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Mitochondria, the intracellular organelles for cellular aerobic respiration and energy
production, play an important role in the regulation of cell metabolism and cell fate.
Mitophagy, a selective form of autophagy, maintains dynamic homeostasis of cells through
targeting long-lived or defective mitochondria for timely clearance and recycling.
Dysfunction in mitophagy is involved in the molecular mechanism responsible for the
onset and development of human diseases. FUN14 domain containing 1 (FUNDC1) is a
mitochondrial receptor located in the outer mitochondria membrane (OMM) to govern
mitophagy process. Emerging evidence has demonstrated that levels and phosphorylation
states of FUNDC1 are closely related to the occurrence, progression and prognosis of
cardiovascular diseases, indicating a novel role for this mitophagy receptor in the regulation
of mitochondrial homeostasis in cardiovascular system. Here we review mitophagy
mediated by FUNDC1 in mitochondria and its role in various forms of cardiovascular
diseases.

Keywords: FUNDC1, receptor protein, mitophagy, myocardial cells, cardiovascular diseases

1 BACKGROUND

According to the epidemiological data from the Global Burden of Disease Study 2017 (GBD
2017), the incidence of cardiovascular disease (CVD) was increased by 21.1% from 2007 to
2017, making CVD the most prevalent cause of mortality globally, Particularly, ischemic heart
disease (IHD) was increased by 22.3% and jumped atop for the years of life lost (YLLs) among
all disease entities in the world (GBD 2017 Causes of Death, 2018). As an important
intracellular organelle responsible for adenosine triphosphate (ATP) generation and energy
metabolism, mitochondria are essential for cardiovascular homeostasis. Loss of mitochondrial
integrity and function is deemed a pathological factor for alterations in cardiac structures and
function (Ren et al., 2010). Mitophagy is a process to selectively remove dysfunctional or non-
essential mitochondria through autophagy process, with a major role in the maintenance of cell
homeostasis (Springer and Macleod, 2016). Ample experimental results have shown that
damaged proteins and organelles may be degraded by autophagy in cardiomyocytes to
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generate amino acids and lipids, aiming to alleviate energy
crisis and maintain functionality of ischemia cells (Dong et al.,
2010; Wallace et al., 2010). Several mitophagy-associated
receptors including NIX, BNIP3, Fun14-domain protein 1
(FUNDC1), TAX1BP1 and NDP52 participate in the
activation of mitophagy (Sandoval et al., 2008; Hanna
et al., 2012). In particular, FUNDC1, a novel mitochondrial
receptor protein in mammalian cells, has been noted to
control mitophagy stress conditions including hypoxia. A
role for FUNDC1 in CVD has generated much recent
attentions, in particular in myocardial ischemia/
reperfusion, heart failure, septic cardiomyopathy, metabolic
syndrome and other common CVD (Liu et al., 2012). In this
review, the role of FUNDC1-mediated mitophagy in the
pathophysiology of CVDs will be reviewed.

2 FUNDC1 AND MITOPHAGY

2.1 Structure of FUNDC1
FUNDC1 is an outer mitochondrial membrane (OMM) protein
consisting of 155 amino acid residues, where the LIR motif binds
to LC3 to initiate mitophagy. FUNDC1 contains three α-helical
transmembrane domains, in which the C-terminal region resides
in the intermembrane and the N-terminal region faces the
cytoplasm with a segment of LIR. As aforementioned, other
than FUNDC1, several mitophagy receptors including NIX
and BNIP3 also contain LIR motifs. Although LIR motifs of
these mitophagy receptors are distinct from each other, they all

possess the common structural formula: a-xx-b, where “a”
represents an aromatic amino acid (W/F/Y), “b” denotes an
aliphatic amino acid (L/I/V), and “x” can be any amino acid
(Birgisdottir et al., 2013). The specific structure of LIR for
FUNDC1 is Y18-E19-V20-L21, which docks with Y and L
pockets of LC3 through hydrophobic action and triggers
initiation of mitophagy (Kuang et al., 2016). In this context,
FUNDC1-mediated mitophagy is highly dependent upon direct
interaction between its LIR motifs and LC3 (Gustafsson and
Dorn, 2019).

2.2 FUNDC1-Mediated Mitophagy
Under physiological condition, FUNDC1 exists in
phosphorylated form with little mitophagy activity. FUNDC1-
mediated mitophagy is mainly evoked in response to ischemia,
hypoxia and mitochondrial membrane potential collapse. To-
date, several main regulatory machineries have been identified
including casein kinase 2 (CK2), SRC kinase, PGAM5
phosphatase, MARCH5 and microRNA-137 (Wu et al., 2016).
Phosphorylation and dephosphorylation of Ser17, Ser13 and Tyr18

in FUNDC1 LIR determine how tightly FUNDC1 conjugates with
LC3. When mitophagy is supposedly triggered by external
stimuli, Ser17 is phosphorylated while Ser13 and Tyr18 are
dephosphorylated, which form hydrogen bonds with Lys49,
Arg10 and Asp19 side chains in LC3 motif, respectively (Kuang
et al., 2016; Lv et al., 2017). Therefore, it is pertinent to elucidate
the regulatory mechanisms of phosphorylation of Ser17, Ser13 and
Tyr18 for an overachieving picture of FUNDC1-mediated
mitophagy (Figure 1). Currently, regulators of FUNDC1

FIGURE 1 | (A). Under physiological condition, 1) Ser13 in FUNDC1 is phosphorylated by CK2 kinase and Tyr18 by SRC kinase, and their phosphorylation interferes
with FUNDC1 interaction with LC3 motif to inhibit mitophagy. 2) BCL2L1 interacts with PGAM5 through BH3 domain to inhibit PGAM5 activation thus suppressing Ser13

dephosphorylation. 3) Aggregated MARCH5 is separated and interacted with FUNDC1, which degrades FUNDC1 through Parkin-mediated ubiquitination to dampen
binding of FUNDC1 with LC3. 4) OPA1 interacts with FUNDC1 through Lys70 residue. (B). Under mitochondrial stress, 1) ULK1 activates Ser17 to upregulate
FUNDC1 phosphorylation. 2) PGAM5 is the phosphatase of Ser13, which turns to dephosphorylate Ser13 under hypoxic setting. PGAM5-FUNDC1 cascade plays a
synergistic role with PINK1-Parkin axis in mitophagy. 3) mir-137 inhibits mitophagy by downregulating FUNDC1 under hypoxia. 4) Dephosphorylation of FUNDC1
promotes dissociation of FUNDC1-OPA1 complex, leading to the binding of DRP1 to recruit DRP1 onto mitochondrial membrane to evoke fission.
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phosphorylation mainly include CK2, SRC and ULK1, while
PINK1, PGAM5 and BCL2L1 are deemed key regulators of
FUNDC1 dephosphorylation.

2.2.1 Phosphorylation Regulation of FUNDC1
FUNDC1-mediated mitophagy is regulated by reversible
phosphorylation. Under physiological condition, Ser13 in
FUNDC1 is phosphorylated by CK2 kinase and Tyr18 is
phosphorylated by SRC kinase, and their high phosphorylation
status inhibits their interaction with LC3 to prevent mitophagy.
Under the stimulation of oxygen deficiency or carbonyl cyanide
4-(trifluorome-thoxy) phenylhy-drazone (FCCP),
dephosphorylation of Ser13 and Tyr18 enhanced the interaction
between FUNDC1 and LC3, triggering mitophagy (Liu et al.,
2014). Therefore, phosphorylation of Tyr18 is deemed amolecular
switch for FUNDC1-mediated mitophagy (Kuang et al., 2016). In
addition, concerted studies using ULK1 defective mutants with
FUNDC1 knockout model suggest that FUNDC1 is the
mitochondrial localization substrate of ULK1 and may have a
ULK1 adapter property (Wu et al., 2014a). Further studies
showed that SRC kinase inhibited the binding of ULK1 to
mitochondria and decreased FUNDC1 phosphorylation of
ULK1 on Ser17. Thus, ULK1 and FUNDC1 are both necessary
for mitophagy, and regulate mitophagy synergistically, in
contrary to inhibition of mitophagy through phosphorylation
of Ser13 and Tyr18. Therefore, phosphorylation of Ser13, Ser17, and
Tyr18 on FUNDC1 residues influences their interaction with LC3
together, thereby promoting or inhibiting mitophagy.

2.2.2 Dephosphorylation Regulation of FUNDC1
It is well known that collapse of mitochondrial membrane
potential causes the accumulation of PINK1, which recruits
Parkin onto damaged mitochondria to turn on mitophagy
(Narendra et al., 2010). Studies proposed that the receptor-
mediated machinery is involved in mitophagy induction by a
decline in mitochondrial membrane potential (Chen et al.,
2014). PGAM5, the phosphatase of Ser13, dephosphorylates
Ser13 under hypoxia, and plays a synergistic role with PINK1-
Parkin pathway in mitophagy. It was observed that PINK1
interacts with PGAM5, and deficiency of PGAM5 inhibits
PINK1-mediated mitophagy (Imai et al., 2010). Knockout of
FUNDC1 reduces Parkin translocation to mitochondria
(Chen et al., 2014). Notably, PGAM5 activation is closely
related to the anti-apoptotic protein BCL2L1. Wu and others
found that BCL2L1 interacts with PGAM5 through BH3
domain to inhibit PGAM5 activation and prevents Ser13

dephosphorylation under normal condition. When hypoxia
occurs, BCL2L1 degrades and releases PGAM5 to prompt
Ser13 dephosphorylation, resulting in the initiation of
FUNDC1-mediated mitophagy (Wu et al., 2014b). Levels
of BCL2L1 govern FUNDC1 dephosphorylation and
mitophagy mediated by PGAM5 through gain- and loss-of-
function studies. Knockdown of PGAM5 inhibited
mitophagy regardless of BCL2L1 level. Therefore, the
BCL2L1-PGAM5-FUNDC1 signaling axis is vital for
mitophagy under hypoxic condition.

