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Abstract

Mitochondria are essential organelles that produce the cellular energy source, ATP. Dysfunctional
mitochondria are involved in the pathophysiology of heart disease, which is associated with
reduced levels of ATP and excessive production of reactive oxygen species. Mitochondria are
dynamic organelles that change their morphology through fission and fusion in order to maintain
their function. Fusion connects neighboring depolarized mitochondria and mixes their contents to
maintain membrane potential. In contrast, fission segregates damaged mitochondria from intact
ones, where the damaged part of mitochondria is subjected to mitophagy whereas the intact part to
fusion. It is generally believed that mitochondrial fusion is beneficial for the heart, especially
under stress conditions, because it consolidates the mitochondria’s ability to supply energy.
However, both excessive fusion and insufficient fission disrupt the mitochondrial quality control
mechanism and potentiate cell death. In this review, we discuss the role of mitochondrial
dynamics and mitophagy in the heart and the cardiomyocytes therein, with a focus on their roles in
cardiovascular disease.
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Introduction

Mitochondria are essential sources of energy in cells and, thus, are particularly important
intracellular organelles in ventricular cardiomyocytes, which require regular frequent
contraction. However, mitochondria are also major intracellular sources of reactive oxygen
species (ROS), which are produced as byproducts of ATP synthesis through the electron
transport chain or through upregulation of ROS producing enzymes, such as Nox4, or
downregulation of anti-oxidants. Although ROS produced in mitochondria can act as second
messengers to trigger adaptive processes [1-3], mitochondrial damage caused by
pathological stress often leads to production of excessive ROS, which develops into a
vicious cycle of oxidative stress and mitochondrial damage and spreads rapidly into the
intact mitochondria within the same cell through a mechanism known as ROS-induced ROS
release [4]. Eventually, the mitochondria release cytochrome c into the cytosol by increasing
outer mitochondrial membrane (OMM) permeability and activate apoptosis, a cellular
suicide mechanism, in order to avoid a series of catastrophic events. In the presence of
severe stress, such as prolonged cardiac ischemia, mitochondrial permeability transition pore
(mPTP) opening abrogates the H* gradient, which is essential for ATP synthesis, and cells
undergo necrosis [5]. Histological analysis shows that the heart contains a large volume of
mitochondria, indicating that cardiomyocytes rely heavily upon mitochondrial oxidative
metabolism as a source of energy supply [5]. In order to prevent the vicious cycle of
mitochondrial damage and ROS production, myocardial cells appears to have intrinsic
quality control mechanisms by which they protect themselves from minor injury and
maintain their function, such as mitochondrial autophagy [6]. In this review, we discuss the
role of mitochondrial dynamics in the cardiovascular system, with a special emphasis on the
function of dynamin-related protein 1 (Drp1), a molecule involved in fission and mitophagy,
in cardiomyocytes.

Mitochondrial Dynamics: Fission and Fusion

Mitochondria are dynamic organelles that constantly undergo fusion and fission, collectively
termed“mitochondrial dynamics”, to adapt to changes in the cellular environment and to
maintain their function [6]. Fission produces small spherical mitochondria, whereas fusion
produces tubular or elongated-shaped mitochondria [6]. Disruption of mitochondrial fission
leads to formation of fused mitochondria, whereas that of fusion leads to formation of small
and divided mitochondria, suggesting that the morphological changes in mitochondria are
balanced by opposing events. It should be noted that the continuous occurrence of
mitochondrial fusion and fission has not been tracked in normal adult ventricular
cardiomyocytes and, thus, their roles have been inferred based on pharmacological or
genetic manipulation. Although we discuss molecular mechanisms controlling fission and
fusion of mitochondria in the following section, almost all works have been conducted using
non-cardiac cell types. Thus, caution should be exercised regarding whether the findings
from other cell types can be applicable to adult ventricular cardiomyocytes.

