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Abstract

Primary sarcopenia is an age-associated degenerative disorder marked by progressive loss of skeletal
muscle mass, strength, and function, representing a major driver of frailty and morbidity after
midlife. Convergent evidence from human muscle biopsies, aged rodents, Drosophila, and myogenic
cell models identifies mitochondrial dysfunction as the proximal cause of this decline, with impaired
mitophagy emerging as the central mechanistic failure. Aging muscle exhibits reduced mitochondrial
content, compromised oxidative phosphorylation, dysregulated dynamics favoring excessive fission,
and accumulation of oxidized, depolarized mitochondria. These defects closely associate with a
collapse in mitophagy flux, characterized by coordinated downregulation of PINK1-PARKIN
signaling, receptor-mediated pathways (BNIP3, NIX, FUNDC1), autophagosome formation, and
lysosomal clearance, resulting in defective mitochondrial turnover and bioenergetic insufficiency.
Genetic or pharmacological restoration of mitophagy reverses these phenotypes, preserving muscle
mass, respiratory capacity, and functional performance while extending lifespan in multiple model
organisms. Notably, the natural compounds urolithin A and spermidine consistently activate
mitophagy, improve mitochondrial quality control, and enhance muscle strength and endurance in
aged animals and sedentary middle-aged humans. Collectively, these data position age-related
mitophagy suppression as the pivotal driver of skeletal muscle aging and define mitochondrial
quality control as a tractable, mechanistic therapeutic target to delay or reverse primary sarcopenia.
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I. Introduction

Mitochondria are key organelles for cellular function in aging. Mitochondria are double-
membrane eukaryotic organelles that produce ATP, with a potential membrane around -140mV to -
180mV, and that are indispensable for life and health in the majority of the eukaryotic organisms [1-
3]. Decades of study on cellular destinies (apoptosis, necrosis, division, and differentiation), age-
associated diseases, and aging have expanded vastly the comprehension of mitochondria as
multifaceted organelles that show critical roles in metabolic homeostasis, innate immunity, calcium
regulation, mitochondria-nucleus communication, the decision of cellular survival, its resistance to
stress and death [4-7]. To fulfill these roles, it's essential to maintain a healthy population of
mitochondria, with their adequate functions and membrane potential.

The maintenance of the function of mitochondria depends on 2 mitochondrial systems that
collaborate, these are the oxidative phosphorylation system (OXPHOS) and the mitochondrial life
cycle, also named mitochondrial quality control system (MLC/MQC) [8]. Both systems complement
each other to sustain mitochondrial function, energy production (ATP), detoxification of oxygen
reactive species (ROS), appropriate metabolism, and retrograde signaling. The oxidative
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phosphorylation system, corresponding to the electron transport chain, which is composed of
ubiquinone, cytochrome C, 4 protein complexes, and one ATP-synthase, is coded by two separate
genetic materials: mitochondrial DNA (mtDNA) and nuclear DNA [9].

Mitochondria are extremely dynamic organelles and have to keep functioning through life, for
that reason mitochondria submit to a quality control system that corresponds to their life cycle, this
cycle includes damaged mitochondrial basal replacement for new, functional, and healthy
mitochondria. Mitochondria life cycle is balanced by its biogenesis, regulated mainly by PGCl-a
protein (Peroxisome proliferator-activated receptor gamma coactivator 1-alpha), remodeling
(consisting of fission, mainly by dynamin-related protein 1 (DRP1), and fission 1 (FIS1) proteins.
While for fusion events, mainly by autosomal-dominant optic atrophy (OPA1) and mitofusin 1-2
(MEN1-2) proteins, also known as mitochondrial dynamics [10,11], and the selective mitochondria
autophagy, known as mitophagy [10,12-14]. A flaw in the mitochondrial life cycle is associated with
aging and diverse age-related diseases such as primary sarcopenia [4,10,11,15,16]. Hence, the cells
can maintain a healthy mitochondrial network through their adequate functioning and the balance
of their mitochondrial dynamics [14,17-19]. Mitochondria are subjected to these processes, degrading
poorly-functional mitochondria on the go, and while specific proteins vary between model
organisms, these processes are highly conserved [20].

