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Abstract

Cardiomyopathies are critical clinical conditions. Their onset is associated with 
genetic factors, environmental impacts, and cellular dysfunctions. As a heterogeneous 
group of complex heart diseases, cardiomyopathies have been a central focus of 
medical research for a long time. With the advancement of science and technology 
and the deepening of research, an increasing number of genes and molecules have 
been demonstrated to be closely linked to the development and progression of 
cardiomyopathies. OPA1, a protein involved in the fusion of the inner mitochondrial 
membrane, plays a pivotal role in maintaining the normal function and morphology of 
mitochondria. In recent years, the signifi cance of mitochondrial dynamics in cardiac 
health and disease has drawn considerable attention. Mitochondrial dysfunction is a 
major factor contributing to cardiac impairment. When the mitochondrial dynamics 
within cardiomyocytes are disrupted, it results in abnormal function and morphology of 
these cells. Overexpression of OPA1 signifi cantly boosts the mitochondrial fusion activity 
in cardiomyocytes, enhances mitochondrial function, and alleviates oxidative stress-
induced damage, thereby exerting a protective effect in the context of cardiomyopathy. 
Conversely, a defi ciency of OPA1 leads to mitochondrial fragmentation and impaired 
energy metabolism, further deteriorating the function of cardiomyocytes. This article 
aims to delve into the mechanisms and effects by which OPA1 regulates mitochondrial 
dynamics to improve cardiomyopathy. It also summarizes the role of targeting OPA1 to 
regulate mitochondrial dynamics for the prevention and treatment of cardiomyopathy, 
with the intention of offering novel perspectives for the diagnosis and treatment of this 
condition.

Introduction
Cardiomyopathy is commonly observed as a complication 

of sepsis [1,2]. Individuals with a family history of 
cardiomyopathy, a record of viral myocarditis, a history of 
long-term excessive alcohol intake, or exposure to cardiotoxic 
drugs are more susceptible to developing cardiomyopathy [3]. 
Among the most common complications of sepsis, minimizing 
cardiac damage and restoring cardiac function in sepsis 
patients can effectively reduce the mortality rate and improve 
their prognosis [4,5]. Pathologically, it is ϐirmly established 
that cardiomyopathy is closely linked to the derangement 
of cardiac mitochondrial dynamics and mitochondrial 

dysfunction [6]. In exploring prevention and treatment 
strategies for cardiomyopathy, research on mitochondrial 
dynamics has emerged as a focal point for researchers.

The stabilization of mitochondrial dynamics holds a 
crucial position in organs and tissues with high energy 
demands, such as the cardiovascular system [7]. Imbalances 
in mitochondrial dynamics can disrupt the organization 
and function of cardiomyocytes, giving rise to a range of 
cardiovascular diseases. Mitochondrial dynamics governs 
cell fate by regulating energy supply, the generation of 
intracellular reactive oxygen species, and calcium homeostasis 
[8]. Currently, there is a dearth of comprehensive studies that 
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explore the role of Optic Atrophy 1 (OPA1) in modulating 
mitochondrial dynamics to improve the status of different 
cell types in the context of cardiomyopathy. Therefore, this 
paper offers a thorough review and synthesis of the existing 
research on how OPA1 regulates mitochondrial dynamics 
and impacts various cardiac cells to prevent cardiomyopathy, 
from the perspectives mentioned above. This endeavor is of 
signiϐicant scientiϐic and clinical importance for the alleviation 
of cardiomyopathy.

Correlation of OPA1 with mitochondrial dynamics

Research on mitochondrial dynamics can be traced back 
to 1914, when Lewis, et al. [9] indicated that mitochondrial 
dynamics refers to the dynamic process in which mitochondria 
within a cell continuously undergo division and fusion, 
thereby maintaining the stability of their morphology and 
network structure. Mitochondrial dynamics comprises two 
fundamental processes: mitochondrial fusion and ϐission, 
which are coordinated to sustain mitochondrial homeostasis.

