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Abstract: Background/Objectives: Sarcopenia, characterized by the progressive loss of
muscle mass and strength, is linked to physical disability, metabolic dysfunction, and an
increased risk of mortality. Exercise therapy is currently acknowledged as a viable ap-
proach for addressing sarcopenia. Nevertheless, the molecular mechanisms behind exercise
training or physical activity remain poorly understood. The disruption of mitochondrial
homeostasis is implicated in the pathogenesis of sarcopenia. Exercise training effectively
delays the onset of sarcopenia by significantly maintaining mitochondrial homeostasis,
including promoting mitophagy, improving mitochondrial biogenesis, balancing mito-
chondrial dynamics, and maintaining mitochondrial redox. Exerkines (e.g., adipokines,
myokines, hepatokines, and osteokines), signaling molecules released in response to exer-
cise training, may potentially contribute to skeletal muscle metabolism through ameliorat-
ing mitochondrial homeostasis, reducing inflammation, and regulating protein synthesis as
a defense against sarcopenia. Methods: In this review, we provide a detailed summary of
exercise-induced exerkines and confer their benefit, with particular focus on their impact
on mitochondrial homeostasis in the context of sarcopenia. Results: Exercise induces
substantial adaptations in skeletal muscle, including increased muscle mass, improved
muscle regeneration and hypertrophy, elevated hormone release, and enhanced mito-
chondrial function. An expanding body of research highlights that exerkines have the
potential to regulate processes such as mitophagy, mitochondrial biogenesis, dynamics,
autophagy, and redox balance. These mechanisms contribute to the maintenance of mito-
chondrial homeostasis, thereby supporting skeletal muscle metabolism and mitochondrial
health. Conclusions: Through a comprehensive investigation of the molecular mechanisms
within mitochondria, the context reveals new insights into the potential of exerkines as key
exercise-protective sensors for combating sarcopenia.

Keywords: exercise; exerkines; sarcopenia; mitochondrial homeostasis

1. Introduction
Sarcopenia, a geriatric syndrome marked by diminishing muscle mass and strength,

has become increasingly prevalent in recent years [1]. It is frequently associated with
negative physical and metabolic changes, leading to a decreased quality of life, increased
mortality rates, and higher healthcare costs [2], all further exacerbated by the COVID-19
pandemic [3]. The prevalence of sarcopenia among the global elderly population varies
between 10% and 16%, depending on the classification criteria and cut-off points used [4].
Developing effective sarcopenia interventions is essential to extend life span [5]. Despite
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the lack of specific medications approved for sarcopenia treatment, there is a consensus
that physical activity is the only validated intervention [1,6,7]. Evidence-based clinical
guidelines strongly advocate for regular exercise or physical activity, or exercise training as
the main approach to managing sarcopenia [8].

Engaging in regular physical activity or exercise training, which proves beneficial for
enhancing mitochondrial homeostasis in individuals with sarcopenia, significantly regu-
lates mitophagy, mitochondrial biogenesis, mitochondrial dynamics, and mitochondrial
redox biology [9–11]. However, few studies have explored the molecular mechanisms
underlying exercise-induced mitochondrial homeostasis in sarcopenia. A crucial aspect
involves exercise-inducible exerkines, comprising myokines, hepatokines, osteokines, and
adipokines [12,13]. In this review, we will provide a detailed examination of the signaling
pathways in different types of exercise intervention and mitochondrial homeostasis for
preventing sarcopenia. Following this, we will focus on addressing exerkine-mediated
mitochondrial homeostasis in combating sarcopenia. The understanding of these molecular
mechanisms underlying exerkines’ benefits for skeletal muscle health will help promote
exercise training in both healthy individuals and those with sarcopenia, as well as advance
the development of the key protective sensors of exercise as novel therapeutic targets for
managing this condition.

2. Management and Therapeutic Approaches for Sarcopenia
2.1. The Beneficial Impact of Exercise on Sarcopenia

Physical inactivity can lead to a decrease in skeletal muscle protein synthesis, lean
tissue mass, and extremity strength, contributing to the increased prevalence of sarcope-
nia [14]. In contrast, regular training and daily activity are effective countermeasures to
promote hormonal balance, reduce oxidative stress, improve mitochondrial dysfunction,
and influence immune function [15]. Furthermore, numerous studies have shown that
the prevention and management of sarcopenia by exercise training are related to the type
and intensity of exercise [16]. Considerable focus has been directed towards exploring
the effects of exercise intervention on skeletal muscle, targeting resistance (strength and
power) [17], aerobic [18], and high-intensity interval work [19]. Different types of exercise
enhance various aspects of physical function and can be combined as needed, allowing for
a customized, multicomponent intervention.

An experiment utilized three-month-old mice as models for sarcopenia, which were
subjected to lifelong moderate-intensity treadmill running at 12 m/min for 55 weeks [18].
The results demonstrate that lifelong aerobic exercise activates the AMPK/PGC-1α signal-
ing pathways, which helps counteract the age-related decline in mitochondrial fusion and
fission biomarkers, enhances the Beclin1 and LC3-II/LC3-I ratio and decreases p62, and
effectively promotes mitochondrial biogenesis, thereby improving mitochondrial quality
control and delaying the onset of sarcopenia [18]. According to a previous study, resistance
training in mice (three times a week for 12 weeks, climbing ladders) prevents muscle fibrosis
and atrophy by down-regulating complement component 1q (C1q)-induced Wnt signaling
(glycogen synthase kinase-3β/β-catenin), including β-catenin in satellite (Pax7/DAPI)
and fibroblast (vimentin/DAPI) cells [17]. And resistance training may activate the PI3K-
Akt-TSC signaling cascade to regulate mTORC1 signaling through Ras homolog enriched
in brain (Rheb), which subsequently translocates to lysosomes, thereby playing a role in
promoting protein synthesis by activating several translational and ribosomal components
in skeletal muscle hypertrophy [20] (Figure 1).
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Figure 1. Exercise alleviates sarcopenia by regulating multiple signaling pathways. Resistance train-
ing prevents muscle fibrosis and atrophy via down-regulation of C1q-induced Wnt signaling or the
PI3K-Akt-TSC signaling cascade to regulate mTORC1 signaling through Rheb, which subsequently
translocates to lysosomes. Aerobic exercise promotes an increase in the intracellular AMP/ATP ratio,
subsequently activating the AMPK/PGC-1α signaling pathway to promote mitochondrial quality
control. PGC-1α may activate other transcriptional partners including NRF-1/2 and ERR, which
subsequently drive the downstream transcription of genes involved in mitochondrial biogenesis.
PGC-1α could enhance the Beclin1 and LC3-II/LC3-I ratio and decreases p62 to significantly increase
mitophagy flux. The overexpression of PGC-1α also helps counteract age-related decline in mitochon-
drial fusion and fission biomarkers such as Mfn2 and Drp1. High-intensity interval static strength
training upregulated PGC-1α expression in skeletal muscle, which facilitated the restoration of mito-
chondrial function. PGC-1α promotes the expression of FNDC5, leading to elevated circulating levels
of irisin. Additionally, the increased irisin levels subsequently enhanced the expression of UCP1,
thereby stimulating the conversion of white fat into brown fat. PI3K, phosphoinositide 3-kinase; Akt,
protein kinase B; TSC, tuberous sclerosis complex; Rheb, Ras homolog enriched in brain; mTORC1,
mechanistic target of rapamycin complex 1; C1q, complement component 1q; CKIα, casein kinase
Iα; GSK3β, glycogen synthase kinase -3β; TCF, T-cell factor; LEF, lymphoid enhancer-binding factor;
PGC-1α, peroxisome proliferator-activated receptor-γ coactivator-1α; FNDC5, fibronectin type III
domain containing 5; UCP1, uncoupling protein 1; AMPK, adenosine monophosphate-activated
protein kinase; COXIV, cytochrome oxidase subunit IV; Drp1, dynamin-related protein 1; Mfn2,
mitofusin 2; P, phosphorylation; BAT, brown adipose tissue.

A study demonstrated that a regimen consisting (totally 30 weeks) of 2 d/week
high-intensity resistance training (three sets × 8–12 repetitions to failure plus three sets
of the same abdominal flexion exercise), inserting an additional weekly session of low-
load, explosive resistance training (resistance loads were only two-thirds of the loads
prescribed on high-intensity resistance training), significantly decreased the expression of
pro-inflammatory cytokine receptors and maximized thigh muscle mass and overall lean
body mass in older adults [21]. Moreover, compared with sedentary mice, those undergoing
10-min uphill treadmill, high-intensity interval training (HIIT) sessions over 16 weeks
showed significant improvements in grip strength, treadmill endurance, and gait speed,
and exhibited increased muscle mass, larger muscle fiber size, and greater mitochondrial
biomass [19]. Additionally, an experiment showed that a high-intensity interval static
strength training (eight weeks) program in aged rats increased the muscle fiber volume,



Metabolites 2025, 15, 59 4 of 21

prevented atrophy, and improved motor function via the PGC-1α/FNDC5/UCP1 signaling
pathway, leading to elevated circulating levels of irisin and subsequently stimulating the
conversion of white fat into brown fat (Figure 1) [22]. A review of the extant literature
indicates that all three types of exercise are effective in managing sarcopenia. However, a
definitive study is required to determine which one is superior. This is a promising avenue
for future research. Specificity is a fundamental principle in exercise training. Hence, the
exercise dosage should be adjusted in clinical practice based on the individual progress of
patients with sarcopenia. Furthermore, the key training variables (exercise type, intensity,
duration, and frequency) should be combined and tailored until the optimal dosage for
each individual is identified. And the correlation of the main variables with the reduction
in sarcopenia events requires further investigation.

2.2. The New Potential Medical Treatments on Sarcopenia

Pharmacotherapy represents an effective approach to managing sarcopenia in the
elderly, particularly when exercise interventions alone are insufficient. Older adults with
conditions that impair energy supply or digestive function, such as cancer cachexia, often
present with exercise intolerance and reduced exercise capacity, which restricts the potential
efficacy of exercise therapy [23].

Recent studies have shown that mitochondria-derived peptides (MDPs) play a key role
in regulating muscle homeostasis and preventing sarcopenia [24]. The MDPs that have been
the focus of intensive research in recent years are primarily MOTS-c (mitochondrial open
reading frame of the 12S ribosomal RNA type-c) and humanin. MOTS-c administration
enhances muscle glucose uptake, boosts exercise endurance, and prevents muscle atrophy
by directly binding and activating casein kinase 2 (CK2) [25]. Humanin administration
promotes autophagy and reduces the accumulation of abnormal proteins by activating
AMPK upstream of PI3K Class III complex formation, thereby enhancing skeletal muscle
health and function [26]. Additionally, therapeutic strategies targeting pro-inflammatory
cytokines, particularly TNF-α, are gaining recognition as potential approaches to mitigate
sarcopenia. For instance, etanercept, a TNF-α inhibitor, has demonstrated efficacy in pre-
venting muscle atrophy and extending lifespan in aged mice through mechanisms including
the preservation of muscle fiber cross-sectional area and type II muscle fibers [27]. These
findings have shown promising results in clinical trials, suggesting potential improvements
in muscle mass and strength.

