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Pathological cardiac hypertrophy begins as an adaptive
response to increased workload; however, sustained hemody-
namic stress will lead it to maladaptation and eventually car-
diac failure. Mitochondria, being the powerhouse of the cells,
can regulate cardiac hypertrophy in both adaptive and mal-
adaptive phases; they are dynamic organelles that can adjust
their number, size, and shape through a process called mito-
chondrial dynamics. Recently, several studies indicate that pro-
moting mitochondrial fusion along with preventing mitochon-
drial fission could improve cardiac function during cardiac
hypertrophy and avert its progression toward heart failure.
However, some studies also indicate that either hyperfusion
or hypo-fission could induce apoptosis and cardiac dysfunc-
tion. In this review, we summarize the recent knowledge
regarding the effects of mitochondrial dynamics on the devel-
opment and progression of cardiac hypertrophy with particular
emphasis on the regulatory role of mitochondrial dynamics
proteins through the genetic, epigenetic, and post-translational
mechanisms, followed by discussing the novel therapeutic stra-
tegies targeting mitochondrial dynamic pathways.

INTRODUCTION

Myocardial hypertrophy is characterized by the thickening of the
heart muscle as a response to an increase cardiac load by physiological
or pathological stimuli.' Physiological cardiac hypertrophy is an
adaptive response to high energy demand during normal growth or
pregnancy, and in athletes.”” However, pathological cardiac hyper-
trophy occurs in the presence of chronic stress conditions induced
by extrinsic factors such as prolonged and abnormal hemodynamic
stress, chronic hypertension, and valvular diseases, or by intrinsic fac-
tors including myocardial infarct, ischemia-induced cardiac remodel-
ing, storage diseases, and genetic cardiomyopathy resulting from a
mutation in genes encoding sarcomere proteins.>*” In compensated
cardiac hypertrophy, cardiomyocytes increase in length and width
proportionally with not much change in wall thickness, maintaining
their contractile function to meet the high energy requirements of the
body; on the contrary, in decompensated hypertrophy, a greater in-
crease in the cardiomyocytes’ length compared to that of the width
causes impairment of their contractile function.® When untreated,
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pathological cardiac hypertrophy is often followed by cardiac fibrosis
and failure, predisposing to myocardial ischemia, arrhythmias, cere-
brovascular attacks, and even sudden death.””*

In recent years, heart failure (HF) has been the leading cause of car-
diovascular mortality and morbidity” to the point that is now consid-
ered a global pandemic affecting approximately 26 million patients
worldwide.'” In the United States, it is expected that the burden of
heart failure will continue to increase and that the prevalence of heart
failure will rise to approximately more than 46% by 2030. Sustained
cardiac hypertrophy is a major contributor to heart failure™ and is
considered a predictor of cardiovascular morbidity and mortality.""
Furthermore, left ventricular hypertrophy (LVH) alone is regarded
as an independent risk factor for heart failure, coronary artery disease,
sudden cardiac death, and stroke.'> Mitochondrial dynamics (MD)
controls the number, shape, size, and mitochondrial quality,13 14
thereby affecting mitochondrial subcellular transport, mitochondrial
function, and the overall cellular energy homeostasis, ultimately
determining a cell’s fate (autophagy and apoptosis). Disrupted MD
has been found to be associated with the development or progression
of several cardiovascular abnormalities, including cardiac hypertro-
phy," ischemia/reperfusion (I/R),'® and heart failure.'”"®

Several nuclear and mitochondrial proteins are involved in mitochon-
drial fusion and fission events,'” and modulating the expression of
these proteins can shift the equilibrium either toward fusion or
fission. Increasing numbers of studies have shown that enhancing
mitochondrial fusion and decreasing fission could prevent or reverse
cardiac hypertrophy and improve cardiac function.”*** Although cu-
mulative evidence supports targeting MD as a potential therapeutic
strategy, its application as an effective therapeutic measure remains
far from reaching clinical applications (Boxes 1 and 2). To fill this
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Mitochondrial dynamics is directly linked to mitochondrial function and cellular homeostasis. When impaired, mitochondrial dynamics
can influence a wide range of cellular processes, including mitochondrial biogenesis, energy metabolism, mtDNA maintenance, mitochon-
drial quality control, ROS production, Ca** signaling, cell cycle and stem cell regulation, mitophagy, autophagy, and apoptosis.

