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Abstract

Heart failure and myocardial infarction, global health concerns, stem from limited cardiac regeneration post-injury. Myo-
cardial infarction, typically caused by coronary artery blockage, leads to cardiac muscle cell damage, progressing to heart
failure. Addressing the adult heart's minimal self-repair capability is crucial, highlighting cardiac regeneration research's
importance. Studies reveal a metabolic shift from anaerobic glycolysis to oxidative phosphorylation in neonates as a key
factor in impaired cardiac regeneration, with mitochondria being central. The heart's high energy demands rely on a robust
mitochondrial network, essential for cellular energy, cardiac health, and regenerative capacity. Mitochondria's influence
extends to redox balance regulation, signaling molecule interactions, and apoptosis. Changes in mitochondrial morphology
and quantity also impact cardiac cell regeneration. This article reviews mitochondria's multifaceted role in cardiac regen-
eration, particularly in myocardial infarction and heart failure models. Understanding mitochondrial function in cardiac
regeneration aims to enhance myocardial infarction and heart failure treatment methods and insights.
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LDHA Lactate Dehydrogenase A Cardiovascular diseases (CVD) are the primary cause of
IncRNA  Long Non-Coding RNA mortality from non-communicable diseases worldwide. In
MCD Malonyl-CoA Decarboxylase 2019, CVD-related deaths reached 17.9 million, account-
MI Myocardial Infarction ing for 32% of the total global deaths [1]. Acute myocar-

dial infarction (MI) is precipitated by the rupture of fragile
atherosclerotic plaques or concurrent thrombosis, resulting
in coronary artery occlusion and progressive necrosis in
54 Lian-Sheng Wang hypoperfused myocardial regions [2]. Myocardial injury, as

drlswang @njmu.edu.cn in the case of MI, leads to cardiomyocyte loss, fibrotic tis-
sue deposition, and scar tissue formation. This scar tissue,
being non-functional, contributes to pathological cardiac
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remodeling, impairs myocardial contractility, and ultimately
leads to heart failure [3-5]. As a principal cause of mortality
worldwide, effective therapeutic strategies to repair cardiac
injury remain elusive. Current clinical interventions primar-
ily aim at early reperfusion of ischemic myocardium through
thrombolytic therapy, percutaneous coronary intervention
(PCI), and coronary artery bypass graft (CABG) [6]. For
patients at high risk following MI, a variety of pharmaco-
logical agents are employed as part of guideline-directed
medical therapy (GDMT) to reduce mortality and/or the
risk of hospitalization due to heart failure. These include
B-blockers, angiotensin-converting enzyme inhibitors or
angiotensin receptor blockers and mineralocorticoid recep-
tor antagonists [7]. Despite these interventions decelerat-
ing the progression of cardiovascular diseases, they do not
induce cardiac regeneration. The pursuit of cardiac regenera-
tion therapy, focusing on facilitating myocardial repair and
regeneration to restore cardiac function, has emerged as a
pivotal area of research. This innovative approach is deemed
a potential game-changer in reversing cardiac damage [3].

Traditionally, the heart was considered one of the organs
with the least regenerative capacity. However, in 2009, Berg-
mann et al., through research on C14 isotope that was incor-
porated into the DNA of human heart muscle cells during
the Cold War confirmed that the heart is an organ that is
continuously renewing [8]. Although this is a very slow pro-
cess, insufficient for repairing the heart when it is damaged,
this discovery opened the door to the possibility of cardiac
regeneration. In recent years, researchers have conducted
in-depth exploration of heart regeneration, attempting to
find mechanisms that promote myocardial cell prolifera-
tion and regeneration. The transition in metabolic patterns
has emerged as a pivotal area of interest in this field. While
developing cardiac tissue shows substantial regenerative
capacity post-injury, mature cardiomyocytes, transitioning
from mononuclear diploid to binucleated or polyploid, exit
the cell cycle. This metabolic shift experienced by cardio-
myocytes postnatally aligns with the halt in cardiac regen-
eration [9]. Concurrently, in mammals, as the regenerative
capability of the heart diminishes, mitochondrial maturation
induces a shift from anaerobic glycolysis and lactate pro-
duction to aerobic glycolysis and oxidative phosphorylation
[10]. Among them, the function of mitochondria has gradu-
ally gained attention (Table 1).

