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ABSTRACT 

Background: This narrative review comprehensively synthesizes existing mechanistic and clinical evidence 

elucidating how physical exercise modulates fundamental cellular ageing processes. It also establishes critical 

priorities for translating these findings into effective health interventions. 

Methods: Extensive literature searches were performed across PubMed, Scopus, Embase, Web of Science, and 

Google Scholar databases, focusing on English-language publications from 1985 to 2020. The search strategy 

incorporated terms related to cellular ageing, exercise physiology, oxidative stress, mitochondrial dynamics, 

inflammation, and telomere biology. Following rigorous screening criteria, 35 seminal studies were 

qualitatively analyzed for integration. 

Results: Physical exercise initiates a complex interplay of coordinated intracellular signaling pathways, 

involving AMP-activated protein kinase (AMPK)–PGC-1α, sirtuins, mammalian target of rapamycin (mTOR), 

and nuclear factor erythroid 2-related factor 2 (Nrf2). These pathways synergistically promote mitochondrial 

biogenesis and enhance mitochondrial quality control mechanisms, bolster endogenous antioxidant capacity, 

attenuate chronic low-grade inflammation, and preserve telomere integrity. Endurance training 

predominantly fosters mitochondrial and metabolic adaptations, resistance training facilitates proteostasis 

and skeletal muscle anabolism, while combined and high-intensity interval training (HIIT) protocols yield 

complementary and potentially synergistic cellular benefits. Effects on telomere length regulation and 

immune ageing are generally favorable but show heterogeneity, attributed largely to variability in assay 

methodologies and exercise protocols. 

Conclusion: Regular physical activity robustly targets several hallmarks of cellular ageing. Bridging these 

mechanistic insights into practical clinical applications necessitates the development of standardized 

biomarkers, execution of well-powered long-term randomized controlled trials, tissue-specific multi-omic 

investigations, and inclusion of diverse populations across geographic and demographic spectra. Such 

integrative approaches will inform personalized exercise prescriptions to maximize health span extension. 
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INTRODUCTION 

  Globally, ageing populations have placed 

unprecedented attention on interventions aimed 

at prolonging health span, the portion of life spent 

in good health, free from debilitating chronic 

diseases. Cellular ageing underpins many 

organismal ageing phenotypes and stems from an 

intricate network of interdependent molecular 

and cellular processes. These encompass genomic 

instability, telomere attrition, epigenetic 

dysregulation, loss of proteostasis, aberrant 

nutrient signaling, mitochondrial dysfunction, 

cellular senescence, stem cell depletion, and 

altered intercellular communication [1]. Each 

hallmark interlocks, contributing to the 

progressive functional decline seen across 

multiple organ systems. 

  Physical exercise represents a universally 

accessible, cost-effective, and nonpharmacologic 

strategy capable of influencing numerous cellular 

ageing pathways simultaneously. As a systemic 

intervention, it initiates adaptations at the 

molecular, cellular, and whole-body levels, 

mediating profound beneficial effects relevant to 

ageing biology. 

  During exercise, the generation of reactive 

oxygen species (ROS) is markedly increased. 

While excessive ROS can cause oxidative damage 

to lipids, proteins, and nucleic acids, transient 

bursts of ROS act as vital signaling molecules, 

initiating adaptive responses that enhance 

cellular defense capacity and resilience [2]. 

Mitochondrial dysfunction, which commonly 

accompanies advancing age, diminishes 

adenosine triphosphate (ATP) production 

efficiency and increases basal ROS output, 

thereby exacerbating oxidative stress and 

impairing energy-dependent cellular functions 

[3]. Concurrently, chronic low-grade 

inflammation - termed inflammaging - represents 

a persistent, subclinical inflammatory state 

contributing to tissue degeneration and elevated 

chronic disease risk [4]. Telomeres, the protective 

nucleoprotein complexes capping chromosome 

ends, progressively shorten with replicative 

cycles and oxidative insults, making telomere 

length a sensitive biomarker reflecting cellular 

ageing and biological stress [5]. 