Mitochondrial selective autophagy or mitophagy is essential for deficient mitochondrial
recycling and protecting functional mitochondria, keeping cellular homeostasis and the other
mitochondrial functions. Mitophagy is a type of macroautophagy that initiates due to different
signals from the mitochondria or the cellular environment that leads to the formation of a double-
membrane phagophore which elongates and closes to generate a mature double-membrane
autophagosome that engulfs the mitochondria, then the autophagosomes fuse with the lysosomes to
degrade their content [21]. Although the homeostasis pathways mediate cellular responses to
mitochondrial damage, persisting damage triggers the elimination of the entire organelle via
mitophagy [18]. Mitophagy allows the removal of dysfunctional, depolarized, and/or damaged
mitochondria for their renovation, ROS management, mitochondrial programmed clearance, and cell
development [22-26]. When mitophagy is induced mitochondrial biomass degradation is higher,
resulting in less mitochondrial protein abundance, as complex IV cytochrome oxidase (COX) and
mitochondrial outer membrane translocator 20 (TOM-20) proteins, and the opposite occur when
mitophagy is inhibited [27]. The decrease of the mitophagy process leads to a deficient removal of
dysfunctional, depolarized, and/or damaged mitochondria [28] being this process essential for tissue
functioning. The dysfunction of mitophagy is implicated in developing diseases like primary
sarcopenia in skeletal muscle, cancer, and aging [4,10,11,15,16].

The process of mitophagy requires two systems: autophagy’s main machinery, composed partly
of Beclin-1, ATG-1/7/8 (Autophagy-related proteins 1,7 and 8), for the phagophore formation, Lamp-
1/2 (Lysosome-associated membrane proteins 1 and 2) for the acidification of the lysosome, LC3-I
(Microtubule-associated 1A/1B-light chain protein I), which is cytosolic, and LC3-II, when LC3-I
conjugates with the phagophore phosphatidylinositol-3-phosphate lipids, that anchors the
phagophore to the autophagy/mitophagy adaptors like p62 (Sequestosome 1), sending different
cargo for degradation, common to all types of autophagy [21]. The second system are mitochondrial
receptors, which consist in part by PTEN-induced kinase 1 (PINK1), PARKIN, FUN14 domain protein
containing 1 (FUNDC-1), BCL2 interacting protein 3 (BNIP3) and BNIP3 like protein (NIX), a group
of mitochondrial or cytosolic proteins, and adaptors like p62, and optineurin (OPTN), needed for the
assembly of the mitochondria with the main autophagic machinery via their LC3 interacting region
(LC3) [29].

Mitophagy is characterized by having non-redundant pathways [7,30]. Depending on the
physiological context mitophagy is classified as basal, which corresponds to the ubiquitin-dependent
pathway, mainly by PINK1/PARKIN proteins, for the continuous maintenance by the renewal of
mitochondria which ensures the recycling of damaged and depolarized organelles [27,31]. The stress-
induced response is composed partly of FUNDC-1 and BNIP3 proteins, and the programmed
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pathways, where NIX protein belongs. Corresponding these to the ubiquitin independent pathways
through mitochondrial receptors. Also, NIX, BNIP3, and FUNDC1 possess BH3 domains, LC3
regions, respond to hypoxia, and are proapoptotic [7]. The stress-induced pathway corresponds to
extracellular stress signals that affect the mitochondrial physiology and can induce an acute
mitochondrial clearance via mitophagy, as is the loss of mitochondrial membrane potential,
starvation due to lack of nitrogen, or hypoxia due to the lack of oxygen. And finally, the programmed
mitophagy activates in different types of cells during development [22,32,33].

Without continuous renewal by mitophagy, mitochondria lose their function [34]. Mitophagy
flux, efficiency, and proteins are reduced throughout the aging process, and conversely, inducing
mitophagy through genetic or pharmacological means leads to a longer lifespan [35,36]. As cells and
organisms age, the efficacy of the respiratory chain tends to diminish, thus increasing electron
leakage, ROS, and reducing ATP generation [37]. The relationship between mitochondrial
dysfunction and aging has been long suspected, and at present human aging is generally linked to
progressive mitochondrial dysfunction [38]. As mitophagy is a complex process that has not been
blocked entirely due to the participation of several actors and non-redundant pathways [30], new
actors may emerge in this process.

