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Cardiovascular disease (CVD) is a serious public health risk, and prevention and treatment efforts are urgently needed. Effective preventive and therapeutic programs for cardiovascular disease are still lacking, as the causes of CVD are varied and may be the result of a multifactorial combination. Mitophagy is a form of cell-selective autophagy, and there is increasing evidence that mitophagy is involved in cardioprotective processes. Recently, many studies have shown that FUN14 domain-containing protein 1 (FUNDC1) levels and phosphorylation status are highly associated with many diseases, including heart disease. Here, we review the structure and functions of FUNDC1 and the path-ways of its mediated mitophagy, and show that mitophagy can be effectively activated by dephosphorylation of Ser13 and Tyr18 sites, phosphorylation of Ser17 site and ubiquitination of Lys119 site in FUNDC1. By effectively activating or inhibiting excessive mitophagy, the quality of mitochondria can be effectively controlled. The main reason is that, on the one hand, improper clearance of mitochondria and accumulation of damaged mitochondria are avoided, and on the other hand, excessive mitophagy causing apoptosis is avoided, both serving to protect the heart. In addition, we explore the possible mechanisms by which FUNDC1-mediated mitophagy is involved in exercise preconditioning (EP) for cardioprotection. Finally, we also point out unresolved issues in FUNDC1 and its mediated mitophagy and give directions where further research may be needed.
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1 INTRODUCTION
Myocardial infarction (MI) is an acute coronary syndrome in cardiovascular disease (CVD) that progresses from myocardial cell death to myocardial injury and cardiac dysfunction as a progressive factor in heart failure (HF) and death (Yellon and Hausenloy, 2007; Li et al., 2022a; Lv et al., 2022). Myocardial reperfusion is the primary strategy for reducing the size of MI. However, it relieves symptoms while not addressing myocardial cell death and loss, and reperfusion itself induces ischemia/reperfusion (I/R) injury (IRI), which has been one of the significant challenges in the field. At the same time, mitochondrial dysfunction, oxidative stress, calcium overload, pH paradox, and inflammation are all potential factors in the pathogenesis of IRI (Mitrega et al., 2016; Bi et al., 2018; Heusch, 2020; Mao et al., 2021; Xing et al., 2022). As research progresses, more and more pieces of evidence point to mitochondria, which bear the brunt when ischemic damage occurs in cardiomyocytes (Li et al., 2019; Livingston et al., 2019; Pecoraro et al., 2019).
The emergence of mitochondria was a turning point in the evolution of species. Although theories are numerous and varied, they all point to the endosymbiotic theory that mitochondria originated from bacteria, which suggests that bacteria engulfed by eukaryotes evolved and adapted over time to form mitochondria to adapt to the highly oxygenated environment that occurred in the atmosphere (Szklarczyk and Huynen, 2010). The mitochondria are highly dynamic organelles that form a mitochondrial network by continuously fusing, fissioning, and moving along the cytoskeleton (Tagaya and Arasaki, 2017). It was demonstrated that mitochondria are not only random sites of oxidative and calcium-mediated damage but also trigger mitochondrial remodeling and activation of cellular responses and regulate the balance between cell death and recovery (Lesnefsky et al., 2017). Mitochondria in eukaryotic cells are involved in energy production, thermoregulation, metabolite biosynthesis, calcium signaling, redox homeostasis, inflammatory response, and apoptosis through oxidative phosphorylation (OXPHOS) and the electron respiratory chain, and their nature and function are not identical in different organs, tissues or cells, and this multifunctionality enables adapting cells to changes in various environments and stimuli (Ong et al., 2013; Mohsin et al., 2021; Zhang, 2021). Senescent and damaged mitochondria produce large amounts of reactive oxygen species (ROS), which can induce oxidative stress damage and even apoptosis, therefore needing to be removed promptly, a role played by selective mitochondrial autophagy (Ji et al., 2021). During pathological conditions, noxious stimuli may inhibit mitophagy or increase its impaired amount beyond its ability to selectively regulate autophagy, which in turn leads to the accumulation of damaged mitochondria and the release of cytochrome C and a series of pro-apoptotic factors, thus inducing oxidative stress or mitochondrial-dependent cell death (Ji et al., 2021).
Autophagy is an evolutionarily conserved degradation process, and mitophagy is a type of selective autophagy, which is the process of removing damaged or dysfunctional mitochondria by selective autophagy, including typical and atypical mitophagy (Ray and Mukherjee, 2021). Typical mitochondrial autophagic pathways include PINK1/PARKIN, BCL2 interacting protein 3 (BNIP3)/pro-apoptotic protein Nip3 (NIX), and the FUN14 domain-containing protein 1 (FUNDC1) -mediated mitophagy (Lampert et al., 2019; Teresak et al., 2022; Ma et al., 2024). Atypical mitochondrial autophagic pathways include autophagy and Beclin 1 regulator 1 (AMBRA1), prohibitin-2 (PHB-2), nucleotide-binding (NB) domain -and leucine-rich repeat (LRR)-containing proteins (NLR) X1 (NLRX1), lipids, cardiolipids (especially diphosphatidylglycerol CL), ceramides, BCL2L13, FKBP8, Rab-mediated mitophagy and micro-mitophagy (When mitochondria are mildly damaged or present only in small areas, mitochondrial-derived vesicles (MDVs) containing specific proteins that can be degraded after transport to lysosomes with the assistance of PINK1) (McLelland et al., 2014; Bhujabal et al., 2017; Lim and Lim, 2017; Saito et al., 2019; Belousov et al., 2021; Li et al., 2021b; Ma et al., 2021; Ray and Mukherjee, 2021; Choubey et al., 2022). In this review, we focus on the role of FUNDC1 and its mediated mitophagy in cardioprotection. In addition, we explore the possible mechanisms by which FUNDC1-mediated mitophagy is involved in exercise preconditioning (EP) for cardioprotection. This work contributes to the development of new strategies for the treatment of many diseases, especially CVD.
2 MITOCHONDRIA AND MITOPHAGY AND THEIR ROLES IN THE HEART
Studies have shown that cardiomyocytes contain a large number of mitochondria, equivalent to 30%–40% of their total volume, and that approximately 6 kg of adenosine triphosphate (ATP) consumed daily under physiological conditions in the adult heart is produced through mitochondria (equivalent to approximately 90% of total cardiac energy consumption); mitochondria face challenges in performing their cellular duties such as oxidative stress, altered protein relationships (protein import, folding and degradation) and mitochondrial DNA damage, they respond to these challenges through robust quality control mechanisms, including post-translational modification of mitochondrial proteins, mitochondrial dynamics, antioxidant defence, biogenesis and mitophagy, which are critical to mitochondrial and even cellular homeostasis under physiological or pathological conditions; failure of quality control will result in damage to mitochondria, which in turn will cause altered substrate utilisation, failure of quality control will result in impaired mitochondria, leading to altered substrate utilisation, OXPHOS impairment, ATP deficiency, excessive ROS accumulation, impaired metabolic signalling and inflammation (Deng et al., 2017; Wang et al., 2017; Fan et al., 2020; Li et al., 2022a; Choubey et al., 2022). The accumulation of dysfunctional mitochondria is detrimental to cells and organisms and is a typical feature of the etiology of related diseases, therefore maintaining a healthy mitochondrial pool (compensating for mitochondrial function through mitochondrial biogenesis, fusion, and fission, as well as degrading damaged mitochondria through mitophagy) is necessary for cell function and survival, and mitophagy is generally considered to play a crucial role in this (Vigie and Camougrand, 2017; Yoo and Jung, 2018; Sun et al., 2021; Zhang, 2021). The term “mitophagy” was first used in 1998, but it is generally accepted that mitophagy was first discovered in 1914 and confirmed by the observation of mitochondrial fragments in the electron microscope in 1962 (Lewis and Lewis, 1914; Ashford and Porter, 1962; Scott and Klionsky, 1998; Wang et al., 2019a). The mechanism mainly involves depolarization and loss of the outer membrane potential upon mitochondrial damage by external stimulation, followed by autophagosome engulfment of the mitochondria to form mitochondrial autophagosomes and subsequent degradation by lysosomal binding.
Mitochondria exhibit structural and functional abnormalities in CVD, such as cardiac hypertrophy, heart failure, and ischaemic cardiomyopathy (Pecoraro et al., 2019). The critical role of mitochondria in cardiac function also makes them an essential target for IRI, and I/R induces mitochondrial cristae damage, abnormal membrane potential, and excessive opening of the permeability transition pore (PTP), leading to mitochondrial dysfunction. The damaged mitochondria produce ten times more ROS than normal mitochondria, exacerbating mitochondrial dysfunction and causing further damage, and so on, in a vicious cycle (Tombo et al., 2020; Luan et al., 2021; Mao et al., 2021). Excessive damage to mitochondria also triggers the cell death pathway, which ultimately leads to tissue breakdown (Goldenthal, 2016; Li et al., 2022a; Pei et al., 2024). Mitochondrial dysfunction is considered to be the most critical molecular mechanism responsible for myocardial IRI and heart disease and is also closely linked to functional mitophagy, which further constitutes a developmental program and occurs in high crosstalk with apoptosis (Cung et al., 2015; Hamacher-Brady and Brady, 2016; Aghaei et al., 2019; Luan et al., 2021).
Mitochondria are the hub of the cellular metabolic network and an essential organelle for the regulation of oxidative stress, autophagy, and apoptosis, whose quality control is mainly dependent on the stability of mitophagy, and a growing body of evidence suggests that mitochondrial quality control in cardiomyocytes has a critical role in improving cardiac function, rescue dying cardiomyocytes and prevent the deterioration of CVD in response to external environmental stress, and where functional mitophagy is essential to maintain their quality and quantity, allowing rapid clearance of damaged mitochondria before they can cause damage to the cell (Yang et al., 2019; Fan et al., 2020; Zhang et al., 2021a; Li et al., 2021c; Ji et al., 2021; Zhang, 2021; Choubey et al., 2022). It has been well demonstrated that autophagy, particularly mitophagy, acts as an agent in the protective effect of ischemic preconditioning (IPC) (Livingston et al., 2019). The process of mitophagy needs to be confined to senescent or dysfunctional mitochondria and maintained at an equilibrium level, the disruption of which inevitably leads to cardiomyocyte damage and dysfunction (Li et al., 2019). Therefore, scholars believe that proper mitophagy can protect the myocardium from IRI (Xiao et al., 2020; Huang et al., 2021; Ji et al., 2022). Autophagy targeting mitochondria, so-called mitophagy, has also been suggested as a possible promising strategy to protect the myocardium from IRI (Cung et al., 2015; Aghaei et al., 2019; Yu and Miyamoto, 2021). Due to its great potential utility, mitophagy is a current burning topic in the molecular mechanisms of organelle-specific autophagy.
