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Mitochondria: the central hub 
linking exercise to enhanced 
cardiac function

Jiaqin Cai, Tutu Wang and Shunchang Li*

Sports Medicine Key Laboratory of Sichuan Province, Institute of Sports Medicine and Health, 
Chengdu Sport University, Chengdu, China

Sedentary lifestyle is a major risk factor for the occurrence and development 
of cardiovascular disease, which remains one of the leading contributors 
to global morbidity and mortality. Beyond inducing endothelial dysfunction, 
prolonged sedentary patterns trigger chronic inflammation and disrupt 
endogenous antioxidant defenses, resulting in mitochondrial dysfunction in 
cardiomyocytes and subsequent impairment of cardiac health. In contrast, 
regular physical exercise serves as an effective lifestyle intervention that 
mitigates sedentary-related cardiac damage and improves cardiac function. 
Mitochondria, as central organelles governing cellular survival and death, 
are thought to play a pivotal role in mediating the cardioprotective 
effects of exercise. However, the precise mitochondrial mechanisms 
underlying these benefits remain incompletely defined. This review aims 
to summarize current evidence on how exercise regulates mitochondrial 
function in the heart, with particular emphasis on recent advances linking 
mitochondrial respiration, dynamics, calcium homeostasis, inflammatory 
signaling, and oxidative stress to cardiac health. We further propose that 
exercise-induced improvements in mitochondrial function constitute a 
core mechanism underlying its cardioprotective effects. By comparing 
mitochondrial alterations under sedentary and exercise conditions, we 
provide a clearer mechanistic perspective on how lifestyle behaviors shape 
cardiac health. Furthermore, this paper also discusses signaling pathways 
that position mitochondria as key targets of exercise-induced cardiac
protection.
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Highlights

• Exercise improves cardiac energy metabolism efficiency by enhancing mitochondrial 
respiration function and dynamics in cardiomyocytes.

• Exercise exerts cardiac protection effects by improving calcium homeostasis 
in cardiomyocytes and enhancing antioxidant and anti-inflammatory
capabilities.

• Exercise offers a non-pharmacological intervention strategy for sedentary-induced 
myocardial injury by targeting mitochondrial pathways.
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GRAPHICAL ABSTRACT

 1 Introduction

Regular exercise induces systemic adaptive responses that 
confer broad health benefits, making it an effective strategy 
for the prevention of various diseases (Dos Santos et al., 2022). 
However, physical inactivity due to sedentary lifestyles has become 
a widespread issue in modern society. It not only represents a 
major risk factor for cardiovascular disease but has also been 
listed by the World Health Organization (WHO) as one of 
the top ten leading causes of death in developed countries 
(Waseem et al., 2022). More importantly, the chronic disease 
burden resulting from inactivity continues to drive rising healthcare 
costs, making physical inactivity a critical public health issue that 
urgently needs to be addressed globally (Nguyen et al., 2022). 
As a non-pharmacological intervention, exercise offers distinct 
advantages—including cost-effectiveness, safety, and efficiency—in 
preventing cardiac disorders and enhancing cardiac function 
(Laranjo et al., 2024). Regular exercise can promote favorable cardiac 
remodeling, improve cardiac metabolism and performance, and 
reduce multiple risk factors associated with chronic diseases, thereby 
exerting protective effects on the heart and contributing to disease 
prevention (Chen et al., 2022). Recent studies further suggest that 
alterations in mitochondrial function within cardiomyocytes may 
play a central role in the mechanisms underlying exercise-induced 
cardio protection (Li et al., 2025a).

The heart is composed of multiple cell types, including 
cardiomyocytes, which are responsible for contractile function, 
as well as fibroblasts, endothelial cells, immune cells, lymphatic 
cells, and others that contribute to structural support, signaling 
regulation, and immune defense. Together, these diverse 
cell populations maintain cardiac structural integrity and 
physiological homeostasis (Feng et al., 2023; Xi et al., 2021). 
Among them, non-myocyte cell groups—such as fibroblasts, 
endothelial cells, and immune cells—play pivotal roles in exercise-
induced cardioprotection. They participate in post-injury repair 
by suppressing fibrosis and collagen deposition, promoting 
vascular remodeling, and modulating immune responses, 
thereby preserving the stability of the cardiac microenvironment 
(Feng et al., 2023; Xi et al., 2021). Although cardiomyocytes 
account for only approximately 25%–35% of total cell number 
in the adult mammalian heart, they occupy nearly 70%–85% 
of the myocardial volume and are the primary executors of 

cardiac contractile function (Banerjee et al., 2007). Therefore, 
this review focuses mainly on mitochondrial function and its 
core mechanisms within cardiomyocytes, while also addressing 
the essential contributions of other cardiac cell types to exercise-
mediated cardioprotection to provide a more comprehensive and 
integrated understanding.

Mitochondria are highly dynamic, double-membrane–bound 
organelles found in eukaryotic cells, serving not only as the 
primary site of adenosine triphosphate (ATP) synthesis but 
also as key regulators of cardiomyocyte survival and death 
through dynamic remodeling of their structure and function 
(Wei et al., 2025). Extensive studies have demonstrated that 
mitochondria safeguard cardiac energy supply and cellular 
homeostasis through classical mechanisms, including maintaining 
respiratory chain function, regulating redox balance, and 
participating in calcium handling. Collectively, these processes 
form the biological foundation of exercise-induced cardioprotection 
(Liang et al., 2024; da Silva et al., 2023). Consequently, the integrity 
of mitochondrial function is essential for preserving normal 
cardiac performance, whereas its impairment invariably leads to 
myocardial injury (Lu et al., 2019).

In addition to its benefits in healthy individuals, exercise 
also plays an irreplaceable role in the rehabilitation of 
cardiovascular diseases. Numerous studies have shown that regular 
physical activity promotes mitochondrial biogenesis, enhances 
mitochondrial respiration, and regulates the balance between 
mitochondrial fusion and fission, thereby significantly improving 
functional recovery following cardiac injury and facilitating the 
overall remodeling of cardiac performance (Ma et al., 2025b; 
Perera et al., 2025; Dubois et al., 2024). Therefore, research on 
exercise-induced cardioprotection should not only focus on adaptive 
mechanisms under healthy conditions but also emphasize its 
therapeutic value during post-disease recovery.

This review is based on a systematic search and screening of 
the literature published over the past two decades across PubMed, 
Web of Science, and Scopus, using keywords such as ‘exercise,’ 
‘cardiac protection,’ ‘mitochondria,’ and ‘cardiomyocyte.’ Inclusion 
criteria for the literature were as follows: 1. The study is relevant 
to exercise, cardiac protection, and mitochondrial function; 2. The 
study provides experimental data or clinical evidence supporting its 
conclusions; 3. The study is published in a peer-reviewed journal; 
4. The study types include laboratory research, clinical studies, 
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clinical trials, and seminal review articles. Exclusion criteria for the 
literature were as follows: 1. The study employs flawed methodology 
or insufficient data support; 2. The study is not directly related to the 
topics of this review; 3. The study is not peer-reviewed or the source 
is unclear. We prioritized the inclusion of high-quality experimental 
studies, clinical evidence, and seminal review articles, and we 
integrated these findings in a structured manner to address the 
key scientific questions underlying exercise-mediated regulation of 
cardiac mitochondrial function and its protective effects. Although 
the beneficial effects of exercise on cardiac mitochondria have been 
well established, the precise mechanisms through which exercise 
regulates mitochondrial function to augment cardiac performance 
remain incompletely defined (Bishop et al., 2025). This article 
systematically summarizes the unique structural and physiological 
features of myocardial mitochondria, the relationship between 
mitochondria and cardiac health, the mitochondrial regulatory 
mechanisms underlying exercise-induced cardioprotection, and the 
roles of non-cardiomyocyte cells in mediating the cardioprotective 
effects of exercise. This review aims to explore the key mechanisms 
by which exercise-induced modulation of mitochondrial function in 
cardiomyocytes contributes to cardio protection. 

2 Unique structure and physiological 
functions of cardiac mitochondria

2.1 Unique structural features of cardiac 
mitochondria

Adult cardiomyocytes are rich in mitochondria, which occupy 
approximately 30% of the cell volume and appear filamentous 
under the microscope (Wei et al., 2025). Based on their subcellular 
localization, cardiac mitochondria are generally categorized into 
subsarcolemmal mitochondria (SSM), interfibrillar mitochondria 
(IFM), and perinuclear mitochondria (PNM) (Lu et al., 2019). The 
mitochondrial structure comprises four compartments, arranged 
from the inside out as the matrix, inner membrane, intermembrane 
space, and outer membrane (Yang et al., 2021). The inner membrane 
contains cristae, which play a key role in oxidative phosphorylation, 
while the outer membrane regulates mitochondrial dynamics, 
cellular metabolism, and cell death (Gupta and Becker, 2021; 
Yang et al., 2021). The intermembrane space is enriched with 
proteins that serve as a dynamic buffer between the cytoplasm and 
the matrix (Yao et al., 2022). The mitochondrial matrix is relatively 
viscous, which affects molecular diffusion and enzymatic reaction 
efficiency. Furthermore, the metabolic state of cardiomyocytes 
is closely related to the physical and chemical properties of 
the matrix (Bulthuis et al., 2023).

In the healthy heart, mitochondria exhibit a highly organized 
architecture and stable functional capacity. Mitochondria in normal 
cardiomyocytes are relatively uniform in size, predominantly 
elongated in shape, and contain sufficient copies of mtDNA to 
ensure adequate expression of respiratory chain proteins and proper 
oxidative phosphorylation (Adams et al., 2023; Otten et al., 2020). 
Studies have shown that mitochondrial membrane potential is 
maintained at a relatively high level under physiological conditions, 
supporting robust cellular energy metabolism (Zou et al., 2021). 
In addition, the inner mitochondrial membrane features densely 

packed and well-organized cristae, a structural characteristic 
essential for efficient oxidative phosphorylation and sustained ATP 
production (Adams et al., 2023).