3. Exercise Mitigates Sarcopenia by Maintaining
Mitochondrial Homeostasis

Mitochondria have not only been considered energy suppliers but have also been
closely studied in sarcopenia, observed to play a role in cell signaling, Ca2+ homeostasis,
and cell death [28]. However, mitochondria possess unique DNA (mtDNA), with replica-
tion rules differing from genomic DNA. The production of endogenous reactive oxygen
species (ROS) by mitochondria has traditionally been accepted as an uncontrolled process
that triggers oxidative stress, causing large numbers of mtDNA mutations and damage to
mitochondrial membrane proteins [29]. Under pathological conditions, a decreased mito-
chondrial calcium uptake 1 (MICU1)/mitochondrial calcium uniporter (MCU) ratio results
in a rapid influx of cytoplasmic Ca2+ into the mitochondria, leading to mitochondrial Ca2+

overload [30]. Elevated mitochondrial Ca2+ levels interact with phosphate compounds,
resulting in damage to the electron transport chain and the subsequent generation of
ROS [31]. Excessive mutations in ROS-producing mtDNA result in mitochondrial abnor-
malities, influencing aspects such as mitophagy, mitochondrial biogenesis, and dynamics,
and inducing sarcopenia and alleviated physical activity or exercise training [32]. A recent
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study demonstrated that treatment with the mitochondrial ROS scavenger mito-TEMPO
prevents unloading-induced mitochondrial dysfunction and helps preserve fatigue resis-
tance in the soleus muscle in rats [33]. Hence, protecting both the quantity and quality
of mitochondria is of vital importance for combating sarcopenia through maintaining
mitochondrial homeostasis (Figure 2) [34].
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Figure 2. Exercise promotes mitochondrial homeostasis in sarcopenia. Regular exercise triggers
AMPK signaling, leading to PGC-1α upregulation and activation. PGC1-α may form a transcriptional
regulatory complex with PPARs to coactivate other transcriptional partners, such as NRF1/2 and
ERRα, involved in mitochondrial biogenesis. Exercise-induced glucose catabolism is implicated
in regulating mitochondrial redox to yield ATP. Exercise can also activate Parkin-dependent and
ubiquitin-independent mitophagy to attenuate the impact of aging on muscle tissue. The fusion of the
outer mitochondrial membrane is mediated by Mfn1/2, and Opa1 promotes the fusion of the inner
mitochondrial membrane, together triggering mitochondrial fusion. Mitochondrial fission of the outer
mitochondrial membrane is mediated by Drp1 and Fis1. PGC-1α, peroxisome proliferator-activated
receptor-γ coactivator-1α; NRF1/2, nuclear respiratory factors 1 and 2; ERRα, estrogen-related recep-
tor alpha; PPARs, peroxisome proliferator-activated receptors; TFAM, mitochondrial transcription
factor A; TFB2M, mitochondrial transcription factor B2; mtDNA, mitochondrial DNA; AMPK, AMP-
activated protein kinase; ATG8, autophagy-related protein 8; TCA, tricarboxylic acid cycle; Drp1,
dynamin-related protein 1; Fis1, mitochondrial fission protein 1; Mfn1/2, mitofusin1/2; Opa1, optic
atrophy 1; NADH, nicotinamide adenine dinucleotide; FADH, flavine adenine dinucleotide.

3.1. Exercise Induces Mitophagy in Sarcopenia

Mitophagy is the process by which damaged mitochondria are selectively removed
through autophagic degradation [35]. Loss of Parkin, a mitophagy protein, results in re-
duced muscle strength, impaired mitochondrial respiratory, and an increased sensitivity of
skeletal muscle to mitochondrial permeability transition pore (mPTP) opening in mice [36].
Conversely, Parkin overexpression not only reduces aging-related increases in markers
of oxidative stress, fibrosis, and apoptosis, but also enhances mitochondrial content and
enzymatic activities, mitigating sarcopenia and improving skeletal muscle performance [37].
The PTEN-induced oxidation kinase protein 1 (PINK1)/Parkin pathway has been widely
studied [38]. When mitochondrial membrane potential is compromised, the transport of
PINK1 into the inner mitochondrial membrane (IMM) is inhibited, leading to its accu-
mulation on the cytoplasmic surface of the outer mitochondrial membrane (OMM). This
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subsequently activates Parkin, causing a conformational change that transforms Parkin
into activated E3 ubiquitin ligase, which will ubiquitinate mitochondrial proteins [39]. It
should be noted that beyond ubiquitin-dependent mitophagy, other forms are also relevant,
such as ubiquitin-independent mitophagy, which mainly depends on outer mitochondrial
membrane-resident mitophagy receptors including BNIP3L/NIX, FUNDC1, and FKBP8 in
mammals [40].

When damaged mitochondria are not eliminated, apoptotic signaling pathways are
triggered to damage the nucleus, which can activate autophagy and ubiquitin ligases to me-
diate protein degradation. Resistance exercise (ladder-climbing training, 3 days/week for
9 weeks) has been shown to enhance autophagy and reduce apoptosis in the skeletal muscle
of older rats by modulating insulin-like growth factor-1 (IGF-1) and its receptors, as well as
the downregulation of Akt/mTOR and Akt/FOXO3a signaling pathways [41]. Previous
studies have shown that acute treadmill running (intervals of 10 min at 13 m/min, 10 min
at 16 m/min, 50 min at 19 m/min, and 20 min at 21 m/min) in mice causes mitochondrial
oxidative stress within 3 to 12 h, and mitophagy at 6 h post-exercise via the Ampk-Ulk1
signaling pathway, providing clear evidence of exercise-induced mitophagy [42]. Likewise,
acute exercise (90 min) has been observed to result in enhanced mitophagy and an enhanced
targeting of mitochondrial degradation, increasing mitochondrial turnover [43]. This out-
come is at least partially coordinated by PGC-1α, as the results were not replicated in
PGC-1α knockout (KO) mice. Remarkably, a 12-week resistance exercise (ladder-climbing
training, 3 days/week) program in rats with sarcopenia downregulated the expression of
E3 ubiquitin ligases, including atrogin-1 and MuRF1, in skeletal muscle tissue through the
AMPK/FoxO3 signaling pathway, promoting mitophagy and enhancing mitochondrial
function, as well as suppressing skeletal muscle atrophy [44]. In addition, it has been
reported that after 5 weeks of swimming training, mice exhibited increased levels of basal
mitophagy in vivo, as indicated by a higher LC3-II/LC3-I ratio and elevated BNIP3 levels
in the mitochondrial fraction, thereby contributing to skeletal muscle adaptation and en-
hanced muscle strength [45]. Mitophagy is increasingly recognized as a crucial mechanism
in exercise-induced remodeling, but data from human studies on this topic remain limited.
Further investigation is required to fully elucidate the mechanism of mitophagy in hu-
mans. The potential of mitophagy to alleviate sarcopenia represents a promising avenue for
future research.

3.2. Exercise Induces Mitochondrial Biogenesis in Sarcopenia

Mitochondrial biogenesis is the process through which cells generate new, normally
functioning mitochondria [46]. The process consists of multiple transcription factors that
regulate the expression of nuclear genes responsible for encoding mitochondrial proteins,
such as the nuclear respiratory factors 1 and 2 (NRF1/2), peroxisome proliferator-activated
receptors (PPARs), and the estrogen-related receptor alpha (ERRα), which bind to promot-
ers and activate gene transcription [47]. In addition, PGC-1α, regulated by exercise training,
serves as a pivotal transcriptional regulator in mitochondrial biogenesis, impacting muscle
morphology and physiological function [48,49]. Overexpression of PGC-1α increases mito-
chondrial protein content and antioxidant enzyme activity, in addition to modifying gene
expression, thereby attenuating the impact of aging on muscle tissue [50,51].

Muscle exercise increases the production of ROS (e.g., hydrogen peroxide (H2O2)),
leading to oxidative stress in many tissues, including skeletal muscle [52]. Researchers have
found that after H2O2 treatment, skeletal muscle cells can lower ATP levels, activate AMPK,
and increase PGC-1α mRNA, suggesting that H2O2 can promote PGC-1α expression by
AMPK, finally accelerating mitochondrial biogenesis [53]. MicroRNAs (miRNAs) are a
category of endogenous small RNAs governing gene expression at the post-transcriptional
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level. Recently, a study summarized and analyzed that just eight weeks of treadmill training
in mice enhances the activity of peroxisome proliferator-activated receptor delta (PPARδ),
which in turn activated the Lin28a/miRNA let-7b-5p pathway in the skeletal muscle,
leading to changes in mitochondrial metabolism in a PGC-1α-dependent manner [54]. And
12-week aerobic exercise (treadmill running, 17.5 m/min for 45 min/day) could mitigate
the aging-associated decline in PGC-1α and mitochondrial transcription factor A (TFAM)
in aged rats, resulting in expression levels that are even higher than those observed in
untrained young rats [55]. Hence, the elevation of PGC-1α and TFAM, and the subsequent
augmentation of mitochondrial biogenesis, may be key mechanisms through which exercise
contributes to the preservation of mitochondrial quality in skeletal muscle.

3.3. Exercise Induces Mitochondrial Dynamics in Sarcopenia

Mitochondria, as highly dynamic organelles, engage in a continuous process of fusion
and fission to uphold their morphology and functionality, collectively known as mito-
chondrial dynamics. This process is essential for regulating muscle stem cell regeneration
by regulating metabolism, protein balance, and mitophagy for regenerative therapies in
sarcopenia [56]. It is crucial to maintain a balance between these two processes to ensure
the efficient functioning of both mitochondria and skeletal muscle. Nevertheless, mitochon-
drial abnormalities are common features of sarcopenia with aging, including disruptions
in the proteins responsible for mitochondrial fusion and fission, such as mitofusin1/2
(Mfn1/2) that mediates OMM fusion, optic atrophy 1 (Opa1) that mediates IMM fusion,
dynamin-related protein 1 (Drp1), and mitochondrial fission protein 1 (Fis1) [57]. Several
studies have demonstrated that aging leads to an increased occurrence of mitochondrial
fission, which aligns with the fragmented mitochondrial structures commonly observed
in the skeletal muscle of aged rodents [58]. Congruently, Opa1 levels decline with age in
sedentary but not active adults, which is associated with muscle mass, inflammation, and
metabolic homeostasis in muscle [59].

Mfn2 deficiency in aging muscle worsens age-related mitochondrial dysfunction, un-
derlying the age-related alterations in metabolic homeostasis and sarcopenia [60]. Opa1 defi-
ciency reduces muscle fiber size, causes mitochondrial dysfunction and mitochondrial DNA
release, and enhances FGF21, characterized by NF-κB activation, which contributes to mus-
cle loss and weakness [61]. The mitochondria-related proteins Drp1, Mfn2, PGC-1α, and
COX significantly increased in mice through Sestrin2 in an AMP-activated protein kinase
α2 (AMPKα2)-dependent manner following an 8-month treadmill training (60 min/day,
12 m/min) program, suggesting that aerobic exercise enhanced the mitochondrial fusion
and fission in gastrocnemius with age-related sarcopenia [62]. It is well established that
resistance exercise can increase muscle protein synthesis and muscle strength. In rat skeletal
muscle, there was no change in mitochondrial protein levels involved in mitochondrial
fission or fusion over the 24 h after acute resistance exercise, while four weeks of electrical
stimulation-induced resistance training (every other day, 12 sessions) increased Mfn1, Mfn2,
and Opa1 protein levels [63]. The variations in study results could be attributed to differ-
ences in training protocols, the type of exercise tests employed, and the methodologies
used to assess mitochondrial dynamics. These findings indicate that exercise training can
stimulate compensatory mechanisms via various pathways in response to the detrimental
effects of imbalanced mitochondrial fusion and fission on skeletal muscle. The reaction
is intended to rectify dysregulated mitochondrial dynamics and preserve muscle health.
Therefore, it is imperative to restore mitochondrial dynamics to an appropriate range in
atrophic skeletal muscle in order to promote muscle health and slow the progression of
sarcopenia.
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3.4. Exercise Induces Mitochondrial Redox in Sarcopenia

Muscle activity during exercise requires substantial energy from various metabolic
pathways, which thus greatly relies on mitochondrial redox biology. Lactate, character-
ized metabolic exerkines, is a product of glycolysis and glycogenolysis. Under physical
activity or exercise training, muscle continuously produces lactate and releases it into the
bloodstream, and it is subsequently taken up by the liver and used in gluconeogenesis to
produce glucose, which participates in the tricarboxylic acid cycle (TCA). Similarly, the
catabolism of a fatty acid (beta-oxidation) during exercise is converted to fatty acetyl-CoA
and then to acyl carnitine, so that it enters the mitochondria for TCA [64]. In skeletal muscle,
primary aging causes defects in mitochondrial energetics and a loss of muscle mass, along
with decreased physical activity and exercise [65]. Aged muscle fibers exhibit a reduced
ability to utilize oxygen for the metabolism of fuels in mitochondria. Previous studies
have reported diminished expressions of mitochondrial respiratory complex subunits,
mitochondrial respiration, and ATP levels in skeletal muscle [66]. The accumulation of
excess free radicals generated by the electron transfer chain, coupled with an impaired
detoxification of ROS, contributes to cumulative damage associated with aging, ultimately
compromising mitochondria through processes such as protein oxidation and mutations in
mtDNA [67].