The fusion process facilitates the sharing of mitochondrial 
resources and the repair of damaged mitochondria. By forming 
a larger mitochondrial network, it enhances the efϐiciency of 
energy production. In contrast, the ϐission process ensures 
the even distribution of mitochondria and the transmission 
of genetic information. This guarantees that each daughter 
cell acquires an adequate number of mitochondria during 
cell division. OPA1, a mitochondrial fusion protein, plays a 
pivotal role in maintaining the morphology of mitochondrial 
cristae and is involved in mitochondria-mediated apoptosis, 
among other processes. It is indispensable for maintaining 
mitochondrial homeostasis and is crucial for preserving the 
stability of mitochondrial dynamics. The mitochondrial fusion 
process is primarily regulated by two proteins: Mitochondrial 
fusion proteins (Mfn) 1 and 2, and Optic Atrophy Protein 1 
(OPA1). OPA1 participates in the entire process of the fusion 
of the inner mitochondrial membrane and plays a vital 
role in maintaining the structure and function of the inner 
mitochondrial membrane and supporting its morphological 
integrity [11]. Research ϐindings have demonstrated that 
when the mechanisms of mitochondrial fusion and ϐission 
are disrupted in the hearts of mice, it gives rise to an 
imbalance in mitochondrial dynamics, which severely impairs 
cardiac function [12]. Mitochondrial function is a crucial 
pathophysiological factor in septic cardiomyopathy (SCM) 
[13]. Studies have indicated that sustaining the dynamic 
equilibrium of mitochondrial dynamics is essential for the 
normal function of cardiomyocytes. An imbalance between 
mitochondrial ϐission and fusion results in the accumulation 
of fragmented mitochondria, which triggers myocardial injury 
and eventually leads to cardiac diseases [14]. In summary, 
OPA1 is closely associated with mitochondrial dynamics, 
and this relationship can be manifested in its contribution to 
maintaining the normal structure and function of mitochondria 
as well as cellular homeostasis.

The mitochondrial swelling-contraction cycle is a 
fundamental process in mitochondrial dynamics, playing 
a pivotal role in maintaining energy metabolism, redox 
homeostasis, and cellular survival, with signiϐicant 
implications for cardiac health. This cycle regulates 
mitochondrial membrane permeability, ion balance, and ATP 
synthesis efϐiciency, and its dysregulation is strongly linked to 
the pathogenesis of various cardiovascular diseases. 

Mitochondrial membrane potential serves as a critical 
functional indicator of mitochondrial integrity [15]. Under 
physiological conditions, mitochondria sustain an optimal by 
modulating inner membrane permeability, thereby ensuring 
efϐicient oxidative phosphorylation and a stable ATP supply 
for cardiomyocytes. However, during ischemia/reperfusion 
(I/R) injury, pathological mitochondrial swelling occurs, 
driven by aberrant opening of the mitochondrial Permeability 
Transition Pore (mPTP). This results in catastrophic Ca², 
overload, excessive ROS production, and severe ATP depletion, 
culminating in cardiomyocyte apoptosis or necrosis. Studies 
demonstrate that reperfusion-induced mitochondrial swelling 
coincides with cristae disruption, which impairs electron 
transport chain activity and exacerbates myocardial damage. 
Furthermore, in heart failure, chronic overactivation of 
β-adrenergic receptors disrupts mitochondrial homeostasis, 
leading to dysregulation of the swelling-contraction cycle and 
progressive deterioration of cardiac function. In recent years, 
therapeutic interventions targeting mitochondrial dynamics 
have emerged as a key research focus. For instance, inhibition 
of the mitochondrial ϐission protein DRP1 has been shown 
to attenuate pathological swelling and improve myocardial 
energy metabolism. Conversely, enhancement of mitophagy 
facilitates the clearance of damaged, swollen mitochondria, 
thereby preserving cardiomyocyte viability. Notably, 
antioxidant agents such as reduced coenzyme Q10 (ubiquinol) 
demonstrate protective effects by mitigating oxidative stress, 
which helps stabilize mitochondrial membrane integrity and 
maintain normal swelling-contraction cycles. In pulmonary 
hypertension, modulation of MCJ protein expression has been 
found to improve mitochondrial adaptability and preserve 
right ventricular function. These ϐindings collectively 
suggest that targeted regulation of mitochondrial dynamics 
may represent a promising novel approach for future 
cardiovascular therapies.

OPA1 and cardiomyopathy

Currently, Cardiomyopathies are generally classiϐied into 
ϐive types, namely hypertrophic cardiomyopathy, dilated 
cardiomyopathy, non-dilated left ventricular cardiomyopathy, 
arrhythmogenic right ventricular cardiomyopathy, and 
restrictive cardiomyopathy. Below is a concise description of 
the mechanism by which OPA1 exerts its effects in the context 
of cardiomyopathy.

