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Abstract  21 

Aging progressively impairs skeletal muscle function, leading to sarcopenia, frailty, 22 

and loss of independence. Although oxidative stress has long been considered a 23 

central driver of muscle aging, increasing evidence indicates that reactive oxygen 24 

species (ROS) also serve essential signaling functions that coordinate mitochondrial 25 

remodeling, proteostasis, metabolism, and tissue repair. Consequently, age-related 26 

muscle dysfunction is increasingly understood as reflecting impaired adaptive redox 27 

signaling rather than excessive oxidant production alone. In this review, we propose 28 

the concept of redox resilience as an integrative framework describing the capacity of 29 

skeletal muscle to preserve structural integrity and functional performance through 30 

the dynamic regulation of oxidant production, antioxidant defenses, and redox-31 
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sensitive signaling in response to physiological challenges. We discuss how aging 32 

disrupts this resilience through impaired redox-sensitive signaling, including the 33 

attenuation of exercise-induced Nrf-2 activation, together with alterations in the 34 

multicellular organization of skeletal muscle.  35 

Recent advances in single-cell and single-nucleus transcriptomics have revealed that 36 

muscle aging involves profound remodeling of specialized myonuclear populations, 37 

stromal cells, immune cells, and intercellular communication networks, highlighting 38 

the multicellular complexity of skeletal muscle aging and providing a framework to 39 

investigate how redox-dependent processes may interact with tissue-wide signaling 40 

networks.  41 

We further examine how regular physical exercise reinforces redox resilience by 42 

promoting transient ROS-mediated signaling through NADPH oxidases, activation of 43 

Nrf-2 and PGC-1α-dependent pathways, mitochondrial quality control, and metabolic 44 

remodeling. These adaptations enhance the capacity of skeletal muscle to respond to 45 

physiological stress while preserving tissue homeostasis. Finally, we discuss future 46 

perspectives for targeting adaptive redox networks to promote healthy muscle aging 47 

and propose that restoring redox resilience may preserve physiological ROS signaling 48 

while strengthening endogenous antioxidant responses and limiting excessive 49 

oxidative damage, thereby contributing to the maintenance of muscle function and 50 

health span. 51 

1. Introduction 52 

Skeletal muscle is one of the most plastic tissues in the human body, continuously 53 

adapting to fluctuations in mechanical load, metabolic demand, nutrient availability, 54 

and environmental stressors [1]. Throughout life, this adaptability preserves 55 

locomotion, metabolic homeostasis, and whole-body health. With advancing age, 56 

however, the capacity to maintain these adaptive responses progressively declines, 57 

resulting in impaired muscle regeneration, reduced functional performance, and an 58 

increased susceptibility to frailty and sarcopenia [2, 3]. Rather than being driven by a 59 

single molecular mechanism, skeletal muscle aging emerges from the progressive 60 

disruption of interconnected regulatory networks that coordinate cellular 61 

metabolism, tissue remodeling, and stress adaptation [4]. 62 
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 3 

Among these regulatory systems, redox signaling has evolved from being considered 63 

merely a source of oxidative damage to becoming recognized as a fundamental 64 

component of cellular communication [5]. Reactive oxygen species (ROS) are now 65 

understood as context-dependent signaling molecules that coordinate metabolic 66 

remodeling, gene expression, and protein turnover.  67 

Their signaling capacity depends on their transient production and precise subcellular 68 

compartmentalization, which confer specificity to redox-dependent signaling events. 69 

Thus, their biological effects are determined not only by their abundance but also by 70 

their temporal regulation, cellular origin, and interaction with endogenous 71 

antioxidant systems [6, 7].   72 

This concept has shifted the classical view of oxidative stress toward a more dynamic 73 

model based on adaptive homeostasis [8]. Moderate and transient increases in ROS, 74 

such as those generated during muscle contractions, initiate signaling cascades that 75 

enhance mitochondrial biogenesis, antioxidant defenses, and tissue remodeling [9-76 

11]. On the contrary, persistent or excessive oxidant exposure overwhelms adaptive 77 

mechanisms, leading to oxidative distress, chronic inflammation, and progressive 78 

functional decline [12]. The biological outcome of ROS generation is determined by 79 

the capacity of skeletal muscle to maintain a finely regulated redox balance rather 80 

than by oxidant production alone. Within this framework, aging is viewed not simply 81 

as the accumulation of molecular damage, but as the progressive decline in the 82 

capacity of adaptive mechanisms to restore and maintain homeostasis [6] [13]. 83 

Biological resilience has recently emerged as a central concept in aging research. 84 

Ferrucci and colleagues define resilience as the ensemble of biological mechanisms 85 

that preserve the identity, integrity, and autonomy of an organism in response to 86 

internal and external perturbations [14]. Extending this concept to skeletal muscle, we 87 

use the term redox resilience to describe the ability of muscle tissue to preserve 88 

structural integrity and functional performance through coordinated adaptive redox 89 

signaling despite the cumulative physiological challenges imposed by aging. Within 90 

the framework proposed here, mitochondrial dysfunction, impaired proteostasis, 91 

metabolic remodeling, disrupted intercellular communication, and chronic low-grade 92 
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 4 

inflammation can be viewed as interconnected processes that collectively contribute 93 

to the progressive loss of adaptive redox homeostasis during muscle aging  [15].  94 

Recent advances in single-cell and single-nucleus transcriptomics have transformed 95 

our understanding of skeletal muscle biology by revealing an extraordinary degree of 96 

cellular and nuclear heterogeneity [2]. Aging disrupts this multicellular ecosystem, 97 

promoting fiber type-specific vulnerabilities, inflammatory remodeling, fibrosis, and 98 

impaired regenerative potential [2]. These findings provide an opportunity to 99 

reinterpret redox regulation within the context of tissue-wide cellular communication 100 

instead of considering ROS signaling exclusively at the level of individual myofibers. 101 

Among the interventions currently available, regular physical exercise, including 102 

endurance and resistance training, remains one of the most effective strategies for 103 

preserving skeletal muscle function throughout aging [16, 17].  104 

Beyond improving muscle strength and cardiorespiratory capacity, exercise induces 105 

highly coordinated redox-dependent adaptations [18, 19]. These responses illustrate 106 

that the beneficial effects of exercise arise not from suppressing oxidant production 107 

but from enhancing the adaptive capacity of skeletal muscle to respond appropriately 108 

to oxidative challenges [9, 20]. 109 

In this review, we examine current evidence supporting redox resilience as an 110 

integrative framework for understanding skeletal muscle aging. We discuss how age-111 

associated alterations in cellular heterogeneity and redox signaling contribute to 112 

sarcopenia and frailty, and we highlight the molecular mechanisms through which 113 

exercise promotes adaptive homeostasis, ultimately preserving muscle function and 114 

extending health span. 115 

 116 

2. Loss of redox resilience during skeletal muscle aging 117 

Skeletal muscle aging is characterized by a progressive reduction in the capacity to 118 

preserve tissue homeostasis under physiological stress. While chronological aging is 119 

inevitably accompanied by cumulative molecular damage, the functional 120 

deterioration of skeletal muscle largely reflects the inability to maintain effective 121 

adaptive responses rather than the simple accumulation of cellular lesions [21]. This 122 

progressive loss of resilience underlies the development of sarcopenia, a syndrome 123 
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 5 

defined by the decline in muscle mass, strength, and physical performance, which 124 

substantially increases the risk of frailty, disability, and loss of independence [3, 22].  125 