3 STRUCTURE AND FUNCTION OF FUNDC1 AND ITS MEDIATED PATHWAYS OF MITOPHAGY
3.1 Structure and function of FUNDC1
FUNDC1 is an outer mitochondrial membrane protein with a conserved sequence ranging from Drosophila melanogaster to Homo sapiens, discovered and named by the State Key Laboratory of Membrane Biology, Institute of Zoology, Chinese Academy of Sciences, in 2012 (Liu et al., 2012). The human FUNDC1 protein contains 155 amino acids and contains three transmembrane fragments, with the C-terminal extending into the membrane gap and the N-terminal (AAs1-50) exposed in the cytoplasm, and is widely expressed, especially in the heart (Figure 1) (Liu et al., 2012). It was shown that autophagic receptors always target cargoes to be degraded (damaged organelles, protein aggregates, or invading pathogens) with microtubule-associated protein 1 light chain 3 (MAP1LC3) members (including MAP1LC3A, MAP1LC3B, MAP1LC3B2, and MAP1LC3C) or homologs (GABARAP, GABARAPL1, and GABARAPL2) interact through the LC3 interaction region (LIR), tethering them to the autophagosomal membrane, where typical LIRs include a (W/F/Y)XX (L/I/V) core pattern interacting with MAP1LC3, and two hydrophobic pockets of LIR docking sites in the homologs anchored to the autophagosomal membrane (Zhang et al., 2021c). Related studies tested 30 LIRs, 12 of which (40%) were selective for GABARAP, but only one LIR motif (Y18-E19-V20-L21) FUNDC1 preferentially interacted with LC3, and mutations in the LIR motif would impair its interaction with LC3 and subsequently impede the process of mitophagy (Liu et al., 2012; Kuang et al., 2016; Rogov et al., 2017; Zhang, 2021; Liu et al., 2022).
[image: Figure 1]FIGURE 1 | Structure of FUNDC1 and the pathways that inhibit and activate mitophagy. C, C-terminal; N, N-terminal; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; LIR, LC3 interaction region; BCL2L1, BCL2-like1; CK2, Casein kinase 2; FUNDC1, FUN14 domain-containing protein 1; IMM, inner mitochondrial membrane; OMM, outer mitochondrial membrane; MARCH5, mitochondrial E3 ubiquitin ligase membrane-associated RING-CH5; PGAM5, phosphoglycerate mutase 5; SRC, Src proto-oncogene kinase; Ub, ubiquitination; ULK1, unc-51-like autophagy-activated kinase 1.
In addition to inducing mitophagy, FUNDC1 has a critical role in the maintenance of normal mitochondrial morphology and function in cardiomyocytes, interacting with inositol-1,4,5-triphosphate receptor 2 (IP3R2) in modulating Ca2+ release from the endoplasmic reticulum (ER) into the mitochondria and cytoplasm, and disruption of its interaction decreases Ca2+ levels in the mitochondria and cytoplasm, triggering abnormal mitochondrial fission, mitochondrial dysfunction, cardiac dysfunction, and HF (Wu et al., 2017a). Under basal conditions, FUNDC1 binds to the mitochondria-associated ER membranes (MAMs) protein calnexin (CNX), and with mitophagy, the FUNDC1/CNX association decreases, and the FUNDC1-exposed cytoplasmic loop interacts with dynamin-related protein 1 (DRP1), which is recruited to MAMs, promoting fission of mitochondria and preventing them from experiencing hypoxic stress (Chen et al., 2016; Wu et al., 2016; Chai et al., 2021). FUNDC1 also has several other functions, such as activating the unfolded protein response (UPR) of mitochondria (UPRmt) for maintaining mitochondrial quality control, participating in analgesia with hyperbaric oxygen, promoting adaptive thermogenesis, and regulating body metabolism (Wu et al., 2019a; Liu et al., 2020; Liu et al., 2021b; Ji et al., 2022). It was demonstrated that endogenous UPRmt and mitophagy may be mildly activated in response to myocardial stress and that both act together to maintain mitochondrial performance and cardiac function, whereas exogenous UPRmt is a downstream signal of mitophagy and serves as a compensatory role in maintaining mitochondrial homeostasis in the presence of mitophagy inhibition, and mitophagy coordinates UPRmt to attenuate inflammation-mediated myocardial injury (Wang et al., 2021).
3.2 FUNDC1-mediated pathways of mitophagy
FUNDC1 is expressed at a high level in the myocardium, providing support for its critical role in cardiac function (Wu and Zou, 2019). The FUNDC1, a mitophagy receptor, occupies a critical role in mitochondrial quality control by regulating mitophagy and is also strongly associated with the development of some CVD (Li et al., 2021a; Liu et al., 2021a). It was shown that FUNDC1-mediated mitophagy is activated primarily in cardiomyocytes and is essential for mitochondrial network remodeling in the process of cardiac progenitor cell homeostasis and differentiation (Lampert et al., 2019; Zhang, 2021). FUNDC1 deficiency aggravated doxorubicin-induced cardiac dysfunction, mitochondrial damage, and cardiomyocyte PANoptosis (Bi et al., 2022). The mechanism of transcriptional regulation of mitophagy remains unclear (Li et al., 2023). It was shown that miR137 mimics introduced under hypoxic conditions could inhibit mitophagy by targeting FUNDC1 (Hu et al., 2020). Overexpression of miR-137 triggers a series of molecular alterations such as Nix, LC3B, and FUNDC1, leading to fragmentation and densification of mitochondrial ultrastructure, and ultimately leading to aberrant mitophagy (Khadimallah et al., 2021). miR-137 may reduce FUDC1-LC3 by inhibiting the overexpression of fundc1 (CDS+3UTR) rather than fundc1 (CDS), and thus inhibiting FUDC1-LC3 interaction, which in turn inhibits mitophagy (Li et al., 2014). A different view also pointed out that no downregulation of FUNDC1 was found in miR-137-transfected pancreatic cancer cells PANC-1, but downregulated the mRNA and protein levels of endogenous ATG5 (Wang et al., 2019b). It suggests that miR137 may have multiple functions. However, the post-translational regulation of FUNDC1 has been more clearly defined.
3.2.1 The dephosphorylation pathway of Ser13 on the LIR motif
The phosphorylation status of FUNDC1 significantly affects its mediated mitophagy, and reversible phosphorylation modification of the mitophagy receptors might be the molecular switch for selective mitophagy (Lv et al., 2017). Casein kinase 2 (CK2) is a constitutive serine/threonine kinase that inhibits mitophagy by inducing phosphorylation of Ser13 on the LIR motif in FUNDC1 under normal conditions while, in contrast, activating mitophagy when dephosphorylated at Ser13 (Kuang et al., 2016; Zhou et al., 2018). Disruption of the two catalytic subunits α1 and α2 of CK2 under physiological conditions significantly abolished its ability to phosphorylate Ser13 on FUNDC1 and enhanced FUNDC1-mediated mitophagy, confirming that CK2 is the protein kinase with responsibility for Ser13 site phosphorylation of FUNDC1 (Zhang, 2021). The FUNDC1-mediated activity of mitophagy is also fine-tuned by the anti-apoptotic protein BCL2-like1 (BCL2L1, also known as BCL-XL) through the regulation of phosphoglycerate mutase 5 (PGAM5) activity, which is inhibited during steady-state by the BCL2 homology 3 domain (BH3) in a mechanism based on the formation of a complex of BCL-XL in a non-phosphorylated form with the pro-apoptotic proteins BAX, BAK, and PGAM5, which then inhibits the dephosphorylation of FUNDC1 at the Ser13 site and consequently the subsequent mitophagy (Wu et al., 2014a). The direct interaction of BCL-XL with PGAM5 also regulates apoptosis, as when BCL-XL in the complex is released, PGAM5 reactivates its anti-apoptotic function by dephosphorylating BCL-XL in its dimeric state (Ma et al., 2020). In contrast, PGAM5 oligomerization due to mild oxidative stress eliminates its ability to bind to BCL-XL while retaining its ability to dephosphorylate FUNDC1, thus acting to activate mitochondrial division and mitophagy for cell survival (Ma et al., 2020). It has been shown that both hypoxia and carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) attenuate the interaction of BCL-XL with PGAM5 and release PGAM5, which in turn promotes the dephosphorylation of FUNDC1 and activates mitophagy (Wu et al., 2014a). CK2 counteracts the effects of PGAM5 under basal conditions by reversible phosphorylation of the Ser13 site on FUNDC1 to prevent autophagic clearance of mitochondria (Figure 1) (Chen et al., 2014).
At the initiation of mitophagy, PGAM5 can be cleaved by a rhombic protease called PARL (which degrades PINK1 in healthy cells), which later promotes the phagocytosis of damaged mitochondria via dephosphorylation of the mitophagy receptor FUNDC1 by autophagosomes (Sugo et al., 2018). Recently, syntaxin17 (STX17) located in MAMs was also demonstrated to be critical for PGAM5 dephosphorylation of FUNDC1 during mitophagy, and interestingly, like NIX/BNIP3L and BNIP3, FUNDC1 may also be involved in PINK1-PARKIN-dependent mitophagy, as FUNDC1 deletion inhibits carbonyl cyanide-m-chlorophenylhydrazone (CCCP)-induced mitochondrial clearance, but also prevents complete PARKIN coverage of mitochondria and the mitochondrial aggregation observed after CCCP treatment (Sugo et al., 2018). The process of mitophagy induced by BINP3L, FUNDC1, and PARKIN probably does not arise independently, as these factors promote their recruitment not only through a positive feedback loop but also through the recruitment of other factors that promote mitophagy (Zhang et al., 2021d). However, a different view has also been proposed that FUNDC1 regulates mitophagy in rotenone-treated SH-SY5Y cells in an independent manner from the PINK1/PARKIN-dependent pathway (Park and Koh, 2020). These findings above suggest the possibility that different pathways of mitophagy may coordinate with each other, so it could be very interesting to further investigate whether BNIP3 or NIX/BINP3L-mediated mitophagy can compensate for the depletion of FUNDC1 (Choubey et al., 2022).