Training volume plays a crucial role in influencing changes in mitochondrial content,
whereas relative exercise intensity is a key factor in determining alterations in mitochondrial
respiratory function [68]. HIIT over 6 weeks improved muscle mitochondrial respiration,
prompting substantial ATP regeneration by mitochondrial OXPHOS in young human skele-
tal muscle tissue [69]. Moreover, lifelong mixed-modality endurance exercise training may
help reduce DNA methylation in the promoter regions of glycolysis, glycogen synthesis,
and TCA-related genes in aged human skeletal muscle, thereby maintaining muscle mass
and increasing metabolic capacity [70]. A 12-week resistance exercise training in older men
(leg press and leg extension, three times/week) reversed aging-related impairments in
mitochondrial ADP sensitivity, serving to further emphasize the capacity of exercise to
enhance or potentially maintain mitochondrial bioenergetics in the aging process [71].

Due to the beneficial effects of mitophagy, mitochondrial biogenesis, mitochondrial
dynamics, and mitochondria redox in protecting muscle, they warrant additional studies in
clinical practice to identify and develop relevant therapeutic targets and strategies around
exercised-induced mitochondrial homeostasis for sarcopenia.

4. Exerkine-Mediated Mitochondrial Homeostasis in Sarcopenia
A growing body of evidence highlights that regular exercise serves as a non-invasive

therapeutic approach and a highly effective intervention for addressing metabolic syndrome
linked to sarcopenia [16]. The crucial reason for this is that exercise triggers the release
of bioactive factors known as exerkines, which contribute to increased muscle anabolism,
bone formation, mitochondrial function, glucose utilization, and fatty acid oxidation (FAO),
ultimately alleviating sarcopenia [72]. Exerkines are secreted by various tissues, including
white adipose tissue (adipokines), skeletal muscle (myokines), the liver (hepatokines), and
bone (osteokines).

4.1. The Impact of Adipokines in Sarcopenia

Presently, it is acknowledged that white adipose tissue (WAT) not only has functions
in energy storage and adaptive thermogenesis but also serves as an important endocrine
organ, regulating metabolism through releasing adipokines [73]. The biologically active
adipokines involved in this process include adiponectin [74], Interleukin 1 (IL-1), Inter-
leukin 6 (IL-6) [75], leptin [76], 12,13-dihydroxy-9Z-octadecenoic acid (12,13-diHOME) [77],
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and resistin (Figure 3) [78]. Moreover, exercise-trained WAT fosters the generation of
thermogenic brown-like adipocytes with specific adipokines, including TGF-β [79], apelin,
follistatin, and myostatin (Figure 3) [80,81]. Recently, great importance has been attached
to the deposition of intracellular lipids, which leads to further mitochondrial dysfunction
and increased ROS production in muscle, disrupts muscle protein synthesis, and impairs
skeletal muscle function, causing the development of sarcopenia [82]. In light of the afore-
mentioned characteristics, it can be considered that exercise-induced adipokines may exert
a beneficial influence on sarcopenia by reducing lipid deposition.
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Figure 3. Exercise training improves sarcopenia by triggering the release of exerkines. Exerkines
released after exercise into systemic circulation promote protein synthesis and mitochondrial biogen-
esis, increase anti-inflammatory capacity, decrease pro-inflammatory factors and oxidative damage,
and enhance fatty acid metabolism to affect the skeletal muscle system and ameliorate sarcopenia, as
evidenced by the adipokines (white adipose), myokines (skeletal muscle), hepatokines (liver) and
osteokines (bone). 12,13-diHOME, 12,13-dihydroxy-9Z-octadecenoic acid; IGF-1, insulin-like growth
factor 1; BAIBA, β-aminoisobutyric acid; FGF21, fibroblast growth factor 21; metrnl, meteorin-like
factor; BDNF, brain-derived neurotrophic factor; HSP72, heat shock protein 72; SeP, selenoprotein P;
LECT2, leukocyte cell-derived chemotaxin 2; HPS, hepassocin; ANGPTL4, angiopoietin-like protein
4; FGF23, fibroblast growth factor 23; PGE2, prostaglandin E2.

Leptin, a key adipokine produced by adipocytes, plays a critical role in muscle
metabolism modulation. It is worth noting that obesity gives rise to a state of mild inflam-
mation, marked by the secretion of leptin, which elevates the levels of pro-inflammatory
cytokines, resulting in a diminished anabolic response to IGF-1. The ensuing inflammation
further contributes to insulin resistance, exacerbated by muscle catabolism, thereby leading
to increased fat accumulation and muscle loss [83,84]. Studies in mice show that leptin
deficiency promotes fatty acid β-oxidation, enhancing mitochondrial protection against
ROS through HK-II regulation, acting on mitochondrial function and quality control mecha-
nisms [76]. Intensive lifestyle interventions lasting 12 weeks (three times a week), including
whey supplementation and resistance exercise, can significantly lower the leptin level,
restore metabolic hormone levels, and ameliorate muscle mass in sarcopenic patients [85].
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Transforming growth factor-beta 2 (TGF-β2), an exercise-induced adipokine, is stimulated
by exercise-induced lactate, enhancing glucose uptake in skeletal muscle and boosting
mitochondrial function, shedding light on adipose–muscle tissue crosstalk [79] (Table 1).
Adiponectin acts through adiponectin 1 and 2 receptors (adipoR1 and adipoR2), which are
highly expressed in muscle [86]. AdipoR1-deficient mice show reduced PGC-1α expression,
mitochondrial biogenesis and function, and endurance training capacity [87]. A 4-month
endurance training (45 min/time, 3 times/week) program in mice enhanced AdipoR1
gene expression, circulating adiponectin levels, AMPK/PGC-1α-related mitochondrial
biogenesis, and Akt/mTOR-mediated protein synthesis and proliferation, showcasing
positive effects on sarcopenia development and muscle health [74] (Table 1). Exercise-
induced adiponectin also reduces white fat synthesis to mitigate muscle atrophy, with
the primary mechanisms underlying this effect including enhanced insulin sensitivity, im-
proved glucose uptake, promotion of myogenesis, inhibition of muscle protein degradation,
and increased muscle hypertrophy [87,88]. Additionally, adiponectin contributes to the
activation of brown adipose tissue (BAT) and promotes thermogenesis, further supporting
the preservation of muscle mass and overall metabolic health [89].

Table 1. The effects of exerkines in sarcopenia.

Exerkines Main Tissue
of Origin Main Mechanism

Main
Biological

Action
Exercise Type Exercise Protocol Organism or

Model Refs

TGF-β2 AT Lactate–TGF-β2

Regulates
glucose and

fatty acid
metabolism;

promotes
mitochondrial

function

Voluntary
wheel running
(mice); cycling

(humans)

11 or 28 d (mice);
12 weeks, 5 d/week,

60–80 min/d
(humans); 2 weeks,

6 sessions, 4–6 bouts
for 30 s/session,

separated by 4 min
(humans)

Mice and
humans [79]

Adiponectin AT Adiponectin/AdipoR1-
AMPK-PGC-1α

Restores
muscle stem

cell
mobilization,
alters muscle

metabolic, and
stimulates

mitochondrial
biogenesis

Treadmill
running

4 months, 18 m/min
for 35 min,

3 times/week
Mice [74]

IGF-1 SkM IGF-1/IGF-1R-
PI3K/Akt

Mediates
autophagy and

protein
synthesis

Treadmill
training,
ladder-

climbing
training,
vibration
exercise
training,
electrical

stimulation

4 weeks, 60 min/d;
4 weeks, 60 min/d;
4 weeks, 15 min/d;
4 weeks, 15 min/d

Mice [90]

IL-6 SkM REVERBα/IL-6-
STAT3

Increases
mitochondrial
respiration and
mitochondrial

biogenesis

Treadmill
running 90 min, 20 m/min Mice [91]

Irisin SkM FGF21-PGC-1α
-Irisin

Improves
muscle

strength and
function

Ladder
climbing

exercise with
tail weight

(aged mice);
elastic band

exer-
cise(humans)

12 weeks, 3 d/week
(aged mice);

12 weeks, 1 h
session, 2 d/week

(humans)

Aged mice,
and humans

aged over
65 years

[92]
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Table 1. Cont.

Exerkines Main Tissue
of Origin Main Mechanism

Main
Biological

Action
Exercise Type Exercise Protocol Organism or

Model Refs

SeP Liver SeP/AMPK/PGC-
1α

Enhances
mitochondrial
biogenesis and

function

Treadmill
training

4 weeks, 5 d/week,
30 min/d Mice [93]

Follistatin Liver Follistatin/Myostatin Regulates
metabolic

Voluntary
wheel running

5 months, speed
>0.2 km/d Mice [94]

FGF23 Bone FGF23-Klotho

Promotes
muscle

performance
and

enhances
mitochondrial

function

Motor
treadmill
exercise

5 m/min for 10 min,
+5 m/min →

20 m/min, acute
(60 min), exhaustive,

and moderately
chronic (one week,
60 min/d) exercise

Mice [95]

TGF-β2, transforming growth factor-beta 2; d, day(s); HR, heart rate; adipoR1, adiponectin receptor1; AT, adipose
tissue; SkM, skeletal muscle; AMPK, AMP-activated protein kinase; PI3K; phosphatidylinositol 3-kinase; Akt,
protein kinase B; PGC-1α, peroxisome proliferator-activated receptor-γ coactivator-1α; IL-6, Interleukin 6; STAT3,
signal transducer and activator of transcription 3; FGF21, fibroblast growth factor 21; IGF-1, insulin-like growth
factor 1; SIT, sprint interval training; SeP, selenoprotein P; FGF23, fibroblast growth factor 23; +5m/min →
20m/min, increased by 5 m/min until 20 m/min.

Therefore, according to the above studies, exercise-induced adipokines are vital in
reducing inflammation, promoting mitochondrial biogenesis, and decreasing white fat
synthesis to attenuate sarcopenia. Understanding the specific adipokines activated by
exercise can guide the development of more effective exercise interventions and therapeutic
strategies for improving skeletal muscle health.

4.2. The Impact of Myokines in Sarcopenia

Consistent research findings highlight the significant health benefits of regular exercise,
contributing to reduced age-related oxidative damage, enhanced autophagy, and improved
mitochondrial function, myokine profiles, IGF-1 signaling pathways, and insulin sensitiv-
ity [96]. The intricate mechanisms underlying these health advantages are multifaceted,
partly attributable to the release of bioactive substances in skeletal muscle during exercise.
Skeletal muscle operates as an endocrine organ, producing and releasing myokines that
exert autocrine, paracrine, and hormonal influences on various tissues [97], including
IGF-1 [90], IL-6 [91], irisin [98], β-aminoisobutyric acid (BAIBA) [99], myostatin [100],
fibroblast growth factor 21 (FGF21) [101], meteorin-like factor (metrnl) [102], brain-derived
neurotrophic factor (BDNF) [103], and apelin [13] (Figure 3). Dysregulation in myokine se-
cretion can arise in the pathogenesis of age-related conditions, such as sarcopenia [104,105].

