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ABSTRACT 

Purpose: This review aims to examine the potential relationship between exercise-induced 

mitochondrial adaptation, mitochondrial DNA (mtDNA) homeostasis, and cyclic GMP-AMP 

synthase-stimulator of interferon genes (cGAS-STING) signaling during brain aging. 

Particular emphasis is placed on the role of mitochondrial quality control and the proposed 

mitochondrial stress-resolution threshold as a potential mechanism linking exercise with 

healthy brain aging and longevity.  

Method: A focused narrative review was conducted by evaluating human, animal, and in 

vitro/cellular studies, together with relevant review articles, addressing exercise-induced 

mitochondrial adaptation, mitochondrial quality control, mtDNA homeostasis, cGAS-STING 

signaling, neuroinflammation, and brain aging. Evidence from different biological levels was 

narratively synthesized to examine the potential mechanistic relationship between exercise-

induced mitochondrial stress and age-related innate immune activation. 

Results: Exercise-induced mitochondrial stress can promote mitochondrial biogenesis, 

turnover, antioxidant defense, and mitochondrial resilience. Aging may impair these adaptive 

processes and increase mitochondrial dysfunction and mtDNA dysregulation. Cytosolic 

mtDNA can activate cGAS-STING signaling, while emerging evidence links this pathway to 

microglial activation and neuroinflammation during brain aging. However, direct evidence 

connecting exercise with modulation of the brain mtDNA-cGAS-STING axis remains limited. 

Conclusion: Exercise may influence age-related neuroinflammation primarily by improving 

mitochondrial quality control and maintaining mtDNA homeostasis rather than through direct 

suppression of cGAS-STING signaling. The proposed mitochondrial stress-resolution 

threshold provides a testable framework linking exercise dose, mitochondrial adaptation, 

mtDNA regulation, innate immune signaling, and healthy brain aging. 

Keywords: Exercise, Aging, Mitochondrial Dysfunction, Mitochondrial DNA, cGAS-

STING, Neuroinflammation. 

ÖZET 

Sağlıklı Yaşlanmada Egzersize Bağlı Mitokondriyal Stres ve cGAS-STING 

Sinyalizasyonu 

Amaç: Bu derlemenin amacı, egzersize bağlı mitokondriyal adaptasyon, mitokondriyal DNA 

(mtDNA) homeostazı ve beyin yaşlanması sırasında siklik GMP-AMP sentaz–interferon 

genlerinin (cGAS-STING) uyarıcısı sinyal yolakları arasındaki potansiyel ilişkiyi 

incelemektir. Özellikle, mitokondriyal kalite kontrolünün ve önerilen mitokondriyal stres-

çözülme eşiğinin egzersiz ile sağlıklı beyin yaşlanması ve uzun yaşam arasındaki potansiyel 

mekanizmadaki rolü ele alınmıştır.  

Yöntem: Egzersize bağlı mitokondriyal adaptasyon, mitokondriyal kalite kontrolü, mtDNA 

homeostazı, cGAS-STING sinyalizasyonu, nöroinflamasyon ve beyin yaşlanmasını ele alan 

insan, hayvan ve in vitro/hücresel çalışmalar ile ilgili derleme makaleleri değerlendirilerek 

odaklanmış bir derleme gerçekleştirilmiştir. Farklı biyolojik düzeylerden elde edilen kanıtlar, 
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egzersize bağlı mitokondriyal stres ile yaşa bağlı doğuştan bağışıklık aktivasyonu arasındaki 

potansiyel mekanistik ilişkiyi incelemek amacıyla sentezlenmiştir. 

Bulgular: Egzersize bağlı mitokondriyal stres; mitokondriyal biyogenez, mitokondriyal 

dönüşüm, antioksidan savunma ve mitokondriyal dayanıklılığı destekleyebilir. Yaşlanma bu 

adaptif süreçleri bozarak mitokondriyal disfonksiyon ve mtDNA düzensizliğini artırabilir. 

Sitozolik mtDNA, cGAS-STING sinyal yolunu aktive edebilirken, gelişmekte olan kanıtlar bu 

yolun beyin yaşlanması sırasında mikroglial aktivasyon ve nöroinflamasyon ile ilişkili 

olduğunu göstermektedir. Bununla birlikte, egzersizin beyindeki mtDNA-cGAS-STING 

eksenini modüle ettiğini doğrudan gösteren kanıtlar halen sınırlıdır. 

Sonuç: Egzersiz, cGAS-STING sinyalizasyonunu doğrudan baskılamaktan ziyade 

mitokondriyal kalite kontrolünü iyileştirerek ve mtDNA homeostazını koruyarak yaşlanmaya 

bağlı nöroinflamasyonu etkileyebilir. Önerilen mitokondriyal stres-çözülme eşiği modeli; 

egzersiz dozu, mitokondriyal adaptasyon, mtDNA düzenlenmesi, doğuştan bağışıklık 

sinyalizasyonu ve sağlıklı beyin yaşlanması arasındaki ilişkiyi açıklamak için test edilebilir 

bir çerçeve sunmaktadır. 

Anahtar Kelimeler: Egzersiz, Yaşlanma, Mitokondriyal Disfonksiyon, Mitokondriyal DNA, 

cGAS-STING, Nöroinflamasyon. 

 

INTRODUCTION 

Aging is accompanied by progressive loss of physiological resilience and an increasing 

susceptibility to metabolic, inflammatory, and neurological dysfunction (Jurcau et al., 2024; 

Wu et al., 2026). Mitochondrial dysfunction is a central feature of this process, characterized 

by impaired energy metabolism, altered mitochondrial turnover, oxidative imbalance, and 

reduced capacity to maintain cellular homeostasis (Zhu et al., 2026). These changes are 

particularly relevant to the brain, where high energetic demands make neuronal and glial cells 

highly dependent on mitochondrial integrity (Rim et al., 2024; Steffan et al., 2025). Persistent 

mitochondrial dysfunction may therefore contribute to neuroinflammation and age-related 

decline in brain function (Klemmensen et al., 2024; Li et al., 2026). 

Exercise is one of the most effective physiological interventions for maintaining 

metabolic and functional health during aging (Kong et al., 2025; Pradeepkiran et al., 2025). 

Regular physical activity promotes mitochondrial biogenesis, improves oxidative capacity, 

enhances antioxidant defenses, and stimulates mitochondrial quality-control mechanisms 

(Picca et al., 2023). Importantly, exercise itself represents a controlled physiological stressor 

(Karagianni & Bazopoulou, 2024; Szechyńska-Hebda et al., 2022). Transient increases in 

metabolic demand and reactive oxygen species can activate adaptive responses that improve 

subsequent stress tolerance (Bartman et al., 2024; Bondy, 2024). Thus, the biological effects 

of exercise depend not simply on the presence of mitochondrial stress but on the capacity of 

tissues to resolve that stress and convert it into adaptation (Broome et al., 2024; Cai et al., 

2026). 
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Mitochondrial stress may also influence inflammatory signaling through effects on 

mtDNA homeostasis (Maldonado et al., 2023; Zhu et al., 2025). Damage to mitochondria or 

impaired mitochondrial quality control can increase mtDNA damage, release, or 

mislocalization (Algieri et al., 2025; Ma et al., 2025). Cytosolic mtDNA can act as an 

endogenous danger signal and activate the cGAS-STING pathway (Cai et al., 2026). 

Activation of this pathway can promote downstream TBK1/IRF3 and NF-κB signaling and 

contribute to inflammatory responses (Li et al., 2025). In the aging brain, this mechanism may 

be particularly relevant because mitochondrial dysfunction and altered microglial activity can 

coexist with chronic low-grade neuroinflammation (Suk, 2026). Experimental evidence has 

linked mitochondrial perturbation, cytosolic DNA accumulation, and cGAS-STING activation 

with inflammatory and age-related changes in microglia (Rim et al., 2024).  

The relationship between exercise and this pathway, however, remains incompletely 

defined. Exercise should not necessarily be considered a direct inhibitor of cGAS-STING 

signaling (Decout et al., 2021; Zhang & Zhang, 2025). Rather, repeated exercise may modify 

the upstream mitochondrial environment by improving mitochondrial quality control, 

antioxidant capacity, and the removal of damaged organelles (Lippi et al., 2022; Maciel et al., 

2026; Slavin et al., 2022). These adaptations could reduce the persistence of mtDNA-

associated danger signals and thereby influence the conditions under which innate immune 

signaling is activated (Jiménez-Loygorri et al., 2024; Newman & Shadel, 2023). Current 

evidence supports a biologically plausible relationship between exercise, mitochondrial 

adaptation, and cGAS-STING signaling, but direct evidence demonstrating a causal exercise-

cGAS-STING pathway in the aging brain remains limited (Lim et al., 2022; Ma et al., 2026). 