2.2.3 Non-phosphorylation-dependent Negative
Regulation of FUNDC1
MARCH5, a E3 ubiquitin ligase in OMM, participates in the
regulation of mitochondria through ubiquitination of
mitochondrial fusion protein 1 (Mfn1), mitochondrial fusion
protein 1 (Mfn2), and MiD49 (Sugiura et al., 2013; Park et al.,
2014; Xu et al., 2016). Recently, MARCH5 was also shown to
participate in FUNDC1-mediated mitophagy. Under hypoxia,
aggregated MARCH5 interacted with FUNDC1, which degrades
FUNDC1 through Parkin-mediated ubiquitination and results in
reduced binding of FUNDC1 with the LC3 motif, and
desensitization of mitochondria (mitophagy) to hypoxia (Chen
et al., 2017). These results suggest that MARCH5 may negatively
regulate FUNDC1-mediated mitophagy, to maintain mitophagy
at a certain level to avoid excessive autophagy damage of
intracellular homeostasis. In addition, microRNA-137 (mir-
137) may also inhibit mitophagy by down-regulating FUNDC1
under hypoxia both in vivo and vitro (Li et al., 2014).
Interestingly, overexpression of mir-137 inhibited mitophagy
without influencing autophagy of other organelles and
proteins. These results indicate that mir-137 specifically
regulates FUNDC1-mediated mitophagy, revealing promises
for drug development targeting FUNDC1-mediated mitophagy.

2.2.4 FUNDC1 and Mitochondrial Dynamics
Mitochondria are highly dynamic organelles, with their
division, fusion and selective autophagy governing
morphology and quality of mitochondria. Mitochondrial
dynamics refers to a process in which mitochondria
maintain dynamic balance through fusion and fission, and
imbalance between the two is usually the prerequisite for
mitophagy (Chen et al., 2016). After mitochondrial division,
polarized and depolarized mitochondria are generated. The
polarized mitochondria could be refused, while the
depolarized daughter mitochondria become the target of
mitophagy and could be cleared away (Mattenberger et al.,
2003; Twig et al., 2008). Mitochondrial fusion is mainly
mediated by Mfn1 and Mfn2 in OMM and optic atrophy 1
(OPA1) in the inner mitochondrial membrane (IMM). On
the other hand, mitochondrial fission is mainly mediated by
dynamic related protein 1 (DRP1) (Ding and Yin, 2012).
OPA1 interacts with FUNDC1 through Lys70 residue. When
Lys70 is mutated, the interaction of OPA1 and FUNDC1 is
disengaged to promote mitophagy. Under mitochondrial
stress, dephosphorylation of FUNDC1 promotes the
dissociation of FUNDC1-OPA1 complex to bind with
DRP1 to recruit DRP1 in mitochondria. In addition, Wu
and coworkers noted division of mitochondria prior to the
engulfment by autophagic pro-body (Wu et al., 2016).
FUNDC1 aggregates onto the mitochondrial membrane to
interact with endoplasmic reticulum (ER) calcium-binding
protein (CANX) under hypoxia. The N-terminus of CANX
binds to the hydrophilic region of FUNDC1, an indirect
process due to the localization of N-terminus of CANX
within the ER lumen. Therefore, contribution from
intermediate proteins is speculated between FUNDC1 and
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CANX. As mitophagy proceeds, FUNDC1 would dissociate
from CANX and recruit DRP1 to drive mitochondrial fission
in response to hypoxic stress. Compared to CANX, DNM1L
also binds to the FUNDC1 hydrophilic zone. In addition,
deletion of FUNDC1, DRP1 or CANX in hypoxic cells may
provoke mitochondrial elongation, elevated number of
elongated mitochondria, decreased co-location of
autophagosomes and mitochondria, thus preventing
mitophagy. FUNDC1 is a novel receptor for DRP1 and
may be an important molecule in the regulation of
mitochondrial fission and autophagy under hypoxia (Wu
et al., 2016). These results suggest that FUNDC1 regulates
mitochondrial fission/fusion and mitophagy by interacting
with DRP1 and OPA1, and functions as a springboard
between mitochondrial dynamics and mitophagy.

3 ROLE OF FUNDC1 IN PATHOGENESIS OF
VARIOUS CVDS

Mitophagy plays a rather important role in the maintenance of
cell homeostasis. On one hand, mitophagy helps to maintain the
stability of intracellular homeostasis. On the other hand, defective
mitophagy predisposes pathological processes. Recent findings
have depicted a key role for mitophagy in the pathogenesis of a
variety of CVDs (Dong et al., 2010). Given by regulating
apoptosis, oxidative stress and calcium homeostasis and
biological energy, mitochondria is the main regulatory factor
of stress reaction corresponding to various types of CVDs.
Nonetheless, the precise role of how FUNDC-mediated

mitophagy contributes to pathogenesis of cardiovascular
diseases remains elusive.

3.1 FUNDC1 and Myocardial Ischemia/
Reperfusion
Coronary blockade evoked by thrombosis may lead to
myocardial ischemia injury, resulting in angina pectoris,
myocardial infarction, sudden cardiac death and other
symptoms. However, restoration of blood supplement after
ischemia could trigger secondary myocardial injury–namely
myocardial ischemia/reperfusion (MI/R) injury due to ROS
production, Ca2+ overload, neutrophils aggregation and
inflammation. Platelet activation and microvascular injury
are upstream events for myocardial cell injury and
pathological MI/R injury (Zhou et al., 2017a). Studies in the
past few decades have focused on the downstream mechanisms
of MI/R tolerance. In recent years, the influence of platelet
activation and microvascular disorders on myocardial cell
injury after MI/R has gradually attracted our attention,
offering a new treatment option for myocardial injury.
FUNDC1 is closely associated with mitophagy regulation in
platelets, microvascular endothelial cells and cardiomyocytes
under MI/R insult. Currently, researchers have ascribed a
beneficial role of FUNDC1-mediated mitophagy in the
protection against cardiac MI/R injury. It not only explains
that mitosis associated with FUNDC1 phagocytosis abates the
sequence of events (Zhou et al., 2017a), but also provides a
promising therapeutic tool for the treatment of acute cardiac
injury (Figure 2).

FIGURE 2 | 1) By interacting with IP3R2, knocked-out FUNDC1 in cardiomyocytes compromises mitochondrial function, disrupts MAMs and Ca2+ influx into
mitochondria and cytosols. 2) PGAM5 dephosphorylates FUNDC1 at Ser13 and activates mitophagy through binding with LC3 motif on phagocytes. PGAM5 provides
cytoprotection against necroptosis by promoting PINK1-mediated mitophagy, and PGAM5 injury aggravates necroptosis caused by I/R injury in hearts and brains. 3)
Upregulation of MST1 inhibits FUNDC1-mediated mitophagy through MAPK in I/R injury, increases ROS production and promotes cell apoptosis. 4) NR4A1
activates CK2α during MI/R, leading to the inhibition of FUNDC1-mediated mitophagy and aggravation of I/R injury. 5) PPAR γ activates FUNDC1-mediated mitophagy,
enhances mitochondrial function and ATP generation. 6) Reperfusion injury disrupts FUNDC1-mediated mitophagy and triggers caspase 9-related apoptosis through
upregulation of RIPK3. RIPK3 deficiency protects against I/R injury through activation of mitophagy and inhibition of apoptosis.
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3.1.1 Fine-Tune of FUNDC1-Mediated Mitophagy in
Myocardial Protection
Cardiomyocytes are rich in mitochondria for energy production,
in order to maintain normal systolic and diastolic function of the
heart (Barth et al., 1992). If mitochondria are injured,
cardiomyocyte function will be compromised to trigger
senescence of cardiomyocytes (Marzetti et al., 2013; Ikeda
et al., 2014). In addition, severe damage of mitochondria may
also release pro-apoptotic factors, leading to programmed cell
death and myocardial injury (Zhou et al., 2018a). Injured
cardiomyocytes could stimulate mitophagy to remove long-
lived or damaged mitochondria, for the maintenance of
cellular homeostasis and myocardial function (Kubli et al.,
2013; Feng et al., 2016). When H9c2 cells are subjected to
hypoxic challenge, WD repeat domain 26 (WDR26), a protein
evoked by ischemic preconditioning, translocates Parkin to
mitochondria by increasing mitochondrial membrane
potential, thus promoting mitochondrial protein
ubiquitination, mitophagy and myocardial protection (Feng
et al., 2016). However, oxidative stress leads to excess
mitophagy, which results in the degradation of healthy
mitochondria despite the initial goal of selective clearance of
damaged mitochondria. Unchecked mitophagy often causes
irreversible damage to cardiomyocytes. Jin and team depicted
that dual specificity protein phosphatase1 (DUSP1) was capable
of inhibiting BNIP3-mediated mitophagy through a JNK-
mediated mechanism, enhancing cardiomyocyte function
following MI/R (Jin et al., 2018). These studies further
consolidated an important role for mitophagy (FUNDC1-
dependent or -independent) in cardiovascular system,
suggesting the utility of appropriately enhanced mitophagy or
inhibition of excessive mitophagy in the prevention of myocardial
injury under pathological condition.

3.1.2 Regulation of FUNDC1 With Platelet Activation
The main function of platelets is to participate in hemostasis and
coagulation, in order to protect against vascular endothelial
damage and atherosclerosis from external stimuli or
endogenous reactions. However, platelets are over-activated by
coagulation factors, ADP and inflammatory cells during MI/R.
Activated platelets are spontaneously aggregated to form
microthrombus, to block microvasculature and trigger
myocardial cell injury or MI (Randriamboavonjy et al., 2015;
Zhang et al., 2017). Platelet activation evokes dramatic energy-
demanding morphological changes. Thus, maintenance of energy
balance and mitochondrial integrity is essential to platelet
activation and aggregation (Chen et al., 2016; Zhang et al.,
2017). On one hand, mitophagy may avert further activation
of platelets and formation of thrombosis by removing damaged
mitochondria in platelets, offering a protective role in diabetic
patients (Lee et al., 2016). On the other hand, insufficient
mitophagy causes mitochondrial dysfunction of platelet and
poor ATP production, leading to dissimilation of platelet
activation and aggregation (Jang et al., 2015). It was reported
that mitophagy may be facilitated through post-transcriptional
modification of FUNDC1 in platelets, as evidenced by the absence

of mitophagy activity in mice with knockout of platelets (Zhang
et al., 2016). In addition, Zhang and others proposed that platelet
mitophagy plays a dual role in the regulation of platelet activity
andMI/R injury (Zhang et al., 2016). In the early stage of hypoxia,
FUNDC1 binds with LC3 to induce mitophagy, which removes
long-lived or damaged mitochondria to sustain mitochondrial
function, in conjunction with accelerated mitochondrial
metabolism and ATP production during initial myocardial
repair. In addition, with prolonged ischemia, mitophagy is
overactivated to prevent further deterioration of myocardial
injury at the expense of removing parts of normal
mitochondria (Zhang et al., 2016). These results suggest that
the heart may execute a self-protective machinery through
mitophagy induction in response to adverse external stimuli.
These studies suggest a vital role for FUNDC1-mediated
mitophagy in platelet activation and ischemia-reperfusion
injury. During the ischemia period, FUNDC1-mediated
mitophagy was upregulated in platelets and cardiomyocytes in
response to ischemia and hypoxia challenge (Zhang et al., 2016).