Increased mitochondrial fragmentation, decreased mitochondrial density, and increased apoptosis are detected in multiple forms of car-

diomyopathy and heart failure.

Upregulation of mitochondrial fission factors (Drpl and Fis1) and downregulation of mitochondrial fusion proteins (Mfn1/2 and Opal)
underline the development of cardiac hypertrophy and progression toward heart failure.

Drugs reducing mitochondrial fission show a significant diminution in cardiac hypertrophy and improvement in cardiac function.

gap, a thorough understanding of molecular mechanisms of MD and
their regulatory approaches are essential and urgent. In this review,
we summarize the recent knowledge regarding the effects of MD on
the development and progression of cardiac hypertrophy with a
particular emphasis on the regulatory role of mitochondrial dynamic
proteins through genetic, epigenetic, and post-translational mecha-
nisms, followed by discussing the novel therapeutic strategies target-
ing mitochondrial dynamic pathways.

OVERVIEW OF MD

Mitochondria were first discovered in 1989 and the name was given in
Greek based on its appearance under light microscopy as mitos
(thread) and khon (grain). The morphological dynamism of fusion
and fission was acknowledged soon after the discovery.”> Mitochon-
dria are essential cellular organelles, and almost all mammalian cells
require mitochondria for their energy production, electron transport
chain, cellular signaling, calcium homeostasis, precise functioning,
survival, and programmed cell death. MD is crucial for mitochondrial
quality controls because (1) MD is directly implicated in the mainte-
nance of mitochondrial integrity24 and turnover,”” (2) MD is involved
in the electrical and biochemical connectivity within the cells,”® (3)
MD protects and redistributes mitochondrial DNA (mtDNA) during
oxidative stress responses and mitotic division,”” and (4) MD also or-
chestrates the apoptosis pathways.”>*’

In a healthy living cell, fluorescence-labeled mitochondria under
time-lapse microscopy can be observed as dynamic organelles
constantly undergoing cycles of fusion and fission.’” During mito-

chondrial fission, one mitochondrion is divided into two daughter
mitochondria, and the mitochondrial contents are reallocated to
generate heterogeneity as well as to eradicate damaged mitochondria.
Conversely, during the fusion event, two individual mitochondria
merge into one single mitochondrion, and the inner and outer mito-
chondrial membranes of two mitochondria fuse and allow the mixing
and redistribution of the matrix contents as well as mtDNA and pre-
pare the host cells for differentiation and development.'** Under
normal physiology, the frequencies of fusion and fission events are
balanced and mitochondrial shape and number are maintained at
equilibrium for the optimal functioning of the cells.”” However,
when this balance is disrupted by either endogenous (increase oxida-
tive stress, disturbance in mitochondrial membrane potential, and
decrease ATP production) or exogenous stimuli (oncogenic sub-
stance, irradiation, environmental toxins), the equilibrium of MD
shifts toward mitochondrial fission.”!

MD IN THE HEART

With the recent advances in mitochondrial imaging technology, sci-
entists have observed that mitochondrial morphology is highly dy-
namic and the morphological dynamics show cell types as well as tis-
sue specificities, which are thought to be determined by specific
cellular functions or demands.”” For example, in neurons and pancre-
atic cells, for neurotransmission and endocrine function, mitochon-
dria are constantly making oscillatory movements and fast long-dis-
tance movements such as mitochondrial branching, filament

26,33

extension, retraction, and intracellular translocation. However,

in adult cardiomyocytes and skeletal muscles, to provide bioenergy

Box 2 Open questions

How are mitochondrial dynamics and apoptosis regulated in the course of cardiac hypertrophy?

What are the characteristic changes in mitochondrial morphology that determine cardiac hypertrophy?

What are the potential side effects of long-term manipulation of mitochondrial dynamics in patients with cardiac hypertrophy?

How can mitochondrial morphology be effectively detected in patients with cardiac hypertrophy?
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for muscle contraction, the mitochondrial localization within the cell
is relatively stable and well organized.”*** In addition, mitochondria
distribution within a cell varies depending on the cell type; for
instance, in neuronal cells, mitochondria are recruited to the pre-
and post-synaptic nerve endings, which are areas of high energy de-
mand.’® MD can also alter the cell cycle state. During the S phase of
DNA synthesis, mitochondria undergo a high degree of fusion,”
whereas during the M phase of mitosis, mitochondria demonstrate
heavy fragmentation.”® Mammalian heart tissue is composed of car-
diac myocytes (CMs), cardiac fibroblasts (CFs), vascular smooth
muscle cells (VSMCs), and endothelial cells.”” Studies indicate that
mitochondrial distribution, function, and morphology in these cells

are dissimilar.'”***?