In diseased states, the structure and function of cardiac 
mitochondria are broadly compromised, leading to disrupted energy 
metabolism and impaired cellular performance. Mitochondria in 
pathological cardiomyocytes often exhibit swelling, fragmentation, 
or the formation of abnormally enlarged organelles, accompanied 
by a reduction in mtDNA copy number and suppressed 
expression of respiratory chain proteins, collectively resulting in 
diminished oxidative phosphorylation efficiency (Otten et al., 2020; 
Chaanine et al., 2019). Disease conditions also precipitate a 
decline in mitochondrial membrane potential, which in turn 
promotes excessive Reactive Oxygen Species (ROS) generation 
and further destabilizes cellular bioenergetics (Zou et al., 2021). 
At the same time, mitochondrial cristae become reduced in 
number and disorganized, changes that markedly impair oxidative 
phosphorylation and ATP production (Chaanine et al., 2019).

By comparing the effects of high-intensity interval swimming 
training versus sedentary conditions on myocardial mitochondrial 
ultrastructure in Sprague–Dawley (SD) rats, we found that, 
relative to the sedentary group, the exercise group exhibited 
significantly higher mitochondrial morphological metrics 
(circularity) and size metrics (mean area and perimeter) 
(Pasmiño et al., 2024). Transmission electron microscopy further 
revealed a reduced mitochondrial abundance in the sedentary 
group, accompanied by prominent structural abnormalities, 
including disorganized or even disrupted cristae and poorly defined 
outer membrane boundaries; in contrast, the exercise group showed 
increased mitochondrial abundance, with cristae arranged in 
a parallel and orderly manner and a sharply delineated outer 
membrane outline (Pasmiño et al., 2024). 

2.2 Physiological functions of cardiac 
mitochondria

2.2.1 Mitochondrial respiration
Oxygen consumption in the healthy human heart at rest is 

markedly higher than in other organs, reflecting its substantial 
energy demand (Sun et al., 2024). Cardiac energy supply is primarily 
in the form of ATP (Lopaschuk et al., 2021). However, the heart lacks 
the capacity to store ATP, energy must be replenished continuously; 
otherwise, ATP would be depleted within 2–10 s, ultimately leading 
to impaired cardiac function (Lopaschuk et al., 2021). Thus, the body 
must generate large amounts of ATP continuously to sustain cardiac 
contractility and various metabolic processes.

Mitochondria, as the primary site of ATP production, 
generate approximately 30 kg of ATP per day, with about 90% 
of the ATP utilized by the heart derived from mitochondria 
(Wei et al., 2025). A small fraction of cardiac ATP comes from 
glycolysis, whereas the majority is produced via fatty acid–driven 
OXPHOS (Sun et al., 2024). Fatty acids, serving as the main 
mitochondrial substrate for ATP production, are conjugated with 
coenzyme A to form fatty acyl-CoA within mitochondria. Through 
β-oxidation, fatty acyl-CoA is converted into acetyl-CoA, reduced 
flavin adenine dinucleotide (FADH2), and reduced nicotinamide 
adenine dinucleotide (NADH). FADH2 and NADH then enter 
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the electron transport chain (ETC) to drive ATP synthesis, while 
acetyl-CoA enters the tricarboxylic acid (TCA) cycle to generate 
additional FADH2 and NADH, which further fuel ATP production 
via the ETC (Liu et al., 2023a).

The ETC, composed of mitochondrial complexes I, II, III, 
IV, and V, represents the fundamental machinery of OXPHOS 
(Guan et al., 2022). Complex I, the entry point of the ETC, catalyzes 
the oxidation of NADH to NAD+ (Vercellino and Sazanov, 2022). 
Dysfunction of Complex I directly impairs this process by reducing 
the electron-accepting capacity of its flavin mononucleotide (FMN) 
cofactor (Protasoni and Zeviani, 2021). Complex II plays a 
critical role in the TCA cycle by catalyzing the oxidation 
of succinate to fumarate, thereby enhancing cycle efficiency 
(Goetzman et al., 2023). Because Complex III constitutes the core 
of the respiratory chain, its structural and functional integrity is 
essential for maintaining mitochondrial respiration (Protasoni and 
Zeviani, 2021). Complex IV biogenesis relies on assembly factors 
encoded by nuclear DNA as well as structural subunits encoded by 
mitochondrial DNA. Mutations in critical genes from either source 
can disrupt proper Complex IV assembly, leading to dysfunction and 
ultimately to mitochondrial disease (Ghezzi and Zeviani, 2018).

Importantly, these mitochondrial complexes interact to form 
supercomplexes, which accelerate electron transfer, enhance 
mitochondrial respiratory efficiency, and simultaneously reduce 
reactive oxygen species (ROS) production from the ETC, thereby 
supporting normal cardiac contractile function (Guan et al., 2022). 

2.2.2 Mitochondrial dynamics
The integrity of the mitochondrial network is dynamically 

regulated by mitochondrial dynamics (Chen et al., 2023). This 
process primarily encompasses the complementary remodeling 
events of mitochondrial fusion and fission, while mitochondrial 
biogenesis increases mitochondrial abundance and mitophagy 
removes damaged organelles (Chen et al., 2023). Collectively, these 
dynamic processes govern the morphology, number, and quality 
of cardiac mitochondria (Chen et al., 2023). Dysregulation of 
mitochondrial dynamics impairs cardiac function and increases 
susceptibility to cardiovascular diseases, including arrhythmia, 
coronary artery disease, and heart failure (Hinton et al., 2024).

Mitochondrial fusion refers to the merging of two individual 
mitochondria into a larger organelle under the mediation of 
fusion proteins, thereby allowing mixing of their contents (Gao 
and Hu, 2021). This process involves both outer and inner 
membrane fusion (Gao and Hu, 2021). Outer membrane fusion 
is mediated by mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2), and 
requires both mitochondria to express these proteins, whereas 
inner membrane fusion is driven by optic atrophy protein 1 
(Opa1), which is sufficient on only one of the fusing mitochondria 
(Gao and Hu, 2021). Opa1 function is dynamically regulated 
through alternative splicing and proteolytic processing by Oma1 
and Yme1L proteases, generating both membrane-anchored 
long isoforms and soluble short isoforms that coordinate inner 
membrane fusion in response to cellular conditions (Chan, 2020). 
Importantly, Yme1L enhances Opa1 cleavage under conditions of 
elevated OXPHOS, thereby promoting inner membrane fusion 
(Tokuyama and Yanagi, 2023). Tokuyama reported that loss of 
fusion proteins leads to mitochondrial fragmentation and impaired 
cardiac function (Tokuyama and Yanagi, 2023). Thus, mitochondrial 

fusion is essential for maintaining mitochondrial function and 
contributes to the healthy development of the mammalian heart.

Mitochondrial fission refers to the division of a single 
mitochondrion into two independent organelles, thereby 
redistributing its contents (Adebayo et al., 2021). In mammals, 
this process is primarily mediated by dynamin-related protein 
1 (Drp1), a cytosolic GTPase that is specifically recruited to 
the mitochondrial surface by interacting with outer membrane 
receptors such as fission mitochondrial 1 protein (Fis1) and 
mitochondrial fission factor (MFF) (Adebayo et al., 2021). Because 
Drp1 lacks a mitochondrial targeting sequence, its recruitment is 
thought to depend on accessory proteins (Jin et al., 2021). Although 
hFis1 was initially proposed as a candidate receptor—based 
on the essential role of its yeast homolog Fis1 in promoting 
fission complex assembly on the mitochondrial outer membrane 
(Mozdy et al., 2000)—immunocytochemical analyses revealed 
that RNAi-mediated knockdown of hFis1 does not markedly 
alter Drp1 mitochondrial localization, suggesting that hFis1 
is not indispensable for Drp1 recruitment (Lee et al., 2004). 
By contrast, Gandre-Babbe et al. demonstrated that MFF 
depletion suppresses carbonyl cyanide m-chlorophenylhydrazone 
(CCCP)–induced mitochondrial fission, with a much stronger effect 
than Fis1 (Gandre-Babbe and van der Bliek, 2008).

In addition to receptor-mediated recruitment, post-translational 
modifications of Drp1 critically regulate fission activity. For 
example, calcineurin-dependent dephosphorylation of Drp1 
promotes its translocation to mitochondria, thereby facilitating 
fission (Chen et al., 2023). Functionally, fusion enables exchange 
of mitochondrial contents, allowing organelles to complement one 
another under metabolic or environmental stress and maintain 
optimal activity. Conversely, fission is essential for mitochondrial 
proliferation and quality control, as it enables selective removal of 
damaged components. The dynamic balance between these two 
opposing processes is crucial for sustaining normal mitochondrial 
function, and dysregulation of either fusion or fission contributes to 
the pathogenesis of various cardiac diseases (Adebayo et al., 2021). 

2.2.3 Mitochondrial calcium homeostasis
Mitochondria serve as a central regulatory hub for intracellular 

Ca2+ oscillations, largely owing to their high-capacity Ca2+ buffering 
ability (Hasan et al., 2024). Mitochondrial Ca2+ is now recognized 
as a pivotal second messenger that governs cardiomyocyte 
survival and death, and is critically involved in regulating 
OXPHOS, ROS generation, and mitophagy (Wei et al., 2025). 
Specialized channels located on the mitochondrial membranes 
control Ca2+ influx and efflux, thereby maintaining Ca2+ levels 
within an optimal range. This homeostatic regulation prevents 
pathological events such as mitochondrial permeability transition 
pore (mPTP) opening and mitochondrial swelling, which would 
otherwise compromise mitochondrial integrity and impair 
cardiac function (Xu et al., 2020).

Cytosolic Ca2+ uptake into mitochondria is primarily mediated 
by the mitochondrial calcium uniporter (MCU), an inner membrane 
channel that transports Ca2+ into the mitochondrial matrix 
(Hasan et al., 2024). Under respiratory conditions, however, when 
cytosolic Ca2+ exceeds ∼10 μM, the rate of mitochondrial Ca2+

uptake is no longer determined by MCU activity itself but instead 
limited by the rate at which the respiratory chain generates the 
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proton gradient (Huang and Wilson, 2023). MCU activity is further 
modulated by a range of inhibitors, including noncompetitive 
ruthenium compounds and divalent cations that competitively bind 
to the Ca2+ recognition site (Huang and Wilson, 2023). In addition, 
certain metal ions can bind to specific MCU sites, altering its 
conformation and reducing Ca2+ affinity (Huang and Wilson, 2023).