Mitochondrial dynamics are regulated by several different guanosine triphosphatases
(GTPases), which are well-conserved among yeast, flies, and mammals [7-9]. Mitofusin 1
and 2 (Mfn1 and Mfn2) and optic atrophy 1 (Opal) are involved in regulating mitochondrial
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fusion in the outer and inner mitochondrial membranes, respectively. On the other hand,
mitochondrial fission is regulated by mitochondrial fission 1 (Fis1) and mitochondrial
fission factor (Mff), localized on the outer mitochondrial membrane, and by recruitment of
Drpl from the cytosol to mitochondrial fission sites, where it interacts with Mff to promote
fission [7-9].

Mitochondrial fission is initiated by constriction of mitochondria at points where
endoplasmic reticulum (ER) tubules surround mitochondria and mark mitochondrial division
sites, which is followed by recruitment of Drpl to the mitochondria [10]. Although the
mechanism by which initial constriction of mitochondria occurs remains unknown,
subsequent constriction and scission processes are mediated by Drp1 [11, 12]. Drplis an
~80 kDa dynamin GTPase superfamily protein with an N-terminal GTPase domain thought
to provide mechanical force, a dynamin-like middle domain, a variable domain, and a C-
terminal GTPase effector domain (GED) [13, 14]. Drpl is abundantly expressed in the
skeletal muscle, heart, kidney, and brain of adult humans. Drp1 primarily exists in the
cytosol as a dimer/tetramer. During mitochondrial fission, Drp1 translocates from the
cytosol to mitochondria, where it oligomerizes around and constricts the mitochondria,
thereby leading to severing of the mitochondrial membrane by GTP hydrolysis [15-19].
Drp1l is regulated by a variety of post-translational modifications, including
phosphorylation, S-nitrosylation, small ubiquitin-like modifier (SUMO)-ylation, and
ubiquitination, in response to diverse cellular stimuli [20-29]. Mitochondrial localization of
Drp1 is positively regulated by protein kinase A, calcineurin, PUMA, Bax/Bak, ceramide,
and O-linked-B-N-acetylglucosamine (O-GIcNAcylation) modification, and is negatively
regulated by miR-499 and Pim1 [28, 30-34]. Drpl lacks a mitochondrial targeting sequence.
Therefore, Drpl-mediated mitochondrial fission requires a receptor to promote Drpl
recruitment to the outer mitochondrial membrane [35, 36]. Fisl is a 17-kDa protein that
anchors to the outer mitochondrial membrane with its N-terminal multiple tetratricopeptide
repeat motif exposed to the cytoplasm and was thought to serve as a receptor for Drpl [37].
Indeed, overexpression of Fisl in cells promotes mitochondrial fission. However, Fisl
knockdown affects neither recruitment of Drpl to mitochondria nor fission in HeLa cells
and HCT 116 cells [38]. Mff is a C tail-anchored protein [39]. In cells with Mff knockdown,
mitochondrial localization of Drpl is decreased and Drp1 is dispersed in the cytoplasm. In
contrast, Mff overexpression induces mitochondrial fission with increased Drpl recruitment
to mitochondria, suggesting that Mff acts as a Drpl receptor to promote mitochondrial
fission [38].

Mitochondrial fusion is regulated by GTPase dynamin-family proteins, including Mfn1,
Mfn2, and Opal [40, 41]. Mfnl and Mfn2 localize to the outer mitochondrial membrane and
share approximately 77% sequence similarity. Mfn1 and Mfn2 have both redundant and
distinct functions to promote mitochondrial fusion by forming either homotypic or
heterotypic complexes [42]. Downregulation of Mfn1 or Mfn2 shows fragmentation of
mitochondria in MEF cells, suggesting that Mfn1 and Mfn2 have non-redundant functions to
promote mitochondrial fusion [42]. It should be noted that although cardiac-specific Mfnl
KO mice exhibited fragmented mitochondria [43], cardiac-specific Mfn2 KO mice exhibited
enlarged mitochondria in the heart [44, 45], suggesting that Mfn1 and Mfn2 have distinct
roles in regulating mitochondrial fusion in the mouse heart. Mfn2 also regulates shape and
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function of the endoplasmic/sarcoplasmic reticulum [46, 47] . Mfn2 plays an important role
in mediating autophagosome-lysosome fusion in cardiomyocytes [45]. Furthermore, Mfn2 is
phosphorylated by PTEN-induced kinase 1 (PINK1) and serves as a receptor for Parkin
during mitophagy [48].