Accordingly, this review examines the emerging relationship between exercise-induced 

mitochondrial stress, mtDNA homeostasis, cGAS-STING signaling, and healthy brain aging. 

Particular emphasis is placed on mitochondrial quality control and the proposed concept of a 

mitochondrial stress-resolution threshold. Here, the term “mitochondrial stress-resolution 

threshold” is used as a conceptual framework to describe the point at which exercise-induced 

mitochondrial stress may exceed the capacity of mitochondrial quality-control and recovery 

mechanisms to restore cellular homeostasis. Importantly, this term does not refer to a defined 

or experimentally established biological threshold with a fixed quantitative value. Rather, it 

represents a hypothesis-generating and testable framework based on the premise that the 

biological consequences of exercise-induced mitochondrial stress depend on the balance 

between stress magnitude, mitochondrial resilience, and recovery capacity. Within this 
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framework, appropriately dosed exercise may promote adaptive mitochondrial remodeling, 

whereas persistent or insufficiently resolved mitochondrial stress may favor mtDNA-

dependent inflammatory signaling (Burtscher et al., 2023). This framework may provide a 

mechanistic perspective for understanding how exercise contributes to healthy longevity and 

preservation of neurological function. 

METHODS 
 

Research Design 

This review examines the relationship between exercise, mitochondrial stress, mtDNA 

homeostasis, cGAS-STING signaling, and aging, with particular emphasis on brain aging and 

neuroinflammation. This review was designed as a focused narrative review integrating 

evidence from human, animal, and in vitro studies, together with relevant mechanistic and 

review literature. This approach was selected because the proposed exercise–mitochondrial–

mtDNA–cGAS-STING relationship involves multiple biological levels that cannot be 

adequately addressed by a single experimental model. 

Literature Search 

Relevant literature was identified through searches of PubMed, Web of Science, 

Scopus, and Google Scholar. The search was conducted on 25 August 2026 and was restricted 

to publications published between January 2000 and July 2026. No language restriction was 

applied. The search strategy was developed around four core concepts: exercise, 

mitochondrial stress and adaptation, mitochondrial quality control and mtDNA homeostasis, 

and cGAS-STING signaling in aging and brain inflammation. The search strategy combined 

terms related to these concepts, including “exercise”, “physical activity”, “mitochondrial 

stress”, “mitochondrial dysfunction”, “mitochondrial adaptation”, “mitophagy”, 

“mitochondrial DNA”, “mtDNA”, “cGAS”, “STING”, “cGAS-STING”, “aging”, “brain 

aging”, “neuroinflammation” and “microglia”. Database-specific combinations of these terms 

were adapted to the search interface and indexing structure of each database. Original 

research articles and relevant review articles addressing exercise-induced mitochondrial 

adaptation, mitochondrial quality control, mtDNA-dependent innate immune signaling, 

neuroinflammation, and healthy aging were considered. 
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Study Selection and Eligibility Criteria 

Studies were considered eligible when they addressed at least one of the major 

mechanistic components of the review, including exercise-induced mitochondrial stress or 

adaptation, mitochondrial quality control, mtDNA homeostasis or release, cGAS-STING 

signaling, neuroinflammation, or brain aging. Human studies were considered particularly 

relevant for evaluating the physiological relevance and applicability of exercise-associated 

mitochondrial adaptations. Animal studies were included to investigate tissue- and organ-level 

mechanisms, particularly mitochondrial responses in the aging brain. In vitro and cellular 

studies were considered when they provided mechanistic evidence linking mitochondrial 

perturbation, mtDNA release or mislocalization, and cGAS-STING activation. Relevant 

review articles were included to provide conceptual and mechanistic context and to identify 

key primary studies. 

Studies were excluded when they were unrelated to the main topics of the review or 

did not provide information relevant to the proposed mechanistic framework. Studies were 

also excluded when they did not provide sufficient scientific information relevant to exercise, 

mitochondrial biology, mtDNA-dependent innate immune signaling, aging, or 

neuroinflammation. Duplicate records identified across databases were manually removed 

before the final selection of relevant studies. 

Evidence Classification and Synthesis 

Evidence was interpreted according to the biological level and type of evidence 

provided by each study. Human studies were considered primarily for evidence of 

physiological relevance and exercise-associated mitochondrial adaptations, whereas animal 

studies were used to evaluate tissue-specific and organ-level mechanisms that cannot be 

readily assessed in humans. In vitro and cellular studies were considered primarily as 

mechanistic evidence for molecular interactions involving mitochondrial perturbation, 

mtDNA homeostasis, and cGAS-STING signaling. Review articles were used to provide 

broader conceptual and mechanistic context but were not treated as equivalent to primary 

experimental evidence. 

The relevance of individual studies was assessed according to their directness to the 

central research question, biological model, experimental design, and ability to inform the 

proposed mechanistic relationship. Particular attention was given to studies that directly 
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examined mitochondrial function or quality control, mtDNA localization or release, cGAS-

STING signaling, or exercise-related adaptations during aging. Evidence was interpreted 

according to the strength and directness of the available findings, and mechanistic inferences 

were not considered equivalent to direct causal evidence. 

The literature was narratively synthesized according to four main themes: exercise-

induced mitochondrial stress and adaptation; mtDNA-cGAS-STING signaling in aging and 

brain inflammation; exercise-related mitochondrial quality control and brain aging; and the 

relationship between exercise dose, aging, and mitochondrial stress resolution. Particular 

attention was given to distinguishing established experimental evidence from emerging 

mechanistic hypotheses. Because this review aims to integrate mechanistic evidence rather 

than quantitatively estimate treatment effects, no meta-analysis was performed. 

RESULTS 

Exercise-Induced Mitochondrial Stress and Adaptation 

Exercise increases mitochondrial energy demand and transiently alters redox and 

metabolic homeostasis (Flensted-Jensen et al., 2026). These changes can increase reactive 

oxygen species production and activate cellular signaling pathways involved in antioxidant 

defense, mitochondrial biogenesis, and metabolic adaptation (Wang et al., 2023). Therefore, 

exercise-induced oxidative and metabolic stress should not be interpreted solely as cellular 

damage. When appropriately regulated, transient stress can function as a physiological 

stimulus that enhances mitochondrial resilience (Gorgori-Gonzalez et al., 2026). 

Repeated exercise promotes mitochondrial remodeling through coordinated changes in 

mitochondrial biogenesis, turnover, and quality control (Xu et al., 2025). These adaptations 

can improve oxidative capacity and increase the ability of tissues to tolerate subsequent 

metabolic challenges (Alizadeh Pahlavani et al., 2022). Representative studies examining 

exercise-induced mitochondrial adaptations during aging are summarized in Table 1. The 

adaptive response, however, depends on exercise intensity, duration, frequency, training 

status, and recovery (Militello et al., 2024). Insufficient recovery or excessive exercise may 

prolong mitochondrial stress and reduce the capacity to restore cellular homeostasis. 

This distinction is particularly important during aging (Campos et al., 2023). Age-

associated alterations in mitochondrial turnover, mitophagy, antioxidant defense, and 
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mitochondrial genome maintenance may reduce the capacity to resolve exercise-induced 

mitochondrial perturbations. Consequently, the same exercise stimulus may produce different 

biological responses depending on the pre-existing mitochondrial state of the individual (Cai 

et al., 2026). The current evidence therefore supports exercise as a hormetic stimulus in which 

the physiological benefit is determined by the balance between transient stress and subsequent 

adaptation rather than by stress avoidance (Wang et al., 2023). 

These observations provide an important basis for considering mtDNA-dependent 

innate immune signaling. When mitochondrial stress is effectively resolved, improved 

mitochondrial quality control may limit the persistence of damaged mitochondrial 

components (Zhang & Zhang, 2025). Conversely, prolonged mitochondrial dysfunction may 

increase mtDNA damage or mislocalization and create conditions favorable for activation of 

cytosolic DNA-sensing pathways. Thus, mitochondrial adaptation represents a potential 

upstream determinant of whether exercise-associated stress remains adaptive or contributes to 

persistent inflammatory signaling (Li et al., 2026). 

Table 1. Representative experimental and human studies examining exercise-related 

mitochondrial adaptations in the context of aging 

Study Model / 

population 

Exercise 

intervention 

Main mitochondrial finding Relevance to aging 

(Menshikova 

et al., 2006) 

Older men 

and women 

(mean age 

≈67 years) 

Exercise 

training 

Increased skeletal-muscle 

mitochondrial content, reflected 

by increases in cardiolipin and 

mtDNA, together with increased 

electron transport chain activity, 

including succinate oxidase and 

NADH oxidase activity. 

Demonstrates that older 

human skeletal muscle 

retains substantial 

capacity for 

mitochondrial biogenesis 

and functional adaptation 

to exercise. 