The high energy demands of the adult heart primarily
rely on mitochondrial oxidative phosphorylation, account-
ing for over 95% of the heart's ATP production [28, 29].
This dynamic organelle also coordinates a range of cel-
lular functions, including signal transduction, calcium
regulation, oxidative stress management, and apoptosis
[30]. These membrane-bound organelles, originating from
endosymbiosis, possess their own genome and a distinctive
biochemical reaction network. Their structure comprises
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the outer membrane (OMM), inner membrane (IMM), cris-
tae, and matrix [31]. The OMM contains vital proteins for
mitochondrial and cellular physiology, including translo-
cases that facilitate the transport of mitochondrial precur-
sor proteins and establish physical connections with other
cellular regions at membrane contact sites. Additionally,
the OMM is instrumental in mitochondrial dynamics [32].
Key pro-inflammatory pathways activated during cell death,
including mitochondrial outer membrane permeabilization
(MOMP), release damage-associated molecular patterns
(DAMPs), partly inciting inflammation [33]. The IMM is
intimately involved in energy conversion and apoptosis, act-
ing as a hub for mitochondrial signal transduction [34]. This
membrane is the primary site for oxidative phosphorylation,
encompassing all complexes pertinent to mitochondrial res-
piration, such as the mitochondrial respiratory chain and
F1-FO ATP synthase [35]. The mitochondrial cristae, mem-
brane invaginations, are pivotal for oxidative phosphoryla-
tion, mitochondrial DNA (mtDNA) , maintenance, and the
biogenesis of iron-sulfur clusters [32]. The matrix, housing
a small portion of mtDNA encodes essential proteins for
mitochondrial respiration [36].

Mitochondria's role in enhancing cardiac regenerative
capacity transcends their metabolic functions. They are
crucial in maintaining cellular homeostasis and promoting
autophagy. Mitochondria are dynamic organelles capable of
moving along the cytoskeleton, interacting with other sub-
cellular structures, and shaping their inner and outer mem-
branes through fusion and fission events. Fusion and fission
are essential for mitochondrial biogenesis and autophagy
[37]. Mitophagy, the selective autophagic degradation of
damaged mitochondria, is essential for preserving mito-
chondrial and cellular homeostasis [38]. In cardiomyocytes,
appropriate autophagic activity is critical to maintaining car-
diac structural integrity and function [39]. During cardiac
diseases like post-myocardial infarction, shifts in mitochon-
drial dynamics can facilitate cardiomyocyte adaptation and
survival, thereby aiding in the repair and regeneration of the
afflicted tissue [40].

In summary, there is a close relationship between mito-
chondrial function and cardiac regeneration, and a deeper
comprehension of this relationship provides crucial insights
for the treatment of heart failure.

Regulation of ROS

Mitochondria play a crucial role in maintaining cellular
energy balance and coping with oxidative stress. Under
normal physiological conditions, mitochondria generate a
small amount of reactive oxygen species (ROS) [41] through
their electron transport chain and oxidative phosphorylation,
which participate in cell signaling and maintaining redox



Journal of Cardiovascular Translational Research

Table 1 Selected literatures related to mitochondrial mechanisms of heart regeneration