OPA1 and hypertrophic cardiomyopathy: Hypertrophic 
Cardiomyopathy (HCM) often has a genetic basis. It is 
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characterized by asymmetric hypertrophy of the ventricular 
wall, typically involving the encroachment of the ventricular 
septum. This encroachment reduces the volume of the 
ventricular chambers and hinders the ϐilling of blood [16]. As 
a myocardial disease, HCM can eventually lead to heart failure 
when the heart endures prolonged loading or chronic stress. 
Studies have revealed that myocardial hypertrophy and 
remodeling are closely associated with mitochondrial fusion. 
In a mouse model of heart failure, the expressions of OPA1 and 
MFN2 are downregulated in hypertrophied cardiomyocytes 
[17,18]. Compared with the control group, mice with OPA1 
gene knockout exhibited more severe myocardial hypertrophy 
following 6 weeks of aortic constriction-induced pressure 
overload [19]. Research has demonstrated that upregulating 
the expression of OPA1 can enhance mitochondrial function 
and has a beneϐicial effect on pressure overload-induced 
cardiomyopathy and heart failure [20]. Evidently, maintaining 
the homeostasis of mitochondrial dynamics is crucial for 
preserving normal myocardial function.

OPA1 and dilated cardiomyopathy: Dilated 
Cardiomyopathy (DCM) is characterized by the dilation of the 
left ventricle and the presence of either global or localized 
systolic dysfunction. It is commonly triggered by factors such 
as hypertension, valvular heart disease, and coronary artery 
disease [16]. Studies have demonstrated that in a mouse 
model of DCM, the mitochondrial structure shows signs of 
disorganization, with swelling and the formation of vacuoles. 
There is an abnormal increase in the content of Reactive 
Oxygen Species (ROS). The expressions of mitochondrial 
ϐission proteins DRP1 and FIS1 are upregulated, while the 
expressions of mitochondrial fusion proteins OPA1 and 
MFN2 are downregulated. This impairment of mitochondrial 
morphology and the disruption of mitochondrial homeostasis 
ultimately lead to myocardial injury [21].

Other research ϐindings have indicated that when the 
function of OPA1 is compromised, it gives rise to both 
morphological and functional abnormalities in mitochondria. 
These abnormalities, in turn, have a signiϐicant impact on the 
structure and function of the heart and are closely associated 
with the onset and progression of cardiomyopathy [22]. 
OPA1 is considered to be a key molecular regulator in the 
development of dilated cardiomyopathy, participating in the 
regulation of mitochondrial dynamics and the changes in 
the structure of mitochondrial cristae. Therefore, abnormal 
mitochondrial dynamics is likely to be a crucial contributing 
factor to the development of dilated cardiomyopathy.

OPA1 and non-dilated left ventricular cardiomyopathy: 
Non-dilated left ventricular cardiomyopathy (ND-LVCM) 
is a condition where the left ventricular myocardium is 
replaced by non-ischemic scar or adipose tissue, or shows 
isolated hypokinesia without the presence of scarring [23]. 
The normal mitochondrial fusion process plays a crucial 
role in regulating mitochondrial morphology, facilitating 

content exchange within mitochondria, and maintaining 
mitochondrial genetic stability. In doing so, it helps to sustain 
mitochondrial homeostasis, which is vital for various aspects 
of cardiomyocyte function, including cell cycle progression and 
the regulation of apoptosis [24]. Abnormalities in OPA1 can 
potentially lead to an imbalance in mitochondrial dynamics. 
This imbalance, in turn, can disrupt the energy metabolism 
of cardiomyocytes and affect their survival. Although a direct 
and speciϐic association between OPA1 and non-dilated left 
ventricular cardiomyopathy has not been established, when 
considering the known role of OPA1 in cardiomyocytes and 
the ϐindings from its study in other types of cardiomyopathies, 
it is clear that mutations or abnormal expressions of the OPA1 
gene can impair the normal function of mitochondria. Such 
impairments can trigger a cascade of pathological changes in 
cardiomyocytes, including metabolic disorders, heightened 
oxidative stress, and an increased rate of apoptosis. These 
changes may ultimately contribute to the development of non-
dilated left ventricular cardiomyopathy.