The age-associated deterioration of skeletal muscle is accompanied by profound 126 

structural remodeling.  127 

Muscle fibers progressively reduce their cross-sectional area, while age-related 128 

motoneuron loss leads to denervation and motor unit remodeling. Although 129 

compensatory reinnervation can partially preserve neuromuscular function, this 130 

capacity becomes increasingly impaired with advancing age, contributing to the 131 

preferential denervation and atrophy of fast type fibers [2, 23]. These structural 132 

alterations are paralleled by functional impairments that become evident decades 133 

before advanced age. Muscle power begins to decline during early adulthood, 134 

followed by a progressive reduction in maximal strength after the fourth decade of life, 135 

compromising mobility, postural control, and the capacity to perform activities of 136 

daily living [24, 25] (Figure 1).  137 

Although sarcopenia has traditionally been interpreted as a consequence of muscle 138 

atrophy, increasing evidence indicates that it represents a systems-level disorder 139 

involving coordinated alterations in metabolism, cellular communication, 140 

inflammation, and regenerative capacity [26, 27]. Among the multiple biological 141 

processes involved, mitochondrial dysfunction and disturbances in redox regulation 142 

consistently emerge as central drivers of muscle aging [28].  143 

These mechanisms are closely interconnected. Impaired mitochondrial quality 144 

control can increase oxidant production, while disrupted redox signaling can further 145 

compromise mitochondrial function, proteostasis, and tissue remodeling [10, 28].  146 

An important consideration is whether sarcopenia represents a distinct age-related 147 

muscle condition or largely reflects the consequences of physical inactivity. Although 148 

physical inactivity can reproduce several features of muscle aging and is a major 149 

contributor to sarcopenia, the two should not be considered synonymous. Sarcopenia 150 

is a multifactorial condition characterized by the progressive loss of muscle strength, 151 

mass, and physical performance, in which physical inactivity interacts with age-152 

related biological changes affecting neuromuscular function, metabolism, 153 

inflammation, and regenerative capacity. Inactivity may therefore accelerate this 154 
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 6 

trajectory, whereas regular exercise can counteract many of these changes and 155 

preserve muscle homeostasis [29]. 156 

The contemporary view of redox biology challenges the traditional interpretation of 157 

ROS exclusively as toxic metabolic by-products. ROS are now recognized as 158 

indispensable signaling molecules whose biological activity depends on 159 

concentration, intracellular localization, chemical identity, and temporal dynamics  160 

[30, 31]. Under physiological conditions, localized ROS production regulates 161 

numerous adaptive processes, including mitochondrial biogenesis, antioxidant 162 

defense, autophagy, protein turnover, and even glucose uptake [10]. Consequently, 163 

the biological consequences of ROS are determined by the integrity of redox signaling 164 

networks rather than by oxidant production alone. 165 

This dual nature of ROS is captured by the concepts of oxidative eustress and oxidative 166 

distress [6]. Oxidative eustress refers to the transient and spatially controlled oxidant 167 

signals that sustain physiological adaptations, whereas oxidative distress results from 168 

persistent or excessive oxidant exposure that disrupts redox signaling and promotes 169 

molecular damage. Importantly, these conditions should not be considered opposite 170 

states but rather different outcomes along a continuum determined by the adaptive 171 

capacity of the tissue. Healthy skeletal muscle continuously operates within this 172 

dynamic equilibrium, whereas aging progressively shifts the balance toward 173 

maladaptive responses as adaptive homeostasis deteriorates  [21]. 174 

One of the clearest examples of oxidative eustress is physical exercise. Muscle 175 

contraction transiently increases ROS production, activating redox-sensitive signaling 176 

pathways that promote coordinated metabolic and structural adaptations [10, 11, 32]. 177 

By contrast, chronic oxidant accumulation, persistent inflammation, and impaired 178 

antioxidant regulation progressively shift redox signaling toward oxidative distress, 179 

contributing to mitochondrial dysfunction, impaired proteostasis, fiber atrophy, and 180 

reduced regenerative capacity [2, 12] (Figure 1). 181 

The transition from adaptive redox signaling to maladaptive oxidative stress 182 

represents a critical biological event. Understanding the mechanisms responsible for 183 

this loss of resilience provides the conceptual basis for interpreting how cellular 184 
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 7 

heterogeneity influences muscle aging and why exercise remains the most effective 185 

intervention for preserving skeletal muscle homeostasis. 186 

3. Cellular heterogeneity shapes redox resilience in aging skeletal muscle 187 

Skeletal muscle has traditionally been viewed as a relatively homogeneous tissue 188 

composed predominantly of contractile myofibers. Recent advances in single-cell and 189 

single-nucleus transcriptomics have challenged this concept, revealing skeletal 190 

muscle as a highly organized multicellular ecosystem in which specialized cell 191 

populations cooperate to preserve tissue homeostasis throughout life [2, 33]. This 192 

cellular complexity provides the structural basis for the remarkable adaptability of 193 

skeletal muscle but also explains why aging affects different cellular compartments 194 

unequally. 195 

Although multinucleated myofibers account for most of the muscle volume, their 196 

maintenance depends on continuous interactions with an extensive network of 197 

resident mononuclear cells. Muscle stem cells, fibro-adipogenic progenitors, 198 

fibroblast-like stromal cells, adipocytes, smooth muscle cells, endothelial cells, 199 

pericytes, Schwann cells, motoneurons, macrophages, and lymphocyte populations 200 

collectively regulate regeneration, extracellular matrix remodeling, vascular 201 

homeostasis, metabolic communication, and inflammatory responses [2, 33]. Rather 202 

than functioning independently, these populations establish coordinated signaling 203 

networks that allow skeletal muscle to adapt efficiently to physiological stress. 204 

