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CONTEMPORARY REVIEW

Exercise Alleviates Cardiovascular Diseases 
by Improving Mitochondrial Homeostasis
Huijie Zhang , MSc; Yuxuan Zhang, MSc; Jiaqiao Zhang , MSc; Dandan Jia , PhD

ABSTRACT: Engaging in regular exercise and physical activity contributes to delaying the onset of cardiovascular diseases 
(CVDs). However, the physiological mechanisms underlying the benefits of regular exercise or physical activity in CVDs remain 
unclear. The disruption of mitochondrial homeostasis is implicated in the pathological process of CVDs. Exercise training ef-
fectively delays the onset and progression of CVDs by significantly ameliorating the disruption of mitochondrial homeostasis. 
This includes improving mitochondrial biogenesis, increasing mitochondrial fusion, decreasing mitochondrial fission, promot-
ing mitophagy, and mitigating mitochondrial morphology and function. This review provides a comprehensive overview of the 
benefits of physical exercise in the context of CVDs, establishing a connection between the disruption of mitochondrial ho-
meostasis and the onset of these conditions. Through a detailed examination of the underlying molecular mechanisms within 
mitochondria, the study illuminates how exercise can provide innovative perspectives for future therapies for CVDs.
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Cardiovascular diseases (CVDs) are a batch of 
conditions affecting the heart or blood vessels, 
ranking as the primary causes of global mortality 

according to the World Health Organization.1 Currently, 
despite extensive research on diet, drugs, surgery, 
and environmental factors for CVDs, effective inter-
ventions remain scarce, resulting in a low cure rate 
and high medical costs, which imposes a significant 
economic burden on most patients affected by these 
conditions. Regular exercise has long been acknowl-
edged as a crucial intervention to avert and defer the 
advancement of these diseases.2 Consistent engage-
ment in aerobic activities with adequate intensity and 
duration can markedly enhance cardiorespiratory fit-
ness, contributing to decelerating the progression and 
reducing mortality associated with CVDs.3 The World 
Health Organization 2020 guidelines advocate moder-
ate to vigorous intensity physical activity for individuals 
across all age groups.4

Mitochondrial dysfunction is acknowledged as a 
prevalent metabolic disorder linked to the pathogene-
sis of CVDs. Consistent exercise or physical activity is 

beneficial for enhancing metabolic health in individuals 
with CVDs.5 However, the physiological mechanisms 
underlying the benefits of physical exercise on mito-
chondrial metabolism and function in CVDs remain 
poorly understood. Hence, it is essential to precisely 
comprehend and elucidate the role of exercise in ame-
liorating mitochondrial dysfunction and its physiolog-
ical mechanisms to generate novel insights for the 
treatment of CVDs. This review provides a compre-
hensive analysis of how regular exercise can effectively 
address CVDs and explores the potential physiological 
mechanisms.

MITOCHONDRIAL HOMEOSTASIS IN 
CARDIOVASCULAR DISEASES
Mitochondria, often referred to as the powerhouses 
of the cell, play a crucial role in both catabolism and 
anabolism. They actively participate in regulating in-
tracellular calcium (Ca2+) homeostasis, instigating in-
flammatory responses, and ultimately, overseeing a 
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multitude of pathways that govern regulated cell death. 
When cellular homeostasis is disrupted, mitochondria 
can regulate metabolism and maintain equilibrium 
through processes such as synthesis, fusion, fission, 
and mitophagy. Cardiomyocytes heavily depend on the 
oxidative phosphorylation of mitochondria to generate 
ATP. Mitochondria provide cardiomyocytes with a sus-
tained energy supply and adequate calcium buffering, 
crucial for their dependency during repetitive, calcium- 
mediated contractile activity. Hence, a reduction in the 
bioenergy efficiency of the mitochondrial network can 
directly impair myocardial contraction. When the mi-
tochondrial network is damaged, the healthy calcium 
balance and inflammation equilibrium are disrupted, 
leading to alterations in typical heart performance, in-
cluding impairment cardiac systolic and diastolic func-
tion, arrhythmias, arterial stenosis, and so forth.

MITOCHONDRIAL DYNAMICS IN 
CARDIOVASCULAR DISEASES
Mitochondria are vigorously active cellular structures 
that experience a perpetual cycle of fusion and fission, 
altering the shape, size, and position of mitochondria. 
Because of the opposing functions of various proteins 
that facilitate fission, such as DRP1 (dynamin- related 
protein 1), mitochondrial FIS1 (fission 1) protein, MFF 
(mitochondrial fission factor), and DNM1L (dynamin 1- 
like) protein, as well as fusion- promoting proteins like 
MFN1/2 (mitochondrial fusion protein 1/2) and OPA1 
(optic atrophy protein 1), the mitochondrial network 

undergoes constant remodeling.6 Division at the pe-
riphery allows damaged material to be shed into smaller 
mitochondria destined for mitophagy, mediated by 
FIS1, and division in the central zone leads to the prolif-
eration of mitochondria, mediated by MFF. Both types 
are mediated by DRP1. By overseeing mitochondrial 
morphology and reshaping the mitochondrial network, 
the quality and quantity of mitochondria are modified, 
allowing them to quickly adapt to the energy demands 
of cells. Disruption of mitochondrial dynamics initiates 
chronic inflammation and mitochondrial dysfunction 
via interorganelle communication and mislocalization 
of mitochondrial DNA.

In patients with diabetes, alterations in mitochon-
drial morphology, heightened fragmentation, and 
elevated expression of DRP1 in endothelial cells 
have been observed.7 In addition, it has been dis-
covered that phosphorylation of DRP1 can enhance 
phenylephrine- induced cardiac hypertrophy, and the 
inhibition of DRP1 by mitochondrial division inhibitor- 1 
can mitigate cardiac hypertrophy.8 The Notch1- DRP1/
MFN1 axis diminishes myocardial infarction (MI) size by 
reducing mitochondrial fission and inhibiting ventricular 
remodeling.9 The simultaneous deficiency of MFN1/2 
in cardiomyocytes results in a severe impairment in 
mitochondrial fusion, leading to cardiac dysfunction 
linked to the swift progression of dilated cardiomyop-
athy (DCM).10 Downregulation of OPA1 promotes car-
diac hypertrophy after transverse aortic contraction.11 
Simultaneously, the activation of overlapping activity 
with m- AAA protease can excessively hydrolyze OPA1, 
promoting mitochondrial division and fragmentation, 
thereby exacerbating DCM and heart failure (HF).12 
From the abnormal expression of mitochondrial dy-
namic proteins, it can be inferred that aberrant mito-
chondrial dynamics exacerbate CVDs by impairing 
myocardium and leading to abnormal cardiac function, 
playing a significant role in the onset and progression 
of CVDs.