  This review integrates mechanistic and 

clinical evidence detailing how physical exercise 

modulates key cellular ageing processes, 

including oxidative stress, mitochondrial biology, 

inflammation, and telomere maintenance. 

Furthermore, it discusses how different exercise 

modalities and dosing regimens influence these 

outcomes, providing insight for future research 

and clinical translation. 

 

 

MATERIALS AND METHODS: 

  A comprehensive search of the literature 

was conducted using a range of databases, 

including the US National Library of Medicine 

(PubMed), Scopus, EBSCO, MEDLINE, DRJI 

(Directory of Research Journal Indexing), Embase, 

Web of Science, Cochrane Library, Google 

Scholar, and SportDiscus. To gain a 

comprehensive understanding of the subject 

matter, some key search terms were selected for 

the search, including "cellular ageing", "exercise 

physiology" "mitochondrial dynamics", 

"oxidative stress", "inflammation" and "telomere 

biology". In addition, relevant literature was 

further identified through the examination of 

reference lists derived from the data searches. To 

focus on the most relevant results, the search was 

limited to peer-reviewed articles published in 

English between 1985 and 2020. To gain a 
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comprehensive understanding of the relationship 

among cellular ageing, exercise physiology, 

mitochondria, oxidative stress, and telomeres, it 

was necessary to meet certain criteria. Firstly, the 

relationship among cellular ageing, exercise 

physiology and telomeres had to be examined. 

Secondly, the studies had to be published in a 

peer-reviewed journal. Thirdly, the studies had to 

be in English. Following a rigorous selection 

process, 35 studies were chosen to be included in 

this review. 

 

 

RESULTS 

Exercise-Activated Molecular Pathways 

Exercise engagement stimulates intricate 

cellular signalling networks that coordinate 

metabolic and stress adaptations. AMPK, a 

critical energy sensor kinase, is activated by 

rising AMP/ATP ratios and promotes 

mitochondrial biogenesis via upregulation of 

peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC-1α), a 

principal transcriptional coactivator governing 

mitochondrial gene expression [6,7]. Sirtuins, 

particularly the NAD+-dependent deacetylase 

SIRT1, interface with PGC-1α and modulate 

chromatin remodelling, mitochondrial function, 

and cellular stress responses, thereby working 

synergistically with AMPK [8]. The mammalian 

target of rapamycin (mTOR) pathway plays a 

nuanced role; acute, transient activation favors 

muscle protein synthesis and cellular growth, 

whereas chronic suppression is implicated in 

longevity-promoting mechanisms [9]. Exercise 

also robustly induces nuclear factor erythroid 2-

related factor 2 (Nrf2), a master regulator 

orchestrating an array of antioxidant genes to 

maintain redox homeostasis and mitigate 

oxidative damage [10]. 

 

Oxidative Stress and Hormetic Adaptations 

Initial bouts of exercise induce a 

temporary surge in ROS levels, triggering 

hormesis—a process whereby low-level stress 

elicits adaptive cellular responses that 

ultimately strengthen antioxidant defenses and 

DNA repair capacity [11,12]. Repeated 

endurance or resistance exercise enhances 

endogenous antioxidant enzyme activities, 

including those of superoxide dismutase, 

catalase, and glutathione peroxidase, while 

concurrently reducing oxidative biomarkers 

such as lipid peroxidation products and 

oxidized DNA bases [13]. This induction of 

mitohormesis—adaptation to mitochondrial 

ROS—contributes to improved mitochondrial 

resilience and longevity-associated signaling 

[14]. Nrf2 activation mediates much of this 

adaptive antioxidant response, underscoring its 

central role in redox-sensitive transcriptional 

control [10]. 

 

Mitochondrial Biogenesis and Quality Control 

Exercise triggers activation of the 

AMPK–PGC-1α axis alongside downstream 

transcription factors nuclear respiratory factors 

1 and 2 (NRF1/NRF2) and mitochondrial 

transcription factor A (TFAM), collectively 

driving mitochondrial biogenesis [15]. This 

cascade enhances not only mitochondrial 

quantity but also respiratory capacity and 

metabolic flexibility, enabling cells to meet 
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augmented energetic demands [16]. In addition, 

exercise promotes optimal mitochondrial 

dynamics by improving fusion and fission 

balance and stimulates mitophagy, the selective 

autophagic removal of dysfunctional 

mitochondria, thereby maintaining 

mitochondrial quality and reducing excessive 

ROS production relative to ATP output [17]. 

