mitochondrial biogenesis, extracellular ma-
trix, and lipophagy.

4.2.2. Adipose tissue

4.2.2.1. Animal models. Numerous age-related alterations ensue at the
cellular level in adipose tissue, such as impaired mitochondrial function
(Boudina and Graham, 2014; Moon et al., 2013). Mitochondrial damage
in the adipocytes induces whole-body deleterious effects and partici-
pates in metabolism and adipocyte differentiation since they control
oxidative phosphorylation, fatty acid metabolism, and balance redox
(Ejarque et al., 2019; Macedo et al., 2021; Meng et al., 2018; Woo et al.,
2019). Beige and brown adipocytes have high PGC-1a expression, which
is responsible for enhancing thermogenesis-related gene expression
(Sutherland et al., 2009). Consequently, these adipose tissue types are
distinguished by high mitochondrial numbers and play a central role in
uncoupled respiration (Vernochet et al., 2014).

In an elegant study, Ziegler et al. (2019) examined the inflammatory
status, oxidative capacity, and visceral adipose tissue integrity in
different exercise training models of lean adult and aged mice. The au-
thors showed that RT wheels (5 g in week 1, 6 g in week 2, followed by
an increase of 1 g every second week ending at 10 g in weeks 9-10) and
endurance training (10 weeks of voluntary wheel running with 1.5 g
throughout the intervention) reduced epididymal fat mass and adipo-
cyte size accompanied by enhanced anti-inflammatory phenotype. In
both adult and old mice, exercise training upregulated the Ppargcla
mRNA levels in the white adipose tissue, with a more pronounced effect
of endurance training than RT. These alterations raised the concept that
adipocyte size changes might be related to browning adipose tissue,
reinforcing that exercise can favor metabolic response on adipose tissue
and rejuvenate adipocytes.

Likewise, Thirupathi et al. (2019) observed plausible mechanisms
through exercise training controlling the activity of mitochondria on
adipose tissue to decrease aging-related body adiposity. Interestingly,
both RT (8 weeks, 4 times per week, at 50% of the maximal load in
weeks 1 and 2; 50% in weeks 3 and 4; 75% in weeks 5 and 6; and 100%
in weeks 7 and 8) and aerobic exercise (8 weeks, 4 times per week at
50-70% of the maximal running speed) increased mitochondrial regu-
latory protein contents (i.e., PGC-1a, SIRT1, and pAMPK) and respira-
tory chain activities (complexes I, II/III, III, and IV) of brown adipose
tissue, while body fat and adiposity decreased in aged rats. This inves-
tigation reinforced that different exercise types partially normalize
mitochondria function decline of adipose tissue due to aging.

More recently, Sun et al. (2021) analyzed the effects of lifelong
treadmill exercise (18 months, 5 times per week, for 45 min, at 75-80%
of VOomax) and long-term detraining (8 months) on age-linked modifi-
cations in mitochondrial function, and lipolysis in the perirenal fat of
aged rats. The authors found that lifelong exercise upregulated PGC-1a,
UCP1, and COX IV protein levels in the perirenal adipose tissue, indi-
cating that this practice effectively reinforces mitochondrial biogenesis
and respiratory activity in aged rats. These outcomes were accompanied
by higher levels of hormone-sensitive lipase (HSL) in the perirenal fat
and elevated free fatty acids in blood circulation, improving lipolysis in
natural aging. On the other hand, discontinued training resulted in the
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loss of the beneficial adaptive effect, demonstrating the importance of
regular exercise.

Nevertheless, the growing volume of experimental evidence in-
dicates varied adipokine in distinct adipose types and depots after ex-
ercise training, which probably modulates PGC-1a signaling pathways
(de Sousa Neto et al., 2022; Lehnig et al., 2019). Therefore, further
studies could assess the specific PGC-1a signatures in each fat depot.
These data may offer clinically valuable evidence and support successful
interventions.

4.2.2.2. Human trials. The impact of chronic exercise on PGC-la
signaling of adipose tissue in human aging is scarce and controversial
compared to animal studies. For example, HIIT (High-Intensity Interval
Training; 12 weeks, 3 times per week during 20 min of multiple 30 s
sprints at a high intensity/80-85% maximal heart rate) alternating with
90 s at moderate intensity (65% maximal heart rate) does not impact
gene expressions related to browning of adipocytes (UCP1, PDRM16),
lipid oxidation (CPT1B), and mitochondrial biogenesis (PPARGCIA) in
abdominal subcutaneous adipose tissue of obese older adults (Marcan-
geli et al., 2022). Furthermore, after 12 weeks of combined training (two
endurance bicycle sessions for 60 min at 70% of VOgpmax and two
whole-body strength training sessions for 60 min per week), the
PPARGC1A and FNDC5 mRNAs levels were not significantly enhanced in
the subcutaneous adipose tissue of older subjects (Norheim et al., 2014).
However, these outcomes should be interpreted cautiously since the
researchers only explored transcriptional levels, limiting molecular un-
derstanding. In our viewpoint, morphological, molecular, and cellular
responses should be investigated concurrently to clarify the complete
adaptation of the adipose tissue.