3.1.3 Phosphorylation of FUNDC1 With Ser13, Ser17

and Tyr18 in MI/R
FUNDC1 acts as a mitophagy receptor under hypoxia, through
phosphorylation of Ser13, Ser17 and Tyr18. By interaction with
IP3R2 (inositol 1, 4, 5-phosphoinositol receptor), FUNDC1
knockout in cardiomyocytes compromises mitochondrial
function and disrupts mitochondrial-associated membranes
(MAMs) and Ca2+ influx into mitochondria and cytosols (Wu
et al., 2017). PGAM5 dephosphorylates FUNDC1 at Ser13 and
activates mitophagy through binding to LC3 motif on phagocytes
(Chen et al., 2014). PGAM5 also provides cytoprotection against
necroptosis by promoting PINK1-mediated mitophagy, and
PGAM5 injury aggravates necroptosis caused by MI/R injury
in both hearts and brains (Lu et al., 2016). In addition,
phosphorylation of FUNDC1 at Tyr18 remains virtually
unchanged during post-MI/R phase, whereas phosphorylation
of FUNDC1 at Ser13 is progressively upregulated, suggesting that
inactivation of FUNDC1 through Ser13 following reperfusion
exposure. It is important to realize that levels of
phosphorylated FUNDC1 at Tyr18 and Ser13 are
downregulated during ischemia prior to a progressive
upregulation during refusion. Thus, inhibition of FUNDC1-
mediated mitotic phagocytosis is a pathologic cause of MI/R
injury, and phosphorylation of FUNDC1 at Ser13 and Tyr18 is
closely associated with myocardial injury, indicating their
diagnostic and prognostic potential as biomarkers for acute MI.

3.1.4. Regulation byMST1, CK2α, RIPK3 and PPAR γ in
MI/R
Dysfunctional mitochondria are closely related to the occurrence
and progression of various CVDs, amongst these findings play a
critical role. Upregulation of mammalian STE20-like kinase 1
(MST1) inhibits FUNDC1-mediated mitophagy through the
cAMP response element binding protein (MAPK/ERK-CREB)
cascade inMI/R injury, leading to ROS production, cell apoptosis,
and aggravation of myocardial injury. Ablation of MST1 gene
preserves FUNDC1 levels and mitophagy, thus reducing

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8870455

Mao et al. FUNDC1 in Cardiovascular Diseases

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


myocardial infarction size and preserving cardiac function (Yu
et al., 2019). It was reported that casein kinase 2α (CK2α) levels
were elevated in MI/R injury, which inhibited FUNDC1-
mediated mitophagy. Cardiac-specific deletion of CK2α was
reported to rescue against mitochondrial damage and protect
cardiac function by reversing mitophagy in a FUNDC1-
dependent manner (Zhou et al., 2018a). In addition, NR4A1
activates CK2α during MI/R, leading to suppressed FUNDC1-
mediated mitophagy and aggravated MI/R injury (Zhou et al.,
2018b). Similarly, reperfusion injury disrupted FUNDC1-
mediated mitophagy and led to caspase 9-related apoptosis
through upregulation of receptor-interacting serine/threonine
kinase 3 (RIPK3). RIPK3 deficiency protected against MI/R
injury by activation of mitophagy and inhibition of apoptotic
pathways (Zhou et al., 2017b). Zhou and others reported that loss
of peroxisome proliferator-activated receptor γ (PPAR γ)
activates FUNDC1-mediated mitophagy and enhances
mitochondrial function and ATP generation, leading to
platelet aggregation and cardiac dysfunction in MI/R injury
(Zhou et al., 2017a).

3.2 FUNDC1 and Heart Failure
Heart failure is associated with high mobility and mortality rate
worldwide. Structural cardiac remodeling, including myocardial
hypertrophy and fibrosis, was shown to significantly affect
ventricular dysfunction in patients with heart failure (Shen
et al., 2015). In addition, abnormal mitochondrial metabolism
is an important pathological basis of heart failure. To understand
the role of mitochondrial metabolism in the development of heart
failure is helpful for early detection of risk factors and application
of effective treatment to improve the prognosis of heart failure. As
described below, mitochondrial metabolism is under the close
scrutiny of a number of cellular signal mechanisms including
aldehyde dehydrogenase 2 (ALDH2), Alpha-lipoic acid (α-LA)
and IP3R2. Their indispensable roles in the pathogenesis of heart
failure reveal that targets above might be a potential therapeutic
option for heart failure and other CVDs (Sun et al., 2014; Shen
et al., 2017).

3.2.1 Regulation of α-LA and ALDH2 for
FUNDC1-Mediated Mitophagy
Aldehyde dehydrogenase 2 (ALDH2) is the most active
isoenzyme in the ALDH superfamily, which mainly resides in
mitochondria. ALDH2 possesses three main enzymatic functions,
including dehydrogenase, esterase and reductase, among which
dehydrogenase function (in removing aldehyde metabolites) is
the most well-studied. Studies demonstrated that important
cardioprotective effects in various risk factors of heart failure,
such as coronary artery disease (CAD), hypertension, diabetes,
alcoholism and other susceptibilities (Sun et al., 2014; Shen et al.,
2015; Wang et al., 2016; Shen et al., 2017). Alpha-lipoic acid (α-
LA) is a coenzyme in mitochondria. It is a cofactor of pyruvate
dehydrogenase complex, ketoglutarate and amino acid
hydrogenase complex which belongs to B vitamins. Studies
have shown that α-LA restores ALDH2 activity through
reduction of disulfide at its active site in diabetic
cardiomyopathy and acute MI/R injury, thus restoring ALDH2

activity and improving nitrate tolerance (Wang et al., 2011; He
et al., 2012). In the transverse aortic contraction (TAC) model, α-
LA was shown to reduce cardiac hypertrophy (Zhang et al., 2014).
As a highly efficient metabolic enzyme in mitochondria,
increasing evidence supports an important role of ALDH2 in
heart failure (Marino and Levi, 2018). Increased levels or activity
of ALDH2 provides cardiac protection of ischemia and
atherosclerosis through aldehyde detoxification (Chen et al.,
2008; Yang et al., 2018). Li and others found that reduced α-
LA in TAC-induced cardiac hypertrophy and cardiac fibrosis in
an ALDH2-dependent manner. Mechanistically, α-LA activates
FUNDC1 through NRF1 signaling (Li et al., 2020). However, it is
not clear whether ALDH2 regulates FUNDC1 or other forms of
mitophagy under pathological pressure overload settings.
FUNDC1 mitophagy was found downregulated in pressure-
overload induced heart failure, the effect of which was
restored by α-LA treatment, in an ALDH2 dependent manner
(Li et al., 2020). From the microarray data, certain mitochondria
and autophagy related genes, such as Atpif1, BECN2 and BNIP3
were robustly altered, suggesting a role for these genes in α-LA-
and ALDH2-offered action (Li et al., 2020).

3.2.2 Role of IP3R2 in FUNDC1-Regulated Heart
Failure
Recent studies confirmed that FUNDC1 promotes mitochondria-
associated ER membranes (MAMs) stability and regulates ER
release of Ca2+ ions into mitochondria and cytoplasm through
interaction with IP3R2 (Wu et al., 2017). MAMs refer to
membranous contact of mitochondrial ER connection, with an
important role in maintaining Ca2+ homeostasis (Rowland and
Voeltz, 2012; Giorgi et al., 2015). FUNDC1 regulates the
formation and maintenance of MAMs, and the destruction of
FUNDC1-IP3R2 axis on MAMs promotes development of heart
failure (Wu et al., 2017). Knockout of FUNDC1 in murine
cardiomyocytes leads to more abundant slender mitochondria,
and accumulation of defective mitochondria with suppressed
cardiac function. Echocardiography showed cardiac systolic
and diastolic dysfunction, myocardial fibrosis and increased
expression with stress genes, including cardiac natriuretic
peptide and brain natriuretic peptide, in FUNDC1 knockout
mice. When subjected to acute myocardial infarction (AMI),
FUNDC1 knocked-out mice exhibited worsened heart failure,
shortened survival and greater mortality. Further studies
suggested that FUNDC1 knockout exacerbated AMI-induced
heart failure by inhibiting MAMs formation. This supports the
idea that FUNDC1 and MAMs are involved in the development
of heart failure (Giorgi et al., 2015). Therefore, restoration of
MAMs integrity may be a new therapeutic target for heart failure.

3.3 FUNDC1 and Septic Cardiomyopathy
The incidence of septic cardiomyopathy ranges from 18% to 29%
in septic patients with a high mortality rate and poor treatment
option (Tan et al., 2019). Sepsis cardiomyopathy is characterized
by left ventricular diastolic dysfunction, and severe sepsis
syndrome leads to impaired ejection fraction (Hollenberg and
Singer, 2021). Oxidative stress, cytokine overproduction,
microvascular injury, and ATP metabolism of cardiomyocytes
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have been reported as potential molecular mechanisms of sepsis-
induced myocardial injury (Tan et al., 2021; Vasques-N´ovoa
et al., 2020; Sanfilippo et al., 2019; Zhong et al., 2019; Honda et al.,
2019; Martin et al., 2019). Mitochondrial dysfunction plays an
important role in inducing oxidative stress and promoting energy
crisis (Tan et al., 2019). These changes are always accompanied by
apoptosis or necroptosis of myocardial cells (Kokkinaki et al.,
2019; Wang et al., 2020a). Irreversible cardiomyocyte death is a
key molecular mechanism that activates inflammatory responses.
The pathophysiology of septic cardiomyopathy was reported that
mainly related to the following mechanisms: cardiac toxicity
factors [such as tumor necrosis factor-α, C-reactive peptide
(CRP), interleukin-6, complement and endotoxin],
inflammation caused by excessive production, catecholamine
toxicity caused by sympathetic activation (Ehrman et al.,
2018). The molecular mechanisms associated with septic
myocarditis include oxidative stress, calcium overload, ATP
deficiency, autophagy inactivation, metabolic reprogramming,
mitochondrial dysfunction, ER stress and induction of
apoptosis and necroptosis (Ehrman et al., 2018; Tan et al.,
2019). Therein, mitophagy and the mitochondrial unfolded
protein response (UPRmt) are the predominant stress-
responsive and protective mechanisms involved in repairing
damaged mitochondria.

