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Drpl-dependent mitochondrial fission in cardiovascular

disease

Jia-yu Jin', Xiang-xiang Wei', Xiu-ling Zhi', Xin-hong Wang' and Dan Meng'

Mitochondria are highly dynamic organelles undergoing cycles of fusion and fission to modulate their morphology, distribution,
and function, which are referred as ‘mitochondrial dynamics’. Dynamin-related protein 1 (Drp1) is known as the major pro-fission
protein whose activity is tightly regulated to clear the damaged mitochondria via mitophagy, ensuring a strict control over the
intricate process of cellular and organ dynamics in heart. Various posttranslational modifications (PTMs) of Drp1 have been
identified including phosphorylation, SUMOylation, palmitoylation, ubiquitination, S-nitrosylation, and O-GlcNAcylation, which
implicate a role in the regulation of mitochondrial dynamics. An intact mitochondrial homeostasis is critical for heart to fuel
contractile function and cardiomyocyte metabolism, while defects in mitochondrial dynamics constitute an essential part of the
pathophysiology underlying various cardiovascular diseases (CVDs). In this review, we summarize current knowledge on the critical
role of Drp1 in the pathogenesis of CVDs including endothelial dysfunction, smooth muscle remodeling, cardiac hypertrophy,
pulmonary arterial hypertension, myocardial ischemia-reperfusion, and myocardial infarction. We also highlight how the targeting

of Drp1 could potentially contribute to CVDs treatments.
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INTRODUCTION

Mitochondria are the “power houses” of cells, producing the
energy necessary for a myriad of cellular processes [1, 2l.
Intriguingly, they are highly dynamic organelles that undergo
fusion and fission to regulate their morphology and control their
number and size, a process called “mitochondrial dynamics” [3, 4].
Mitochondrial dynamics has attracted increasing attention over
the past decade because of its close interconnection with
mitochondrial function. Mitochondrial dynamics processes are
regulated by specific proteins, known as mitochondria-shaping
proteins, among which the cytosolic GTPase dynamin-related
protein 1 (Drp1) is the main pro-fission protein with activity that is
tightly controlled to ensure balanced mitochondrial dynamics
according to cellular needs [5].

As a main energy-demanding organ, the heart relies heavily on
mitochondrial ATP production to fuel contractile function and
cardiomyocyte metabolism [6]. Emerging evidence suggests that
disrupted mitochondrial dynamics play vital roles in the patho-
genesis of many cardiovascular diseases (CVDs), mainly by
influencing cellular energy, reactive oxygen species (ROS) genera-
tion, intracellular calcium levels, apoptogenic protein production
and some other mechanisms in a cell- or tissue-specific manner
[7]. However, all these findings indicate a close relationship
between mitochondrial dynamics in CVDs and Drp1-induced
mitochondrial fragmentation. Hence, we will review current
knowledge on the critical role of Drp1 in the pathogenesis of
CVDs, including pulmonary arterial hypertension (PAH), heart

failure, cardiac hypertrophy, and myocardial infarction (MI). We
will also highlight how the targeting of Drp1 may potentially
contribute to CVD treatment.

DRP1 AND MITOCHONDRIAL DYNAMICS

Mitochondria are highly dynamic organelles capable of fusion,
fission, and migration toward other organelles for communication
and interaction, which ensure cell-specific mitochondrial morphol-
ogy, function, and intracellular distribution and satisfy changing
metabolic and energetic demands of cells in a timely manner.
Moreover, fission and fusion are essential for many important
cellular functions, including ATP production, mitochondrial DNA
(mtDNA) distribution, mitochondrial respiratory activity, cell
survival, apoptosis, and calcium signaling. However, imbalanced
mitochondrial dynamics cause mitochondrial structural alterations
and dysfunction. Insufficient mitochondrial fission can lead to the
accumulation of damaged and inactive mitochondria, while
inadequate mitochondrial fusion results in the fragmentation of
mitochondria, as indicated by changes in tubular morphology that
lead to debris [8].

The regulation of mitochondrial dynamics is a complicated
process involving various dynamin-related GTPases, which main-
tain a balance between mitochondrial fission and fusion [9]. As a
key regulator in the mitochondrial fission process, Drp1 exerts its
pro-fission function in four distinct steps: it is trafficked from the
cytosol to the outer membrane of mitochondria (OMM),
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incorporating into higher-order complexes that constrict the
organelle in a GTP-dependent manner, ultimately bisecting the
parent organelle into two daughters [10]. The two daughter
mitochondria generally possess unequal and extreme membrane
potential; however, damaged mitochondria that fail to stabilize
their polarity tend to be completely depolarized and are ultimately
targeted for mitophagy [11].