In addition, the culture of adipose cells may reveal the sequential
processes relate to the development of adipocytes (proliferation or dif-
ferentiation) (Skurk and Hauner, 2012). In vitro analysis, with primary
cell culture, may be closer to human physiology, preserving phenotyp-
ical states (body weight, sex, and age) (Skurk and Hauner, 2012).
Acquiring adipocyte heterogeneity at the single cell within a fat depot is
critical to understanding the diversities in cardiometabolic factors
among young and older individuals. Additionally, there is a necessity for
further experiments to comprehend the possible sex divergences in
response to unlike exercise, as well as the impact of interrupting the
regular practice of physical exercise, in addition to the potential effects
of training throughout life.

4.3. Cardiovascular system

4.3.1. Animal models

Cardiovascular aging leads to a progressive decline in heart structure
and function, making older organisms more susceptible to cardiovas-
cular diseases, morbidity, and mortality. Maladaptive cardiac remodel-
ing involves a range of modifications, such as decreased mitochondrial
function via the decline in PGC-1a expression, which is considered a key
manager of mitochondrial biogenesis and metabolic adaptation in the
myocardium (Di et al., 2018; Schilling and Kelly, 2011; Whitehead et al.,
2018). Low levels of PGC-1a in the heart impair energy metabolism,
excitation-contraction, and calcium signaling homeostasis (Chen et al.,
2010). Although the drastic reduction in PGC-1a in the cardiovascular
system is unsatisfactory to initiate an aging phenotype, an increase in
this molecule potentially reduces the pathological heart remodeling of
old mice (Whitehead et al., 2018).

Swimming exercise training (8 weeks, 5 days/week, for 60 min per
session) induced improvements in cardiac histology, attenuating car-
diomyocyte disarrangements in aged rat hearts (Chen et al., 2018).
Exercise training enhanced the protein contents of SIRT1, PGC-1a, and
AMPKal in the left ventricle and suppressed the aging-associated in-
flammatory signaling pathways (i.e., TNF-a, NFkB, and inducible nitric
oxide synthase/iNOS) (Chen et al., 2018). Bayod et al. (2012) displayed
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that suitable long-term exercise training (36 weeks, 4-5 days per week,
at 12 m/min) could protect the aged heart through upregulation of
PGC-1la and SIRT1 activation, besides increasing VEGF levels and
catalase activity, supporting the use of moderate physical exercise to
preventing age-related disorders. Of note, PGC-1a activation in the
Drosophila heart via exercise (climbing training for 5 weeks, 5 times per
week for 1.5 h/day) improved mobility and lifespan (Wen et al., 2021).

However, short moderate-intensity exercise (motorized wheel sys-
tem, 3 weeks, 5 times per week, at 5.2 m/min) augmented PGC-la
content and mitochondrial DNA density in type 2 diabetic hearts at an
advanced age without changing body weight or glycemic blood levels
(Botta et al., 2013). Furthermore, this exercise lowered cardiac
(macrophage infiltration and TNF-a) and systemic inflammation (Botta
et al., 2013). Alternatively, the authors found increased hydrogen
peroxide (H305) concentrations in H9¢2 cardiomyocytes in vitro (Botta
et al., 2013). However, the exercise dose failed to increase respiratory
enzymes and transcriptional activators (i.e., NRF-1 and NRF-2, and
TFAM). Therefore, more intense training for a more extended period
could be necessary to promote complete cardiac adaptations in the
diabetes condition.

Yeo and Lim (2022) recently evaluated PGC-1a modulation in the left
ventricle in response to exercise modality (combined, resistance, or
aerobic) in aged rats. The authors observed that all types of exercise
training enhanced the amount of PGC-la in old myocardial tissue.
However, only the aerobic training group displayed higher VEGF protein
levels than sedentary animals, indicating that this modality stimulates
the PGC-la-induced VEGF pathway. Furthermore, Hypoxia-inducible
factor and Angiotensin II proteins increased in this group compared to
the other modalities, suggesting that angiogenesis-related proteins
differed according to the exercise type in aging.

Mitochondrial dysregulation can impact central upstream mecha-
nisms mediating vascular function. With advancing age, vessel arterial
stiffening and endothelial malfunction are determining cardiovascular
risk factors. However, chronic aerobic exercise (treadmill daily for 12
weeks for 60 min per day, at 8-20 m/min) preserved aortic mitochon-
drial integrity, swelling and DNA content while reducing ROS produc-
tion in aged rats. Also, it restored complex I/III activities and electron-
coupling capacity (Gu et al., 2014). In addition, aerobic exercise
training enhanced the protein contents of PGC-1a, UCP-2, SOD, alde-
hyde dehydrogenase 2 (ALDH-2), and AMPK phosphorylation in old
aortas. These molecular effects possibly contributed to attenuated pulse
wave velocity and aortic stiffening by reducing collagen concentration
while increasing elastin content. Moreover, exercise attenuated endo-
thelial dysfunction by enhancing endothelium-mediated vascular
relaxation (Gu et al., 2014). Thus, exercise induces extensive physio-
logical effects, promoting beneficial adaptations in aorta structure and
cellular function, as well as maintaining homeostasis.