To maintain mitochondrial Ca2+ levels within the physiological 
range, most matrix Ca2+ is extruded back to the cytosol via the 
mitochondrial sodium–calcium exchanger (NCX), while a smaller 
fraction exits through the mPTP. Notably, NCX overexpression 
enhances Ca2+ efflux from the matrix (Zhang et al., 2022). Beyond 
Ca2+ extrusion, NCX directly regulates cytosolic and mitochondrial 
Na+ and Ca2+ concentrations as well as membrane potential, while 
its own activity is subject to feedback control by these same 
factors. Moreover, Na+, Ca2+, and membrane potential act through 
multiple pathways to influence ROS homeostasis (Takeuchi and 
Matsuoka, 2021).

By taking up Ca2+, mitochondria stimulate OXPHOS and 
thereby boost ATP production to support cardiac contractility. 
However, Ca2+ overload induces cardiomyocyte death (Zhang et al.,
2022). Thus, precise regulation of mitochondrial Ca2+ homeostasis 
is indispensable for sustaining cardiac energy metabolism and 
maintaining normal contractile function. 

2.2.4 Mitochondrial oxidative stress
Oxidative stress refers to a state of redox imbalance in which 

the production of ROS overwhelms the endogenous antioxidant 
defense systems (Liu et al., 2023b). ROS are generally considered 
byproducts of aerobic metabolism, and elevated ROS levels are a 
major driving force in the development of cardiovascular diseases 
(Liu et al., 2023b). While excessive ROS can impair mitochondrial 
function and cause cardiomyocyte injury, physiological levels of 
ROS act as critical signaling molecules that regulate multiple 
cellular pathways (Atici et al., 2023). Thus, tight regulation 
of ROS generation is required to ensure that physiological 
signaling pathways are activated while pathological ones are 
suppressed (Peoples et al., 2019).

Mitochondria not only represent the primary source of 
ROS but also harbor antioxidant defense systems that mitigate 
ROS accumulation (Isei et al., 2021). These include manganese 
superoxide dismutase, the glutathione peroxidase/reductase system, 
and the peroxiredoxin/thioredoxin system (Peoples et al., 2019; 
Isei et al., 2021). Moreover, Schulz et al. reported that hearts lacking 
mitochondrial uncoupling protein 3 (UCP3), which is located 
in the inner membrane, produce significantly higher levels of 
ROS compared with wild-type hearts. This finding suggests that 
UCP3 functions as a regulator of cardiac oxidative stress, and 
its overexpression may confer cardioprotective effects (Schulz and 
Schlüter, 2023).

Taken together, cardiac mitochondria safeguard the heart 
against oxidative stress–induced injury by tightly balancing ROS 
production and scavenging. 

2.2.5 Mitochondrial inflammatory response
Chronic inflammation promotes excessive ROS production 

and disrupts mitochondrial networks, thereby damaging the 
structure and function of cardiac mitochondria. This leads to 
impaired respiration, Ca2+ dysregulation, apoptosis, and ultimately, 

compromised cardiac function (Hinton et al., 2024). Mitochondria 
are now recognized as central hubs of proinflammatory signaling, 
playing pivotal roles in innate immune responses by engaging 
antimicrobial, antiviral, anti-infective, and cell injury pathways 
(Arslan et al., 2011; Andrieux et al., 2021). Upon pathogenic 
invasion, mitochondria release damage-associated molecular 
patterns (DAMPs), which in turn activate innate immunity. 
This process not only serves as a crucial component of host 
defense but is also tightly linked to the pathogenesis of diverse 
inflammatory diseases (Andrieux et al., 2021).

Importantly, mitochondria provide a critical platform for the 
activation of the NOD-like receptor thermal protein domain 
associated protein 3 (NLRP3) inflammasome (Andrieux et al., 2021). 
Multiple mechanisms converge to facilitate this process, including 
the translocation of cardiolipin from the inner to the outer 
mitochondrial membrane, where it directly interacts with NLRP3, 
and the role of mitochondrial ROS as key secondary messengers 
that initiate activation signals (Zong et al., 2024). Once activated, 
the NLRP3 inflammasome catalyzes the maturation of interleukin-
1β (IL-1β) and interleukin-18 (IL-18), thereby driving inflammatory 
responses and inducing pyroptosis (Toldo and Abbate, 2024). Thus, 
suppression of NLRP3 inflammasome activation is critical for 
limiting inflammation.

Recent studies have suggested that mitochondrial quality 
control may be harnessed for anti-inflammatory interventions. For 
instance, D’Amico et al. demonstrated that urolithin A (UA), a 
gut microbiota–derived natural metabolite, enhances mitophagy 
and suppresses proinflammatory cytokine production, thereby 
exerting anti-inflammatory effects (D'Amico et al., 2021a). These 
findings indicate that mitophagy may serve as an important 
mechanism of inflammation resolution. Collectively, mitochondria 
represent promising therapeutic targets for inflammation control. 
Strategies that reduce mitochondrial ROS generation, inhibit 
NLRP3 inflammasome activation, and enhance mitophagy may 
suppress inflammatory pathways and confer cardio protection. 

2.2.6 Effects of sedentary lifestyle on cardiac 
mitochondrial function

In recent years, growing attention to the health consequences 
of sedentary behavior has led to an expanding body of evidence 
indicating that prolonged sedentariness can adversely affect cardiac 
mitochondrial function.

From the perspective of mitochondrial structural homeostasis, 
sedentariness may impair mitochondrial function early on 
by disrupting mitochondrial dynamics and Ca2+ homeostasis. 
Compared with exercise, sedentary behavior has been reported 
to significantly reduce MFN1 expression, whereas MFN2, OPA1 
and DRP1 levels remain largely unchanged. This pattern suggests 
a selective suppression of mitochondrial fusion with relatively 
preserved fission, thereby disturbing the balance between fusion 
and fission and compromising mitochondrial dynamic homeostasis 
(No et al., 2020). Sedentariness also perturbs mitochondrial Ca2+

handling. In a rat model, Popoiu and colleagues showed that 
chronic sedentary conditions markedly attenuated Ca2+ uptake by 
cardiac mitochondria and reduced the efficiency of Ca2+-dependent 
control of mitochondrial respiration. Together, these alterations 
disrupt mitochondrial Ca2+ homeostasis and may contribute to 
impaired cardiac function (Popoiu et al., 2023). Collectively, such 
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changes are expected to limit mitochondrial renewal and functional 
recovery, while increasing myocardial vulnerability under metabolic
stress.

Functionally, sedentary behavior is characterized by both 
a reduced capacity for mitochondrial renewal and impaired 
bioenergetic efficiency. Compared with rats subjected to 8 
weeks of swim training, long-term sedentariness increases 
oxidative stress in cardiac mitochondria and blunts activation 
of the insulin-like growth factor 1 (IGF1) signaling pathway, 
with reduced expression of key downstream targets, including 
protein kinase B (PKB/Akt) and glycogen synthase kinase-3β 
(GSK-3β). These changes are accompanied by a diminished 
capacity for mitochondrial biogenesis in the myocardium 
(Godoy Coto et al., 2024). In parallel, sedentariness decreases 
the activities of respiratory chain complexes II and IV, thereby 
reducing respiratory efficiency and weakening myocardial energy 
metabolism. As respiratory capacity declines, electron leak and 
reactive oxygen species (ROS) production are likely to rise, further 
increasing mitochondrial stress and exacerbating dysfunction
(Perera et al., 2025).

Ultimately, structural and functional mitochondrial 
perturbations tend to converge on oxidative stress and inflammatory 
signaling. Chronic sedentariness promotes excessive mitochondrial 
ROS generation in the myocardium, which can activate the NLRP3 
inflammasome and stimulate the production and release of pro-
inflammatory mediators such as IL-1β. This cascade supports the 
notion that sedentary behavior can trigger mitochondria-driven 
inflammatory responses by inducing mitochondrial dysfunction 
and amplifying oxidative stress, thereby exerting deleterious 
effects on cardiac function (Ding et al., 2024). Taken together, 
sedentariness compromises cardiac function through multiple, 
interconnected mechanisms, including reduced mitochondrial 
respiratory performance, disruption of mitochondrial dynamics 
and Ca2+ homeostasis, and heightened mitochondrial oxidative 
stress and inflammation, culminating in impaired overall 
cardiac function (Figure 1).

3 Mitochondria and cardiac health

A sedentary lifestyle has been identified as a major risk 
factor for cardiovascular disease, largely due to its detrimental 
effects on mitochondrial function in cardiomyocytes. Sedentary 
behavior reduces the body’s demand for oxidative metabolism, 
thereby suppressing mitochondrial biogenesis and leading to 
decreases in mitochondrial abundance, membrane potential, 
and oxidative phosphorylation capacity (Waseem et al., 2022). 
At the same time, sedentary behavior disrupts mitochondrial 
dynamics, resulting in fragmented mitochondrial networks, 
diminished respiratory chain activity, and increased ROS 
production, all of which impair energy supply and exacerbate 
cardiomyocyte injury (Tocantins et al., 2023). As these 
mitochondrial defects accumulate, both the structure and function 
of the myocardium become compromised, markedly elevating the 
risk of cardiovascular disease.

Regular physical activity plays a pivotal role in reversing 
the mitochondrial dysfunction in cardiomyocytes induced 
by prolonged sedentary behavior. Studies show that exercise 

increases myocardial oxygen demand, thereby enhancing 
mitochondrial oxidative phosphorylation and boosting 
ATP production to meet the energetic needs of the heart 
(Lopaschuk et al., 2010; Huynh and Pamenter, 2022). In 
addition, exercise modulates the expression of proteins 
governing mitochondrial fusion and fission, promoting 
fusion while limiting excessive fission, which collectively 
improves mitochondrial structure and function and confers 
cardioprotective effects (Haghighi et al., 2025). Consequently, 
regular exercise is essential for restoring cardiac energy metabolism, 
maintaining mitochondrial homeostasis, and reducing the risk of 
cardiovascular disease.

In summary, the effects of both sedentary and physically 
active lifestyles on cardiac health are largely mediated through 
mitochondrial function. As the central regulators of cardiac energy 
production, metabolic homeostasis, and cell survival, mitochondria 
are essential for maintaining normal myocardial performance. 
Consequently, mitochondrial functional status is closely tied to 
overall cardiac health. 