4.2.1. IGF-1

IGF-1, a key factor controlling skeletal muscle anabolism and catabolism, exerts its
anabolic effects on skeletal muscle by regulating mitochondrial function, ROS detoxifica-
tion, and the basal inflammatory state in aging individuals [106]. However, IGF-1 levels
are inhibited in numerous chronic diseases, including sarcopenia, potentially leading to
muscle atrophy resulting from the combined impacts of altered protein synthesis, ubiquitin-
proteasome system (UPS) activity, autophagy, and impaired muscle regeneration [107]. One
study result demonstrated that aerobic exercise (12 m/min for 60 min daily), resistance
exercise (60 min daily), whole-body vibration (15 min daily), and electrical stimulation
(15 min daily) over 4 weeks inhibited oxidative stress and apoptosis and enhance skeletal
muscle mass and function in mice undergoing early aging by activating the IGF-1/IGF-1R–
PI3K/Akt signaling pathway [90] (Table 1).
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4.2.2. BDNF

Muscle-derived BDNF serves as a new regulator of mitochondrial remodeling in
skeletal muscle in response to lipid overload [108]. BDNF promotes the mitochondrial
transport of fatty acids and the expression of genes related to FAO by activating the AMPK,
PPARα, Nur77, and PGC-1α pathways [109]. Since these signaling pathways are also critical
for mitochondrial biogenesis and autophagy during fasting, their disruption in muscle
with muscle-specific BDNF knockout leads to a reduction in ATP production through FAO,
as well as diminished amino acid release from fasting-induced autophagy, resulting in
myofiber necrosis [109]. Impaired muscle fibers are thus associated with weakened muscle
strength, reduced physical activity, lower metabolic rate, and increased adiposity.

4.2.3. IL-6

IL-6 also acts as a major myokine with anti-inflammatory and anabolic effects. Circu-
lating IL-6 concentrations increase dramatically in response to exercise and are intricately
tied to exercise intensity, meaning that IL-6 is released from the skeletal muscle to restore
muscle function following exercise [110]. An acute exhaustive treadmill exercise (20 m/min
for 90 min) triggered increased mitochondrial respiration and mitochondrial biogenesis
in mice, suggesting that the beneficial adaptations of physical exercise, such as enhanced
mitochondrial content and improved autophagy, may be driven by the interaction between
IL-6 and REVERBα [91] (Table 1).

4.2.4. Irisin

Irisin is an exercise-induced PGC-1α-dependent myokine, with significant links to
various aging-related diseases, including sarcopenia. The stimulation of exercise and cold
exposure enhance the generation and secretion of irisin from skeletal muscle, thereby in-
ducing myogenesis, preventing muscle atrophy, improving energy metabolism, enhancing
cellular homeostasis, and promoting mitochondrial quality control [98]. Serum levels of
irisin could be used as a biomarker of muscle dysfunction. Resistance exercise for 12 weeks
(ladder climbing exercise three times a week in mice; elastic band exercise program con-
sisting of 1 h sessions twice a week for older adults) elevated irisin levels and improved
muscle strength, which might present an effective strategy to counteract age-related decline
in muscle function [92] (Table 1).

4.2.5. Myostatin

Myostatin is a powerful inhibitor of muscle mass growth and development that acts
via Akt/TORC1/p70S6K signaling, inhibiting myoblast differentiation and reducing my-
otube size [111]. It has been found that the expression of myostatin can be influenced by
factors such as exercise, NF-κB, aging, and TNF-α. Myostatin is increased in patients with
muscle loss, and its deficiency increases muscle cell protein synthesis, reduces degradation,
promotes mitochondrial biogenesis, and preserves muscle function [100]. An eight-week
concurrent training (resistance and endurance training, three training sessions per week) re-
duced myostatin and improved body composition, muscle mass, and function in sarcopenic
elderly men [112].

4.2.6. FGF21

FGF21 is acknowledged as a marker of mitochondrial dysfunction and aging, playing
a crucial role in regulating metabolic activity [113]. It has been reported that FGF21
may exert its effects on muscle mass via regulation of the mitophagy protein Bnip3 [101].
The expression level of FGF21 is very low in normal healthy muscle. However, muscle
FGF21 is released under conditions including fasting, exercise, mitochondrial dysfunction,
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mitochondrial myopathy, and metabolic disorders [114]. During exercise (e.g., resistance
training), FGF21 is released from muscles into the bloodstream to optimize mitochondria
that act as an energy generator, thus preventing certain diseases, especially sarcopenia [115].

4.2.7. Lactate

Lactate, described as a myokine, exists in millimolar concentrations in muscle and
other tissues. In response to physical activity or exercise training, muscle constantly
produces lactate and releases into the bloodstream. Lactate crosses membranes through
several monocarboxylate transporters (MCTs) in skeletal muscle. In particular, MCT1 is
associated with lactate intake from the circulation and muscle oxidation capacity. Exercise
training increases MCT1 levels and enhances lactate transport to muscle, whereas MCTs
are reduced in aging muscle, thus reducing lactate levels and increasing skeletal muscle
fatigue [116]. In mice, elevated lactate decreased the number of apoptotic nuclei in aged
muscle and restored mitochondrial function through the activation of the CREB-PGC-1α
pathway, thereby helping to mitigate sarcopenia [117].

Overall, exercise-induced myokines from the activation of signaling pathways reduce
muscle protein degradation, promote protein synthesis and hypertrophy, and maintain mi-
tochondrial homeostasis to prevent sarcopenia. Nonetheless, the periodicity and dynamic
changes in myokines’ metabolic adaptations upon different types of exercise training and
their contribution in clinical application require further investigation.

4.3. The Impact of Hepatokines in Sarcopenia

Hepatokines represent a novel class of exercise-inducible soluble factors released by
the liver during and after physical activity, including selenoprotein P (SeP) [93], FGF21 [118],
heat shock protein 72 (HSP72) [119], and hepassocin (HPS) (Figure 3) [120]. These hepa-
tokines are believed to play a pivotal role in fostering interactions among various organs,
such as skeletal muscle, adipose tissue, and the central nervous system (CNS), exerting
tissue-protective effects that counteract oxidative stress, inflammation, mitochondrial dys-
function, and apoptosis [121]. For example, hepatokines such as FGF21, angiopoietin-like
protein 4 (ANGPTL4), and follistatin, released during and after exercise, may influence
skeletal muscle metabolism to favor redistribution [120].

Fetuin-A, a systemic calcification inhibitor, induces a pro-inflammatory milieu by
polarizing M1 macrophages in WAT, generating ROS and reducing insulin sensitivity,
which combined with other pro-inflammatory cytokines causes the development of sar-
copenia [122–125]. Of new note, SeP is identified as a hepatokine upregulated in aging, and
it causes signaling resistance via reductive stress, which is involved in physical inactivity-
mediated muscle atrophy [126]. Following exercise training on a treadmill (30 min per
day for 4 weeks), SeP-deficient mice exhibited an increased aerobic exercise capacity ac-
companied by increased mitochondrial biogenesis and function in skeletal muscle, an
effect associated with increased ROS, AMPK activation, and increased PGC-1α activity [93]
(Table 1). Follistatin, a versatile regulatory protein primarily secreted by the liver, serves
as a potent inhibitor of myostatin-mediated sarcopenia. Transgenic mice overexpressing
follistatin that followed a voluntary wheel running (speed >0.2 km/day) program for
5 months showed a notable increase in muscle mass and contractility [94] (Table 1).

In summary, these studies highlight the potential of hepatokines and their associated
signaling pathways as promising therapeutic targets for managing sarcopenia. Their role
in regulating mitochondrial homeostasis underscores their importance in developing new
treatment strategies for this condition.
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4.4. The Impact of Osteokines in Sarcopenia

Osteokines, novel exercise-inducible soluble factors secreted by osteocytes, osteo blasts,
and osteoclasts, play an important role in the body’s response to exercise, mainly including
RANKL [127], sclerostin [128], osteocalcin [129], fibroblast growth factor 23 (FGF23) [95],
Wnt3a [130], TGF-β [131], IGF-1 [132], and prostaglandin E2 (PGE2) [133] (Figure 3). Os-
teokines are essential for regulating the expression of PGC-1α, improving insulin sensitivity,
and promoting mitochondria biogenesis in skeletal muscle [134]. The muscle–bone crosstalk
may represent a key point in the development of osteosarcopenia (a musculoskeletal disor-
der) therapies [135].

The principal products secreted from bone that influence the formation, maintenance
and regeneration of muscle are the osteocalcin, a marker protein of osteoblasts, and FGF23,
a phosphatonin derived from osteocytes, as well as the inhibitors of the osteogenic wingless
(Wnt) signaling pathway, sclerostin [136]. Osteocalcin, mainly synthesized and released
by osteoblasts, is involved in increasing muscular mitochondria, inhibiting myoblast
proliferation and bone formation, and regulating energy homeostasis, known to increase
during 8-week treadmill running (65–75% VO2max per session, four sessions per week) in
obese young males [137]. In older mice, osteocalcin signaling in the myotubes promotes
protein synthesis without affecting protein breakdown via activation of the mTOR pathway,
uncovering that osteocalcin is both necessary and sufficient to attenuate age-related muscle
loss [129]. RANKL and its associate RANK act in an upstream signaling pathway of nuclear
factor-κB (NF-κB). Research has shown that RANKL inhibition improves muscle strength
and insulin sensitivity in osteoporotic mice and humans through the RANK/RANKL/OPG
signaling pathways, potentially representing a new therapeutic avenue for sarcopenia [127].
FGF23, a unique hormone-like osteokine secreted by bone cells, has been shown to influence
muscle performance. A single bout of acute exercise (60 min), exhaustive exercise, and
chronic prolonged exercise (60 min per day for one week) in mice stimulated serum FGF23
levels to promote muscle performance by regulating ROS production and modulating
mitochondrial function in skeletal muscle [95] (Table 1).

After understanding the cross-talk between bone and muscle, further research should
focus on identifying specific targets involved in exercise-induced osteokine protection
against sarcopenia, which might pave the way for novel treatments of sarcopenia and other
muscle disorders.