Similarly, 10 weeks of voluntary aerobic exercise (3.13 km/day)
enhanced arterial resilience in an ex-vivo mimicked western diet.
Moreover, exercise training controlled age-related arterial health ad-
justments (PGC-1a, SIRT-3, and FIS1 expression) and augmented arterial
antioxidant defense markers (Catalase) and cellular stress response
(Heat shock protein 90) of aged mice (Gioscia-Ryan et al., 2016), sug-
gesting arterial mitochondrial health can be essential to vascular ho-
meostasis. More lately, Mahdavi et al. (2022) reported that blood flow
restriction combined with moderate-intensity endurance exercise
reduced left ventricular diastolic pressure, and improved cardiac
contractility of aging rats by increasing PGC1-a and Klotho expression.

4.4. Human

4.4.1. Blood circulation

Due to ethical considerations of using human heart samples, the
mitochondrial biomarkers in blood circulation have been documented
as a non-invasive and reliable assessment to examine possible cardio-
vascular system responses. From this perspective,
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Hooshmand-Moghadam et al. (2020) described that a 12-week RT pro-
gram (3 sessions/week, 15 repetitions, at ~60% of 1RM involved in
different muscle groups) increases the protein levels linked to the aging
process, such as SIRT1, SIRT3, SIRT6, PGC-1a, and telomerase enzyme
in older men. Thus, RT can modulate crucial molecules involved in
human mitochondrial function and chromosome integrity, potentially
enhancing healthspan.

Additionally, peripheral blood mononuclear cells (PBMCs) are uti-
lized as representative compartments offering a valuable alternative for
protein or gene expression evaluations in the skeletal muscle or
myocardium, which are not readily available in human biopsies. Hence,
Estébanez et al. (2019) showed that an 8-week RT protocol (2 times per
week, 8-12 repetitions, at 40%—80% of 1RM) increased the PGC-1a and
MFN1 protein levels, besides upregulating protein phosphorylations
involved in the unfolded protein response (PERK, IRE1, ATF4, and
XBP1). However, this protocol did not modify proteins related to
mitophagy (BCL2 protein-interacting protein 3/BNIP3), Pten-induced
kinase 1/PINK1, and Parkin) in PBMCs of older adults. This study sug-
gests a possible interplay between UPR and mitochondria in the older
population after an 8-week RT program. Thus, PGC-la could be an
“exerkine” since it encompasses critical molecule signaling and exerts its
effects through endocrine pathways. Table 1 demonstrates the detailed
results of different exercise modalities on PGC-1a content in human
physiological systems. Moreover, the synthesis of PGC-la outcomes
observed in the exercised older adults is reported in Fig. 4.

4.5. Neural system

4.5.1. Animal models

The mitochondria are particularly crucial in the neural system
because neurons need a significant quantity of functional mitochondria
to supply their high energy prerequisite for synaptic activities
(McMeekin et al., 2021; Picard and McEwen, 2014). A decline in the
quality or activity of the brain mitochondria, mainly in the hippocampus
structure, is linked with aging progress, neurodegenerative disorders,
and dementia, compromising neurological performance (McMeekin
et al.,, 2021). Despite synaptic and cognitive dysfunction being a
multifactorial process, mitochondria perform a vital role in these pro-
cesses, suggesting that proper organelle function could counteract
age-related changes (Lin et al., 2020). In this sense, many studies pro-
pose PGC-1a can contribute to dendritic spines and synapses, improving
synaptogenesis and neurogenesis (Cheng et al., 2012; Katsouri et al.,
2016; Kuczynska et al., 2021).

A pioneering investigation showed treadmill exercise above the
lactate threshold (8 weeks, 5 days per week, 2 sessions per day, at
21-26 m/min) affects bioenergetics-relevant targets (E et al., 2014). The
PGC-1a, mTOR, phospho-mTOR protein levels and mtDNA copy number
were increased in aged mice brains, indicating that physical exercise can
improve neurogenesis and mitochondrial dysfunction associated with
the aging process (E et al., 2014). These data suggest that high-intensity
training can activate partial brain mitochondrial biogenesis, which is
relevant for tissue health maintenance.

In another study, Lin et al. (2020) reported that swimming exercise
training (12 weeks, 5 times per week, with a 20 min duration in the first
and second weeks, 30 min duration in the third week, and 60 min
duration in the fourth week onwards) enhanced hippocampus cell
density, accompanied by upregulation of the IGF1R/PI3K/Akt axis and
AMPK/SIRT1/PGC-1a pathways in the of D-galactose-induced aged rat
hippocampus. Moreover, exercise reversed the adverse effects of aging
on apoptotic (FAS receptor and caspases) and inflammatory pathways
(TNFa, p-NFkB, iNOS, and ciclo-oxigenase-2), which is essential for cell
survival maintenance and cellular longevity.