4 Mitochondrial mechanisms of 
exercise-induced cardio protection

4.1 The role of mitochondrial respiration in 
exercise-induced cardio protection

The beneficial role of exercise in enhancing mitochondrial 
respiration and energy metabolism in the heart has been well 
documented. Lopaschuk et al. demonstrated that exercise increases 
myocardial oxygen consumption by 3- to 10-fold compared with 
the resting state in rats (Lopaschuk et al., 2010). This rise in oxygen 
consumption results from elevated adenosine diphosphate (ADP) 
concentrations, which drive mitochondrial OXPHOS and thereby 
accelerate ATP resynthesis (Huynh and Pamenter, 2022). Evidence 
has also shown that exercise promotes metabolic remodeling 
in the heart, particularly by enhancing mitochondrial oxidative 
metabolism to meet the increased energy demands during physical 
activity (Gibb and Hill, 2018). Burelle et al. provided additional 
evidence showing that treadmill-trained rats exhibit higher rates of 
glucose and palmitate oxidation compared with sedentary controls. 
This metabolic enhancement led to greater ATP production, which 
was associated with cardioprotective effects (Burelle et al., 2004). 
In another study, Suvorava et al. showed that exercise upregulates 
endothelial nitric oxide synthase (eNOS) in erythrocytes, the 
rate-limiting enzyme for nitric oxide (NO) synthesis. Increased 
NO production, in turn, enhanced mitochondrial respiration and 
contributed to cardioprotection (Suvorava and Cortese-Krott, 2018). 
Moreover, exercise training has been shown to upregulate 
cytochrome c oxidase subunit 4 (COX4) and nicotinamide 
phosphoribosyl transferase (NAMPT), while activating AMP-
activated protein kinase (AMPK) and mitochondrial complex V. 
Together, these adaptations strengthen mitochondrial respiration, 
elevate myocardial energy levels, promote OXPHOS, and reduce 
the accumulation of harmful metabolic byproducts, thereby 
preserving cardiac function (Liang et al., 2024). In addition, a 
study on voluntary exercise training in high-fat diet-fed mice 
demonstrated that exercise significantly enhanced the activity 
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FIGURE 1
Physiological functions of cardiac mitochondria. The physiological roles of cardiac mitochondria include mitochondrial respiration, dynamics, calcium 
homeostasis, and resistance to oxidative stress and inflammatory responses. TCA, tricarboxylic acid cycle; I, NADH: ubiquinone oxidoreductase; II, 
succinate: ubiquinone oxidoreductase; III, ubiquinol: cytochrome c oxidoreductase; IV, cytochrome c oxidase; V, ATP synthase; ADP, adenosine 
diphosphate; ATP, adenosine triphosphate; Mfn1, mitofusin 1; Mfn2, mitofusin 2; Opa1, optic atrophy protein 1; Drp1, dynamin-related protein 1; MCU, 
mitochondrial calcium uniporter; NCX, sodium–calcium exchanger; ROS, reactive oxygen species; Mn-SOD, manganese superoxide dismutase; 
Prx/Trx, peroxiredoxin/thioredoxin; GPx/GRd, glutathione peroxidase/reductase; mtDAMPs, mitochondrial damage-associated molecular patterns; 
NLRP3 inflammasome, NOD-like receptor thermal protein domain–associated protein 3 inflammasome.

of mitochondrial complex I, thereby improving the overall 
function of the electron transport chain and increasing oxidative 
phosphorylation efficiency. Furthermore, exercise increased the 
cardiac levels of cardiolipin, a critical lipid for maintaining efficient 
mitochondrial respiration, which further enhanced mitochondrial 
respiration capacity and ultimately improved cardiac function 
in obese mice (Perera et al., 2025). A growing body of research 
indicates that different types of exercise can induce specific and 
diverse adaptations in mitochondria. Specifically, training volume 
appears to be a key factor influencing mitochondrial content, 
while exercise intensity is a critical determinant of changes 
in mitochondrial respiration (Granata et al., 2018). One study 
examined the effects of repeated low-intensity (20 Hz) and high-
intensity (100 Hz) stimulation on mitochondrial content and 
function. The study found that while mitochondrial content, 
as measured by citrate synthase activity, increased under both 
20 Hz and 100 Hz stimulation, only the 100 Hz stimulation 
led to an increase in mitochondrial respiratory function, the 
content of respiratory chain complexes, and the assembly of 

mitochondrial supercomplexes (Yamada et al., 2021). Another 
human trial demonstrated that a 4-week sprint interval training 
(SIT) program increased mitochondrial respiration in muscle 
fibers by 25%, whereas no changes were observed with aerobic 
training (Granata et al., 2016). These results suggest that exercise 
can induce mitochondrial respiratory adaptations, with exercise 
intensity potentially being one of the key factors driving these 
changes. Additionally, Li et al. found that exhaustive exercise leads 
to a reduction in the activity of mitochondrial complexes I, II, 
and IV, thereby impairing the normal function of the electron 
transport chain and reducing oxidative phosphorylation efficiency. 
This process significantly weakens myocardial mitochondrial 
respiratory function, ultimately affecting cardiac energy metabolism
(Li et al., 2022).

Collectively, these findings indicate that exercise training 
improves myocardial oxygen consumption, promotes metabolic 
remodeling, and upregulates energy metabolism–related enzymes, 
ultimately enhancing mitochondrial respiratory function and 
conferring cardioprotection. 
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4.2 The role of mitochondrial dynamics in 
exercise-induced cardio protection

Exercise has long been recognized as an effective strategy to 
prevent physical inactivity–induced cardiovascular disease, and 
accumulating evidence supports its regulatory effects on cardiac 
mitochondrial dynamics (Viloria et al., 2022; Haghighi et al., 2025). 
Studies have shown that exercise promotes mitochondrial fusion 
while inhibiting excessive fission, thereby maintaining elongated 
mitochondrial networks (Campos et al., 2023). This structural 
adaptation prevents mitochondrial fragmentation–induced 
oxidative stress, ATP synthesis impairment, and apoptosis, 
ultimately enhancing the metabolic capacity and adaptability 
of cardiac mitochondria under physiological stress conditions 
(Campos et al., 2023; Disatnik et al., 2013; Duan et al., 2021).

In an 8-week animal study, Haghighi et al. demonstrated that 
both aerobic and resistance training regulate the gene expression 
of key markers of mitochondrial fission and fusion. Specifically, the 
expression of Mfn1, Mfn2, and Opa1 was significantly increased, 
while Drp1 expression was reduced, indicating that exercise favors 
fusion over fission to ameliorate sedentary-induced mitochondrial 
dynamics imbalance (Haghighi et al., 2025; Hernandez-
Resendiz et al., 2023). An additional 8-week animal study 
demonstrated that swimming training ameliorates mitochondrial 
dynamic abnormalities in rats with pressure overload–induced 
left ventricular dysfunction. Specifically, exercise increased the 
expression of mitochondrial fusion markers while reducing 
the levels of fission markers, thereby restoring mitochondrial 
dynamic balance and ultimately mitigating myocardial injury 
(Ma et al., 2025b). Similarly, Jiang et al. reported that aerobic 
interval training elevated the expression of Mfn2 and Opa1 
while decreasing Drp1 protein levels in rat myocardium, thereby 
improving mitochondrial function and conferring cardioprotection. 
Mechanistically, this effect was linked to suppression of the 
ERK1/2–JNK–p53 signaling pathway and upregulation of 
peroxisome proliferator–activated receptor gamma coactivator 
1-alpha (PGC-1α) (Jiang et al., 2014).

Furthermore, myokine irisin, induced by exercise, has been 
shown to activate the AMPK–Nrf2 signaling axis, markedly 
increasing the transcription and translation of mitochondrial 
fusion–related genes. This promotes mitochondrial fusion, 
optimizes the balance of mitochondrial dynamics, and enhances 
mitochondrial function (Zhuo et al., 2023). Conversely, He et al. 
proposed that aerobic exercise may trigger mitochondrial fission 
and mitophagy through an FNDC5/irisin-dependent pathway. 
This selective clearance of damaged mitochondria improves 
mitochondrial quality control and cardiac function, although fusion 
protein levels remained unchanged in this context (He et al., 2021). 
The discrepancy between this study and the aforementioned findings 
may arise from differences in experimental focus and outcome 
measures rather than from conflicting biological effects. Specifically, 
the former emphasized mitochondrial quality control and the 
selective clearance of damaged mitochondria, whereas the latter 
primarily assessed the expression of mitochondrial fusion and 
fission markers and the maintenance of mitochondrial network 
integrity. Therefore, in models of cardiac injury, exercise may restore 
dynamic balance by promoting mitochondrial fusion. In contrast, in 
other models, the activation of fission and autophagy may be the key 

mechanisms for maintaining heart health and eliminating damaged 
mitochondria. Xiong et al. found that exhaustive exercise promotes 
mitochondrial fission by downregulating Mfn2 and upregulating 
Drp1, without significantly affecting the expression of Mfn1 and 
Opa1. This process significantly reduces the number of myocardial 
mitochondria, disrupts mitochondrial energy metabolism, and 
ultimately leads to myocardial injury (Xiong et al., 2022).

Exercise type and intensity are key factors in regulating 
myocardial mitochondrial fusion and fission processes. 
Studies have shown that long-term aerobic exercise promotes 
myocardial mitochondrial fusion and inhibits excessive fission 
(Fajardo et al., 2022). In contrast, a single bout of moderate-intensity 
acute exercise does not induce significant changes in left ventricular 
mitochondrial dynamics-related proteins (Yoo et al., 2019), 
suggesting that short-term exercise interventions may not be 
sufficient to trigger adaptive changes in mitochondrial morphology. 
Further comparisons of different exercise modalities revealed that 
8 weeks of moderate-intensity interval training (60%–65% Vmax), 
high-intensity interval training (80%–85% Vmax), and resistance 
training all promoted myocardial mitochondrial fusion and 
inhibited pathological fission, thereby maintaining mitochondrial 
dynamics homeostasis, improving myocardial energy metabolism, 
and enhancing stress tolerance, collectively contributing to 
cardioprotection (Haghighi et al., 2025). However, the study also 
pointed out that, compared to moderate-intensity interval training, 
high-intensity interval training more significantly upregulated 
fusion-related protein expression and inhibited fission-related 
proteins. Although resistance training also positively influences 
mitochondrial dynamics, its effect was not as pronounced as 
that of high-intensity interval training. These results suggest that 
exercise intensity may be a more critical factor than exercise type in 
improving myocardial mitochondrial dynamics, with high-intensity 
interval training potentially being more effective in regulating 
myocardial mitochondrial dynamics.