II. Mitophagy Decline Drives Primary Sarcopenia

Skeletal Muscle tissue is a major and the largest body tissue characterized by its higher
mitochondrial content and metabolism. Skeletal muscle corresponds to around 40% of body mass
[39], and is a contractile machine that allows the locomotion and movement of the organism’s body.
The prior is achieved by the muscle-skeletal system where muscles contract and relax to move bones
to which they are inserted via tendons through the body’s articulations. Skeletal muscles are
surrounded by an outer layer of connective tissue called epimysium, and beneath the epimysium are
bundles of myofibers, also named fascicles [40]. Inside fascicles individual myofibers are found,
surrounded by connective tissue, interstitial cells for regulation, and satellite cells for muscle
regeneration. Each myofiber is surrounded by several myonuclei and the sarcolemma, the myofiber
cell membrane reservoir of calcium that when released allows the fiber’s contraction, and possesses
mitochondria localized between myofibrils. Several individual myofibrils are composed mainly of
myosin heavy chains (MYHC) and actin protein filaments, responsible for muscle contraction-
relaxation [41]. Skeletal muscles have different fiber types, classified among slow and fast-twitch.
Myofiber types are defined by their composition of myosin heavy chain isoforms: MYH-7, type I,
which is slow-twitch, MYH-2 and 1, type IIA and IIB respectively, which are fast-twitch,
distinguishing each different myofiber type from the slowest, with a preponderant oxidative
metabolism, to fastest, with a preponderant glycolytic metabolism: 1, 1/2A, 2A, 2A/2X and 2X in
humans [42,43]. Skeletal muscle fiber types are commonly found in different proportions in a single
muscle group [44,45].

Primary sarcopenia is the main aging disease of skeletal muscle and corresponds to the
progressive, accelerated, variable, involuntary loss of skeletal muscle mass and strength/function that
occurs due to aging alone in elderly people, starting at 50 years old [46,47]. It was observed and
described decades earlier in 1931, and many years later it was noticed that with aging muscle loss
occurs accompanied by the loss of type II myofibers, observed in studies of human skeletal muscle
biopsies, starting in the third decade of human life [48,49]. Then, in 1989 the term “Sarcopenia” was
formed, from the Greek “Sarco” (meaning flesh/muscle) and the Greek word “Penia” (meaning loss),
and presented officially as a disease by the author [50]. Later, in 1995 sarcopenia became considered
a clinical entity after it was coined in 1989, because of the highly significant increase in incidence and
prevalence of sarcopenia due to the increase in the elderly population during the 20th and 21st
centuries [51]. According to the main sarcopenia work groups (EWGSOP, AWGS, IWGS, FNIH),
primary sarcopenia is diagnosed by measuring muscle strength/function together with muscle mass,
although low muscle strength is the principal factor to determine the diagnosis of sarcopenia in
humans [46,52-54].
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Primary sarcopenia becomes more prevalent with age [55]. From 25 to 80 years old humans lose
around 25% of muscle mass [56,57], the onset and progression of sarcopenia are highly variable
among different subjects because of genetic, lifestyle, and environmental factors [58-60], whereas
muscle strength and mass in adults are due to genetic factors up to more than 50% [61]. Primary
sarcopenia is a major threat and risk factor for several age-associated diseases [62-65], its
deterioration accelerates over time [66,67], is accompanied and produces other morbidities, like
cardiovascular diseases, type 2 diabetes, high blood pressure, obesity, and impairments like frailty,
reduced mobility and disability [62-65,68], leads to an increased risk and fall-related injuries,
hospitalization, loss of independence, diseases and death [53,69-73]. Accordingly, primary
sarcopenia has become a major geriatric disease due to the increase of life expectancy and the growth
of the older population worldwide, where the fast aging of the human population increases the
incidence and prevalence of sarcopenia [71,74], being clinically assessable from 50 years old with a
prevalence of more than 5%, with an annual progression of 0.5 to 2% each year, and accelerating
progressively after the 7th decade of life with a prevalence of more than 10% [74-76].