DRP1 STRUCTURE AND FUNCTIONS

The Drp1 protein is known to have four domains, a C-terminal
GTPase effector domain, variable domain (also known as insert B),
helical middle domain, and highly conserved N-terminal GTPase
domain (Fig. 1) [12]. Moreover, a crystal structural study revealed
that the variable domain acts as a hinge by forming a T-shaped
dimer or tetramer and binding the targeted membrane effectively
[13]. In contrast to classical dynamins, Drp1 does not have a lipid-
interacting pleckstrin homology domain; therefore, it can only
anchor to the mitochondrial membrane by binding to its receptor
to form a functional complex, and then a larger oligomer is
assembled and transported to fission sites [14]. To date, four
mitochondrial outer membrane (MOM) receptors and/or adapters
that recruit Drp1 from the cytosol to the OMM for fission have
been identified: mitochondrial dynamics protein 49 and 51 (MiD49
and MiD51), mitochondrial fission factor (Mff), and fission 1 (Fis1).
Fis1 was the first MOM adapter identified as a recruiter of Drp1; it
forms oligomers that serve as scaffolds on the OMM and interacts
with Drp1 through its two tetratricopeptide repeat-like motifs [6].
However, excessive Drp1/Fis1 interaction is associated with some
pathological conditions, such as Parkinson’s disease and Hunting-
ton’s disease [15]. Fortunately, a specific inhibitor, P110, has been
developed that selectively blocks the Drp1-Fis1 interaction under
pathological conditions without disturbing the interaction
between Drp1 and other mitochondrial adapters [16]. In contrast,
inhibiting the Drp1-Mff interaction with peptide P259 results in
elongated mitochondrial morphology and dysregulated mito-
chondrial motility and function, indicating a key role for the
Mff-Drp1 interaction under physiological conditions [17]. More-
over, Mff can recruit Drp1 independently of Fis1 and is thought to
be the major adapter protein for ubiquitously expressed Drp1 in
all metazoans with involvement in the recruitment of Drp1 to both

Types of modifications

Phosphorylation

mitochondrial and peroxisomal membranes [18]. Another two
receptors, MiD49 and MiD51, are chordate-specific mitochondrial
elongation factor proteins, and both can recruit Drpl to
mitochondrial fission sites independent of Fis1 and Mff [18].
Intriguingly, in cells lacking Drp1, MiD51, and MiD49 are diffusely
distributed on the MOM, while Mff remains at the constriction site
[18]. In particular, MiD51/49 can also coordinate with Mff to
regulate Drp1-mediated mitochondrial fission. MiD51/49 can
facilitate the binding of Mff to Drp1 by interacting with both
Drp1 and Mff, thus serving as molecular adapters in a trimeric
Drp1-MiD51/49-Mff complex at the MOM [19]. Hence, the relative
levels of Mff and MiD51/49 and the balance between Mff and
MiD51/49 during their interactions with Drp1 are both vital
determinants of balanced mitochondrial dynamics in cells [19].

Notably, accumulating evidence has revealed the interdepen-
dent relationship between Drp1-mediated mitochondrial fission
and mitophagy, the mitochondria-specific form of autophagy.
Mitochondrial recruitment of Drp1 is a critical step to initiate
mitophagy, and it is accompanied by the dephosphorylation of
Ser-637 and the phosphorylation of Ser-616 [20]. Excessive levels
of mitochondrial fragments during pathological conditions can be
targeted by autophagosomes for sequestration and subsequent
lysosomal degradation. Drp1 inhibition is relevant to repressed
mitophagy in several cell types, including cardiomyocytes (CMs)
[21]. Moreover, several studies regarding cardiac myocyte-specific
ablation of Drp1 have described aberrant mitophagy and
cardiomyopathy, indicating a crucial role for fission in mitophagy
[22-24]. Understanding how mitophagy is regulated by Drp1
under pathologic status is critical. The process is complex, which
may contribute to the development of specific therapeutic
interventions in CVD patients.

POSTTRANSLATION MODIFICATIONS OF DRP1 DURING
MITOCHONDRIAL FISSION

Drp1 is regulated by several posttranslational modifications
(PTMs), including phosphorylation, SUMOylation, palmitoylation,
ubiquitination, S-nitrosylation, and O-GlcNAcylation, mostly
located in the B-insert region (Table 1 and Fig. 1). These PTMs
play important roles in Drp1 activation, protein stability,
protein—protein interactions, GTPase activity, and translocation
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Fig. 1

(Residue Number)

Schematic illustration of Drp1 structure and distribution of posttranslational modifications in cardiomyocytes/hearts. The

structure-based domain architecture of human Drp1 is shown. All the posttranslational modifications mentioned in the article are marked in

the diagram. GED, GTPase effector domain.
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Table 1.

Posttranslational modifications of Drp1 in cardiomyocytes/hearts.

Type of modification Position Upstream molecules Effects

Phosphorylation S616 CDK1/cyclin B
PKC3
ERK1/2
CaMKII
ROCK
RIP1
Phosphorylation S637 PKA
PKD
Pim-1
CaN
SUMOylation K532, K535, MAPL
K594, K608, SENP2
K606, K558, K568 SENP3
K597 SENP5
Palmitoylation / ZDHHC13
Ubiquitination / Parkin
MARCH5

Phosphorylation
—Mitochondrial fragmentation

DePhosphorylation
—Mitochondrial elongation

The specific role of S637 phosphorylation results from diverse internal
and external parameters

SUMOylation
—OMM translocation of Drp1, increased mitochondrial fission

deSUMOylation

—Repressed mitochondrial fission

Palmitoylation

—Proper subcellular localization and normal function of Drp1
Depalmitoylation

—Impaired OMM translocation of Drp1, disrupted mitochondrial dynamics
Ubiquitination

—Drp1 proteasomal degradation, enlarged and swollen mitochondria
Deubiquitination

—Decreased Drp1 degradation, excessive mitochondrial division

between the cytosol and OMM [25]. Notably, the overexpression
of Drp1 alone does not lead to fragmented mitochondria because
the activation status of Drp1 depends on its MOM location, which
is associated with PTMs [26].