Aging progressively disrupts this multicellular organization. Regenerative cell 205 

populations decline, whereas fibro-adipogenic progenitors, inflammatory myeloid 206 

cells, and fibrogenic stromal populations become increasingly prominent [2]. 207 

Consequently, the tissue microenvironment gradually shifts from one that favors 208 

regeneration and metabolic flexibility toward one characterized by chronic low-grade 209 

inflammation, extracellular matrix deposition, and impaired repair capacity [2]. These 210 

alterations compromise tissue regeneration and remodel the intercellular 211 

communication networks required to maintain skeletal muscle homeostasis (Figure 212 

1). 213 

The multinucleated compartment also undergoes extensive remodeling during aging. 214 

The myonuclei display a high degree of transcriptional specialization that reflects 215 
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 8 

their anatomical location, metabolic profile, and functional role within the myofiber. 216 

Distinct myonuclear subpopulations occupy specialized domains, including the 217 

neuromuscular and myotendinous junctions, while others are characterized by 218 

transcriptional programs linked to stress responses, denervation, or metabolic 219 

regulation. This functional compartmentalization indicates that individual myonuclei 220 

coordinate specific biological processes [2, 34].  221 

Fiber type-specific remodeling is particularly relevant for understanding age-222 

associated loss of redox resilience. Type II glycolytic fibers exhibit greater 223 

susceptibility to aging than oxidative type I fibers, undergoing preferential atrophy. 224 

The progressive decrease of ecto-NOX disulfide-thiol exchanger 1 (ENOX1)-positive 225 

myonuclear populations during aging, which are enriched in fast-contracting 226 

glycolytic fibers, is particularly interesting because ENOX1 is a plasma membrane-227 

associated transmembrane redox enzyme involved in extracellular electron transfer. 228 

This observation suggests that aging selectively impairs nuclear programs involved in 229 

maintaining redox regulation [2]. Moreover, single-nucleus trajectory analyses have 230 

shown the emergence of stress-associated myonuclear populations together with 231 

progressive induction of oxidative stress response genes, including NFE2L2, SOD2, and 232 

AP-1 family members (FOS, JUN), as well as inflammatory and proteostatic pathways, 233 

indicating that aging elicits a coordinated compensatory transcriptional response to 234 

increasing cellular stress rather than a passive accumulation of oxidative damage [2]. 235 

However, complementary functional studies indicate that this apparent activation of 236 

stress-responsive transcriptional programs does not necessarily translate into 237 

preserved adaptive redox signaling. Instead, aging is associated with a decline in 238 

skeletal muscle NOX4 abundance, impaired NOX4-dependent H₂O₂ signaling, reduced 239 

Nrf-2 stabilization and nuclear activity, diminished expression of canonical 240 

antioxidant enzymes, and increased oxidative protein damage, ultimately 241 

compromising the adaptive homeostatic responses normally induced by exercise  242 

[10]. Together, these findings suggest that although aging muscle attempts to mount 243 

compensatory redox responses at the transcriptional level, the progressive 244 

deterioration of the NOX4-Nrf-2 signaling axis limits the effectiveness of these 245 

adaptive programs, thereby contributing to the loss of redox resilience [10]. 246 
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 9 

Metabolic remodeling accompanies these transcriptional changes. Here, metabolic 247 

remodeling refers to age-associated changes in the regulation and utilization of 248 

metabolic pathways, including oxidative phosphorylation, glycolytic metabolism, and 249 

pathways supporting cellular redox homeostasis. Aging type I fibers display reduced 250 

expression of genes involved in oxidative phosphorylation together with partial 251 

activation of glycolytic pathways, whereas type II fibers exhibit enhanced glycogen 252 

depletion, increased protein catabolism, and greater vulnerability to degeneration [2]. 253 

These divergent responses illustrate that skeletal muscle aging cannot be interpreted 254 

as a uniform decline but rather as the consequence of fiber type-specific adaptive 255 

programs with distinct capacities to maintain metabolic and redox homeostasis. 256 

Another important aspect emerging from recent transcriptomic studies is the 257 

extensive remodeling of intercellular communication. Ligand-receptor interactions 258 

between myogenic and non-myogenic compartments increase markedly with aging, 259 

yet this expansion does not enhance tissue adaptation. Instead, signaling pathways 260 

involving IL-6, TGF-β, activins, and other inflammatory mediators progressively 261 

dominate the communication network, reinforcing fibrosis, chronic inflammation, 262 

and stem cell dysfunction while destabilizing regenerative programs [2]. 263 

Consequently, the decline in muscle function reflects not only intrinsic alterations 264 

within individual cells but also the progressive failure of coordinated communication 265 

across the entire tissue. 266 

Within this multicellular framework, redox regulation should be considered an 267 

emergent property of tissue organization rather than the product of isolated 268 

intracellular reactions. ROS generated in one cellular compartment may influence 269 

neighboring cell populations through redox-sensitive mechanisms, contributing to 270 

intercellular communication across the tissue [35].  The preservation of redox 271 

resilience may therefore depend on maintaining the functional integrity of this cellular 272 

ecosystem rather than simply regulating oxidant production within individual 273 

myofibers. 274 

This systems-level perspective provides a new framework for understanding skeletal 275 

muscle aging. The progressive loss of specialized cellular populations, disruption of 276 

intercellular communication, and decline in nuclear specialization collectively reduce 277 
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 10 

the adaptive capacity of the tissue. These changes create the biological context in 278 

which redox signaling gradually shifts from promoting physiological adaptation to 279 

driving maladaptive remodeling, thereby increasing susceptibility to sarcopenia and 280 

frailty. 281 

 282 

4. Exercise reinforces redox resilience through adaptive molecular networks 283 

Physical exercise represents the most effective non-pharmacological intervention for 284 

preserving skeletal muscle function throughout aging [3, 16, 17]. Although 285 

traditionally viewed to improve strength, endurance, or body composition, its 286 

biological effects extend far beyond mechanical adaptations. Exercise acts as a 287 

systemic regulator of cellular homeostasis, eliciting coordinated molecular responses 288 

that improve tissue remodeling.  289 

Exercise constitutes a complex physiological challenge that simultaneously exposes 290 

skeletal muscle to multiple forms of stress [36]. Repeated muscle contractions 291 

generate mechanical strain, metabolic perturbations associated with high ATP 292 

turnover, fluctuations in calcium homeostasis, transient ischemia and reperfusion, 293 

local increases in temperature, and the production of reactive oxygen and nitrogen 294 

species. Rather than acting independently, these stimuli converge to activate highly 295 

coordinated signaling networks that promote cellular adaptation. Within this 296 

integrated stress response, oxidative stress occupies a unique position because ROS 297 

not only arise because of the increased metabolic demand but also function as 298 

essential second messengers that coordinate some of the adaptive responses elicited 299 

by exercise. Rather than suppressing ROS production, exercise repeatedly exposes 300 

skeletal muscle to transient oxidative challenges that strengthen its capacity to 301 

maintain redox balance during subsequent physiological stress (Figure 2). 302 

This adaptive response exemplifies the principle of hormesis, whereby moderate 303 

biological stress induces protective mechanisms that increase tissue resilience [5, 37]. 304 