Vastly in the literature, primary sarcopenia has been described as a loss, atrophy, and grouping
of muscle fibers [49,51,68,77-80], with myofiber types proportions impacting significatively in
primary sarcopenia, where type II fibers loss, smaller diameter, and atrophy occur, with a transition
from fast to slow-twitch type I myofibers [51,80,81]. These changes in fiber type correlate with the
reduced expression of MYHC-1 (IIX type), and MYHC-2 (IIA type), while MYHC-7 (type I)
expression remains normal [82,83]. The MHC composition of single myofibers revealed a 12% higher
proportion of more mixed I/IIA and II/IIB types, and groupings of type I and II myofibers through
the skeletal muscles in elderly individuals [51,82,84]. Fast type II, MHC-1 and 2, myofibers’ size and
amount decreased significatively, including satellite cell content and myonuclear domain, decreasing
their adaptation to exercise, and MHC-2 and 1 protein levels declined by 3% and 1-5% respectively
per decade, which was inversely associated with age, shifting from fastest IIB to IIX and IIA to I
slower myofiber, and none of these parameters were improved with heavy resistance training during
advanced aging [51,79,80,83,85-87]. Whereas, slow type 1 myofibers increased by 6%, positively
associated with age, together with a corresponding increase in MHC-7 mRNA [83].

The fundamental change that occurs in skeletal muscle myofiber cells with aging and primary
sarcopenia, in humans, D. melanogaster, mice, C. elegans, and C2C12 sarcopenia cell line models, is
mitochondrial dysfunction, which corresponds to the functional decline of mitochondrial quantity,
quality, and activity due to the oxidation and destruction of its structure [88]. First, a significant
reduction in mitochondrial biomass and content in primary sarcopenia and aging is observed in COX,
TOM-20 proteins, and mtDNA levels, where mtDNA, relative to nuclear DNA, was 38% lower
[89,90]. Second, glycolytic metabolism also declines, seen by the decline in mRNA of MHC-1 and 2,
of 14 and 10%, of myofibers 2A and 2X respectively, which primarily use glycolytic metabolism,
whereas the mRNA abundance of MHC-7 remained unaltered with age [83,91]. Third, mitochondrial
oxidative phosphorylation, oxidative metabolism, resting and maximal oxygen consumption, and
oxidative capacity are impaired, reduced, and decline in men and women, between 25 and 80 years
old. Peak aerobic capacity declines 8% per decade with age, oxidative capacity is 50% lower, oxidative
and phosphorylation activity is reduced by around 40%, tricarboxylic acid enzymes activity is
reduced, and mitochondrial volume is 24% lower [88,92-96]. Fourth, a decrease in lipid metabolism
occurs as older adults have fewer mitochondria in contact with lipid droplets, producing larger and
more intramyocellular lipid droplets, due to the lack of mitochondrial metabolism and function [89].
Fifth, mitochondrial ATP synthesis, mtDNA, and mitochondrial mRNA abundance are decreased
and declined among women and men between 18 and 89 years old. Furthermore, mtDNA levels were
associated positively with mtATP production rate, being closely related to aerobic capacity [83]. Sixth,
a decrease in mitochondrial biogenesis was observed due to less PGC1-« protein abundance. And,
seventh, the dysregulation of mitochondrial dynamics with an excess of DRP1 fission relative to
fusion OPA1 proteins [71,88].
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Mitochondrial dysfunction seems to be the main cause of primary sarcopenia and is a well-
established hallmark of aging [4,88,97], which can accelerate aging in mammals [98-100], particularly
observed in studies with mice deficient in DNA polymerase vy, responsible for mtDNA replication
[101,102]. The accumulation of defective, damaged, and/or dysfunctional mitochondria in skeletal
muscle myofiber cells are associated with aging, primary sarcopenia, decreased mtDNA damage
repair, increased ROS, cellular apoptosis, a decrease in skeletal muscle mass, strength, and function,
prolonging and increasing damage like excessive structure oxidation due to ROS, impairment of
contraction excitation of the muscle fiber, altered calcium homeostasis, energy deficiency, altered
signaling to the nucleus, dysfunction of myofibers, death of myofibers, and lack of myofiber
regeneration [71,103-105]. Therefore, the lack of mitochondrial homeostasis has been suggested to
perform a causal role in age-associated skeletal muscle decline [94,106-108]. Accordingly, mitophagy
deficiency has been associated with primary sarcopenia mitochondrial dysfunction causing defective
bioenergetics [4,10,11,15,16,38]. The accumulation of dysfunctional mitochondria would be caused
by an impairment in the mitophagy flux, seen as the decrease of mitophagy-related proteins, or the
interruption of mitophagy, which alters the mitochondrial function progressively, accumulating
deficient mitochondrial organelles, damaging cells and tissues [7,109]. Notably, biological aging
affects negatively the mitophagy homeostasis in the skeletal muscle system [110-112], where
impaired mitophagy performs a key role in the loss of mitochondrial functions [111]. The
combination of increased mitochondria damage (like oxidized mitochondrial DNA, lipids, and
proteins), reduced mitochondrial turnover (seen by mitophagy flux and efficiency with LC3-1I/I ratio,
ATG-1,7,8 and Lamp-1 protein levels, plus mitophagy receptor and adaptor protein levels as p62,
BNIP3, PINK1, and PARKIN), lower mitochondrial biogenesis (seen as a decrease in PGC1-a protein
and mtDNA levels), plus reduced mitochondrial clearance (seen as depolarized mitochondria
accumulation), contribute to the aging process of skeletal muscle [106,113-115]. Hence, the
stimulation of the mitophagy process could possibly reverse mitochondrial dysfunction in primary
sarcopenia by degrading dysfunctional mitochondria, promoting mitochondrial biogenesis and
protecting mitochondria from oxidative stress.