(Konopka et 

al., 2014) 

Young men 

(≈20 years) 

and older 

men (≈74 

years) 

12-week 

aerobic 

exercise 

training 

Increased markers of 

mitochondrial biogenesis, 

including PGC-1α, citrate 

synthase, β-HAD, SDH and 

COXIV, together with increased 

MFN1, MFN2 and FIS1 in both 

age groups. 

Indicates that healthy 

aging does not abolish 

exercise-induced 

mitochondrial biogenesis 

or remodeling of 

mitochondrial dynamics 

in skeletal muscle. 

(Wyckelsma 

et al., 2017) 

Young and 

older adults 

12-week 

high-intensity 

training 

Older adults showed a robust 

increase in mitochondrial 

content, including increased 

citrate synthase activity, COXIV 

and NDUFA9, as well as 

increases in mitochondrial 

respiratory-chain complexes. 

Demonstrates that older 

skeletal muscle can 

undergo substantial 

mitochondrial remodeling 

following high-intensity 

exercise despite age-

related alterations in 

mitochondrial dynamics 

proteins. 

 (Chrøis et 

al., 2020) 

Older 

sedentary 

men and 

6-week 

supervised 

HIIT, 3 

HIIT increased citrate synthase 

activity and MnSOD and 

complex I–V protein content in 

Supports exercise-

induced increases in 

mitochondrial content in 



 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1020 

women 

(n=22) 

days/week both sexes. Coupled and 

uncoupled mitochondrial 

respiratory capacity increased 

only in men. 

older adults, while 

indicating that some 

functional adaptations 

may differ according to 

sex. 

(Gusdon et 

al., 2017) 

Aged mice Exercise 

training 

Exercise increased complex I-

linked mitochondrial respiration 

and DRP1 protein expression in 

the brain. Mitochondrial protein 

content and markers of 

mitochondrial biogenesis, 

including PGC-1α and TFAM, 

were not increased. 

Provides evidence that 

exercise can improve 

brain mitochondrial 

function in aged animals 

through changes in 

electron transport chain 

function and 

mitochondrial dynamics, 

without necessarily 

increasing mitochondrial 

biogenesis. 

(Luo et al., 

2017) 

Aged male 

Sprague-

Dawley rats 

(16–18 

months) 

10-week 

swimming 

exercise 

Exercise reduced oxidative stress 

and improved mitochondrial 

quality control in the 

hippocampus, with increased 

mitochondrial biogenesis, 

mitochondrial fusion and fission, 

and autophagy/mitophagy. 

Directly links long-term 

exercise with preservation 

of hippocampal 

mitochondrial quality 

control and attenuation of 

age-related cognitive and 

mitochondrial alterations. 

(Mesquita et 

al., 2022) 

Female 

Lewis rats: 

young and 

middle-aged 

Long-term 

voluntary 

physical 

activity 

Physical activity increased 

cortical complex IV activity but 

did not alter mitochondrial 

complex protein content. 

Cortical carbonyl levels were 

also reduced, whereas several 

mitochondrial and redox markers 

remained unchanged. 

Suggests that long-term 

physical activity can 

enhance specific aspects 

of cortical mitochondrial 

function and reduce 

oxidative protein damage, 

while overall brain 

mitochondrial responses 

to aging and activity may 

be region- and marker-

specific. 

mtDNA-cGAS-STING Signaling in Aging and Brain Inflammation 

Mitochondrial dysfunction can contribute to inflammation through the release or 

mislocalization of mtDNA (Kim et al, 2023). Damaged mitochondria and impaired 

mitochondrial quality control may increase the availability of mtDNA in the cytosol, where it 

can function as an endogenous danger signal (Guilbaud et al., 2024). Cytosolic DNA is 

recognized by cGAS, leading to production of STING (Quan et al., 2025). Downstream 

signaling through TBK1, IRF3, and NF-κB can promote interferon and pro-inflammatory 

responses (Wei et al., 2025). Representative studies investigating the relationship between 

mitochondrial dysfunction, mtDNA, and cGAS-STING signaling during aging are 

summarized in Table 2. 

This mechanism may become increasingly relevant during aging because 

mitochondrial quality control progressively deteriorates (Salminen et al., 2025). Impaired 

mitophagy, altered mitochondrial dynamics, oxidative damage, and reduced mitochondrial 
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turnover may increase the persistence of dysfunctional mitochondria and mtDNA-associated 

signals (Izquierdo, 2024). In this context, cGAS-STING activation may provide a molecular 

link between mitochondrial dysfunction and chronic low grade inflammation (Zhou et al., 

2025). 

The brain is particularly vulnerable to this process because of its high energetic 

requirements (Ma et al., 2026). Microglia, as the principal innate immune cells of the central 

nervous system, can respond to mitochondrial and DNA-derived danger signals and 

contribute to neuroinflammatory responses. Experimental evidence indicates that 

mitochondrial perturbation and cytosolic DNA accumulation can activate cGAS-STING 

signaling in aged microglia and are associated with inflammatory phenotypes, 

neurodegeneration, and cognitive decline (Quan et al., 2025). 

Importantly, cGAS-STING signaling should not be considered exclusively 

pathological (Salminen et al., 2025). Its physiological activity contributes to innate immune 

surveillance, and experimental findings indicate that complete loss of STING activity may 

also produce adverse neurological effects under some conditions. The biological 

consequences therefore appear to depend on cellular context, signaling intensity, and duration 

(Salminen et al., 2025; Wen et al., 2026). This distinction is relevant to exercise because the 

objective of exercise-induced adaptation may not be complete suppression of cGAS-STING 

signaling, but rather maintenance of an appropriate balance between cellular surveillance and 

persistent inflammatory activation (Wen et al., 2026; Zhou et al., 2025). 

Current evidence supports a strong mechanistic relationship between mitochondrial 

dysfunction, mtDNA dysregulation, and cGAS-STING signaling in aging (Salminen et al., 

2025). However, direct evidence connecting exercise to modulation of this pathway in the 

aging brain remains limited. In particular, circulating mtDNA measurements cannot by 

themselves establish intracellular cGAS-STING activation (Li et al., 2025). This evidence gap 

is important when interpreting the potential role of exercise in regulating the mitochondrial-

innate immune interface. 
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Table 2. Representative studies linking mitochondrial dysfunction, mtDNA, and cGAS-

STING signaling during aging. 

Study Experimental 

model 

Key mitochondrial / 

mtDNA finding 

cGAS-STING-related 

finding 

Relevance to aging 

(White et 

al., 2014) 

Mammalian 

cells; mouse 

models 

Bak/Bax-mediated 

mitochondrial damage 

promoted mtDNA 

release 

Cytosolic mtDNA 

activated cGAS-

STING and type I IFN 

production 

Established 

mitochondrial DNA 

release as a potent 

innate immune trigger 

(Rongvaux 

et al., 2014) 

Mammalian 

cells; mouse 

models 

Mitochondrial DNA 

released during 

mitochondrial outer-

membrane 

permeabilization 

mtDNA induced 

cGAS-dependent type 

I IFN responses; 

apoptotic caspases 

limited this response 

Demonstrated that 

mitochondrial damage 

can be coupled to 

inflammatory DNA 

sensing 

(West et al., 

2015) 

Cellular models 

of mtDNA 

stress 

TFAM deficiency 

disrupted mtDNA 

organization and 

promoted mtDNA 

escape into the cytosol 

Cytosolic mtDNA 

activated cGAS-

STING-IRF3 signaling 

and interferon 

responses 

Provided direct 

mechanistic evidence 

connecting mtDNA 

instability with innate 

immune signaling 

(Tigano et 

al., 2021) 

Mammalian 

cellular models 

Mitochondrial DNA 

double-strand breaks 

compromised 

mitochondrial genome 

integrity and generated 

a retrograde immune 

response 

Activated 

mitochondrial 

retrograde immune 

surveillance, with 

mtRNA-dependent 

RIG-I/MAVS 

signaling reported 

rather than a direct 

cGAS-STING 

mechanism 

Demonstrates that 

mtDNA damage can 

initiate mitochondria-to-

nucleus inflammatory 

signaling, providing 

mechanistic context for 

mitochondrial stress and 

innate immune 

activation 

(Jiménez-

Loygorri et 

al., 2024) 

Young and aged 

mito-QC mice; 

human 

fibroblasts 

Aging was associated 

with cytosolic mtDNA 

accumulation despite 

stable or increased 

mitophagy 

Increased cytosolic 

mtDNA was associated 

with cGAS-STING 

activation and type I 

IFN signaling 

Identified mitochondrial 

quality control as an 

important regulator of 

age-associated mtDNA-

dependent inflammation 

(Li et al., 

2024) 

Postmitotic 

muscle cells; 

aging models 

mtDNA release 

increased with 

mitochondrial 

dysfunction and cellular 

aging 

mtDNA release 

promoted cGAS-

STING activation 

Extended the mtDNA-

cGAS-STING-aging 

relationship to 

postmitotic muscle 

tissue 

Exercise, Mitochondrial Quality Control, and Brain Aging 

Regular exercise can influence mitochondrial function beyond skeletal muscle and 

may contribute to the maintenance of brain metabolic and inflammatory homeostasis during 

aging (Zhou et al., 2026). Exercise promotes mitochondrial biogenesis, antioxidant capacity, 

and mitochondrial turnover, while repeated training can improve the ability of cells to tolerate 

metabolic stress (El Assar et al., 2022). These adaptations are relevant to the aging brain, 

where high energetic demands and progressive mitochondrial dysfunction may increase 

neuronal and glial vulnerability (Burtscher et al., 2021). 