 

Inflammation, Myokines, and Immune 

Function 

Contracting skeletal muscle fibers release 

a diverse suite of cytokines and peptides known 

as myokines, with interleukin-6 (IL-6) being a 

prototypical example. Despite IL-6’s dual roles, 

muscle-derived IL-6 acts in an anti-

inflammatory capacity, initiating cascades that 

enhance production of anti-inflammatory 

cytokines such as IL-10 and IL-1 receptor 

antagonist (IL-1ra) during and after exercise 

[18]. Regular physical training attenuates 

baseline levels of systemic proinflammatory 

biomarkers, including C-reactive protein (CRP) 

and tumor necrosis factor-alpha (TNF-α), 

thereby dampening chronic inflammation 

associated with ageing and metabolic disease 

[19,20]. These anti-inflammatory effects support 

immune system rejuvenation by counteracting 

immunosenescence, which manifests as 

diminished immune surveillance and increased 

vulnerability to infections and malignancies 

[21]. 

 

 

Telomere Dynamics and Epigenetic 

Regulation 

Observational investigations link greater 

physical activity levels and superior 

cardiorespiratory fitness with longer leukocyte 

telomere lengths and decreased rates of 

telomere attrition, especially in individuals 

engaging in vigorous aerobic exercise [22,23]. 

Interventional studies report that structured 

exercise programs in older adults increase 

telomerase activity—the enzyme responsible 

for telomere elongation—and reduce telomere 

shortening, accompanied by declines in cellular 

senescence markers in immune cells and 

vascular tissues [24]. Mechanistically, these 

effects likely result from concerted reductions in 

oxidative stress and inflammation, as well as 

direct regulation of telomerase via AMPK and 

sirtuin signaling pathways [25,26]. Meta-

analyses confirm generally positive associations 

between physical activity and telomere 

maintenance, although heterogeneity in study 

design, participant demographics, and telomere 

measurement techniques produces variable 

outcomes [27]. 

 

Exercise Modality and Dose Considerations 

Exercise modalities engage distinct, yet 

overlapping molecular cascades yielding 

different cellular outcomes. Endurance training 

predominantly activates AMPK–PGC-1α 

signaling to enhance mitochondrial biogenesis 

and function [28]. High-intensity interval 

training (HIIT), characterized by alternating 

bursts of intense activity and recovery, 

simultaneously engages oxidative and anabolic 
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pathways, potentially combining the benefits of 

endurance and resistance exercise [29]. 

Resistance training strongly stimulates mTOR-

mediated anabolic pathways, promoting 

muscle protein synthesis and maintenance of 

proteostasis [30]. Acute exercise bouts impose 

transient metabolic and oxidative stress, 

followed by adaptation phases that elevate 

basal antioxidant capacity and mitigate 

inflammation when training loads are 

appropriately dosed [31,32]. However, 

excessive or poorly regulated training may 

overwhelm adaptive mechanisms, elevating 

injury risk and inflammatory responses, 

emphasizing the need for personalized exercise 

dosing strategies [31]. Current guidelines by 

public health authorities recommend 150–300 

minutes of moderate or 75–150 minutes of 

vigorous aerobic exercise per week, 

supplemented with resistance training twice 

weekly—levels generally consistent with 

cellular aging benefits observed in the literature 

[33]. 

 

DISCUSSION 

Synthesis and Implications 

The convergent evidence from 

molecular, physiological, and clinical studies 

robustly supports the concept that regular 

physical exercise modulates several 

interconnected hallmarks of cellular aging. 

Activation of key signaling pathways including 

AMPK–PGC-1α, sirtuins, and Nrf2 underlies 

enhancements in mitochondrial function, 

antioxidant capacity, inflammation regulation, 

and telomere preservation [6–10]. Notably, 

exercise-induced adaptations differ by 

modality, suggesting integrated exercise 

regimens combining endurance and resistance 

elements may provide the broadest spectrum of 

anti-ageing cellular benefits. 