3.2.2 The dephosphorylation pathway of Tyr18 on the LIR motif
LC3 preferentially interacts with dephosphorylated FUNDC1, probably because phosphorylated FUNDC1 conflicts with the hydrophobic pocket of LC3, which in turn eliminates the affinity of FUNDC1 to bind LC3 (Kuang et al., 2016). Normally, Src proto-oncogene kinase (SRC) could induce phosphorylation of Tyr18 on the LIR motif in FUNDC1 and attenuate the interaction with LC3, thereby inhibiting mitophagy (Kuang et al., 2016; Zhou et al., 2017b). Unlike other LIR-containing autophagy receptors where dephosphorylation normally inhibits binding affinity to LC3 and suppresses autophagy, dephosphorylation of the LIR in FUNDC1 promotes its LC3-dependent binding, which in turn enhances hypoxia-induced mitophagy (Zhang, 2021). It was noted that inhibition of either CK2 or SRC could not fully activate FUNDC1-mediated mitophagy, but synergistic inhibition of both kinases significantly activated mitophagy, while further structural and functional analyses indicated that reversible phosphorylation modification of Tyr18 on LIR of FUNDC1 is a novel molecular switch for its mediated mitophagy and that the phosphorylation state of Tyr18 in the LIR motif characterized by Y (18)EVL (21) characterizes the phosphorylation state of Tyr18 in the LIR motif plays a central role in regulating the affinity of FUNDC1 to bind LC3 and controls FUNDC1-mediated mitophagy activity, whereas the phosphorylation state of Ser13 in the LIR of FUNDC1 does not significantly alter its affinity to bind LC3, and therefore FUNDC1 phosphorylation at Ser13 dephosphorylation may act as an adjunct to promote FUNDC1-mediated mitophagy (Zhang, 2021). So far nothing has been found to mediate the dephosphorylation of the LIR motif Tyr18 in FUNDC1, which seems to be a gap, and future exploration in this direction will be fascinating (Figure 1).
3.2.3 Phosphorylation pathway of Ser17 on the LIR motif
It was shown that in addition to dephosphorylation of Ser13 and Tyr18 sites on the LIR motif in FUNDC1 could activate mitophagy, phosphorylation of Ser17 site on FUNDC1 could also promote mitophagy (Kuang et al., 2016). By forming a hydrogen bond between the Arg10 side-chain of LC3B and the Ser13 side-chain and the carbonyl group of the FUNDC1 backbone, the phosphorylation of this residue prevented the LC3B-FUNDC1 interaction through steric effects (Kuang et al., 2016; Lv et al., 2017). In response to reduced ATP, adenosine monophosphate-activated protein kinase (AMPK) phosphorylates the Ser313, Ser555, and Ser777 sites in unc-51-like autophagy-activated kinase 1 (ULK1), and phosphorylated ULK1 promotes phosphorylation of the Ser17 site on the LIR motif in FUNDC1, and consequently, selective mitochondrial incorporation into the LC3 or GABARAP-bound isolation membrane, followed by cleared by autolysosomes (Wu et al., 2014b; Liu et al., 2022; Turkieh et al., 2022). Which phosphatase is currently involved in the dephosphorylation of FUNDC1 at the Ser17 site is still unknown, and enhanced exploration of this aspect is important for future studies (Figure 1).
3.2.4 The ubiquitination pathway at the Lys119 site
In addition to phosphorylation and dephosphorylation, mitochondrial E3 ubiquitin ligase membrane-associated RING-CH5 (MARCH5/MITOL)-mediated ubiquitination of FUNDC1 at Lys119 could also inhibit initial hypoxia-induced mitophagy through degradation of the proteasome of FUNDC1 (Chen et al., 2017a; Wu et al., 2017b; Chen et al., 2023). Under hypoxic stress, MARCH5 degrades excessive FUNDC1 to fine-tune hypoxia-induced mitophagy, while ablation of MARCH5 results in an exaggerated phenotype of mitophagy and FUNDC1 accumulation, whereby the mechanism is that hypoxic damage enhances the Lys119 site of MARCH5 ubiquitinating FUNDC1 for subsequent degradation, which avoids inappropriate mitochondrial clearance, and severe hypoxia-induced dephosphorylation of FUNDC1 increases the flux of mitophagy, and therefore the mechanism regulating the MARCH5/FUNDC1 axis may be negative feedback, avoiding inappropriate clearance of intact mitochondria (Chen et al., 2017a; Chen et al., 2017b). The level of ubiquitination of FUNDC1 can be both inhibited by the proteasome inhibitor MG-132 and activated by the proteasome activator MF-094 (Chen et al., 2022a). The increased FUNDC1 ubiquitination levels inhibited mitophagy and changes in mitochondrial membrane potential (Δψm) in hypoxic trophoblast cells, thereby reducing oxidative damage, which again demonstrates that FUNDC1 ubiquitination of Lys119 in FUNDC1 can regulate mitophagy (Figure 1) (Chen et al., 2022a).
In summary, the mechanism by which FUNDC1 mediates mitophagy is that when dephosphorylation of the Ser13/Tyr18 site on the LIR motif or phosphorylation of the Ser17 site on the LIR motif or deubiquitination of Lys119 in FUNDC1 can result in mitochondria being selectively admitted to LC3-bound or GABARAP-bound detachment membranes and subsequently cleared by autolysosomes. With the progression of mitophagy, the association of FUNDC1 with calnexin is weakened and the exposed FUNDC1 cytoplasmic loop interacts with DRP1, which is consequently recruited to the mitochondria-associated ER-membranes, and mitochondrial fission ensues (Chen et al., 2016; Wu et al., 2016). On the contrary, the affinity of FUNDC1 for LC3 and GABARAP was hindered, which in turn inhibited mitophagy.
4 ROLES OF FUNDC1-MEDIATED MITOPHAGY IN CARDIOPROTECTION
4.1 Activation of FUNDC1-mediated mitophagy
It was shown that, on the one hand, 45 min of ischemia significantly reduced the inhibitory phosphorylation by the SRC at the Tyr18 site of FUNDC1, and on the other hand, the interaction of PGAM5 with the Ser13 site of FUNDC1 during hypoxia dephosphorylated FUNDC1, which combined to enhance the interaction of FUNDC1 with LC3 and thus activate mitophagy (Chen et al., 2014). In response to I/R stress, cardiac structure, and function could be maintained by reducing the effects of CK2 and upregulating FUNDC1-dependent mitophagy, while an increase in CK2 is induced after cardiac IRI (Zhou et al., 2018). FUNDC1-mediated mitophagy is also regulated by other factors, such as activation of the AMPKα1/ULK1/FUNDC1/mitophagy pathway can attenuate cardiac microvascular IRI, and a study on the Danqi pill also showed that Danqi pill could enhance FUNDC1-mediated mitophagy by modulating ULK1 and PGAM5 to protect HF after acute MI (Wang et al., 2022b; Cai et al., 2022). Similarly, a study on alpha-lipoic acid showed that it could protect the heart from pressure overload-induced HF by activating FUNDC1-mediated mitophagy (Li et al., 2020). FUNDC1-mediated mitophagy may also act synergistically with other responses, such as BAX inhibitor-1 (BI-1) can ameliorate myocardial injury in type 3 cardiorenal syndrome by activating UPRmt and FUNDC1-associated mitophagy (Wang et al., 2022a). It has also been shown that mammalian sterile 20-like kinase 1 (MST1) can promote cardiac IRI by inhibiting FUNDC1-dependent mitophagy by inhibiting the mitogen-activated protein kinase (MAPK)/ERK-CREB pathway, while the genetic ablation of MST1 can reverse this FUNDC1-involved mitophagy, thereby eliminating mitochondrial damage and cardiomyocyte death and ultimately preventing IRI in the heart (Yu et al., 2019; Shang et al., 2022). It indicates that MST1 may be one of the upstream regulators of FUNDC1-mediated mitophagy. A cellular-level study showed that irisin in lipopolysaccharide-stimulated H9c2 cardiomyocytes could abrogate mitochondrial dysfunction, oxidative stress, and apoptosis through FUNDC1-related mitophagy, and thus act as a treatment for infectious cardiomyopathy (Jiang et al., 2021b). These studies provide definite evidence for modulating mitophagy and provide a reference for drug development.
4.2 Inhibition of FUNDC1-mediated mitophagy
After IRI, progressively increased CK2 in the heart inhibits protective mitophagy by post-transcriptional inactivation of FUNDC1, which in turn promotes mitochondrial apoptosis in cardiomyocytes and the progression of myocardial IRI (Zhou et al., 2018). Utilizing Beclin1+/−, FUNDC1 gene knockout, and FUNDC1 transgenic mice combined with starvation and MI model, it was found that after MI, the FUNDC1 knockout group caused more severe mitochondrial and cardiac dysregulation than the Beclin1+/− group, suggesting that mitophagy but not macroautophagy promotes cardioprotection primarily by regulating mitochondrial function (Xu et al., 2022). The same results were seen with baseline genetic ablation of FUNDC1, as evidenced by reduced early to late ventricular filling velocity, prolonged left ventricular isovolumic diastole, and reduced ejection fraction in mice and these phenotypic alterations suggest that FUNDC1 knockout mice are susceptible to HF (Wu et al., 2017a; Zhu et al., 2021). It has also been shown that serine/threonine-protein kinase 3 (RIPK3) can directly bind to FUNDC1 and inhibit mitophagy (Zhou et al., 2017b). Deletion of RIPK3 in cardiomyocytes or microvascular endothelial cells in IRI reduces cardiomyocyte apoptosis, ROS production, and mitochondrial fragmentation and activates mitophagy (Zhou et al., 2017b). Deletion of RIPK3 in vivo also improved cardiac function, whereas overexpression of RIPK3 exacerbated cardiac dysfunction by inhibiting FUNDC1-mediated mitophagy (Zhou et al., 2017b).