Taken together, these findings suggest that exercise exerts 
cardioprotective effects by fine-tuning the balance between 
mitochondrial fusion and fission. However, the precise molecular 
mechanisms remain incompletely understood, and further research 
is needed to identify the exact targets and signaling pathways 
through which exercise regulates mitochondrial dynamics. 

4.3 Mitochondrial calcium homeostasis in 
exercise-induced cardio protection

Exercise, as an easily applicable cardioprotective strategy 
with minimal adverse effects, plays a pivotal role in regulating 
Ca2+ homeostasis between the cytosol and mitochondria, thereby 
alleviating exercise deficiency–induced Ca2+ dysregulation and 
promoting cardiac health (Wei et al., 2025). Importantly, given 
the dynamic balance between cytosolic and mitochondrial Ca2+, 
exercise modulates the expression of key Ca2+-handling proteins, 
thereby regulating cytosolic Ca2+ homeostasis and indirectly 
contributing to the physiological control of mitochondrial Ca2+

concentrations (Wei et al., 2025).
Endurance exercise has been shown to enhance myocardial 

Ca2+ handling capacity in rats with heart failure induced by 
aortic constriction by upregulating sarcoplasmic/endoplasmic 
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reticulum Ca2+-ATPase 2a (SERCA2a) and the sodium–calcium 
exchanger (NCX), thus improving Ca2+ homeostasis and exerting 
cardioprotective effects (da Silva et al., 2023). Starnes et al. further 
reported that exercise augments mitochondrial ATP production, 
which provides sufficient energy for SERCA2a and plasma 
membrane Ca2+ pumps to facilitate Ca2+ reuptake, while activation 
of Na+/K+-ATPase reduces the reverse driving force of NCX (Starnes 
and Taylor, 2007). Together, these adaptations attenuate Ca2+

overload and preserve cardiomyocyte Ca2+ homeostasis.
Exercise has also been found to stabilize mitochondrial Ca2+

levels, preventing Ca2+ overload and reducing the risk of mPTP 
opening (Marcil et al., 2006). This protective effect is associated with 
favorable alterations in the ratio of apoptosis-related proteins such 
as B-cell lymphoma-2 (Bcl-2) and Bcl-2–associated X protein (Bax), 
and appears to be substrate-dependent, being most evident when 
succinate serves as the metabolic substrate (Kwak et al., 2006). 
Kemi et al. demonstrated that exercise enhances myofilament 
sensitivity to Ca2+, thereby improving contractile function and 
contributing to cardioprotection (Kemi et al., 2004). Additionally, 
exercise reduces calpain activation and protein carbonylation, 
thereby limiting the degradation of Ca2+-handling proteins, 
maintaining Ca2+ homeostasis, and protecting the myocardium 
(French et al., 2008; French et al., 2006). Additionally, in the 
regulation of mitochondrial calcium homeostasis, exhaustive 
exercise and endurance exercise exhibit distinct effects. Exhaustive 
exercise leads to an increase in total mitochondrial Ca2+ content, 
causing calcium overload, which in turn induces the opening of the 
mPTP, promoting the release of free Ca2+ from the mitochondrial 
matrix and decreasing its concentration, ultimately impairing 
myocardial energy supply (Saris et al., 1993). In contrast, long-
term endurance exercise upregulates the expression of SERCA2a 
and NCX, preventing mitochondrial calcium overload and mPTP 
opening, thereby helping to maintain myocardial mitochondrial 
calcium homeostasis (da Silva et al., 2023). Furthermore, after acute 
endurance exercise, the myocardial mitochondria’s ability to retain 
Ca2+ is enhanced (Yoo et al., 2019).

Collectively, these findings highlight that maintaining 
mitochondrial Ca2+ homeostasis is essential for sustaining and 
promoting cardiac health. 

4.4 Mitochondrial oxidative stress in 
exercise-induced cardio protection

A substantial body of evidence indicates that exercise effectively 
regulates mitochondrial ROS generation and clearance, with 
several molecular mechanisms being implicated (Wei et al., 2025). 
Traditionally, the reduction in ROS levels has been attributed to two 
major mechanisms: i. enhanced activity of endogenous antioxidant 
enzyme systems, and ii. reduced production of ROS precursors 
such as superoxide (Farhat et al., 2015). Starnes et al. reported that 
long-term endurance training improved the antioxidant defense 
system in sedentary rats, leading to a 49% increase in catalase 
activity and ultimately conferring cardioprotection. Interestingly, 
catalase activity remained relatively low compared with other 
antioxidant enzymes, and no significant changes were observed 
in mitochondrial glutathione peroxidase or superoxide dismutase 
activities (Starnes et al., 2007). These findings suggest that the 

ROS-lowering effect of exercise may be more closely related 
to reduced superoxide production than to increased antioxidant 
enzyme activity.

In contrast, Tocantins et al. demonstrated that exercise 
promotes mitochondrial ROS–mediated activation of the Nrf2 
signaling pathway, which upregulates downstream antioxidant 
enzymes and strengthens cardiac antioxidant capacity. Notably, 
this effect persisted for up to 8 weeks after cessation of training 
(Tocantins et al., 2023). The opposing viewpoints may arise from 
differences in the experimental models used in the two studies. 
Moreover, variations in training protocols may substantially 
influence the final outcomes, thereby leading to inconsistencies 
in the reported results. The divergent findings of these two 
studies highlight distinct mechanisms by which exercise regulates 
myocardial oxidative stress. In the former, exercise attenuates 
oxidative stress primarily by reducing ROS production, whereas 
in the latter, exercise increases ROS generation to activate the 
Nrf2 signaling pathway, thereby upregulating antioxidant enzyme 
expression and enhancing the heart’s antioxidant capacity. Exercise 
has also been shown to increase α-ketoglutarate levels, thereby 
suppressing atrial natriuretic peptide upregulation, reducing 
ROS generation and oxidative stress, and ultimately mediating 
cardioprotection (An et al., 2021). Moreover, complex I of the 
mitochondrial electron transport chain, a major site of ROS 
production, undergoes functional remodeling in response to 
endurance training (Okoye et al., 2023). Such specific adaptations 
effectively suppress myocardial mitochondrial ROS production, 
enhance antioxidant defenses, and improve cardiac performance 
(Farhat et al., 2015). Studies have also shown that aerobic exercise in 
diabetic mice activates an Akt-dependent signaling pathway, thereby 
suppressing the activity of mammalian Ste20-like kinase 1 (Mst1). 
Downregulation of Mst1 reduces mitochondrial ROS production 
and ultimately alleviates oxidative stress in the myocardium 
(Zhao et al., 2020). Notably, exercise intensity plays a pivotal 
role in regulating mitochondrial redox homeostasis. Evidence 
indicates that when rats undergo exhaustive exercise, excessive 
ROS are generated, accompanied by a marked decline in the 
activity of endogenous antioxidant enzymes. This imbalance 
compromises mitochondrial antioxidant defenses, leading to 
heightened oxidative stress and, ultimately, structural and functional 
injury to myocardial tissue (Yang et al., 2022).

Existing studies have shown that different forms of exercise 
have varying effects on myocardial oxidative stress regulation. 
Sabouri et al. reported that a 12-week exercise intervention for 
type 2 diabetes demonstrated that high-intensity interval training 
(HIIT), resistance training (ST), and their combined regimen all 
enhanced myocardial antioxidant defense capacity, as evidenced by 
increased superoxide dismutase (SOD) and glutathione peroxidase 
(GPx) activities, as well as overall antioxidant capacity. Further 
comparisons revealed that HIIT and combined training were 
significantly more effective in improving the body’s redox balance 
than resistance training alone (Sabouri et al., 2021). In a myocardial 
infarction model, both HIIT and aerobic exercise increased GPx 
and SOD activities, alleviated oxidative stress, but HIIT was 
more effective in enhancing GPx activity and reducing oxidative 
stress (Lu et al., 2015). Another study pointed out that both 
aerobic and resistance exercise can improve myocardial oxidative 
stress, but there was no significant difference between the two 
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(Rodrigues et al., 2023). However, exercise has a bidirectional 
effect, and seven consecutive days of high-intensity exercise 
can lead to myocardial damage, accompanied by a decrease 
in mitochondrial antioxidant enzyme activity, suggesting that 
overtraining may have a detrimental effect on the myocardial 
antioxidant system (Gao et al., 2014). In conclusion, the existing 
evidence suggests that HIIT may have a greater advantage in 
improving myocardial mitochondrial redox imbalance.

Collectively, these studies highlight that exercise alleviates 
mitochondrial oxidative stress by reducing ROS production and/or 
enhancing ROS clearance, thereby preventing or attenuating 
oxidative myocardial injury. 

4.5 Mitochondrial inflammatory response 
in exercise-induced cardio protection

Multiple studies have demonstrated that exercise exerts 
mitochondria-mediated anti-inflammatory effects, thereby 
alleviating chronic inflammation–induced myocardial injury 
associated with physical inactivity and contributing to the 
maintenance and improvement of normal cardiac function. 
Yuan et al. reported that exercise preserves normal sarcoplasmic 
reticulum Ca2+ release in cardiomyocytes, which safeguards 
mitochondrial Ca2+ homeostasis and mitigates oxidative stress. This 
adaptation prevents excessive ROS accumulation and suppresses 
activation of the nuclear factor kappa-B (NF-κB) pathway, 
ultimately reducing chronic inflammation and protecting the heart 
from damage (Yuan et al., 2025a).

Similarly, other studies have identified the NLRP3 
inflammasome, localized at the mitochondria–endoplasmic 
reticulum membrane interface, as a critical target of exercise-
induced cardioprotection (Lv et al., 2022). Exercise inhibits 
activation of the NLRP3 inflammasome by suppressing the upstream 
TXNIP/TRX/NF-κB signaling pathway. As a result, levels of pro-
inflammatory mediators such as tumor necrosis factor-α (TNF-α), 
interleukin-6 (IL-6), and C-reactive protein (CRP) are markedly 
reduced, thereby alleviating mitochondrial inflammation and 
preserving cardiac function (Meng, 2017; Li et al., 2020).