Cardiac myocytes are the major functioning units and constitute
30%-40% of the total cell population and account for 70%-80% of
the heart volume in the mammalian heart.” In adult cardiac myo-
cytes, mitochondria are localized in interfibrillar, subsarcolemmal,
and perinuclear regions. Mitochondria in the interfibrillar region
are uniform in size and shape in order to align with myofibrils for
Ca®" release,"’ while in the subsarcolemmal region, due to their impli-
cation in the metabolite and electrolyte transport and their involve-
ment in nuclear transcription in the perinuclear region, they are
less organized and show greater variation in size and shape.*"** Dis-
balance in MD in cardiac myocyte can lead to impairment in mito-
chondrial respiration, biogenesis, and mitophagy, and it can ulti-
mately lead to cardiomyopathy.*

Cardiac fibroblasts are the most abundant cell type, accounting for
60%-70% of the total cell population in the mammalian heart.” Car-
diac fibroblasts can be differentiated into myofibroblasts and are
essential for the maintenance of the extracellular matrix. They are
reactive to mechanical and hormonal stress, and changes in MD
can affect their function.** Studies demonstrate that inhibition of
mitochondrial fusion in cardiac fibroblasts can impair their oxidative
phosphorylation capacity, leading to reduced glucose oxidation and
oxygen consumption and subsequently decreased mitochondrial
biogenesis.*>*°

VSMC:s are responsible for the proliferation and production of matrix
components of the blood vessel wall to maintain the vascular tone,
thereby influencing blood pressure and blood flow to the heart. These
differentiated VSMCs have the contractile phenotype, characterized
by slight proliferation and minimal secretion of extracellular matrix
and specific contractile proteins such as muscle myosin heavy chain,
smooth muscle a-actin, and calponin.”” However, upon exposure to
endogenous and exogenous stressors, VSMCs are damaged and the
differentiated VSMCs are transformed into a synthetic phenotype
in which the cells proliferate and migrate toward the injury site.*®
The proliferation of VSMCs is induced by several stress-related
growth factors such as platelet-derived growth factor (PDGF), insu-
lin-like growth factor 1 (IGF-1), angiotensin II (Ang II), endothelin
1 (ET-1), and transforming growth factor B (TGF-B).*" Studies
have shown that the growth factor-induced VSMC proliferation is
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linked to mitochondrial fragmentation.”””>>* Notably, the elevation
of these growth factors and increased mitochondrial fission are de-
tected in several cardiovascular diseases such as pulmonary hyperten-
sion,”® atherosclerosis,”* and cardiac hypertrophy.55

MOLECULAR MECHANISMS OF MD

Mitochondrial fusion machinery

Mitochondrial fusion and fission are controlled by a set of fusion and
fission proteins. The mitochondrial fusion protein was first identified
in 1997 in Drosophila melanogaster, where fusion factor fuzzy onions
(Fzo), an outer mitochondrial membrane (OMM) GTPase, is
required for the fusion of mitochondria in spermatogenesis.”® To
date, the molecular mechanism of the mitochondrial fusion and
fission process is well studied in yeast.”**”*® Fusion and fission pro-
teins in yeast are also found to be conserved in many other species,
and functional homologs are identified in worms,””*° flies,’! and
mammals.®>*> We summarize the different fusion and fission pro-
teins and their reported functions to date in Table 1.

The structural features of mitochondrial fusion proteins are illus-
trated in Figure 1A. In yeast, mitochondrial fusion is medicated by
two core GTPases: Fzol, which is localized in the OMM, and
mgml, localized in the inner mitochondrial membrane (IMM).**
Fzolp is responsible for OMM fusion, and mitofusins (MFN1 and
MEN?2) are its mammalian homologs.** Mitofusins are double-mem-
brane spanning large GTPases, having cytosolic and mitochondrial
domains. They are involved in tethering of the OMM in both cis
(also known as homo-oligomeric, i.e., mitofusins of the same mito-
chondria) and trans (hetero-oligomeric, i.e., mitofusins from different
mitochondria) manners.”> The mitochondrial genome maintenance
protein 1 (Mgmlp) is a dynamin-related protein and is crucial for
IMM fusion. As the name suggests, mgm1 is also involved in the
% Opal (optic atro-
phy 1) is the mammalian ortholog of Mgm1p.** In yeast, another
fusion protein is Ugol, which resides in the OMM and interacts
with Fzolp and Mgm1p during mitochondrial fusion.®”” No mamma-
lian homolog for Ugol has yet been identified.

maintenance of mtDNA and cristae morphology.