MITOPHAGY IN CARDIOVASCULAR 
DISEASES
To uphold the stability of the mitochondrial network and 
intracellular environment, cells selectively envelop and 
degrade damaged and dysfunctional mitochondria, a 
process known as mitophagy. Seventeen autophagy- 
related proteins are involved in the mitophagy process, 
including ULK1 (unc- 51- like autophagy- activating ki-
nase 1), along with FIP200, VPS34 (vacuolar protein 
sorting 34), BNIP3 (BCL2 adenovirus E1B 19kDa in-
teracting protein 3), BECN1 (Beclin 1), and AMBRA1 
(autophagy and beclin 1 regulator 1).

DRP1 can not only promote mitochondrial fission 
but also induce mitophagy. Disruption of DRP1 led 

Nonstandard Abbreviations and Acronyms

AMPK adenosine5′- monophosphate- activated 
protein kinase

BNIP3 BCL2 adenovirus E1B 19kDa 
interacting protein 3

DCM dilated cardiomyopathy
DRP1 dynamin- related protein 1
FGF21 fibroblast growth factor 21
FSTL1 follistatin like 1
FUNDC1 FUN14 domain containing 1
IRI ischemia–reperfusion injury
MCU mitochondrial calcium uniporter
MFN mitochondrial fusion protein
mPTP mitochondrial permeability transition 

pore
PGC- 1α peroxisome proliferator- activated 

receptor- gamma coactivator 1alpha
ROS reactive oxygen species
WHO World Health Organization
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to mitochondrial prolongation, inhibition of mitoph-
agy, accumulation of damaged mitochondria, and 
increased apoptosis in cardiomyocytes at baseline, 
thereby contributing to cardiac dysfunction and in-
creasing susceptibility to ischemia/reperfusion.13 Mice 
exposed to cardiomyocyte- specific deletion of ATG5 
(autophagy protein 5) under time- controlled conditions 
exhibited disorganized sarcomere structure, collapsed 
mitochondria, impaired mitochondrial respiratory func-
tion and cardiac dysfunction.14 TBK1 (TANK- binding 
kinase 1) is a crucial kinase that regulates mitophagy. 
Deletion of TBK1 specifically in cardiomyocytes exac-
erbated chronic doxorubicin cardiotoxicity by inhibit-
ing mitophagy.15 TRP53 (transformation- related protein 
53), commonly known for p53, binds to Parkin, imped-
ing its translocation to damaged mitochondria and the 
subsequent clearance via mitophagy. Thereby, inhibit-
ing cytosolic p53 to activate mitophagy may enhance 
cardiac functional capacity with advancing age.16 It has 
been reported that BNIP3L- mediated mitophagy facil-
itated the cardiac progenitor cells to undergo proper 
mitochondrial network reorganization during differenti-
ation, ultimately repairing and regenerating the injured 
heart.17 Additionally, the ablation of BECN1 alleviated 
abnormal cardiac remodeling in a murine model of 
pressure overload, emphasizing the crucial role of mi-
tophagy in the progression of the disease.18 Enhancing 
mitochondrial autophagy to clear accumulated harmful 
substances in pathological heart can promote cardiac 
renewal and metabolism, effectively improving heart 
function and alleviating CVDs.

MITOCHONDRIAL ENERGY 
METABOLISM IN CARDIOVASCULAR 
DISEASES
Vibrant cardiomyocytes fulfill their heightened energy 
demands by metabolizing fatty acids, branched- chain 
amino acids, and a limited amount of glucose to power 
the tricarboxylic acid cycle, generating ATP through 
the electron transport chain. Sustaining mitochon-
drial fatty acid oxidation can inhibit the rise of oxidative 
stress, diminish cardiac hypertrophy and fibrosis, and 
alleviate angiotensin II- induced diastolic dysfunction.19 
Moreover, the lymphatic system plays a crucial role in 
CVDs by transporting fluid from the endocardium to the 
epicardium during myocardial contraction. Impaired 
myocardial contraction and lymphatic obstruction can 
lead to myocardial edema, inflammation, and fibrosis.20 
Normal fatty acid oxidation maintains the expression 
circuit of the prospero homeobox 1 (PROX1) gene in 
mitochondria, thus safeguarding the response of lym-
phatic endothelial cells to lymphangiogenic mediators 
and lymphangiogenesis,21 maintaining normal heart 
function. The metabolic deletion of branched- chain 

amino acids contributes to HF associated with oxidative 
stress and metabolic disorders induced by mechani-
cal overload.22 Alterations in the metabolic composi-
tion proportion of mitochondrial metabolism (fatty acid 
oxidation, branched- chain amino acids metabolism 
and glucose metabolism) can lead to related diseases. 
For example, hypoxia- inducing factor 1α triggers a 
gene expression program involving PPARγ (peroxi-
some proliferator- activated receptor γ), amplifying the 
proportion of glucose uptake, subsequently resulting 
in cardiac systolic dysfunction.23 Myocardial succinyl- 
CoA (coenzyme A) levels were significantly reduced in 
mice with MI, impairing mitochondrial oxidative phos-
phorylation capacity. Subsequently, the accumulation 
of succinate in ischemic myocardium induces vigorous 
oxidative bursts, exacerbating ischemia–reperfusion 
injury (IRI),24 whereas the restoration of succinyl- CoA 
and oxidative phosphorylation capacity prevented HF 
progression in MI mice.25 Mitochondria serve as meta-
bolic hubs, and the proper functioning of mitochondrial 
metabolism is crucial to maintain normal cellular activi-
ties essential for life, effectively preventing the onset of 
some CVDs.