Classification Model Identified Mechanism Year Reference
Regulation of ROS  rats suppressing Ybx1 ubiquitin-dependent degradation and increasing miR-214 activity 2019 [11]
mice enhancing the oxidation of glycolytically derived pyruvate by inducing the deficiency of 2020 [12]
PDK4
rats increasing N1ICD acetylation and promote CTGF expression 2020 [13]
mouse glucose induces cardiomyocyte proliferation via the pentose phosphate pathway and 2021 [14]
nucleotide biosynthesis
mice; rats modulating Vcp-mediated mitochondrial dynamics and inhibiting mPTP opening. 2022 [15]
mice by regulating DNA damage and chromosome stability 2022 [16]
mice activating a-ketoglutarate-dependent lysine demethylase KDMS5, and reducing the 2023 [17]
H3K4me3 methylation levels of genes.
mice the accumulation of long-chain acylcarnitines and insufficient fatty acid beta-oxidation 2023 [18]
metabolism
Epigenetic regulation mice blocking effects on miR-26b-5p/Mfn1 pathway-mediated mitochondrial dynamics and 2021 [19]
apoptosis
mice modulating SIRT1 homeostasis and activity 2021 [20]
rats increased acetyl-CoA levels and histone acetylation, and altered chromatin modifiers link- 2022 [21]
ing metabolism
mice enhancing m7G methylation of ATF5 mRNA, leading to increased ATF5 expression and 2023 [22]

subsequent upregulation of Incal

Signaling zeabrafish PGC-1a/p can physically interact with ERRa and PPARa, these transcription factors have 2019 [23]
an effect on fatty acid oxidation gene expression
mice PGC-1a/p boost downstream effectors including the ERRs and PPARs triggering mito- 2020 [24]
chondrial biogenesis
mouse AMPK and MFN?2 in energy stress-induced autophagy and MAM dynamics 2021 [25]
mice DRI motifs at RXR target gene sites, including those associated with mtFAO 2023 [26]
mouse AMPK directly phosphorylated five conserved serine residues in FNIP1 2023 [27]

Ybx Y-box binding protein, miR microRNA, PDK4 pyruvate dehydrogenase kinase 4, N/ICD Notchl intracellular domain, CTGF connecvtive
tissue growth factor, Vep Valosin containing protein, mPTP mitochondrial permeability transition pore, Kdm lysine demethlase, SIRT] Sirtuinl,
ATF activating transcription factor, PGC peroxisome proliferator-activated receptor gamma coactivator, ERR estrogen related receptor, PPAR
peroxisome proliferator-activated receptors, AMPK AMP-activated protein kinase, MFN mitofusin, MAM mitochondrial-associated ER mem-
brane, RXR retinoid X receptors, DRP dynamin-related protein, FNIP] folliculin-interacting protein 1

balance [42]. However, when ROS production exceeds the
cell's antioxidant defense capacity, oxidative stress occurs,
causing damage to the cell, such as lipid peroxidation, DNA
damage, protein oxidation, irreversible damage to mito-
chondrial function [43], and reduced ATP generation [44].
Particularly in acute myocardial ischemia, the mechanism
of myocardial injury is quite complex, involving the regu-
lation of multiple signaling molecules and pathways. The
oxygenation capacity of mitochondria in the ischemic area of
the myocardium decreases, inhibiting the respiratory chain,
disrupting oxidative phosphorylation, and leading to an
increase in ROS levels within the cell. The accumulation of
high concentrations of ROS not only disrupts the mitochon-
drial membrane potential gradient, affecting energy produc-
tion, but also causes oxidative damage to cardiac myocyte
DNA, triggering cell cycle arrest [45, 46].

During the transition from glycolytic metabolism in
fetal cardiomyocytes to fatty acid oxidation in adulthood,
ROS generated by oxidative phosphorylation may lead to
DNA damage and cell cycle arrest, thereby limiting the

regenerative capacity of adult myocardium [43]. Studies by
Honkoop et al. have found that reprogramming of glyco-
lytic metabolism promotes proliferation and regeneration of
injured zebrafish cardiac myocytes [47], and the timing of
cell cycle exit and transition in myocardial energy metabo-
lism in neonatal rats coincides with the loss of myocardial
regenerative capacity [14, 48]. Therefore, changes in myo-
cardial cell metabolism may trigger entry into the prolifera-
tive cycle.