Gusdon et al. (2017) showed that coupled complex I to IIl enzymatic
activity and dynamin-related protein 1 expression enhanced in trained
aged mice. However, mitochondrial protein content and mitochondrial
biogenesis markers (PGC-1la, TFAM, and SIRT3) were not altered by



LV.S. Neto et al.

Table 1

Effects of different exercise modes on PGC1-« levels in the physiological systems of aged animals.
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Reference Study model Gender Age Exercise modality and  Exercise Exercise Tissue PGC1-a detection assay and

intensity duration frequency findings

Musculoskeletal system

Koltai et al. (2012) Rat Male 26 Treadmill training at 60 min per day 6 weeks, 5 Gastrocnemius 1 PGC1-« protein content
months 60% of the VOsax times per muscle compared with 26- month-
old week old sedentary rat.

Kang et al. (2013) Rat Male 22 Treadmill training at 45 min per day 12 weeks, 5 Soleus 1 Ppargcla mRNA levels
months 60% of the 17.5 m/ times per muscle and protein content
old min week compared with 22- month-

old sedentary rat.

Huang et al. Rat Male 18 Swimming training 40 min per day 12 weeks, 5 Soleus 1 PGCl-a protein content

(2016) months (2-5% of the animal’s times per muscle compared with 18- month-
old BW) week old sedentary rat.

Derbré et al. Rat Male 24 Treadmill training at 45-60 min per 3 weeks, 5 Soleus 1 PGC1-« protein content

(2012) months 75% of the VOamax day times per muscle compared with 24- month-
old week old sedentary rat.

Halling et al. Mice Male 15 Treadmill training at 60 min per day 7 weeks, 5 Quadriceps tsubmaximal ADP-

(2019) (PGC-1a iMKO) months 60% of the Vmax times per muscle stimulated respiration.
old week | mitochondrial ROS
emission and oxidative
stress compared with aged
untrained PGC-1a iMKO.

Gill et al. (2018) Mice (WT) Male 24 Treadmill training at 30 min per day 12 weeks, 3 Tibialis anterior 1 Ppargcla mRNA levels in

PGC-1a mKO months 50-80% of the Vmax times per muscles the trained mice compared

PGC-1a mTg old week with 24- month-old
sedentary rats.
| Lean mass, strength
motor coordination in the
aged mice PGC-1a iMKO
and mTg compared with
respective young control
mice.

Halling et al. Mice (WT) Male 15 Lifelong Running Average 15 months, Triceps brachii | Fragmentation

(2017) Whole-body months wheel distance 5.9 Voluntary muscle mitochondrial networks
PGC1l-a KO old + 1.9 (WT), times per and FIS1, DRP1 LC3II/1
6.0 + 2.4 (KO) week ratio protein content in the
km/week trained mice compared
with 15- month-old
sedentary mice
No effects of exercise in the
Whole-body PGC1-a KO
trained
Ribeiro et al. Rat Male 20 Resistance training (4 20 min per day 12 weeks, 5 Gastrocnemius 1 Ppargcla mRNA levels
(2017) months climbs of 65%, 85%, times per and soleus compared with 22- month-
old 95%, and 100% of the week muscle old sedentary rats
max load)
Vechetti-Junio Rat submitted to Male 18 Swimming training 20 min per day 7 days Gastrocnemius 1 PGC1-« protein content
et al. (2016) short-term months (2-7% of the animal’s muscle compared with the control
immobilization old BW) group

Liu et al. (2021) Rat Male 24 Static resistance 15 min per day 8 weeks Biceps brachii 1 PGC1-a protein content,
months training (BW) muscle ATP production, and
old muscle hypertrophic

compared with the control
group

Endocrine system

Kristensen et al. (2017) ~ Mice Male 15 Lifelong Running Voluntary min Voluntary Liver | IREla protein content in

(Whole- months wheel per day times per the trained whole-body

body PGC1- old week PGC1-a KO compared with

o KO) untrained whole-body
PGC1-a KO

Bianchi et al. (2021) Mice Male 16-19 Treadmill training at 20 min per day 12 weeks, 3 Liver | PGC1-a acetylation
months 20 cm/s times per compared with 16- month-
old week old sedentary mice.

Bayod et al. (2012) Rat Male 10- Lifelong Running Voluntary min 36 weeks, Liver 1 PGC1-a protein content
months- wheel per day 4-5 times compared with 10- month-
old (12 m/min) per week old sedentary rat.

(152
sessions
per animal)
Khodabandeh et al., Rat Male 13- Resistance training 20 min per day 8 weeks, 3 Liver 1 Ppargcla mRNA levels
2021 months- times per compared with 10- month-
old week old sedentary rat.
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Table 1 (continued)

Ageing Research Reviews 87 (2023) 101935

Reference Study model Gender Age Exercise modality and  Exercise Exercise Tissue PGC1-a detection assay and

intensity duration frequency findings

Ziegler et al. (2019) Mice Male 23 Voluntary wheel Voluntary 10 weeks Epididymal 1 Ppargcla mRNA levels
months running with times per week adipose tissue compared with 23- month-
old resistance old sedentary rats after bots

(5-10g) both training modalities.