Furthermore, exercise has been shown to activate the sirtuin 
1 (SIRT1) signaling pathway, which enhances mitochondrial 
complex I activity, reduces electron leakage, and diminishes 
ROS production. This subsequently suppresses NF-κB–mediated 
inflammatory signaling and lowers pro-inflammatory cytokine 
expression, thereby attenuating myocardial inflammation induced 
by physical inactivity (Chen et al., 2018; Tuon et al., 2015). 
However, the cardioprotective effects of exercise are not limited to 
healthy individuals. Zhang et al. showed that, in an isoproterenol-
induced model of cardiac inflammation, exercise suppresses the 
ROS–NLRP3 inflammasome signaling axis, thereby markedly 
attenuating myocardial inflammation, and this protective effect 
occurs independently of AMPK signaling (Zhang et al., 2023). 
Additionally, excessive or intense exercise significantly induces 
the production of pro-inflammatory factors such as TNF-α and 
IL-6, triggering a systemic inflammatory response. Importantly, 
this inflammatory response exacerbates mitochondrial ROS 
generation, further impairing mitochondrial function and 

creating a vicious cycle, ultimately leading to adverse effects on 
myocardial health (Bernecker et al., 2013).

At present, comparative studies investigating the effects 
of different exercise modalities on myocardial inflammatory 
responses remain limited. Research comparing the impact of 
swimming training, resistance training, and HIIT on diabetic 
cardiomyopathy has shown that all three exercise types reduce the 
expression of pro-inflammatory cytokines (such as IL-6, TNF-α, 
and NF-κB) and alleviate inflammation, with HIIT exhibiting the 
most pronounced improvement (Ma et al., 2025a). Similarly, in 
aged mouse models, both HIIT and moderate-intensity aerobic 
training exerted anti-inflammatory effects; however, HIIT was 
more effective in improving mitochondrial morphology and 
maintaining mitochondrial homeostasis, thereby more efficiently 
mitigating myocardial inflammation (Li et al., 2025b). In contrast, 
acute vigorous exercise can elicit several adverse responses, 
including inflammation. Li et al. demonstrated that acute exercise 
in rats increased myocardial mitochondrial ROS production, 
which in turn activated the NLRP3 inflammasome and triggered 
myocardial inflammation (Li et al., 2016). Collectively, these 
findings suggest that long-term exercise—particularly HIIT—can 
attenuate inflammatory responses by downregulating the expression 
of myocardial pro-inflammatory factors, whereas strenuous 
exercise tends to induce inflammation through the ROS/NLRP3 
signaling pathway.

In summary, exercise optimizes mitochondrial function 
to downregulate chronic low-grade inflammation, thereby 
counteracting the risk of myocardial injury associated with 
sedentary behavior (Figure 2; Tables 1, 2).

5 Multilevel protective mechanisms 
underlying exercise-induced 
remodeling of cardiac mitochondrial 
function

Mitochondria are central to the cardioprotective effects 
of exercise, and their functional remodeling is driven by 
a series of dynamic, coordinated molecular adaptations. 
Accumulating evidence indicates that exercise not only regulates 
mitochondrial DNA (mtDNA) copy number and heteroplasmy 
and preserves mitochondrial proteostasis, but also reshapes 
mitochondrial metabolic networks and integrates bidirectional 
nucleus–mitochondrion signaling at both genetic and epigenetic 
levels. Together, these multilevel and highly coordinated adaptations 
promote structural and functional optimization of cardiac 
mitochondria, thereby establishing a molecular basis for exercise-
induced cardioprotection. 

5.1 mtDNA copy number and heteroplasmy

Studies have shown that aerobic exercise can increase mtDNA 
copy number, a change that is often regarded as a molecular 
hallmark of enhanced mitochondrial biogenesis (Jeppesen, 2020). 
However, knee-extensor training in healthy individuals did not 
produce a significant change in mtDNA copy number in the trained 
limb, suggesting that exercise-induced regulation of mtDNA copy 
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FIGURE 2
Mitochondrial mechanisms underlying exercise-induced cardioprotection. Exercise enhances cardiac protection by improving mitochondrial 
respiratory function, dynamics, and Ca2+ homeostasis, while reducing oxidative stress and inflammation. ATP, adenosine triphosphate; COX4, 
cytochrome c oxidase subunit 4; AMPK, AMP-activated protein kinase; NAMPT, nicotinamide phosphoribosyltransferase; Mfn1, mitofusin 1; Mfn2, 
mitofusin 2; Opa1, optic atrophy protein 1; Drp1, dynamin-related protein 1; NCX, sodium–calcium exchanger; SERCA2a, sarcoplasmic/endoplasmic 
reticulum Ca2+-ATPase 2a; SOD, superoxide dismutase; GPx, glutathione peroxidase; CAT, catalase; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; 
CRP, C-reactive protein; iNOS, inducible nitric oxide synthase; NLRP3 inflammasome, NOD-like receptor family pyrin domain–containing 3 
inflammasome.

number may depend on the exercise modality (Fritzen et al., 2019). 
Importantly, exercise influences the mitochondrial genome 
not only by altering mtDNA copy number, but also through 
dynamic regulation of mtDNA heteroplasmy and mutation 
burden. The relative proportion of wild-type versus mutant 
mtDNA copies determines tissue-level mutation load and is 
strongly inversely associated with mitochondrial oxidative capacity. 
Aerobic exercise has been reported to markedly improve oxidative 
capacity in patients with mtDNA mutations, thereby reducing 
mutation burden and mtDNA heteroplasmy and alleviating 
mitochondrial dysfunction driven by elevated heteroplasmy
(Jeppesen, 2020). 

5.2 Mitochondrial proteostasis

Mitochondrial proteostasis depends on endogenous chaperones 
and proteolytic systems to preserve structural and functional 
integrity, and exercise is considered an important physiological 
stimulus that activates this regulatory network (Chen et al., 2021). 
Evidence suggests that mitochondrial lon peptidase 1 (LONP1) 

is a key determinant of mitochondrial proteostasis in the heart. 
Exercise upregulates LONP1 expression, thereby enhancing its 
capacity to recognize and degrade oxidatively damaged proteins 
(Zanini et al., 2023). In parallel, LONP1 cooperates with the 
mitochondrial heat shock protein 70 (mtHSP70) chaperone system 
to facilitate proper folding of nascent or damaged proteins, further 
strengthening mitochondrial protein quality control and functional 
homeostasis (Shin et al., 2021).

Fan et al. using proteomic analyses of a cardiomyocyte-specific 
heat shock protein 60 (HSP60) knockout mouse model, reported 
that loss of HSP60 reduces global mitochondrial protein abundance 
by ∼20% and triggers early activation of the mitochondrial 
unfolded protein response (Fan et al., 2020). By contrast, exercise 
interventions have been shown to increase HSP60 expression, which 
may partially mitigate mitochondrial protein abnormalities and 
help maintain mitochondrial proteostasis (D'Amico et al., 2021b). 
Collectively, these findings support the view that exercise remodels 
mitochondrial proteostasis at the molecular level by modulating 
mitochondrial chaperone and protease systems, thereby serving 
as a key regulatory node in exercise-induced mitochondrial
adaptation. 
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TABLE 1  Mitochondrial mechanisms of exercise-induced cardioprotection.

Number Subject Indicator Results References

[1] rats ATP↑ Mitochondrial respiration↑ Lopaschuk et al. (2010)

[2] rats ATP↑ Mitochondrial respiration↑ Burelle et al. (2004)

[3] humans NO↑ Mitochondrial respiration↑ Suvorava and Cortese-Krott (2018)

[4] mice COX4↑, NAMPT↑, AMPK↑, 
mitochondrial Complex V↑

Mitochondrial respiration↑ Liang et al. (2024)

[5] mice Mitochondrial complex I ↑, cardiolipin↑ Mitochondrial respiration↑ Perera et al. (2025)

[6] rats Mfn1↑, Mfn2↑, Opa1↑, Drp1↓ Mitochondrial dynamics↑ Haghighi et al. (2025)

[7] rats Mfn2↑, Opa1↑, Drp1↓ Mitochondrial dynamics↑ Jiang et al. (2014)

[8] mice Mfn↑, Mfn2↑, Opa1↑ Mitochondrial dynamics↑ Zhuo et al. (2023)

[9] mice Drp1↑ Mitochondrial dynamics↑ He et al. (2021)

[10] rats Mfn↑, Mfn2↑, Opa1↑, Drp1↓ Mitochondrial dynamics↑ Haghighi et al. (2025)

[11] rats SERCA2a↑, NCX↑ Mitochondrial calcium homeostasis↑ da Silva et al. (2023)

[12] humans Ca2+ overload↓ Mitochondrial calcium homeostasis↑ Starnes and Taylor (2007)

[13] rats Ca2+ overload↓ Mitochondrial calcium homeostasis↑ Marcil et al. (2006)

[14] rats Myofilament Ca2+ sensitivity in 
cardiomyocytes↑

Mitochondrial calcium homeostasis↑ Kemi et al. (2004)

[15] rats, humans Ca2+ overload↑ Mitochondrial calcium homeostasis↓ Saris et al. (1993)

[16] rats SERCA2a↑, NCX↑ Mitochondrial calcium homeostasis↑ da Silva et al. (2023)

[17] rats Degradation of calcium-handling proteins↓ Mitochondrial calcium homeostasis↑ French et al. (2006)

[18] rats Catalase activity↑ Mitochondrial oxidative stress↓ Starnes et al. (2007)

[19] rats Antioxidant enzymes↑ Mitochondrial oxidative stress↓ Tocantins et al. (2023)

[20] mice ROS↓ Mitochondrial oxidative stress↓ An et al. (2021)

[21] rats ROS↓ Mitochondrial oxidative stress↓ Farhat et al. (2015)

[22] mice ROS↓ Mitochondrial oxidative stress↓ Zhao et al. (2020)

[23] humans SOD ↑, GPx ↑, TAC↑ Mitochondrial oxidative stress↓ Sabouri et al. (2021)

[24] humans NF-κB↓ Mitochondrial inflammatory response↓ Yuan et al. (2025a)

[25] rats NLRP3 inflammasome↓, TNF-α↓, IL-6↓, 
CRP↓

Mitochondrial inflammatory response↓ Li et al. (2020)

[26] rats, humans NF-κB↓ Mitochondrial inflammatory response↓ Chen et al. (2022)

[27] mice NLRP3 inflammasome↓ Mitochondrial inflammatory response↓ Zhang et al. (2023)

Abbreviations: ATP, adenosine triphosphate; NO, nitric oxide; COX4, cytochrome c oxidase subunit 4; NAMPT, nicotinamide phosphoribosyltransferase; AMPK, AMP-activated protein 
kinase; Mfn1, mitofusin 1; Mfn2, mitofusin 2; Opa1, optic atrophy protein 1; Drp1, dynamin-related protein 1; SERCA2a, sarcoplasmic/endoplasmic reticulum Ca2+-ATPase, 2a; NCX, 
sodium–calcium exchanger; ROS, reactive oxygen species; SOD, superoxide dismutase; GPx, glutathione peroxidase; TAC, total antioxidant capacity; NF-κB, Nuclear factor kappa-B; NLRP3, 
NOD-like receptor thermal protein domain associated protein 3; TNF-α, tumor necrosis factor-α; IL-6, interleukin-6; CRP, C-reactive protein.
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TABLE 2  Summary of main characteristics of myocardial mitochondria under sedentary versus exercise conditions.