Mitochondrial quality control is particularly important because the efficient removal of 

dysfunctional mitochondria can limit the accumulation of damaged mitochondrial components 
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(Picca et al., 2023). Exercise associated stimulation of mitophagy and mitochondrial 

remodeling may therefore help maintain mitochondrial integrity and reduce persistent cellular 

stress (Cai et al., 2026). In contrast, age-related impairment of mitochondrial turnover may 

increase the likelihood that damaged mitochondria persist and contribute to mtDNA 

dysregulation (Wang et al., 2023). 

The effects of exercise on the brain are likely to involve both local and systemic 

mechanisms. Changes in cerebral metabolism, vascular function, and neural activity may 

interact with peripheral adaptations originating from skeletal muscle (Liang et al., 2021). 

Exercise-induced changes in systemic metabolic and signaling environments may 

consequently contribute to the regulation of brain mitochondrial function and neuroimmune 

homeostasis (Feng et al., 2026). However, current evidence does not support a single 

peripheral mediator as responsible for these effects. 

Microglia may represent an important cellular interface between mitochondrial 

homeostasis and neuroinflammation. Aging can alter microglial metabolic and inflammatory 

states, while mitochondrial dysfunction may further influence their response to endogenous 

danger signals (Mela et al., 2020). By improving mitochondrial quality control and stress 

resistance, regular exercise may reduce the persistence of mitochondrial signals capable of 

promoting inflammatory activation (Choi et al., 2024). This provides a potential upstream 

mechanism through which exercise could influence age-related neuroinflammation (Mee-Inta 

et al., 2019). 

Nevertheless, the direct relationship between exercise-induced mitochondrial 

adaptation and brain cGAS-STING activity remains insufficiently established. Most studies 

have examined mitochondrial function, inflammatory markers, or neurological outcomes 

independently rather than measuring mitochondrial stress, mtDNA localization, and cGAS-

STING signaling simultaneously (Zhu et al., 2026). Therefore, the current evidence supports a 

plausible mechanistic connection but does not establish that exercise directly suppresses 

cGAS-STING signaling in the aging brain (Ma et al., 2026). 

The different levels of evidence considered in this review provide complementary 

support for the proposed exercise–mitochondrial adaptation–brain cGAS-STING relationship. 

Human and skeletal muscle studies provide evidence that exercise can promote mitochondrial 

remodeling, enhance mitochondrial quality-control capacity, and modulate redox homeostasis, 

thereby establishing a physiological basis for exercise-induced mitochondrial adaptation (El 

Assar et al., 2022; Zhou et al., 2026). Experimental animal studies extend these observations 
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to the brain, with evidence that exercise can improve mitochondrial quality control and 

preserve mitochondrial function and redox balance in aging-related brain regions, including 

the hippocampus and cortex (Luo et al., 2017; Mesquita et al., 2022; Cai et al., 2026). In 

parallel, cellular and animal studies provide mechanistic evidence that mitochondrial damage, 

mtDNA release, or cytosolic mtDNA accumulation can activate cGAS-STING signaling and 

promote inflammatory responses (White et al., 2014; Rongvaux et al., 2014; Tigano et al., 

2021; Li et al., 2024). Taken together, these findings support a biologically plausible sequence 

in which exercise-induced mitochondrial adaptation may influence mtDNA homeostasis and 

thereby modify conditions that favor cGAS-STING activation. However, these evidence 

levels should not be interpreted as demonstrating a direct causal pathway from exercise to 

brain cGAS-STING signaling. Direct evidence simultaneously linking exercise, mitochondrial 

adaptation, mtDNA localization, and cGAS-STING activity in the aging human brain remains 

limited (Zhu et al., 2026; Ma et al., 2026). Thus, the proposed relationship represents an 

integrative mechanistic framework supported by convergent evidence across experimental 

levels rather than an established causal pathway. 

Overall, exercise appears to promote conditions that favor mitochondrial maintenance 

and stress resolution. These adaptations may limit sustained mitochondrial dysfunction and 

consequently reduce the cellular conditions that favor mtDNA-dependent inflammatory 

signaling. This relationship provides the basis for considering exercise dose and biological 

resilience as potential determinants of whether mitochondrial stress remains adaptive during 

aging (Feng et al., 2026; Zhou et al., 2026).  

Exercise Dose, Aging, and the Mitochondrial Stress-Resolution Threshold 

The adaptive effects of exercise depend on the relationship between exercise-induced 

mitochondrial stress and the capacity of tissues to resolve that stress (Botella et al., 2025). 

Exercise intensity, duration, frequency, training status, and recovery can influence the 

magnitude and persistence of mitochondrial perturbation (Mølmen et al., 2025). Thus, 

increasing exercise exposure does not necessarily produce proportionally greater 

mitochondrial benefit (Cardinale et al., 2021). An appropriately dosed exercise stimulus can 

generate transient metabolic and redox stress that activates mitochondrial biogenesis, 

antioxidant responses, and quality-control mechanisms (Turkel et al., 2025). With adequate 

recovery, repeated exposure may increase mitochondrial capacity and improve resistance to 

subsequent stress (Taskin et al., 2022). In contrast, excessive or insufficiently recovered 

exercise may prolong mitochondrial perturbation and reduce the efficiency of cellular 
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recovery (Özdemir & Demir, 2025). This distinction supports the concept of a mitochondrial 

stress-resolution threshold, in which the biological outcome depends on whether exercise-

induced stress remains within the capacity of mitochondrial quality-control systems (Gorgori-

Gonzalez et al., 2026). Aging may shift this threshold by reducing mitochondrial turnover, 

mitophagy, antioxidant capacity, and mtDNA maintenance (Yun et al., 2026). Consequently, 

an exercise stimulus that is readily resolved in a metabolically resilient individual may 

produce a more persistent mitochondrial response in an older or metabolically compromised 

individual (Abrego-Guandique et al., 2025). Importantly, this concept does not imply that 

exercise becomes detrimental with age; rather, it suggests that exercise dose should be 

considered in relation to biological resilience and recovery capacity. 

This framework may also explain variability among exercise studies (Lim et al., 

2022). Individuals performing the same externally prescribed exercise may experience 

different intracellular mitochondrial stresses because of differences in age, fitness, metabolic 

health, training history, and recovery (Mølmen et al., 2025; Özdemir & Demir, 2025). 

External workload may therefore not accurately represent the biological dose experienced by 

mitochondria. Taken together, these relationships support a model in which the biological 

effect of exercise depends on whether exercise-induced mitochondrial stress remains within 

the individual's capacity for effective stress resolution, as illustrated in Figure 1. 

 

Figure 1. Proposed exercise-mitochondria-mtDNA-cGAS-STING framework in healthy brain 

aging. 
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At present, however, this model remains hypothesis-generating. Few studies have 

simultaneously examined exercise dose, mitochondrial quality control, cytosolic mtDNA, and 

cGAS-STING signaling, particularly in aged human populations. Future studies should 

therefore determine whether markers of mitochondrial stress and recovery can predict 

individual responses to exercise and whether these responses are associated with changes in 

cGAS-STING activity and neurological function (Mănescu et al., 2026). 

DISCUSSION and CONCLUSION 

The evidence reviewed in this article supports a potential mechanistic relationship 

between exercise-induced mitochondrial adaptation, mtDNA homeostasis, cGAS-STING 

signaling, and brain aging. Exercise imposes a transient mitochondrial challenge that can 

stimulate adaptive responses, whereas aging is associated with reduced mitochondrial quality 

control and increased susceptibility to persistent cellular stress. The interaction between these 

processes may determine whether mitochondrial stress is resolved through adaptation or 

persists sufficiently to contribute to inflammatory signaling. 

A key implication is that exercise should not be viewed simply as an anti-

inflammatory intervention. Its physiological effects may instead arise from repeated cycles of 

controlled stress and recovery that improve mitochondrial resilience. Enhanced mitochondrial 

quality control may reduce the persistence of damaged mitochondria and limit the availability 

of mtDNA-associated danger signals. In this context, cGAS-STING may represent a 

downstream pathway influenced by mitochondrial homeostasis rather than a direct molecular 

target of exercise. 