MITOCHONDRIAL OXIDATIVE STRESS 
IN CARDIOVASCULAR DISEASES
Appropriate amounts of reactive oxygen species (ROS) 
can promote immunity, repair, survival, and growth. 
In cardiac mitochondria, the main ROS generated is 
the superoxide radical anion (O∙−

2
), which can undergo 

dismutation to form hydrogen peroxide. Hydroxyl radi-
cals (OH•) are also produced through the decompo-
sition of hydroperoxides or by the reaction of excited 
atomic oxygen with water. The mitochondrial respira-
tory chain serves as a significant endogenous source 
of O∙−

2
, a toxic by- product of oxidative phosphoryla-

tion. Electrons derived from nicotinamide adenine di-
nucleotide and reduced flavine adenine dinucleotide 
pass through the electron transport chain to ultimately 
reduce oxygen, forming H2O. However, significant 
amounts of O∙−

2
, are produced when oxygen under-

goes incomplete reduction, primarily due to electron 
leakage at complex I and III. Oxidative stress occurs 
when there is an excess production of ROS, resulting 
in the buildup of inflammation, mitochondrial damage 
and cell death. Monoamine oxidase stands as a no-
table generator of ROS within mitochondria and has 
been recognized as a key factor influencing the redox 
balance in human atrial myocardium, linked to post-
operative atrial fibrillation.26 MI induces oxidative stress 
and leads to ventricular hypertrophy and fibrosis. 
Additionally, oxidative stress exacerbates atheroscle-
rosis, a chronic inflammatory disease.27 During oxida-
tive stress, reactive oxygen species target endothelial 
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cell lipids, initiating a nonenzymatic cascade that cul-
minates in the formation of bioactive molecule known 
as 8- iso- prostaglandin F2alpha. The concentration of 
8- iso- prostaglandin F2alpha, a particular quantitative 
indicator of oxidative stress, increases with the sever-
ity of HF and is associated with ventricular dilation.28 
To mitigate the detrimental effects of ROS, organisms 
have developed a sophisticated 3- tiered antioxidant 
defense system.29 The first- line defense mechanism is 
the most effective, involving antioxidant enzymes such 
as superoxide dismutase, catalase, and glutathione 
peroxidase.29 These antioxidant enzymes are all de-
tectable within mitochondria. The third line of antioxi-
dant defense relies on multiple enzyme systems that 
repair or eliminate oxidized proteins and other biomol-
ecules.29 Oxidative stress heightens the likelihood of 
protein misfolding and toxic aggregation, contributing 
to cardiac abnormalities such as atherosclerosis, IRI, 
cardiomyopathy, and HF, which can be alleviated by the 
protein quality control system, including the ubiquitin- 
proteasome system and autophagy- lysosomal path-
ways initiated at mitochondria.30 Activation of nuclear 
factor erythroid 2- related factor 2/heme oxygenase 1 
signaling, regarded as the main regulatory pathway of 
intracellular defense against oxidative stress, protected 
vascular endothelial cells from oxidative stress in the 
treatment of atherosclerosis.31 Furthermore, SIRT3 
(sirtuin 3), located in mitochondria, mediates anti- 
inflammatory, antiautophagic, and antioxidant func-
tions of PCSK9 (proprotein convertase subtilisin- kexin 
type 9) inhibitors in endothelial cells.32 Mitochondria 
produce cellular energy and are vulnerable to oxidative 
stress, which damages their structure and function, 
impairing cardiac function. Activating mitochondrial 
antioxidant enzymes and autophagy- lysosomal path-
ways helps remove damaged components, quickly al-
leviating oxidative stress damage.

CA2+ HOMEOSTASIS IN 
CARDIOVASCULAR DISEASES
Ca2+ is involved in mitochondrial ATP synthesis and the 
initiation of mPTP (mitochondrial permeability transition 
pore). Under physiological conditions, an increased up-
take of mitochondrial Ca2+ enhances ATP production. 
However, under pathological conditions, increased 
mitochondrial Ca2+ uptake induces mitochondrial Ca2+ 
overload, triggering mPTP opening. The mPTP enables 
the unrestricted passage of small molecules and ions 
(<1.5 kDa) through the inner mitochondrial membrane. 
This leads to dissipation of the membrane potential, 
resulting in an imbalance in ATP production, swell-
ing of mitochondria, and rupture of the OMM (outer 
mitochondrial membrane). These events contribute 
to regulated cell death, involving either apoptosis or 

necrosis.33 Therefore, to prevent mitochondrial Ca2+ 
overload and subsequent activation of regulated cell 
death, precise control over Ca2+ uptake is essential. 
Mitochondria takes up Ca2+ through the mitochondrial 
calcium uniporter complex, which consists of the MCU 
(mitochondrial calcium uniporter), MICU1 (mitochon-
drial calcium uptake 1), MICU2 and EMRE (essential 
MCU regulator).34 The MCU protein forms tetramers to 
create the channel’s transmembrane Ca2+ pore, which 
is regulated by 2 distinct mechanisms. Initially, the 
MICU1 protein dimerizes with MICU2 in the intermem-
brane space and binds via electrostatic interactions to 
the cytoplasmic entrance of the MCU pore, thereby 
closing the uniporter. Subsequently, when intermem-
brane space Ca2+ levels rise to low micromolar con-
centrations, MICUs undergo conformational changes 
that unblock the MCU pore, allowing Ca2+ to perme-
ate. The second regulatory mechanism of MCU is 
Ca2+- independent and involves the metazoan- specific 
EMRE subunit, a small single- pass membrane protein 
in the inner mitochondrial membrane. It has been es-
tablished that EMRE binding is necessary for meta-
zoan MCU to exhibit transport activity. The primary 
regulation of Ca2+ export from the mitochondrial matrix 
is contingent upon the Na+/Ca2+ antiporter SLC8B1 
(solute carrier family 8 member B1), also recognized 
as NCLX.33

MCUB, a paralog of the pore- forming subunit 
MCU, integrated into MCU, restricts Ca2+ over-
load during cardiac injury and reduces infarct size 
after ischemia–reperfusion.35 Blocking CaMKII 
(calmodulin- dependent protein kinase II)- induced 
mPTP opening mitigates mitochondrial damage and 
cardiac hypertrophy.36 Additionally, the leaky RyR2 
(ryanodine receptor 2), a channel on the cardiac sar-
coplasmic reticulum responsible for Ca2+ release, 
contribute to mitochondrial Ca2+ overload, dysmor-
phology, and malfunction, ultimately leading to life- 
threatening arrhythmias.37 Loss of Slc8b1 in adult 
mouse cardiomyocytes causes mitochondrial Ca2+ 
overload, leading to sudden death with extensive 
mitochondrial permeability transition- driven myocar-
dial necrosis. In contrast, overexpression of Slc8b1 
mediates a potent cardioprotective effect in a murine 
model of cardiac IRI.38 The protein matrix can bind 
neutral, uncharged sites of Ca2+ to interact with or-
ganic anions such as sulfated mucopolysaccharides, 
thereby delaying atherosclerosis.39 However, the ac-
cumulation of Ca2+ and lipids in the vascular endo-
thelium promotes the formation of calcified plaque, 
ultimately leading to atherosclerosis. The exchange 
and balance of mitochondrial calcium ions regulate 
myocardial contraction, contribute to normal cardiac 
rhythm, influence myocardial cell membrane poten-
tial, and are crucial for maintaining normal cardiac 
physiological activities.
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ENDURANCE EXERCISE REGULATES 
MITOCHONDRIAL QUALITY CONTROL
Mitochondrial quality control is a comprehensive 
network for monitoring mitochondrial quality and an 
endogenous cellular protective program that is es-
sential for maintaining mitochondrial homeostasis and 
function. Mitochondrial quality control regulates and 
sustains mitochondrial homeostasis by coordinating 
various processes, including mitochondrial biogen-
esis, fission, fusion, autophagy, and protein homeosta-
sis. Exercise enhances mitochondrial function through 
regulating mitochondrial quality control.