In the context of exercise, transient increases in ROS act as hormetic signals that 305 

activate redox-sensitive pathways and stimulate endogenous antioxidant defenses, 306 

mitochondrial remodeling, and cellular quality-control mechanisms. Repeated 307 

exposure to these transient redox challenges enhances the capacity of skeletal muscle 308 
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to respond to subsequent physiological stress, whereas excessive or sustained ROS 309 

production may overwhelm these adaptive mechanisms and promote oxidative 310 

damage. Consequently, the beneficial effects of exercise arise not despite ROS 311 

production but because these transient oxidant signals coordinate adaptive 312 

remodeling [38]. 313 

The molecular origin of these signals has been substantially redefined over the past 314 

decade. Although mitochondria contribute to basal oxidant production, accumulating 315 

evidence indicates that NADPH oxidases are important sources of exercise-induced 316 

ROS signaling [38]. NOX2 becomes rapidly activated during muscle contraction, 317 

promoting glucose uptake and metabolic adaptation, whereas NOX4 contributes to 318 

mitochondrial remodeling and long-term maintenance of oxidative metabolism 319 

through Nrf-2-dependent pathways [10, 39]. Rather than functioning as pathological 320 

oxidant sources, these enzymes establish localized redox microdomains that regulate 321 

intracellular signaling while preserving molecular specificity. Xanthine 322 

oxidoreductase, particularly its oxidase form (XO), also contributes to the transient 323 

ROS burst generated during muscle contraction, primarily within the extracellular 324 

compartment and vascular endothelium. Importantly, inhibition of XO-derived ROS 325 

with allopurinol attenuates exercise-induced activation of MAPK and NF-κB signaling 326 

and prevents the upregulation of adaptive genes such as MnSOD, eNOS and iNOS, 327 

demonstrating that XO-derived oxidants participate in the molecular programs 328 

underlying exercise adaptation rather than simply promoting oxidative damage [40-329 

42].  330 

Consistent with this concept, extracellular superoxide generated by XO during muscle 331 

contractions has been shown to support normal force production, further 332 

emphasizing that localized ROS production contributes to physiological muscle 333 

function [43]. 334 

Thus, the biological effects of ROS depend not only on their abundance but also on 335 

their source and subcellular localization, as distinct ROS-generating systems produce 336 

spatially confined redox signals that engage specific molecular targets and 337 

downstream adaptive responses.  338 
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Activation of redox-sensitive transcription factors constitutes a central component of 339 

this adaptive response. Exercise-induced ROS stimulate Nrf-2 signaling, increasing the 340 

expression of endogenous antioxidant enzymes including superoxide dismutase, 341 

catalase, glutathione peroxidase, heme oxygenase-1, and NAD(P)H quinone 342 

oxidoreductase-1, thereby strengthening intrinsic antioxidant defenses without 343 

abolishing physiological oxidant signaling [38, 44]. Simultaneously, PGC-1α 344 

coordinates mitochondrial biogenesis and oxidative metabolism, improving 345 

respiratory efficiency while reducing electron leakage and enhancing ATP production 346 

[45, 46]. Together, these pathways reinforce adaptive homeostasis rather than simply 347 

increasing antioxidant capacity. 348 

An equally important component of exercise-induced redox resilience involves 349 

metabolic remodeling. The pentose phosphate pathway has emerged as a critical 350 

interface between energy metabolism and antioxidant defense through its capacity to 351 

generate NADPH required for glutathione recycling and multiple reductive 352 

biosynthetic reactions. The rate-limiting enzyme glucose-6-phosphate 353 

dehydrogenase (G6PD) is consistently upregulated following acute and chronic 354 

exercise, supporting tissue repair, mitochondrial maintenance, and antioxidant 355 

regeneration [47-49]. These observations highlight that exercise modifies not only 356 

signaling pathways but also the metabolic infrastructure necessary to sustain long-357 

term redox homeostasis. 358 

The preservation of redox resilience also depends on efficient mitochondrial quality 359 

control. Repeated exercise stimulates mitochondrial turnover through coordinated 360 

activation of biogenesis, mitophagy, and mitochondrial dynamics, preventing the 361 

accumulation of dysfunctional organelles that otherwise become major contributors 362 

to chronic oxidative stress during aging. Improvements in mitochondrial efficiency are 363 

accompanied by enhanced proteostasis, heat shock protein expression, and 364 

autophagic activity, collectively maintaining cellular integrity under repeated 365 

physiological stress [50, 51].  366 

Importantly, these adaptations differ according to exercise modality. Endurance 367 

training predominantly enhances oxidative metabolism, mitochondrial density, and 368 

aerobic efficiency through sustained activation of mitochondrial signaling pathways. 369 
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Resistance exercise, in contrast, preferentially stimulates mechanosensitive pathways 370 

involved in muscle hypertrophy, cytosolic antioxidant defenses, and regenerative 371 

remodeling. Concurrent training integrates many of these adaptations, providing 372 

complementary improvements in metabolic health, muscle function, and vascular 373 

physiology [45, 52]. Despite these modality-specific differences, all forms of regular 374 

exercise share a common biological outcome: the reinforcement of adaptive redox 375 

signaling and the preservation of tissue homeostasis. 376 

One of the strongest arguments supporting this interpretation derives from studies 377 

evaluating antioxidant supplementation during exercise training. Pharmacological 378 

attenuation of ROS generation through vitamins C and E consistently blunts many 379 

exercise-induced adaptations, including mitochondrial biogenesis, improvements in 380 

insulin sensitivity, and endogenous antioxidant responses [19, 53-55]. These findings 381 

demonstrate that physiological oxidant signaling is not an undesirable by-product of 382 

exercise but an essential mediator of adaptation. Interfering with these signals may 383 

therefore compromise the very mechanisms responsible for maintaining muscle 384 

resilience throughout aging [10]. 385 

Collectively, current evidence indicates that exercise does not simply reduce oxidative 386 

stress. Instead, it repeatedly recalibrates the molecular networks responsible for 387 

maintaining adaptive redox homeostasis. By coordinating mitochondrial remodeling, 388 

metabolic flexibility, endogenous antioxidant defenses, and intercellular 389 

communication, regular physical activity preserves the capacity of skeletal muscle to 390 

respond effectively to physiological challenges. In this context, exercise should be 391 

regarded as the primary biological stimulus capable of reinforcing redox resilience 392 