Opal is a large GTPase IMM protein composed of four domains,
namely the transmembrane (TM) domain, the GTPase domain, the
middle domains, and the GTPase effector domain (GED), of which
the GTPase domain and GED are responsible for GTP hydrolysis,
and the roles of the other domains are yet to be defined.” In addition
to regulating mitochondrial fusion, Opal is involved in the regulation
of cristate stability and apoptosis. Mechanistically, Opal maintains
mitochondrial cristae stability and enhances mitochondrial respira-
tion, which decreases mitochondrial dysfunction, cytochrome ¢
release, and reactive oxygen species (ROS) production, thereby pre-
venting apoptosis.”” The two mitofusins, Mfnl and Mfn2, are
OMM large GTPases and are essential for OMM fusion. Although
the amino acid sequences of these two mitofusins show 80% similarity
with those of humans, their structure and mechanism of action are
quite different. Both Mfnl and Mfn2 have one N-terminal GTPase
and one heptad repeat (HR)1, two TM, and one C-terminal HR2
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Table 1. Functions and mechanisms of mitochondrial fusion and fission modulator proteins

Yeasts Flies Rats/mice Worms Humans Location Mechanism Ref.
Fusion
fzolp Fzo Mfn1/2 Fzolb/la fzo-1 MFN1/2 OMM is involved in tethering of OMM 20405
Dmel/ is required for the oligomerization of ATP 24,6466
1 Opal at-3 OPA1l IMM e
memp Opal pa h synthase uniting the IMM
ugolp - - - - OMM interacts with Fzolp and Mgmlp o8
interacts with mitochondrial fusion proteins as a
mstol Mstol Mstol msto-1  MSTO1 cytosol, OMM soluble factor at the cytoplasm-mitochondrial ~ °>°
outer membrane interface
is essential f i f the mitoch ial 04105
gdapl Gdapl Gdapl gdap-1  GDAPI OMM, cytosol is essentlz'i or maintenance of the mitochondrial 4,05
network in a Drpl-dependent manner
- - Romol - ROMO1 IMM is essential for OPA1 oligomerization 7
Pld ~ mitoPLD/ P16 ~ mitoPLD MM co-nverts cardiolipin into PA, which interacts 173
with Opal and Mfn
~ PAPLAL PA-PLA1 ~ PA-PLAL MM hydrolyzes PA, wbich c_an interact with Mfn1 71,73.75
and counteract with mitoPLD and Drpl
interacts with Opal to induce mitochondrial
CL - Crl - CL MM fusion; can also interact with Drp1 to promote ~ ~"/>7°
fission
Fission
Dmnlp Drpl Dnm1l/ Drpl drp-1 DMNI1L/ DRP1  cytosol, OMM is the major component of the fission complex ~ **%*%
binds with Mdvlp to form the Fis-Mdv1l 57,78,79,83.,8
Fislp  Fisl Fisl fis-1/2  hFIS1 OMM wnds with Mevip fo form fhe Hs-cvep 5778,79,83,84
complex
Mdvip - B B B OMM, cytosol possess'es an Nl-terminallFisl-binding siteand a 5779564
Dmnl interaction domain
can directly bind to Fisl and Caf4 to from a 57,79
£4 - - - - MM 1
Cafip OMM, cytoso fission complex with Dnm1 and Fisl
Numlp - - num-1 - MECA interacts with Drpl and Mdm36p 80
Mdm36p - - - - MM regulates Numlp and Dnmlp interaction 8t
Mdm33p - ~ ~ ~ IMM con}tributes as a component of the mitochondrial g,
fission complex
- - Mff mff-1/2  MFF OMM, peroxisome (in CE)  serves as a Drpl adaptor §5,86,88
centrosome, microtubules, catalyzes membrane fission during clathrin- 90-92
dnm2 Dyn2 Dnm2 Dnm-2 DNM2
nm e nm nm MM mediated endocytosis (CME)
MiD49 B Mief2 B MIEE2 OMM servef a§ a Drpl receptor to promote the 84,88,89
association of Drpl to Fisl and Mff
MiD51 - Miefl - MIEF1 OMM functions similar to MiD49 S8889
March5/Marchf5 MARCHS5 265
- March5 M?trocl IMarcht3/ - MITOL / OMM, ER ubiquitinates Fisl, DmnlL, and Mfn1/2 101,102,265,266
I itoch ial fissi i i 99 5,267
_ mtp-18_1 Mtfpl/ Mip18 mtp-18  MTEPI/MTPI18 IMM regu ates mitochondrial fission by interacting 99,148,165,267
with Drpl
- in ol o ER. K
Inf2 Inf-2 Inf2 Inf-2 INF2 cytoplasm m'edlates act'ln' po ymetjlzatlon at ER 103
mitochondria intersections
~ ISLC25A46  Slc25a46 25246 SLC25A46 OMM is involved in cristae maintenance and promotes 4