ENDURANCE EXERCISE PROMOTES 
MITOCHONDRIAL BIOGENESIS
During exercise, the recruitment of myofibril motor units 
generates an action potential that induces the release 
of Ca2+ by sarcoplasmic reticulum and the subsequent 
increase in cytosolic Ca2+ promotes ATP synthesis and 
ROS in mitochondria, thereby promoting the translo-
cation of PGC- 1α (peroxisome proliferator- activated 
receptor- gamma coactivator 1alpha),40,41 considered 
as a vital regulator of mitochondrial biogenesis, and 
its family members, PGC- 1β and PGC- related co- 
activator, upregulate gene transcription by docking 
with transcription factors and additional proteins on 
DNA promoters to regulate NuGEMPs (nuclear genes 
encoding mitochondrial proteins). Nuclear- derived pro-
teins newly expressed are imported into mitochondria 
via transferases present located in the OMM and inner 
mitochondrial membrane to promote the activation of 
mitochondrial unfolded protein response and mito-
chondrial biogenesis for protection and repair of dam-
aged mitochondria.42

Participation in an 8- week swimming regimen im-
proved skeletal muscle mitochondrial biogenesis in 
mice by boosting the expression of PGC- 1α and key 
mitochondrial biogenesis markers, such as SDH (suc-
cinate dehydrogenase) and COX IV (cytochrome c oxi-
dase- IV).43 TFAM (mitochondrial transcription factor A), 
encoded by nucleus extracellular, was also found to 
form complexes with SIRT1, p53, and Polγ to stabilize 
and maintain the integrity of mitochondria. Gestational 
exercise stimulated protein expression of PGC- 1α and 
TFAM, promoting liver mitochondrial biogenesis in fe-
male offspring.44 Additionally, a single 3- hour wheel- 
running exercise was adequate to prompt structural 
alterations in the mitochondrial network of the skel-
etal muscle in 8- week- old female mice.45 A 12- week 
program of combined aerobic and resistance train-
ing increased specific lipid intermediates in skeletal 
muscle, such as cardiolipin, phosphatidylcholine, and 
phosphatidylethanolamine, along with mitochondrial 

complex I- V, thereby enhancing mitochondrial respira-
tory capacity and promoting mitochondrial biogen-
esis.46 (Figure 1).

ENDURANCE EXERCISE ENHANCES 
MITOCHONDRIAL DYNAMICS 
BALANCE
Exercise maintains an optimal balance between mi-
tochondrial fusion and fission by promoting the cor-
rect expression of mitochondrial fusion proteins and 
fission proteins, ensuring mitochondrial and cellular 
homeostasis. Inhibition of MFN- mediated mitochon-
drial fusion leads to mitochondrial fragmentation and 
metabolic reprogramming. In reality, fragmented mito-
chondria are more inclined to induce oxidative stress, 
reduce ATP synthesis, and trigger apoptosis through 
mitochondrial permeability transition.47 Regular exer-
cise activates AMPK (adenosine5′- monophosphate 
[AMP]- activated protein kinase), optimizing mitochon-
drial fission and fusion. In worms’ body- wall muscle, 
a single 4- hour swimming session induced a cycle of 
mitochondrial fragmentation followed by fusion after 
a recovery period, and long- term swimming sessions 
delayed mitochondrial fragmentation and the decline in 
physical fitness associated with age.48

The changes in mitochondrial dynamics depend 
on training frequency and duration. Engaging in 12- 
week swimming training (4 hour/day, 5 day/week), 
enhanced mitochondrial morphology and dynamics, 
increasing the expression of OPA1, DRP1, and MFN2 
proteins in zebrafish liver.49 Additionally, 12 weeks of 
moderate- intensity treadmill exercise also ameliorated 
mitochondrial dynamic damage in skeletal muscle of 
obese mice.50 Similarly, an 8- week moderate- intensity 
treadmill training regimen diminished excessive mi-
tochondrial fission and inflammation in the soleus 
muscle of diabetic rats.51 After undergoing 12 weeks 
of supervised aerobic exercise training (5 day/week, 
85% heart rateMAX), skeletal muscle of sedentary 
adults exhibited a significant alteration in the expres-
sion of mitochondrial fusion and fission proteins, lead-
ing to the development of a more integrated, tubular 
mitochondrial network.52 Sixteen weeks of supervised 
training in sedentary people accelerated fusion to in-
crease mitochondrial content to meet the metabolic 
demands of exercise. Meanwhile, lifelong exercise pri-
marily stimulated skeletal muscle mitophagy, aligning 
with heightened fusion and reduced fission, indicating 
an increased mitochondrial turnover.53 In the physio-
logical state, mitochondrial fusion and division check 
each other, maintaining a dynamic balance within the 
mitochondria. When this balance is disturbed, mito-
chondrial function becomes impaired, eventually lead-
ing to a variety of diseases. (Figure 1).
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ENDURANCE EXERCISE ACTIVATES 
MITOPHAGY
Under stress, such as oxidative stress, mtDNA mu-
tations gradually accumulate, leading to a decrease 
in mitochondrial membrane potential and depolar-
ized damage, eventually culminating in cell death. To 
maintain mitochondrial and cellular homeostasis and 
protect cells from damage caused by dysfunctional 
mitochondria, cells selectively envelop damaged or 
dysfunctional mitochondria within the cell and degrade 
them—a process known as mitophagy. Organelles 

that cannot meet the metabolic needs of the proteins 
will undergo division through the interaction of the pro-
teins FIS1 and MFF with DRP1, which are eventually 
cleared by mitophagy.