Phosphorylation

Phosphorylation is one of the best characterized PTMs of Drp1,
which can exert both activating and inhibitory effects depending
on the specific site modified. Many phosphorylation sites have
been characterized, namely, Ser-579, Ser-40, Ser-585, Ser-44, Ser-
592, Ser-656, Ser-616, Ser-637, and Ser-693 [27]. Among these
sites, two main sites, Ser-616 and Ser-637, have been extensively
reported.

The phosphorylation of Ser-616 is an activating event con-
tributing to the OMM localization of Drpl and subsequent
mitochondrial fission [6]. Phos-Ser-616 is known to be catalyzed
by Rho-associated protein kinase (ROCK), PKC§, cyclin-dependent
kinase 1 (CDK1), ERK1/2, and calmodulin-dependent protein
kinase Il (CaMKIl) in various cell types tested in multiple
laboratories [8, 28]. Specifically, a reciprocal effect of CDK-
catalyzed phosphorylation on Drp1 oligomerization and mito-
chondrial translocation has been identified [7]. CDK5-catalyzed
phosphorylation contributes to the trafficking of Drpl to
interphase microtubules, whereas CDK1-mediated phosphoryla-
tion leads to the translocation of Drp1 from microtubules to
mitochondria [7]. Moreover, a recent study proposed a new
pathway by which Ser-616 phosphorylation is regulated in a
RhoA/ROCK-dependent manner in CMs to transmit environmental
signals to mitochondria [29].

In contrast to the effects of Ser-616 phosphorylation, the
functional consequences of Ser-637 phosphorylation, which is
usually mediated by ROCK1, protein kinase A (PKA), protein kinase
D (PKD), Ca®"-dependent phosphatase calcineurin (CaN), etc. [8],
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are still highly controversial. Although in most cases, Ser-637
phosphorylation is linked to the diminished GTPase hydrolysis
activity of Drp1, the specific role of Ser-637 phosphorylation is
based on diverse internal and external parameters, such as cell
type, Drp1 receptors, cellular context, and upstream molecules [6].
For example, the phosphorylation of Ser-637 by PKA inhibits the
interaction between the GTP-binding domain and the GED
domain and thus leads to decreased GTPase activity and
attenuated mitochondrial fission [30]. The calcineurin-induced
dephosphorylation of Drp1 at Ser-637 in hepatic ischemia/
reperfusion (I/R) contributes to the translocation of Drp1 to
mitochondria [31]. In contrast, when phosphorylated by ROCK 1
and CAMK-1, Ser-637 activates Drp1 activity to promote mito-
chondrial fission in cultured hippocampal neurons [32, 33l
Similarly, another study involving cardiac mitochondrial signaling
mechanisms showed that PKD-mediated phosphorylation at Ser-
637 under pathophysiological conditions promotes mitochondrial
fragmentation [34]. Notably, the same phosphorylation site is
associated with different functions in mice and humans. In
patients and animal models with diabetes, the phosphorylation of
Drp1 at Ser-637 in humans and Ser-600 in mice was revealed
under high-glucose conditions, with both leading to Drpl
translocation to the mitochondria [32].

The Ser-616/Ser-637 phosphorylation ratio was also associated
with the pathogenesis of several diseases [35, 36]. Elevated
phosphorylation of Ser-616 alone fails to induce mitochondrial
fission. Considering the proximity of the Ser-616 and Ser-637 sites
within the 3D structure, an elegant study showed that the
phosphorylation level of Ser-637 participates in the regulation of
Ser-616 phosphorylation in Drp1 [34]. However, the basal
phosphorylation levels of the Ser-637 site are unaffected by the
phosphorylation state of Ser-616 [37]. Indeed, it is interesting to
speculate that the basal phosphorylation level of Ser-637 is
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Fig. 2 Graphical abstract of the role of SUMOylation in Drp1-dependent mitochondrial dynamics. Drp1 can be SUMOylated by both
SUMO1 and SUMO2/3, which leads to distinct functional consequences. MAPL-dependent SUMO1-ylation as well as SENP-dependent de-
SUMO2/3-ylation of Drp1 promotes its association with the MOM, which stabilizes a mitochondrial/ER platform, facilitating mitochondrial
fission, calcium uptake, cytochrome c release, and activates mitophagy. In contrast, SUMO2/3 modification and de-SUMO1-ylation of Drp1
leads to the destabilized ER-mitochondria sites, accumulation of defective mitochondria, reduced ATP production, and cardiomyocyte

apoptosis.

necessary for maintaining the basal phosphorylation state of Ser-
616 and that phosphorylation of Ser-637 primes Ser-616
phosphorylation [34].