OPA1 and restrictive cardiomyopathy: Restrictive 
Cardiomyopathy (RCM) is characterized by a 
pathophysiological state where, in the restrictive left and/
or right ventricle, the diastolic volume is either normal or 
decreased (in one or both ventricles), while the systolic 
volume and the thickness of the ventricular wall remain 
normal [16]. There is a signiϐicant association between the 
OPA1 gene and restrictive cardiomyopathy. When mutations 
occur in the OPA1 gene, they can lead to abnormal function of 
the OPA1 protein. This, in turn, impairs normal mitochondrial 
function, manifested as changes in mitochondrial morphology, 
disruptions in energy metabolism, and an increase in apoptosis. 
These consequences may ultimately cause damage and death 
of cardiomyocytes, thereby facilitating the progression of 
restrictive cardiomyopathy. Studies have demonstrated that 
the fusion of OPA1 to the inner mitochondrial membrane 
enhances oxidative phosphorylation. For this reason, OPA1 is 
often considered as a therapeutic target for the treatment of 
cardiomyopathy and heart failure [11]. Evidently, the OPA1 
gene, serving as a crucial regulator of mitochondrial dynamics, 
is closely intertwined with the development of restrictive 
cardiomyopathy.

OPA1 and arrhythmogenic right ventricular 
cardiomyopathy: Arrhythmogenic Right Ventricular 
Cardiomyopathy (ARVC) is a type of cardiomyopathy 
characterized by a predominantly dilated and/or dysfunctional 
right ventricle, accompanied by histological changes and/
or electrocardiographic abnormalities [25].Considering the 
crucial role of OPA1 in maintaining mitochondrial function and 
promoting cellular health, as well as the potential association 
between mitochondrial dysfunction and cardiac diseases, it 
is plausible that OPA1 may play a role in the pathogenesis of 
ARVC to some degree. While current studies have not directly 
linked OPA1 to ARVC. Given the signiϐicant function of OPA1 
in cardiac cells, future research may uncover its potential 
involvement in the development and progression of ARVC.
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OPA1 and cardiac cells

The heart is a sophisticated multicellular organ comprising 
cardiomyocytes, myocardial ϐibroblasts, endothelial cells, 
inϐlammatory cells, and stem cells. These cell types are subject 
to regulation and engage in interactions to maintain normal 
myocardial function and govern cardiac repair processes 
[26]. The proper functioning of OPA1 is of utmost importance 
for safeguarding the health of cardiomyocytes and exerts a 
signiϐicant inϐluence on the alleviation of cardiomyopathy. 
By conducting in-depth investigations into the speciϐic 
mechanisms through which OPA1 acts within different cell 
types, there is an expectation that novel therapeutic strategies 
can be formulated. These strategies are anticipated to confer 
substantial beneϐits to the vast majority of patients suffering 
from cardiomyopathy.

OPA1 and cardiomyocytes: Cardiomyocytes are the 
primary constituents of the heart and are tasked with 
performing the heart’s contractile and diastolic functions. 
They make up approximately 30% of all cells within the 
heart. The initiation and progression of cardiomyopathy are 
intricately linked to the level of apoptosis in cardiomyocytes. 
Studies have demonstrated that the degree of cardiomyocyte 
apoptosis is heightened in cardiovascular diseases. As the 
rate of cardiomyocyte apoptosis increases, cardiac function 
deteriorates, ultimately leading to myocardial ϐibrosis or 
heart failure. Conversely, inhibiting cardiomyocyte apoptosis 
has been shown to alleviate cardiomyopathy [27].

The stability of mitochondrial morphology plays a 
decisive role in determining cell fate and inϐluencing disease 
development. The dynamic function of mitochondria enables 
the formation of new mitochondria through the fusion of 
adjacent damaged mitochondria. This process enhances the 
mitochondrial mass, thereby maintaining the physiological 
functions of cardiomyocytes. Research has indicated that 
mitochondrial ϐission and cristae defects are present in the 
subepicardial left ventricular tissues of heart failure patients. 
These abnormalities signiϐicantly impair energy metabolism 
and the apoptosis of cardiomyocytes. Notably, OPA1 serves as 
a crucial regulator of mitochondrial fusion and the structure 
of mitochondrial cristae [28]. It has been discovered that an 
imbalance between mitochondrial fusion and ϐission, along 
with the accumulation of abnormal mitochondria, contributes 
to mitochondrial dysfunction and myocardial injury. 
Moreover, a reduction in OPA1 levels accelerates the apoptosis 
and progressive loss of cardiomyocytes, which may further 
exacerbate the advancement of heart failure [29]. These 
studies imply a strong correlation between the alteration 
of mitochondrial fusion proteins and the development of 
cardiomyopathy. The disruption of the mitochondrial fusion 
mechanism intensiϐies mitochondrial ϐission, which may 
ultimately result in the apoptosis of cardiomyocytes [30]. 
Cardiomyocytes are densely populated with mitochondria. 
Any disarray in mitochondrial dynamics can have a 