Voluntary wheel 1 Ppargcla mRNA levels in

running (1.5 g) the voluntary wheel
running compared with
resistance.

Thirupathi etal. (2019)  Mice Male 18 Resistance training 50 min per day 8 weeks, 4 Brown adipose 1 PGC1-a protein content
months (climbs of 50-100% of times per tissue compared with 18- month-
old the max load) week old sedentary rats after

Aerobic training both training modalities.
Treadmill training
(50-70% of the Vmax)

Sun et al. (2021) Rat Male 26 Lifelong treadmill 50 min per day 18 months, 5  Perirenal 1 PGC1-« protein content
months exercise (75-80% of times per adipose tissue compared with 26- month-
old VO2max) week old sedentary rat

Cardiovascular system

Chen et al. Rat received D- Male 3 months Swimming exercise 20-60 min per 8 weeks, 5 Left ventricle 1 PGC1-a protein content

(2018) galactose during old (Weight-bearing day times per compared with rats without
eight weeks. exercise) week D-galactose

Bayod et al. Rat Male 10- Lifelong Running Voluntary min 36 weeks, Heart 1 PGC1-a protein content

(2012) months- wheel per day 4-5 times compared with 10- month-
old (12 m/min) per week old sedentary rat.
(Middle (152
age) sessions
per animal)
Botta et al. db/db mice Male 32 weeks Motorized wheel 3 weeks, 5 Heart 1 PGC1-a protein content
(2013) system at 5.2 m/min times per compared with db/db
week sedentary mice
Yeo and Lim Rat Male 23 Treadmill training 60 min per day 8 weeks, 5 Left ventricle 1 PGC1-a protein content
(2022) months (60% of VOzmax) times per compared with 23- month-
old Resistance training week old sedentary rats after all
(50-130% of BW) training modalities.
Combined (30 min of
each modality with
the same intensity)
Gu et al. Rat Male 23 Treadmill training at 60 min per day 12 weeks, 5 Aorta 1 PGC1-a protein content
(2014) months 8-20 m/min times per compared with 23- month-
old week old sedentary rat.
Gioscia-Ryan Mice Male 23 Running wheel Voluntary min Voluntary Carotid arteries 1 PGC1-a protein content
et al. (2016) months (3.13 km/day) per week times per compared with 23- month-
old week old sedentary mice.

Mahdavi et al. Mice Male 23 Blood flow restriction 60 min per day 8 weeks, 5 Left ventricle 1 PGC1-« protein content

(2022) months plus treadmill times per compared with 23- month-
old exercise (15 m/min) week old sedentary mice.

Neural system

E et al. (2014) Mice Male 18 Treadmill training (2 60 min per day 8 weeks, 5 Hippocampus 1 PGC1-a protein content
months sessions per day at times per compared with 18- month-
old 21-26 m/min) week old sedentary mice.

Lin et al. Rat received D- Male 3 months  Swimming exercise 20-60 min per 12 weeks, 5 Hippocampus 1 PGC1-« protein content

(2020) galactose during old (Weight-bearing day times per compared with rats without
eight weeks. exercise) week D-galactose

Gusdon et al. Mice Male 24 Treadmill training at 60 min per day 3 weeks, 5 Cortex and No effects of exercise in the

(2017) months 15-19 m/min) times per striatum PGC1-a protein content of
old week 24- month-old mice.

Karlsson et al. Mice Male 11 voluntary wheel Voluntary min 4 weeks Hippocampus No effects of exercise in the

(2021) (MCK-PGC-1a) and months running per week PGC1-a protein content of
Female old 11- month-old mice.
Sexual system
Joseph et al. Rat Male 24 Treadmill training at 60 min per day 10 weeks, 5 Testes No effects of exercise in the
(2014) months 15 m/min times per PGC1-a protein content of
old week 24- month-old mice.

Note: iMKO = inducible muscle-specific KO, mKO = conventional muscle KO, KO = knockout, ROS = reactive oxidative species, Mtg = overexpression, BW= body

weight, MCK = muscle creatine kinase.

aerobic training (3 weeks, 5 times per week, at 15-19 m/min on a
treadmill) in the brain (cortex and striatum), suggesting alternative
pathways can affect brain mitochondria function. Indeed, the
brain-derived neurotrophic factor, which was not altered in this study,
stimulates PGC-1a expression (Gusdon et al., 2017). Thus, it is possible
to consider that physical exercise stimulates complex outcomes through
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diverse mechanisms. Also, the sustainable exercise-mimicking responses
to neuroprotection will likely need to target more than one molecular
pathway.

From another perspective, Karlsson et al. (2021) evaluated whether
skeletal muscle PGC-1a overexpression could increase neurogenesis. The
authors also investigated whether endurance exercise (28 days of
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voluntary wheel running) could further add to these impacts during
aging. In summary, no other positive effects of skeletal muscle PGC-1a
overexpression or exercise-induced improvement in age-dependent
neuronal decline were observed in aged mice. However, the intensity
and volume of voluntary exercise cannot be precisely measured, which
may mitigate the beneficial effects. On the other hand, a plausible
explanation is that $-oxidation is not preferred in the brain because
neurons show a greater need for glucose metabolism than peripheral
tissues (Schonfeld and Reiser, 2013). Hence, the brain mitochondria
exercise impact may be different in other organs. Additional in-
vestigations are required to determine other signals from skeletal mus-
cles and organs that could be critical players in exercise-inducing
changes in the neural system.