SUMOylation

SUMOylation is another reversible and dynamic modification that
usually alters the subcellular localization of proteins or protects
them from ubiquitin-triggered destruction. Emerging evidence
has demonstrated that small ubiquitin-like modifiers (i.e., SUMO
proteins) are also involved in Drp1 activity regulation and stable
binding of Drp1 to the MOM, leading to increased mitochondrial
fission [38]. Drp1 SUMOylation is wusually catalyzed by
mitochondrial-anchored protein ligase (MAPL) and generally
marks several nonconserved lysine residues within its B-insert
(e.g., Lys-532, Lys-535, Lys-594, Lys-608, Lys-606, Lys-558, Lys-568,
and Lys-597) [8]. MAPL-induced SUMOylation was found at ER/
mitochondria contact sites during apoptosis, contributing to the
stabilization of an ER/mitochondrial signaling platform involving
cristae remodeling, calcium flux, and mitochondrial constriction
[39]. The SUMOylated Drp1 plays a key role in zinc-induced
cardioprotection against I/R injury. Mechanistically, mitophagy is
activated in response to Drp1 SUMOylation, which represses ROS
generation, removes damaged mitochondria, and controls mito-
chondrial quality, leading to improved myocardial function and
decreased myocardial I/R damage [40]. Sentrin/SUMO-specific
protease 5 (SENP5) is critical for the deSUMOylation of Drp1 and
the repression of mitochondrial fission via its interaction with
Drp1. In particular, SENP5 is the only SENP that is upregulated in
human heart failure. In CM-specific SENP5-overexpressing mice,
decreased SUMOylation of Drp1 leads to swollen mitochondria
and cardiomyocyte apoptosis, culminating in cardiomyopathy and
heart failure [41]. Moreover, the removal of Drp1 SUMO1 by SENP2
and SUMO2/3 by SENP3 has also been reported [40, 42]. However,
Drp1 SUMOylation catalyzed by distinct SUMO isoforms leads to
distinct functional consequences. SUMO1-modified Drp1 is pre-
ferentially localized to mitochondria, while the SUM02/3 mod-
ification represses Drp1 recruitment to mitochondria [43]. The
specific roles of different SUMO isoforms in the process of Drp1-
mediated mitochondrial fission needs further study (Fig. 2).

SPRINGERNATURE

S-Palmitoylation

S-Palmitoylation is a posttranslational modification in which fatty
acyl chains, typically palmitates (C16:0), are attached to cysteine
residues of proteins via a reversible thioester bond [44]. Emerging
evidence has shown that palmitoylation is involved in the
regulation of mitochondrial fission—fusion via related signaling
pathways [45]. Importantly, S-palmitoylation of Drp1 is a crucial
event for its proper subcellular localization and normal function
[46]. ZDHHC13-deficient mice display reduced Drp1 palmitoylation
levels, which impair its translocation to mitochondria and disrupt
mitochondrial dynamics, leading to abnormal mitophagy and
failure of mitochondria division into daughter cells [46]. As a
consequence, the accumulation of defective mitochondria leads
to reduced ATP production and even causes some metabolic-
related diseases, such as neurological disorders with energy
deficits, tumorigenesis, and arrhythmia generation [46]. However,
there are only a few reports proposing significant roles for Drp1
palmitoylation and depalmitoylation, and the relative contribu-
tions of Drp1 palmitoylation to regulating mitochondrial morphol-
ogy and function under physiological and pathological conditions
remains a topic to explore in the future.

Ubiquitination

Ubiquitin is an evolutionarily conserved 76 amino acid peptide
that posttranslationally marks proteins for proteasomal degrada-
tion or modulates their biological function by changing their
functional interactions [47]. Drp1 was found to be ubiquitinated
by Parkin, which targets Drp1 for proteasomal degradation and
thus affects the mitochondrial fission—fusion process [27]. Knock-
down or pathogenic mutation of Parkin is associated with
decreased degradation of Drp1, which leads to increased Drp1
activity and excessive mitochondrial division, ultimately leading to
the occurrence of some diseases [27]. OMM-anchored membrane-
associated ring finger 5 (MARCH5) is another ubiquitin ligase
involved in mitochondrial dynamics. It has been demonstrated
that MARCH5 participates in the modulation of mitochondrial
morphology through the polyubiquitination of Drp1, culminating
in Drp1 proteasomal degradation [48]. Further, Drp1 accumulation
was observed in embryonic fibroblasts and tissues of MARCH5-
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knockout mice, accompanied by uncontrollable mitochondrial
division and a significant increase in ROS [48]. In addition to the
MARCHS5-Drp1-UPS  (ubiquitin-proteasome  system) pathway,
MARCHS5 can also affect the homeostasis of mitochondria in the
MARCH5-mediated mitophagy pathway. The re-expression of
MARCHS5 in MARCH5-knockout cells reversed the inhibition of
stress-induced apoptosis [49]. Intriguingly, in addition to a
substrate, Drp1 is also a regulator of MARCH5 activity [50]. New
studies are expected to shed light on the role of MARCH5 in Drp1
activity and mitochondrial functions.

S-Nitrosylation

The signal messenger nitric oxide (NO) is known to covalently
conjugate to the Cys residues of target proteins, in a process
called S-nitrosylation [27]. Notably, S-nitrosylated Drp1 has been
found in neuronal cells and is associated with an increase in the
number of Drp1 oligomers, upregulated GTPase activity and
altered protein conformation [27]. For instance, NO-mediated S-
nitrosylation of Drp1 at Cys-644 within the GED domain, through a
redox-based mechanism, can lead to mitochondrial fragmenta-
tion, synaptic injury, and bioenergetic failure, thus contributing to
the pathologies of Alzheimer's disease [51]. Consistently, S-
nitrosylated Drp1 was found to be a key player in the excessive
mitochondrial fission induced by mutant huntingtin and con-
sequential dendritic spine loss in both animal models and humans
with Huntington’s disease. However, these findings remain
controversial because some other groups have shown that Drp1
S-nitrosylation has no direct effect on Drp1 activity but that NO or
S-nitrosylation of Drp1 promotes Ser-616 phosphorylation, which
leads to increased fission [52, 53]. These findings demonstrate a
connection between aberrant NO production and mitochondrial
and synaptic dysfunction, although the S-nitrosylation of Drp1
may not be the uniquely critical precursor. Considering the limited
number of publications to date, further studies are needed to
confirm the functional relevance of Drp1 S-nitrosylation.