In contrast to the view that activation of mitophagy facilitates cardiac function, some investigators have suggested that excessive mitochondrial elimination induced by I/R increases the death of cardiomyocytes (Lesnefsky et al., 2017; Ji et al., 2021). A study showed that melatonin could effectively inhibit platelet activation by restoring peroxisome proliferator-activated receptor gamma (PPARγ) levels in platelets, thereby blocking FUNDC1-mediated mitophagy to protect the heart from IRI (Zhou et al., 2017a). The effect of moxibustion in relieving chronic HF may also be related to the inhibition of FUNDC1-mediated mitophagy (Xia et al., 2022). The removal of FUNDC1-dependent mitophagy could render the myocardium resistant to paraquat-induced contractile dysfunction (Peng et al., 2022). A similar result was reported in the study of electroacupuncture preconditioning, which attenuated myocardial IRI by inhibiting mTORC1/ULK1/FUNDC1 pathway-mediated mitophagy (Xiao et al., 2020). This was also supported by another study, which showed that I/R increased the expression of FUNDC1 and LC3II/LC3I ratio and decreased the expression of p-mTORC1/mTORC1, while electroacupuncture preconditioning reversed this trend and suggested that electroacupuncture preconditioning could reduce brain deficit IRI by inhibiting mitophagy (Mao et al., 2020).
5 EP/EXERCISE AND HYPOXIA MODULATE FUNDC1-MEDIATED MITOPHAGY IN CARDIOPROTECTION
5.1 Exercise/EP
IPC has previously been clinically demonstrated to exhibit cardioprotective effects, and EP has been both experimentally and clinically demonstrated to exhibit cardioprotective effects due to its similar effects to IPC (Quindry and Hamilton, 2013). EP can be divided into early EP (EEP) and late EP (LEP), both of which have a myocardial protective effect (Thijssen et al., 2018). Appropriate exercise has a variety of functions, including but not limited to enhancing memory, improving cognition, suppressing obesity, and reducing inflammation (Chen et al., 2021; De Miguel et al., 2021; Li et al., 2022b). Exercise is an effective instrument for the prevention, intervention, and treatment of metabolic diseases, and although there are many possible mechanisms by which EP mediates cardioprotection, it appears that mitochondria exert an essential role in some of these mechanisms, with growing evidence supporting the protection induced by exercise mediated by autophagy, mitophagy, and mitochondrial biogenesis (Roberts and Markby, 2021; Li et al., 2022b; Ma et al., 2023). Exercise also induces FUNDC1-mediated mitophagy, removes damaged mitochondria, reverses mitochondrial dysfunction, stimulates mitochondrial biogenesis, and has a significant effect on mitochondrial fission and fusion via the AMPK-ULK1 pathway (Laker et al., 2014; Moreira et al., 2017; Gao et al., 2020; Yu et al., 2020; Memme et al., 2021). An acute exercise study concluded that PINK1 was not associated with skeletal muscle exercise-induced mitophagy because no significant PINK1 was present in mitochondria separated from skeletal muscle at any time points after acute exercise, but there was unambiguous evidence of stable PINK1 in mitochondria after treatment of HeLa cells with the uncoupling agent CCCP (Drake et al., 2019). This may be related to FUNDC1-mediated mitophagy, but whether similar results are found in the heart requires further studies to confirm. One study suggests that FUNDC1-mediated mitophagy may be influenced by the type of exercise (Laker et al., 2017).
Exercise may have a cardioprotective role by modifying FUNDC1 to regulate MAMs. FUNDC1, which tethers IP3R2, regulates both Ca2+ homeostasis and MAMs, exerts a crucial role in mitochondrial quality control, and is closely associated with the development of multiple CVD (Liu et al., 2021a). Research in septic mice found that upregulation of FUNDC1-dependent formation of MAMs promotes cardiac dysfunction (Jiang et al., 2021a). Conversely, FUNDC1 deficiency exacerbated high-fat diet-induced remodeling of the heart, mitochondrial aberrations, cell death, elevated IP3R3, and Ca2+ overload in FUNDC1−/− mice (Ren et al., 2020). Diabetes may induce the formation of MAMs by downregulating AMPK, and activation of AMPK may play a part in ameliorating diabetic cardiomyopathy by downregulating FUNDC1 and FUNDC1-associated MAMs (Wu et al., 2019b; Chen Y. et al., 2022). Lack of FUNDC1 decreases IP3R2 and Ca2+ levels in mitochondria and cytoplasm and reduces mitochondrial dysfunction, cardiac dysfunction, and HF by inhibiting Ca2+-sensitive CREB-mediated fission 1(FIS1) expression (Wu et al., 2017a; Zhang et al., 2018). Although the role of MAMs in FUNDC1-mediated mitophagy needs to be further investigated, the available evidence demonstrates that MAMs provide a platform for FUNDC1 to exert its bio functions (Yang et al., 2020).
Although the merits of autophagy on myocardial ischemic injury remain controversial, the protective effect of exercise on the myocardium is clear, and modulation of mitophagy by exercise may be a promising cardioprotective strategy (Gedik et al., 2014). Although some exercise regimens are known to promote the protective effects of mitophagy in the heart, further research is still needed to determine the precise mechanisms of interaction between functional mitophagy and physical activity, to analyze and identify the possible factors influencing these mechanisms, and to investigate exercise modalities that are both convenient and induce mitochondrial adaptation, which would also greatly help to address exercise compliance (Moreira et al., 2017; Memme et al., 2021).
5.2 Hypoxia
The promotion of FUNDC1-mediated mitophagy under hypoxic conditions can play a role in protecting cardiomyocytes (Li et al., 2018). Hypoxia activates mitophagy through the phosphorylation of ULK1 at the Ser555 site induced by AMPK, while the inhibition or knockdown of the AMPK gene inhibits mitophagy by preventing the translocation of ULK1 (Tian et al., 2015; Ponneri Babuharisankar et al., 2023). Mechanistically, the ULK1 is upregulated and translocated to the damaged mitochondria during hypoxia, which proceeds to interact with FUNDC1 and phosphorylate FUNDC1 at the Ser17 site, enhancing the binding of FUNDC1 to LC3 and promoting mitophagy (Wu et al., 2014b). Mitophagy plays a critical role in the reduction of IRI by hypoxic preconditioning, and the decrease in oxygen levels induced by hypoxia or ischemia increases mitophagy by decreasing FUNDC1 phosphorylated at the Tyr18 site, induced by mitochondrial degradation (Zhang et al., 2016). In contrast, it has been suggested that inhibition of mitophagy may protect cells from hypoxia-induced damage, such that inhibition of mitophagy by introducing miR-137 mimics targeting FUNDC1 under hypoxic conditions promotes mitochondrial mass, ATP synthesis, and mitochondrial transcriptional activity, and a similar effect was obtained by specific siRNA knockdown of FUNDC1 (Hu et al., 2020). It was recently shown that miR-130a can regulate FUNDC1-mediated mitophagy by targeting GJA1 in myocardial IRI (Yan et al., 2023). However, more studies support that activation of mitophagy is protective and suggest that the phosphorylation state of FUNDC1 at Tyr18 may serve an essential role for several main reasons: first, under normoxic/physiological conditions, FUNDC1 phosphorylation level at Tyr18 is high and only slight phosphorylation occurs at Ser13, suggesting that Tyr18 phosphorylation mainly controls the baseline activity of FUNDC1; second, during hypoxia or ischemia, the phosphorylation levels of total FUNDC1 decreased significantly, while the Ser13 phosphorylation level of FUNDC1 remained relatively unchanged, indicating that the activation of FUNDC1 was achieved through dephosphorylation of Tyr18; third, during the reperfusion phase after ischemia or hypoxia, the phosphorylated FUNDC1Tyr18 changed slightly during the reperfusion phase after ischemia or hypoxia, whereas phosphorylated FUNDC1Ser13 gradually increased, indicating that phosphorylation of Ser13 inactivated FUNDC1 after reperfusion; finally, in general, the total phosphorylated FUNDC1 at Tyr18 and Ser13 sites decreased during the ischemic phase and gradually increased during the reperfusion phase, which was associated with FUNDC1-dependent mitophagy activation state was negatively correlated (Zhou et al., 2017a; Zhou et al., 2017b; Zhang et al., 2017; Zhou et al., 2018; Zhang, 2021). Although hypoxia and exercise-induced hypoxia are different, the research related to hypoxia has certainly provided ideas for the study of exercise.
6 CONCLUSION
In summary, the mechanisms regulating mitophagy are not a few mutually independent signaling pathways, but a multi-level regulatory network involving many cellular and mitochondrial mechanisms (Zhou et al., 2020). As a recently discovered receptor mediating mitophagy, FUNDC1 has been shown to not only participate in maintaining mitochondrial morphology and function but also perform an essential role in regulating mitophagy and mitochondrial dynamics, and new evidence suggests that FUNDC1 levels and phosphorylation status are significantly related to the onset, development and even prognosis for a variety of diseases, including heart disease, which predicts that FUNDC1 and its mediated mitophagy have tremendous potential applications in the intervention or treatment of numerous human diseases (Zhang et al., 2021b; Zhang et al., 2021d; Qiu et al., 2021; Sun et al., 2021; Zhang, 2021; Liu et al., 2022; Mao et al., 2022). However, our understanding of FUNDC1 physiological functions is still limited, for example, are there other targets that control FUNDC1-mediated mitophagy? How are the various regulatory targets activated or inhibited? Are there interactions, antagonisms, or compensatory effects between regulatory targets? FUNDC1 is also involved in the formation of MAMs, consistent with or contradictory to its role in mediating mitophagy and mitochondrial dynamics? Therefore, more comprehensive and in-depth studies are necessary. On the one hand, the enigmatic role of FUNDC1 in regulating mitochondrial dynamics and mitophagy remains incompletely elucidated. On the other hand, the mechanism behind the action of FUNDC1 in different diseases may be different, and new studies are urgently needed to give further plausible explanations.
AUTHOR CONTRIBUTIONS
YL: Formal Analysis, Methodology, Writing–original draft, Writing–review and editing. ZY: Data curation, Formal Analysis, Writing–review and editing. PZ: Data curation, Formal Analysis, Methodology, Writing–review and editing. XZ: Funding acquisition, Supervision, Writing –review and editing. HL: Formal Analysis, Writing–review and editing. TL: Formal Analysis, Writing–review and editing. YG: Formal Analysis, Writing–review and editing. LC: Formal Analysis, Methodology, Software, Writing–review and editing. FP: Conceptualization, Formal Analysis, Funding acquisition, Methodology, Project administration, Supervision, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by “the National Natural Science Foundation of China” (32360218), “the Research Initiation Program for Doctoral Talents of Guangdong University of EducationResearch Initiation Program for Doctoral Talents of Guangdong University of Education” (202304670451), and “the Guangdong Youth Sports and Health Promotion Research Center.”