Following acute treadmill running, mitophagy oc-
curs at 6 hours post exercise in mice skeletal muscle by 
activating AMPK and ULK1 signaling pathways.54 The 
same activation effect was also detected in the quad-
riceps muscles of those who exercised after 2 hours.55 
Parkin is an E3 ubiquitin ligase implicated in mitoph-
agy. Acute endurance running- induced skeletal mus-
cle mitophagy is dependent on Parkin and attenuated 

Figure 1. Endurance exercise regulates mitochondrial quality control.
Exercise maintains mitochondrial function by promoting mitochondrial biogenesis, dynamic balance, autophagy, and protein 
homeostasis. Endurance exercise stimulates the PGC- 1α pathway to drive mitochondrial biogenesis. Physical exercise also activates 
AMPK, which promotes PINK- dependent mitophagy and facilitates mitochondrial fission through DRP1 and MFF. The fusion of 
the OMM is mediated by MFN1/2, and OPA1 facilitates the fusion of the IMM, together driving mitochondrial fusion. In addition, 
exercise training activates the mitochondrial unfolded protein response, which regulates the ubiquitin- proteasome system and 
the autophagy- lysosomal pathway to degrade damaged or misfolded proteins and maintain mitochondrial protein homeostasis. 
Ac indicates acetylation; ALP, autophagy- lysosomal pathway; AMPK, adenosine5′- monophosphate- activated protein kinase; 
BNIP3, BCL2 adenovirus E1B 19kDa interacting protein 3; DRP1, dynamin- related protein 1; IMM, inner mitochondrial membrane; 
LC3, microtubule- associated protein 1 light chain 3; MFF, mitochondrial fission factor; MFN1/2, mitochondrial fusion protein 1/2; 
NuGEMP, nuclear genes encoding mitochondrial protein; OMM, outer mitochondrial membrane; OPA1, optic atrophy protein 1; P, 
phosphorylation; PGC- 1α, peroxisome proliferator- activated receptor- gamma coactivator 1alpha; PINK, PTEN- induced putative 
kinase; ROS, reactive oxygen species; SIRT1, sirtuin 1; TFs, transcription factors; TFAM, mitochondrial transcription factor A; Ub, 
ubiquitin; ULK1, unc- 51- like autophagy- activating kinase 1; UPRmt, mitochondrial unfolded protein response; and UPS, ubiquitin- 
proteasome system.
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with age in aged mice.56 Additionally, mitochondrial 
membrane- tethered BNIP3 plays a role in initiating mi-
tophagy, potentially by interacting with LC3 (light chain 
3).57 Elevated levels of BNIP3 were observed in rodent 
skeletal muscle following acute eccentric exercise.58 
This increase is consistent with findings in human skel-
etal muscle after 8 weeks of continuous moderate cy-
cling.59 (Figure 1).

ENDURANCE EXERCISE PROMOTES 
MITOCHONDRIAL PROTEIN 
HOMEOSTASIS
Exercise can induce the expression of nuclear coding 
genes and mitochondrial coding genes, thereby pro-
moting mitochondrial protein synthesis. For instance, 
an acute session of high- intensity aerobic exercise led 
to a prolonged increase in mitochondrial proteins.60 
Furthermore, exercise activates mitochondrial unfolded 
protein response to facilitate the degradation of dam-
aged or misfolded proteins by regulating the ubiquitin- 
proteasome system and autophagy- lysosomal 
pathways.61 Additionally, exercise can trigger the ex-
pression of mitochondrial protein kinase and promote 
posttranslational modification of mitochondrial pro-
teins.62 Endurance training increases the expression 
of SIRT3 to reduce excessive mitochondrial protein 
acetylation, thereby maintaining mitochondrial protein 
homeostasis.63 In conclusion, regular exercise main-
tains mitochondrial protein homeostasis by promoting 
mitochondrial protein synthesis, degradation and post-
translational modification. (Figure 1).

Mitokines are signaling molecules, facilitating 
communication between mitochondria experiencing 
local stress and those in distant cells and tissues, 
mainly involving FGF21 (fibroblast growth factor 21), 
GDF15 (growth differentiation factor 15) and some 
mitochondria- derived peptides.64 Exercise can also 
preserve mitochondrial protein homeostasis by reg-
ulating the expression levels of these mitokines. The 
8- week endurance exercise training regimen boosted 
FGF21 expression, exercise capacity, and altered the 
distribution of skeletal muscle fiber sizes.65 GDF15, 
also considered as a myokine and cardiokine, is highly 
responsive to cellular stress, with elevated circulating 
GDF15 released from skeletal muscle in humans during 
intensive submaximal exercise.66 Mitochondria- derived 
peptides are microproteins encoded by the small open 
reading frames of mtDNA. Eight mitochondria- derived 
peptides including humanin, mitochondrial open read-
ing frames of the 12 S- c, and small humanin- like pep-
tides 1–6 have been discovered and there are more yet 
to be discovered. After acute high- intensity exercise, 
the increased abundance of humanin in muscle and 
plasma contributes to inhibiting apoptosis and calcium 

overload, enhancing mitochondrial biogenesis, ulti-
mately leading to reduced ROS production and allevi-
ation of oxidative stress.67,68 Additionally, exercising on 
a stationary bicycle triggered the endogenous expres-
sion of mitochondrial open reading frames of the 12 
S- c in both skeletal muscle and circulation, improving 
muscle metabolism and delaying aging.69

EXERCISE ENHANCES 
MITOCHONDRIAL HOMEOSTASIS IN 
CARDIOVASCULAR DISEASES
Atherosclerosis
Atherosclerosis is an inflammatory process that results 
in the accumulation of fatty or necrotic residues in the 
vessel wall. This leads to fibroplasia and calcinosis, 
causing thickening and hardening of the arterial wall 
and subsequently narrowing of the vessel lumen. The 
rupture of an atherosclerotic plaque and the subse-
quent formation of a thrombus in the bloodstream can 
lead to ischemic events, such as MI or stroke. Based 
on the characteristics of atherosclerosis, exercise can 
effectively stimulate the antioxidant pathway in blood 
vessels, reduce vascular damage and inflamma-
tion, and promote angiogenesis, ultimately mitigating 
atherosclerosis.