O-GIcNAcylation

O-GIcNAcylation is a dynamic process that posttranslationally
modifies proteins on serine and threonine residues and is
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generally modulated by the interplay between O-GIcNAcase and
O-GIcNAc transferase. O-GIcNAcylation plays an important role in
numerous biological processes. Notably, the effects between O-
GlcNAcylation and phosphorylation on Drp1 function are recipro-
cal because their sites overlap [54]. For example, O-GlcNAcylation
of Drp1 at threonine 585 and 586 leads to the dephosphorylation
at Ser-637 in CMs [55]. The O-GlcNAcylation modification also
results in augmented GTP-bound active form of DRP1 and OMM
translocation of DRP1, culminating in excessive mitochondrial
fission, decreased mitochondrial membrane potential, and loss of
mitochondrial content. These defects would subsequently lead to
a compensatory increase in oxidative phosphorylation per
mitochondrion.

DRP1-DEPENDENT MITOCHONDRIAL FISSION AND CVDS

As the main energy-demanding organ in the body, the heart relies
heavily on mitochondria to meet its tremendous energy require-
ments and fulfill the demands of cardiac excitation-contraction
coupling. Cardiac mitochondria can be classified into three groups
according to their subcellular location: perinuclear mitochondria,
subsarcolemmal mitochondria and intermyofibrillar mitochondria
[56]. They occupy over 30% of the cell volume and synthesize 6-7
kg ATP each day via oxidative phosphorylation [57]. Notably,
Drp1-mediated mitochondrial dynamics play crucial roles in
mitochondrial quality control in the heart. Repressed expression
of Drp1 leads to significantly increased mitochondrial depolariza-
tion in the heart under basal and stressed conditions [23].
Disrupted mitochondrial homeostasis is known to be a relevant
contributor to a great number of vascular disorders, such as
endothelial dysfunction (ED), smooth muscle remodeling, cardiac
hypertrophy, heart failure, IR injury, Ml, and PAH [57] (Fig. 3).
Maintaining balanced mitochondrial dynamics can protect the
heart from energy stress and is of paramount importance for
cardiac homeostasis [23].

Endothelial dysfunction

ED is the earliest response to vascular injury and the key factor
that creates a vulnerable environment in arteries [58]. Notably,

Parkm

lephagy
Protective I
Mitochondrial Mitochondrial ROS?
fragmentation? —) mPTP? “ CVDs |
Cytochrome c releaset

MOM permeability 1
Calcium overload 1
Mitochondrial depolarization 1
ATP production|
Cardiac cell deatht

Fig. 3 Role of DRP1 in mitochondrial dynamics under cardiac stress. The translocation of Drp1 to the MOM is induced by Drp1 adapters
(e.g., Fis1, Mff, MiD49 and MiD51) under cardiac stress, accompanied by the phosphorylation of Ser-616 and the dephosphorylation of Ser-637.
The interaction of Drp1 and Drp1 adapters is a hallmark of activated mitochondrial fission and leads to increased mitochondrial fragmentation
and subsequent increased mitochondrial ROS, mPTP opening, cytochrome c¢ release, MOM permeability, and cardiac cell death, which
accelerate CVD progression. However, Drp1-dependent mitophagy is triggered secondary to mitochondrial dysfunction to remove damaged
mitochondria. The depolarized mitochondria can be marked by Parkin and fragments segregated into autophagosomes for subsequent
lysosomal degradation, which has been identified as an important means of self-regulation for cardiac cell function and survival. Notably, the
detrimental effects of excessive mitochondrial fission can be reversed by drugs targeting Drp1, including mdivi-1, P110, metformin, and

melatonin.
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disrupted mitochondrial fission is associated with the impairment
of angiogenesis [59], induction of apoptosis [32], production of
mitochondrial ROS and reduction in eNOS-derived NO bioavail-
ability [60] in endothelial cells. Altered mitochondrial morphology,
loss of mitochondrial networks, and increased expression of fission
proteins in endothelial cells under diabetic conditions have been
found in an increasing number of studies [61-63]. However, these
functional consequences can be abrogated when Drp1 expression
is inhibited, indicating mitochondrial fragmentation as a major
cause of ED in the setting of hyperglycemia, likely via increased
mitochondrial ROS. Increased ROS production is a key contributor
to ED because the ROS react with NO to form peroxynitrite, which
causes the oxidation of cofactors, eNOS uncoupling, and oxidative
modification of target enzymes [9]. However, further studies are
needed to determine whether Drp1-dependent mitochondrial
fission triggers other ROS-generating enzymes, including NADPH
oxidase, Nox1, Nox2, and Nox4.

The proinflammatory state is also a contributor to ED and the
vascular diseases associate with it, such as atherosclerosis.
Intriguingly, an increasing number of investigations have demon-
strated that Drp1-mediated mitochondrial fission plays a funda-
mental role in modulating inflammation. For example, the levels of
IL-18, IFNy, and TNFa mRNA transcripts were higher in Drp1-
deficient mice and were associated with defective efferocytosis,
which led to advanced atherosclerotic lesions in fat-fed Ldlr/~
mice [27]. Moreover, Drp1 was involved in the regulation of NLRP3
inflammasome activation and IL-1B-dependent inflammation.
Mechanistically, Drp1-mediated mitophagy removes damaged
mitochondria that release oxidized mtDNA, which is required for
NLRP3 inflammasome assembly and activation [64]. NLRP3
formation leads to the conversion of pro-IL18 and pro-IL-1f to
their mature forms, and they are then released from activated
macrophages by nontraditional protein secretion [65].