In efforts to promote myocardial regeneration, research-
ers have attempted to shift fatty acid metabolism towards
glycolysis, with mitochondria playing a crucial role in
this process. The Randle cycle regulates fatty acid oxida-
tion, where acetyl-CoA generated by mitochondria inhibits
pyruvate dehydrogenase (PDH), thereby suppressing the
impact of glycolysis on myocardial cell metabolism [49].
Feeding neonatal mice with milk lacking fatty acids can
extend the window of myocardial cell proliferation after
birth, while conditional knockout mice of pyruvate dehy-
drogenase kinase (PDK) 4 show reduced DNA damage and
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myocardial cell cycle arrest DNA damage response (DDR)
markers, promoting myocardial cell proliferation [12]. Car-
nitine O-palmitoyltransferase (CPT) 1 is a key enzyme regu-
lating mitochondrial fatty acid uptake [50]. When endog-
enous levels of malonyl-CoA increase, CPT1 is inhibited,
halting mitochondrial fatty acid uptake, and malonyl-CoA
decarboxylase (MCD) participates in the decarboxylation
of malonyl-CoA to acetyl-CoA, thus inhibiting MCD can
reduce fatty acid oxidation to protect ischemic myocardium
[51]. Li et al. used inactivated CPT1b to inhibit the fatty acid
oxidation pathway and improve myocardial cell survival and
proliferation [17]. Furthermore, recent studies suggest that
simple alterations in myocardial metabolic substrates may
not necessarily be the optimal strategy for promoting repair
and regeneration after infarction [18]. A deeper understand-
ing of the regulation mechanisms of mitochondrial fatty acid

Vdacl

transport and f-oxidation pathways is crucial for developing
new therapeutic approaches (Fig. 1).

More and more research reports indicate a close asso-
ciation between circRNA and oxidative stress [52]. Cir-
cular RNA (circRNA) is a type of covalently closed RNA
sequence lacking a 5'-cap and 3'-polyadenylated tail, with
most of them lacking protein-coding ability. Due to their
circular structure, circRNA is more stable compared to
linear RNA [53]. Several circRNAs, such as circNfix [11],
circFndc3b [54], and circHipk3 [13], have been reported to
play crucial roles in cardiac regeneration and repair. Cir-
cRNAs can regulate gene expression associated with ROS
production by serving as miRNA sponges, thereby influenc-
ing cellular oxidative stress responses and apoptotic path-
ways [55]. Additionally, the biosynthesis, localization, and
degradation processes of circRNAs are precisely regulated,
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Fig. 1 The principal regulatory nodes for the oxidation of fatty acids
and glucose-derived pyruvate in mitochondria are carnitine pal-
mitoyltransferase 1 (CPT1) and pyruvate dehydrogenase complex
(PDC), respectively. CPT1 facilitates the translocation of fatty acids
into mitochondria, enabling B-oxidation. The coactivator PGC-la is
modulated through the concerted actions of AMP-activated protein
kinase (AMPK) and Sirtuin 1 (SIRT1). AMPK, a serine/threonine
kinase, is activated in response to elevated AMP/ATP ratios, lead-
ing to the phosphorylation of several transcription factors, includ-
ing nuclear respiratory factor 1 (NRF-1), cAMP response element-
binding protein (CREB), and myocyte enhancer factor 2 (MEF2).
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This kinase also targets metabolic enzymes for phosphorylation. The
interconnection between the mitochondrial lifecycle and PGC-la is
underscored by mitochondrial biogenesis, which is precipitated by
an energy deficit perceived by AMPK. This process is characterized
by the augmented activity or expression of mitochondrial transcrip-
tion factor A (TFAM), which localizes to mitochondria, associates
with mitochondrial DNA (mtDNA), and stimulates its transcription
and duplication. Hypoxia-inducible factor 1 (HIF-1) is upregulated by
low oxygen levels and upregulates pyruvate dehydrogenase kinase 1
(PDK1), curtailing excessive mitochondrial reactive oxygen species
(ROS) production by attenuating mitochondrial respiration
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which helps maintain intracellular ROS balance and cope
with oxidative stress.