5. Conclusions and Future Prospects
Exercise can induce significant adaptations in skeletal muscle, including increased

muscle mass, enhanced muscle regeneration and hypertrophy, reduced ROS, elevated the
release of hormones, and improved mitochondrial function. Very importantly, an increasing
number of exerkines released during exercise present the potential to induce mitophagy,
mitochondrial biogenesis, dynamics, autophagy, and redox to enhance mitochondrial
homeostasis, thereby maintaining the skeletal muscle metabolic balance and mitochondrial
health. Understanding these mechanisms could be pivotal in identifying exerkines as
key protective sensors of exercise to guide more effective and safer exercise regimens for
sarcopenia patients and to predict their prognosis. However, severe sarcopenia patients are
characterized by diminished exercise tolerance and may not be able to withstand extended
exercise training periods. Besides exercise therapy, it is therefore imperative to investigate
novel therapeutic strategies for the management of sarcopenia in the future. The complex
interactions between exerkines and other tissues (e.g., adipose tissue, liver, bone, etc.)
and the skeletal muscle by the regulation of mitochondrial homeostasis warrants further
investigation. The therapeutic effects based on exerkine-regulated molecules, especially
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mitochondrial homeostasis, need to be evaluated in animal models and further translated
into human treatments.
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24. Atakan, M.M.; Türkel, İ.; Özerkliğ, B.; Koşar, Ş.N.; Taylor, D.F.; Yan, X.; Bishop, D.J. Small peptides: Could they have a big role in
metabolism and the response to exercise? J. Physiol. 2024, 602, 545–568. [CrossRef]

25. Kumagai, H.; Kim, S.J.; Miller, B.; Zempo, H.; Tanisawa, K.; Natsume, T.; Lee, S.H.; Wan, J.; Leelaprachakul, N.; Kumagai,
M.E.; et al. MOTS-c modulates skeletal muscle function by directly binding and activating CK2. iScience 2024, 27, 111212.
[CrossRef]

26. Kim, S.J.; Devgan, A.; Miller, B.; Lee, S.M.; Kumagai, H.; Wilson, K.A.; Wassef, G.; Wong, R.; Mehta, H.H.; Cohen, P.; et al.
Humanin-induced autophagy plays important roles in skeletal muscle function and lifespan extension. Biochim. Biophys. Acta
Gen. Subj. 2022, 1866, 130017. [CrossRef] [PubMed]

27. Sciorati, C.; Gamberale, R.; Monno, A.; Citterio, L.; Lanzani, C.; De Lorenzo, R.; Ramirez, G.A.; Esposito, A.; Manunta, P.;
Manfredi, A.A.; et al. Pharmacological blockade of TNFα prevents sarcopenia and prolongs survival in aging mice. Aging 2020,
12, 23497–23508. [CrossRef]

28. Leduc-Gaudet, J.P.; Hussain, S.N.A.; Barreiro, E.; Gouspillou, G. Mitochondrial Dynamics and Mitophagy in Skeletal Muscle
Health and Aging. Int. J. Mol. Sci. 2021, 22, 8179. [CrossRef]

29. Kujoth, G.C.; Hiona, A.; Pugh, T.D.; Someya, S.; Panzer, K.; Wohlgemuth, S.E.; Hofer, T.; Seo, A.Y.; Sullivan, R.; Jobling, W.A.; et al.
Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science 2005, 309, 481–484. [CrossRef]

30. Li, X.; Zhao, X.; Qin, Z.; Li, J.; Sun, B.; Liu, L. Regulation of calcium homeostasis in endoplasmic reticulum-mitochondria crosstalk:
Implications for skeletal muscle atrophy. Cell Commun. Signal. 2025, 23, 17. [CrossRef]

31. Gong, Y.; Lin, J.; Ma, Z.; Yu, M.; Wang, M.; Lai, D.; Fu, G. Mitochondria-associated membrane-modulated Ca2+ transfer: A
potential treatment target in cardiac ischemia reperfusion injury and heart failure. Life Sci. 2021, 278, 119511. [CrossRef]

32. Amorim, J.A.; Coppotelli, G.; Rolo, A.P.; Palmeira, C.M.; Ross, J.M.; Sinclair, D.A. Mitochondrial and metabolic dysfunction in
ageing and age-related diseases. Nat. Rev. Endocrinol. 2022, 18, 243–258. [CrossRef]

33. Sidorenko, D.A.; Galkin, G.V.; Bokov, R.O.; Tyrina, E.A.; Vilchinskaya, N.A.; Lvova, I.D.; Tyganov, S.A.; Shenkman, B.S.; Sharlo,
K.A. Antioxidant mito-TEMPO prevents the increase in tropomyosin oxidation and mitochondrial calcium accumulation under
7-day rat hindlimb suspension. Free Radic. Biol. Med. 2024, 224, 822–830. [CrossRef]

34. Pickles, S.; Vigié, P.; Youle, R.J. Mitophagy and Quality Control Mechanisms in Mitochondrial Maintenance. Curr. Biol. CB 2018,
28, R170–R185. [CrossRef]

35. Drake, J.C.; Wilson, R.J.; Laker, R.C.; Guan, Y.; Spaulding, H.R.; Nichenko, A.S.; Shen, W.; Shang, H.; Dorn, M.V.; Huang, K.; et al.
Mitochondria-localized AMPK responds to local energetics and contributes to exercise and energetic stress-induced mitophagy.
Proc. Natl. Acad. Sci. USA 2021, 118, e2025932118. [CrossRef]

36. Gouspillou, G.; Godin, R.; Piquereau, J.; Picard, M.; Mofarrahi, M.; Mathew, J.; Purves-Smith, F.M.; Sgarioto, N.; Hepple, R.T.;
Burelle, Y.; et al. Protective role of Parkin in skeletal muscle contractile and mitochondrial function. J. Physiol. 2018, 596, 2565–2579.
[CrossRef]

37. Leduc-Gaudet, J.P.; Reynaud, O.; Hussain, S.N.; Gouspillou, G. Parkin overexpression protects from ageing-related loss of muscle
mass and strength. J. Physiol. 2019, 597, 1975–1991. [CrossRef]

38. Guan, R.; Zou, W.; Dai, X.; Yu, X.; Liu, H.; Chen, Q.; Teng, W. Mitophagy, a potential therapeutic target for stroke. J. Biomed. Sci.
2018, 25, 87. [CrossRef] [PubMed]

39. Riley, B.E.; Lougheed, J.C.; Callaway, K.; Velasquez, M.; Brecht, E.; Nguyen, L.; Shaler, T.; Walker, D.; Yang, Y.; Regnstrom, K.;
et al. Structure and function of Parkin E3 ubiquitin ligase reveals aspects of RING and HECT ligases. Nat. Commun. 2013, 4, 1982.
[CrossRef]

https://doi.org/10.3390/metabo11050323
https://www.ncbi.nlm.nih.gov/pubmed/34069829
https://doi.org/10.1093/gerona/glx120
https://doi.org/10.1249/MSS.0000000000002929
https://www.ncbi.nlm.nih.gov/pubmed/35389932
https://doi.org/10.1016/j.exger.2017.09.018
https://www.ncbi.nlm.nih.gov/pubmed/28964826
https://doi.org/10.2147/CIA.S308893
https://doi.org/10.1016/j.mam.2024.101270
https://doi.org/10.1113/JP283214
https://doi.org/10.1016/j.isci.2024.111212
https://doi.org/10.1016/j.bbagen.2021.130017
https://www.ncbi.nlm.nih.gov/pubmed/34624450
https://doi.org/10.18632/aging.202200
https://doi.org/10.3390/ijms22158179
https://doi.org/10.1126/science.1112125
https://doi.org/10.1186/s12964-024-02014-w
https://doi.org/10.1016/j.lfs.2021.119511
https://doi.org/10.1038/s41574-021-00626-7
https://doi.org/10.1016/j.freeradbiomed.2024.10.285
https://doi.org/10.1016/j.cub.2018.01.004
https://doi.org/10.1073/pnas.2025932118
https://doi.org/10.1113/JP275604
https://doi.org/10.1113/JP277157
https://doi.org/10.1186/s12929-018-0487-4
https://www.ncbi.nlm.nih.gov/pubmed/30501621
https://doi.org/10.1038/ncomms2982


Metabolites 2025, 15, 59 17 of 21

40. Lamark, T.; Johansen, T. Mechanisms of Selective Autophagy. Annu. Rev. Cell Dev. Biol. 2021, 37, 143–169. [CrossRef] [PubMed]
41. Luo, L.; Lu, A.M.; Wang, Y.; Hong, A.; Chen, Y.; Hu, J.; Li, X.; Qin, Z.H. Chronic resistance training activates autophagy and

reduces apoptosis of muscle cells by modulating IGF-1 and its receptors, Akt/mTOR and Akt/FOXO3a signaling in aged rats.
Exp. Gerontol. 2013, 48, 427–436. [CrossRef]

42. Laker, R.C.; Drake, J.C.; Wilson, R.J.; Lira, V.A.; Lewellen, B.M.; Ryall, K.A.; Fisher, C.C.; Zhang, M.; Saucerman, J.J.; Goodyear,
L.J.; et al. Ampk phosphorylation of Ulk1 is required for targeting of mitochondria to lysosomes in exercise-induced mitophagy.
Nat. Commun. 2017, 8, 548. [CrossRef] [PubMed]

43. Vainshtein, A.; Tryon, L.D.; Pauly, M.; Hood, D.A. Role of PGC-1α during acute exercise-induced autophagy and mitophagy in
skeletal muscle. Am. J. Physiol. Cell Physiol. 2015, 308, C710–C719. [CrossRef]

44. Zeng, Z.; Liang, J.; Wu, L.; Zhang, H.; Lv, J.; Chen, N. Exercise-Induced Autophagy Suppresses Sarcopenia Through Akt/mTOR
and Akt/FoxO3a Signal Pathways and AMPK-Mediated Mitochondrial Quality Control. Front. Physiol. 2020, 11, 583478.
[CrossRef]

45. Dun, Y.; Liu, S.; Zhang, W.; Xie, M.; Qiu, L. Exercise Combined with Rhodiola sacra Supplementation Improves Exercise Capacity
and Ameliorates Exhaustive Exercise-Induced Muscle Damage through Enhancement of Mitochondrial Quality Control. Oxid.
Med. Cell. Longev. 2017, 2017, 8024857. [CrossRef]

46. Hood, D.A.; Memme, J.M.; Oliveira, A.N.; Triolo, M. Maintenance of Skeletal Muscle Mitochondria in Health, Exercise, and
Aging. Annu. Rev. Physiol. 2019, 81, 19–41. [CrossRef]

47. Scarpulla, R.C.; Vega, R.B.; Kelly, D.P. Transcriptional integration of mitochondrial biogenesis. Trends Endocrinol. Metab. 2012, 23,
459–466. [CrossRef] [PubMed]

48. Lira, V.A.; Benton, C.R.; Yan, Z.; Bonen, A. PGC-1alpha regulation by exercise training and its influences on muscle function and
insulin sensitivity. Am. J. Physiol. Endocrinol. Metab. 2010, 299, E145–E161. [CrossRef] [PubMed]

49. Ji, L.L.; Kang, C. Role of PGC-1α in sarcopenia: Etiology and potential intervention—A mini-review. Gerontology 2015, 61, 139–148.
[CrossRef] [PubMed]

50. Garcia, S.; Nissanka, N.; Mareco, E.A.; Rossi, S.; Peralta, S.; Diaz, F.; Rotundo, R.L.; Carvalho, R.F.; Moraes, C.T. Overexpression of
PGC-1α in aging muscle enhances a subset of young-like molecular patterns. Aging Cell 2018, 17, e12707. [CrossRef]

51. Yeo, D.; Kang, C.; Gomez-Cabrera, M.C.; Vina, J.; Ji, L.L. Intensified mitophagy in skeletal muscle with aging is downregulated by
PGC-1alpha overexpression in vivo. Free Radic. Biol. Med. 2019, 130, 361–368. [CrossRef] [PubMed]

52. Powers, S.K.; Deminice, R.; Ozdemir, M.; Yoshihara, T.; Bomkamp, M.P.; Hyatt, H. Exercise-induced oxidative stress: Friend or
foe? J. Sport Health Sci. 2020, 9, 415–425. [CrossRef]

53. Irrcher, I.; Ljubicic, V.; Hood, D.A. Interactions between ROS and AMP kinase activity in the regulation of PGC-1alpha transcription
in skeletal muscle cells. Am. J. Physiol. Cell Physiol. 2009, 296, C116–C123. [CrossRef]

54. Araujo, H.N.; Lima, T.I.; Guimarães, D.; Oliveira, A.G.; Favero-Santos, B.C.; Branco, R.C.S.; da Silva Araújo, R.M.; Dantas, A.F.B.;
Castro, A.; Chacon-Mikahil, M.P.T.; et al. Regulation of Lin28a-miRNA let-7b-5p pathway in skeletal muscle cells by peroxisome
proliferator-activated receptor delta. Am. J. Physiol. Cell Physiol. 2020, 319, C541–C551. [CrossRef]

55. Kang, C.; Chung, E.; Diffee, G.; Ji, L.L. Exercise training attenuates aging-associated mitochondrial dysfunction in rat skeletal
muscle: Role of PGC-1α. Exp. Gerontol. 2013, 48, 1343–1350. [CrossRef]