The proposed mitochondrial stress–resolution threshold provides a framework for 

interpreting this relationship. Appropriate exercise exposure may promote mitochondrial 

remodeling and increase stress tolerance, whereas excessive stress or inadequate recovery 

may exceed the capacity of mitochondrial quality-control systems. Aging may further modify 

this balance by reducing mitochondrial turnover and recovery capacity. This model may 

therefore help explain why exercise responses vary according to age, fitness, metabolic status, 

training history, and recovery. 

The evidence connecting mtDNA-cGAS-STING signaling with aging and 

neuroinflammation is stronger than the evidence directly linking exercise to this pathway. 

Experimental studies support a role for mitochondrial dysfunction and cytosolic DNA in 

cGAS-STING activation and age-related inflammatory responses, particularly in microglia. 
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However, direct studies demonstrating that exercise alters brain cGAS-STING activity 

through changes in mtDNA homeostasis remain limited. Therefore, the exercise-

mitochondria-cGAS-STING relationship should currently be considered a plausible and 

testable mechanistic framework rather than an established causal pathway. 

Future studies should simultaneously assess exercise exposure, mitochondrial quality 

control, mtDNA localization, and cGAS-STING activity. Such approaches would help 

determine whether improvements in mitochondrial stress resolution are associated with 

reduced persistent innate immune activation and better neurological outcomes during aging. 

Individual differences in age, sex, fitness, metabolic health, and recovery should also be 

considered when evaluating the biological effects of exercise. 

Overall, exercise may contribute to healthy brain aging not by eliminating 

mitochondrial stress or suppressing innate immune signaling, but by improving the capacity to 

tolerate and resolve physiological stress. The mitochondrial stress-resolution threshold 

proposed here provides a concise framework connecting exercise physiology with 

mitochondrial quality control, mtDNA-dependent immune signaling, and neuroinflammation. 

Validation of this framework could provide a mechanistic basis for more individualized 

exercise strategies aimed at preserving brain health and healthspan. 

Suggestions 

Future research should directly investigate the relationship between exercise dose, 

mitochondrial stress, mtDNA homeostasis, and cGAS-STING signaling during aging. 

Experimental studies should distinguish acute exercise responses from long-term training 

adaptations and include adequate recovery periods. Simultaneous assessment of mitochondrial 

quality-control markers, cytosolic mtDNA, cGAS-STING activation, and inflammatory 

responses would provide stronger mechanistic evidence than isolated measurement of 

circulating mtDNA or inflammatory cytokines. 

Longitudinal studies in older adults are particularly needed to determine whether 

improvements in mitochondrial stress-resolution capacity are associated with changes in 

neuroinflammatory signaling and cognitive or functional outcomes. Exercise intensity, 

modality, training status, sex, metabolic health, and recovery should be considered when 

evaluating individual responses. Identifying biomarkers of mitochondrial stress and recovery 

may ultimately support more individualized exercise prescriptions for healthy aging. 

 



 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1028 

REFERENCES 

Abrego-Guandique, D. M., Aguilera Rojas, N. M., Chiari, A., Luciani, F., Cione, E., & 

Cannataro, R. (2025). The impact of exercise on mitochondrial biogenesis in skeletal 

muscle: A systematic review and meta-analysis of randomized trials. Biomolecular 

Concepts, 16(1). https://doi.org/10.1515/BMC-2025-0055 

Algieri, C., Nesci, S., & Oppedisano, F. (2025). Mitochondrial dysfunction acts as a 

modulator of the immunometabolic route for activating the cytosolic DNA sensor 

pathway in triggering innate immunosurveillance. Journal of Translational Medicine 

2025 23:1, 23(1), 1321-. https://doi.org/10.1186/S12967-025-07392-4 

Alizadeh Pahlavani, H., Laher, I., Knechtle, B., & Zouhal, H. (2022). Exercise and 

mitochondrial mechanisms in patients with sarcopenia. Frontiers in Physiology, 13. 

https://doi.org/10.3389/FPHYS.2022.1040381 

Bartman, S., Coppotelli, G., & Ross, J. M. (2024). Mitochondrial Dysfunction: A Key Player 

in Brain Aging and Diseases. Current Issues in Molecular Biology 2024, Vol. 46, Pages 

1987-2026, 46(3), 1987–2026. https://doi.org/10.3390/CIMB46030130 

Bondy, S. C. (2024). Mitochondrial Dysfunction as the Major Basis of Brain Aging. 

Biomolecules 2024, Vol. 14, Page 402, 14(4), 402. 

https://doi.org/10.3390/BIOM14040402 

Botella, J., Perri, E., Caruana, N. J., López-Calcerrada, S., Brischigliaro, M., Jamnick, N. A., 

… Bishop, D. J. (2025). Sprint interval exercise disrupts mitochondrial ultrastructure 

driving a unique mitochondrial stress response and remodelling in men. Nature 

Communications, 17(1). https://doi.org/10.1038/S41467-025-66625-8 

Broome, S. C., Whitfield, J., Karagounis, L. G., & Hawley, J. A. (2024). Mitochondria as 

Nutritional Targets to Maintain Muscle Health and Physical Function During Ageing. 

Sports Medicine 2024 54:9, 54(9), 2291–2309. https://doi.org/10.1007/S40279-024-

02072-7 

Burtscher, J., Millet, G. P., Place, N., Kayser, B., & Zanou, N. (2021). The Muscle-Brain Axis 

and Neurodegenerative Diseases: The Key Role of Mitochondria in Exercise-Induced 

Neuroprotection. International Journal of Molecular Sciences, 22(12), 6479. 

https://doi.org/10.3390/IJMS22126479 

Burtscher, J., Soltany, A., Visavadiya, N. P., Burtscher, M., Millet, G. P., Khoramipour, K., & 

Khamoui, A. V. (2023). Mitochondrial stress and mitokines in aging. Aging Cell, 22(2), 

e13770. https://doi.org/10.1111/ACEL.13770;WGROUP:STRING:PUBLICATION 

Cai, T., Li, Y., Zhang, Y., Li, C., Li, S., & Zhang, Q. (2026). The role of exercise-mediated 

mitochondrial quality control remodeling in aging. Frontiers in Cell and Developmental 

Biology, 14, 1792645. https://doi.org/10.3389/FCELL.2026.1792645/FULL 

Campos, J. C., Bozi, L. H. M., Krum, B., Bechara, L. R. G., Ferreira, N. D., Arini, G. S., … 

Ferreira, J. C. B. (2023). Exercise preserves physical fitness during aging through AMPK 

and mitochondrial dynamics. Proceedings of the National Academy of Sciences of the 

United States of America, 120(2), e2204750120. 

https://doi.org/10.1073/PNAS.2204750120;SUBPAGE:STRING:FULL 

Cardinale, D. A., Gejl, K. D., Petersen, K. G., Nielsen, J., Ortenblad, N., & Larsen, F. J. 

(2021). Short-term intensified training temporarily impairs mitochondrial respiratory 

https://doi.org/10.1515/BMC-2025-0055
https://doi.org/10.1186/S12967-025-07392-4
https://doi.org/10.3389/FPHYS.2022.1040381
https://doi.org/10.3390/CIMB46030130
https://doi.org/10.3390/BIOM14040402
https://doi.org/10.1038/S41467-025-66625-8
https://doi.org/10.1007/S40279-024-02072-7
https://doi.org/10.1007/S40279-024-02072-7
https://doi.org/10.3390/IJMS22126479
https://doi.org/10.1111/ACEL.13770;WGROUP:STRING:PUBLICATION
https://doi.org/10.3389/FCELL.2026.1792645/FULL
https://doi.org/10.1073/PNAS.2204750120;SUBPAGE:STRING:FULL


 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1029 

capacity in elite endurance athletes. Journal of Applied Physiology (Bethesda, Md. : 

1985), 131(1), 388–400. https://doi.org/10.1152/JAPPLPHYSIOL.00829.2020 

Choi, J. W., Jo, S. W., Kim, D. E., Paik, I. Y., & Balakrishnan, R. (2024). Aerobic exercise 

attenuates LPS-induced cognitive dysfunction by reducing oxidative stress, glial 

activation, and neuroinflammation. Redox Biology, 71. 

https://doi.org/10.1016/j.redox.2024.103101 

Chrøis, K. M., Dohlmann, T. L., Søgaard, D., Hansen, C. V., Dela, F., Helge, J. W., & Larsen, 

S. (2020). Mitochondrial adaptations to high intensity interval training in older females 

and males. European Journal of Sport Science, 20(1), 135–145. 

https://doi.org/10.1080/17461391.2019.1615556 

Decout, A., Katz, J. D., Venkatraman, S., & Ablasser, A. (2021). The cGAS–STING pathway 

as a therapeutic target in inflammatory diseases. Nature Reviews Immunology 2021 21:9, 

21(9), 548–569. https://doi.org/10.1038/s41577-021-00524-z 

El Assar, M., Álvarez-Bustos, A., Sosa, P., Angulo, J., & Rodríguez-Mañas, L. (2022). Effect 

of Physical Activity/Exercise on Oxidative Stress and Inflammation in Muscle and 

Vascular Aging. International Journal of Molecular Sciences, 23(15). 

https://doi.org/10.3390/IJMS23158713 

Feng, Z. T., Zhang, Y. Y., & Xue, C. X. (2026). Bioactive compounds and exercise in aging 

and neurodegeneration: mechanistic insights from the gut–brain–metabolic axis. 