fission

OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; MM, mitochondrial membrane.

domains; however, Mfn2 has an extra proline-rich (PR) domain.®®
The HRI and HR2 regions are involved in tethering of the OMM,*®
and the PR domain is thought to be involved in protein-protein inter-
actions and may play a role in intracellular signaling.”” Mitochondrial
phospholipase D (mitoPLD), a member of the C-anchored phospho-

lipid D family, can promote mitochondrial fusion by converting car-
diolipin into phosphatidic acid (PA) in the OMM, and the resulting
PA can interact with Opal and Mfn in mitochondrial fusion machin-
ery.”'7> PA, a cone-shaped phospholipid, can prevent mitochondrial
fission and promote mitochondrial fusion by interacting with Mfn1
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Figure 1. Schematic representation of the structures of mitochondrial dynamics (MD) proteins (MDPs) and their roles in the mitochondrial dynamics

pathway

(A and C) Structural features of mitochondrial fusion (A) and mitochondrial fission (C) proteins. (B and D) Summary of steps involved in the mitochondrial fusion (B) and fission
(D) processes. TM, transmembrane; HR1, heptad repeat 1; HR2, heptad repeat 2; GED, GTPase effector domain; PR, proline rich; HS, hydrophobic segment; BSE, bundle
signaling element; CC, coiled-coil; RR, repeat region; PH, pleckstrin homology; NTD, nucleotidyl transferase domain; TPR, tetratricopeptide repeat; WD, tryptophan (W) and

aspartic acid (D).

and counteracting with mitoPLD and Drp1. PA-preferring phospho-
lipase Al (PA-PLAIL) hydrolyzes PA and regulates mitochondrial
fusion.”"”*””> Cardiolipin (CL) can then bind with Opal in IMM to
induce mitochondrial fusion. CL is derived from PA, which is directly
transferred from the endoplasmic reticulum (ER) to the IMM. A
small portion of CL can be located to the OMM with the help of
mitoPLD.”"">7

The mitochondrial fusion event can be summarized as a five-step pro-
cess (Figure 1B) as follows: (1) OMM tethering of two opposing mito-
chondria, which is mediated by the interaction between the HR
domain of one Mfn with the GTPase domains of another Mfn; (2)
conformational changes in Mfns: GTP hydrolysis facilitates confor-
mational change in MFNs by allowing HR1 and HR2 to come
together, leading to MFNs dimerization; (3) OMM fusion: GTP hy-
drolysis results in GTP-dependent oligomerization of MFNs; (4)
long (L)-Opal-CL tethering: this is driven by the interaction between
L-Opal and CL on either side of the membrane to tether the two
IMM:s via Opal-dependent GTP hydrolysis; and (5) IMM fusion:
short (S)-Opal enhances L-Opal-CL interaction, and fusion of the
two opposing membranes is achieved.”>””
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Mitochondrial fission machinery