and delaying the functional decline associated with aging. 393 

 394 

5. Future perspectives: targeting redox resilience for healthy muscle aging 395 

Despite remarkable advances in our understanding of skeletal muscle aging, many 396 

fundamental questions remain unresolved. Recent technological advances, including 397 

single-cell and single-nucleus transcriptomics, spatial transcriptomics, high-398 

dimensional proteomics, and metabolomics, provide unprecedented opportunities to 399 

investigate how individual cellular populations contribute to tissue adaptation during 400 
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aging. Future studies integrating these technologies with functional analyses of redox 401 

signaling will be essential for defining the cellular networks that preserve tissue 402 

resilience or drive susceptibility to age-related decline. In particular, understanding 403 

how ROS signaling is spatially compartmentalized, how distinct oxidant sources 404 

interact, and how these signals are integrated across multiple cell populations 405 

represents one of the major challenges for redox biology in the coming years. Such 406 

knowledge will help explain why physiological oxidant signaling promotes adaptation 407 

whereas chronic dysregulation accelerates degeneration. 408 

Exercise remains the strongest physiological stimulus capable of promoting 409 

integrated adaptation. However, significant questions remain regarding how exercise 410 

prescriptions should be optimized according to biological age, sex, genetic 411 

background, disease status, and individual responsiveness. Future research should 412 

move beyond comparing exercise modalities and instead identify the molecular 413 

signatures that define successful adaptation. Such an approach may facilitate the 414 

development of precision exercise interventions capable of maximizing redox 415 

resilience while minimizing functional decline in diverse populations. 416 

Beyond exercise, several emerging therapeutic strategies warrant further 417 

investigation.  418 

Pharmacological and nutraceutical approaches targeting specific components of 419 

redox resilience may complement exercise-based interventions by reinforcing 420 

endogenous adaptive mechanisms. Compounds such as urolithin A, which promotes 421 

mitochondrial quality control; sulforaphane, an activator of Nrf-2 signaling; 422 

resveratrol, which modulates SIRT1/PGC-1α-related pathways; and NAD+ precursors 423 

have been investigated for their potential to improve mitochondrial and metabolic 424 

homeostasis during aging [56]. Additional strategies include pharmacological 425 

activation of redox-sensitive transcription factors, modulation of NADPH oxidase 426 

signaling, enhancement of mitochondrial quality control, and targeting metabolic 427 

pathways that support redox homeostasis, such as the pentose phosphate pathway 428 

[57]. 429 

However, these interventions target only selected components of the adaptive 430 

response and are unlikely to reproduce the coordinated, multisystem adaptations 431 
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elicited by physical exercise. Thus, rather than representing true “exercise mimetics,” 432 

they may be better considered complementary strategies, particularly when the 433 

capacity to exercise is limited. Nevertheless, these approaches should be designed to 434 

preserve physiological redox signaling rather than indiscriminately suppress oxidant 435 

production, recognizing that adaptive ROS signaling is indispensable for tissue 436 

remodeling and long-term muscle function [57]. 437 

In conclusion, skeletal muscle aging should be understood not simply as the 438 

accumulation of oxidative damage but as the progressive erosion of adaptive capacity 439 

across an increasingly complex cellular ecosystem. The integration of redox biology, 440 

cellular heterogeneity, exercise physiology, and systems biology offers a new 441 

perspective for understanding the mechanisms underlying sarcopenia and frailty. We 442 

propose that redox resilience provides a unifying conceptual framework linking these 443 

processes, placing adaptive homeostasis at the center of healthy muscle aging. Future 444 

studies designed within this framework may facilitate the development of more 445 

effective strategies to preserve muscle function, extend health span, and improve 446 

quality of life in the aging population. 447 
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FIGURE LEGENDS  473 

Figure 1. Multicellular remodeling and redox resilience in young and old skeletal 474 

muscle. Role of exercise. 475 

 Young skeletal muscle maintains coordinated interactions within a multicellular 476 

ecosystem comprising myofibers, muscle stem cells (MuSCs), stromal cells (fibroblast-477 

like cells, fibro-adipogenic progenitors (FAPs), and adipocytes), vascular cells (smooth 478 

muscle cells (SMCs), endothelial cells (ECs), and pericytes), neural cells (Schwann cells 479 

and motor neurons), and immune cells (lymphocytes, macrophages, and other 480 

myeloid cells). Aging disrupts intercellular communication and regenerative 481 

coordination, leading to preferential type II myofiber atrophy, chronic low-grade 482 

inflammation, extracellular matrix deposition, fibrosis, denervation and degenerative 483 

remodeling. These alterations reduce adaptive capacity and shift redox regulation 484 

toward oxidative distress, resulting in a loss of redox resilience. Exercise partially 485 

recalibrates these signaling networks, improving multicellular coordination, tissue 486 

remodeling, and regenerative capacity, thereby reinforcing redox resilience and 487 

preserving muscle function. Created with BioRender.com. 488 

Figure 2. Exercise-induced hormetic redox signaling reinforces skeletal muscle 489 

redox resilience.  490 
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Exercise-induced mechanical strain, metabolic perturbation, Ca²⁺ signaling, and 491 

transient hypoxia/reperfusion stimulate localized oxidant production by the NADPH 492 

oxidases NOX2 and NOX4, xanthine oxidase (XO), and mitochondria. These transient 493 

oxidant signals (oxidative eustress) activate coordinated adaptive molecular pathways 494 

involving Nrf-2-dependent antioxidant defenses, PGC-1α-mediated mitochondrial 495 

biogenesis and oxidative metabolism, G6PD-dependent pentose phosphate pathway 496 

activity and NADPH generation, MAPK/NF-κB signaling, proteostasis, and 497 

mitochondrial quality control. These responses reinforce redox resilience and 498 

contribute to delaying age-related functional decline. Created with BioRender.com. 499 