Frontiers in Nutrition, 13, 1781176. https://doi.org/10.3389/FNUT.2026.1781176/TEXT 

Flensted-Jensen, M., Weinreich, C. M., Kleis-Olsen, A. S., Hansen, F., Skyggelund, N. S., Pii, 

J. R., … Dela, F. (2026). Resistance-based training improves mitochondrial capacity and 

redox balance in aging adults, independent of polyphenol supplementation. Redox 

Biology, 89, 103972. https://doi.org/10.1016/J.REDOX.2025.103972 

Gorgori-Gonzalez, A., Soto-Rodriguez, S., Tamayo-Torres, E., Garcia-Dominguez, E., 

Sebastia, V., Gambini, J., … Gomez-Cabrera, M. C. (2026). Leveraging mitochondrial 

stress to improve healthy aging. Sports Medicine and Health Science, 8(1), 23–33. 

https://doi.org/10.1016/J.SMHS.2025.10.003 

Guilbaud, E., Sarosiek, K. A., & Galluzzi, L. (2024). Inflammation and mitophagy are 

mitochondrial checkpoints to aging. Nature Communications, 15(1). 

https://doi.org/10.1038/S41467-024-47840-1 

Gusdon, A. M., Callio, J., Distefano, G., O’Doherty, R. M., Goodpaster, B. H., Coen, P. M., 

& Chu, C. T. (2017). Exercise increases mitochondrial complex I activity and DRP1 

expression in the brains of aged mice. Experimental Gerontology, 90, 1–13. 

https://doi.org/10.1016/J.EXGER.2017.01.013 

Izquierdo, J. M. (2024). Mitochondria–cGAS–STING axis is a potential therapeutic target for 

senescence-dependent inflammaging-associated neurodegeneration. Neural Regeneration 

Research, 20(3), 805. https://doi.org/10.4103/NRR.NRR-D-24-00245 

Jiménez-Loygorri, J. I., Villarejo-Zori, B., Viedma-Poyatos, Á., Zapata-Muñoz, J., Benítez-

Fernández, R., Frutos-Lisón, M. D., … Boya, P. (2024). Mitophagy curtails cytosolic 

mtDNA-dependent activation of cGAS/STING inflammation during aging. Nature 

Communications 2024 15:1, 15(1), 830-. https://doi.org/10.1038/s41467-024-45044-1 

Jurcau, M. C., Jurcau, A., Cristian, A., Hogea, V. O., Diaconu, R. G., & Nunkoo, V. S. 

(2024). Inflammaging and Brain Aging. International Journal of Molecular Sciences 

2024, Vol. 25, Page 10535, 25(19), 10535. https://doi.org/10.3390/IJMS251910535 

https://doi.org/10.1152/JAPPLPHYSIOL.00829.2020
https://doi.org/10.1016/j.redox.2024.103101
https://doi.org/10.1080/17461391.2019.1615556
https://doi.org/10.1038/s41577-021-00524-z
https://doi.org/10.3390/IJMS23158713
https://doi.org/10.3389/FNUT.2026.1781176/TEXT
https://doi.org/10.1016/J.REDOX.2025.103972
https://doi.org/10.1016/J.SMHS.2025.10.003
https://doi.org/10.1038/S41467-024-47840-1
https://doi.org/10.1016/J.EXGER.2017.01.013
https://doi.org/10.4103/NRR.NRR-D-24-00245
https://doi.org/10.1038/s41467-024-45044-1
https://doi.org/10.3390/IJMS251910535


 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1030 

Karagianni, C., & Bazopoulou, D. (2024). Redox regulation in lifespan determination. 

Journal of Biological Chemistry, 300(3), 105761. 

https://doi.org/10.1016/J.JBC.2024.105761 

Kim, J., Kim, H. S., & Chung, J. H. (2023). Molecular mechanisms of mitochondrial DNA 

release and activation of the cGAS-STING pathway. Experimental & Molecular 

Medicine, 55(3), 510–519. https://doi.org/10.1038/S12276-023-00965-7 

Klemmensen, M. M., Borrowman, S. H., Pearce, C., Pyles, B., & Chandra, B. (2024). 

Mitochondrial dysfunction in neurodegenerative disorders. Neurotherapeutics, 21(1), 

e00292. https://doi.org/10.1016/J.NEUROT.2023.10.002 

Kong, J., Xie, Y., Fan, R., Wang, Q., Luo, Y., & Dong, P. (2025). Exercise orchestrates 

systemic metabolic and neuroimmune homeostasis via the brain–muscle–liver axis to 

slow down aging and neurodegeneration: a narrative review. European Journal of 

Medical Research 2025 30:1, 30(1), 475-. https://doi.org/10.1186/S40001-025-02751-9 

Konopka, A. R., Suer, M. K., Wolff, C. A., & Harber, M. P. (2014). Markers of human 

skeletal muscle mitochondrial biogenesis and quality control: Effects of age and aerobic 

exercise training. The Journals of Gerontology: Series A, 69(4), 371–378. 

https://doi.org/10.1093/gerona/glt107 

Li, H., Cai, R., Zhou, Y., Jiang, Y., & Tan, S. (2025). cGAS-STING signaling in brain aging 

and neurodegeneration: molecular links and therapeutic perspectives. Journal of 

Neuroinflammation 2025 22:1, 22(1), 235-. https://doi.org/10.1186/S12974-025-03563-8 

Li, K., Wang, L., Zhu, D., Wang, W., Guo, Y., Gao, H., … Xiao, W. (2026). β-

Hydroxybutyrate Acts as an Exercise Mimetic to Protect the Aging Liver. Aging Cell, 

25(1). https://doi.org/10.1111/ACEL.70314 

Li, Y., Cui, J., Liu, L., Hambright, W. S., Gan, Y., Zhang, Y., … Mu, X. (2024). mtDNA 

release promotes cGAS-STING activation and accelerated aging of postmitotic muscle 

cells. Cell Death & Disease 2024 15:7, 15(7), 523-. https://doi.org/10.1038/s41419-024-

06863-8 

Li, Y., Mallika, A. P., Baghel, M. S., Shravage, B. V., & Shang, P. (2026). Editorial: 

Mitochondrial dysfunction in cellular and molecular mechanisms of brain aging. 

Frontiers in Aging Neuroscience, 18, 1866752. 

https://doi.org/10.3389/FNAGI.2026.1866752/TEXT 

Liang, J., Wang, C., Zhang, H., Huang, J., Xie, J., & Chen, N. (2021). Exercise-Induced 

Benefits for Alzheimer’s Disease by Stimulating Mitophagy and Improving 

Mitochondrial Function. Frontiers in Aging Neuroscience, 13. 

https://doi.org/10.3389/FNAGI.2021.755665 

Lim, A. Y., Chen, Y. C., Hsu, C. C., Fu, T. C., & Wang, J. S. (2022). The Effects of Exercise 

Training on Mitochondrial Function in Cardiovascular Diseases: A Systematic Review 

and Meta-Analysis. International Journal of Molecular Sciences 2022, Vol. 23, Page 

12559, 23(20), 12559. https://doi.org/10.3390/IJMS232012559 

Lippi, L., de Sire, A., Mezian, K., Curci, C., Perrero, L., Turco, A., … Invernizzi, M. (2022). 

Impact of exercise training on muscle mitochondria modifications in older adults: a 

systematic review of randomized controlled trials. Aging Clinical and Experimental 

Research 2022 34:7, 34(7), 1495–1510. https://doi.org/10.1007/S40520-021-02073-W 

Luo, L., Dai, J. R., Guo, S. S., Lu, A. M., Gao, X. F., Gu, Y. R., … Qin, Z. H. (2017). 