The main pathway for mitochondrial dysfunction to cause primary sarcopenia, which counts
with the most evidence, also as the best potential treatment for primary sarcopenia, is the
downregulation of mitophagy with aging (Figure 1). Mitophagy in skeletal muscle is reduced during
normal aging in humans, D. melanogaster, mice, C2C12 and L6 rodents skeletal muscle cell lines,
where impairment in mitophagy flux is due to a decrease in mitophagy-related proteins: PINK,
PARKIN, AMPK, ULK1, BECLIN-1, BCL2, ATG-3, 5 and 12, LC3-I and II, LAMP-1 and 2 is suggested
to accumulate dysfunctional mitochondria, accompanied with a decrease in PGC1-a protein levels
for mitochondrial biogenesis reciprocal balance [71,109,116]. Accordingly, in old humans there is a
downregulation of mitophagy-related genes BNIP3, PARKIN, BCL2L13, LC3-II/I ratio, Beclin-1, Atg-
7, and E3 ubiquitin ligases, which causes insufficient skeletal muscle mass, poor muscle strength,
severe decrease in mitochondrial respiration, uncoupling and susceptibility to opening permeability
transition pores, showing a positive correlation between the decrease in physical function, leg lean
mass and mitophagy genes [117-121]. Also in humans and rodents, the progressive age-related
decline of the autophagy/lysosome system, which mitophagy depends on, presents lower protein
levels of autophagy core components and mitophagy regulators LC3-II/I ratio, p62, Beclin-1, Atg-3
and 4, and Bcl2 [122,123].
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Figure 1. Pathway of mitochondrial dysfunction driving primary sarcopenia. Aging reduces AMPK-SIRT1
signaling, downregulating PGC-1a and mitochondrial biogenesis. Impaired fusion follows via decreased OPA1
and MFN1/2, while DRP1 and FIS1 are upregulated, promoting excessive fission. This imbalance in
mitochondrial dynamics leads to fragmented, damaged mitochondria. However, mitophagy is concurrently
suppressed, preventing their clearance. The failed turnover marks the critical blockade in mitochondrial quality
control, driving mitochondrial dysfunction and culminating in muscle atrophy and weakness—primary

sarcopenia.