Recent studies have revealed that certain circRNAs local-
ize to mitochondria and participate in regulating the mito-
chondrial transcriptome, which has potential implications in
maintaining intracellular ROS balance and regulating cell
death and survival [56]. Vcp is expressed in various sub-
cellular structures and cell types, with biological functions
including involvement in protein degradation and homeo-
stasis, assembly of organelle membranes, cell proliferation,
and apoptosis [57]. Zheng et al. found that overexpression
of mitochondrial-localized circSamd4 could control the
opening of the mitochondrial permeability transition pore
(mPTP) and the production of ROS within mitochondria
by regulating Vcp protein translocation to mitochondria,
thereby improving myocardial dysfunction induced by MI
[15]. Ma et al. observed that the expression of circMdcl
was suppressed under oxidative stress conditions, revealing
a potential link between circMdc1 and mitochondrial ROS
production. Furthermore, circMdc1 mitigates DNA damage
and promotes cardiomyocyte re-entry into the cell cycle by
affecting the expression of its host gene, Mdc1 [16].

Epigenetic Regulation

Epigenetics studies changes in gene expression that do not
involve alterations in the DNA sequence itself, but rather are
achieved through mechanisms such as DNA methylation,
histone modifications, chromatin accessibility adjustments,
and RNA-mediated gene modifications. Epigenetic regula-
tion affects myocardial regeneration by directly or indirectly
influencing the transcriptional networks related to mitochon-
drial function within cardiac myocytes.

Uncoupling Protein (UCP) 2 can regulate myocardial
cell cycle activity, acetyl-CoA, and histone acetylation, ena-
bling cells to adapt to moderate hypoxia [21]. In mutated
CPT1b cardiomyocytes, energy metabolism and activation
of a-ketoglutarate-dependent lysine demethylase (KDMS)
result in an increase in H3K4me3 methylation sites within
mature gene loci, thereby reducing gene transcriptional
activity and promoting the transition of cardiomyocytes to
a less mature state, facilitating proliferation [17].

In Chen et al.'s study, experimental results demonstrate
that both in vivo and in vitro, mitochondrial transmembrane
protein (TMEM) 11 inhibits myocardial cell proliferation and
regeneration. This effect involves the interaction between
TMEMI11 and methyltransferase-like protein (METTL) 1,
which enhances m7G methylation of ATF5 mRNA, leading to
increased ATFS expression. ATFS, in a TMEM 1 1-dependent
manner, increases the transcription of Incal, which is a cell
cycle protein-dependent kinase inhibitor interacting with cyc-
lin Al. Therefore, TMEM11-mediated m7G methylation is

involved in the regulation of myocardial cell proliferation, and
targeting the TMEM11-METTL1-ATF5-INCAT1 axis could
serve as a novel therapeutic strategy to promote cardiac repair
and regeneration [22].

Silent mating type information regulation 2 homolog (SIRT)
1, a crucial NAD+-dependent deacetylase, influences various
substrates including transcription factors and histones through
its deacetylation activity, thereby directly regulating the meta-
bolic state and stress resistance of myocardial cells. Specifically,
the interaction between SIRT1 and peroxisome proliferator-acti-
vated receptor gamma coactivator (PGC)-1a enhances PGC-1a
activity through deacetylation, promoting the transcription of
oxidative phosphorylation genes, increasing myocardial cell
oxygen consumption rate, and energy production. In response
to oxidative stress, the role of SIRT1 also reflects the effects of
epigenetic regulation. SIRT1 activates antioxidant enzymes such
as manganese-dependent superoxide dismutase (MnSOD) and
catalase by deacetylating FOXO1/3, thereby alleviating oxida-
tive stress in mitochondria and cells [58]. Under conditions of
heart failure, the Ataxia Telangiectasia Mutated (ATM)-medi-
ated DNA damage response pathway is activated, leading to the
ubiquitination and degradation of LARP7, which subsequently
affects the stability and deacetylase activity of SIRT1, impacting
mitochondrial biogenesis and oxidative phosphorylation capac-
ity in myocardial cells [20].