detrimental impact on mitochondrial function. Among these, 
the expression level of OPA1 plays a critical role in regulating 
mitochondrial fusion [31]. As one of the cell types in the body 
with the highest energy demands, cardiomyocytes rely heavily 
on the efϐicient operation of mitochondrial dynamics to carry 
out their normal functions. In conclusion, by increasing the 
expression of OPA1 or suppressing its shearing process, it is 
possible to effectively inhibit excessive mitochondrial ϐission 
and promote mitochondrial fusion. This, in turn, enhances 
the energy supply and the anti-oxidative stress capacity of 
cardiomyocytes. Such a regulatory mechanism contributes 
to mitigating cardiomyocyte injury and slowing down the 
progression of heart failure. The imbalance of mitochondrial 
dynamics is especially evident in pathological conditions 
like cardiomyopathy. OPA1 is indispensable for maintaining 
mitochondrial homeostasis and proper energy metabolism 
within cardiomyocytes.

OPA1 and ibroblasts: In addition to cardiomyocytes, 
cardiac ϐibroblasts also play a crucial role in the development 
of cardiomyopathy. Fibroblasts originate from mesenchymal 
cells. When the myocardium is damaged and an inϐlammatory 
response ensues, the abnormal proliferation of cardiac 
ϐibroblasts and the excessive deposition of the extracellular 
matrix may be signiϐicant contributing factors to the onset of 
cardiomyopathy.

Studies have demonstrated that OPA1-mediated 
mitochondrial fusion promotes the proliferation of ϐibroblasts 
[32]. Mitochondrial dynamics serve as a key mechanism for 
regulating mitochondrial stability and safeguarding ϐibroblasts 
[33]. In ϐibroblasts, mutations or dysfunctions of OPA1 
can trigger alterations in a variety of cellular mechanisms. 
Research has shown that knocking down OPA1 within 
embryonic ϐibroblasts can induce apoptosis [34]. Researchers 
have found that patients with OPA1 gene–associated 
inherited optic atrophy (OPA1-OA) exhibit a signiϐicantly 
higher proportion of fragmented mitochondria in their cells 
compared to normal control subjects. Additionally, the cell 
proliferation ability of OPA1 mutant ϐibroblasts is reduced 
when there is increased cell density or nutrient deϐiciencies 
[35]. These ϐindings suggest that OPA1 is essential for 
maintaining the normal growth and metabolism of ϐibroblasts. 
The mechanisms by which mitochondria and ϐibroblasts act 
in the alleviation of cardiomyopathy are interrelated. On 
one hand, a decline in mitochondrial function may lead to 
an inadequate energy supply, thereby impairing the normal 
repair function of ϐibroblasts. On the other hand, the abnormal 
activation of ϐibroblasts may further exacerbate the disruption 
of mitochondrial homeostasis [36]. In conclusion, when the 
heart is damaged, cardiac ϐibroblasts proliferate and secrete 
collagen ϐibers, leading to myocardial ϐibrosis. This, in turn, 
further impairs cardiac function. In a nutshell, enhancing the 
function of OPA1 can stimulate the activation of ϐibroblasts 
while suppressing the excessive deposition of collagen ϐibers. 
As a result, it can reduce the extent of myocardial ϐibrosis and 
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enhance the overall function of the heart. The function of OPA1 
in ϐibroblasts is primarily manifested in its ability to maintain 
mitochondrial homeostasis and functionality. Abnormalities 
in OPA1 may lead to mitochondrial dysfunction, which 
subsequently disrupts the normal physiological functions 
of cells. Therefore, by improving mitochondrial dynamics 
through OPA1, the regulation of ϐibroblasts can inϐluence their 
activation status, potentially contributing to an improved 
prognosis for patients with cardiomyopathy. 

OPA1 and vascular endothelial cells: Vascular 
endothelial cells, which form a single layer of cells within 
the vascular lumen, are a vital component of the cardiac 
vasculature. Functional abnormalities of these cells are closely 
intertwined with a diverse range of cardiovascular diseases. 
Under pathological conditions, vascular endothelial cells are 
capable of secreting a substantial amount of inϐlammatory 
factors. This secretion contributes to an elevation in 
microvascular permeability and can trigger the development 
of various cardiovascular diseases, including cardiomyopathy 
[37]. The vascular intima is lined with endothelial cells, which 
create an impermeable yet somewhat leaky barrier between 
the circulating blood and the outer substrate of the blood 
vessel [38]. 