Lysosomal Proteolysis Is Associated With Exercise-Induced Improvement of 

https://doi.org/10.1016/J.JBC.2024.105761
https://doi.org/10.1038/S12276-023-00965-7
https://doi.org/10.1016/J.NEUROT.2023.10.002
https://doi.org/10.1186/S40001-025-02751-9
https://doi.org/10.1186/S12974-025-03563-8
https://doi.org/10.1111/ACEL.70314
https://doi.org/10.1038/s41419-024-06863-8
https://doi.org/10.1038/s41419-024-06863-8
https://doi.org/10.3389/FNAGI.2026.1866752/TEXT
https://doi.org/10.3389/FNAGI.2021.755665
https://doi.org/10.3390/IJMS232012559
https://doi.org/10.1007/S40520-021-02073-W


 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1031 

Mitochondrial Quality Control in Aged Hippocampus. The Journals of Gerontology: 

Series A, 72(10), 1342–1351. https://doi.org/10.1093/GERONA/GLW242 

Ma, G., Wang, E., Yan, X., Xu, X. X., Li, X., Ma, X., … Xie, X. (2026). Dysfunctional 

Mitochondria in Microglia Drive Cognitive Aging and Neurodegeneration via cGAS–

STING. Neuroscience Bulletin 2026, 1–19. https://doi.org/10.1007/S12264-026-01657-8 

Ma, J., Son, A. Y., Son, Y., Wang, P. yuan, & Hwang, P. M. (2026). Mitochondrial innate 

immune signaling in skeletal muscle adaptation to exercise. Trends in Endocrinology 

and Metabolism, 37(2), 115–123. https://doi.org/10.1016/j.tem.2025.05.004 

Ma, Y., Song, R., & Duan, C. (2025). Mitochondrial quality control and transfer 

communication in neurological disorders and neuroinflammation. Frontiers in 

Immunology, 16, 1542369. https://doi.org/10.3389/FIMMU.2025.1542369/FULL 

Maciel, P., Lamas, C. B., Araújo, A. C., Chagas, E. F. B., Guiguer, E. L., Curi, R., … 

Barbalho, S. M. (2026). Physical Exercise Counteracts Impaired Cognition by Improving 

Mitochondrial Function. International Journal of Molecular Sciences 2026, Vol. 27, 

Page 4337, 27(10), 4337. https://doi.org/10.3390/IJMS27104337 

Maldonado, E., Morales-Pison, S., Urbina, F., & Solari, A. (2023). Aging Hallmarks and the 

Role of Oxidative Stress. Antioxidants 2023, Vol. 12, Page 651, 12(3), 651. 

https://doi.org/10.3390/ANTIOX12030651 

Mănescu, D. C., Tudor, A., Mănescu, A. M., Mărgărit, I. R., Mănescu, C. O., Prisăcaru, C., … 

Tudor, V. (2026). Antioxidants and Exercise: A Redox-Informed Framework for 

Training Adaptation, Performance, and Recovery. Antioxidants, 15(4), 456. 

https://doi.org/10.3390/ANTIOX15040456/S1 

Mee-Inta, O., Zhao, Z. W., & Kuo, Y. M. (2019). Physical Exercise Inhibits Inflammation and 

Microglial Activation. Cells, 8(7). https://doi.org/10.3390/CELLS8070691 

Mela, V., Mota, B. C., Milner, M., McGinley, A., Mills, K. H. G., Kelly, Á. M., & Lynch, M. 

A. (2020). Exercise-induced re-programming of age-related metabolic changes in 

microglia is accompanied by a reduction in senescent cells. Brain, Behavior, and 

Immunity, 87, 413–428. https://doi.org/10.1016/j.bbi.2020.01.012 

Menshikova, E. V., Ritov, V. B., Fairfull, L., Ferrell, R. E., Kelley, D. E., & Goodpaster, B. 

H. (2006). Effects of Exercise on Mitochondrial Content and Function in Aging Human 

Skeletal Muscle. The Journals of Gerontology: Series A, 61(6), 534–540. 

https://doi.org/10.1093/GERONA/61.6.534 

Mesquita, P. H. C., Osburn, S. C., Godwin, J. S., Roberts, M. D., & Kavazis, A. N. (2022). 

Effects of aging and long-term physical activity on mitochondrial physiology and redox 

state of the cortex and cerebellum of female rats. Physiological Reports, 10(24), e15542. 

https://doi.org/10.14814/PHY2.15542;JOURNAL:JOURNAL:2051817X;WEBSITE:W

EBSITE:PHYSOC;ISSUE:ISSUE:DOI 

Militello, R., Luti, S., Gamberi, T., Pellegrino, A., Modesti, A., & Modesti, P. A. (2024). 

Physical Activity and Oxidative Stress in Aging. Antioxidants (Basel, Switzerland), 

13(5). https://doi.org/10.3390/ANTIOX13050557 

Mølmen, K. S., Almquist, N. W., & Skattebo, Ø. (2025). Effects of Exercise Training on 

Mitochondrial and Capillary Growth in Human Skeletal Muscle: A Systematic Review 

and Meta-Regression. Sports Medicine (Auckland, N.Z.), 55(1), 115–144. 

https://doi.org/10.1007/S40279-024-02120-2 

https://doi.org/10.1093/GERONA/GLW242
https://doi.org/10.1007/S12264-026-01657-8
https://doi.org/10.1016/j.tem.2025.05.004
https://doi.org/10.3389/FIMMU.2025.1542369/FULL
https://doi.org/10.3390/IJMS27104337
https://doi.org/10.3390/ANTIOX12030651
https://doi.org/10.3390/ANTIOX15040456/S1
https://doi.org/10.3390/CELLS8070691
https://doi.org/10.1016/j.bbi.2020.01.012
https://doi.org/10.1093/GERONA/61.6.534
https://doi.org/10.14814/PHY2.15542;JOURNAL:JOURNAL:2051817X;WEBSITE:WEBSITE:PHYSOC;ISSUE:ISSUE:DOI
https://doi.org/10.14814/PHY2.15542;JOURNAL:JOURNAL:2051817X;WEBSITE:WEBSITE:PHYSOC;ISSUE:ISSUE:DOI
https://doi.org/10.3390/ANTIOX13050557
https://doi.org/10.1007/S40279-024-02120-2


 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1032 

Newman, L. E., & Shadel, G. S. (2023). Mitochondrial DNA Release in Innate Immune 

Signaling. Annual Review of Biochemistry, 92(Volume 92, 2023), 299–332. 

https://doi.org/10.1146/ANNUREV-BIOCHEM-032620-104401/CITE/REFWORKS 

Özdemir, K., & Demir, Y. (2025). Phenolic Compounds in Exercise Physiology: Dual Role in 

Oxidative Stress and Recovery Adaptation. Food Science & Nutrition, 13(8), e70714. 

https://doi.org/10.1002/FSN3.70714 

Picca, A., Faitg, J., Auwerx, J., Ferrucci, L., & D’Amico, D. (2023). Mitophagy in human 

health, ageing and disease. Nature Metabolism 2023 5:12, 5(12), 2047–2061. 

https://doi.org/10.1038/s42255-023-00930-8 

Pradeepkiran, J. A., Islam, M. A., Sehar, U., Reddy, A. P., Vijayan, M., & Reddy, P. H. 

(2025). Impact of diet and exercise on mitochondrial quality and mitophagy in 

Alzheimer’s disease. Ageing Research Reviews, 108, 102734. 

https://doi.org/10.1016/J.ARR.2025.102734 

Quan, S., Fu, X., Cai, H., Ren, Z., Xu, Y., & Jia, L. (2025). The neuroimmune nexus: 

unraveling the role of the mtDNA-cGAS-STING signal pathway in Alzheimer’s disease. 

Molecular Neurodegeneration, 20(1). https://doi.org/10.1186/S13024-025-00815-2 

Rim, C., You, M. J., Nahm, M., & Kwon, M. S. (2024). Emerging role of senescent microglia 

in brain aging-related neurodegenerative diseases. Translational Neurodegeneration 

2024 13:1, 13(1), 10-. https://doi.org/10.1186/S40035-024-00402-3 

Rongvaux, A., Jackson, R., Harman, C. C. D., Li, T., West, A. P., De Zoete, M. R., … 

Flavell, R. A. (2014). Apoptotic caspases prevent the induction of type i interferons by 

mitochondrial DNA. Cell, 159(7), 1563–1577. https://doi.org/10.1016/j.cell.2014.11.037 

Salminen, A., Kaarniranta, K., & Kauppinen, A. (2025). Activation of cGAS-STING 

signaling in senescent cells promotes the aging process by remodeling the functions of 

the immune system. Biogerontology, 27(1). https://doi.org/10.1007/S10522-025-10353-5 

Slavin, M. B., Memme, J. M., Oliveira, A. N., Moradi, N., & Hood, D. A. (2022). Regulatory 

networks coordinating mitochondrial quality control in skeletal muscle. 

