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Abstract

Skeletal muscle aging and related diseases are characterized by progressive loss of muscle mass,
strength, and metabolic function. Central to these processes is mitochondrial dysfunction, which
impairs energy metabolism, redox homeostasis, and proteostasis. In addition, non-mitochondrial
factors such as muscle stem cell exhaustion, neuromuscular junction remodeling, and chronic
inflammation also contribute significantly to muscle degeneration. This review integrates recent
advances in understanding mitochondrial and non-mitochondrial mechanisms underlying muscle
aging and disease. Additionally, we discuss emerging therapeutic approaches targeting these
pathways to preserve muscle health and promote healthy aging.

Keywords: muscle aging; mitochondria; neuronmuscular junction; muscle stemm cell; inflammation

1. Introduction

Skeletal muscle, accounting for nearly 40% of total body mass, plays a vital role in locomotion,
metabolic homeostasis, and overall systemic health(1-3). During aging and in the context of chronic
diseases, skeletal muscle experiences progressive degenerative changes, commonly manifested as
sarcopenia, frailty, and metabolic decline(4-6). These changes are not merely cosmetic or functional —
they profoundly impact quality of life and are tightly associated with morbidity and mortality in the
elderly.

Among the cellular hallmarks of muscle aging and diseases, mitochondrial dysfunction has been
extensively studied and recognized as a central contributor(7-14). Altered mitochondrial dynamics,
bioenergetic deficits, and increased oxidative stress are tightly linked to muscle atrophy and
decreased regenerative capacity. However, emerging research has broadened our understanding of
muscle aging beyond mitochondria alone. Increasing evidence now points to a network of
interrelated mechanisms, including muscle stem cell (satellite cell) dysfunction, neuromuscular
junction (NMJ) instability, and chronic low-grade Inflammaging (also known as inflammation) —all
of which contribute to the initiation and progression of muscle deterioration with age and muscle
related diseases(2, 6-8, 14-30).

Importantly, these processes do not act in isolation. Mitochondrial dysfunction can impair stem
cell activation and regeneration(31-34), while NM] disruption may result from and exacerbate
mitochondprial, inflammatory damage or muscle stem cell dysfunction(35-40). Inflammaging further
creates a hostile tissue environment that alters muscle stem cell fate, accelerates NMJ degeneration,
and impairs mitochondrial maintenance(41-46). Together, these intertwined factors form a complex
pathophysiological network driving age-associated muscle decline.

In this review, we categorize these mechanisms into mitochondria-dependent and
mitochondria-independent pathways, emphasizing how they intersect to influence muscle health in
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aging and disease. We also summarize recent advances in therapeutic interventions, including

pharmacological, genetic, and lifestyle-based strategies, that target these distinct yet interconnected
pathways to restore muscle function and resilience.

2. Mitochondrial Mechanisms in Muscle Aging and Disease

2.1. Mitochondrial Quality Control (MQC) System

Mitochondria play a central role in energy production within skeletal muscle, meeting the high
ATP demands required for contractile activity and metabolic regulation(34, 47-51). The maintenance
of mitochondrial health relies on the mitochondrial quality control (MQC) system, which integrates
several interconnected processes: mitochondrial biogenesis, dynamics (fusion and fission),

mitophagy, and proteostasis(49, 52, 53). Together, these mechanisms preserve mitochondrial
integrity and function (Figure 1).

Fig. 1 Xu et al
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Figure 1. Overview of the Mitochondrial Protein Quality Control System. Mitochondria maintain proteostasis
through a series of coordinated mechanisms, including the proteasome, autophagy, lysosomal degradation,
mitophagy, mitochondrial-derived vesicles (MDVs), and the exopher pathway. Within mitochondria, nascent
proteins are synthesized by the mitochondrial ribosome (Mito-ribosome) and folded with the assistance of
molecular chaperones. Misfolded or damaged proteins are degraded by mitochondrial proteases such as LON
and the CLPP-CLPX complex or exported for cytosolic degradation. The PQC system also involves the import
of nuclear-encoded proteins via the translocase of the outer (TOM) and inner (TIM) mitochondrial membranes.
Damaged or dysfunctional mitochondria are removed by mitophagy, a process regulated by PINK1 and
lysosomal machinery. Alternatively, MDVs bud from mitochondria to transport damaged contents to lysosomes.
The exopher pathway facilitates the extrusion of damaged organelles and protein aggregates for extracellular
clearance. Together, these pathways coordinate mitochondrial protein turnover and help preserve
mitochondrial integrity and function. Abbreviations: ATP, Adenosine Triphosphate; CLPP, Caseinolytic
Mitochondrial Matrix Peptidase Proteolytic Subunit; CLPX, Caseinolytic Mitochondrial Matrix Peptidase
Chaperone Subunit; ER, Endoplasmic Reticulum; ETC, Electron Transport Chain; IMM, Inner Mitochondrial
Membrane; LON, LON Protease; MDYV, Mitochondrial-Derived Vesicle; Mito-ribosome, Mitochondrial
Ribosome; OMM, Outer Mitochondrial Membrane; PINK1, PTEN-Induced Putative Kinase 1; TIM, Translocase