REFERENCES 500 

[1] D. Pette, Historical Perspectives: plasticity of mammalian skeletal muscle, J Appl Physiol 501 
90(3) (2001) 1119-24. 502 
[2] Y. Lai, I. Ramírez-Pardo, J. Isern, J. An, E. Perdiguero, A.L. Serrano, J. Li, E. García-503 
Domínguez, J. Segalés, P. Guo, V. Lukesova, E. Andrés, J. Zuo, Y. Yuan, C. Liu, J. Viña, J. 504 
Doménech-Fernández, M.C. Gómez-Cabrera, Y. Song, L. Liu, X. Xu, P. Muñoz-Cánoves, M.A. 505 
Esteban, Multimodal cell atlas of the ageing human skeletal muscle, Nature 629(8010) 506 
(2024) 154-164. 507 
[3] C.M. Nascimento, M. Ingles, A. Salvador-Pascual, M.R. Cominetti, M.C. Gomez-Cabrera, 508 
J. Viña, Sarcopenia, frailty and their prevention by exercise, Free Radic Biol Med 132 (2019) 509 
42-49. 510 
[4] L. Ferrucci, M.E. Levine, P.L. Kuo, E.M. Simonsick, Time and the Metrics of Aging, Circ 511 
Res 123(7) (2018) 740-744. 512 
[5] M.C. Gomez-Cabrera, A. Carretero, F. Millan-Domingo, E. Garcia-Dominguez, A.G. 513 
Correas, G. Olaso-Gonzalez, J. Viña, Redox-related biomarkers in physical exercise, Redox 514 
Biol 42 (2021) 101956. 515 
[6] H. Sies, D.P. Jones, Reactive oxygen species (ROS) as pleiotropic physiological signalling 516 
agents, Nat Rev Mol Cell Biol 21(7) (2020) 363-383. 517 
[7] J. Viña, G. Olaso-Gonzalez, C. Arc-Chagnaud, A. De la Rosa, M.C. Gomez-Cabrera, 518 
Modulating Oxidant Levels to Promote Healthy Aging, Antioxid Redox Signal  (2020). 519 
[8] J. Viña, M.C. Gomez-Cabrera, Molecular mechanism involved in sarcopenia and frailty, 520 
diagnosis and therapy, Mol Aspects Med 105 (2025) 101387. 521 
[9] M. Gomez-Cabrera, E. Domenech, C. Borras, J. Sastre, F. Pallardo, J. Vina, Moderate 522 
exercise up-regulates the expression of antioxidant genes and of transcription factors for 523 
mitochondrial biogenesis. Oral antioxidants administration prevents it, Free Radical Biology 524 
and Medicine 36 (2004) S31-S32. 525 
[10] C.E. Xirouchaki, E. García-Domínguez, E. Coughlan, M.J. McGrath, S. Giri, S. Liang, F. 526 
Wiede, A. Bigot, J. Sadoshima, M.C. Gomez-Cabrera, A. Philp, M. Moberg, W. Apró, W. 527 
Roman, C.A. Mitchell, T. Tiganis, A decline in skeletal muscle NOX4 abrogates exercise-528 
induced adaptive homeostasis and exacerbates biological aging, Sci Adv 12(24) (2026) 529 
eadz1953. 530 
[11] C. Henríquez-Olguín, S. Gallero, A. Reddy, K.W. Persson, F.L. Schlabs, C.T. 531 
Voldstedlund, G. Valentinaviciute, R. Meneses-Valdés, C.M. Sigvardsen, B. Kiens, E.T. 532 
Chouchani, E.A. Richter, T.E. Jensen, Revisiting insulin-stimulated hydrogen peroxide 533 

Jo
urn

al 
Pre-

pro
of



 18 

dynamics reveals a cytosolic reductive shift in skeletal muscle, Redox Biol 82 (2025) 534 
103607. 535 
[12] C. Arc-Chagnaud, G. Py, T. Fovet, R. Roumanille, R. Demangel, A.F. Pagano, P. Delobel, 536 
S. Blanc, B.J. Jasmin, D. Blottner, M. Salanova, M.C. Gomez-Cabrera, J. Viña, T. Brioche, A. 537 
Chopard, Evaluation of an Antioxidant and Anti-inflammatory Cocktail Against Human 538 
Hypoactivity-Induced Skeletal Muscle Deconditioning, Front Physiol 11 (2020) 71. 539 
[13] M. Carmen Gomez-Cabrera, A. Salvador-Pascual, J. Vina, Modulation of reactive 540 
oxygen species (ROS) levels as a strategy to improve healthy aging, Free Radical Biology and 541 
Medicine 96 (2016) S6. 542 
[14] L. Ferrucci, M. Gonzalez-Freire, E. Fabbri, E. Simonsick, T. Tanaka, Z. Moore, S. Salimi, 543 
F. Sierra, R. de Cabo, Measuring biological aging in humans: A quest, Aging Cell 19(2) (2020) 544 
e13080. 545 
[15] C. López-Otín, M.A. Blasco, L. Partridge, M. Serrano, G. Kroemer, Hallmarks of aging: 546 
An expanding universe, Cell 186(2) (2023) 243-278. 547 
[16] J. Viña, L. Rodriguez-Mañas, A. Salvador-Pascual, F.J. Tarazona-Santabalbina, M.C. 548 
Gomez-Cabrera, Exercise: the lifelong supplement for healthy ageing and slowing down the 549 
onset of frailty, J Physiol 594(8) (2016) 1989-99. 550 
[17] J. Viña, A. Salvador-Pascual, F.J. Tarazona-Santabalbina, L. Rodriguez-Mañas, M.C. 551 
Gomez-Cabrera, Exercise training as a drug to treat age associated frailty, Free Radic Biol 552 
Med 98 (2016) 159-164. 553 
[18] M.C. Gomez-Cabrera, E. Domenech, J. Viña, Moderate exercise is an antioxidant: 554 
upregulation of antioxidant genes by training, Free Radic Biol Med 44(2) (2008) 126-31. 555 
[19] M.C. Gomez-Cabrera, E. Domenech, M. Romagnoli, A. Arduini, C. Borras, F.V. Pallardo, 556 
J. Sastre, J. Vina, Oral administration of vitamin C decreases muscle mitochondrial 557 
biogenesis and hampers training-induced adaptations in endurance performance, Am J 558 
Clin Nutr 87(1) (2008) 142-9. 559 
[20] P.J. Fernandez-Marcos, S. Nobrega-Pereira, NADPH: new oxygen for the ROS theory of 560 
aging, Oncotarget 7(32) (2016) 50814-50815. 561 
[21] L.C.D. Pomatto, K.J.A. Davies, The role of declining adaptive homeostasis in ageing, J 562 
Physiol 595(24) (2017) 7275-7309. 563 
[22] I.H. Rosenberg, Sarcopenia: origins and clinical relevance, J Nutr 127(5 Suppl) (1997) 564 
990S-991S. 565 
[23] M. Piasecki, A. Ireland, D.A. Jones, J.S. McPhee, Age-dependent motor unit remodelling 566 
in human limb muscles, Biogerontology 17(3) (2016) 485-96. 567 
[24] M. Nyberg, S.P. Mortensen, H. Cabo, M.-C. Gomez-Cabrera, J. Vina, Y. Hellsten, Roles 568 
of sedentary aging and lifelong physical activity in exchange of glutathione across exercising 569 
human skeletal muscle, Free Radical Biology and Medicine 73 (2014) 166-173. 570 
[25] I. Ara, M.C. Gómez-Cabrera, N. Garatachea, Exercise as a Therapy for Successful Aging, 571 
Scand J Med Sci Sports 35(9) (2025) e70133. 572 
[26] L. Larsson, H. Degens, M. Li, L. Salviati, Y.I. Lee, W. Thompson, J.L. Kirkland, M. Sandri, 573 
Sarcopenia: Aging-Related Loss of Muscle Mass and Function, Physiol Rev 99(1) (2019) 427-574 
511. 575 
[27] L. Ferrucci, S. Donega, A. Picca, M. Calvo-Rubio Barrera, Y. Rolland, B.C. Clark, M.C. 576 
Gomez-Cabrera, Sarcopenia as a manifestation of systemic energetic failure with ageing, 577 
Lancet Healthy Longev  (2026) 100904. 578 
[28] E. García-Domínguez, C. García-Domínguez, J.L. Cabrera-Alarcón, M.D.M. Muñoz-579 
Hernández, P. Hernansanz-Agustín, A. Curtabbi, J. Domenech-Fernandez, E. Calvo, J. 580 
Vázquez, A.L. Serrano, P. Muñoz-Cánoves, G. Olaso-González, J.A. Enríquez, M.C. Gómez-581 
Cabrera, Mitochondrial remodeling in skeletal muscle underlies exercise-induced reversal 582 
of age-associated functional decline in mice and humans, Proc Natl Acad Sci U S A 123(14) 583 
(2026) e2508286123. 584 
[29] A.J. Cruz-Jentoft, A.A. Sayer, Sarcopenia, Lancet 393(10191) (2019) 2636-2646. 585 