Https://Doi.Org/10.1152/Ajpcell.00065.2022, 322(5), C913–C926. 

https://doi.org/10.1152/AJPCELL.00065.2022 

Steffan, D., Pezzini, C., Esposito, M., & Franco-Romero, A. (2025). Mitochondrial Aging in 

the CNS: Unravelling Implications for Neurological Health and Disease. Biomolecules 

2025, Vol. 15, Page 1252, 15(9), 1252. https://doi.org/10.3390/BIOM15091252 

Suk, K. (2026). Disentangling causality in brain aging: The complex interplay between glial 

senescence, neuroinflammation, and neurodegeneration. Experimental Neurology, 401, 

115737. https://doi.org/10.1016/J.EXPNEUROL.2026.115737 

Szechyńska-Hebda, M., Ghalami, R. Z., Kamran, M., Van Breusegem, F., & Karpiński, S. 

(2022). To Be or Not to Be? Are Reactive Oxygen Species, Antioxidants, and Stress 

Signalling Universal Determinants of Life or Death? Cells 2022, Vol. 11, Page 4105, 

11(24), 4105. https://doi.org/10.3390/CELLS11244105 

Taskin, S., Celik, H., Demiryurek, S., Turedi, S., & Taskin, A. (2022). Effects of different-

intensity exercise and creatine supplementation on mitochondrial biogenesis and redox 

status in mice. Iranian Journal of Basic Medical Sciences, 25(8), 1009–1015. 

https://doi.org/10.22038/IJBMS.2022.65047.14321 

https://doi.org/10.1146/ANNUREV-BIOCHEM-032620-104401/CITE/REFWORKS
https://doi.org/10.1002/FSN3.70714
https://doi.org/10.1038/s42255-023-00930-8
https://doi.org/10.1016/J.ARR.2025.102734
https://doi.org/10.1186/S13024-025-00815-2
https://doi.org/10.1186/S40035-024-00402-3
https://doi.org/10.1016/j.cell.2014.11.037
https://doi.org/10.1007/S10522-025-10353-5
https://doi.org/10.1152/AJPCELL.00065.2022
https://doi.org/10.3390/BIOM15091252
https://doi.org/10.1016/J.EXPNEUROL.2026.115737
https://doi.org/10.3390/CELLS11244105
https://doi.org/10.22038/IJBMS.2022.65047.14321


 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1033 

Tigano, M., Vargas, D. C., Tremblay-Belzile, S., Fu, Y., & Sfeir, A. (2021). Nuclear sensing 

of breaks in mitochondrial DNA enhances immune surveillance. Nature, 591(7850), 

477–481. https://doi.org/10.1038/S41586-021-03269-W 

Turkel, I., Kubat, G. B., Fatsa, T., Acet, O., Ozerklig, B., Yazgan, B., … Kosar, S. N. (2025). 

Acute treadmill exercise induces mitochondrial unfolded protein response in skeletal 

muscle of male rats. Biochimica et Biophysica Acta - Bioenergetics, 1866(2). 

https://doi.org/10.1016/j.bbabio.2024.149532 

Wang, Y., Li, J., Zhang, Z., Wang, R., Bo, H., & Zhang, Y. (2023). Exercise Improves the 

Coordination of the Mitochondrial Unfolded Protein Response and Mitophagy in Aging 

Skeletal Muscle. Life, 13(4), 1006. https://doi.org/10.3390/LIFE13041006 

Wei, P., Zhang, X., Yan, C., Sun, S., Chen, Z., & Lin, F. (2025). Mitochondrial dysfunction 

and aging: multidimensional mechanisms and therapeutic strategies. Biogerontology, 

26(4). https://doi.org/10.1007/S10522-025-10273-4 

Wen, X., Yang, F., Zhang, L., & Huang, D. (2026). Mitochondrial DNA as a driver of 

inflammation via the cGAS-STING pathway. Inflammation Research : Official Journal 

of the European Histamine Research Society ... [et Al.], 75(1). 

https://doi.org/10.1007/S00011-026-02231-8 

West, A. P., Khoury-Hanold, W., Staron, M., Tal, M. C., Pineda, C. M., Lang, S. M., … 

Shadel, G. S. (2015). Mitochondrial DNA stress primes the antiviral innate immune 

response. Nature, 520(7548), 553–557. https://doi.org/10.1038/NATURE14156 

White, M. J., McArthur, K., Metcalf, D., Lane, R. M., Cambier, J. C., Herold, M. J., … Kile, 

B. T. (2014). Apoptotic Caspases Suppress mtDNA-Induced STING-Mediated Type I 

IFN Production. Cell, 159(7), 1549-1562. https://doi.org/10.1016/J.CELL.2014.11.036 

Wu, Z., Jia, R. J., Zhang, Q., Huang, L. Y., Yan, J. T., Zhang, Y. H., & Fan, Y. G. (2026). 

The cGAS-STING pathway at the crossroads of neuroimmunology: bridging innate 

immunity to aging and neurodegeneration. Biomarker Research 2026 14:1, 14(1), 34-. 

https://doi.org/10.1186/S40364-026-00906-2 

Wyckelsma, V. L., Levinger, I., McKenna, M. J., Formosa, L. E., Ryan, M. T., Petersen, A. 

C., Anderson, M. J., & Murphy, R. M. (2017). Preservation of skeletal muscle 

mitochondrial content in older adults: Relationship between mitochondria, fibre type and 

high-intensity exercise training. The Journal of Physiology, 595(11), 3345–3359. 

https://doi.org/10.1113/JP273950 

Xu, X., Pang, Y., & Fan, X. (2025). Mitochondria in oxidative stress, inflammation and 

aging: from mechanisms to therapeutic advances. Signal Transduction and Targeted 

Therapy 2025 10:1, 10(1), 190-. https://doi.org/10.1038/s41392-025-02253-4 

Yun, H. R., Singh, M. K., Han, S., Ranbhise, J. S., Seo, H., Kim, S. S., & Kang, I. (2026). 

Skeletal Muscle Redox Signaling in Health and Disease: From Molecular Mechanisms to 

Therapeutic Exercise Strategies. Antioxidants 2026, Vol. 15, Page 678, 15(6), 678. 

https://doi.org/10.3390/ANTIOX15060678 

Zhang, Z., & Zhang, C. (2025). Regulation of cGAS–STING signalling and its diversity of 

cellular outcomes. Nature Reviews Immunology 2025 25:6, 25(6), 425–444. 

https://doi.org/10.1038/s41577-024-01112-7 

Zhou, Q., Luo, J., Chai, X., Yang, J., Zhong, S., Zhang, Z., … Wang, H. (2025). Therapeutic 

targeting the cGAS−STING pathway associated with protein and gene: An emerging and 

https://doi.org/10.1038/S41586-021-03269-W
https://doi.org/10.1016/j.bbabio.2024.149532
https://doi.org/10.3390/LIFE13041006
https://doi.org/10.1007/S10522-025-10273-4
https://doi.org/10.1007/S00011-026-02231-8
https://doi.org/10.1038/NATURE14156
https://doi.org/10.1016/J.CELL.2014.11.036
https://doi.org/10.1186/S40364-026-00906-2
https://doi.org/10.1113/JP273950
https://doi.org/10.1038/s41392-025-02253-4
https://doi.org/10.3390/ANTIOX15060678
https://doi.org/10.1038/s41577-024-01112-7


 

Çanakkale Onsekiz Mart University Journal Of Sport Science: 9: 1013-1034 
1034 

promising novel strategy for aging-related neurodegenerative disease. International 

Immunopharmacology, 156. https://doi.org/10.1016/j.intimp.2025.114679 

Zhou, Z., Gao, J., Wang, M., & Zhang, H. (2026). Exercise-induced mitochondrial 

remodeling in energy-demanding organs during aging. IScience, 29(8), 116791. 

https://doi.org/10.1016/J.ISCI.2026.116791 

Zhu, S., Zhang, L., Tong, P., Chen, J., Wang, C., Wang, Z., … Jiang, B. (2025). Nicotinamide 

Riboside Mitigates Retinal Degeneration by Suppressing Damaged DNA-Stimulated 

Microglial Activation and STING-Mediated Pyroptosis. Investigative Ophthalmology & 

Visual Science, 66(4), 14–14. https://doi.org/10.1167/IOVS.66.4.14 

Zhu, X., Shi, L., Dong, Y., Sun, Y., & Jin, Q. (2026). Mechanisms by Which Exercise Delays 

Brain Aging Through Regulation of the Mitochondrial Quality Control System. Biology, 

15(11), 854. https://doi.org/10.3390/BIOLOGY15110854 

 

 

  

https://doi.org/10.1016/j.intimp.2025.114679
https://doi.org/10.1016/J.ISCI.2026.116791
https://doi.org/10.1167/IOVS.66.4.14
https://doi.org/10.3390/BIOLOGY15110854