Despite the exciting results of PGC-1a in the neural system, some
limitations must be mentioned. First, previous studies did not evaluate
the relationship between the increase in PGC-1a with functional tests
and morphology modifications. Thus, it is essential to apply a good and
reliable battery of tests to determine behavioral abilities, cognition,
memory, and brain function in animals to clarify the PGC-1a role as a
brain performance marker. Considering the brain is a multifaceted
organ, we suggest analyzing the PGC-la role in activating different
structures, connectivity, and complex networks (Mustafa et al., 2012).
The application of functional magnetic resonance imaging could intro-
duce advantages to revealing the interactions of several brain structures
in response to exercise training (Vieira de Sousa Neto et al., 2021).

Fig. 5 summarizes the molecular landscape contributing to the
negative regulation of PGC-1a during aging. Furthermore, it reports part
of the mechanisms inherent to physical training reversing this process
through upregulating diverse molecules and pathways. Consequently,
increasing PGC-1a leads to mitochondrial biogenesis and respiration,
antioxidant responses, and autophagy process while reducing ER stress
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and inflammation in the different physiological systems.

4.6. Renal system

The age-associated decline of kidney integrity has been liked to
mitochondrial dysfunction, and some fascinating investigations have
addressed the possible key role of PGC-1a in protecting against renal
injury (Lim et al., 2012; Mohammad et al., 2022). For instance, a specific
mutation of the PPARGC1A gene upregulated PGC-1a protein levels and
oxidative metabolism, protecting against kidney disease (Dumesic et al.,
2019). However, aged mice with nephron PGC-1a deactivation showed
higher urinary sodium excretion and aggravated metabolic
stress-induced renal steatosis (Svensson et al., 2016).

Other authors showed that inducible tubular transgenic mice
(iNephPGC-1a) display more local NAD precursor niacinamide and less
fat accumulation than control animals, improving renal function after
ischemia (Tran et al., 2016). Furthermore, PGC-la can ameliorate
mitochondrial dysfunction via transcription factor EB (TFEB)-mediated
autophagy in cisplatin-induced kidney injury (Yuan et al., 2021), be-
sides alleviating kidney fibrosis, a characteristic of aging (Han et al.,
2017).

Cellular senescence is also characterized by diabetic nephropathy-
associated secretory phenotype. However, physical exercise can
improve renal function and treat diabetic complications. For example,
Liu et al. (2019) demonstrated that moderate aerobic exercise protocol
(5.2 m/min, 1 h/day, 5 days/week for a total of 8 weeks) increased
PGC-1la protein content, citrate synthase and mitochondrial complex I,
II, and V activity in the kidney of db/db mice. Moreover, exercise
training (12 m/min, 1 h/day, and 6 days/week for 7 weeks) avoids the
SIRT1 downregulation, possibly by reducing renal NF-kB acetylation.
Interestingly, SIRT1 silencing abrogated the beneficial impact of aerobic
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training against diabetes-induced renal damage (fibrosis density and the
level of urinary protein/creatine), besides reducing the PGC-1a content
and mitochondrial ATP production in the kidney of diabetic mice (Tang
et al., 2018). For progress in the aging field, it is essential to understand
how changes across the lifespan can modulate PGC-1a signaling path-
ways in human kidneys and mice with 3, 6, 12, 18, and 24 months.

4.7. Sexual system

4.7.1. Testes

Testicular atrophy in response to aging led to defects in sperm and
testosterone release in diverse mammalian species, which may be linked
to mitochondrial changes (Joseph et al., 2014). Pre-diabetes increases
with age and potentially impairs testicular mitochondrial integrity by
suppressing PGC-1a/Sirt3 axis and respiratory function while increasing
mtDNA damage and oxidative stress in mice (Rato et al., 2014). Simi-
larly, mtDNA mutator mice display a mitochondrial aberration of sper-
matocytes and abnormal testes morphology (Jiang et al.,, 2017).
Relevantly, the overexpression of PGC-1a enhanced the ATP levels and
SDH activity, mitigating the mitochondria damage in mouse testicular
Sertoli cells submitted to toxicity (Li et al., 2016). Thus, understanding
the basic molecular mechanisms controlling metabolic changes at the
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testicular level is a highly pertinent health concern.

In an intriguing investigation, Joseph et al. (2014) reported aging
caused considerable testicular atrophy in mice; nevertheless, this result
was not related to the downregulation of mitochondrial content (Cyto-
chrome C) and biogenesis regulators (PGC-1a, NRF-1, or TFAM). On the
other hand, endurance training increased mtDNA, Mfn-2, and SOD
protein content, while reducing DNA damage and testes atrophy in older
animals. Additionally, in divergence from other organs, the mitochon-
drial changes imposed by physical exercise were not connected with
increased PGC-1la protein content.