Opal is a dynamin-related protein that localizes to and tethers the inner mitochondrial
membrane to maintain the integrity of the cristae. Overexpession of Opal promotes the
formation of a branched network of elongated mitochondria, whereas downregulation of
Opal induces fragmentation of mitochondria and disorganization of the cristae structures
[49, 50]. Opal cannot tubulate and fuse mitochondria lacking the outer membrane protein
Mfn1, but that is not the case in those lacking Mfn2 [41]. Decreases in the electrochemical
potential across the inner mitochondrial membrane or proapoptotic stimuli induce
paraplegin-dependent proteolytic cleavage of Opal, thereby stimulating mitochondrial
fragmentation [51].

Physiological Role of Mitochondrial Dynamics

Mitochondrial dynamics are crucial for compensating for mitochondrial damage and for
eliminating mitochondria with unrecoverable damage through fusion and fission,
respectively. The physiological role of fission is believed to be segregation of unrecoverable
damaged mitochondria in order to maintain overall mitochondrial quality and to preserve the
health of the mitochondrial network [6, 52]. Mitochondrial fission divides the mitochondrion
into functionally uneven daughter mitochondria. In order to achieve asymmetric separation
of mitochondria, there may be a sorting event preceding fission, but molecular mechanisms
mediating the sorting are currently unknown. The daughter mitochondrion with a normal
membrane potential can undergo fusion with other mitochondria. However, the daughter
mitochondrion with decreased membrane potential is unable to fuse with other
mitochondria, resulting in elimination by mitophagy (Figure 1) [52, 53]. Mitochondrial
fission is also necessary to redistribute mitochondrial DNA and transport mitochondria to
daughter cells during mitosis [54]. Drp1-mediated fragmentation of mitochondria protects
HeLa cells from ceramide-induced, Ca2*-mediated apoptosis, suggesting that fission may
segregate intact mitochondria from dysfunctional ones [55].

Fusion is a process by which neighboring depolarized mitochondria and intact ones join
together and mix their metabolites and mitochondrial DNA, which allows maintenance of
the membrane potential, complementation of protein components, and mtDNA repair [40,
56, 57]. Mitochondrial fusion also maximizes the capacity of oxidative phosphorylation
during energy deprivation [58-61]. Therefore, fusion allows mitochondria to compensate for
one another's defects. Conversely, impaired mitochondrial fusion decreases overall
membrane potential, oxygen consumption and mtDNA replication. It should be noted that
fusion may also deteriorate the function of intact mitochondria when depolarized and
dysfunctional mitochondria are accumulated in cells due to, for example, impairment of the
elimination process [62]. Unopposed fusion induced by inhibition of fission induces
mitochondrial dysfunction in HeLa cells [63] and potentiates mPTP opening in MEF cells
[64], suggesting that excessive fusion can be detrimental.
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Mitochondrial fusion also allows mitochondria to escape elimination by mitophagy [58, 65].
Dominant negative Drpl or Mfn1 prevents mitochondrial fission and autophagy in
cardiomyocytes [66]. However, the exact molecular mechanism preventing autophagy
remains unclear. Whether excessive activation of mitophagy could become harmful for the
heart and whether the heart purposefully activates mitochondrial fusion to prevent
mitophagy remain to be elucidated

Elimination of damaged mitochondria by autophagy

Autophagy is the principal mechanism of cell homeostasis. Autophagy, derived from the
Greek words for self (auto) and eating (phagy), is an evolutionarily conserved mechanism of
degradation wherein damaged or long-lived proteins and organelles are sequestered into
autophagosomes and degraded by lysosomes in order to maintain cell homeostasis.
Mitochondria can be degraded by autophagy in either a non-selective manner or through a
process that selectively targets damaged mitochondria, termed“mitophagy” [52, 67].