56. Hong, X.; Isern, J.; Campanario, S.; Perdiguero, E.; Ramírez-Pardo, I.; Segalés, J.; Hernansanz-Agustín, P.; Curtabbi, A.; Deryagin,
O.; Pollán, A.; et al. Mitochondrial dynamics maintain muscle stem cell regenerative competence throughout adult life by
regulating metabolism and mitophagy. Cell Stem Cell 2022, 29, 1298–1314.e1210. [CrossRef] [PubMed]

57. Tian, X.; Lou, S.; Shi, R. From mitochondria to sarcopenia: Role of 17β-estradiol and testosterone. Front. Endocrinol. 2023, 14,
1156583. [CrossRef]

58. Joseph, A.M.; Adhihetty, P.J.; Buford, T.W.; Wohlgemuth, S.E.; Lees, H.A.; Nguyen, L.M.; Aranda, J.M.; Sandesara, B.D.; Pahor, M.;
Manini, T.M.; et al. The impact of aging on mitochondrial function and biogenesis pathways in skeletal muscle of sedentary high-
and low-functioning elderly individuals. Aging Cell 2012, 11, 801–809. [CrossRef]

59. Tezze, C.; Romanello, V.; Desbats, M.A.; Fadini, G.P.; Albiero, M.; Favaro, G.; Ciciliot, S.; Soriano, M.E.; Morbidoni, V.; Cerqua,
C.; et al. Age-Associated Loss of OPA1 in Muscle Impacts Muscle Mass, Metabolic Homeostasis, Systemic Inflammation, and
Epithelial Senescence. Cell Metab. 2017, 25, 1374–1389.e1376. [CrossRef] [PubMed]

60. Sebastián, D.; Sorianello, E.; Segalés, J.; Irazoki, A.; Ruiz-Bonilla, V.; Sala, D.; Planet, E.; Berenguer-Llergo, A.; Muñoz, J.P.;
Sánchez-Feutrie, M.; et al. Mfn2 deficiency links age-related sarcopenia and impaired autophagy to activation of an adaptive
mitophagy pathway. EMBO J. 2016, 35, 1677–1693. [CrossRef]

61. Rodríguez-Nuevo, A.; Díaz-Ramos, A.; Noguera, E.; Díaz-Sáez, F.; Duran, X.; Muñoz, J.P.; Romero, M.; Plana, N.; Sebastián,
D.; Tezze, C.; et al. Mitochondrial DNA and TLR9 drive muscle inflammation upon Opa1 deficiency. EMBO J. 2018, 37, e96553.
[CrossRef]

62. Liu, S.; Yu, C.; Xie, L.; Niu, Y.; Fu, L. Aerobic Exercise Improves Mitochondrial Function in Sarcopenia Mice Through Sestrin2 in
an AMPKα2-Dependent Manner. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2021, 76, 1161–1168. [CrossRef]

https://doi.org/10.1146/annurev-cellbio-120219-035530
https://www.ncbi.nlm.nih.gov/pubmed/34152791
https://doi.org/10.1016/j.exger.2013.02.009
https://doi.org/10.1038/s41467-017-00520-9
https://www.ncbi.nlm.nih.gov/pubmed/28916822
https://doi.org/10.1152/ajpcell.00380.2014
https://doi.org/10.3389/fphys.2020.583478
https://doi.org/10.1155/2017/8024857
https://doi.org/10.1146/annurev-physiol-020518-114310
https://doi.org/10.1016/j.tem.2012.06.006
https://www.ncbi.nlm.nih.gov/pubmed/22817841
https://doi.org/10.1152/ajpendo.00755.2009
https://www.ncbi.nlm.nih.gov/pubmed/20371735
https://doi.org/10.1159/000365947
https://www.ncbi.nlm.nih.gov/pubmed/25502801
https://doi.org/10.1111/acel.12707
https://doi.org/10.1016/j.freeradbiomed.2018.10.456
https://www.ncbi.nlm.nih.gov/pubmed/30395971
https://doi.org/10.1016/j.jshs.2020.04.001
https://doi.org/10.1152/ajpcell.00267.2007
https://doi.org/10.1152/ajpcell.00233.2020
https://doi.org/10.1016/j.exger.2013.08.004
https://doi.org/10.1016/j.stem.2022.07.009
https://www.ncbi.nlm.nih.gov/pubmed/35998641
https://doi.org/10.3389/fendo.2023.1156583
https://doi.org/10.1111/j.1474-9726.2012.00844.x
https://doi.org/10.1016/j.cmet.2017.04.021
https://www.ncbi.nlm.nih.gov/pubmed/28552492
https://doi.org/10.15252/embj.201593084
https://doi.org/10.15252/embj.201796553
https://doi.org/10.1093/gerona/glab029


Metabolites 2025, 15, 59 18 of 21

63. Kitaoka, Y.; Ogasawara, R.; Tamura, Y.; Fujita, S.; Hatta, H. Effect of electrical stimulation-induced resistance exercise on
mitochondrial fission and fusion proteins in rat skeletal muscle. Appl. Physiol. Nutr. Metab. 2015, 40, 1137–1142. [CrossRef]

64. Watkins, B.A.; Smith, B.J.; Volpe, S.L.; Shen, C.L. Exerkines, Nutrition, and Systemic Metabolism. Nutrients 2024, 16, 410.
[CrossRef]

65. Cartee, G.D.; Hepple, R.T.; Bamman, M.M.; Zierath, J.R. Exercise Promotes Healthy Aging of Skeletal Muscle. Cell Metab. 2016, 23,
1034–1047. [CrossRef]

66. Bratic, A.; Larsson, N.G. The role of mitochondria in aging. J. Clin. Investig. 2013, 123, 951–957. [CrossRef]
67. Anton, S.D.; Woods, A.J.; Ashizawa, T.; Barb, D.; Buford, T.W.; Carter, C.S.; Clark, D.J.; Cohen, R.A.; Corbett, D.B.; Cruz-Almeida,

Y.; et al. Successful aging: Advancing the science of physical independence in older adults. Ageing Res. Rev. 2015, 24, 304–327.
[CrossRef]

68. Granata, C.; Jamnick, N.A.; Bishop, D.J. Training-Induced Changes in Mitochondrial Content and Respiratory Function in Human
Skeletal Muscle. Sports Med. 2018, 48, 1809–1828. [CrossRef]

69. Granata, C.; Caruana, N.J.; Botella, J.; Jamnick, N.A.; Huynh, K.; Kuang, J.; Janssen, H.A.; Reljic, B.; Mellett, N.A.; Laskowski,
A.; et al. High-intensity training induces non-stoichiometric changes in the mitochondrial proteome of human skeletal muscle
without reorganisation of respiratory chain content. Nat. Commun. 2021, 12, 7056. [CrossRef]

70. Sailani, M.R.; Halling, J.F.; Møller, H.D.; Lee, H.; Plomgaard, P.; Pilegaard, H.; Snyder, M.P.; Regenberg, B. Lifelong physical
activity is associated with promoter hypomethylation of genes involved in metabolism, myogenesis, contractile properties and
oxidative stress resistance in aged human skeletal muscle. Sci. Rep. 2019, 9, 3272. [CrossRef]

71. Holloway, G.P.; Holwerda, A.M.; Miotto, P.M.; Dirks, M.L.; Verdijk, L.B.; van Loon, L.J.C. Age-Associated Impairments in
Mitochondrial ADP Sensitivity Contribute to Redox Stress in Senescent Human Skeletal Muscle. Cell Rep. 2018, 22, 2837–2848.
[CrossRef] [PubMed]

72. Kirk, B.; Feehan, J.; Lombardi, G.; Duque, G. Muscle, Bone, and Fat Crosstalk: The Biological Role of Myokines, Osteokines, and
Adipokines. Curr. Osteoporos. Rep. 2020, 18, 388–400. [CrossRef]

73. Goody, D.; Pfeifer, A. MicroRNAs in brown and beige fat. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2019, 1864, 29–36. [CrossRef]
74. Inoue, A.; Cheng, X.W.; Huang, Z.; Hu, L.; Kikuchi, R.; Jiang, H.; Piao, L.; Sasaki, T.; Itakura, K.; Wu, H.; et al. Exercise restores

muscle stem cell mobilization, regenerative capacity and muscle metabolic alterations via adiponectin/AdipoR1 activation in
SAMP10 mice. J. Cachexia Sarcopenia Muscle 2017, 8, 370–385. [CrossRef] [PubMed]

75. Wedell-Neergaard, A.S.; Lang Lehrskov, L.; Christensen, R.H.; Legaard, G.E.; Dorph, E.; Larsen, M.K.; Launbo, N.; Fagerlind, S.R.;
Seide, S.K.; Nymand, S.; et al. Exercise-Induced Changes in Visceral Adipose Tissue Mass Are Regulated by IL-6 Signaling: A
Randomized Controlled Trial. Cell Metab. 2019, 29, 844–855.e843. [CrossRef] [PubMed]

76. Potes, Y.; Díaz-Luis, A.; Bermejo-Millo, J.C.; Pérez-Martínez, Z.; de Luxán-Delgado, B.; Rubio-González, A.; Menéndez-Valle, I.;
Gutiérrez-Rodríguez, J.; Solano, J.J.; Caballero, B.; et al. Melatonin Alleviates the Impairment of Muscle Bioenergetics and Protein
Quality Control Systems in Leptin-Deficiency-Induced Obesity. Antioxidants 2023, 12, 1962. [CrossRef]

77. Stanford, K.I.; Lynes, M.D.; Takahashi, H.; Baer, L.A.; Arts, P.J.; May, F.J.; Lehnig, A.C.; Middelbeek, R.J.W.; Richard, J.J.; So,
K.; et al. 12,13-diHOME: An Exercise-Induced Lipokine that Increases Skeletal Muscle Fatty Acid Uptake. Cell Metab. 2018, 27,
1111–1120.e1113. [CrossRef]

78. Scheja, L.; Heeren, J. The endocrine function of adipose tissues in health and cardiometabolic disease. Nat. Rev. Endocrinol. 2019,
15, 507–524. [CrossRef]

79. Takahashi, H.; Alves, C.R.R.; Stanford, K.I.; Middelbeek, R.J.W.; Nigro, P.; Ryan, R.E.; Xue, R.; Sakaguchi, M.; Lynes, M.D.; So, K.;
et al. TGF-β2 is an exercise-induced adipokine that regulates glucose and fatty acid metabolism. Nat. Metab. 2019, 1, 291–303.
[CrossRef]

80. Pervin, S.; Reddy, S.T.; Singh, R. Novel Roles of Follistatin/Myostatin in Transforming Growth Factor-β Signaling and Adipose
Browning: Potential for Therapeutic Intervention in Obesity Related Metabolic Disorders. Front. Endocrinol. 2021, 12, 653179.
[CrossRef]

81. Son, J.S.; Zhao, L.; Chen, Y.; Chen, K.; Chae, S.A.; de Avila, J.M.; Wang, H.; Zhu, M.J.; Jiang, Z.; Du, M. Maternal exercise via
exerkine apelin enhances brown adipogenesis and prevents metabolic dysfunction in offspring mice. Sci. Adv. 2020, 6, eaaz0359.
[CrossRef]

82. Lipina, C.; Hundal, H.S. Lipid modulation of skeletal muscle mass and function. J. Cachexia Sarcopenia Muscle 2017, 8, 190–201.
[CrossRef]

83. Batsis, J.A.; Villareal, D.T. Sarcopenic obesity in older adults: Aetiology, epidemiology and treatment strategies. Nat. Rev.
Endocrinol. 2018, 14, 513–537. [CrossRef] [PubMed]