3.3.1 Role of UPRmt in Mitophagy
In order to maintain a functional mitochondrial network,
mitochondria develop specific repair pathways, including
mitochondrial bacteriophage and UPRmt (Zhu et al., 2021a;
Gottlieb et al., 2021). UPRmt prevents abnormal protein
accumulation in mitochondria by normalizing folding and
degradation of mitochondrial protein (Shpilka et al., 2021).
UPRmt controls the dynamic import and export of
mitochondrial proteins and fine-tunes mitochondrial behavior
(Lim et al., 2021). Recently, a role of UPRmt in myocardial stress
was reported (Smyrnias et al., 2019; Wang et al., 2019). In a
mouse model of chronic stress-mediated cardiac hypertrophy
(Smyrnias et al., 2019), UPRmt markers such as ATF5, CHOP,
mtDNAj, ClpP and LonP1 were significantly elevated at the
mRNA level, suggesting a role for UPRmt as an adaptive
responsive molecule to myocardial stress. Interestingly, further
activation of UPRmt by nicotinamide nucleoside supplementation
was associated with normal mitochondrial respiration and
reduced cardiomyocytes in vitro (Smyrnias et al., 2019). In
addition, cardiomyocyte apoptosis was lessened and cardiac
function was improved in response to nicotinamide
nucleoside, suggesting a cardioprotective effect activated by
UPRmt (Smyrnias et al., 2019). Loss of FUNDC1 significantly
upregulated the transcription of UPRmtmarkers, indicating that it
acts as a compensatory mechanism in response to mitophagy
inactivation. Wang and others reported that activation of
FUNDC1 mitophagy alleviated mitochondrial injury and
cardiomyocyte death in a cell model of septic cardiomyopathy
(Wang et al., 2021). Increased mitochondrial quality control
activates UPRmt to optimize the import and export of
mitochondrial proteins by upregulating gene transcription or
promoting protein degradation (Wang et al., 2020b; Wang and

Zhou, 2020). If UPRmt cannot repair mitochondrial damage,
mitochondrial division is induced to segregate the damaged
regions from the healthy mitochondrial network (Zhou et al.,
2018c; Wang et al., 2020c).

3.3.2 Role of Mitotic Phagocytosis
Mitophagy is used as a scavenger to remove structurally
damaged mitochondria (Zhou et al., 2017b; Zhou et al.,
2018a). Due to mitophagy-mediated mitochondrial removal
is usually accompanied by reduction of mitochondria,
mitochondrial integrity is enhanced by mitophagy to jack
up ATP synthesis (Zhou and Toan, 2020; Chang et al.,
2021). Therefore, UPRmt and mitotic phagocytosis can be
considered as distinct mitochondrial repair pathways. The
former controls mitochondrial proteomics, while the latter
alters mitochondrial quantity. Both regulatory and
pathophysiological roles of mitotic phagocytosis were
identified in vascular diseases (Zhu et al., 2021b; Zhou
et al., 2021). Moderate activation of mitotic phagocytosis
alleviates myocardial stress, while induction of abnormal
mitotic phagocytosis is unexpectedly associated with
pronounced cardiomyocyte death due to abrupt drops in
residual mitochondria and intracellular ATP. Activation of
FUNDC1-associated mitotic phagocytosis was shown to
protect the heart against lipopolysaccharides (LPS)-induced
sepsis through preserving mitochondrial function and
structure (Wang et al., 2021). Moreover, loss of FUNDC1
inhibits mitotic phagocytosis, resulting in mitochondrial
dysfunction and myocardial cell death. This finding further
sheds some lights on the role of FUNDC1-dependent mitotic
phagocytosis in myocardial stress (Zhou and Toan, 2020).
Based on this finding, targeting FUNDC1-dependent mitotic
phagocytosis should be a potential strategy for reconciliation
of cardiac dysfunction in sepsis.

3.4 Expression of FUNDC1 in Metabolic
Heart Diseases
Metabolic syndrome (MetS) is a group of complex metabolic
disorders, which refers to a group of cardiovascular risk factors,
including insulin resistance, obesity, dyslipidemia, glucose
intolerance and elevated blood pressure (Li et al., 2021a).
Metabolic syndrome caused by high fat and high calorie
intake as well as satiety is becoming a global epidemic and a
major health concern (Saklayen, 2018). Disturbances in cardiac
glucose and lipid metabolism inevitably lead to abnormalities in
energy production and oxygen usage. In particular, increasing
evidence noted that mitochondrial dysfunction is a cardinal event
in diabetic or obesity cardiomyopathy (Brownlee, 2001; Green
and Kroemer, 2004).

3.4.1 Main Mechanisms of Mitophagy in MetS
In MetS, glucose and lipid metabolism can be improved by
reducing oxidative damage and promoting mitochondrial
networking (Kelley et al., 2002). Under hypoxia, reducing
mitochondrial number prevents production of reactive oxygen
species (ROS) evoked by the mismatch between oxygen
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consumption and mitochondrial abundance (Lowell and
Shulman, 2005; Giorgi et al., 2009). In addition, metabolic
stress-mediated vascular endothelial injury can be prevented
by promoting mitophagy in obese and diabetic situation
(Vance et al., 1997). Tong and associates demonstrated that
preservation or activation of mitophagy may prevent HFD-
induced diabetic cardiomyopathy (Tong et al., 2019). Likewise,
FUNDC1 deficiency was shown to promote obesity, insulin
resistance, MetS, cardiac remodeling, and even cell death due
to defective control of mitochondrial quality (Wu et al., 2019a;
Ren et al., 2020). These findings suggest a central role for
FUNDC1 in the regulation of cardiac function in obese MetS
and the role of FUNDC1-mediated mitophagy as a main
regulator of mitochondrial function, particularly in response to
hypoxia-mediated mitochondrial injury commonly found in
metabolic diseases.

3.4.2 Regulation of Ca2+, IP3R2 and IP3R3 With
FUNDC1
Studies has revealed that high glucose-induced AMPK
inhibition contributes to the onset of diabetic
cardiomyopathy by upregulation of FUNDC1, FUNDC1-
governed MAMs, and rises in mitochondrial Ca2+ in the
heart. Mitochondrial Ca2+ controls cell metabolism and cell
death through necroptosis, apoptosis, and autophagy. In
particular, transient fluctuations of Ca2+ activate three
matrix dehydrogenases (pyruvate dehydrogenase, α
ketoglutarate dehydrogenase, and isocitrate dehydrogenase)
governing oxidative phosphorylation and dehydrogenase
which stimulate ATP generation (Denton, 2009). Recent
findings also suggested an essential role for FUNDC1 in
maintaining MAMs structures and ensuring adequate Ca2+

transfer from ER to mitochondria (Wu et al., 2017). Wu and
others reported that FUNDC1 interacted with IP3R2 and thus
inhibited IP3R2 ubiquitination and proteasome degradation,
leading to activation of high glucose-driven adenylate
activated protein kinase (AMPK). Interestingly,
downregulation of FUNDC1 loosened FUNDC1-governed
MAMs to reverse diabetic cardiomyopathy through
inhibition of mitochondrial Ca2+ overload and
mitochondrial injury (Wu et al., 2019b). In line with this
finding, results from the British Prospective Diabetes Study
suggested that metformin, one common antidiabetic drugs for
type 2 diabetes and AMPK activator (Zhou et al., 2001; Xie
et al., 2008; Xie et al., 2011; Meng et al., 2015), improved
cardiac function and reduced incidence of myocardial
infarction in diabetic patients (Effect of intensive blood,
1998). In contrary to its role in diabetic hearts, deficiency of

FUNDC1 was found to accentuate obesity cardiomyopathy
through regulation of mitochondrial Ca2+ integrity in an
IP3R3-depednent manner. Data from our group revealed
that FUNDC1 directly interacts with subunit of human SCF
ubiquitin ligase complex FBXL2 to ease degradation of IP3R3
and reduce mitochondrial Ca2+ overload (Ren et al., 2020).
These findings suggest an apparent paradoxical role of
FUNDC1 in distinct settings of metabolic heart anomalies.

4 CONCLUSION

Taken together, ample evidence has favored a unique role for
FUNDC1-mediated mitophagy in the pathogenesis and
management of CVD. Accumulating observations from FUNDC1
studies since its initial discovery a decade ago has undoubtedly
consolidated its role as a new target for treatment of human diseases
including CVDs (Li et al., 2021b; Liu et al., 2021). Although
substantial progresses were achieved for the role of mitophagy in
CVDs (Ajoolababy et al., 2020; Ajoolababy et al., 2022), the precise
regulatory mechanisms, especially in connection with kinases and
phosphorylation, remains to be explored. Recent finding from our
group indicated a beneficial role for pentacyclic triterpene oleanolic
acid in facilitating FUNDC1-mediated mitophagy (Gong et al.,
2022), although drug development for small molecule regulator
of FUNDC1 remains dismal. Moreover, moderate controllability
of mitophagy is rather difficult to handle, thus making application of
mitophagy inducers rather challenging. It is of great practical
significance to elucidate the precise regulatory mechanism of
FUNDC1 in the cardiovascular diseases at the molecular level.
In-depth understanding of regulatory machineries and critical
links of FUNDC1-dependent mitophagy in human diseases will
provide new strategies and treatments around this important
mitophagy receptor.

AUTHOR CONTRIBUTIONS

YM: Review writing; JR: Review modification; LF: Review
modification.