of the Inner Membrane; TOM, Translocase of the Outer Membrane.

Mitochondrial Biogenesis: This process generates new mitochondria, primarily regulated by
PGC-1la and its upstream signaling pathways such as AMPK, SIRT1, and mTOR(54-66).
Mitochondrial Dynamics: Fusion (mediated by MFN1, MFN2, OPA1) and fission (regulated mainly
by DRP1) dynamically remodel mitochondria to maintain their morphology and segregate damaged
organelles(10, 67-70). Mitophagy: Selective autophagic removal of dysfunctional mitochondria is
orchestrated by pathways including PINK1/Parkin and receptor-mediated mechanisms involving
BNIP3, NIX, and FUNDC1(71-74). Proteostasis: Mitochondrial proteases like LONP1 and the CLPX-
CLPP complex degrade oxidatively damaged proteins, preventing their accumulation(75-79). These
proteolytic systems work alongside the ubiquitin-proteasome and lysosomal pathways to maintain
proteostasis. Mitochondria-Derived Vesicles (MDVs): In response to mild mitochondrial stress,
MDVs bud off selectively from mitochondria to transport damaged proteins or lipids to lysosomes
or peroxisomes for degradation. Unlike mitophagy, MDVs allow for compartmentalized quality
control without the need for wholesale organelle removal(80-85). Exophers: In post-mitotic cells such
as neurons and muscle fibers, exophers represent a recently described mechanism for the expulsion
of damaged mitochondria and protein aggregates. These large vesicle-like structures serve as an
additional route for mitochondrial quality control, particularly under conditions of impaired
autophagy or overload(86-88).

Most components of MQC declines with aging. Reduced biogenesis limits mitochondrial
renewal, while imbalanced fusion and fission disrupt mitochondrial morphology. Impaired
mitophagy and proteostasis allow damaged mitochondria to accumulate, leading to increased
reactive oxygen species (ROS) production and cellular stress. This creates a vicious cycle of
mitochondrial dysfunction and muscle degeneration.

2.2. Mitochondrial Alterations Induced by Aging

Aging triggers a series of detrimental alterations in mitochondrial function and homeostasis that
are closely associated with skeletal muscle degeneration (Figure 2). These changes include impaired
mitochondrial protein synthesis and clearance, as well as mitochondrial damage caused by reactive
oxygen species (ROS) and genetic mutations(27, 69, 89).
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Figure 2. Relationship Between Aging and Mitochondrial Dysfunction in Skeletal Muscle. This figure depicts
the multifactorial impact of aging on mitochondrial integrity in skeletal muscle. Aging impairs mitochondrial
biogenesis and protein synthesis by downregulating AMPK, SIRT1, and PGC-1a, while upregulating mTOR
signaling. Simultaneously, it compromises mitochondrial clearance mechanisms, including proteasome
function, mitophagy, lysosomal degradation, MDV formation, exopher-mediated expulsion, and mitochondrial
dynamics (fusion/fission), leading to the accumulation of dysfunctional mitochondria. Aging also increases
reactive oxygen species (ROS) production, mitochondrial DNA mutations, and protein glycation, while
diminishing antioxidant defenses such as SOD. These converging deficits collectively drive mitochondrial
dysfunction—a central hallmark of muscle aging. Abbreviation: AMPK: AMP Activated Protein Kinase, ATP:
Adenosine Triphosphate, MDV: Mitochondrial Derived Vesicle, mTOR: Mechanistic Target of Rapamycin,
PGCla: Peroxisome Proliferator Activated Receptor Gamma Coactivator 1 Alpha, ROS: Reactive Oxygen
Species, SIRT1: Sirtuin 1, SOD: Superoxide Dismutase.