Jo
urn

al 
Pre-

pro
of



 19 

[30] M.P. Murphy, H. Bayir, V. Belousov, C.J. Chang, K.J.A. Davies, M.J. Davies, T.P. Dick, T. 586 
Finkel, H.J. Forman, Y. Janssen-Heininger, D. Gems, V.E. Kagan, B. Kalyanaraman, N.G. 587 
Larsson, G.L. Milne, T. Nyström, H.E. Poulsen, R. Radi, H. Van Remmen, P.T. Schumacker, 588 
P.J. Thornalley, S. Toyokuni, C.C. Winterbourn, H. Yin, B. Halliwell, Guidelines for measuring 589 
reactive oxygen species and oxidative damage in cells and in vivo, Nat Metab 4(6) (2022) 590 
651-662. 591 
[31] C. Henríquez-Olguin, J.R. Knudsen, S.H. Raun, Z. Li, E. Dalbram, J.T. Treebak, L. Sylow, 592 
R. Holmdahl, E.A. Richter, E. Jaimovich, T.E. Jensen, Cytosolic ROS production by NADPH 593 
oxidase 2 regulates muscle glucose uptake during exercise, Nat Commun 10(1) (2019) 594 
4623. 595 
[32] M.C. Gomez-Cabrera, A. Salvador-Pascual, H. Cabo, B. Ferrando, J. Vina, Redox 596 
modulation of mitochondriogenesis in exercise. Does antioxidant supplementation blunt 597 
the benefits of exercise training?, Free Radic Biol Med 86 (2015) 37-46. 598 
[33] V.R. Kedlian, Y. Wang, T. Liu, X. Chen, L. Bolt, C. Tudor, Z. Shen, E.S. Fasouli, E. Prigmore, 599 
V. Kleshchevnikov, J.P. Pett, T. Li, J.E.G. Lawrence, S. Perera, M. Prete, N. Huang, Q. Guo, X. 600 
Zeng, L. Yang, K. Polański, N.J. Chipampe, M. Dabrowska, X. Li, O.A. Bayraktar, M. Patel, N. 601 
Kumasaka, K.T. Mahbubani, A.P. Xiang, K.B. Meyer, K. Saeb-Parsy, S.A. Teichmann, H. Zhang, 602 
Human skeletal muscle aging atlas, Nat Aging 4(5) (2024) 727-744. 603 
[34] M. Calvo-Rubio, E. Garcia-Domiguez, E. Tamayo-Torres, S. Soto-Rodríguez, G. Olaso-604 
Gonzalez, L. Ferrucci, R. de Cabo, M.C. Gómez-Cabrera, The repeated bout effect evokes 605 
the training-induced skeletal muscle cellular memory, Free Radic Biol Med 225 (2024) 247-606 
254. 607 
[35] H. Sies, Dynamics of intracellular and intercellular redox communication, Free Radic 608 
Biol Med 225 (2024) 933-939. 609 
[36] E. Garcia-Dominguez, M.C. Gomez-Cabrera, G.O. Gonzalez, Training-Induced 610 
Metabolic Adaptations in Skeletal Muscle, Adv Exp Med Biol 1478 (2025) 491-510. 611 
[37] M.C. Gomez-Cabrera, C. Arc-Chagnaud, A. Salvador-Pascual, T. Brioche, A. Chopard, 612 
G. Olaso-Gonzalez, J. Viña, Redox modulation of muscle mass and function, Redox Biol 35 613 
(2020) 101531. 614 
[38] S.K. Powers, M.C. Gomez-Cabrera, Update: Is exercise-induced oxidative stress a 615 
friend or foe?, Sports Med Health Sci 8(3) (2026) 229-239. 616 
[39] R. Meneses-Valdés, S. Gallero, C. Henríquez-Olguín, T.E. Jensen, Exploring NADPH 617 
oxidases 2 and 4 in cardiac and skeletal muscle adaptations - A cross-tissue comparison, 618 
Free Radic Biol Med 223 (2024) 296-305. 619 
[40] M.C. Gomez-Cabrera, C. Borrás, F.V. Pallardó, J. Sastre, L.L. Ji, J. Viña, Decreasing 620 
xanthine oxidase-mediated oxidative stress prevents useful cellular adaptations to exercise 621 
in rats, J Physiol 567(Pt 1) (2005) 113-20. 622 
[41] M.C. Gomez-Cabrera, A. Martinez, G. Santangelo, F.V. Pallardo, J. Sastre, J. Vina, 623 
Oxidative stress in marathon runners: interest of antioxidant supplementation, Br J Nutr 96 624 
Suppl 1 (2006) S31-3. 625 
[42] M. Gomez-Cabrera, F. Pallardo, J. Sastre, J. Vina, L. Garcia-del-Moral, Allopurinol and 626 
markers of muscle damage among participants in the Tour de France, Jama-Journal of the 627 
American Medical Association 289(19) (2003) 2503-2504. 628 
[43] M.C. Gomez-Cabrera, G.L. Close, A. Kayani, A. McArdle, J. Vina, M.J. Jackson, Effect of 629 
xanthine oxidase-generated extracellular superoxide on skeletal muscle force generation, 630 
Am J Physiol Regul Integr Comp Physiol 298(1) (2010) R2-8. 631 
[44] D.R. Bruns, S.E. Ehrlicher, S. Khademi, L.M. Biela, F.F. Peelor, B.F. Miller, K.L. Hamilton, 632 
Differential effects of vitamin C or protandim on skeletal muscle adaptation to exercise, J 633 
Appl Physiol (1985) 125(2) (2018) 661-671. 634 
[45] D.J. Bishop, J. Botella, A.J. Genders, M.J. Lee, N.J. Saner, J. Kuang, X. Yan, C. Granata, 635 
High-Intensity Exercise and Mitochondrial Biogenesis: Current Controversies and Future 636 
Research Directions, Physiology (Bethesda) 34(1) (2019) 56-70. 637 