Recent studies have demonstrated that mitophagy is regulated by several specific proteins,
including PINK1 and Parkin, which are associated with familial Parkinson's disease [67-70].
PINK1 is a mitochondrially targeted serine/threonine kinase that is imported into healthy
mitochondria and degraded by the presenilin-associated rhomboid-like (PARL) protease.
Upon mitochondrial depolarization, PINK1 is stabilized and accumulates on the outer
membrane of depolarized mitochondria, leading to the recruitment of cytosolic Parkin to
mitochondria through phosphorylation of Mfn2 [48]. Parkin is a cytosolic E3-ubiquitin
ligase that translocates to depolarized mitochondria and ubiquitinates them. Mitochondria
ubiquitinated by Parkin interact with the ubiquitin-binding deacetylase HDAC6 and p62/
SQSTM1, which connect with LC3 and promote the assembly of the autophagic machinery
to eliminate damaged mitochondria by mitophagy (Figure 2A). As described previously,
fission can divide a single mitochondrion into unequal daughter mitochondria with different
mitochondrial membrane potentials. Since the PINK1/Parkin pathway depends on low
mitochondrial membrane potential, fission may contribute to the targeting of damaged
mitochondria to be eliminated by PINK1/Parkin-mediated mitophagy. Interestingly,
damaged long mitochondrial tubules labeled by Parkin can be packaged into smaller sized
LC3 structures bit-by-bit and undergo mitophagy in HelLa cells [71]. Whether fission is
prerequisite for mitophagy and, if so, what the exact role of fission could be remain to be
elucidated. Mice deficient in Parkin exhibit impaired clearance of damaged mitochondria by
mitophagy and increased accumulation of dysfunctional mitochondria, which results in
cardiac dysfunction and reduced survival [72]. Similarly, Pink1 knockout mice exhibited
pathological hypertrophy with impaired mitochondrial function at baseline and increased
myocardial injury in response to ischemia/reperfusion [73, 74].

Other specific proteins that regulate mitophagy include Bcl-2/adenovirus E1B 19-kDa—
interacting protein-3 (Bnip3) and Nip3-like protein X (NIX) [75]. Bnip3 and NIX are pro-
apoptotic BH3-only proteins that facilitate opening of the mPTP and activate Bax/Bak to
permeabilize the mitochondrial membrane [76, 77]. Besides their roles as pro-apoptotic cell
death proteins, they are involved in mitophagy under specific conditions. NIX is required for
the selective elimination of mitochondria in erythrocytes in peripheral blood [77]. Although
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Bnip3 induces apoptosis in the heart in response to ischemia/reperfusion, it also upregulates
autophagy and removal of damaged mitochondria, which appears to be protective [78]. The
precise mechanisms by which NIX and Bnip3 induce mitophagy are still unclear. However,
Bnip3 and NIX interact directly with LC3 and GABARAP on the phagophore, serving as
receptors for autophagosomes that tether them to mitochondria (Figure 2B) [77, 79]. Bnip3
and NIX have been implicated in the pathogenesis of heart disease [66, 80]. Bnip3/NIX-
deficient mice exhibit increased accumulation of dysfunctional mitochondria in the heart
with age [80]. In addition, inhibition of fission through overexpression of a dominant-
negative form of Drp1l leads to disruption of mitophagy induced by Bnip3 and facilitates
accumulation of dysfunctional mitochondria in the heart, suggesting that fission is a
prerequisite for Bnip3-induced mitophagy [66]. FUNDC1, a mitochondrial outer membrane
protein, and cardiolipin, a phospholipid of the inner mitochondrial membrane, also act as
LC3 receptors and are involved in mitochondrial autophagy in non-cardiac cell types [81,
82]. Whether mitochondrial shape affects their interaction with LC3 is not well understood.