MicroRNAs (miRNAs) are non-coding single-stranded
RNAs that regulate gene expression and mRNA silencing, par-
ticipating in cardiac development and myocardial cell prolif-
eration processes [59]. For example, the miR-302-367 cluster
promotes myocardial cell mitosis by targeting the Hippo path-
way or upregulating the expression of the homeobox transcrip-
tion factor Pitx2. Pitx2 can also activate the expression of ROS
scavengers, Nrf2, and electron transport chain genes, which are
closely related to mitochondrial function [60]. Additionally, the
regulatory role of long non-coding RNAs (IncRNAs) plays an
important role in cardiac repair after myocardial infarction. Bio-
informatics analysis, luciferase reporter experiments, and RNA
pull-down assays have revealed that Malat1 acts as a competitive
endogenous RNA (ceRNA) for miR-26b-5p, forming a sign-
aling axis with Mfn1 to regulate mitochondrial dynamics and
endothelial function. Overexpression of Mfn1 can significantly
reverse microvascular dysfunction and cardiac microvascular
endothelial cell (CMEC) damage caused by Malatl silencing,
primarily by reducing mitochondrial fragmentation and inhibit-
ing mitochondria-dependent cell apoptosis [19].

Signaling Between Mitochondria
and the Cell Nucleus

In cardiomyocytes, the signaling between the nucleus and

mitochondria is orchestrated through intricate mechanisms
and signaling pathways, enabling these two organelles to

@ Springer



Journal of Cardiovascular Translational Research

mutually regulate their functions to meet cellular demands.
Nuclear-encoded proteins are responsible for regulating
mitochondrial function, while mitochondria, when func-
tionally impaired or energy production is inadequate, sig-
nal to the nucleus through a series of signaling mecha-
nisms to adjust nuclear gene expression in response to
energy demands and cellular stress [61].

Peroxisome proliferator-activated receptor-alpha
(PPARa) is highly expressed in the heart and serves as a
nuclear receptor responsible for transporting fatty acids
into mitochondria and peroxisomes [62]. PPAR« can alter
myocardial metabolism patterns by forming heterodimers
with other ligands such as retinoid X receptor (RXR),
binding to specific elements in the promoter regions of
its target genes. Transcript factor sequence analysis has
revealed an enrichment of DR1 motifs at RXR target gene
sites, including those associated with mitochondrial fatty
acid oxidation (mtFAO) [26]. PGC-1a/p are important co-
regulators of PPARa«, participating in the expression of
multiple genes related to mitochondrial respiration and
functioning in fatty acid beta-oxidation [23, 63]. Moreo-
ver, high expression of PGC-1 in cardiomyocytes induces
mitochondrial biogenesis and oxidative capacity, while
low ATP levels trigger AMP-activated protein kinase
(AMPK) to phosphorylate PGC-1a, leading to its nuclear
translocation and upregulation of nuclear respiratory factor
(Nrf)-1 and mitochondrial transcription Factor A (TFAM)
to coordinate mitochondrial biogenesis [64]. Estrogen-
related receptors (ERRs), belonging to ligand-independent
nuclear receptors, interact with PGC-1a/f to collectively
activate downstream transcriptional events [65]. Studies by
Sakamono et al. have further demonstrated the necessity
of PGC-1 effectors ERRa/y in properly controlling cardiac
myocyte differentiation gene switches and normal cardiac
maturation [24].