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Aghaei, M., Motallebnezhad, M., Ghorghanlu, S., Jabbari, A., Enayati, A., Rajaei, M., et al. (2019). Targeting autophagy in cardiac ischemia/reperfusion injury: a novel therapeutic strategy. J. Cell Physiol. 234, 16768–16778. doi:10.1002/jcp.28345
 Ashford, T. P., and Porter, K. R. (1962). Cytoplasmic components in hepatic cell lysosomes. J. Cell Biol. 12, 198–202. doi:10.1083/jcb.12.1.198
 Belousov, D. M., Mikhaylenko, E. V., Somasundaram, S. G., Kirkland, C. E., and Aliev, G. (2021). The dawn of mitophagy: what do we know by now?Curr. Neuropharmacol. 19, 170–192. doi:10.2174/1570159x18666200522202319
 Bhujabal, Z., Birgisdottir, A. B., Sjottem, E., Brenne, H. B., Overvatn, A., Habisov, S., et al. (2017). FKBP8 recruits LC3A to mediate Parkin-independent mitophagy. Embo Rep. 18, 947–961. doi:10.15252/embr.201643147
 Bi, X., Zhang, G., Wang, X., Nguyen, C., May, H., Li, X., et al. (2018). Endoplasmic reticulum chaperone GRP78 protects heart from ischemia/reperfusion injury through akt activation. Circulation Res. 122, 1545–1554. doi:10.1161/circresaha.117.312641
 Bi, Y., Xu, H., Wang, X., Zhu, H., Ge, J., Ren, J., et al. (2022). FUNDC1 protects against doxorubicin-induced cardiomyocyte PANoptosis through stabilizing mtDNA via interaction with TUFM. Cell Death Dis. 13, 1020. doi:10.1038/s41419-022-05460-x
 Cai, C., Guo, Z., Chang, X., Li, Z., Wu, F., He, J., et al. (2022). Empagliflozin attenuates cardiac microvascular ischemia/reperfusion through activating the AMPKα1/ULK1/FUNDC1/mitophagy pathway. Redox Biol. 52, 102288. doi:10.1016/j.redox.2022.102288
 Chai, P., Cheng, Y., Hou, C., Yin, L., Zhang, D., Hu, Y., et al. (2021). USP19 promotes hypoxia-induced mitochondrial division via FUNDC1 at ER-mitochondria contact sites. J. Cell Biol. 220, e202010006. doi:10.1083/jcb.202010006
 Chen, G., Chen, L., Huang, Y., Zhu, X., and Yu, Y. (2022a). Increased FUN14 domain containing 1 (FUNDC1) ubiquitination level inhibits mitophagy and alleviates the injury in hypoxia-induced trophoblast cells. Bioengineered 13, 3620–3633. doi:10.1080/21655979.2021.1997132
 Chen, G., Han, Z., Feng, D., Chen, Y., Chen, L., Wu, H., et al. (2014). A regulatory signaling loop comprising the PGAM5 phosphatase and CK2 controls receptor-mediated mitophagy. Mol. Cell 54, 362–377. doi:10.1016/j.molcel.2014.02.034
 Chen, L., Zhang, Q., Meng, Y., Zhao, T., Mu, C., Fu, C., et al. (2023). Saturated fatty acids increase LPI to reduce FUNDC1 dimerization and stability and mitochondrial function. Embo Rep. 24, e54731. doi:10.15252/embr.202254731
 Chen, M., Chen, Z., Wang, Y., Tan, Z., Zhu, C., Li, Y., et al. (2016). Mitophagy receptor FUNDC1 regulates mitochondrial dynamics and mitophagy. Autophagy 12, 689–702. doi:10.1080/15548627.2016.1151580
 Chen, M., Zhou, L., Chen, S., Shangguan, R., Qu, Y., and Sun, J. (2021). Acute and chronic effects of high-intensity interval training (HIIT) on postexercise intramuscular lipid metabolism in rats. Physiol. Res. 70, 735–743. doi:10.33549/physiolres.934722
 Chen, Y., Xin, Y., Cheng, Y., and Liu, X. (2022b). Mitochondria-endoplasmic reticulum contacts: the promising regulators in diabetic cardiomyopathy. Oxid. Med. Cell Longev. 2022, 2531458. doi:10.1155/2022/2531458
 Chen, Z., Liu, L., Cheng, Q., Li, Y., Wu, H., Zhang, W., et al. (2017a). Mitochondrial E3 ligase MARCH5 regulates FUNDC1 to fine-tune hypoxic mitophagy. Embo Rep. 18, 495–509. doi:10.15252/embr.201643309
 Chen, Z., Siraj, S., Liu, L., and Chen, Q. (2017b). MARCH5-FUNDC1 axis fine-tunes hypoxia-induced mitophagy. Autophagy 13, 1244–1245. doi:10.1080/15548627.2017.1310789
 Choubey, V., Zeb, A., and Kaasik, A. (2022). Molecular mechanisms and regulation of mammalian mitophagy. Cells-Basel 11, 38. doi:10.3390/cells11010038
 Cung, T., Morel, O., Cayla, G., Rioufol, G., Garcia-Dorado, D., Angoulvant, D., et al. (2015). Cyclosporine before PCI in patients with acute myocardial infarction. N. Engl. J. Med. 373, 1021–1031. doi:10.1056/NEJMoa1505489
 De Miguel, Z., Khoury, N., Betley, M., Lehallier, B., Willoughby, D., Olsson, N., et al. (2021). Exercise plasma boosts memory and dampens brain inflammation via clusterin. Nature 600, 494–499. doi:10.1038/s41586-021-04183-x
 Deng, S. Y., Ai, Y. H., Gong, H., Wu, L., Chen, C. X., Wang, Y. M., et al. (2017). Effect of neuroglobin on oxygen-glucose deprivation and reoxygenation induced autophagy in a human neuroblastoma cell line. Zhonghua yi xue za zhi 97, 1505–1509. doi:10.3760/cma.j.issn.0376-2491.2017.19.016
 Drake, J., Laker, R., Wilson, R., Zhang, M., and Yan, Z. (2019). Exercise-induced mitophagy in skeletal muscle occurs in the absence of stabilization of Pink1 on mitochondria. Cell cycleGeorget. Tex. 18, 1–6. doi:10.1080/15384101.2018.1559556
 Fan, H., He, Z., Huang, H., Zhuang, H., Liu, H., Liu, X., et al. (2020). Mitochondrial quality control in cardiomyocytes: a critical role in the progression of cardiovascular diseases. Front. Physiology 11, 252. doi:10.3389/fphys.2020.00252
 Gao, J., Yu, L., Wang, Z., Wang, R., and Liu, X. (2020). Induction of mitophagy in C2C12 cells by electrical pulse stimulation involves increasing the level of the mitochondrial receptor FUNDC1 through the AMPK-ULK1 pathway. Am. J. Transl. Res. 12, 6879–6894.