Mitochondrial Dynamics, Mitophagy and Cardiovascular Disease

Disruption of the mitochondrial quality control mechanisms involving mitochondrial
dynamics and mitophagy has recently been linked to various cardiac diseases, including
cardiac hypertrophy, heart failure, dilated cardiomyopathy (DCM), and ischemic heart
disease. The end stage of DCM, which is characterized by systolic dysfunction and dilated
ventricles, is associated with abnormally enhanced fragmentation of mitochondria [83].
Small and fragmented mitochondria are also observed in post-myocardial infarction rat
hearts, which are associated with decreased protein levels of Opal [84]. Cardiac-specific
combined downregulation of Mfnl and Mfn2 (c-Mfn1/2-KO) induces rapid development of
cardiac dysfunction [85, 86], indicating that inhibition of fusion and/or induction of
unopposed fission of mitochondria may induce cardiac dysfunction. Similarly,
downregulation of Mfn2 stimulates mitochondrial depolarization and release of cytochrome
¢, resulting in increases in cell death in cardiomyocytes [33]. A potential mechanism through
which mitochondrial fission is stimulated during heart failure is Ca2* overload. Increased
Ca?* leads to rapid and transient mitochondrial fragmentation and increases in ROS [87].
Python mice carrying a missense mutation in the M domain of Drpl (C452F) have reduced
mitochondrial function, ATP depletion, and consequent energy deficiency, and develop
dilated cardiomyopathy [88]. Fibroblasts obtained from Python mice show abnormal
mitochondria and peroxisomes. Although the C452F mutation appears to affect the function
of Drp1l and the balance between mitochondrial fission and fusion, exactly how it mediates
the associated cardiac phenotype remains to be elucidated.

It should be noted that preventing mitochondrial fission through downregulation of Drpl
leads to a loss of mitochondrial DNA, a decrease in mitochondrial respiration and an
increase in the abundance of ROS in HeLa cells [63]. Mitochondrial dysfunction resulting
from the lack of fission led to a drop in the cellular ATP level, an inhibition of cell
proliferation, and an increase in autophagy [63]. These results suggest that mitochondrial
remodeling through both fission and fusion may be required for both preservation of
mitochondrial function and maintenance of cellular homeostasis in the heart.
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Myocardial ischemia not only decreases cellular ATP content but also induces oxidative
stress [89], which, in turn, negatively affects function and induces damage to mitochondria.
HL-1 cardiomyocytes exhibit mitochondrial fragmentation and mitochondrial dysfunction
after 30 minutes of hypoxia followed by normoxia. In this condition, overexpression of
either Mfnl or Mfn2 or expression of a dominant-negative form of Drpl increased the cell
population with elongated mitochondria, decreased mPTP opening, and reduced cell death
[90]. Inhibition of Drpl in HL-1 cells via mitochondrial division inhibitor-1 (mdivi-1), a
pharmacological inhibitor of Drpl, reduced mitochondrial dysfunction and damage
following hypoxia/normoxia [90]. Furthermore, transient treatment with mdivi-1 reduced
myocardial infarct size in mice subjected to 30 minutes of coronary artery occlusion
followed by reperfusion [90]. These studies suggest that mitochondrial fission is detrimental
and that opposed fusion has protective effects on the heart and the cardiomyocytes therein
when afflicted with ischemia/reperfusion (I/R). However, considering that both
mitochondrial fusion and fission are essential for mitochondrial remodeling, which plays a
crucial role in maintaining mitochondrial quality, it is plausible that prolonged inhibition of
fission could be detrimental in cardiac I/R injury. Further investigation is required in order
to clarify whether prolonged inhibition of mitochondrial fission is protective for the heart. A
recent study showed that stimulation of cultured adult cardiomyocytes with the a-agonist
phenylephrine upregulates Drpl and Fisl, whereas it downregulates Mfn2 [91]. Whether
these changes cause mitochondrial remodeling and how they affect the function of
mitochondria during cardiac hypertrophy remain to be elucidated.