During aging, decreased activity of AMPK, SIRT1, and PGC-1q, along with increased mTOR
(Mechanistic Target of Rapamycin) signaling, leads to reduced mitochondrial protein synthesis.
Additionally, dysfunction of the proteasome, autophagy-lysosome system, mitochondrial-derived
vesicles (MDVs), exophers, and mitochondrial dynamics (fusion and fission) collectively impairs the
clearance of damaged mitochondrial components(85, 87, 90-93). Moreover, elevated levels of ROS,
increased glycation, accumulation of genetic mutations, and reduced antioxidant defenses such as
superoxide dismutase (SOD) further compromise mitochondrial integrity and function(94-98). These
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age-related disruptions—encompassing impaired mitochondrial biogenesis, altered dynamics,
elevated oxidative stress, and maladaptive stress responses(99, 100), —ultimately contribute to the
progressive decline in skeletal muscle function.

2.2.1. Reduced Mitochondrial Biogenesis and Content

Aging is associated with the downregulation of PGC-1a, along with dysregulation of key
upstream signaling pathways such as AMPK, SIRT1, SIRT6, NAD, and mTOR(54, 61, 101-110). These
changes lead to decreased mitochondrial content and oxidative capacity. As a result, oxidative
phosphorylation becomes less efficient, reducing ATP production and contributing to muscle fatigue,
atrophy, and diminished endurance.

2.2.2. Disrupted Mitochondrial Dynamics:

The balance between mitochondrial fusion and fission is critical for maintaining mitochondrial
shape and function(111, 112). In aged muscle, this balance is disturbed, often shifting toward
excessive fragmentation or abnormal hyper-fusion. Both conditions impair mitochondrial
distribution and energy output, exacerbating muscle aging and the development of muscle-related
diseases(113, 114).

2.2.3. Increased Oxidative Stress

Aging reduces the efficiency of the electron transport chain and weakens mitochondrial
antioxidant defenses, including enzymes such as SOD2, catalase, and glutathione peroxidase(18, 115-
121). This results in elevated production of mitochondrial reactive oxygen species (ROS), which
damage mitochondrial lipids, proteins, and mtDNA. The accumulation of oxidative damage further
compromises mitochondrial integrity and function(122, 123).

2.2.4. Altered Mitochondrial Unfolded Protein Response (UPR™)

The mitochondrial unfolded protein response serves as a protective mechanism against
proteotoxic stress by upregulating chaperones (e.g.,, HSP60, mtHSP70) and proteases to restore
protein homeostasis(124-128). However, during aging, UPR™ signaling may become chronically
activated or dysregulated, leading to a maladaptive response. Instead of restoring balance, persistent
UPRmt can amplify cellular stress and contribute to the development of sarcopenia and mitochondrial
myopathies(127, 129-131).

Together, these mitochondrial alterations culminate in the accumulation of dysfunctional. This
mitochondrial failure plays a central role in driving muscle degeneration during aging, forming a
self-reinforcing cycle that accelerates functional decline.