 Gedik, N., Thielmann, M., Kottenberg, E., Peters, J., Jakob, H., Heusch, G., et al. (2014). No evidence for activated autophagy in left ventricular myocardium at early reperfusion with protection by remote ischemic preconditioning in patients undergoing coronary artery bypass grafting. Plos One 9, e96567. doi:10.1371/journal.pone.0096567
 Goldenthal, M. (2016). Mitochondrial involvement in myocyte death and heart failure. Heart Fail. Rev. 21, 137–155. doi:10.1007/s10741-016-9531-1
 Hamacher-Brady, A., and Brady, N. R. (2016). Mitophagy programs: mechanisms and physiological implications of mitochondrial targeting by autophagy. Cell Mol. Life Sci. 73, 775–795. doi:10.1007/s00018-015-2087-8
 Heusch, G. (2020). Myocardial ischaemia-reperfusion injury and cardioprotection in perspective. Nat. Rev. Cardiol. 17, 773–789. doi:10.1038/s41569-020-0403-y
 Hu, Q., Yuan, Y., Wu, Y., Huang, Y., Zhao, Z., and Xiao, C. (2020). MicroRNA-137 exerts protective effects on hypoxia-induced cell injury by inhibiting autophagy/mitophagy and maintaining mitochondrial function in breast cancer stem-like cells. Oncol. Rep. 44, 1627–1637. doi:10.3892/or.2020.7714
 Huang, J., Li, R., and Wang, C. (2021). The role of mitochondrial quality control in cardiac ischemia/reperfusion injury. Oxid. Med. Cell Longev. 2021, 5543452. doi:10.1155/2021/5543452
 Ji, H., Wang, J., Muid, D., Song, W., Jiang, Y., and Zhou, H. (2022). FUNDC1 activates the mitochondrial unfolded protein response to preserve mitochondrial quality control in cardiac ischemia/reperfusion injury. Cell Signal 92, 110249. doi:10.1016/j.cellsig.2022.110249
 Ji, H., Wu, D., Kimberlee, O. M., Li, R., and Qian, G. (2021). Molecular perspectives of mitophagy in myocardial stress: pathophysiology and therapeutic targets. Front. Physiology 12, 700585. doi:10.3389/fphys.2021.700585
 Jiang, T., Peng, D., Shi, W., Guo, J., Huo, S., Men, L., et al. (2021a). IL-6/STAT3 signaling promotes cardiac dysfunction by upregulating FUNDC1-dependent mitochondria-associated endoplasmic reticulum membranes formation in sepsis mice. Front. Cardiovasc. Med. 8, 790612. doi:10.3389/fcvm.2021.790612
 Jiang, X., Cai, S., Jin, Y., Wu, F., He, J., Wu, X., et al. (2021b). Irisin attenuates oxidative stress, mitochondrial dysfunction, and apoptosis in the H9C2 cellular model of septic cardiomyopathy through augmenting fundc1-dependent mitophagy. Oxid. Med. Cell Longev. 2021, 2989974. doi:10.1155/2021/2989974
 Khadimallah, I., Jenni, R., Cabungcal, J.-H., Cleusix, M., Fournier, M., Beard, E., et al. (2021). Mitochondrial, exosomal miR137-COX6A2 and gamma synchrony as biomarkers of parvalbumin interneurons, psychopathology, and neurocognition in schizophrenia. Mol. Psychiatr. 27, 1192–1204. doi:10.1038/s41380-021-01313-9
 Kuang, Y., Ma, K., Zhou, C., Ding, P., Zhu, Y., Chen, Q., et al. (2016). Structural basis for the phosphorylation of FUNDC1 LIR as a molecular switch of mitophagy. Autophagy 12, 2363–2373. doi:10.1080/15548627.2016.1238552
 Laker, R., Drake, J., Wilson, R., Lira, V., Lewellen, B., Ryall, K., et al. (2017). Ampk phosphorylation of Ulk1 is required for targeting of mitochondria to lysosomes in exercise-induced mitophagy. Nat. Commun. 8, 548. doi:10.1038/s41467-017-00520-9
 Laker, R., Xu, P., Ryall, K., Sujkowski, A., Kenwood, B., Chain, K., et al. (2014). A novel MitoTimer reporter gene for mitochondrial content, structure, stress, and damage in vivo. J. Biol. Chem. 289, 12005–12015. doi:10.1074/jbc.M113.530527
 Lampert, M. A., Orogo, A. M., Najor, R. H., Hammerling, B. C., Leon, L. J., Wang, B. J., et al. (2019). BNIP3L/NIX and FUNDC1-mediated mitophagy is required for mitochondrial network remodeling during cardiac progenitor cell differentiation. Autophagy 15, 1182–1198. doi:10.1080/15548627.2019.1580095
 Lesnefsky, E., Chen, Q., Tandler, B., and Hoppel, C. (2017). Mitochondrial dysfunction and myocardial ischemia-reperfusion: implications for novel therapies. Annu. Rev. Pharmacol. Toxicol. 57, 535–565. doi:10.1146/annurev-pharmtox-010715-103335
 Lewis, M. R., and Lewis, W. H. (1914). Mitochondria in tissue culture. Sci. (New York, N.Y.) 39, 330–333. doi:10.1126/science.39.1000.330
 Li, G., Li, J., Shao, R., Zhao, J., and Chen, M. (2021a). FUNDC1: a promising mitophagy regulator at the mitochondria-associated membrane for cardiovascular diseases. Front. Cell Dev. Biol. 9, 788634. doi:10.3389/fcell.2021.788634
 Li, Q., Liu, Y., Huang, Q., Yi, X., Qin, F., Zhong, Z., et al. (2022a). Hypoxia acclimation protects against heart failure postacute myocardial infarction via fundc1-mediated mitophagy. Oxid. Med. Cell Longev. 2022, 8192552. doi:10.1155/2022/8192552
 Li, S., Zhou, Y., Gu, X., Zhang, X., and Jia, Z. (2021b). NLRX1/FUNDC1/NIPSNAP1-2 axis regulates mitophagy and alleviates intestinal ischaemia/reperfusion injury. Cell Proliferat 54, e12986. doi:10.1111/cpr.12986
 Li, V. L., He, Y., Contrepois, K., Liu, H., Kim, J. T., Wiggenhorn, A. L., et al. (2022b). An exercise-inducible metabolite that suppresses feeding and obesity. Nature 606, 785–790. doi:10.1038/s41586-022-04828-5
 Li, W., Yin, L., Sun, X., Wu, J., Dong, Z., Hu, K., et al. (2020). Alpha-lipoic acid protects against pressure overload-induced heart failure via ALDH2-dependent Nrf1-FUNDC1 signaling. Cell Death Dis. 11, 599. doi:10.1038/s41419-020-02805-2
 Li, W., Zhang, X., Zhuang, H., Chen, H.-g., Chen, Y., Tian, W., et al. (2014). MicroRNA-137 is a novel hypoxia-responsive MicroRNA that inhibits mitophagy via regulation of two mitophagy receptors FUNDC1 and NIX. J. Biol. Chem. 289, 10691–10701. doi:10.1074/jbc.M113.537050
 Li, Y., Changhong, Y., Liyu, Y., Changchang, M., Zeng, L., Yue, L., et al. (2023). Transcription factor forkhead box P (foxp) 1 reduces brain damage during cerebral ischemia-reperfusion injury in mice through FUN14 domain-containing protein 1. Neuroscience 530, 1–16. doi:10.1016/j.neuroscience.2023.07.029
 Li, Y., Liu, Z., Zhang, Y., Zhao, Q., Wang, X., Lu, P., et al. (2018). PEDF protects cardiomyocytes by promoting FUNDC1-mediated mitophagy via PEDF-R under hypoxic condition. Int. J. Mol. Med. 41, 3394–3404. doi:10.3892/ijmm.2018.3536
 Li, Y., Zheng, N., and Ding, X. (2021c). Mitophagy disequilibrium, a prominent pathological mechanism in metabolic heart diseases. Diabet. Metab. Synd. Ob. 14, 4631–4640. doi:10.2147/dmso.S336882
 Li, Y.-z., Wu, X.-d., Liu, X.-h., and Li, P.-f. (2019). Mitophagy imbalance in cardiomyocyte ischaemia/reperfusion injury. Acta Physiol. 225, e13228. doi:10.1111/apha.13228
 Lim, G. G. Y., and Lim, K.-L. (2017). Parkin-independent mitophagy-FKBP8 takes the stage. Embo Rep. 18, 864–865. doi:10.15252/embr.201744313
 Liu, H., Zang, C., Yuan, F., Ju, C., Shang, M., Ning, J., et al. (2022). The role of FUNDC1 in mitophagy, mitochondrial dynamics and human diseases. Biochem. Pharmacol. 197, 114891. doi:10.1016/j.bcp.2021.114891
 Liu, K., Wu, H., Gao, R., and Han, G. (2020). DNA methylation may be involved in the analgesic effect of hyperbaric oxygen via regulating FUNDC1. Pain Res. Manag. 2020, 1528362. doi:10.1155/2020/1528362
 Liu, L., Feng, D., Chen, G., Chen, M., Zheng, Q., Song, P., et al. (2012). Mitochondrial outer-membrane protein FUNDC1 mediates hypoxia-induced mitophagy in mammalian cells. Nat. Cell Biol. 14, 177–185. doi:10.1038/ncb2422
 Liu, L., Li, Y., and Chen, Q. (2021a). The emerging role of FUNDC1-mediated mitophagy in cardiovascular diseases. Front. Physiology 12, 807654. doi:10.3389/fphys.2021.807654
 Liu, L., Li, Y., Wang, J., Zhang, D., Wu, H., Li, W., et al. (2021b). Mitophagy receptor FUNDC1 is regulated by PGC-1α/NRF1 to fine tune mitochondrial homeostasis. Embo Rep. 22, e50629. doi:10.15252/embr.202050629
 Livingston, M. J., Wang, J., Zhou, J., Wu, G., Ganley, I. G., Hill, J. A., et al. (2019). Clearance of damaged mitochondria via mitophagy is important to the protective effect of ischemic preconditioning in kidneys. Autophagy 15, 2142–2162. doi:10.1080/15548627.2019.1615822
 Luan, Y., Luan, Y., Feng, Q., Chen, X., Ren, K.-D., and Yang, Y. (2021). Emerging role of mitophagy in the heart: therapeutic potentials to modulate mitophagy in cardiac diseases. Oxid. Med. Cell Longev. 2021, 3259963. doi:10.1155/2021/3259963
 Lv, M., Wang, C., Li, F., Peng, J., Wen, B., Gong, Q., et al. (2017). Structural insights into the recognition of phosphorylated FUNDC1 by LC3B in mitophagy. Protein Cell 8, 25–38. doi:10.1007/s13238-016-0328-8
 Lv, Y., Cheng, L., and Peng, F. (2022). Compositions and functions of mitochondria-associated endoplasmic reticulum membranes and their contribution to cardioprotection by exercise preconditioning. Front. physiology 13, 910452. doi:10.3389/fphys.2022.910452
 Ma, K., Zhang, Z., Chang, R., Cheng, H., Mu, C., Zhao, T., et al. (2020). Dynamic PGAM5 multimers dephosphorylate BCL-xL or FUNDC1 to regulate mitochondrial and cellular fate. Cell Death Differ. 27, 1036–1051. doi:10.1038/s41418-019-0396-4