After exhaustive exercise, TLR9 (toll- like receptor 9), 
interacting with beclin1, activates mitochondrial UCP2 
(uncoupling protein 2)- AMPK- Akt (protein kinase 3)- 
FoxO1 (forkhead box O1) axis,70 triggering activation 
of antioxidant pathways in mice endothelial cells, ul-
timately alleviating atherosclerosis.71 Endurance swim 
training staves off endothelial aging in coronary arteries 
by boosting the regulator FUNDC1 (FUN14 domain con-
taining 1)- induced mitophagy in a PPARγ- dependent 
manner. As a result, it shields aged mice from IRI.72 
Moderate- intensity treadmill exercise enhanced car-
diac hydrogen sulfide biosynthesis and attenuated 
pyroptosis, promoting angiogenesis via STAT3 (sig-
nal transducer and activator of transcription 3) and 
Ca2+/CaMKII signaling pathways73,74 and decreasing 
endothelial–mesenchymal transition.75 PGC- 1α was 
significantly activated by 1 bout of swimming (3 hour/
session, 2 times, separated by 45 minutes).41 Given 
its robust angiogenesis potential in skeletal mus-
cle, PGC- 1α likely facilitates exercise- induced angio-
genesis, thereby aligning mitochondrial biogenesis, 
consuming oxygen and nutrient, with angiogenesis, 
delivering oxygen and nutrient. Additionally, consistent 
physical exercise regulates the formation of atheroscle-
rotic plaques through the modulation of various myok-
ines, including IL- 6 (interleukin- 6), ADPN (adiponectin), 
and FGF21.76 High- intensity interval training and 
moderate- intensity continuous training alike stimulate 
irisin secretion in skeletal muscles to boost circulating 
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irisin level. By activating the PGC- 1a- FNDC5 (fibronec-
tin type III domain- containing protein 5)- irisin axis, this 
process stimulates the AMPK- PI3K (phosphoinositide 
3- kinase)- Akt- eNOS (endothelial nitric oxide synthase) 
pathway, thereby mitigating endothelial damage and 
reducing pathological inflammation in atherosclerotic 
blood vessel of diabetic mice.77 (Table) (Figure 2).

Ischemic Heart Disease
Ischemic heart disease is a heart disease caused by 
myocardial ischemia, which is the leading cause of 
death from CVDs, according to the World Heart Report 
2023. The primary cause of ischemic heart disease is 
atherosclerosis. The accumulation of atherosclerotic 
plaque gradually narrows coronary arteries, restrict-
ing blood flow and leading to MI. After ischemia, cell 
apoptosis occurs, leading to cardiac fibrosis and exac-
erbating inflammatory responses during reperfusion. 
Exercise training can mitigate apoptosis, inflamma-
tion, and myocardial fibrosis following ischemia–rep-
erfusion, while also promoting vascular regeneration 
through improved mitochondrial redox balance.

Four weeks of treadmill training enhanced mito-
chondrial integrity and biogenesis, concurrently re-
ducing myocardial damage by activating the SIRT1/
PGC- 1α/PI3K/Akt pathway in post- MI myocardium.78 
In MI mice, there is an enhanced conversion of LC3- I 
to LC3- II accompanied by increased levels of cargo 
protein p62.79 Remarkably, after 8 weeks of 15- minute 
swimming training, there was a reduction in LC3- II and 
p62, coupled with elevated expression of PINK (PTEN- 
induced putative kinase)/Parkin to modulate mitoph-
agy.79 Furthermore, there was a significantly increased 
SIRT3 level in myocardial mitochondria after moderate 
training, which mitigated ROS production under hy-
poxic conditions, consequently decreasing apoptosis 
and fibrosis in MI mice.79,80 The results showed that 
the implementation of exercise programs can alleviate 
cardiac fibrosis, pathological remodeling and dysfunc-
tion caused by ischemia though modulating exerkines, 
including musclin, FGF21, FSTL1 (follistatin like 1) and 
myonectin.81 For instance, musclin, an exerkine and 
an important mediator for mitochondrial adaptations 
to endurance training, augmented treadmill train-
ing (15 m/minute, 45 minutes, 5 day/week, 3 weeks)- 
induced cardiac mitochondrial biogenesis and cardiac 
protection by enhancing cGMP/PKG/CREB/PGC1α- 
dependent signaling.82 Both aerobic and resistance 
exercise training can enhance FGF21 protein expres-
sion, deactivate the TGF- 1β (transforming growth fac-
tor beta)- Smad2/3- MMP2/9 (matrix metalloproteinase 
2/9) signaling pathway, alleviate cardiac fibrosis, oxi-
dative stress, and cell apoptosis, thereby ultimately 
enhancing cardiac function in mice with MI.83 Four 
weeks of dynamic resistance training enhanced the 

expression of FSTL1 derived from skeletal muscle, 
potentially compensating for the deficiency of cardiac 
FSTL1, promoting myocardial angiogenesis, and inhib-
iting pathological remodeling via the DIP2A- Smad2/3 
signaling pathway in MI rats.84 Endurance training re-
duced infarct size following ischemia/reperfusion in 
wild- type mice but not in myonectin- knockout mice. 
Conversely, transgenic overexpression of myonectin 
alone effectively mitigated myocardial damage after 
ischemia/reperfusion.85

Reperfusion after MI can aggravate the structural 
damage and dysfunction of tissues and organs, which 
is called IRI.86 IRI is usually caused by free radical dam-
age, calcium overload and white blood cell activation.86 
Too much calcium entering the mitochondria results 
in the dysfunction of cytochrome oxidase system, an 
increase in ROS and damage to mitochondrial func-
tion.87 In particular, elevated levels of Ca2+ can stimulate 
the multiprotein inflammasome, thereby facilitating the 
maturation of the proinflammatory cytokine IL- 1β and 
triggering an inflammatory response.88 During endur-
ance exercise, the ratio of ADP/ATP increases, which 
helps to promote the oxidative phosphorylation of mi-
tochondria and reduce oxidative stress.89 Moderate 
physical exercise can improve the endogenous anti-
oxidant defense system, stimulating the expression of 
superoxide dismutase 1, superoxide dismutase 2, glu-
tathione peroxidase, and glutathione reductase, while 
lowering the levels of several inflammatory markers, in-
cluding IL- 6, homocysteine and TNF- α (tumor necrosis 
factor- alpha), reducing the inflammatory response.90 
Exercise triggers the release of molecules, packaged 
mainly in extracellular vesicles called exosomes, into 
the bloodstream, emphasizing the crucial role of inter-
tissue signaling proteins as mediators in adapting to ex-
ercise.91 After a single bout of endurance exercise (30′ 
treadmill, 70% heart rate), exosomes specific marker 
protein—HSP70 (heat shock protein 70) can rapidly 
activate TLR4/ERK (extracellular regulated protein ki-
nase)/p38 MAPK pathway to promote HSP27 phos-
phorylation, facilitating antioxidative effects through 
the increased expression of mitochondrial antioxidant 
enzymes, ultimately inhibiting vascular endothelial cells 
apoptosis and exerting cardioprotective effect.92,93 In 
addition to the aforementioned, high- intensity treadmill 
exercise promotes vascular regeneration through the 
NAD(+)/SIRT1 pathway in skeletal muscle.94 (Table 1) 
(Figure 3).