FUNDING

National Natural Science Foundation of China, Award Numbers:
81774415, 82174493; Outstanding Youth Foundation of Shaanxi
Province, Award Number: 2021JC-49; Science and Technology
Program of Xi’an, Award Number: 2019114613YX003SF036.

REFERENCES

Ajoolababy, A., Aslkhodapasandhokmabad, H., Aghanejad, A., Zhang, Y. M.,
and Ren, J. (2020). Mitophagy Receptors and Mediators: Therapeutic
Targets in the Management of Cardiovascular Ageing. Ageing Res. Rev.
62, 101129.

Ajoolababy, A., Bi, Y., McClements, D. J., Lip, G. Y. H., Richardson, D. R., Reiter, R.
J., et al. (2022). Melatonin-based Therapeutics for Atherosclerotic Lesions and
beyond: Focusing on Macrophage Mitophagy. Pharmacol. Res. 176, 106072.

Barth, E., Stämmler, G., Speiser, B., and Schaper, J. (1992). Ultrastructural
Quantitation of Mitochondria and Myofilaments in Cardiac Muscle from 10
Different Animal Species Including Man. J. Mol. Cel Cardiol 24 (7), 669–681.
doi:10.1016/0022-2828(92)93381-s

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8870458

Mao et al. FUNDC1 in Cardiovascular Diseases

https://doi.org/10.1016/0022-2828(92)93381-s
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Birgisdottir, Å. B., Lamark, T., and Johansen, T. (2013). The LIR Motif -
Crucial for Selective Autophagy. J. Cel Sci 126 (15), 3237–3247. doi:10.
1242/jcs.126128

Brownlee, M. (2001). Biochemistry and Molecular Cell Biology of Diabetic
Complications. Nature 414, 813–820. doi:10.1038/414813a

Chang, X., Lochner, A., Wang, H. H., Wang, S., Zhu, H., Ren, J., et al. (2021).
Coronary Microvascular Injury in Myocardial Infarction: Perception and
Knowledge for Mitochondrial Quality Control. Theranostics 11 (14),
6766–6785. doi:10.7150/thno.60143

Chen, C. H., Budas, G. R., Churchill, E. N., Disatnik, M. H., Hurley, T. D., andMochly-
Rosen, D. (2008). Activation of Aldehyde Dehydrogenase-2 Reduces Ischemic
Damage to the Heart. Science 321, 1493–1495. doi:10.1126/science.1158554

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. Cel 54 (3), 362–377. doi:10.1016/j.
molcel.2014.02.034

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 (4), 689–702. doi:10.1080/15548627.2016.1151580

Chen, Z., Liu, L., Cheng, Q., Li, Y., Wu, H., Zhang, W., et al. (2017). Mitochondrial
E3 Ligase MARCH5 Regulates FUNDC1 to fine-tune Hypoxic Mitophagy.
EMBO Rep. 18 (3), 495–509. doi:10.15252/embr.201643309

Denton, R. M. (2009). Regulation of Mitochondrial Dehydrogenases by Calcium
Ions. Biochim. Biophys. Acta 1787, 1309–1316. doi:10.1016/j.bbabio.2009.
01.005

Ding, W. X., and Yin, X. M. (2012). Mitophagy: Mechanisms, Pathophysiological
Roles, and Analysis. Biol. Chem. 393 (7), 547–564. doi:10.1515/hsz-2012-0119

Dong, Y., Undyala, V. V., Gottlieb, R. A., Mentzer, R. M., and Przyklenk, K. (2010).
Autophagy: Definition, Molecular Machinery, and Potential Role inMyocardial
Ischemia-Reperfusion Injury. J. Cardiovasc. Pharmacol. Ther. 15 (3), 220–230.
doi:10.1177/1074248410370327

Effect of Intensive Blood-Glucose Control with Metformin on Complications in
Overweight Patients with Type 2 Diabetes (UKPDS 34). UK Prospective
Diabetes Study (UKPDS) Group. Lancet. 1998, 352, 854–865.

Ehrman, R. R., Sullivan, A. N., Favot, M. J., Sherwin, R. L., Reynolds, C. A.,
Abidov, A., et al. (2018). Pathophysiology, Echocardiographic Evaluation,
Biomarker Findings, and Prognostic Implications of Septic
Cardiomyopathy: a Review of the Literature. Crit. Care 22 (1), 112.
doi:10.1186/s13054-018-2043-8

Feng, Y., Zhao, J., Hou, H., Zhang, H., Jiao, Y., Wang, J., et al. (2016). WDR26
Promotes Mitophagy of Cardiomyocytes Induced by Hypoxia through Parkin
Translocation. Acta Biochim. Biophys. Sin (Shanghai) 48 (12), 1075–1084.
doi:10.1093/abbs/gmw104

GBD 2017 Causes of Death Collaborators. Global, Regional, and National Age-
sex-specific Mortality for 282 Causes of Death in 195 Countries and
Territories, 1980-2017: a Systematic Analysis for the Global Burden of
Disease Study 2017. Lancet. 2018, 392, 1736–1788.doi:10.1016/S0140-
6736(18)32203-7

Giorgi, C., De Stefani, D., Bononi, A., Rizzuto, R., and Pinton, P. (2009). Structural
and Functional Link between the Mitochondrial Network and the Endoplasmic
Reticulum. Int. J. Biochem. Cel Biol 41, 1817–1827. doi:10.1016/j.biocel.2009.
04.010

Giorgi, C., Missiroli, S., Patergnani, S., Duszynski, J., Wieckowski, M. R., and
Pinton, P. (2015). Mitochondria-associated Membranes: Composition,
Molecular Mechanisms, and Physiopathological Implications. Antioxid.
Redox Signal. 22 (12), 995–1019. doi:10.1089/ars.2014.6223

Gong, Y., Luo, Y., Liu, S., Ma, J., Liu, F., Fang, Y., et al. (2022). Pentacyclic
Triterpene Oleanolic Acid Protects against Cardiac Aging through Regulation
of Mitophagy and Mitochondrial Integrity. Biochim. Biophys. Acta Mol. Basis
Dis. 1868, 166402. doi:10.1016/j.bbadis.2022.166402

Gottlieb, R. A., Piplani, H., Sin, J., Sawaged, S., Hamid, S. M., Taylor, D. J., et al.
(2021). At the Heart of Mitochondrial Quality Control: many Roads to the Top.
Cell Mol Life Sci 78 (8), 3791–3801. doi:10.1007/s00018-021-03772-3

Green, D. R., and Kroemer, G. (2004). The Pathophysiology of Mitochondrial Cell
Death. Science 305, 626–629. doi:10.1126/science.1099320

Gustafsson, Å. B., and Dorn, G. W. (2019). Evolving and Expanding the Roles of
Mitophagy as a Homeostatic and Pathogenic Process. Physiol. Rev. 99, 853–892.
doi:10.1152/physrev.00005.2018

Hanna, R. A., Quinsay, M. N., Orogo, A. M., Giang, K., Rikka, S., and Gustafsson,
Å. B. (2012). Microtubule-associated Protein 1 Light Chain 3 (LC3) Interacts
with Bnip3 Protein to Selectively Remove Endoplasmic Reticulum and
Mitochondria via Autophagy. J. Biol. Chem. 287 (23), 19094–19104. doi:10.
1074/jbc.M111.322933

He, L., Liu, B., Dai, Z., Zhang, H. F., Zhang, Y. S., Luo, X. J., et al. (2012). Alpha
Lipoic Acid Protects Heart against Myocardial Ischemia-Reperfusion Injury
through a Mechanism Involving Aldehyde Dehydrogenase 2 Activation. Eur.
J. Pharmacol. 678, 32–38. doi:10.1016/j.ejphar.2011.12.042

Hollenberg, S. M., and Singer, M. (2021). Pathophysiology of Sepsis-Induced
Cardiomyopathy. Nat. Rev. Cardiol. 18 (6), 424–434. doi:10.1038/s41569-020-
00492-2

Honda, T., He, Q., Wang, F., and Redington, A. N. (2019). Acute and Chronic
Remote Ischemic Conditioning Attenuate Septic Cardiomyopathy, Improve
Cardiac Output, Protect Systemic Organs, and Improve Mortality in a
Lipopolysaccharide-Induced Sepsis Model. Basic Res. Cardiol. 114 (3), 15.
doi:10.1007/s00395-019-0724-3

Ikeda, Y., Sciarretta, S., Nagarajan, N., Rubattu, S., Volpe, M., Frati, G., et al. (2014).
New Insights into the Role of Mitochondrial Dynamics and Autophagy during
Oxidative Stress and Aging in the Heart. Oxid Med. Cel Longev 2014, 210934.
doi:10.1155/2014/210934

Imai, Y., Kanao, T., Sawada, T., Kobayashi, Y., Moriwaki, Y., Ishida, Y., et al. (2010).
The Loss of PGAM5 Suppresses the Mitochondrial Degeneration Caused by
Inactivation of PINK1 in Drosophila. Plos Genet. 6 (12), e1001229. doi:10.1371/
journal.pgen.1001229

Jang, J. Y., Min, J. H., Wang, S. B., Chae, Y. H., Baek, J. Y., Kim, M., et al. (2015).
Resveratrol Inhibits Collagen-Induced Platelet Stimulation through
Suppressing NADPH Oxidase and Oxidative Inactivation of SH2 Domain-
Containing Protein Tyrosine Phosphatase-2. Free Radic. Biol. Med. 89,
842–851. doi:10.1016/j.freeradbiomed.2015.10.413

Jin, Q., Li, R., Hu, N., Xin, T., Zhu, P., Hu, S., et al. (2018). DUSP1 Alleviates
Cardiac Ischemia/reperfusion Injury by Suppressing the Mff-Required
Mitochondrial Fission and Bnip3-Related Mitophagy via the JNK Pathways.
Redox Biol. 14, 576–587. doi:10.1016/j.redox.2017.11.004

Kelley, D. E., He, J., Menshikova, E. V., and Ritov, V. B. (2002). Dysfunction of
Mitochondria in Human Skeletal Muscle in Type 2 Diabetes. Diabetes 51,
2944–2950. doi:10.2337/diabetes.51.10.2944

Kokkinaki, D., Hoffman, M., Kalliora, C., Kyriazis, I. D., Maning, J., Lucchese, A.
M., et al. (2019). Chemically Synthesized Secoisolariciresinol Diglucoside
(LGM2605) Improves Mitochondrial Function in Cardiac Myocytes and
Alleviates Septic Cardiomyopathy. J. Mol. Cel Cardiol 127, 232–245. doi:10.
1016/j.yjmcc.2018.12.016