 Ma, L., Li, K., Wei, W., Zhou, J., Li, Z., Zhang, T., et al. (2023). Exercise protects aged mice against coronary endothelial senescence via FUNDC1-dependent mitophagy. Redox Biol. 62, 102693. doi:10.1016/j.redox.2023.102693
 Ma, R.-G., Xia, Z., and Shang, H.-Y. (2021). Advances in the study of mitophagy-related receptor proteins. Sheng li xue bao Acta Physiol. Sin. 73, 1025–1034. doi:10.13294/j.aps.2021.0085
 Ma, Y., Zhou, X., Gui, M., Yao, L., Li, J., Chen, X., et al. (2024). Mitophagy in hypertension-mediated organ damage. Front. Cardiovasc. Med. 10, 1309863. doi:10.3389/fcvm.2023.1309863
 Mao, C., Hu, C., Zhou, Y., Zou, R., Li, S., Cui, Y., et al. (2020). Electroacupuncture pretreatment against cerebral ischemia/reperfusion injury through mitophagy. Evid-Based Compl Alt. 2020, 7486041. doi:10.1155/2020/7486041
 Mao, S., Tian, S., Luo, X., Zhou, M., Cao, Z., and Li, J. (2021). Overexpression of PLK1 relieved the myocardial ischemia-reperfusion injury of rats through inducing the mitophagy and regulating the p-AMPK/FUNDC1 axis. Bioengineered 12, 2676–2687. doi:10.1080/21655979.2021.1938500
 Mao, Y., Ren, J., and Yang, L. (2022). FUN14 domain containing 1 (FUNDC1): a promising mitophagy receptor regulating mitochondrial homeostasis in cardiovascular diseases. Front. Pharmacol. 13, 887045. doi:10.3389/fphar.2022.887045
 McLelland, G.-L., Soubannier, V., Chen, C. X., McBride, H. M., and Fon, E. A. (2014). Parkin and PINK1 function in a vesicular trafficking pathway regulating mitochondrial quality control. Embo J. 33, 282–295. doi:10.1002/embj.201385902
 Memme, J. M., Erlich, A. T., Hood, D. A., and Phukan, G. (2021). Exercise and mitochondrial health. J. Physiol-London 599, 803–817. doi:10.1113/jp278853
 Mitrega, K. A., Nozynski, J., Porc, M., Spalek, A. M., and Krzeminski, T. F. (2016). Dihydropyridines' metabolites-induced early apoptosis after myocardial infarction in rats; new outlook on preclinical study with M-2 and M-3. Apoptosis 21, 195–208. doi:10.1007/s10495-015-1205-2
 Mohsin, M., Tabassum, G., Ahmad, S., Ali, S., and Syed, M. A. (2021). The role of mitophagy in pulmonary sepsis. Mitochondrion 59, 63–75. doi:10.1016/j.mito.2021.04.009
 Moreira, O., Estébanez, B., Martínez-Florez, S., de Paz, J., Cuevas, M., and González-Gallego, J. (2017). Mitochondrial function and mitophagy in the elderly: effects of exercise. Oxid. Med. Cell Longev. 2017, 2012798. doi:10.1155/2017/2012798
 Ong, S., Hall, A., and Hausenloy, D. (2013). Mitochondrial dynamics in cardiovascular health and disease. Antioxid. Redox Sign 19, 400–414. doi:10.1089/ars.2012.4777
 Park, S. Y., and Koh, H. C. (2020). FUNDC1 regulates receptor-mediated mitophagy independently of the PINK1/Parkin-dependent pathway in rotenone-treated SH-SY5Y cells. Food Chem. Toxicol. 137, 111163. doi:10.1016/j.fct.2020.111163
 Pecoraro, M., Pinto, A., and Popolo, A. (2019). Mitochondria and cardiovascular disease: a brief account. Crit. Rev. Eukaryot. gene Expr. 29, 295–304. doi:10.1615/CritRevEukaryotGeneExpr.2019028579
 Pei, Z., Xiong, Y., Jiang, S., Guo, R., Jin, W., Tao, J., et al. (2024). Heavy metal scavenger metallothionein rescues against cold stress-evoked myocardial contractile anomalies through regulation of mitophagy. Cardiovasc Toxicol. 24, 85–101. doi:10.1007/s12012-023-09823-4
 Peng, H., Fu, S., Wang, S., Xu, H., Dhanasekaran, M., Chen, H., et al. (2022). Ablation of FUNDC1-dependent mitophagy renders myocardium resistant to paraquat-induced ferroptosis and contractile dysfunction. Biochimica biophysica acta. Mol. basis Dis. 1868, 166448. doi:10.1016/j.bbadis.2022.166448
 Ponneri Babuharisankar, A., Kuo, C.-L., Chou, H.-Y., Tangeda, V., Fan, C.-C., Chen, C.-H., et al. (2023). Mitochondrial Lon-induced mitophagy benefits hypoxic resistance via Ca2+-dependent FUNDC1 phosphorylation at the ER-mitochondria interface. Cell Death Dis. 14, 199. doi:10.1038/s41419-023-05723-1
 Qiu, Y.-H., Zhang, T.-S., Wang, X.-W., Wang, M.-y., Zhao, W.-X., Zhou, H.-M., et al. (2021). Mitochondria autophagy: a potential target for cancer therapy. J. Drug Target 29, 576–591. doi:10.1080/1061186x.2020.1867992
 Quindry, J., and Hamilton, K. (2013). Exercise and cardiac preconditioning against ischemia reperfusion injury. Curr. Cardiol. Rev. 9, 220–229. doi:10.2174/1573403x113099990033
 Ray, S. K., and Mukherjee, S. (2021). Mitophagy in carcinogenesis and tumour progression- A new paradigm with emerging importance. Anti-Cancer Agent Me 21, 2130–2141. doi:10.2174/1871520621666210112121910
 Ren, J., Sun, M., Zhou, H., Ajoolabady, A., Zhou, Y., Tao, J., et al. (2020). FUNDC1 interacts with FBXL2 to govern mitochondrial integrity and cardiac function through an IP3R3-dependent manner in obesity. Sci. Adv. 6, eabc8561. doi:10.1126/sciadv.abc8561
 Roberts, F. L., and Markby, G. R. (2021). New insights into molecular mechanisms mediating adaptation to exercise; A review focusing on mitochondrial biogenesis, mitochondrial function, mitophagy and autophagy. Cells-Basel 10, 2639. doi:10.3390/cells10102639
 Rogov, V. V., Stolz, A., Ravichandran, A. C., Rios-Szwed, D. O., Suzuki, H., Kniss, A., et al. (2017). Structural and functional analysis of the GABARAP interaction motif (GIM). Embo Rep. 18, 1382–1396. doi:10.15252/embr.201643587
 Saito, T., Nah, J., Oka, S.-i., Mukai, R., Monden, Y., Maejima, Y., et al. (2019). An alternative mitophagy pathway mediated by Rab9 protects the heart against ischemia. J. Clin. Invest. 129, 802–819. doi:10.1172/jci122035
 Scott, S. V., and Klionsky, D. J. (1998). Delivery of proteins and organelles to the vacuole from the cytoplasm. Curr. Opin. Cell Biol. 10, 523–529. doi:10.1016/s0955-0674(98)80068-9
 Shang, H., VanDusseldorp, T. A., Ma, R., Zhao, Y., Cholewa, J., Zanchi, N. E., et al. (2022). Role of MST1 in the regulation of autophagy and mitophagy: implications for aging-related diseases. J. Physiol. Biochem. 78, 709–719. doi:10.1007/s13105-022-00904-6
 Sugo, M., Kimura, H., Arasaki, K., Amemiya, T., Hirota, N., Dohmae, N., et al. (2018). Syntaxin 17 regulates the localization and function of PGAM5 in mitochondrial division and mitophagy. EMBO J. 37, e98899. doi:10.15252/embj.201798899
 Sun, K., Jing, X., Guo, J., Yao, X., and Guo, F. (2021). Mitophagy in degenerative joint diseases. Autophagy 17, 2082–2092. doi:10.1080/15548627.2020.1822097
 Szklarczyk, R., and Huynen, M. (2010). Mosaic origin of the mitochondrial proteome. Proteomics 10, 4012–4024. doi:10.1002/pmic.201000329
 Tagaya, M., and Arasaki, K. (2017). Regulation of mitochondrial dynamics and autophagy by the mitochondria-associated membrane. In Organelle contact sites: from molecular mechanism to disease ed , M. Tagaya, and T. Simmen, eds. pp. 33–47.
 Teresak, P., Lapao, A., Subic, N., Boya, P., Elazar, Z., and Simonsen, A. (2022). Regulation of PRKN-independent mitophagy. Autophagy 18, 24–39. doi:10.1080/15548627.2021.1888244
 Thijssen, D., Redington, A., George, K., Hopman, M., and Jones, H. (2018). Association of exercise preconditioning with immediate cardioprotection: a review. Jama Cardiol. 3, 169–176. doi:10.1001/jamacardio.2017.4495
 Tian, W., Li, W., Chen, Y., Yan, Z., Huang, X., Zhuang, H., et al. (2015). Phosphorylation of ULK1 by AMPK regulates translocation of ULK1 to mitochondria and mitophagy. Febs Lett. 589, 1847–1854. doi:10.1016/j.febslet.2015.05.020
 Tombo, N., Imam Aliagan, A., Feng, Y., Singh, H., and Bopassa, J. (2020). Cardiac ischemia/reperfusion stress reduces inner mitochondrial membrane protein (mitofilin) levels during early reperfusion. Free Radic. Biol. Med. 158, 181–194. doi:10.1016/j.freeradbiomed.2020.06.039
 Turkieh, A., El Masri, Y., Pinet, F., and Dubois-Deruy, E. (2022). Mitophagy regulation following myocardial infarction. Cells-Basel 11, 199. doi:10.3390/cells11020199
 Vigie, P., and Camougrand, N. (2017). Role of mitophagy in the mitochondrial quality control. M. S-Medecine Sci. 33, 231–237. doi:10.1051/medsci/20173303008
 Wang, J., Wang, X., Du, W., Xue, Z., Huang, W., Guan, Z., et al. (2022a). BI-1 ameliorates myocardial injury by activating the mitochondrial unfolded protein response and FUNDC1-related mitophagy in cardiorenal syndrome type 3. Cell Signal 91, 110218. doi:10.1016/j.cellsig.2021.110218
 Wang, X., Jiang, Y., Zhang, Y., Sun, Q., Ling, G., Jiang, J., et al. (2022b). The roles of the mitophagy inducer Danqi pill in heart failure: a new therapeutic target to preserve energy metabolism. Phytomedicine Int. J. phytotherapy Phytopharm. 99, 154009. doi:10.1016/j.phymed.2022.154009
 Wang, X., Zhang, X., Wu, D., Huang, Z., Hou, T., Jian, C., et al. (2017). Mitochondrial flashes regulate ATP homeostasis in the heart. Elife 6, e23908. doi:10.7554/eLife.23908
 Wang, Y., Jasper, H., Toan, S., Muid, D., Chang, X., and Zhou, H. (2021). Mitophagy coordinates the mitochondrial unfolded protein response to attenuate inflammation-mediated myocardial injury. Redox Biol. 45, 102049. doi:10.1016/j.redox.2021.102049