Smooth muscle remodeling

Vascular smooth muscle cells (VSMCs) are known as relevant
regulators of vessel tone and blood flow through the mechanism
of contraction. However, VSMCs exhibit a highly proliferative and
synthetic phenotype associated with the capacity to produce
elevated levels of extracellular matrix in arterial diseases, including
PAH and atherosclerosis, or after percutaneous coronary interven-
tions. Accumulating evidence has indicated that the mitochondrial
structure is a critical regulator of cell metabolism and hyperpro-
liferative responses. Altered mitochondrial bioenergetics and
morphology were associated with the hyperproliferative features
of the synthetic VSMC phenotype but did not affect contractile
proteins. The contractile-to-synthetic phenotype transition of
VSMCs was accompanied by mitochondrial fragmentation,
increased fatty acid oxidation and decreased glucose oxidation.
These results are consistent with those of previous studies
showing that the hyperproliferation of pulmonary artery smooth
muscle cells (PASMCs) is linked to excessive mitochondrial division
[66], while the suppression of mitochondrial fission by mdivi-1
prevents both cell proliferation and cobalt-induced PAH in vivo
[67]. These new findings establish the involvement of Drp1-
mediated mitochondrial fragmentation in SMC synthetic pheno-
type remodeling, which may be a therapeutic target for
hyperproliferative vascular disorders.

Cardiac hypertrophy

Myocardial hypertrophy is a compensatory process characterized
by greater ventricular wall thickness, enhanced myocardial
contractility, and increased myocardial cell volume under long-
term pressure overload [68]. Mechanistically, the pathogenesis of
cardiomyocyte hypertrophy is related to diminished mitochondrial
metabolism caused by changes in mitochondrial function and
morphology, which is regulated by mitochondrial dynamics [69].

SPRINGERNATURE

An analysis of the cardiac hypertrophy pathway demonstrated
phosphorylation and mitochondrial translocation of Drp1, which
was subsequently confirmed in phenylephrine (PE)-treated rat
neonatal CMs and transverse aortic banding (TAB)-treated mouse
hearts, showing the culmination of an increased mitochondrial
numbers, decreased mitochondrial volume and a loss of
mitochondrial function [70]. Interestingly, reducing Drp1 levels
with mitochondrial division inhibitor-1 (midiv-1) could inhibit TAB-
induced hypertrophic responses and reduced PE-induced hyper-
trophic growth and oxygen consumption [70]. Midiv-1 was also
found to be effective in treating hypertensive cardiac hypertrophy
by repressing ROS production, which subsequently inhibited the
activity of Ca®*/CaMKIl and the Ca’*-activated protein phospha-
tase calcineurin [71]. Moreover, the hypertrophic agonist norepi-
nephrine was found to act through the a;-adrenergic
receptor-Ca?"—calcineurin-Drp1 signaling pathway to repress
mitochondrial metabolism and function and thus trigger a
hypertrophic response [72]. The balance between mitochondrial
fusion and fission is a determinant in the onset and development
of cardiac hypertrophy [72].

Notably, Drp1-mediated mitophagy plays an essential role
during cardiac hypertrophy. Mitophagy is a critical biological
process in degrading damaged mitochondria via asymmetrical
mitochondrial fission and has been identified as a key player in the
self-regulation of CM function and survival [73]. Intact mitophagy
is essential for the regulation of mitochondrial oxidative stress,
mitochondrial network-related signaling, vascular endothelium
protection, and mitochondria-associated cell death during cardiac
hypertrophy. It is intriguing that mitophagy was transiently
activated in mouse hearts during cardiac hypertrophy, and it
was accompanied by Ser-616 phosphorylation and mitochondrial
translocation of Drp1 [74]. Moreover, reduced Drp1 levels were
associated with the accumulation of damaged mitochondria and
accelerated progression of cardiac hypertrophy after TAC [74].
Consistently, another study showed that the inhibition of Drp1
contributed to the accumulation of dysfunctional mitochondria in
the heart by repressing Bnip3-induced mitophagy. Moreover,
mitophagy was abrogated in cardiac-specific heterozygous Drp1-
knockout mice [74]. All these findings indicate that Drp1-mediated
mitochondrial fission is a prerequisite for mitophagy during
cardiac hypertrophy [75].