Similarly, Silva et al. (2022) observed that exercise did not avoid the
aging process-induced mitochondrial dysfunction in the testes. Although
the authors showed lifelong moderate-intensity physical training upre-
gulated antioxidative enzymes (SOD1 and GPx4) and molecular chap-
erones (HSP27) in the testes of aged mice, there was a decrease in the
Sirtl, Ppargcla, and Nrf2 mRNA levels in the exercised groups compared
to non-exercised. Concomitantly, these effects were accompanied by
reduced levels of complexes III and V. The underlying mechanisms of
PGC-1a in the health of male and female sexual organs are mainly un-
known, requiring more attention in the coming years.

Fig. 6 summarizes the physiological and molecular processes medi-
ated by PGC-la upregulation in various animal tissues following
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exercise training (Fig. 6). Also, Table 2 shows the detailed impacts of
different exercise models on PGC-1a levels in the physiological systems
of aged animals.

5. Current challenges and perspectives for all physiological
systems

In animal models, aging impacts the PGC-1a expression in the stem
cell intestine (Zhou et al., 2011), lung (Summer et al., 2019), and
pancreas (Sczelecki et al., 2014), but the effects of exercise on these
tissues are unknown. In addition, whether PGC-1a signaling activation
during aging depends on other pathways remains a provocative hy-
pothesis for further investigation. These aspects could illustrate whether
PGC-1a is indispensable or dispensable and elucidate the pleiotropic
effects of exercise on the different physiological systems that are not
mediated by a singular pathway. Functional crosstalk is essential for
understanding the multi-regulatory network of PGC-1a. Animal models
of Alzheimer’s disease and Down syndrome have received attention
recently due to their potential to clarify premature aging (Herault et al.,
2017; McKean et al., 2021). They may offer future opportunities for
therapeutic approaches based on PGC-1a action.

The mice with PGC-1a-deficient aortas had reduced expression and
activity of telomerase reverse transcriptase, decreasing telomere func-
tion (Xiong et al., 2015). As chromosome shortening occurs during aging
cell replication, future studies should investigate the promising role of
exercise on the crosstalk of PGC-1a with telomere signaling pathways in
different physiological systems. Understanding how PGC-1a impacts the
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telomere structure in each tissue or shelterin complex is relevant for
clarifying non-communicable disease risks inherent to the senescence
process.

In human trials, some investigations have been conducted in small
single-center studies whose core findings should be validated in larger
samples. The relationship between the dose-response for individual
PGC-1a expression and clinical outcomes remains to be determined. The
phenomenon of responsiveness ("high" and "low responders™) based on
minor differences clinically significant can account for valuable training
adaptations.

Additionally, the high expression of PGC-la is linked to better
prognosis in cancer patients, besides tumor-suppressive features (Bost
and Kaminski, 2019). Considering aging is a significant risk factor for
cancer, understanding the PGC-1a behavior inherent to exercise could
provide important information concerning patient prognosis. Finally,
minimal dose strategies with reduced intensity and volumes rather than
standard exercise guidelines modulating PGC-1a may encourage in-
dividuals to initiate physical training, in addition to having beneficial
implications for the viability and engagement of the older population.

The effects of aging combined with physical exercise on mitochon-
drial morphology are mainly focused on skeletal muscle, neglecting the
responses in other metabolic tissues. Thus, the transmission electron
microscope with high resolution is a robust tool for morphological ex-
amination (Sasaki, 2010), and it is expected that further investigations
can explore how PGC-1a affects specific mitochondrial structures. In
parallel, it is crucial to interpret energetic flux and mitochondrial
structures together with other organelles, which could deliver
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Table 2

Effects of different exercise modes on PGC1-« levels in the physiological systems of elderly.
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Reference Study Gender Age Exercise modality and Exercise duration Exercise Tissue PGC1-a detection
model intensity frequency assay and findings

Musculoskeletal system

Short et al. (2003) Human Male, 59-70 Aerobic training at 70-80% 20-40 min of 16 weeks, 3 Vastus lateralis 1 PPARGC1A

female yearsold  of maximal heart rate cycling times per muscle mRNA levels
week compared with
elderly sedentary

Lanza et al. (2008) Human Male, 59-76 Aerobic training 60 min of cycling 6 days per Vastus lateralis 1 PGCl-a protein

female years old or running week over muscle content and
the past 4 abundance of
years proteins involved
in oxidative ATP
production
compared with
elderly sedentary
Konopka et al. (2014) Human Male, 74+ 3 Aerobic training 20-45 min of 12 weeks, Vastus lateralis 1 PGC1-a protein
female yearsold  at 60-80% of heart rate cycling 3-4 times muscle content compared
reserve per week with elderly
sedentary

Broskey et al. (2014) Human Male, 60-80 Aerobic training 30-60 min of 16 weeks, 3 Vastus lateralis 1 PPARGCI1A

female yearsold  at 75% of heart rate reserve  cycling, rowing, times per muscle mRNA levels
walking or week compared with
running elderly sedentary