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 (12), 2363–2373. doi:10.1080/15548627.2016.
1238552

Kubli, D. A., Zhang, X., Lee, Y., Hanna, R. A., Quinsay, M. N., Nguyen, C. K., et al.
(2013). Parkin Protein Deficiency Exacerbates Cardiac Injury and Reduces
Survival Following Myocardial Infarction. J. Biol. Chem. 288 (2), 915–926.
doi:10.1074/jbc.M112.411363

Lee, S. H., Du, J., Stitham, J., Atteya, G., Lee, S., Xiang, Y., et al. (2016). Inducing
Mitophagy in Diabetic Platelets Protects against Severe Oxidative Stress. EMBO
Mol. Med. 8 (7), 779–795. doi:10.15252/emmm.201506046

Li, A., Zheng, N., and Ding, X. (2021). Mitochondrial Abnormalities: a Hub in
Metabolic Syndrome-Related Cardiac Dysfunction Caused by Oxidative Stress.
Heart Fail. Rev. doi:10.1007/s10741-021-10109-6

Li, G., Li, J., Shao, R., Zhao, J., and Chen, M. (2021). FUNDC1: A Promising
Mitophagy Regulator at the Mitochondria-Associated Membrane for
Cardiovascular Diseases. Front Cel Dev Biol 9, 788634. doi:10.3389/fcell.
2021.788634

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, 599–614. 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 (15), 10691–10701. doi:10.1074/jbc.M113.537050

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8870459

Mao et al. FUNDC1 in Cardiovascular Diseases

https://doi.org/10.1242/jcs.126128
https://doi.org/10.1242/jcs.126128
https://doi.org/10.1038/414813a
https://doi.org/10.7150/thno.60143
https://doi.org/10.1126/science.1158554
https://doi.org/10.1016/j.molcel.2014.02.034
https://doi.org/10.1016/j.molcel.2014.02.034
https://doi.org/10.1080/15548627.2016.1151580
https://doi.org/10.15252/embr.201643309
https://doi.org/10.1016/j.bbabio.2009.01.005
https://doi.org/10.1016/j.bbabio.2009.01.005
https://doi.org/10.1515/hsz-2012-0119
https://doi.org/10.1177/1074248410370327
https://doi.org/10.1186/s13054-018-2043-8
https://doi.org/10.1093/abbs/gmw104
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/j.biocel.2009.04.010
https://doi.org/10.1016/j.biocel.2009.04.010
https://doi.org/10.1089/ars.2014.6223
https://doi.org/10.1016/j.bbadis.2022.166402
https://doi.org/10.1007/s00018-021-03772-3
https://doi.org/10.1126/science.1099320
https://doi.org/10.1152/physrev.00005.2018
https://doi.org/10.1074/jbc.M111.322933
https://doi.org/10.1074/jbc.M111.322933
https://doi.org/10.1016/j.ejphar.2011.12.042
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1038/s41569-020-00492-2
https://doi.org/10.1007/s00395-019-0724-3
https://doi.org/10.1155/2014/210934
https://doi.org/10.1371/journal.pgen.1001229
https://doi.org/10.1371/journal.pgen.1001229
https://doi.org/10.1016/j.freeradbiomed.2015.10.413
https://doi.org/10.1016/j.redox.2017.11.004
https://doi.org/10.2337/diabetes.51.10.2944
https://doi.org/10.1016/j.yjmcc.2018.12.016
https://doi.org/10.1016/j.yjmcc.2018.12.016
https://doi.org/10.1080/15548627.2016.1238552
https://doi.org/10.1080/15548627.2016.1238552
https://doi.org/10.1074/jbc.M112.411363
https://doi.org/10.15252/emmm.201506046
https://doi.org/10.1007/s10741-021-10109-6
https://doi.org/10.3389/fcell.2021.788634
https://doi.org/10.3389/fcell.2021.788634
https://doi.org/10.1038/s41419-020-02805-2
https://doi.org/10.1038/s41419-020-02805-2
https://doi.org/10.1074/jbc.M113.537050
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Lim, Y., Berry, B., Viteri, S., McCall, M., Park, E. C., Rongo, C., et al. (2021). FNDC-1-
mediated Mitophagy and ATFS-1 Coordinate to Protect against Hypoxia-
Reoxygenation. Autophagy 17, 3389–3401. doi:10.1080/15548627.2021.1872885

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. Cel Biol 14 (2), 177–185.
doi:10.1038/ncb2422

Liu, L., Li, Y., and Chen, Q. (2021). The Emerging Role of FUNDC1-Mediated
Mitophagy in Cardiovascular Diseases. Front. Physiol. 12, 807654. doi:10.3389/
fphys.2021.807654

Liu, L., Sakakibara, K., Chen, Q., and Okamoto, K. (2014). Receptor-mediated
Mitophagy in Yeast and Mammalian Systems. Cell Res 24 (7), 787–795. doi:10.
1038/cr.2014.75

Lowell, B. B., and Shulman, G. I. (2005). Mitochondrial Dysfunction and Type 2
Diabetes. Science 307, 384–387. doi:10.1126/science.1104343

Lu, W., Sun, J., Yoon, J. S., Zhang, Y., Zheng, L., Murphy, E., et al. (2016).
Mitochondrial Protein PGAM5 Regulates Mitophagic protection against Cell
Necroptosis. PLoS One 11, e0147792. doi:10.1371/journal.pone.0147792

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 (1), 25–38. doi:10.1007/s13238-016-0328-8

Marino, A., and Levi, R. (2018). Salvaging the Ischemic Heart: Gi-Coupled
Receptors in Mast Cells Activate a PKCε/ALDH2 Pathway Providing Anti-
RAS Cardioprotection. Curr. Med. Chem. 25, 4416–4431. doi:10.2174/
0929867325666180214115127

Martin, L., Derwall, M., Al Zoubi, S., Zechendorf, E., Reuter, D. A., Thiemermann,
C., et al. (2019). The Septic Heart: Current Understanding of Molecular
Mechanisms and Clinical Implications. Chest 155 (2), 427–437. doi:10.1016/
j.chest.2018.08.1037

Marzetti, E., Csiszar, A., Dutta, D., Balagopal, G., Calvani, R., and Leeuwenburgh, C.
(2013). Role of Mitochondrial Dysfunction and Altered Autophagy in
Cardiovascular Aging and Disease: From Mechanisms to Therapeutics. Am.
J. Physiol. Heart Circ. Physiol. 305 (4), H459–H476. doi:10.1152/ajpheart.00936.2012

Mattenberger, Y., James, D. I., and Martinou, J. C. (2003). Fusion of Mitochondria
in Mammalian Cells Is Dependent on the Mitochondrial Inner Membrane
Potential and Independent of Microtubules or Actin. FEBS Lett. 538, 53–59.
doi:10.1016/s0014-5793(03)00124-8

Meng, S., Cao, J., He, Q., Xiong, L., Chang, E., Radovick, S., et al. (2015). Metformin
Activates AMP-Activated Protein Kinase by Promoting Formation of the αβγ
HeterotrimericComplex. J. Biol. Chem. 290, 3793–3802. doi:10.1074/jbc.M114.604421

Narendra, D. P., Jin, S. M., Tanaka, A., Suen, D. F., Gautier, C. A., Shen, J., et al.
(2010). PINK1 Is Selectively Stabilized on Impaired Mitochondria to Activate
Parkin. Plos Biol. 8 (1), e1000298. doi:10.1371/journal.pbio.1000298

Park, Y. Y., Nguyen, O. T., Kang, H., and Cho, H. (2014). MARCH5-mediated
Quality Control on Acetylated Mfn1 Facilitates Mitochondrial Homeostasis
and Cell Survival. Cel Death Dis 5 (4), e1172. doi:10.1038/cddis.2014.142

Randriamboavonjy, V., Mann, W. A., Elgheznawy, A., Popp, R., Rogowski, P.,
Dornauf, I., et al. (2015). Metformin Reduces Hyper-Reactivity of Platelets from
Patients with Polycystic Ovary Syndrome by Improving Mitochondrial
Integrity. Thromb. Haemost. 114 (3), 569–578. doi:10.1160/TH14-09-0797

Ren, J., Pulakat, L., Whaley-Connell, A., and Sowers, J. R. (2010). Mitochondrial
Biogenesis in the Metabolic Syndrome and Cardiovascular Disease. J. Mol. Med.
(Berl) 88, 993–1001. doi:10.1007/s00109-010-0663-9

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 (38), eabc8561.
doi:10.1126/sciadv.abc8561

Rowland, A. A., and Voeltz, G. K. (2012). Endoplasmic Reticulum-Mitochondria
Contacts: Function of the junction. Nat. Rev. Mol. Cel Biol 13 (10), 607–625.
doi:10.1038/nrm3440

Saklayen, M. G. (2018). The Global Epidemic of the Metabolic Syndrome. Curr.
Hypertens. Rep. 20 (2), 12. doi:10.1007/s11906-018-0812-z

Sandoval, H., Thiagarajan, P., Dasgupta, S. K., Schumacher, A., Prchal, J. T., Chen,
M., et al. (2008). Essential Role for Nix in Autophagic Maturation of Erythroid
Cells. Nature 454 (7201), 232–235. doi:10.1038/nature07006

Sanfilippo, F., Orde, S., Oliveri, F., Scolletta, S., and Astuto, M. (2019). The
Challenging Diagnosis of Septic Cardiomyopathy. Chest 156 (3), 635–636.
doi:10.1016/j.chest.2019.04.136

Shen, C., Wang, C., Fan, F., Yang, Z., Cao, Q., Liu, X., et al. (2015). Acetaldehyde
Dehydrogenase 2 (ALDH2) Deficiency Exacerbates Pressure Overload-Induced
Cardiac Dysfunction by Inhibiting Beclin-1 Dependent Autophagy
Pathwayficiency Exacerbates Pressure Overload-Induced Cardiac
Dysfunction by Inhibiting Beclin-1 Dependent Autophagy Pathway.
Biochim. Biophys. Acta 1852, 310–318. doi:10.1016/j.bbadis.2014.07.014