Pulmonary arterial hypertension

PAH is a pulmonary vascular remodeling disease characterized
by elevated pulmonary artery pressure, obstructive vascular
remodeling, and vasoconstriction of small pulmonary arteries,
which result in fatal right ventricular (RV) failure [76]. The
hyperproliferation of PASMCs plays an essential role in the
pathophysiology underlying PAH, because balanced mitochon-
drial dynamics and distribution of mitochondria are crucial.
Excessive mitochondrial fission was revealed in PASMCs [76],
pulmonary artery adventitial fibroblasts [77], RV fibroblasts [78],
and RV myocytes [79] in PAH. Posttranslational modification of
Drp1 constitutes an essential part of the fissogenic phenotype of
PAH PASMCs, in which DRP1 Ser-637 is dephosphorylated, and
DRP1 Ser-616 is phosphorylated, leading to the activation of
Drp1, hyperproliferative and apoptosis-resistant phenotype of
PASMCs, and the bioenergetic impairment of RV myocytes [67].
Notably, the inhibition of mitotic fission by the Drp1 inhibitor
mdivi-1 attenuates the fragmented mitochondrial morphology,
slows cell proliferation, and induces apoptosis in PAH models
[80]. Daily mdivi-1 treatment for 5 days decreased pulmonary
arteriole muscularization and improved hemodynamics, RV
function, and exercise capacity in animals with established
PAH [80]. Enhanced Drp1-induced fission was attributed to the
upregulation of MiD49 and MiD51, the two major Drp1-binding
partners, in the pathogenesis of PAH realized through dual
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mechanisms. On the one hand, MiDs attract more Drp1 to the
OMM to enhance fission; on the other hand, MiDs activate
kinases that control Drp1 activity, such as ERK1/2 [76]. In
addition to hyperproliferation and excessive mitochondrial
fission, greater collagen production was also observed in RV
fibroblasts, a finding consistent with the increased RV fibrosis
observed in monocrotaline-induced PAH. Notably, excessive
collagen production is also linked with Drp1-mediated mito-
chondrial fission because the antifibrotic phenotype can be
rescued by mdivi-1 [78].

Myocardial I/R

Myocardial IR injury is a central mechanism in many types of
irreversible cardiac damage, including cardiomyocyte edema,
arrhythmia, and MI, which can eventually lead to cardiomyocyte
death [81]. A variety of studies on the role of mitochondrial
homeostasis in myocardial IR injury have been conducted. IR can
alter mitochondrial ultrastructure and morphology, causing
mitochondrial swelling, cristae disintegration and loss of matrix
density [79]. Accumulating evidence suggests that mitochondrial
dysfunction during IR has a causative role in subsequent
myocardial inefficiency, cardiac cell death and impaired ventri-
cular function [82]. Indeed, Drp1-mediated mitochondrial division
and ensuing fragmentation are triggers for apoptosis, which
constitutes an essential part of the pathophysiology underlying IR
injury [83]. Mechanistically, the excessive activation of Drp1 in
response to I/R stimulation leads to a pathological cascade of
elevated MOM permeability, mitochondrial dysfunction, increased
ROS production, and calcium overload. Subsequently, mitochon-
drial depolarization, reduced ATP production, released cyto-
chrome ¢, and, then, apoptosis occurred [83]. The protective role
of the Notch1-Drp1/MFN1 axis in myocardial IR injury has also
been revealed, by which Notch1 signaling reduces mitochondrial
fission, inhibits ventricular remodeling, and reduces myocardial
infarct size [84]. Fortunately, disrupting the Drp1-Fis1 interaction
by P110 or inhibiting Drp1 GTPase activity by mdivi-1 are both
effective strategies for attenuating IR injury because either
enhances mitochondrial function and structure [79].

Myocardial infarction

Ml is a high-mortality disease that involves the occlusion of a
coronary artery, which destroys hemodynamic stability and leads
to cardiac ischemia and subsequent rapid impairment of left
ventricular function [85]. The essential function of mitochondria
in MI has been revealed in numerous studies for more than a
decade. A number of experimental studies have shown that Drp1-
mediated mitochondrial fission contributes to myocardial cell
death during pressure overload and M, resulting in mitochondrial
dysfunction and cardiomyocyte death [86]. Genetic or pharma-
cological inhibition of Drp1 using mdivi-1 or P110 (a peptide
inhibitor that selectively blocks the Drp1-Fis1 interaction under
pathological conditions) was able to prevent the opening of the
mitochondrial transition pore, reduce infarct size, and ameliorate
cardiovascular dysfunction following pressure overload in rodent
acute myocardial infarction (AMI) models, indicating potential
clinical applicability of this therapeutic approach [86-88]. How-
ever, opposite results were reported in another clinically relevant
pig AMI model, in which mdivi-1 did not exert any cardioprotec-
tive effects [89]. Drp1 inhibition by siRNA was also associated with
increased cardiomyocyte contractility because it regulated
cytosolic potassium and calcium levels [86]. Recycled calcium is
a key regulator in cardiac relaxation, and aberrant calcium
concentration can cause impaired cardiac function, which
ultimately leads to cell death. Exacerbated mitochondrial fission
caused the accumulation of cytosolic calcium by repressing Sarco
endoplasmic reticulum calcium ATPase (Serca) in mouse ven-
tricular myocytes and was accompanied by increased cytochrome
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¢ leakage, which can be detrimental to CMs, and thus, MI progress
was accelerated [86].

DRUGS TARGETING DRP1 AND THEIR APPLICATION TO CVDS
Considering the multiple roles of Drp1-dependent mitochondrial
fission in the development and progression of CVDs, it is possible
to manipulate its expression and activity pharmacologically or
genetically to prevent and treat cardiac dysfunction [90]. Certain
chemical compounds have been identified for this purpose. For
example, mdivi-1 was found through chemical screening to inhibit
Drp1 function by repressing its GTPase activity. Treating Drp1 with
mdivi-1 can limit ischemic stress and protect the heart against IR
injury by preserving mitochondrial morphology, improving
mitochondrial function, preventing apoptosis, and inhibiting
mitochondrial permeability transition pore (mPTP) opening
[87, 91]. Moreover, mdivi-1 treatment is capable of promoting
ATP levels and mitochondrial complex |, IV, and V activity levels in
diabetic hearts. In addition, mdivi-1 attenuated superoxide anion
production, reduced cardiomyocyte apoptosis, and improved
cardiac dysfunction in diabetic mice. However, the effect of
mdivi-1 appears to be time- and dose-dependent because
complete or long-term inhibition of Drp1 induces harmful effects
by promoting the accumulation of damaged mitochondria and
impairing cardiac function in diabetic cardiomyopathy and cardiac
hypertrophy [92].