The relationship between AMPK and mitochondria pri-
marily manifests in two aspects: energy sensing transduc-
tion and regulation of mitochondrial function. Activation of
AMPK can promote mitochondrial biogenesis and dynamics
to increase mitochondrial energy production capacity [25,
27]. AMPK also regulates metabolic pathways within mito-
chondria, such as promoting glucose uptake, activating gly-
colysis, inhibiting glycogen synthesis, activating fatty acid
oxidation, and inhibiting lipid synthesis, thereby increasing
fatty acid breakdown to generate energy [66]. AMPK is
a critical regulatory factor in cellular energy sensing and
maintaining energy homeostasis, with its activation regu-
lated by changes in ATP/AMP concentration ratios. When
energy utilization changes, the ratios of ATP/ADP or ATP/
AMP also fluctuate, leading to phosphorylation and activa-
tion of AMPK by key proteins in various pathways, includ-
ing the mTORC]1 complex, lipid homeostasis, glycolysis,
and mitochondrial homeostasis [67].
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A recent study has revealed extensive reshaping of sphin-
golipid metabolism in neonatal heart injury, particularly
emphasizing the crucial role of sphingosine-1-phosphate
(S1P) generation in cardiac regeneration. The study indi-
cates that two isoforms of sphingosine kinases, SphK1
and SphK?2, regulate cardiac regeneration through differ-
ent mechanisms: SphK?2 is downregulated during cardiac
development, and its activation induces re-entry into the cell
cycle and cytokinesis in adult CM, promoting regeneration;
whereas SphK1 promotes fibrotic autocrine mechanisms in
cardiac fibroblasts [68].

Mitochondrial retrograde signaling can be achieved
through various mechanisms, including direct modulation of
transcription factor activity, alteration of intracellular metab-
olite levels (such as ATP, ROS, aKG, etc.), and responses
mediated by specific signaling molecules. For instance,
interruption of mitochondrial protein translation and fatty
acid oxidation metabolism regulates specific gene expression
in cardiomyocytes to promote cell proliferation through two
different intermediates: the mitochondrial unfolded protein
response (UPRmt) mediated by activating transcription fac-
tor (ATF)4 and H3K4me3 modification induced by aKG
and Kdm5 [69].

Translational Medicine Advances in Cardiac
Regeneration Research

The translational medical progress in cardiac regeneration
research has advanced from basic science laboratories,
showing potential prospects for treating heart diseases.
Mitochondria play crucial roles in coordinating energy
metabolism, oxidative stress levels, and signaling pathways
in cardiac regeneration.

In cardiac cells, excessive ROS can lead to DNA dam-
age and cell cycle arrest. Therefore, researchers have
developed various novel ROS scavengers. For example,
Zhang et al. constructed emerging hybrid cell-derived
extracellular vesicles containing a NADPH analog—
MitoN—targeting mitochondria to eliminate ROS accu-
mulation-induced cell cycle arrest [70]. Xiang et al.
proposed a dual-metal nanoenzyme (Cu-TCPP-Mn) that
mimics the functions of superoxide dismutase (SOD)
and catalase, effectively scavenging ROS and alleviating
inflammation with excellent enzyme activity. Experimen-
tal verification in animal models of MI and myocardial
ischemia-reperfusion (I/R) injury demonstrated that this
dual-metal nanoenzyme could protect cardiac tissues from
oxidative stress and inflammation damage, aiding in car-
diac function recovery [71]. Wang et al. developed a novel
on-demand adaptive drug-releasing hydrogelthat clears
excess ROS and releases 1,4-dihydroxybenzene-4-keto-
3-carboxylic acid (DPCA) to modulate the inflammatory
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microenvironment and inhibit cardiac fibroblast prolif-
eration after myocardial infarction, thereby maintaining
HIF-1a expression [72]. Diao et al. investigated the effects
of the commonly used Del Nido (DN) cardioplegic solu-
tion on the Nrf2 transcription factor during heart surgery.
Transcriptomic analysis using RNA-seq and luciferase
reporter gene assays confirmed the activation of Nrf2 and
its impact on antioxidant gene expression. Additionally,
high concentrations of potassium in DN solution signifi-
cantly induced Nrf2 expression and activity in human car-
diac cells. Therefore, using DN cardioplegic solution and
potassium during surgery can induce Nrf2 expression and
activity to protect the heart from oxidative damage [73].