Mesquita et al. (2020) Human Male, 59+ 4 Resistance training (3 setsof =~ ~60 min of 10 weeks, 2 Vastus lateralis 1 PPARGCI1A

female yearsold  10-12 repetitions at 7 on session times per muscle mRNA levels
the RPE week compared with
elderly sedentary

Wohlgemuth et al. (2011)  Human Male, 55-79 Combined training at ~150 min per 6 months, 3 Vastus lateralis 1 PPARGCIA

female yearsold  moderate-intensity exercise week times per muscle mRNA levels
(Aerobic at 13 on the Borg week compared with
Scale), Resistance training elderly sedentary
(whole-body exercise with 2
sets of 10 repetitions at 13
on the Borg Scale)

Watson et al. (2020) Human Male, 61.3 Combined training at ~30 min per week 12 weeks, 3 Vastus lateralis 1 PPARGCIA
(with female +13.9 moderate-intensity exercise times per muscle mRNA levels
chronic yearsold  (treadmill, cycling, and week compared with
kidney rowing for 30 min, at elderly sedentary
disease) 70-80% of maximum heart

rate), Resistance training
(lower upper exercise with 3
sets of 12-15 repetitions at
70% of 1RM

Endocrine system

Marcangeli et al. (2022) Human Male, 67.2 Aerobic training 20 min of multiple 12 weeks, 3 Abdominal No effects of
(Obese) female + 4.9 (HIIT in elliptical trainer at 30 s sprints times per adipose tissue exercise in the

yearsold  80-85% maximal heart rate  alternating with week PPARGCIA mRNA
or Borg’s scale > 17) 90 s at a moderate levels.
intensity (65%
maximal heart
rate)
Norheim et al. (2014) Human Male 40-65 Combined training (Aerobic 2 endurance 12 weeks, 4 Subcutaneous No effects of
yearsold  and Resistance training at bicycles and times per adipose tissue exercise in the
70% of VOamax)- whole-body week PPARGC1A mRNA
strength sessions levels.
per week
(120 min)
Blood circulation
Hooshmand-Moghadam Human Male 66.23 Resistance training (whole- ~60 min of 12 weeks, 3 Serum 1 PGC1-a protein
et al. (2020) + 0.57 body exercise with 4 sets of  session times per levels compared
yearsold 15 repetitions at ~60% of week with elderly
1RM sedentary
Estebanéz et al., 2019 Human Male, 73.7 Resistance training (whole- ~60 min of 8 weeks, 2 peripheral blood 1 PGC1-a protein
female +2.2 body exercise with 8-12 session times per mononuclear content compared
yearsold  repetitions at 40%—80% of week cells with elderly
1RM sedentary

Note: RPE= Rating of Perceived Exertion, HIIT= High-Intensity Interval Training, 1IRM= one repetition maximum.

innovative insights into the intra- and inter-organelle networks.

It is valuable to underscore that PGC-la activity is mediated by
posttranslational processes (Carter et al., 2018). Therefore, without
these cellular processes, the extent of PGC-la involvement in the
physiological system cannot be entirely understood. Moreover, several
splice PGC-1a sites produce multiple isoforms (Jannig et al., 2022);
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however, the different functions of these isoforms during aging and
exercise are still unexplored. In addition, some authors have highlighted
those epigenetic factors can modulate PGC-1a through RNA interference
and non-coding RNAs (Aguilo et al., 2016; Lemecha et al., 2018). These
modifications may alter transcription process steps and represent the
potential molecular basis that explains the adaptive exercise
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mechanisms at the organismal, tissue, cellular, and subcellular levels.
6. Conclusions

The PGC-1a signaling pathways mediate the positive impact of ex-
ercise on mitochondria health in young and aging conditions. Distinct
exercise protocols (short and long-term) and modalities (aerobic and
resistance training) increase the transcriptional and translational levels
of PGC-1a in various organs (adipose tissue, brain, heart, liver, and
skeletal muscle) of aged animals, suggesting that PGC-1a is a versatile
molecule inducing pleiotropic responses. However, the PGC-1a function
in some human tissues of the elderly (adipose tissue, heart, and brain)
remains a challenge for further investigations. The PGC-1a is a common
transcriptional coactivator and supports a biochemical environment in
mitochondrial dynamics, modulating many physiological processes (cell
cycle, primary metabolism, tissue plasticity/remodeling, autophagy,
inflammation, redox balance). Acting as an adaptive mechanism, the
long-term effects of PGC-1a following exercise may reflect the energy
demand to coordinate multiple organ systems.

Identifying a tissue-particular PGC-1a signature can provide new
points of view regarding mitochondrial response complexity and phar-
macological and non-pharmacological targets, clarifying the positive
impact of physical exercise on lifespan extension and cellular longevity.
PGC-1a might exclusively affect developing diseases related to the aging
course. Thus, PGC-la modulation by physical training is a non-
pharmacological intervention to reducing frailty, weakness, and other
age-related comorbidities.
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