Hypertrophic Cardiomyopathy
Hypertrophic cardiomyopathy is a type of cardiomyo-
pathy characterized by left ventricle thickening, asym-
metric ventricular septum hypertrophy, left ventricle 
cavity shrinkage, and diastolic dysfunction, with left 
ventricle ejection fraction retained or increased, which 
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can lead to HF. Cardiac muscle hypercontractility and 
diastolic dysfunction are key pathophysiological ab-
normalities in hypertrophic cardiomyopathy.

For the majority of patients with hypertrophic car-
diomyopathy, engaging in moderate-  and high- intensity 
exercise training is advantageous for enhancing cardi-
orespiratory fitness, functional capacity, and overall qual-
ity of life.95 Exercise improves endothelium- dependent 
vascular relaxation by increasing the release of nitric 
oxide and reducing oxidative stress. Additional mech-
anisms involve a better balance between prostacyclin 
and thromboxane levels, decreased circulating levels of 
endothelin- 1 and an elevation in local ADPN secretion.96 

Furthermore, swimming training significantly hinders 
cardiac pathological remodeling and dysfunction by ac-
tivating the Mhrt779/Brg1/Hdac2/Akt/p- GSK3β signal 
pathway, contributing to the post- translational modifi-
cation of mitochondrial proteins, reducing the opening 
of mPTP and exhibiting antihypertrophic effects.97 
Furthermore, circ- Ddx60, a newly identified circular 
RNA with preferential expression in myocardial tissue, 
reduces mitochondrial protein synthesis to decrease 
the consumption of ATP and contributes to antihyper-
trophic memory pretreatment by inhibiting the elevation 
of phosphorylation of eEF2 (eukaryotic elongation factor 
2) and its upstream AMPK. This discovery provides a 

Figure 2. Exercise improves mitochondrial homeostasis in atherosclerosis.
Atherosclerosis exhibits vascular inflammation, vascular damage and accumulation of plaques. Regular exercise 
can reduce atherosclerotic plaques and inflammatory responses, promoting the formation of endothelial vessels 
through the improvement of mitochondria- related signaling pathways. Exhaustive exercise activates antioxidant 
pathways within the mitochondria of skeletal muscle in mice, while endurance swim training induces FUNDC1- 
mediated mitophagy to reduce inflammatory responses in aged mice. Moderate- intensity treadmill exercise and 
swimming sessions stimulate STAT3/CaMKII signaling pathway within the mitochondria of mice with diabetic 
cardiomyopathy and PGC- 1α signaling pathway within the skeletal muscle of rats, promoting angiogenesis. 
Moreover, physical exercise regulates the formation of atherosclerotic plaques by modulating various myokines, 
such as IL- 6, FGF21, and irisin. In this figure, exerkine irisin is taken as an example to illustrate its function of 
reducing endothelial damage and plaques in diabetic mice. ADPN indicates adiponectin; Akt, phosphorylated 
serine/threonine kinase; AMPK, adenosine5′- monophosphate- activated protein kinase; ATF2, activating 
transcription factor 2; CaMKII, calmodulin- dependent protein kinase II; CSE, cystathionine- γ- lyase; eNOS, 
endothelial nitric oxide synthase; FGF21, fibroblast growth factor 21; FoxO1, forkhead box O1; FUNDC1, FUN14 
domain containing 1; IL- 6, interleukin- 6; NO, nitric oxide; p38MAPK, p38 mitogen- activated protein kinase; 
PGC- 1α, peroxisome proliferator- activated receptor- gamma coactivator 1alpha; PI3K, phosphatidylinositol- 
3- hydroxykinase; PPARγ; peroxisome proliferator- activated receptor γ; ROS, reactive oxygen species; STAT3, 
signal transducer and activator of transcription 3; TLR9, toll- like receptor 9; UCP2, uncoupling protein 2; and 
VEGF, vascular endothelial growth factor.
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potential avenue for identifying novel therapeutic targets 
for pathological myocardial hypertrophy.98 Diabetic car-
diomyopathy, a type of hypertrophic cardiomyopathy, is 
a cardiac condition induced by hyperglycaemia and in-
sulin resistance. Research shows that treadmill exercise 
can enhance the cardioprotective effect of FGF21, which 
prevents toxic lipid- induced mitochondrial dysfunc-
tion and oxidative stress by activating AMPK/FOXO3 
(forkhead box O1)/SIRT3 signaling axis in in mice with 
diabetic cardiomyopathy99 (Table 1, Figure 4). It can be 
seen from this discussion that exerkines are released 
into the bloodstream through exercise, influencing 

cardiac vessels and cardiomyocytes. They enhance mi-
tochondrial function, promote vascular relaxation, and 
contribute to antimyocardial hypertrophy effects.

Dilated Cardiomyopathy
DCM is typically defined by the enlargement of the 
left ventricle or both ventricles, or systolic dysfunc-
tion, without abnormal loading conditions or significant 
coronary artery disease that could cause ventricular 
remodeling. The causes include genetic factors (pri-
mary dilated cardiomyopathy) and acquired factors 

Figure 3. Exercise improves IHD by facilitating intercellular communication.
Following ischemia, cell apoptosis ensues, cardiac fibrosis develops, and the inflammatory response is 
exacerbated during reperfusion. Exercise training can reduce apoptosis, inflammation and myocardial fibrosis 
following IR and promote vascular regeneration by improving mitochondrial redox balance. During exercise, 
exerkines are transported via exosomes to specific sites where they exert antiapoptotic functions through the 
increased expression of mitochondrial antioxidant enzymes, such as glutathione reductase, catalase. After 
exercise, the increase of antioxidant enzymes and the decrease inflammatory factors can reduce inflammation. 
Remarkably, swimming training make an elevated expression of PINK/Parkin and LC3- I, which can modulate 
mitophagy to exert a similar anti- inflammatory effect. Endurance exercise also enhances the ADP/ATP ratio, 
thereby promoting mitochondrial OXPHOS and reducing mitochondrial oxidative stress. The release of exerkines 
such as musclin, FGF21, FSTL1, and myonectin promote mitochondrial dynamics, biogenesis, and autophagy, 
which collectively contribute to angiogenesis and inhibit myocardial fibrosis. In this figure, exerkine FGF21 is taken 
as an example to illustrate its antifibrotic effect. Notably, exerkines play a crucial role in augmenting intercellular 
communication and ameliorating cardiovascular diseases. CAT indicates catalase; ERK, extracellular signal- 
regulated protein kinase; FGF21, fibroblast growth factor 21; FSTL1, follistatin like 1; GR, glutathione reductase; 
GSH- Px, glutathione peroxidase; HSP70, heat shock protein 70; IHD, ischemic heart disease; IL- 6, interleukin- 6; 
IR, ischemia–reperfusion; LC3, light chain 3; MMP2/9, matrix metalloproteinase- 2/9; p38 MAPK, p38 mitogen- 
activated protein kinase; OXPHOS, oxidative phosphorylation; P, phosphorylation; PINK, PTEN- induced putative 
kinase; Smad2/3, phospho Thr8; SOD, superoxide dismutase; TGF- β, transforming growth factor- beta; TLR4, 
toll- like receptor 4; and TNF- α, tumor necrosis factor- alpha.
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(secondary dilated cardiomyopathy). Therefore, diag-
nostic tests and treatment strategies should always 
account for both genetic predisposition and acquired 
risk factors.100