3. Non-Mitochondrial Mechanisms in Muscle Aging and Disease
3.1. Muscle Stem Cell Dysfunction

Muscle regeneration is impaired in aging due to reduced function and proliferative capacity of
muscle stem cells (MuSCs)(21, 31, 32, 34, 132-135). Age-related alterations—such as downregulation
of the WNT and Notch signaling pathways, decreased activity of AMPK, PGC-1a, mTOR, and WISP1,
along with increased levels of TGF-f, and miR-34a— contribute to MuSC dysfunction(133, 136-140).
This decline in MuSC function compromises muscle repair and regeneration, thereby promoting the
onset and progression of muscle-related diseases. In addition, mitochondrial dysfunction,
neuromuscular junction (NM]J) deterioration, and chronic inflammation —common features of
aging —further exacerbate MuSC impairment. Conversely, MuSC dysfunction can also feedback to
aggravate age associated NMJ degradation, mitochondrial decline, and inflammatory responses,
forming a vicious cycle that accelerates muscle aging(17, 32, 34, 39, 41, 134, 135, 141-144) (Figure 3).
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Figure 3. Mechanisms and Therapeutic Strategies Targeting Muscle Aging and Sarcopenia. This integrative
diagram summarizes the key pathological mechanisms driving muscle aging and sarcopenia, along with
corresponding therapeutic interventions. Core drivers include mitochondrial dysfunction, neuromuscular
junction (NM]J) deterioration, muscle stem cell (MuSC) exhaustion, and chronic low-grade inflammation
("inflammaging"). Mitochondrial dysfunction leads to excessive ROS production, which damages both NMJs
and MuSCs. At the NM], oxidative stress and reduced neural input contribute to synaptic degradation and
transmission deficits. In MuSCs, disrupted mitochondrial function and aberrant signaling from factors like TGF-
B and miR-34a impair self-renewal and regenerative capacity. Inflammaging, mediated by cytokines such as IL-
6 and TNF-a, further exacerbates muscle degeneration. Central metabolic regulators—including PGC-1a,
AMPK, and SIRT1—play essential roles in maintaining mitochondrial health and cellular energy homeostasis,
while NRF1/2 orchestrate antioxidant defenses. Multiple therapeutic interventions target these pathways.
Exercise, resveratrol, and nobiletin enhance mitochondrial biogenesis and suppress chronic inflammation.
Dietary restriction improves mitochondrial efficiency and dampens systemic inflammatory signaling.
Rapamycin mitigates age-related muscle loss by inhibiting mTOR signaling and promoting autophagy.
Berberine activates AMPK, reduces oxidative stress, and enhances metabolic function. In addition, 3-hydroxy 3-
methyl butyrate (HMB) supports muscle protein synthesis and reduces proteolysis; Urolithin A promotes
mitophagy and improves mitochondrial quality control; and nicotinamide riboside boosts mitochondrial
metabolism and supports SIRT1 activity. Collectively, these interconnected mechanisms and interventions offer
promising strategies to preserve muscle integrity and counteract sarcopenia. Abbreviation: AMPK: AMP
Activated Protein Kinase, ATP: Adenosine Triphosphate, CCL2: C-C Motif Chemokine Ligand 2, CCN2: Cellular
Communication Network Factor 2, CHCHD10: Coiled-Coil-Helix-Coiled-Coil-Helix Domain Containing 10,
CISD2: CDGSH Iron Sulfur Domain 2, DAMP: Damage Associated Molecular Pattern, HMB: -hydroxy (-
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methyl butyrate, HSP70: Heat Shock Protein 70, IGF: Insulin Like Growth Factor, IL-6: Interleukin 6, IL-10:
Interleukin 10, MAPK: Mitogen Activated Protein Kinase, MMPs: Matrix Metalloproteinases, miR-206:
MicroRNA 206, miR-34a: MicroRNA 34a, mTOR: Mechanistic Target of Rapamycin, NFATcl: Nuclear Factor Of
Activated T Cells, Cytoplasmic 1, Notch: Notch Signaling Pathway, NRF1/2: Nuclear Factor Erythroid 1/2
Related Factor 2, PGCla: Peroxisome Proliferator Activated Receptor Gamma Coactivator 1 Alpha, PINK1:
PTEN Induced Putative Kinase 1, ROS: Reactive Oxygen Species, SIRT1: Sirtuin 1, Smad: SMAD Family of Signal
Transducers, SOCS3: Suppressor of Cytokine Signaling 3, TGFp: Transforming Growth Factor Beta, TNF-au:
Tumor Necrosis Factor Alpha, TrkB: Tropomyosin Receptor Kinase B, WISP1: WNT1 Inducible Signaling
Pathway Protein 1, Wnt: Wingless Integrated Signaling Pathway , 4EBP1: Eukaryotic Translation Initiation
Factor 4E-Binding Protein 1.

3.2. Neuromuscular Junction Dysfunction

Neuromuscular junction (NM]J) degeneration and remodeling are hallmarks of aging skeletal
muscle and play a central role in the decline of neuromuscular transmission(17, 35, 39, 141, 145). Age-
related NM]J dysfunction contributes to progressive muscle weakness and increases the susceptibility
to muscle degeneration. With aging, elevated levels of IL-6, NF-kB, mTOR, 4EBP1, and matrix
metalloproteinases (MMPs), combined with reduced expression of SIRT1 and TrkB, contribute to
both structural disintegration and functional impairment of NM]Js (19, 37, 56, 146-151)(Figure 3). The
resulting loss of NM] integrity disrupts motor neuron-muscle communication and further accelerates
muscle atrophy and the progression of muscle-related diseases. Furthermore, age-associated
mitochondrial dysfunction, MuSC (muscle stem cell) impairment, and chronic inflammation can
further compromise NM]J structure and function, establishing a reciprocal network of degeneration
that drives muscle aging(36, 38, 39, 142, 152).