Studies have revealed a strong correlation between 
abnormal endothelial barrier function and mitochondrial 
dysfunction [39]. When mitochondrial function is abnormal, 
it increases the permeability of the vascular endothelial 
cell membrane and further worsens the impairment of the 
endothelial barrier function [40]. Research has demonstrated 
that in the coronary artery endothelial cells of a mouse 
model of cardiomyopathy, mitochondria exhibit signiϐicant 
disruptions, which are associated with a decrease in OPA1 
expression. By promoting the expression of OPA1, the levels 
of mitochondrial fusion and oxidative phosphorylation can be 
enhanced [41]. 

Conversely, the overexpression of mitochondrial ϐission 
mediated by Drp1 in mitochondrial dynamics can stimulate 
the production of mitochondrial reactive oxygen species 
(ROS). Excessive ROS can increase the phosphorylation of 
Drp1 by activating the C-Jun amino-terminal protein kinase 
signaling pathway. This excessive division creates a feedback 
loop of mitochondrial damage that may ultimately result in 
the death of endothelial cells [42]. Evidently, the dysfunction 
of endothelial cells is closely linked to the imbalance of 
mitochondrial dynamics.

In conclusion, OPA1 has the ability to impact the 
proliferation, migration, and apoptosis of vascular endothelial 
cells by modulating their mitochondrial dynamics. During 
vascular injury or an inϐlammatory response, an increased 
expression of OPA1 can facilitate the repair and regeneration 
of vascular endothelial cells. It can also mitigate the 
inϐlammatory response and oxidative stress-induced damage 

within the vessel wall. As a result, it plays a crucial role in 
safeguarding the health of the cardiovascular system.

OPA1 and in lammatory cells: A signiϐicant pathological 
manifestation of septic cardiomyopathy is the inϐlammatory 
response [43,44]. Moreover, the inϐlammatory response in 
cardiomyocytes often serves as an early indicator of myocardial 
injury. Cardiomyopathy may be initiated when the levels of 
inϐlammatory cytokines in the body rise. If these cytokines 
are not completely cleared or if the inϐlammatory response 
persists even after clearance, inϐlammatory cardiomyopathy 
will ensue [45]. Studies have demonstrated that OPA1 can 
regulate the metabolism and function of macrophages via 
the P65 signaling pathway. Macrophages play a crucial role 
in the host’s response to pathogens, in the modulation of 
inϐlammation, and tissue regeneration. The activity of OPA1 
may affect the polarization state of macrophages, determining 
whether they tend to promote or suppress inϐlammation [46]. 
Evidence has shown that OPA1 helps maintain mitochondrial 
homeostasis by promoting mitochondrial fusion and reducing 
the stress response of inϐlammatory cells. Imbalances in 
mitochondrial dynamics, such as decreased mitochondrial 
fusion, can lead to mitochondrial dysfunction, which 
further intensiϐies the inϐlammatory response [47]. Zhou, 
et al. reported that engeletin improved cardiac function by 
activating the AMPK pathway. This activation promoted the 
expression of mitochondrial fusion proteins OPA1 and Mfn1, 
inhibited the expression of mitochondrial ϐission proteins 
Drp1 and Fis1, and alleviated the degree of mitochondrial 
functional impairment [48]. 

In conclusion, OPA1 may mitigate the inϐlammatory 
response by regulating mitochondrial dynamics and 
contributing to the preservation of mitochondrial integrity 
and function. In doing so, it helps to improve the pathological 
condition of cardiomyopathy.

OPA1 and stem cells: The restoration of functional 
myocardium using stem cells has emerged as a viable 
therapeutic strategy. Cardiomyocytes differentiated from 
stem cells can replicate the successive stages of embryonic 
heart development. After implantation, they secrete a diverse 
array of biologically active substances. These substances 
inϐluence the damaged myocardium via paracrine signaling, 
accelerating angiogenesis, repairing injured cardiomyocytes, 
enhancing cardiac function, and promoting myocardial 
remodeling [49]. Research has indicated that a high level of 
OPA1 expression can inϐluence the survival and paracrine 
function of stem cells. As a result, it helps maintain the normal 
morphology and function of mitochondria under hypoxic 
conditions. Another study demonstrated that by examining 
the upstream factors of OPA1, GDF11 was found to enhance 
the anti-apoptotic capacity of Mesenchymal Stem cells (MSCs) 
under hypoxic stress. This is achieved by activating the TGFβ-
Smad2/3-YME1L-OPA1 signaling pathway, providing a solid 
foundation for the clinical application of stem cell therapy 
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