 Wang, Y., Liu, N., and Lu, B. (2019a). Mechanisms and roles of mitophagy in neurodegenerative diseases. Cns Neurosci. Ther. 25, 859–875. doi:10.1111/cns.13140
 Wang, Z.-C., Huang, F.-Z., Xu, H.-B., Sun, J.-C., and Wang, C.-F. (2019b). MicroRNA-137 inhibits autophagy and chemosensitizes pancreatic cancer cells by targeting ATG5. Int. J. Biochem. Cell B 111, 63–71. doi:10.1016/j.biocel.2019.01.020
 Wu, H., Wang, Y., Li, W., Chen, H., Du, L., Liu, D., et al. (2019a). Deficiency of mitophagy receptor FUNDC1 impairs mitochondrial quality and aggravates dietary-induced obesity and metabolic syndrome. Autophagy 15, 1882–1898. doi:10.1080/15548627.2019.1596482
 Wu, H., Xue, D., Chen, G., Han, Z., Huang, L., Zhu, C., et al. (2014a). The BCL2L1 and PGAM5 axis defines hypoxia-induced receptor-mediated mitophagy. Autophagy 10, 1712–1725. doi:10.4161/auto.29568
 Wu, S., Lu, Q., Ding, Y., Wu, Y., Qiu, Y., Wang, P., et al. (2019b). Hyperglycemia-driven inhibition of AMP-activated protein kinase α2 induces diabetic cardiomyopathy by promoting mitochondria-associated endoplasmic reticulum membranes in vivo. Circulation 139, 1913–1936. doi:10.1161/circulationaha.118.033552
 Wu, S., Lu, Q., Wang, Q., Ding, Y., Ma, Z., Mao, X., et al. (2017a). Binding of FUN14 domain containing 1 with inositol 1,4,5-trisphosphate receptor in mitochondria-associated endoplasmic reticulum membranes maintains mitochondrial dynamics and function in hearts in vivo. Circulation 136, 2248-2266. doi:10.1161/circulationaha.117.030235
 Wu, S., and Zou, M.-H. (2019). Mitochondria-associated endoplasmic reticulum membranes in the heart. Archives Biochem. Biophysics 662, 201–212. doi:10.1016/j.abb.2018.12.018
 Wu, W., Lin, C., Wu, K., Jiang, L., Wang, X., Li, W., et al. (2016). FUNDC1 regulates mitochondrial dynamics at the ER-mitochondrial contact site under hypoxic conditions. Embo J. 35, 1368–1384. doi:10.15252/embj.201593102
 Wu, W., Tian, W., Hu, Z., Chen, G., Huang, L., Li, W., et al. (2014b). ULK1 translocates to mitochondria and phosphorylates FUNDC1 to regulate mitophagy. Embo Rep. 15, 566–575. doi:10.1002/embr.201438501
 Wu, X., Wu, F.-H., Wu, Q., Zhang, S., Chen, S., and Sima, M. (2017b). Phylogenetic and molecular evolutionary analysis of mitophagy receptorsunder hypoxic conditions. Front. Physiology 8, 539. doi:10.3389/fphys.2017.00539
 Xia, R., Wang, W., Gao, B., Ma, Q., Wang, J., Dai, X., et al. (2022). Moxibustion alleviates chronic heart failure by regulating mitochondrial dynamics and inhibiting autophagy. Exp. Ther. Med. 23, 359. doi:10.3892/etm.2022.11286
 Xiao, Y., Chen, W., Zhong, Z., Ding, L., Bai, H., Chen, H., et al. (2020). Electroacupuncture preconditioning attenuates myocardial ischemia-reperfusion injury by inhibiting mitophagy mediated by the mTORC1-ULK1-FUNDC1 pathway. Biomed. Pharmacother. 127, 110148. doi:10.1016/j.biopha.2020.110148
 Xing, Y., Sui, Z., Liu, Y., Wang, M., Wei, X., Lu, Q., et al. (2022). Blunting TRPML1 channels protects myocardial ischemia/reperfusion injury by restoring impaired cardiomyocyte autophagy. Basic Res. Cardiol. 117, 20. doi:10.1007/s00395-022-00930-x
 Xu, C., Cao, Y., Liu, R., Liu, L., Zhang, W., Fang, X., et al. (2022). Mitophagy-regulated mitochondrial health strongly protects the heart against cardiac dysfunction after acute myocardial infarction. J. Cell Mol. Med. 26, 1315–1326. doi:10.1111/jcmm.17190
 Yan, Y., Tian, L.-y., Jia, Q., Han, Y., Tian, Y., Chen, H.-n., et al. (2023). MiR-130a-3p regulates FUNDC1-mediated mitophagy by targeting GJA1 in myocardial ischemia/reperfusion injury. Cell Death Discov. 9, 77. doi:10.1038/s41420-023-01372-7
 Yang, M., Li, C., Yang, S., Xiao, Y., Xiong, X., Chen, W., et al. (2020). Mitochondria-associated ER membranes - the origin site of autophagy. Front. Cell Dev. Biol. 8, 595. doi:10.3389/fcell.2020.00595
 Yang, M., Linn, B. S., Zhang, Y., and Ren, J. (2019). Mitophagy and mitochondrial integrity in cardiac ischemia-reperfusion injury. Bba-Mol Basis Dis. 1865, 2293–2302. doi:10.1016/j.bbadis.2019.05.007
 Yellon, D., and Hausenloy, D. (2007). Myocardial reperfusion injury. N. Engl. J. Med. 357, 1121–1135. doi:10.1056/NEJMra071667
 Yoo, S.-M., and Jung, Y.-K. (2018). A molecular approach to mitophagy and mitochondrial dynamics. Mol. Cells 41, 18–26. doi:10.14348/molcells.2018.2277
 Yu, J. D., and Miyamoto, S. (2021). Molecular signaling to preserve mitochondrial integrity against ischemic stress in the heart: rescue or remove mitochondria in danger. Cells-Basel 10, 3330. doi:10.3390/cells10123330
 Yu, L., Shi, X.-Y., Liu, Z.-M., Zhen, W., Li, L., Gao, J.-X., et al. (2020). Effects of exercises with different durations and intensities on mitochondrial autophagy and FUNDC1 expression in rat skeletal muscles. Shengli Xuebao 72, 631–642. doi:10.13294/j.aps.2020.0066
 Yu, W., Xu, M., Zhang, T., Zhang, Q., and Zou, C. (2019). Mst1 promotes cardiac ischemia-reperfusion injury by inhibiting the ERK-CREB pathway and repressing FUNDC1-mediated mitophagy. J. Physiol. Sci. 69, 113–127. doi:10.1007/s12576-018-0627-3
 Zhang, H., Yang, N., He, H., Chai, J., Cheng, X., Zhao, H., et al. (2021a). The zinc transporter ZIP7 (Slc39a7) controls myocardial reperfusion injury by regulating mitophagy. Basic Res. Cardiol. 116, 54. doi:10.1007/s00395-021-00894-4
 Zhang, K., Zhou, Q., Guo, Y., Chen, L., and Li, L. (2018). Mitochondria-associated endoplasmic reticulum membranes (MAMs) involve in the regulation of mitochondrial dysfunction and heart failure. Acta Bioch Bioph Sin. 50, 618–619. doi:10.1093/abbs/gmy044
 Zhang, L., Dai, L., and Li, D. (2021b). Mitophagy in neurological disorders. J. Neuroinflamm 18, 297. doi:10.1186/s12974-021-02334-5
 Zhang, T., Liu, Q., Gao, W., Sehgal, S. A., and Wu, H. (2021c). The multifaceted regulation of mitophagy by endogenous metabolites. Autophagy 18, 1216–1239. doi:10.1080/15548627.2021.1975914
 Zhang, W. (2021). The mitophagy receptor FUN14 domain-containing 1 (FUNDC1): a promising biomarker and potential therapeutic target of human diseases. Genes and Dis. 8, 640–654. doi:10.1016/j.gendis.2020.08.011
 Zhang, W., Ren, H., Xu, C., Zhu, C., Wu, H., Liu, D., et al. (2016). Hypoxic mitophagy regulates mitochondrial quality and platelet activation and determines severity of I/R heart injury. Elife 5, e21407. doi:10.7554/eLife.21407
 Zhang, W., Siraj, S., Zhang, R., and Chen, Q. (2017). Mitophagy receptor FUNDC1 regulates mitochondrial homeostasis and protects the heart from I/R injury. Autophagy 13, 1080–1081. doi:10.1080/15548627.2017.1300224
 Zhang, X., Feng, J., Li, X., Wu, D., Wang, Q., Li, S., et al. (2021d). Mitophagy in diabetic kidney disease. Front. Cell Dev. Biol. 9, 778011. doi:10.3389/fcell.2021.778011
 Zhou, H., Li, D., Zhu, P., Hu, S., Hu, N., Ma, S., et al. (2017a). Melatonin suppresses platelet activation and function against cardiac ischemia/reperfusion injury via PPARγ/FUNDC1/mitophagy pathways. J. Pineal Res. 63, e12438. doi:10.1111/jpi.12438
 Zhou, H., Zhu, P., Guo, J., Hu, N., Wang, S., Li, D., et al. (2017b). Ripk3 induces mitochondrial apoptosis via inhibition of FUNDC1 mitophagy in cardiac IR injury. Redox Biol. 13, 498–507. doi:10.1016/j.redox.2017.07.007
 Zhou, H., Zhu, P., Wang, J., Zhu, H., Ren, J., and Chen, Y. (2018). Pathogenesis of cardiac ischemia reperfusion injury is associated with CK2α-disturbed mitochondrial homeostasis via suppression of FUNDC1-related mitophagy. Cell Death Differ. 25, 1080–1093. doi:10.1038/s41418-018-0086-7
 Zhou, Y., Long, Q., and Liu, X. (2020). A new sight: topology-dependent mitophagy. Cell Biol. Toxicol. 36, 199–204. doi:10.1007/s10565-020-09534-4
 Zhu, H., Toan, S., Mui, D., and Zhou, H. (2021). Mitochondrial quality surveillance as a therapeutic target in myocardial infarction. Acta Physiol. 231, e13590. doi:10.1111/apha.13590
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Lv, Yu, Zhang, Zhang, Li, Liang, Guo, Cheng and Peng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/xhtml/nav.xhtml
Contents

		Cover

		The structure and function of FUN14 domain-containing protein 1 and its contribution to cardioprotection by mediating mitophagy		1 Introduction

		2 Mitochondria and mitophagy and their roles in the heart

		3 Structure and function of FUNDC1 and its mediated pathways of mitophagy		3.1 Structure and function of FUNDC1

		3.2 FUNDC1-mediated pathways of mitophagy





		4 Roles of FUNDC1-mediated mitophagy in cardioprotection		4.1 Activation of FUNDC1-mediated mitophagy

		4.2 Inhibition of FUNDC1-mediated mitophagy





		5 EP/exercise and hypoxia modulate FUNDC1-mediated mitophagy in cardioprotection		5.1 Exercise/EP

		5.2 Hypoxia





		6 Conclusion

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-15-1389953-g001.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