Shen, C., Wang, C., Han, S., Wang, Z., Dong, Z., Zhao, X., et al. (2017). Aldehyde
Dehydrogenase 2 Deficiency Negates Chronic Low-To-Moderate Alcohol
Consumption-Induced Cardioprotecion Possibly via ROS-dependent
Apoptosis and RIP1/RIP3/MLKL-Mediated Necroptosisficiency Negates
Chronic Low-To-Moderate Alcohol Consumption-Induced Cardioprotecion
Possibly via ROS-dependent Apoptosis and RIP1/RIP3/MLKL-Mediated
Necroptosis. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 1912–1918.
doi:10.1016/j.bbadis.2016.11.016

Shpilka, T., Du, Y., Yang, Q., Melber, A., Uma Naresh, N., Lavelle, J., et al. (2021).
UPRmt Scales Mitochondrial Network Expansion with Protein Synthesis via
Mitochondrial Import in Caenorhabditis elegans. Nat. Commun. 12 (1), 479.
doi:10.1038/s41467-020-20784-y

Smyrnias, I., Gray, S. P., Okonko, D. O., Sawyer, G., Zoccarato, A., Catibog, N., et al.
(2019). Cardioprotective Effect of the Mitochondrial Unfolded Protein
Response during Chronic Pressure Overload. J. Am. Coll. Cardiol. 73 (14),
1795–1806. doi:10.1016/j.jacc.2018.12.087

Springer, M. Z., and Macleod, K. F. (2016). In Brief: Mitophagy: Mechanisms and
Role in Human Disease. J. Pathol. 240 (3), 253–255. doi:10.1002/path.4774

Sugiura, A., Nagashima, S., Tokuyama, T., Amo, T., Matsuki, Y., Ishido, S., et al.
(2013). MITOL Regulates Endoplasmic Reticulum-Mitochondria Contacts via
Mitofusin2. Mol. Cel 51 (1), 20–34. doi:10.1016/j.molcel.2013.04.023

Sun, A., Zou, Y., Wang, P., Xu, D., Gong, H., Wang, S., et al. (2014). Mitochondrial
Aldehyde Dehydrogenase 2 Plays Protective Roles in Heart Failure after
Myocardial Infarction via Suppression of the Cytosolic JNK/P53 Pathway in
Mice. J. Am. Heart Assoc. 3, e000779. doi:10.1161/JAHA.113.000779

Tan, Y., Chen, S., Zhong, J., Ren, J., and Dong, M. (2019). Mitochondrial Injury and
Targeted Intervention in Septic Cardiomyopathy. Curr. Pharm. Des. 25 (18),
2060–2070. doi:10.2174/1381612825666190708155400

Tan, Y., Wan, H. H., Sun, M. M., Zhang, W. J., Dong, M., Ge, W., et al. (2021).
Cardamonin Protects against Lipopolysaccharide-Induced Myocardial
Contractile Dysfunction in Mice through Nrf2-Regulated Mechanism. Acta
Pharmacol. Sin 42 (3), 404–413. doi:10.1038/s41401-020-0397-3

Tong, M., Saito, T., Zhai, P., Oka, S. I., Mizushima,W., Nakamura, M., et al. (2019).
Mitophagy Is Essential for Maintaining Cardiac Function during High Fat Diet-
Induced Diabetic Cardiomyopathy. Circ. Res. 124 (9), 1360–1371. doi:10.1161/
CIRCRESAHA.118.314607

Twig, G., Elorza, A., Molina, A. J., Mohamed, H., Wikstrom, J. D., Walzer, G., et al.
(2008). Fission and Selective Fusion Govern Mitochondrial Segregation and
Elimination by Autophagy. EMBO J. 27 (2), 433–446. doi:10.1038/sj.emboj.
7601963

Vance, J. E., Stone, S. J., and Faust, J. R. (1997). Abnormalities in Mitochondria-
Associated Membranes and Phospholipid Biosynthetic Enzymes in the Mnd/
mnd Mouse Model of Neuronal Ceroid Lipofuscinosis. Biochim. Biophys. Acta
1344, 286–299. doi:10.1016/s0005-2760(96)00153-1

Vasques-N´ovoa, F., Ang´elico-Gonçalves, A., Bettencourt, N., Leite-Moreira, A.
F., and Roncon-Albuquerque, R. (2020). Myocardial Edema and Remodeling: a
Link between Acute Myocarditis and Septic Cardiomyopathy? J. Am. Coll.
Cardiol. 75 (12), 1497–1498.

Wallace, D. C., Fan, W., and Procaccio, V. (2010). Mitochondrial Energetics and
Therapeutics. Annu. Rev. Pathol. 5, 297–348. doi:10.1146/annurev.pathol.4.
110807.092314

Wang, J., Toan, S., and Zhou, H. (2020). Mitochondrial Quality Control in Cardiac
Microvascular Ischemia-Reperfusion Injury: New Insights into the
Mechanisms and Therapeutic Potentials. Pharmacol. Res. 156, 104771.
doi:10.1016/j.phrs.2020.104771

Wang, J., Toan, S., and Zhou, H. (2020). New Insights into the Role of
Mitochondria in Cardiac Microvascular Ischemia/reperfusion Injury.
Angiogenesis 23 (3), 299–314. doi:10.1007/s10456-020-09720-2

Wang, J., Wang, H., Hao, P., Xue, L., Wei, S., Zhang, Y., et al. (2011). Inhibition of
Aldehyde Dehydrogenase 2 by Oxidative Stress Is Associated with Cardiac
Dysfunction in Diabetic Rats. Mol. Med. 17, 172–179. doi:10.2119/molmed.
2010.00114

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 88704510

Mao et al. FUNDC1 in Cardiovascular Diseases

https://doi.org/10.1080/15548627.2021.1872885
https://doi.org/10.1038/ncb2422
https://doi.org/10.3389/fphys.2021.807654
https://doi.org/10.3389/fphys.2021.807654
https://doi.org/10.1038/cr.2014.75
https://doi.org/10.1038/cr.2014.75
https://doi.org/10.1126/science.1104343
https://doi.org/10.1371/journal.pone.0147792
https://doi.org/10.1007/s13238-016-0328-8
https://doi.org/10.2174/0929867325666180214115127
https://doi.org/10.2174/0929867325666180214115127
https://doi.org/10.1016/j.chest.2018.08.1037
https://doi.org/10.1016/j.chest.2018.08.1037
https://doi.org/10.1152/ajpheart.00936.2012
https://doi.org/10.1016/s0014-5793(03)00124-8
https://doi.org/10.1074/jbc.M114.604421
https://doi.org/10.1371/journal.pbio.1000298
https://doi.org/10.1038/cddis.2014.142
https://doi.org/10.1160/TH14-09-0797
https://doi.org/10.1007/s00109-010-0663-9
https://doi.org/10.1126/sciadv.abc8561
https://doi.org/10.1038/nrm3440
https://doi.org/10.1007/s11906-018-0812-z
https://doi.org/10.1038/nature07006
https://doi.org/10.1016/j.chest.2019.04.136
https://doi.org/10.1016/j.bbadis.2014.07.014
https://doi.org/10.1016/j.bbadis.2016.11.016
https://doi.org/10.1038/s41467-020-20784-y
https://doi.org/10.1016/j.jacc.2018.12.087
https://doi.org/10.1002/path.4774
https://doi.org/10.1016/j.molcel.2013.04.023
https://doi.org/10.1161/JAHA.113.000779
https://doi.org/10.2174/1381612825666190708155400
https://doi.org/10.1038/s41401-020-0397-3
https://doi.org/10.1161/CIRCRESAHA.118.314607
https://doi.org/10.1161/CIRCRESAHA.118.314607
https://doi.org/10.1038/sj.emboj.7601963
https://doi.org/10.1038/sj.emboj.7601963
https://doi.org/10.1016/s0005-2760(96)00153-1
https://doi.org/10.1146/annurev.pathol.4.110807.092314
https://doi.org/10.1146/annurev.pathol.4.110807.092314
https://doi.org/10.1016/j.phrs.2020.104771
https://doi.org/10.1007/s10456-020-09720-2
https://doi.org/10.2119/molmed.2010.00114
https://doi.org/10.2119/molmed.2010.00114
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Wang, J., and Zhou, H. (2020). Mitochondrial Quality Control Mechanisms as
Molecular Targets in Cardiac Ischemia-Reperfusion Injury. Acta Pharm. Sin B
10 (10), 1866–1879. doi:10.1016/j.apsb.2020.03.004

Wang, J., Zhu, P., Toan, S., Li, R., Ren, J., and Zhou, H. (2020). Pum2-Mff axis fine-
tunes Mitochondrial Quality Control in Acute Ischemic Kidney Injury. Cell Biol
Toxicol 36 (4), 365–378. doi:10.1007/s10565-020-09513-9

Wang, S., Pacher, P., De Lisle, R. C., Huang, H., and Ding, W. X. (2016). A
Mechanistic Review of Cell Death in Alcohol-Induced Liver Injury. Alcohol.
Clin. Exp. Res. 40, 1215–1223. doi:10.1111/acer.13078

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. T., Lim, Y., Mccall, M. N., Huang, K. T., Haynes, C. M., Nehrke, K., et al.
(2019). Cardioprotection by the Mitochondrial Unfolded Protein Response
Requires ATF5. Am. J. Physiol. Heart Circ. Physiol. 317 (2), H472–H478. doi:10.
1152/ajpheart.00244.2019

Wu, H., Wang, Y., Li, W., Chen, H., Du, L., Liu, D., et al. (2019). Deficiency of
Mitophagy Receptor FUNDC1 Impairs Mitochondrial Quality and Aggravates
Dietary-Induced Obesity and Metabolic Syndrome. Autophagy 15 (11),
1882–1898. doi:10.1080/15548627.2019.1596482

Wu, H., Xue, D., Chen, G., Han, Z., Huang, L., Zhu, C., et al. (2014). The BCL2L1
and PGAM5 axis Defines Hypoxia-Induced Receptor-Mediated Mitophagy.
Autophagy 10 (10), 1712–1725. doi:10.4161/auto.29568