Main characteristics Sedentary myocardial 
mitochondria

Exercise myocardial 
mitochondria

References

 Morphology

Mitochondrial circularity index - Low - High Pasmiño et al. (2024)

Mitochondrial area - Small - Large Pasmiño et al. (2024)

Mitochondrial perimeter - Short - Long Pasmiño et al. (2024)

Cristae - Disordered arrangement and even 
fragmentation of mitochondria

- Parallel and regular arrangement Pasmiño et al. (2024)

Outer membrane - Unclear boundary - Clear outline Pasmiño et al. (2024)

 Bioenergetics

OXPHOS efficiency - Low - High Huynh and Pamenter (2022), 
Liang et al. (2024), Perera et al. (2025)

Rates of glucose and palmitate 
oxidation

- Low - High Huynh and Pamenter (2022), 
Burelle et al. (2004)

ATP production - Decrease - Increase Burelle et al. (2004), Huynh and 
Pamenter (2022)

Calcium management - Disrupted mitochondrial Ca2+

homeostasis
- Maintain mitochondrial Ca2+

homeostasis
da Silva et al. (2023), Quindry and 
Michalak (2025), Kemi et al. (2004)

ROS production - High - Low Kemi et al. (2004), An et al. (2021)

Antioxidant enzyme activity - Low - High Starnes et al. (2007), 
Tocantins et al. (2023), 

Sabouri et al. (2021)

Inflammatory response - Promote NLRP3 inflammasome 
activation

- Block NLRP3 inflammasome 
activation

Yuan et al., 2025a; Meng (2017), 
Li et al. (2020)

 Mitochondrial Life Cycle

Mitochondrial biogenesis - Reduce - Enhance Pasmiño et al. (2024)

Mitochondrial fusion and fission - Suppress fusion
- Excessive fission

- Promote fusion
- Suppress fission

Haghighi et al. (2025), 
Jiang et al. (2014), Fajardo et al. (2022)

Abbreviations: OXPHOS, oxidative phosphorylation; ATP, adenosine triphosphate; ROS, reactive oxygen species; NF-ĸB, Nuclear factor kappa-B; NLRP3, NOD-like receptor thermal protein 
domain associated protein.

5.3 Bidirectional nucleus–mitochondrion 
signaling

In the heart, exercise activates multilayered molecular regulatory 
networks that reshape gene expression programs and promote 
adaptive remodeling of cardiac structure and function. Exercise-
induced changes in hemodynamic load and metabolic state 
engage multiple signaling pathways in cardiomyocytes and 
coordinate transcription factors such as PGC-1α, MEF2, and 
NRF2 with epigenetic regulators, thereby driving beneficial 
adaptations in cardiac structure and performance (Jia et al., 2019). 
Beyond canonical transcriptional control, exercise can also 
reprogram the cardiac transcriptome by reshaping non-coding 
RNA (ncRNA) networks, conferring cardioprotective effects 

(Yuan et al., 2025b). In particular, sustained training markedly 
remodels the expression landscape of cardiac microRNAs (miRNAs) 
and long non-coding RNAs (lncRNAs), which act as critical 
post-transcriptional and/or epigenetic modulators to fine-tune 
gene regulatory programs in cardiomyocytes (Yuan et al., 2025b). 
For example, Fathi et al. reported that 14 weeks of aerobic 
exercise significantly upregulated myocardial miR-1 and miR-
133, enhancing the transcriptional activity of growth-associated 
genes and ultimately promoting a physiological hypertrophy 
phenotype (Fathi et al., 2020). Chang et al. further showed that 
exercise facilitates a specific interaction between the lncRNA 
Mhrt and the chromatin remodeling factor Brg1, which is 
implicated in pathological hypertrophy; this interaction reduces 
Brg1 occupancy at promoters of pro-hypertrophic genes, dampens 

Frontiers in Physiology 13 frontiersin.org

https://doi.org/10.3389/fphys.2026.1747133
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Cai et al. 10.3389/fphys.2026.1747133

hypertrophy-related transcriptional activation, and helps prevent 
maladaptive cardiac remodeling (Chang and Han, 2016). Moreover, 
exercise-induced cardiac reprogramming is not confined to 
transcriptional changes but is accompanied by broader epigenetic 
remodeling, including alterations in DNA methylation, histone 
modifications, and chromatin accessibility. These epigenetic 
adaptations further modulate processes central to cardiac 
remodeling, inflammation, and oxidative stress, collectively 
reinforcing exercise-driven improvements in cardiac structure 
and function (Ghavami et al., 2022; Shi et al., 2022). Overall, 
exercise-induced gene-expression reprogramming plays a pivotal 
role in enhancing physiological cardiac performance and increasing 
resistance to pathological insults.

At the genetic and epigenetic levels, exercise promotes adaptive 
remodeling of mitochondrial function by coordinating expression 
programs encoded by the nuclear and mitochondrial genomes. 
This process relies primarily on two complementary modes of 
intracellular communication: anterograde and retrograde signaling 
(Silver et al., 2025). Anterograde signaling originates in the nucleus 
and acts on mitochondria by regulating transcriptional and post-
transcriptional processes of nuclear-encoded mitochondrial genes, 
thereby shaping mitochondrial function. Retrograde signaling, in 
contrast, originates from mitochondria and feeds back to the 
nucleus and other organelles, converting mitochondrial energetic 
and stress cues into transcriptional reprogramming that preserves 
inter-organelle homeostasis (Darfarin and Pluth, 2025).

Within the anterograde pathway, exercise activates a PGC-
1α–centered transcriptional network to drive expression of nuclear-
encoded mitochondrial genes. This program further modulates the 
activity of nuclear respiratory factor 1 (NRF1) and TFAM, thereby 
promoting mtDNA transcription and replication and ultimately 
enhancing mitochondrial capacity and adaptability (Memme and 
Hood, 2020; Scarpulla, 2011). In the retrograde pathway, ROS 
generated during mitochondrial energy production serve as key 
signaling mediators that engage redox-sensitive regulators such as 
nuclear factor erythroid 2–related factor 2 (NRF2), which in turn 
induces nuclear antioxidant gene programs. This feedback loop 
supports cellular resilience to oxidative stress and helps maintain 
metabolic homeostasis (Kasai et al., 2020).

In addition, the mitochondria-derived peptide MOTS-c 
represents an important retrograde signaling effector. Under 
stress conditions such as exercise, MOTS-c can translocate to 
the nucleus via an AMPK-dependent mechanism and bind 
regulatory regions enriched for antioxidant response elements 
(AREs), including promoters of NRF2 target genes. Through this 
mechanism, MOTS-c enhances transcription of NRF2-responsive 
genes, rewires metabolic programs, and strengthens antioxidant 
defenses (Kim et al., 2018; Ma, 2013; Wan et al., 2023). 

5.4 Mitochondrial metabolic 
reprogramming

A substantial body of evidence indicates that regular exercise 
induces metabolic reprogramming of cardiac mitochondria, 
enabling the heart to meet energetic demands imposed by different 
exercise modalities. For example, swim training markedly increases 
the activity of electron transport chain–related enzymes and 

citrate synthase in the mouse heart, thereby enhancing oxidative 
phosphorylation capacity and supporting a more efficient and 
adequate energy supply during exercise (Fulghum and Hill, 2018). 
In an ex vivo study using perfused mouse hearts, moderate exercise 
training was shown to augment both mitochondrial glucose 
oxidation and fatty acid oxidation in the myocardium, improving 
mitochondrial metabolic function and strengthening metabolic 
flexibility and cardioprotection (Riehle et al., 2014).

Notably, exercise intensity appears to differentially shape 
cardiac mitochondrial metabolic remodeling. Hafstad et al. 
reported that in C57BL/6J mice subjected to 10 weeks of 
treadmill training, a high-intensity interval protocol elicited 
greater improvements in myocardial mitochondrial metabolic 
capacity than a moderate-intensity continuous protocol. Specifically, 
high-intensity interval training increased glucose oxidation, 
reduced palmitate oxidation, and elevated myocardial citrate 
synthase activity, whereas the moderate-intensity protocol did 
not significantly alter glucose oxidation, palmitate oxidation, or 
citrate synthase activity (Hafstad et al., 2011). Collectively, these 
findings underscore exercise intensity as a key determinant of 
mitochondrial metabolic adaptation and suggest that high-intensity 
interval treadmill training may be particularly effective in driving 
cardiac mitochondrial metabolic reprogramming. 

5.5 Energetic polarity

Energetic polarity refers to the spatial compartmentalization 
of mitochondrial energy metabolism within distinct intracellular 
regions, particularly in high-demand tissues such as the heart 
and skeletal muscle. This concept has emerged as an important 
theme in mitochondrial quality control research. Current evidence 
suggests that, under acute exercise, changes in mitochondrial quality 
control may arise from locally regulated mechanisms operating 
within different subdomains of the mitochondrial network. The 
underlying link is that mitochondrial quality control is tightly 
coupled to mitochondrial bioenergetics; thus, local fluctuations 
in energy availability likely help determine where quality control 
processes are initiated within the cell (Drake and Yan, 2019). 
For example, in the heart, mitochondrial Ca2+ uptake and release 
are subject to fine spatial regulation to optimize the energetic 
efficiency of calcium signaling (De La Fuente et al., 2018). Moreover, 
under energetic stress conditions such as exercise, selective 
mitophagy can be observed in subsets of mitochondria within the 
network, further supporting the spatial specificity of mitochondrial 
quality control (Laker et al., 2017).