miRNA has broad applications and can rapidly con-
trol gene expression. Over the past decade, researchers
have identified specific miRNAs related to the heart, and
miRNA-based therapies have benefited from inducing
terminal differentiation, proliferation, and migration of
cardiac myocytes. Reversing the transition of cardiac
myocytes from mitotic arrest to proliferative progenitor
cells can facilitate tissue repair and regeneration [59].
For example, MGN-1374 is an anti-miR drug targeting
the miR-15 family. MiR-15 can regulate processes such
as cardiac myocyte survival, proliferation, and death.
By inhibiting the miR-15 family, MGN-1374 can alle-
viate the inhibition of cardiac myocyte proliferation,
thereby promoting repair and regeneration of the heart
after myocardial infarction. Concurrently, MGN-1374
demonstrates the potential of using miRNA technology
to target specific molecular targets for the treatment of
heart disease [74, 75].

Chen et al. utilized CRISPR/Cas9 technology to gen-
erate mice with cardiac myocyte-specific deletion of the
lactate dehydrogenase A(LDHA) gene. Metabolomics,
proteomics, and Co-IP experiments indicated that LDHA-
mediated reduction of succinyl-CoA inhibited succinyla-
tion ubiquitination dependent on thioredoxin reductase 1
(Txnrdl), thereby reducing ROS levels [76]. Addition-
ally, a substantial body of recent research suggests that
mitochondrial transplantation is an alternative therapy
aimed at increasing mitochondrial quantity and improv-
ing mitochondrial function, offering significant therapeutic
potential. Mitochondrial transplantation has been shown to
significantly improve the function and prognosis of cardio-
vascular disease patients [77]. Mitochondrial transplanta-
tion has been shown to promote the energy and mechani-
cal contraction functions of cardiomyocytes, reduce cell
apoptosis, macrophage infiltration, and inflammatory
responses, thereby alleviating damage. Sun and colleagues
combined a specific peptide (PEP) with triphenyl phos-
phonium cation (TPP+) to form a PEP-TPP-mitochondria
compound, aimed at addressing the issue of mitochondrial
transfer to ischemic myocardium [78].

Conclusion

Myocardial regeneration is a complex regulatory process with
multiple factors and stages, in which mitochondria demonstrate
significant potential in regulating myocardial regeneration dur-
ing myocardial cell proliferation and differentiation. Under the
backdrop of heart disease, the oxidative stress response of myo-
cardial cells differs from the normal state. The dynamic changes
of mitochondria not only affect mitochondrial energy genera-
tion capacity but may also impact myocardial cell signaling
and gene expression, warranting deeper investigation into the
molecular mechanisms, particularly how they affect myocar-
dial cell proliferation and differentiation. Future research could
focus more on the role of specific enzymes in mitochondrial
metabolism, the oxidative stress response of myocardial cells
under disease conditions, and the molecular mechanisms in
mitochondrial dynamic changes. By modulating mitochon-
dria, changing the energy metabolic state of myocardial cells,
reducing oxidative stress, and creating a regenerative micro-
environment, myocardial proliferation and regeneration can
be promoted. This offers new directions for overcoming the
current challenges faced by myocardial regeneration therapies.

From a translational medicine perspective, although pro-
gress has been made in the field of myocardial regeneration,
there are still difficulties and challenges. For example, the
inability of adult cells to generate new myocardial cells, clini-
cal issues arising from pluripotent stem cell (PSC) therapy
(such as arrhythmias, immune responses, etc.), and the bleak
prospects of extracellular vesicle-induced myocardial prolif-
eration [79]. These issues prompt a shift in research direction
from promoting exogenous to enhancing endogenous myo-
cardial regeneration, where the study of mitochondrial regu-
lation mechanisms in myocardial regeneration holds greater
translational potential. Future interventions could involve
targeted regulation of signaling pathways, pharmacological
improvement of metabolic states, and more secure, precise,
and potentially personalized treatments for heart failure.
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