Similar to the cardioprotective effects of mdivi-1, melatonin was
recently found to have marked inhibitory effects on Drpi-
mediated mitochondrial fission and to ameliorate cardiac dysfunc-
tion in streptozotocin (STZ)-induced diabetic mice through the
SIRT1-PGC1a pathway [93]. In addition, melatonin also mediates p-
Drp1°¢®'® downregulation and p-Drp1°®*” upregulation in an
AMPKa-dependent manner, which leads to the recovery of mPTP
opening, PINK1/Parkin upregulation, and the mitophagy-mediated
death of cardiac microcirculation endothelial cells upon cardiac
microvascular IR injury [94]. The beneficial role of melatonin in
posttraumatic cardiac dysfunction has also been established in
rats. Specifically, mechanical trauma-induced mitochondrial fis-
sion, cytochrome c release, AWm loss, and reduced mitochondrial
complex I-IV activity levels are all alleviated in response to
melatonin administration because Drp1 is inhibited [95]. These
findings describe the significant pharmacological potential of
melatonin in CVD treatment by preventing excessive mitochon-
drial fission.

Notably, the well-known antidiabetic drug metformin exerts
cardiovascular protective effects in diabetic mellitus patients by
targeting mitochondrial fission driven by Drp1. Using STZ-induced
diabetic ApoE ™'~ mice, some researchers have demonstrated that
metformin reduces hyperglycemia-enhanced Drp1 expression by
activating AMPK, which subsequently contributes to attenuated
mitochondrial fragmentation, enhanced endothelial-dependent
vasodilation, suppressed mitochondria-derived superoxide
release, inhibited vascular inflammation, and mitigated athero-
sclerotic lesions in STZ-induced diabetic ApoE ™'~ mice. These new
findings suggest a mechanism through which metformin attenu-
ates the development of diabetes-accelerated atherosclerosis by
reducing Drp1-mediated mitochondrial dynamics.

In recent years, short peptides functioning as effective inhibitors
of Drp1 have also been isolated to modulate mitochondrial
dynamics. For example, adapter-specific inhibitors of the Drp1/
Fis1 interaction have been developed, named P110"". In contrast
to mdivi-1, which cannot distinguish between pathological and
physiological activities of Drp1, P110 rescues pathological
fragmentation and subsequent mitochondrial dysfunction without
interfering with basal fission in in vitro and in vivo models of
septic cardiomyopathy [15]. In contrast, P259, a Drp1/Mff-specific
inhibitor, is limited because of its inhibitory effect on physiological
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fission, which may not be as protective as was originally predicted
and may, in fact, hastening disease progression [17]. These results
indicate that physiological Drp1 activity constitutes an essential
part of mitochondrial function [17]. Protecting physiological
fission by inhibiting adapter-specific interactions with short
peptides such as P110 is promising in the future.

CONCLUSIONS
This review summarizes recent progress in several significant
aspects of Drp1-dependent mitochondrial fission, which plays a
key role in the manifestation of cardiac pathology. Intriguingly,
mitochondrial morphology is affected by numerous cellular
biological factors. PTMs, complex assembly and disassembly, the
hydrolysis of Drp1 and its interaction with specific receptors (Fis1,
Mff, and MiD49/51) are all indispensable regulators of Drp1 activity,
which in turn influences physiological and pathophysiological
conditions within cells. Intact mitochondrial dynamics are critical
for the maintenance of normal vascular function, and pharmaco-
logical modulation of mitochondrial dynamic proteins may emerge
as novel therapeutic targets for a number of CVDs resulting from
excessive fission. Inhibiting Drpl GTPase activity with mdivi-1 or
disrupting the Drp1-Fis1 interaction with P110 can improve
cardiac function by enhancing both mitochondrial structure and
function, but the related toxicology and pharmacokinetics profiles
still need further investigation because of its clinical usage.
Although promising, multiple questions related to treating
CVDs by manipulating mitochondrial dynamics remain unsolved.
Targeting mitochondrial fission is a double-edged sword because
physiological fission is essential for mitochondrial function.
Mitochondrial homeostasis, not fusion or fission processes, plays
the most important role, and this balance should be maintained
when targeting mitochondrial dynamics under pathological
conditions. In addition, physiological mitochondrial fission under
stress in the myocardium is necessary for the adaptation to
increased energy demands, and repression of mitochondrial
fission is not always beneficial. Moreover, although treating CVD
with mdivi-1 is effective in the short term, chronic inhibition of
mitochondrial fission can be detrimental, and the feasibility of
targeting Drp1 warrants further clarification. How to finely
modulate the activity of Drp1 while reducing any possible side
effects at the same time is our primary challenge in the future.
Finally, considering that the mitochondrial energy demands and
the composition of the fission apparatus differ by cell type,
especially between cardiac myocytes and others, selective Drp1
inhibitors to cardiac myocytes is also needed to avoid potential
negative off-target effects. In addition, the complex regulatory
mechanisms of Drp1 in different CVDs also need to be elucidated
in future studies. The resolution of these issues will contribute to
the development of novel therapeutic agents to reduce morbidity
and mortality from CVDs.
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