3.3. Inflammation and Immune Cell Infiltration

Chronic inflammation (inflammaging), characterized by increased IL-6, NF-xB, TGF-, TNF-a,
and CCL2, along with reduced expression of the anti-inflammatory cytokine IL-10, is a key extrinsic
factor in muscle aging(16, 43, 153-164). Increased immune cell infiltration and sustained cytokine
production disrupt muscle homeostasis, accelerate tissue degeneration, and impair the regenerative
microenvironment. This inflammatory milieu further compromises muscle stem cell (MuSC)
function, neuromuscular junction (NM]J) integrity, and mitochondrial health, thereby exacerbating
muscle aging and promoting the development of muscle-related diseases(41, 42, 165, 166).

As summarized in Figure 3, muscle aging is driven by the interplay of mitochondrial
dysfunction, chronic inflammation, muscle stem cell (MuSC) impairment, and neuromuscular
junction (NM]) disruption. Mitochondrial damage in aging muscle leads to increased reactive oxygen
species (ROS), impaired oxidative phosphorylation, and release of mitochondrial DNA (mtDNA),
which activate inflammatory pathways such as NLRP3 and ¢cGAS-STING. This chronic low-grade
inflammation further disrupts the muscle microenvironment (167-170). Inflammatory mediators (e.g.,
IL-6, TNF-a, TGF-3, NF-kB) exacerbate mitochondrial dysfunction, impair MuSC regenerative
capacity, and contribute to NMJ degeneration. In MuSCs, mitochondrial metabolic decline and
altered signaling (e.g., WNT, Notch, AMPK, SIRT1, miR-34a) reduce their ability to repair muscle.
Damaged MuSCs fail to support NM] integrity, leading to synaptic fragmentation, denervation, and
impaired neuromuscular transmission (16, 26, 41-44, 144, 165, 171-177).

Together, these interconnected mechanisms create a degenerative cycle that drives muscle
atrophy, weakness, and the progression of age-related diseases such as sarcopenia and muscular
dystrophies.

4. Therapeutic Strategies Targeting Muscle Aging and Muscle-Related Diseases

Muscle aging arises from a complex interplay of metabolic decline, chronic inflammation,
impaired stem-cell function and neuromuscular junction deterioration. Therapeutic approaches can
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be organized by modality —lifestyle, pharmacological, cellular and anti-inflammatory —each
converging on core regulators (PGC-la, AMPK, SIRT1, mTOR, Nrf2) to maintain energy
homeostasis, redox balance, proteostasis and regenerative capacity. Figure 3 illustrates how these
diverse treatments intersect at common molecular nodes to preserve muscle integrity and delay
sarcopenia.

4.1. Lifestyle Interventions: Exercise and Dietary Restriction

Lifestyle interventions against muscle aging include both exercise and dietary restriction, each
acting on multiple interconnected pathways:

Exercise promotes mitochondrial health, stem-cell function, anti-inflammatory signaling and
neuromuscular stability. By activating AMPK, SIRT1 and PGC-1g, it drives mitochondrial biogenesis,
mitophagy and antioxidant defenses, while improving glucose uptake and fatty-acid oxidation to
enhance metabolic flexibility. Exercise also stimulates MuSC regeneration through modulation of
WNT, Notch, IGF-1, TGF-, MAPK, adiponectin, laminin, cyclin D1 and CCN2. Its anti-inflammatory
effects involve regulation of IL-6, IL-10, Nrf2, HSP70 and adiponectin. Finally, exercise maintains
neuromuscular junction integrity via mTOR/4E-BP1, NFATc1, laminin and miR-206(11, 24, 50, 55, 57,
58, 178-187).

Dietary Restriction similarly targets these same core regulators to preserve muscle function. By
increasing the AMP:ATP ratio and NAD® levels, DR activates AMPK and SIRT1, which
phosphorylate and deacetylate PGC-1a to up-regulate NRF1/2 for improved respiratory capacity and
mitophagy. Nutrient limitation also inhibits mTOR to enhance autophagic clearance of damaged
mitochondria. Concurrently, DR attenuates inflammation (188, 189) by down-regulating NF-xB-
mediated IL-6 and TNF-a production, sustains the satellite-cell pool via SIRT1 driven metabolic
reprogramming, and preserves neuromuscular junction architecture to prevent denervation (120, 189-
228).