The structural features of mitochondrial fission proteins are demon-
strated in Figure 1C. In yeast, the core mitochondrial fission protein is
Dnmlp (dynamin-related protein or dynamin-1-like protein), which
is generally located in the cytosol. Mitochondrial fission requires the
recruitment of Dnm1p to the OMM.”® Dnmlp recruitment is medi-
ated by three proteins, including one outer membrane fission protein,
Fislp, and two fission adaptor proteins, Mdv1p (mitochondrial divi-
sion protein 1) or Caf4 (CCR4-associated factor 4). Fislp is a mito-
chondrial integral outer membrane protein and can directly bind to
Dnmlp and is an essential component of the fission complex. The
binding of Fislp to Dnmlp is facilitated by the presence of one mo-
lecular adaptor, either Mdv1p or Caf4p.”” Mdv1p possesses an N-ter-
minal Fis1-binding site and a Dmnl interaction domain. Caf4p can
also directly bind to Fis1, but unlike Mdv1, Caf4p is a bona fide fission
protein that Caf4 alone is sufficient to form a fission complex with
Dnmlp and Fislp without Mdvlp.”” Numlp is involved in mito-
chondrial fission by interacting with Dnmlp and Mdm36p, and it
is essential for nuclear migration and the accurate distribution of
the mitochondrial network.”” Mdm36p regulates Numlp and
Dnmlp interaction to form a Numlp-Mdm36p complex for


http://www.moleculartherapy.org

www.moleculartherapy.org

Review

mitochondrial localization of Dnm1p during mitochondrial fission.*’
Mdm33p is involved in IMM mitochondrial fission by contributing as
a component of the mitochondrial fission complex.®” Dnmlp was
first described in yeast’® and C. elegans®
fission protein, and it was found to be evolutionally conserved in
mammals.” However, no homologs for Mdvlp and Caf4p have
been identified in mammals so far.

as a crucial mitochondrial

Drpl/DnmlL is a large GTPase and the mammalian homolog of
Dnmlp. It is structured with the amino-terminal GTPase domain,
the middle domain, the variable B-insert domain, and the carboxyl-
terminal GTPase effector domain. Drpl is a cytosolic protein; howev-
er, during mitochondrial fission, it is recruited in the OMM and
peroxisomal membrane and forms a ring-like structure around the
mitochondrial membrane, leading to the constriction of the mito-
chondrial membrane. The recruitment of Drpl to the OMM is medi-
ated by multiple signaling pathways, including mitochondrial remod-
eling, mitophagy, mitosis, and apoptosis. Similar to other dynamin
proteins, Drpl contains BSEs (bundle signaling elements), which
are responsible for connecting the GTPase domain with the stalk
domain (middle domain), allowing oligomerization in a GTPase-
dependent manner.*” Mitochondrial constriction is mediated by the
middle domain-forming Drpl-oligomeric helices marking at the
two different points of the membrane. Drp1 requires Fisl for its mito-
chondrial localization to undergo mitochondrial fission. Drp1 cannot
directly bind to phospholipid membrane due to lack of a membrane-
binding PH (pleckstrin homology) domain at the C-terminal. Similar
to yeast Dnmlp, Drpl also requires adaptor proteins for its recruit-
ment on OMM. In mammals, four integral proteins, including mito-
chondrial fission 1 (Fis1) protein,84 tailed-anchor protein mitochon-
drial fission factor (Mff),*>*® MD proteins (MDPs) of 49 and 51 kDa
(MiD49 and MiD51),**" function as receptors for Drp1 recruitment
on OMM.

Fis1 (mitochondrial fission 1 protein) possesses an N-terminal NTD
(maintained in mitochondrial localization), followed by a C-terminal
TM domain (distributed to the cy‘cosol).78 Dnm2/Dyn2 (dynamin-2)
has an N-terminal GTPase, followed by the middle domain, PH
domain, GED, and C-terminal PR domain. With reagard to Mff
(mitochondrial fission factor), its N-terminal has two RR domains,
followed by CC and C-terminal TM domains where it is attached
to mitochondria. The N-terminal residues containing R1 and R2 mo-
tifs are responsible for Drpl recruitment and Drpl-Mff interac-
tion.*>% MIf serves as a Drpl adaptor, promoting the recruitment
and association of Drpl to the mitochondrial surface.®>*>%
MiD49/MIEF2 has an N-terminal TM domain that is attached to
the OMM, followed by the NTD domain. It serves as a Drpl receptor
in the OMM to regulate mitochondrial organization. It is required for
mitochondrial fission and promotes the recruitment and association
of Drpl to the mitochondrial surface independently of Fisl and
MFE 48889 Wwith regard to MiD5/MIEF], its structure and functions
are similar to those of MiD49.***”%® In addition to Drp1, Dyn2 is
another member of the conventional dynamin family that regulates
mitochondrial fission. Dyn2 and Drpl have structural differences