Endurance exercise for 3 months improved ven-
tricular ejection fraction, mitigated fibrosis, and de-
creased cardiomyocyte apoptosis in aged mice with 
DCM due to gene mutation.101 However, not all exer-
cise is beneficial for improving DCM. For mice lacking 
nuclear DNA ANT1 (adenine nucleotide translocase 1), 
endurance exercise actually exacerbated the DCM.102 
Meanwhile, Danon disease, resulting from radical 
mutations in the LAMP2 gene, presents cardiac hy-
pertrophy followed by left ventricular dilatation and 
systolic dysfunction in terms of cardiac phenotype. 
Compared with sedentary lifestyle, exercise training 
stimulated autophagy and aggravated the DCM phe-
notype in Danon mice.103 In terms of DCM caused by 
acquired risk factors, its occurrence is linked to Ca2+ 
imbalance, mitochondrial dysfunction, inflammation, 

and metabolic abnormalities. Treadmill exercise for 
6 weeks promotes Ca2+ homeostasis and arrhythmia 
remodeling in arrhythmogenic right ventricular cardio-
myopathy, a type of DCM.104,105 Exercise can promote 
mitochondrial biogenesis and normal metabolism, re-
ducing inflammation and metabolic disorders caused 
by DCM106,107 (Figure  5). Doxorubicin accumulated in 
the mitochondria, induces oxidative stress and inhibits 
the SERCA2a (sarcoplasmic reticulum calcium ATPase 
2a), which, together with myocardial fibrosis and vas-
cular dysfunction, induces DCM. One- legged dynamic 
knee extensor exercise for 5 hours can reduce the car-
diotoxicity of doxorubicin and improve DCM by releas-
ing exerkines, such as irisin and IL- 6.108 Inflammation 
and immune system disorders are still important 
pathological mechanisms causing DCM.109 Exhaustive 
exercise has been shown to trigger PINK1- dependent 
mitophagy, reduce the release of damage- associated 
molecular patterns, and consequently, mitigate inflam-
matory responses.110 (Table 1) Exercise can effectively 

Figure 4. Exercise improves mitochondrial function in HCM.
Exerkines are released into the bloodstream through exercise, influencing cardiac vessels and cardiomyocytes. They enhance 
mitochondrial function, promote vascular relaxation, and contribute to antimyocardial hypertrophy effects. Increased NO activates 
GC to catalyze the synthesis of GTP into cGMP, promoting vascular relaxation, and the balance between TXA2 and prostacyclin also 
contributes to this effect.
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reduce the vicious cycle between mitochondrial dys-
function, Ca2+ homeostasis disruption, and inflamma-
tory imbalance to mitigate DCM through enhancing 
mitochondrial biogenesis, promoting mitophagy, and 
improving mitochondrial metabolism and Ca2+ balance.

CONCLUSIONS
Exercise can enhance cardiovascular health through 
promoting the release of hormones, improving body 
metabolism, reducing blood lipids, and other aspects. 
What is noteworthy is that exerkines released after ex-
ercise, an aspect of improved physical fitness caused 

by exercise, may play a role in reducing diseases and 
improving cardiovascular function by addressing mi-
tochondrial dysfunction. Here, we offer a exhaustive 
review of the possible impacts of physical activity and 
regular exercise in CVDs, establishing a connection be-
tween mitochondrial dysfunction and the initiation and 
progression of CVDs. Exercise regulates mitochondrial 
biogenesis, dynamic balance, autophagy, and protein 
homeostasis to achieve quality control and enhance 
mitochondrial homeostasis, thereby improving car-
diovascular health. By delving into the mitochondria- 
related molecular mechanisms underlying the effects 
of exercise on CVDs, this review provides new insights 
for future treatments of CVDs.

Figure 5. Exercise mitigates DCM.
In DCM, disruptions in Ca2+ regulation, mitochondrial dysfunction, and inflammation coexist, mutually reinforcing 
and exacerbating the condition. Exercise promotes mitochondrial biogenesis, enhances mitochondrial 
metabolism, supports proper mitochondrial oxidative phosphorylation, and ensures energy supply and 
mitochondrial function. Additionally, exercise stimulates PINK- dependent mitophagy, reducing inflammation. 
It also facilitates the normal transport of mitochondrial Ca2+, maintains Ca2+ homeostasis, and helps prevent 
oxidative stress and inflammation caused by mPTP opening. Through effective exercise intervention, the 
progression of DCM is significantly inhibited, leading to reduced ventricular dilation and improved cardiac 
function. AMPK indicates adenosine5′- monophosphate- activated protein kinase; CoQ, coenzyme Q; Cyt C, 
cytochrome C; DCM, dilated cardiomyopathy; ERK, extracellular regulated protein kinase; ERR, estrogen- related 
receptor; FADH, flavine adenine dinucleotide; LC3, light chain 3; MCU, mitochondrial calcium uniporter; mPTP, 
mitochondrial permeability transition pore; NADH, nicotinamide adenine dinucleotide; NLCX, mitochondrial Na+/
Ca2+ exchanger; OPTN, optineurin; PGC- 1α, peroxisome proliferator- activated receptor- gamma coactivator 
1alpha; PINK, PTEN- induced putative kinase; ROS, reactive oxygen species; TCA cycle, tricarboxylic acid cycle; 
Ub, ubiquitin; and ULK1, unc- 51- like autophagy- activating kinase 1.
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