Endothelial dysfunction contributes to the development of atherosclerosis in patients with
diabetes mellitus, leading to increased susceptibility to ischemic heart disease and heart
failure. Recent studies have shown that altered mitochondrial dynamics, such as increased
mitochondrial fragmentation and Fis1 protein expression, were observed in venous
endothelial cells isolated from patients with diabetes mellitus. Exposing cultured human
aortic endothelial cells to high levels of glucose yielded increased expression of Fis1 and
Drp1 and a loss of mitochondrial networks, which were accompanied by increased
mitochondrial ROS production and an impairment of agonist-stimulated activation of
endothelial nitric oxide synthase (eNOS) and cGMP production. Knockdown of Fis1 or
Drp1 blunted high-glucose-induced alterations in mitochondrial dynamics, ROS production
and eNOS activation. These results suggest that increased mitochondrial fission contributes
to the development of endothelial dysfunction in diabetic conditions [92]. Mitochondrial
fission and Drpl are also involved in the pathogenesis of pulmonary arterial hypertension
(PAH) [93]. PAH is an intractable disease that induces right ventricular failure and is
characterized by pulmonary vascular obstruction caused by hyperproliferation of pulmonary
artery smooth muscle cells (PASMCs). Activation of hypoxia-inducible factor-1a (HIF-1a)
was observed in PASMCs with PAH, which led to mitochondrial fission through cyclin B1/
CDK1-dependent phosphorylation of Drpl at serine 616. HIF-1a inhibition reduced Drpl
activation, prevented mitochondrial fission, and reduced PASMC proliferation. Both
mdivi-1 and downregulation of Drpl prevented mitotic fission and arrested PASMCs at the
G2/M interphase. Mdivi-1 also improved exercise capacity, right ventricular function and
hemodynamics in experimental PAH, suggesting that Drpl activation followed by increased
mitochondrial fission is responsible for PAH [93]. These results suggest that the status of
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mitochondrial remodeling correlates with the function of vascular endothelial cells and
smooth muscle cells.

Perspectives

Although acute suppression of mitochondrial fission by mdivi-1 attenuates myocardial
injury after I/R [90], unopposed fusion induced by mdivi-1 also induces cell death in other
instances [63, 64]. Considering that mitochondrial health is maintained by elimination of
damaged and/or malfunctioning mitochondria, the ability of the cell to serially execute
fusion and fission of mitochondrial followed by mitophagy appears essential for its survival.
In fact, chronic downregulation of Drpl in neuronal-specific Drpl knockout mice induces
abnormality in embryonic development and synaptic formation, most likely due to defects in
mitochondrial quality control mechanisms [94, 95]. Likewise, a deficiency of mitochondrial
fission due to Drpl inactivation is involved in human neurodegenerative pathologies such as
Alzheimer's disease [27, 96]. These results suggest that maintaining certain levels of
mitochondrial fission may be essential for the survival of cardiomyocytes under some
conditions. How do we reconcile the potentially dichotomous effects of mitochondrial
fission? Cells may require basal levels of fission but stress-induced activation of fission may
be detrimental. Alternatively, transient increases in mitochondrial fusion achieved by
pharmacological inhibition of Drpl may increase mitochondrial function, whereas chronic
inhibition of Drpl by genetic manipulations may lead to the impairment of mitochondrial
quality control mechanisms, resulting in global suppression of mitochondrial function. It is
also possible that the effect of mitochondrial fission upon mitochondrial function may differ
depending upon the nature of the stress. Further investigations are needed to elucidate the
functional consequences of mitochondrial fission in response to many forms of cardiac
stress. Many of the studies evaluating the role of Drpl and fission in mediating survival and
death of cardiomyocytes have been conducted using a pharmacologic inhibitor of Drp1,
mdivi-1, P110, and Dynasore (Table 1). Although mdivi-1 is believed to be a selective
inhibitor of Drp1 [97], it performs Drpl-independent actions as well, such as affecting
delayed rectifier K+ channels [98]. In addition, Drpl has diverse functions that are possibly
mediated independently of its effects upon fission. For example, mdivi-1 blocks Bax/Bak-
dependent release of both Smac/Diablo and cytochrome ¢ in HeLa cells [97]. Thus, caution
should be exercised when interpreting the results obtained using inhibitors of Drpl. Ideally,
parallel experiments should be conducted, using molecular tools including knock-down of
Drp1 and/or, more broadly, interventions to inhibit mitochondrial fission with alternative
methods, such as suppression of Fisl or Mff and stimulation of Mfn1/2 and Opal.