84. Schrager, M.A.; Metter, E.J.; Simonsick, E.; Ble, A.; Bandinelli, S.; Lauretani, F.; Ferrucci, L. Sarcopenic obesity and inflammation in
the InCHIANTI study. J. Appl. Physiol. 2007, 102, 919–925. [CrossRef] [PubMed]

https://doi.org/10.1139/apnm-2015-0184
https://doi.org/10.3390/nu16030410
https://doi.org/10.1016/j.cmet.2016.05.007
https://doi.org/10.1172/JCI64125
https://doi.org/10.1016/j.arr.2015.09.005
https://doi.org/10.1007/s40279-018-0936-y
https://doi.org/10.1038/s41467-021-27153-3
https://doi.org/10.1038/s41598-018-37895-8
https://doi.org/10.1016/j.celrep.2018.02.069
https://www.ncbi.nlm.nih.gov/pubmed/29539414
https://doi.org/10.1007/s11914-020-00599-y
https://doi.org/10.1016/j.bbalip.2018.05.003
https://doi.org/10.1002/jcsm.12166
https://www.ncbi.nlm.nih.gov/pubmed/27897419
https://doi.org/10.1016/j.cmet.2018.12.007
https://www.ncbi.nlm.nih.gov/pubmed/30595477
https://doi.org/10.3390/antiox12111962
https://doi.org/10.1016/j.cmet.2018.03.020
https://doi.org/10.1038/s41574-019-0230-6
https://doi.org/10.1038/s42255-018-0030-7
https://doi.org/10.3389/fendo.2021.653179
https://doi.org/10.1126/sciadv.aaz0359
https://doi.org/10.1002/jcsm.12144
https://doi.org/10.1038/s41574-018-0062-9
https://www.ncbi.nlm.nih.gov/pubmed/30065268
https://doi.org/10.1152/japplphysiol.00627.2006
https://www.ncbi.nlm.nih.gov/pubmed/17095641


Metabolites 2025, 15, 59 19 of 21

85. Li, C.W.; Yu, K.; Shyh-Chang, N.; Li, G.X.; Jiang, L.J.; Yu, S.L.; Xu, L.Y.; Liu, R.J.; Guo, Z.J.; Xie, H.Y.; et al. Circulating factors
associated with sarcopenia during ageing and after intensive lifestyle intervention. J. Cachexia Sarcopenia Muscle 2019, 10, 586–600.
[CrossRef]

86. Kalinkovich, A.; Livshits, G. Sarcopenic obesity or obese sarcopenia: A cross talk between age-associated adipose tissue and
skeletal muscle inflammation as a main mechanism of the pathogenesis. Ageing Res. Rev. 2017, 35, 200–221. [CrossRef]

87. Abou-Samra, M.; Selvais, C.M.; Dubuisson, N.; Brichard, S.M. Adiponectin and Its Mimics on Skeletal Muscle: Insulin Sensitizers,
Fat Burners, Exercise Mimickers, Muscling Pills . . . or Everything Together? Int. J. Mol. Sci. 2020, 21, 2620. [CrossRef]

88. Alizadeh Pahlavani, H. Exercise Therapy for People With Sarcopenic Obesity: Myokines and Adipokines as Effective Actors.
Front. Endocrinol. 2022, 13, 811751. [CrossRef]

89. Sarjeant, K.; Stephens, J.M. Adipogenesis. Cold Spring Harb. Perspect. Biol. 2012, 4, a008417. [CrossRef] [PubMed]
90. Li, B.; Feng, L.; Wu, X.; Cai, M.; Yu, J.J.; Tian, Z. Effects of different modes of exercise on skeletal muscle mass and function and

IGF-1 signaling during early aging in mice. J. Exp. Biol. 2022, 225, jeb244650. [CrossRef] [PubMed]
91. Pinto, A.P.; Muñoz, V.R.; da Rocha, A.L.; Rovina, R.L.; Ferrari, G.D.; Alberici, L.C.; Simabuco, F.M.; Teixeira, G.R.; Pauli, J.R.;

de Moura, L.P.; et al. IL-6 deletion decreased REV-ERBα protein and influenced autophagy and mitochondrial markers in the
skeletal muscle after acute exercise. Front. Immunol. 2022, 13, 953272. [CrossRef]

92. Kim, H.J.; So, B.; Choi, M.; Kang, D.; Song, W. Resistance exercise training increases the expression of irisin concomitant with
improvement of muscle function in aging mice and humans. Exp. Gerontol. 2015, 70, 11–17. [CrossRef]

93. Misu, H.; Takayama, H.; Saito, Y.; Mita, Y.; Kikuchi, A.; Ishii, K.A.; Chikamoto, K.; Kanamori, T.; Tajima, N.; Lan, F.; et al.
Deficiency of the hepatokine selenoprotein P increases responsiveness to exercise in mice through upregulation of reactive oxygen
species and AMP-activated protein kinase in muscle. Nat. Med. 2017, 23, 508–516. [CrossRef] [PubMed]

94. Chugh, D.; Iyer, C.C.; Bobbili, P.; Blatnik, A.J., 3rd; Kaspar, B.K.; Meyer, K.; Burghes, A.H.; Clark, B.C.; Arnold, W.D. Voluntary
wheel running with and without follistatin overexpression improves NMJ transmission but not motor unit loss in late life of
C57BL/6J mice. Neurobiol. Aging 2021, 101, 285–296. [CrossRef]

95. Li, D.J.; Fu, H.; Zhao, T.; Ni, M.; Shen, F.M. Exercise-stimulated FGF23 promotes exercise performance via controlling the excess
reactive oxygen species production and enhancing mitochondrial function in skeletal muscle. Metab. Clin. Exp. 2016, 65, 747–756.
[CrossRef] [PubMed]

96. Angulo, J.; El Assar, M.; Álvarez-Bustos, A.; Rodríguez-Mañas, L. Physical activity and exercise: Strategies to manage frailty.
Redox Biol. 2020, 35, 101513. [CrossRef] [PubMed]

97. Febbraio, M.A. Exercise metabolism in 2016: Health benefits of exercise—More than meets the eye! Nat. Rev. Endocrinol. 2017, 13,
72–74. [CrossRef]

98. Zhang, H.; Wu, X.; Liang, J.; Kirberger, M.; Chen, N. Irisin, an exercise-induced bioactive peptide beneficial for health promotion
during aging process. Ageing Res. Rev. 2022, 80, 101680. [CrossRef]

99. Kammoun, H.L.; Febbraio, M.A. Come on BAIBA light my fire. Cell Metab. 2014, 19, 1–2. [CrossRef]
100. Rodgers, B.D.; Ward, C.W. Myostatin/Activin Receptor Ligands in Muscle and the Development Status of Attenuating Drugs.

Endocr. Rev. 2022, 43, 329–365. [CrossRef]
101. Oost, L.J.; Kustermann, M.; Armani, A.; Blaauw, B.; Romanello, V. Fibroblast growth factor 21 controls mitophagy and muscle

mass. J. Cachexia Sarcopenia Muscle 2019, 10, 630–642. [CrossRef]
102. Baht, G.S.; Bareja, A.; Lee, D.E.; Rao, R.R.; Huang, R.; Huebner, J.L.; Bartlett, D.B.; Hart, C.R.; Gibson, J.R.; Lanza, I.R.; et al.

Meteorin-like facilitates skeletal muscle repair through a Stat3/IGF-1 mechanism. Nat. Metab. 2020, 2, 278–289. [CrossRef]
[PubMed]

103. Delezie, J.; Weihrauch, M.; Maier, G.; Tejero, R.; Ham, D.J.; Gill, J.F.; Karrer-Cardel, B.; Rüegg, M.A.; Tabares, L.; Handschin,
C. BDNF is a mediator of glycolytic fiber-type specification in mouse skeletal muscle. Proc. Natl. Acad. Sci. USA 2019, 116,
16111–16120. [CrossRef]

104. Febbraio, M.A.; Pedersen, B.K. Who would have thought—Myokines two decades on. Nat. Rev. Endocrinol. 2020, 16, 619–620.
[CrossRef]

105. Severinsen, M.C.K.; Pedersen, B.K. Muscle-Organ Crosstalk: The Emerging Roles of Myokines. Endocr. Rev. 2020, 41, 594–609.
[CrossRef]

106. Ascenzi, F.; Barberi, L.; Dobrowolny, G.; Villa Nova Bacurau, A.; Nicoletti, C.; Rizzuto, E.; Rosenthal, N.; Scicchitano, B.M.;
Musarò, A. Effects of IGF-1 isoforms on muscle growth and sarcopenia. Aging Cell 2019, 18, e12954. [CrossRef]

107. Ahmad, S.S.; Ahmad, K.; Lee, E.J.; Lee, Y.H.; Choi, I. Implications of Insulin-Like Growth Factor-1 in Skeletal Muscle and Various
Diseases. Cells 2020, 9, 1773. [CrossRef]

108. Ahuja, P.; Ng, C.F.; Pang, B.P.S.; Chan, W.S.; Tse, M.C.L.; Bi, X.; Kwan, H.R.; Brobst, D.; Herlea-Pana, O.; Yang, X.; et al. Muscle-
generated BDNF (brain derived neurotrophic factor) maintains mitochondrial quality control in female mice. Autophagy 2022, 18,
1367–1384. [CrossRef]

https://doi.org/10.1002/jcsm.12417
https://doi.org/10.1016/j.arr.2016.09.008
https://doi.org/10.3390/ijms21072620
https://doi.org/10.3389/fendo.2022.811751
https://doi.org/10.1101/cshperspect.a008417
https://www.ncbi.nlm.nih.gov/pubmed/22952395
https://doi.org/10.1242/jeb.244650
https://www.ncbi.nlm.nih.gov/pubmed/36205111
https://doi.org/10.3389/fimmu.2022.953272
https://doi.org/10.1016/j.exger.2015.07.006
https://doi.org/10.1038/nm.4295
https://www.ncbi.nlm.nih.gov/pubmed/28263310
https://doi.org/10.1016/j.neurobiolaging.2021.01.012
https://doi.org/10.1016/j.metabol.2016.02.009
https://www.ncbi.nlm.nih.gov/pubmed/27085781
https://doi.org/10.1016/j.redox.2020.101513
https://www.ncbi.nlm.nih.gov/pubmed/32234291
https://doi.org/10.1038/nrendo.2016.218
https://doi.org/10.1016/j.arr.2022.101680
https://doi.org/10.1016/j.cmet.2013.12.007
https://doi.org/10.1210/endrev/bnab030
https://doi.org/10.1002/jcsm.12409
https://doi.org/10.1038/s42255-020-0184-y
https://www.ncbi.nlm.nih.gov/pubmed/32694780
https://doi.org/10.1073/pnas.1900544116
https://doi.org/10.1038/s41574-020-00408-7
https://doi.org/10.1210/endrev/bnaa016
https://doi.org/10.1111/acel.12954
https://doi.org/10.3390/cells9081773
https://doi.org/10.1080/15548627.2021.1985257


Metabolites 2025, 15, 59 20 of 21

109. Yang, X.; Brobst, D.; Chan, W.S.; Tse, M.C.L.; Herlea-Pana, O.; Ahuja, P.; Bi, X.; Zaw, A.M.; Kwong, Z.S.W.; Jia, W.H.; et al.
Muscle-generated BDNF is a sexually dimorphic myokine that controls metabolic flexibility. Sci. Signal. 2019, 12, eaau1468.
[CrossRef] [PubMed]

110. Kistner, T.M.; Pedersen, B.K.; Lieberman, D.E. Interleukin 6 as an energy allocator in muscle tissue. Nat. Metab. 2022, 4, 170–179.
[CrossRef]

111. Trendelenburg, A.U.; Meyer, A.; Rohner, D.; Boyle, J.; Hatakeyama, S.; Glass, D.J. Myostatin reduces Akt/TORC1/p70S6K
signaling, inhibiting myoblast differentiation and myotube size. Am. J. Physiol. Cell Physiol. 2009, 296, C1258–C1270. [CrossRef]
[PubMed]