Wu, S., Lu, Q., Ding, Y., Wu, Y., Qiu, Y., Wang, P., et al. (2019). Hyperglycemia-
Driven Inhibition of AMP-Activated Protein Kinase α2 Induces Diabetic
Cardiomyopathy by Promoting Mitochondria-Associated Endoplasmic
Reticulum Membranes In Vivo. Circulation 139 (16), 1913–1936. doi:10.
1161/CIRCULATIONAHA.118.033552

Wu, S., Lu, Q., Wang, Q., Ding, Y., Ma, Z., Mao, X., et al. (2017). 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, W., Li, W., Chen, H., Jiang, L., Zhu, R., and Feng, D. (2016). FUNDC1 Is a
Novel Mitochondrial-Associated-Membrane (MAM) Protein Required for
Hypoxia-Induced Mitochondrial Fission and Mitophagy. Autophagy 12 (9),
1675–1676. doi:10.1080/15548627.2016.1193656

Wu, W., Tian, W., Hu, Z., Chen, G., Huang, L., Li, W., et al. (2014). ULK1
Translocates to Mitochondria and Phosphorylates FUNDC1 to Regulate
Mitophagy. EMBO Rep. 15 (5), 566–575. doi:10.1002/embr.201438501

Xie, Z., Dong, Y., Scholz, R., Neumann, D., and Zou,M. H. (2008). Phosphorylation
of LKB1 at Serine 428 by Protein Kinase C-Zeta Is Required for Metformin-
Enhanced Activation of the AMP-Activated Protein Kinase in Endothelial
Cells. Circulation 117, 952–962. doi:10.1161/CIRCULATIONAHA.107.744490

Xie, Z., Lau, K., Eby, B., Lozano, P., He, C., Pennington, B., et al. (2011).
Improvement of Cardiac Functions by Chronic Metformin Treatment Is
Associated with Enhanced Cardiac Autophagy in Diabetic OVE26 Mice.
Diabetes 60, 1770–1778. doi:10.2337/db10-0351

Xu, S., Cherok, E., Das, S., Li, S., Roelofs, B. A., Ge, S. X., et al. (2016). Mitochondrial
E3 Ubiquitin Ligase MARCH5 Controls Mitochondrial Fission and Cell
Sensitivity to Stress-Induced Apoptosis through Regulation of MiD49
Protein. Mol. Biol. Cel 27 (2), 349–359. doi:10.1091/mbc.E15-09-0678

Yang, M. Y., Wang, Y. B., Han, B., Yang, B., Qiang, Y. W., Zhang, Y., et al. (2018).
Activation of Aldehyde Dehydrogenase 2 Slows Down the Progression of
Atherosclerosis via Attenuation of ER Stress and Apoptosis in Smooth
Muscle Cells. Acta Pharmacol. Sin 39, 48–58. doi:10.1038/aps.2017.81

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, L., Zou, J., Chai, E., Qi, Y., and Zhang, Y. (2014). Alpha-lipoic Acid
Attenuates Cardiac Hypertrophy via Downregulation of PARP-2 and
Subsequent Activation of SIRT-1. Eur. J. Pharmacol. 744, 203–210. doi:10.
1016/j.ejphar.2014.09.037

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 (6), 1080–1081. doi:10.1080/15548627.2017.1300224

Zhong, J., Tan, Y., Lu, J., Liu, J., Xiao, X., Zhu, P., et al. (2019). Therapeutic
Contribution ofMelatonin to the Treatment of Septic Cardiomyopathy: a Novel
Mechanism Linking Ripk3-Modified Mitochondrial Performance and
Endoplasmic Reticulum Function. Redox Biol. 26, 101287. doi:10.1016/j.
redox.2019.101287

Zhou, G., Myers, R., Li, Y., Chen, Y., Shen, X., Fenyk-Melody, J., et al. (2001). Role
of AMP-Activated Protein Kinase in Mechanism of Metformin Action. J. Clin.
Invest. 108, 1167–1174. doi:10.1172/JCI13505

Zhou, H., Li, D., Zhu, P., Hu, S., Hu, N., Ma, S., et al. (2017). Melatonin Suppresses
Platelet Activation and Function against Cardiac Ischemia/reperfusion Injury
via PPARγ/FUNDC1/mitophagy Pathways. J. Pineal Res. 63 (4), e12438. doi:10.
1111/jpi.12438

Zhou, H., Ren, J., Toan, S., and Mui, D. (2021). Role of Mitochondrial Quality
Surveillance in Myocardial Infarction: from Bench to Bedside. Ageing Res. Rev.
66, 101250. doi:10.1016/j.arr.2020.101250

Zhou, H., Wang, J., Zhu, P., Zhu, H., Toan, S., Hu, S., et al. (2018). NR4A1
Aggravates the Cardiac Microvascular Ischemia Reperfusion Injury through
Suppressing FUNDC1-Mediated Mitophagy and Promoting Mff-Required
Mitochondrial Fission by CK2α. Basic Res. Cardiol. 113 (4), 23. doi:10.1007/
s00395-018-0682-1

Zhou, H., Wang, J., Zhu, P., Zhu, H., Toan, S., Hu, S., et al. (2018). NR4A1
Aggravates the Cardiac Microvascular Ischemia Reperfusion Injury
through Suppressing FUNDC1-Mediated Mitophagy and Promoting
Mff-Required Mitochondrial Fission by CK2αff-Required Mitochondrial
Fission by CK2alpha. Basic Res. Cardiol. 113, 23. doi:10.1007/s00395-018-
0682-1

Zhou, H., Zhu, P., Guo, J., Hu, N., Wang, S., Li, D., et al. (2017). 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 (6), 1080–1093. doi:10.1038/s41418-018-
0086-7

Zhou, H., and Toan, S. (2020). Pathological Roles of Mitochondrial
Oxidative Stress and Mitochondrial Dynamics in Cardiac
Microvascular Ischemia/reperfusion Injury. Biomolecules 10 (1).
doi:10.3390/biom10010085

Zhu, H., Toan, S., and Mui, D. (2021). Mitochondrial Quality Surveillance as a
Therapeutic Target in Myocardial Infarction. Acta Physiol. 231 (3), e13590.
doi:10.1111/apha.13590

Zhu, L., Luo, X., Fu, N., and Chen, L. (2021). Mitochondrial Unfolded Protein
Response: a Novel Pathway in Metabolism and Immunity. Pharmacol. Res. 168,
105603. doi:10.1016/j.phrs.2021.105603

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.

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.

Copyright © 2022 Mao, Ren and Yang. 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.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 88704511

Mao et al. FUNDC1 in Cardiovascular Diseases

https://doi.org/10.1016/j.apsb.2020.03.004
https://doi.org/10.1007/s10565-020-09513-9
https://doi.org/10.1111/acer.13078
https://doi.org/10.1016/j.redox.2021.102049
https://doi.org/10.1152/ajpheart.00244.2019
https://doi.org/10.1152/ajpheart.00244.2019
https://doi.org/10.1080/15548627.2019.1596482
https://doi.org/10.4161/auto.29568
https://doi.org/10.1161/CIRCULATIONAHA.118.033552
https://doi.org/10.1161/CIRCULATIONAHA.118.033552
https://doi.org/10.1161/CIRCULATIONAHA.117.030235
https://doi.org/10.1080/15548627.2016.1193656
https://doi.org/10.1002/embr.201438501
https://doi.org/10.1161/CIRCULATIONAHA.107.744490
https://doi.org/10.2337/db10-0351
https://doi.org/10.1091/mbc.E15-09-0678
https://doi.org/10.1038/aps.2017.81
https://doi.org/10.1007/s12576-018-0627-3
https://doi.org/10.1016/j.ejphar.2014.09.037
https://doi.org/10.1016/j.ejphar.2014.09.037
https://doi.org/10.7554/eLife.21407
https://doi.org/10.7554/eLife.21407
https://doi.org/10.1080/15548627.2017.1300224
https://doi.org/10.1016/j.redox.2019.101287
https://doi.org/10.1016/j.redox.2019.101287
https://doi.org/10.1172/JCI13505
https://doi.org/10.1111/jpi.12438
https://doi.org/10.1111/jpi.12438
https://doi.org/10.1016/j.arr.2020.101250
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1007/s00395-018-0682-1
https://doi.org/10.1016/j.redox.2017.07.007
https://doi.org/10.1016/j.redox.2017.07.007
https://doi.org/10.1038/s41418-018-0086-7
https://doi.org/10.1038/s41418-018-0086-7
https://doi.org/10.3390/biom10010085
https://doi.org/10.1111/apha.13590
https://doi.org/10.1016/j.phrs.2021.105603
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	FUN14 Domain Containing 1 (FUNDC1): A Promising Mitophagy Receptor Regulating Mitochondrial Homeostasis in Cardiovascular D ...
	1 Background
	2 FUNDC1 and Mitophagy
	2.1 Structure of FUNDC1
	2.2 FUNDC1-Mediated Mitophagy
	2.2.1 Phosphorylation Regulation of FUNDC1
	2.2.2 Dephosphorylation Regulation of FUNDC1
	2.2.3 Non-phosphorylation-dependent Negative Regulation of FUNDC1
	2.2.4 FUNDC1 and Mitochondrial Dynamics


	3 Role of FUNDC1 in Pathogenesis of Various CVDs
	3.1 FUNDC1 and Myocardial Ischemia/Reperfusion
	3.1.1 Fine-Tune of FUNDC1-Mediated Mitophagy in Myocardial Protection
	3.1.2 Regulation of FUNDC1 With Platelet Activation
	3.1.3 Phosphorylation of FUNDC1 With Ser13, Ser17 and Tyr18 in MI/R
	3.1.4. Regulation by MST1, CK2α, RIPK3 and PPAR γ in MI/R

	3.2 FUNDC1 and Heart Failure
	3.2.1 Regulation of α-LA and ALDH2 for FUNDC1-Mediated Mitophagy
	3.2.2 Role of IP3R2 in FUNDC1-Regulated Heart Failure

	3.3 FUNDC1 and Septic Cardiomyopathy
	3.3.1 Role of UPRmt in Mitophagy
	3.3.2 Role of Mitotic Phagocytosis

	3.4 Expression of FUNDC1 in Metabolic Heart Diseases
	3.4.1 Main Mechanisms of Mitophagy in MetS
	3.4.2 Regulation of Ca2+, IP3R2 and IP3R3 With FUNDC1


	4 Conclusion
	Author Contributions
	Funding
	References