Together, exercise and dietary restriction converge on a shared network of regulators—AMPK,
SIRT1, PGC-1a, mTOR, and NRF1/2—to coordinate mitochondrial quality control, inflammation
resolution, stem-cell renewal, and synaptic stability.

4.2. Pharmacological Strategies Targeting Metabolic and Proteostatic Pathways

Pharmacological interventions for muscle aging encompass compounds that target key
metabolic and proteostatic pathways. Sirtuin activators such as resveratrol mimic dietary restriction
by activating SIRT1 and upregulating PGC-1a, thereby enhancing mitochondrial health and reducing
inflammation (229-239). mTOR inhibitors like rapamycin enhance autophagy and proteostasis,
reducing the accumulation of misfolded or aggregated proteins (220, 240-254). AMPK agonists,
including berberine, nobiletin, and tricin, promote mitochondrial remodeling, attenuate oxidative
stress, and suppress pro-inflammatory signaling. Notably, tricin, a plant-derived flavonoid, activates
AMPK while inhibiting NF-kB signaling, thereby counteracting age-related muscle inflammation and
degeneration (154, 255-270).

Energy-supporting agents such as NAD* precursors (e.g., nicotinamide riboside, NR) replenish
NAD" pools to drive sirtuin-dependent repair and mitochondrial respiration (271-273), while
sarcosine improves the pro-regenerative milieu by enhancing one-carbon metabolism and promoting
anti-inflammatory macrophage polarization (213, 274, 275). Urolithin A, a natural mitophagy
activator, has shown benefits in both preclinical models and clinical trials by improving
mitochondrial quality control and muscle endurance (276-284). Similarly, B-hydroxy-p-methyl
butyrate (HMB), a leucine metabolite, supports muscle protein synthesis, reduces proteolysis, and
preserves muscle mass and strength in aging individuals(285-298). Lastly, mitochondria-targeted
antioxidants like MitoQ and SS-31 scavenge reactive oxygen species, stabilize membrane potential,
and preserve cristae architecture(299-305).

4.3. Biological Interventions Targeting Stem Cell Function and Neuromuscular Integrity
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Cellular and biological therapies for muscle aging focus on both stem cell rejuvenation and
neuromuscular protection. Modulating key signaling pathways such as WNT, Notch, and WISP1 has
been shown to rejuvenate muscle satellite cells and their niche, enhancing their proliferative and
differentiation capacities, and thereby improving muscle regeneration and repair. For example,
inhibition of aberrant WNT signaling reduces fibrosis and restores satellite cell function in aged
muscle, while activation of Notch signaling or supplementation with WISP1 promotes regenerative
capacity(306-309). Notably, exposure to a young systemic environment, such as through parabiosis
or young plasma transfusion, has been demonstrated to restore satellite cell function in aged mice, in
part through rejuvenation of the Notch signaling axis(310, 311). Interventions such as Muscle-Specific
Kinase (MuSK) agonist antibodies and HDAC4 inhibitors have shown potential in maintaining NM]J
structure and function, while exercise has also been shown to delay NM] degeneration in aging
models(312-320). Together, these approaches support the maintenance of muscle strength,
coordination, and functional integrity during aging.

We emphasize how each therapeutic strategy converges on shared molecular hubs to mitigate
muscle decline. This conceptual framework not only clarifies the underlying logic but also highlights
opportunities for combination therapies that synergistically target metabolism, inflammation, and
regeneration.

Conclusion and Future Directions

Skeletal muscle aging results from a complex interplay between mitochondrial and non-
mitochondrial mechanisms. Mitochondrial dysfunction—including impaired biogenesis and
clearance (via the proteasome, lysosome, mitochondrial-derived vesicles, mitophagy, and exophers),
along with redox imbalance—constitutes a central axis of degeneration. In parallel, satellite cell
exhaustion, neuromuscular junction (NM]J) instability, and chronic low-grade inflammation further
exacerbate muscle loss and functional decline. Moving forward, research should prioritize systems-
level integration of these interconnected pathways using advanced model systems, single-cell
technologies, and translational approaches. Combining mitochondria-focused strategies with
interventions targeting stem cell renewal, neuromuscular integrity, and immune modulation holds
promise for synergistically enhancing muscle health and promoting functional longevity.

Author Contributions: Jialin Fan and Yunpeng Xu conceived and wrote the manuscript and prepared the
figures. Zara Khanzada contributed to the revision. All authors reviewed and approved the final version of the

manuscript.
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