112. Bagheri, R.; Moghadam, B.H.; Church, D.D.; Tinsley, G.M.; Eskandari, M.; Moghadam, B.H.; Motevalli, M.S.; Baker, J.S.; Robergs,
R.A.; Wong, A. The effects of concurrent training order on body composition and serum concentrations of follistatin, myostatin
and GDF11 in sarcopenic elderly men. Exp. Gerontol. 2020, 133, 110869. [CrossRef]

113. Romanello, V. The Interplay between Mitochondrial Morphology and Myomitokines in Aging Sarcopenia. Int. J. Mol. Sci. 2020,
22, 91. [CrossRef]

114. Keipert, S.; Ost, M.; Johann, K.; Imber, F.; Jastroch, M.; van Schothorst, E.M.; Keijer, J.; Klaus, S. Skeletal muscle mitochondrial
uncoupling drives endocrine cross-talk through the induction of FGF21 as a myokine. Am. J. Physiol. Endocrinol. Metab. 2014, 306,
E469–E482. [CrossRef]

115. Sanchis-Gomar, F.; Pareja-Galeano, H.; Mayero, S.; Perez-Quilis, C.; Lucia, A. New molecular targets and lifestyle interventions to
delay aging sarcopenia. Front. Aging Neurosci. 2014, 6, 156. [CrossRef]

116. Masuda, S.; Hayashi, T.; Egawa, T.; Taguchi, S. Evidence for differential regulation of lactate metabolic properties in aged and
unloaded rat skeletal muscle. Exp. Gerontol. 2009, 44, 280–288. [CrossRef]

117. Sayed, R.K.A.; Fernández-Ortiz, M.; Diaz-Casado, M.E.; Rusanova, I.; Rahim, I.; Escames, G.; López, L.C.; Mokhtar, D.M.;
Acuña-Castroviejo, D. The Protective Effect of Melatonin Against Age-Associated, Sarcopenia-Dependent Tubular Aggregate
Formation, Lactate Depletion, and Mitochondrial Changes. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2018, 73, 1330–1338. [CrossRef]

118. Lin, Z.; Tian, H.; Lam, K.S.; Lin, S.; Hoo, R.C.; Konishi, M.; Itoh, N.; Wang, Y.; Bornstein, S.R.; Xu, A.; et al. Adiponectin mediates
the metabolic effects of FGF21 on glucose homeostasis and insulin sensitivity in mice. Cell Metab. 2013, 17, 779–789. [CrossRef]

119. Archer, A.E.; Von Schulze, A.T.; Geiger, P.C. Exercise, heat shock proteins and insulin resistance. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 2018, 373, 20160529. [CrossRef]

120. Weigert, C.; Hoene, M.; Plomgaard, P. Hepatokines-a novel group of exercise factors. Pflug. Arch. 2019, 471, 383–396. [CrossRef]
121. Gonzalez-Gil, A.M.; Elizondo-Montemayor, L. The Role of Exercise in the Interplay between Myokines, Hepatokines, Osteokines,

Adipokines, and Modulation of Inflammation for Energy Substrate Redistribution and Fat Mass Loss: A Review. Nutrients 2020,
12, 1899. [CrossRef]

122. Armandi, A.; Rosso, C.; Caviglia, G.P.; Ribaldone, D.G.; Bugianesi, E. The Impact of Dysmetabolic Sarcopenia Among Insulin
Sensitive Tissues: A Narrative Review. Front. Endocrinol. 2021, 12, 716533. [CrossRef] [PubMed]

123. Chang, W.T.; Wu, C.H.; Hsu, L.W.; Chen, P.W.; Yu, J.R.; Chang, C.S.; Tsai, W.C.; Liu, P.Y. Serum vitamin D, intact parathyroid
hormone, and Fetuin A concentrations were associated with geriatric sarcopenia and cardiac hypertrophy. Sci. Rep. 2017, 7, 40996.
[CrossRef]

124. de Oliveira Dos Santos, A.R.; de Oliveira Zanuso, B.; Miola, V.F.B.; Barbalho, S.M.; Santos Bueno, P.C.; Flato, U.A.P.; Detregiachi,
C.R.P.; Buchaim, D.V.; Buchaim, R.L.; Tofano, R.J.; et al. Adipokines, Myokines, and Hepatokines: Crosstalk and Metabolic
Repercussions. Int. J. Mol. Sci. 2021, 22, 2639. [CrossRef] [PubMed]

125. Wang, Y.; Zhao, Z.J.; Kang, X.R.; Bian, T.; Shen, Z.M.; Jiang, Y.; Sun, B.; Hu, H.B.; Chen, Y.S. lncRNA DLEU2 acts as a miR-181a
sponge to regulate SEPP1 and inhibit skeletal muscle differentiation and regeneration. Aging 2020, 12, 24033–24056. [CrossRef]

126. Abuduwaili, H.; Kamoshita, K.; Ishii, K.A.; Takahashi, K.; Abuduyimiti, T.; Qifang, L.; Isobe, Y.; Goto, H.; Nakano, Y.; Takeshita,
Y.; et al. Selenoprotein P deficiency protects against immobilization-induced muscle atrophy by suppressing atrophy-related E3
ubiquitin ligases. Am. J. Physiol. Endocrinol. Metab. 2023, 324, E542–E552. [CrossRef] [PubMed]

127. Bonnet, N.; Bourgoin, L.; Biver, E.; Douni, E.; Ferrari, S. RANKL inhibition improves muscle strength and insulin sensitivity and
restores bone mass. J. Clin. Investig. 2019, 129, 3214–3223. [CrossRef] [PubMed]

128. Kurgan, N.; Stoikos, J.; Baranowski, B.J.; Yumol, J.; Dhaliwal, R.; Sweezey-Munroe, J.B.; Fajardo, V.A.; Gittings, W.; Macpher-
son, R.E.K.; Klentrou, P. Sclerostin Influences Exercise-Induced Adaptations in Body Composition and White Adipose Tissue
Morphology in Male Mice. J. Bone Min. Res. 2023, 38, 541–555. [CrossRef]

129. Mera, P.; Laue, K.; Wei, J.; Berger, J.M.; Karsenty, G. Osteocalcin is necessary and sufficient to maintain muscle mass in older mice.
Mol. Metab. 2016, 5, 1042–1047. [CrossRef]

130. Tagliaferri, C.; Wittrant, Y.; Davicco, M.J.; Walrand, S.; Coxam, V. Muscle and bone, two interconnected tissues. Ageing Res. Rev.
2015, 21, 55–70. [CrossRef] [PubMed]

131. Janssens, K.; ten Dijke, P.; Janssens, S.; Van Hul, W. Transforming growth factor-beta1 to the bone. Endocr. Rev. 2005, 26, 743–774.
[CrossRef] [PubMed]

https://doi.org/10.1126/scisignal.aau1468
https://www.ncbi.nlm.nih.gov/pubmed/31409756
https://doi.org/10.1038/s42255-022-00538-4
https://doi.org/10.1152/ajpcell.00105.2009
https://www.ncbi.nlm.nih.gov/pubmed/19357233
https://doi.org/10.1016/j.exger.2020.110869
https://doi.org/10.3390/ijms22010091
https://doi.org/10.1152/ajpendo.00330.2013
https://doi.org/10.3389/fnagi.2014.00156
https://doi.org/10.1016/j.exger.2008.12.003
https://doi.org/10.1093/gerona/gly059
https://doi.org/10.1016/j.cmet.2013.04.005
https://doi.org/10.1098/rstb.2016.0529
https://doi.org/10.1007/s00424-018-2216-y
https://doi.org/10.3390/nu12061899
https://doi.org/10.3389/fendo.2021.716533
https://www.ncbi.nlm.nih.gov/pubmed/34858322
https://doi.org/10.1038/srep40996
https://doi.org/10.3390/ijms22052639
https://www.ncbi.nlm.nih.gov/pubmed/33807959
https://doi.org/10.18632/aging.104095
https://doi.org/10.1152/ajpendo.00270.2022
https://www.ncbi.nlm.nih.gov/pubmed/36947851
https://doi.org/10.1172/JCI125915
https://www.ncbi.nlm.nih.gov/pubmed/31120440
https://doi.org/10.1002/jbmr.4768
https://doi.org/10.1016/j.molmet.2016.07.002
https://doi.org/10.1016/j.arr.2015.03.002
https://www.ncbi.nlm.nih.gov/pubmed/25804855
https://doi.org/10.1210/er.2004-0001
https://www.ncbi.nlm.nih.gov/pubmed/15901668


Metabolites 2025, 15, 59 21 of 21

132. Annibalini, G.; Contarelli, S.; Lucertini, F.; Guescini, M.; Maggio, S.; Ceccaroli, P.; Gervasi, M.; Ferri Marini, C.; Fardetti, F.; Grassi,
E.; et al. Muscle and Systemic Molecular Responses to a Single Flywheel Based Iso-Inertial Training Session in Resistance-Trained
Men. Front. Physiol. 2019, 10, 554. [CrossRef]

133. Palla, A.R.; Ravichandran, M.; Wang, Y.X.; Alexandrova, L.; Yang, A.V.; Kraft, P.; Holbrook, C.A.; Schürch, C.M.; Ho, A.T.V.; Blau,
H.M. Inhibition of prostaglandin-degrading enzyme 15-PGDH rejuvenates aged muscle mass and strength. Science 2021, 371,
eabc8059. [CrossRef]

134. Mera, P.; Ferron, M.; Mosialou, I. Regulation of Energy Metabolism by Bone-Derived Hormones. Cold Spring Harb. Perspect. Med.
2018, 8, a031666. [CrossRef]

135. Robling, A.G.; Bonewald, L.F. The Osteocyte: New Insights. Annu. Rev. Physiol. 2020, 82, 485–506. [CrossRef]
136. Herrmann, M.; Engelke, K.; Ebert, R.; Müller-Deubert, S.; Rudert, M.; Ziouti, F.; Jundt, F.; Felsenberg, D.; Jakob, F. Interactions

between Muscle and Bone-Where Physics Meets Biology. Biomolecules 2020, 10, 432. [CrossRef]
137. Kim, Y.S.; Nam, J.S.; Yeo, D.W.; Kim, K.R.; Suh, S.H.; Ahn, C.W. The effects of aerobic exercise training on serum osteocalcin,

adipocytokines and insulin resistance on obese young males. Clin. Endocrinol. 2015, 82, 686–694. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fphys.2019.00554
https://doi.org/10.1126/science.abc8059
https://doi.org/10.1101/cshperspect.a031666
https://doi.org/10.1146/annurev-physiol-021119-034332
https://doi.org/10.3390/biom10030432
https://doi.org/10.1111/cen.12601

	Introduction 
	Management and Therapeutic Approaches for Sarcopenia 
	The Beneficial Impact of Exercise on Sarcopenia 
	The New Potential Medical Treatments on Sarcopenia 

	Exercise Mitigates Sarcopenia by Maintaining Mitochondrial Homeostasis 
	Exercise Induces Mitophagy in Sarcopenia 
	Exercise Induces Mitochondrial Biogenesis in Sarcopenia 
	Exercise Induces Mitochondrial Dynamics in Sarcopenia 
	Exercise Induces Mitochondrial Redox in Sarcopenia 

	Exerkine-Mediated Mitochondrial Homeostasis in Sarcopenia 
	The Impact of Adipokines in Sarcopenia 
	The Impact of Myokines in Sarcopenia 
	IGF-1 
	BDNF 
	IL-6 
	Irisin 
	Myostatin 
	FGF21 
	Lactate 

	The Impact of Hepatokines in Sarcopenia 
	The Impact of Osteokines in Sarcopenia 

	Conclusions and Future Prospects 
	References