Notably, the mechanisms that establish this spatial specificity 
remain incompletely understood. Recent work by Drake and 
colleagues offers a potential explanation (Drake et al., 2021). 
They reported that AMPK subunits can localize to the outer 
mitochondrial membrane in cardiac and skeletal muscle, forming a 
pool termed mitochondrial AMPK (mitoAMPK). Under energetic 
stress, AMPK activation displays pronounced spatial heterogeneity. 
Specifically, following electrical stimulation–induced contraction 
of skeletal muscle fibers, mitoAMPK activity is not uniform 
across the cell but instead increases markedly within discrete 
mitochondrial regions (Drake et al., 2021). Collectively, these 
findings suggest that when cells experience elevated energetic 
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demand or stress (e.g., during exercise), the mitochondrial energy 
stress response is not distributed evenly throughout the cell, 
but is instead concentrated within specific local subcellular
domains. 

5.6 Systems genetics and multi-omics 
integration

Extensive work has characterized the dynamic physiological 
responses of multiple organs during exercise (e.g., the heart, 
skeletal muscle, and liver). However, the biological mechanisms 
by which exercise promotes health—and the underlying molecular 
networks—are highly complex and remain incompletely defined. 
Mitochondria can adapt to cell- and tissue-specific metabolic 
demands through processes that involve nuclear-encoded 
mitochondrial genes, mtDNA heteroplasmy, and metabolite-driven 
energy transduction (Kappler et al., 2019). Notably, across variations 
in exercise intensity and duration, the transition from mitochondrial 
stress responses to long-term adaptation is particularly intricate, and 
no single pathway is sufficient to fully explain these effects.

Multi-omics approaches are increasingly helping to close this 
knowledge gap by systematically mapping the molecular networks 
that mediate exercise’s health benefits. A representative effort 
is the Molecular Transducers of Physical Activity Consortium 
(MoTrPAC), which aims to build a cross-tissue, multi-omics atlas 
of exercise training responses (Sanford et al., 2020). Recently, 
MoTrPAC generated a mitochondrial multi-omics landscape across 
19 distinct tissues under aerobic exercise conditions, highlighting 
in particular that aerobic exercise alters acetylation-related 
modifications of cardiac mitochondrial proteins (Amar et al., 2024). 
Although prior studies support the notion that exercise improves 
mitochondrial content and function, mitochondria-specific multi-
omics signatures across different exercise modalities, intensities, and 
training durations remain to be more comprehensively delineated 
(Yan et al., 2012; Santos-Alves et al., 2015).

Beyond delineating the biological changes and mechanisms 
elicited by exercise, it is equally important to understand why 
the benefits of regular physical activity vary substantially across 
individuals. As early as four decades ago, researchers documented 
marked inter-individual variability in training responsiveness: in 
a 20-week aerobic training program, participants exhibited wide 
differences in the improvement of VO2max, suggesting that certain 
genetic factors may confer greater sensitivity to training stimuli 
(Lortie et al., 1984). By extension, exercise-induced mitochondrial 
adaptations are also likely shaped by genetic background, with 
candidate regulators including tumor protein p53 (TP53) and 
N-acetyltransferase 1 (Nat1). TP53, encoded by the human 
TP53 gene, is required for normal mitochondrial respiration and 
mtDNA integrity; its loss impairs these processes and reduces 
aerobic exercise capacity (Park et al., 2009). Similarly, Nat1-
deficient mice display significant reductions in basal metabolic 
rate and exercise performance (Chennamsetty et al., 2016). 
Genome-wide approaches can further resolve an individual’s 
genetic architecture and may even identify rare variants that 
exert beneficial or detrimental effects on exercise responsiveness
(Bouchard et al., 2015).

In summary, individual-level multi-omics profiling can 
integrate exercise state–dependent molecular changes with genetic 
information. By accounting for a person’s specific responses to 
different exercise modalities and intensities, these approaches 
provide a mechanistic foundation for developing targeted, 
personalized exercise prescriptions. 

6 Roles of non-myocyte cardiac cells 
in exercise-induced cardioprotection

6.1 Fibroblasts

Exercise has been clearly shown to confer cardioprotection 
in part by regulating the physiological functions of cardiac 
fibroblasts. Fu et al. reported that regular exercise promotes the 
release of exosomes derived from endothelial progenitor cells, 
thereby increasing miR-126 expression. This, in turn, suppresses 
activation of the TGF-β/Smad3 signaling pathway, slows fibroblast 
transdifferentiation, and markedly attenuates myocardial fibrosis, 
ultimately protecting the heart (Fu et al., 2024).

In addition, other studies have found that exercise upregulates 
fibroblast growth factor 21 (FGF21) expression and inhibits 
activation of the TGF-β1–Smad2/3–MMP2/9 signaling axis, thereby 
reducing collagen production. This mechanism effectively alleviates 
myocardial fibrosis in mouse models of myocardial infarction and 
improves cardiac function (Ma et al., 2021). Collectively, these 
findings indicate that exercise protects the myocardium from injury 
by improving fibroblast physiology and suppressing fibroblast-
driven fibrosis and collagen deposition. 

6.2 Endothelial cells

Multiple lines of evidence indicate that cardiac endothelial 
cells serve as key mediators of exercise-induced cardioprotection, 
a process that engages diverse molecular signaling pathways 
and regulatory mechanisms. Bernardo et al. demonstrated that 
exercise stimulates cardiac endothelial cells to produce substantial 
amounts of nitric oxide (NO). This gaseous signaling molecule 
helps preserve cellular energy homeostasis by modulating 
mitochondrial respiration, thereby optimizing endothelial 
function, reducing cardiac stress, and ultimately promoting 
cardioprotection (Bernardo et al., 2018).

Studies also show that exercise markedly lowers systemic 
inflammation by downregulating inflammatory markers such as 
TNF-α and IL-6, which in turn helps prevent inflammation-driven 
endothelial dysfunction in the heart. This anti-inflammatory effect 
is important for maintaining cardiac health and reducing the risk of 
cardiovascular disease (Isaksen et al., 2019). Taken together, these 
findings underscore that preserving normal cardiac endothelial cell 
function is essential for sustaining overall cardiac performance. 

6.3 Immune cells

Immune cells are not only a primary line of defense against 
invading pathogens but also play pivotal roles in maintaining cardiac 
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homeostasis and orchestrating stress responses (Rurik et al., 2021). 
Bai et al. found that downhill running training increases the 
abundance of T cells, NK cells, and M2 macrophages in 
myocardial tissue, thereby shaping an anti-inflammatory, pro-
reparative immune microenvironment. This milieu promotes 
repair and regenerative processes in injured myocardium, reduces 
myocardial fibrosis, and ultimately confers cardioprotection
(Bai et al., 2025).

In addition, Wang et al. reported that running training 
upregulates the inhibitory receptor FcγRIIB on the surface of B 
cells. By raising the activation threshold of B cells, this mechanism 
suppresses cardiac inflammation and antibody-mediated tissue 
injury, thereby significantly attenuating doxorubicin (Dox)-
induced cardiotoxicity (Wang et al., 2024). Collectively, these 
findings suggest that immune cells help preserve myocardial 
homeostasis—and support cardiac health—by remodeling the 
cardiac immune microenvironment and restraining excessive 
inflammatory responses. 

7 Limitation

The current research still faces several limitations. Most 
studies investigating the mitochondrial mechanisms of exercise-
induced cardioprotection remain at the basic experimental level, 
with relatively few and insufficiently in-depth clinical studies in 
humans. Although animal studies consistently demonstrate that 
exercise markedly improves mitochondrial function, the magnitude 
and temporal dynamics of these adaptations in humans often 
differ and are modulated by factors such as age, training status, 
and disease background. Therefore, caution is warranted when 
extrapolating findings from animal models directly to human 
exercise physiology. While preclinical studies provide important 
mechanistic insights, human responses to exercise are shaped 
by greater physiological complexity, inter-individual variability, 
and environmental factors. Future work should prioritize high-
quality intervention trials in diverse populations to facilitate the 
translation of experimental findings into practical applications. In 
addition, although extensive evidence supports the beneficial effects 
of exercise on cardiac function, considerable heterogeneity exists 
in the exercise interventions employed across studies, and a unified 
standard is lacking. Moving forward, greater efforts are needed to 
establish both standardized and personalized exercise prescriptions, 
systematically optimizing training protocols to maximize the 
cardioprotective benefits of different exercise modalities in the 
general population. In addition, current studies have paid limited 
attention to emerging layers of mitochondrial regulation—such as 
the influence of age and sex on mitochondria-mediated exercise-
induced cardioprotection, as well as epigenetic modifications, 
long non-coding RNAs, microRNAs, and acetylation-mediated 
control—and the key signaling pathways through which these 
mechanisms shape exercise-induced myocardial adaptation and 
cardioprotection remain to be systematically elucidated. At the 
same time, future studies may further incorporate emerging 
computational models and systematically integrate analyses 
of exercise adaptation–related anterograde and retrograde 
signaling pathways. Such approaches would enable a deeper, 
multiscale understanding of exercise-induced physiological 

regulatory mechanisms and provide a more precise and predictive 
theoretical framework for elucidating their underlying causal
relationships. 

8 Conclusion

This review highlights cardiac mitochondria as central targets 
of exercise-induced cardioprotection, summarizing regulatory 
effects across five domains: mitochondrial respiration, dynamics, 
calcium homeostasis, antioxidant defense, and inflammatory 
response. Numerous studies consistently indicate that exercise 
enhances myocardial metabolic adaptability and functional 
reserve by improving mitochondrial respiration, calcium 
homeostasis, and reducing systemic inflammation. However, 
the mechanisms by which exercise regulates mitochondrial 
dynamics and combats oxidative stress remain unclear, with 
existing evidence presenting contradictions. Further exploration 
of these potential regulatory mechanisms is therefore needed. 
Furthermore, the extent of exercise-induced cardioprotective effects 
appears to be closely influenced by exercise type, intensity, and
duration.
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