Mitophagy is an essential mechanism for mitochondrial quality control and it is believed that
mitochondrial fission is prerequisite for activation of mitophagy [6]. At present, however,
how translocation of Drpl from the cytosol to the fission foci and subsequent execution of
fission coordinate with the activation of mitophagy is not fully understood. Although
PINKZ1-induced phosphorylation of Mfn2 recruits Parkin to damaged mitochondria [48] and
consequent ubiquitin labeling of mitochondria with the E3 ligase activity of Parkin is
essential for activation of mitophagy [6], whether Drpl is actively involved in either the
labeling process of damaged mitochondria or the sequestration process by autophagic
machinery remains to be demonstrated in cardiomyocytes. Similarly, although Drpl and
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mitochondrial fission are coupled to apoptosis in other cell types [97] and the possible
involvement of Mfn2 in regulation of mPTP opening has been proposed in cardiomyocytes
[43], the molecular mechanisms through which Drpl affects the activity of the apoptotic
machinery are not fully understood in cardiomyocytes.

In summary, mitochondrial fission and Drpl appear to affect survival and death of
cardiomyocytes directly through suppression of mitochondrial fusion and indirectly through
their effects upon mitophagy and apoptosis. Further investigations are required to elucidate
the molecular mechanism by which mitochondrial fission and Drpl contribute to the
pathogenesis of cardiovascular disease, as well as how interventions targeting Drp1 affect it.
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Figure 1. Elimination of damaged mitochondria by mitochondria-targeted selective autophagy,
“mitophagy”

Mitochondrial health is maintained through mitochondrial dynamics (fission and fusion) and
mitophagy. If damage accumulates in mitochondria, the mitocho ndria are aggregated and
segregated by fission. This is followed by elimination of the damaged mitochondria via the
autophagic process known as mitophagy. Drpl plays an essential role in mediating

mitochondrial fission.
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Figure 2. Mechanisms of mitophagic machinery
A The mitochondrially targeted serine/threonine kinase, PINK1, is expressed and de graded

in healthy mitochondria. Upon membrane depolarization, PINK1 is stabilized and
accumulates on the mitochondrial outer membrane, which leads to translocation of the
cytosolic E3-ubiquitin ligase, Parkin, to mitochondria. Parkin ubiquitinates depolari zed
mitochondria, leading to interaction with ubiquitin-binding deacetylase HDACG6 and p62/
SQSTM1, which connects with LC3 and promotes assembly of the autophagic machinery. B
Bnip3 and NIX are pro-apoptotic BH3-only proteins that facilitate opening of the
mitochondrial permeability transition pore and activate Bax/Bak to permeabilize the
mitochondrial membrane. Besides their pro-apo p totic effect, Bnip3 and NIX interact
directly with LC3 and GABARAP on the phagophore, serving as a receptor for
autophagosomes and tethering them to mitochondria. Recent evidence suggests that both
FUNDCL1 and cardiolipin also serve as receptors for LC3 and are involved in autophagy.
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