II1. Evidence of Mitophagy Impairment in Aged Skeletal Muscle

In mice aged skeletal muscle presents a decreased mitophagy flux (LC3-1I and p62 ratio protein
levels) and efficiency (accumulation of BNIP3, NIX, Beclin-1, Lamp-1/2, transcription factor for
lysosomal biogenesis EB, TFEB, and Cathepsin D, a lysosomal protease) compared to young mice
skeletal muscle even in response to chronic contractile activity [124]. Also, when measuring
mitophagy in aged mice skeletal muscle in vivo, again a decrease in mitophagy flux was observed,
where a mitochondrial pH-dependent fluorescent reporter transitions from the mitochondria into the
lysosome [27]. Even more, in mice and rats’ certain alterations in the mitophagy regulators PARKIN,
PARKIN/VIDAC ratio, and PGC1-a lead to mitophagy deficiency and the following accumulation of
dysfunctional mitochondria in primary sarcopenia [117,125]. Notably, parkin gene deletion in mice
causes insufficient muscle mass and poor muscle strength [117,118]. Consequently, the
overexpression and upregulation of parkin gene expression in old mice ameliorated the loss of skeletal
muscle mass and function due to aging, unexpectedly causing hypertrophy and an increase in fibers
size via the increase in mitochondrial content and enzymatic activities [118,126].

IV. Autophagy-Mitophagy Axis in Muscle Degeneration

Autophagy is closely related to the deficiency in the mitophagy process that affects skeletal
muscle in primary sarcopenia. Expressing the atg-7 gene in aged mice skeletal and cardiac muscle
ameliorates skeletal muscle mass and cardiac function, while overexpressing atg-5 prevents the age-
induced decrease in muscle function, preserving muscle strength and extending lifespan [127,128].
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On the contrary, atg-7 gene deletion, necessary for mitophagy occurrence, leads to defective
mitophagy, causing an increase in accumulation of enlarged, swollen mitochondria, inducing muscle
atrophy, loss of force, myopathy, accelerated aging, and the accumulation of p62, LC3, and
NIX/BNIP3L mitophagy related protein levels due to the blockage of the mitophagy process [127].
Even more, in mice, it has been described that activating autophagy facilitates muscle regeneration
by reversing senescence in skeletal muscle satellite cells, where atg-7 gene deletion results in
mitochondrial dysfunction [129]. Autophagy also allows the degradation of dysfunctional
mitochondria, preventing myofiber atrophy, therefore stimulating basal autophagy protects from
primary sarcopenia in humans and mice [130]. Remarkably, the stimulation of selective autophagy
in sarcopenia preserves and even recovers muscle strength and function in aged organisms by
promoting the degradation of faulty mitochondria and preventing muscle mass loss [131].

V. Natural Mitophagy Inducers: Urolithin A and Spermidine

Following the previous studies’ results, the utilization of mitophagy stimulants natural
compounds Urolithin A and Spermidine, extracted from pomegranate fruit and wheat germs
respectively, shown to act via the PINK1/PARKIN mitophagy pathway, had beneficial effects on D.
melanogaster, mice and worms aged skeletal muscle, increasing mitophagy related proteins PINK1,
PARKIN, BNIP3, p62 and Beclin-1 expression levels [36,132-135]. In aged mice muscle function, grip
strength and running capacity increased, while in aged worms increased motility, lifespan, delayed
aging, and inhibited neurodegeneration [36,135]. Even more, Urolithin A administration in aged mice
heart skeletal muscle increased heart blood ejection, and mitochondrial and myofiber volume
[36,134]. Spermidine increased mitophagy in aged D. melanogaster, promoted stress resistance, and
reduced aging locomotor loss [132,133].

VI. Translational Evidence in Humans and Animal Models

In humans, Urolithin A and Spermidine could protect, prevent and/or ameliorate primary
sarcopenia and age-associated diseases. In 40 to 64 years old, sedentary with low physical
performance, overweight individuals Urolithin A increased: muscle strength, exercise performance,
TCA enzymes protein levels, mitochondrial content, and biomarkers of mitochondrial health, were
seen, with lowered blood pressure and systemic inflammation [136-138]. While, Urolithin A and
Spermidine lowered cardiovascular disease, pondering them as potential therapeutic compounds
[36,139,140]. Similar natural compounds: Resveratrol, Curcumin, Tomatidine, Ascorbic acid,
Schizandrin A, Anthocyanidin, and Astragaloside IV have been found to stimulate mitophagy in
mice and have neuroprotective effects against strokes, Alzheimer’s and Parkinson’s disease, which
are age-associated diseases also presenting mitochondrial dysfunction [141].