 

Clinical Translation and Public Health 

Relevance 

Exercise constitutes a highly accessible, 

economically feasible intervention with 

multisystemic benefits extending across 

cardiovascular, metabolic, musculoskeletal, and 

immune domains. Individualized exercise 

prescriptions should integrate endurance and 

resistance training components tailored to 

personal health status, comorbidities, functional 

capacity, and patient goals to optimize cellular 

and systemic outcomes [20,33]. Policymakers 

and healthcare providers can leverage 

mechanistic data to reinforce and refine 

physical activity guidelines targeting extended 

health span and reduced chronic disease 

burden. 

 

Limitations 

This review recognizes several important 

constraints inherent in the current literature, 

including a predominance of observational and 

short-term randomized trials limiting causal 

inference and longitudinal insight [31]; 

considerable heterogeneity in exercise 

interventions, biomarker types and assay 

methodologies that obstruct synthesis [32,33]; 

underrepresentation of ethnic and sex-specific 

cohorts limiting generalizability; and 

insufficient investigation of sex-specific 

molecular responses to exercise [33,34]. 

Standardization of emerging biomarkers, such 

as telomere length assays and epigenetic clocks, 

is critically needed to enhance reproducibility 
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and comparability across studies [26]. 

Interindividual variability driven by genetics, 

epigenetics, and the microbiome further 

complicates extrapolation, underscoring the 

imperative for personalized exercise research 

[11]. 

 

Implications for future practice and research 

Future investigations should prioritize 

the development and adoption of standardized 

biomarker protocols, execution of adequately 

powered, long-term randomized controlled 

trials, and employment of tissue-specific, 

integrative multi-omic methodologies to dissect 

complex aging processes. Recruitment of 

demographically and geographically diverse 

cohorts will address existing generalizability 

gaps. Dose-response trials directly comparing 

distinct exercise modalities and combinations 

are necessary to elucidate optimal 

individualized exercise prescriptions. 

Additionally, refinement of nutrient-sensing 

pathway understanding, particularly mTOR’s 

dual role in anabolic adaptation and longevity, 

warrants focused exploration within exercise 

contexts [9]. Routine assessment and clinical 

monitoring of cardiorespiratory fitness should 

become integral to personalized exercise 

prescription development and public health 

initiatives [35]. 

 

CONCLUSION 

This expanded narrative review 

highlights the multifactorial beneficial effects of 

physical exercise on fundamental cellular aging 

mechanisms, including mitigation of oxidative 

stress, enhancement of mitochondrial function, 

suppression of chronic inflammation, and 

maintenance of telomere length. These cellular-

level effects converge to support the well-

documented role of exercise as a potent 

intervention for extending healthspan and 

reducing age-associated disease risk. 

Exercise-induced activation of AMPK, 

sirtuins, PGC-1α, and Nrf2 signaling pathways 

reinforces cellular stress resilience, metabolic 

efficiency, and genomic stability. Different 

exercise modalities distinctly influence cellular 

pathways, inviting the adoption of integrated 

regimens for comprehensive anti-aging 

benefits. While current physical activity 

guidelines appear adequate to confer significant 

cellular advantages, optimal dosing strategies 

may require adjustment based on individual 

genetic, epigenetic, and health profiles. 

Nonetheless, critical knowledge gaps remain—

including specific molecular interactions, dose-

response curves, and personalized modifiers of 

exercise efficacy—all meriting longitudinal, 

multi-modal, and diversified research efforts. 

Customized exercise prescriptions harnessing 

genetic and environmental data promise to 

enhance therapeutic potential. 

In sum, regular physical exercise remains 

a cornerstone of healthspan extension 

strategies. Advancements in understanding the 

molecular nexus between exercise and aging 

will enable refinement of intervention 

paradigms to maximize functional longevity 

and alleviate aging-related morbidity. 

Clinicians and public health practitioners must 

emphasize exercise as a foundational 

nonpharmacologic modality for modulating the 

fundamental biology of aging. 
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