Jo
urn

al 
Pre-

pro
of



 20 

[46] N.A. Strobel, J.M. Peake, A. Matsumoto, S.A. Marsh, J.S. Coombes, G.D. Wadley, 638 
Antioxidant supplementation reduces skeletal muscle mitochondrial biogenesis, Med Sci 639 
Sports Exerc 43(6) (2011) 1017-24. 640 
[47] C. Arc-Chagnaud, A. Salvador-Pascual, E. Garcia-Dominguez, G. Olaso-Gonzalez, A.G. 641 
Correas, E. Serna, T. Brioche, A. Chopard, P.J. Fernandez-Marcos, M. Serrano, A.L. Serrano, 642 
P. Muñoz-Cánoves, V. Sebastiá, J. Viña, M.C. Gomez-Cabrera, Glucose 6-P dehydrogenase 643 
delays the onset of frailty by protecting against muscle damage, J Cachexia Sarcopenia 644 
Muscle 12(6) (2021) 1879-1896. 645 
[48] E. García-Domínguez, A. Carretero, A. Viña-Almunia, J. Domenech-Fernandez, G. 646 
Olaso-Gonzalez, J. Viña, M.C. Gomez-Cabrera, Glucose 6-P Dehydrogenase-An Antioxidant 647 
Enzyme with Regulatory Functions in Skeletal Muscle during Exercise, Cells 11(19) (2022). 648 
[49] P.P. Pandolfi, F. Sonati, R. Rivi, P. Mason, F. Grosveld, L. Luzzatto, Targeted disruption of 649 
the housekeeping gene encoding glucose 6-phosphate dehydrogenase (G6PD): G6PD is 650 
dispensable for pentose synthesis but essential for defense against oxidative stress, EMBO 651 
J 14(21) (1995) 5209-15. 652 
[50] F. Derbre, B. Ferrando, M.C. Gomez-Cabrera, F. Sanchis-Gomar, V.E. Martinez-Bello, G. 653 
Olaso-Gonzalez, A. Diaz, A. Gratas-Delamarche, M. Cerda, J. Vina, Inhibition of Xanthine 654 
Oxidase by Allopurinol Prevents Skeletal Muscle Atrophy: Role of p38 MAPKinase and E3 655 
Ubiquitin Ligases, PLoS One 7(10) (2012) e46668. 656 
[51] W. Roman, H. Pinheiro, M.R. Pimentel, J. Segalés, L.M. Oliveira, E. García-Domínguez, 657 
M.C. Gómez-Cabrera, A.L. Serrano, E.R. Gomes, P. Muñoz-Cánoves, Muscle repair after 658 
physiological damage relies on nuclear migration for cellular reconstruction, Science 659 
374(6565) (2021) 355-359. 660 
[52] J.A. Bennie, K. De Cocker, M.J. Teychenne, W.J. Brown, S.J.H. Biddle, The epidemiology 661 
of aerobic physical activity and muscle-strengthening activity guideline adherence among 662 
383,928 U.S. adults, Int J Behav Nutr Phys Act 16(1) (2019) 34. 663 
[53] M. Ristow, K. Zarse, A. Oberbach, N. Kloting, M. Birringer, M. Kiehntopf, M. Stumvoll, 664 
C.R. Kahn, M. Bluher, Antioxidants prevent health-promoting effects of physical exercise in 665 
humans, Proc Natl Acad Sci U S A 106(21) (2009) 8665-70. 666 
[54] G. Paulsen, K.T. Cumming, G. Holden, J. Hallen, B.R. Ronnestad, O. Sveen, A. Skaug, I. 667 
Paur, N.E. Bastani, H.N. Ostgaard, C. Buer, M. Midttun, F. Freuchen, H. Wiig, E.T. Ulseth, I. 668 
Garthe, R. Blomhoff, H.B. Benestad, T. Raastad, Vitamin C and E supplementation hampers 669 
cellular adaptation to endurance training in humans: a double-blind, randomised, 670 
controlled trial, J Physiol 592(Pt 8) (2014) 1887-901. 671 
[55] N. Place, N. Ivarsson, T. Venckunas, D. Neyroud, M. Brazaitis, A.J. Cheng, J. Ochala, S. 672 
Kamandulis, S. Girard, G. Volungevicius, H. Pauzas, A. Mekideche, B. Kayser, V. Martinez-673 
Redondo, J.L. Ruas, J. Bruton, A. Truffert, J.T. Lanner, A. Skurvydas, H. Westerblad, 674 
Ryanodine receptor fragmentation and sarcoplasmic reticulum Ca2+ leak after one session 675 
of high-intensity interval exercise, Proc Natl Acad Sci U S A 112(50) (2015) 15492-7. 676 
[56] A. Plaza-Florido, M.E. Lindholm, P. Carrera-Bastos, A. Santos-Lozano, P.L. Valenzuela, 677 
C. Fiuza-Luces, S. Radom-Aizik, A. Lucia, Exercise pills for cardiometabolic health cannot 678 
mimic the exercise milieu, Trends Endocrinol Metab 37(4) (2026) 356-370. 679 
[57] S. Nóbrega-Pereira, P.J. Fernandez-Marcos, T. Brioche, M.C. Gomez-Cabrera, A. 680 
Salvador-Pascual, J.M. Flores, J. Viña, M. Serrano, G6PD protects from oxidative damage 681 
and improves healthspan in mice, Nat Commun 7 (2016) 10894. 682 

 683 

 684 

 685 

 686 

Jo
urn

al 
Pre-

pro
of



 21 

FIGURE 1.  687 
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FIGURE 2:  695 
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Highlights 

• Redox resilience provides an integrative framework for skeletal muscle aging. 

• Aging impairs adaptive redox signaling and disrupts muscle cellular networks. 

• Cellular heterogeneity shapes redox homeostasis and age-related muscle decline. 

• Exercise reinforces redox resilience through coordinated adaptive signaling. 

• Nrf-2, PGC-1α and mitochondrial quality control contribute to exercise adaptation. 
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