VII. Therapeutic Perspective: Targeting Mitophagy to Reverse Sarcopenia

It is still necessary to understand the mechanisms that change skeletal muscle strength/function
and mass to develop specific intervention strategies against primary sarcopenia [68], considering that
at the moment conflicting results exist when studying primary sarcopenia due to methodological
limitations [68]. The study of primary skeletal muscle cells from different human donors with a
variety of biological conditions, such as natural aging, genomes, diseases, lifestyles, and health
conditions, are the best in vitro models to study primary sarcopenia [71]. So, the use of these
appropriate in vitro models is a good strategy to screen molecular targets to identify therapeutic
compounds against primary sarcopenia [71]. Despite this, molecular and cellular mechanisms have
yet to be characterized to design an effective treatment for primary sarcopenia, where most of our
understanding of myofibers and the muscle scaffold come from work performed in animals [67].
Therefore, there is a need for clinical investigation in humans to integrate with state-of-the-art basic
research in laboratory animals [68]. Due to the latter, pre-clinical research in aged laboratory animals
is critical and still has to be performed to provide sufficient evidence to move forward to clinical
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research and achieve translational value [71]. Hence, the use of naturally aged animals and cell line
models has the advantage of studying primary sarcopenia at the systemic effects level, molecular
patterns at the organs level, and finally the cellular level for biochemical biomarkers [71]. Therefore,
the use of aged D. melanogaster and mice C2C12 cell line is recommended to study sarcopenia effects
at all levels [142-144], where the D. melanogaster model resembles the mammalian skeletal muscle
fibers organization and metabolism [145-147], and the mammalian mice C2C12 cell line differentiated
into skeletal muscle myotubes treated with hydrogen peroxide to induce sarcopenia has been
extensively utilized as a sarcopenia model for studying sarcopenia [148-151].

VIII. Future Directions and Clinical Relevance

The previous findings indicate that mitophagy deficiency contributes to primary sarcopenia
through a complex mitochondrial quality control network. As there are multiple pathways and roles
of mitophagy proteins in mitochondrial quality control, it is to be expected that mitophagy-related
proteins like, PARKIN, PINK, BNIP3, NIX, BCL2L13, p62, LC3-I and II, AMPK, ULKI1, Beclin-1, Bcl-
2, TFEB, Cathepsin D, Lamp-1 and 2, ATG-1,5, 7 and 8, together with the natural compounds
Urolithin A and Spermidine, become new therapeutic targets and options for primary sarcopenia,
preventing and ameliorating the loss of strength and mass of skeletal muscle during aging.

Corresponding to the different possible causes of sarcopenia in humans, its markers are:
forkhead box O3a transcription factor (FoxO3a), indicative of protein degradation, mammalian target
of rapamycin (mTOR), whose activation inhibits autophagy [152], tumor necrosis factor-alpha (TNF-
a) and interleukin 6 (IL-6), inflammatory cytokines that inhibit the synthesis and degrade muscle
proteins [153], which present positively correlated higher levels. Oppositely, autophagy-related
kinase 1 (ULK1), a regulator of autophagy in aging skeletal muscle [154], adenosine monophosphate-
activated protein kinase (AMPK), which mediate mitochondria quality control [152], insulin-like
growth factor 1 (IGF-1), that regulates fiber’s growth via protein synthesis [155], and Myosin protein,
present negatively correlated lower levels.

The design and production of a natural mitophagy compound in primary sarcopenia would
be useful for most age-related diseases, especially primary sarcopenia, mtDNA mutation diseases,
and the treatment of aged cells, tissues, and organs deterioration, where the main cause of aging and
damage is the accumulation of dysfunctional mitochondria, as in: diabetes, cancers, cardiovascular
diseases, neurodegenerative disorders, amyotrophic lateral sclerosis, multiple sclerosis, Parkinson’s
disease, Alzheimer’s disease, autoimmune disorders, hypertrophic and dilated cardiomyopathies,
cardiac conduction defects, increases in the size of myocardial infarction and Leber’s Hereditary
Optic Neuropathy [156].

Also, the application of a Urolithin A/Spermidine mitophagy natural compound would reveal
its relevance in primary sarcopenia where dysfunctional mitochondria are present and mitophagy is
decreased, responsible for the aging phenotype [29,157]. The use of the natural mitophagy compound
would improve the healthspan and lifespan of all aged people above 50 years old, preventing
hospitalizations, and fall injuries, treating and decreasing other morbidities such as obesity,
hypertension, diabetes, and mortality.
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