and thus exhibit different functional behavior in the mitochondrial
fission machinery. In particular, Dyn2 has a PH domain important
for membrane insertion and a PRD responsible for mitochondrial
localization, while Drpl lacks both domains. Hence, Drpl requires
adaptor proteins for mitochondrial fission, whereas Dyn2 can un-
dergo mitochondrial fission without adaptor proteins.”>”" Dyn2 is
shown to complete the Drp1-mediated mitochondrial fission initiated
at membrane tubule constriction. It can catalyze membrane fission
during clathrin-mediated endocytosis (CME), which is critical for
cell signaling and survival.”’®* Intriguingly, Dyn2 was found to be
transiently localized in the mitochondrial constriction sites, while
Drpl was more abundant. In addition, after mitochondrial fission,
Drpl is segregated to both daughter mitochondria, whereas Dyn2

tends to appear in only one of the daughter organelles.”””

Mitochondrial fission is a multi-step process that can also be summa-
rized into five stages (Figure 1D). (1) OMM pre-constriction: in repli-
cation of mtDNA before mitochondrial division, the mtDNA in the
mitochondrial matrix replicates and marks the site for ER recruit-
ment. (2) IMM pre-constriction: the mitochondria-ER contact site
can induce IMM constriction in a Ca®"-dependent manner prior to
the Drpl oligomerization. (3) Oligomerization of Drpl occurs at
the site of pre-initiated constriction mediated by mitochondria-ER
contact. Drp1 recruitment at this site is mediated by adaptor proteins
Fisl, Mff, MiD49, and MiD51, resulting in oligomerization. (4)
GTPase hydrolysis induces the conformational change and induces
the OMM constriction. (5) Dnm2 mediated disassembly: Dnm?2 is re-
cruited to the Drp1-oligomerized constriction site and terminates the
scission process, resulting in two daughter mitochondria. However,
the mechanism by which the fission process is disassembled is not
yet fully understood.

Fusion and fission coordinators in MD

MD is regulated by organellar interactions that allow the assembly of
fusion and fission proteins. Microdomains on the OMM are formed
by the interaction of mitochondrial dynamic proteins with the ER.”?
In these microdomains, activated Drp1 is brought into proximity and
binds non-GTPase partners, such as Fisl, Mffl, MiD49, and MiD51,
creating the multimeric fission assembly that divides the organelle.**
Drpl is a cytosolic protein, and during cellular stress only 3% of Drp1
is translocated to the OMM and participates in mitochondrial
fission,”* demonstrating that elevation of Drpl expression alone is
not a sufficient indicator of mitochondrial fission; instead, the trans-
location and assembly of Drpl with its adaptor proteins are more
important contributors to the fission process.”* Mstol (misato homo-
log 1) is a cytoplasmic protein that interacts with mitochondrial
fusion proteins as a soluble factor at the cytoplasm-OMM interface
and it is essential for OMM fusion.””®
Mstol without changes in Mfnl, Mfn2, Opal, and Drpl expression
induces mitochondrial fission and impaired mtDNA distribution.”
This finding is supported by the evidence that patients with Mstol
mutation show a significant reduction in mitochondrial fusion, which
is associated with conditions such as myopathy, ataxia, and neurode-
velopmental impairments.”>”® In mammals, Romo1 (ROS modulator

In HelLa cells, silencing
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1) is essential for Opal oligomerization in the redox-depending mito-
chondrial fusion pathway and normal cristae conformation. Impaired
Romol expression prevents Opal-mediated fusion and induces mito-
chondrial fission under oxidative stress conditions.”” CL can regulate
both mitochondrial fusion and fission processes; it not only interacts
with Opal in the IMM to induce mitochondrial fusion, but it can also
interact with Drpl in the OMM to promote mitochondrial

. 71,75
fission.”

Mtpl18 (mitochondrial 18-kDa protein) or Mtfpl (mitochondrial
fission process protein 1) is an IMM protein that is involved in the
regulation of mitochondrial fission and apoptosis in cardiomyocytes,
cancer, and neuronal cells.”® 1% We have reported that it can induce
Drpl-mediated mitochondrial fission in gastric cancer cells upon
doxorubicin (DOX) exposure, promoting the anticancer effect of
DOX.” Mitol (a mitochondrial E3 ubiquitin-protein ligase) and
March5 (a mitochondrial E3 ubiquitin-protein ligase) ubiquitinate
Fisl, Dnm1L, and Mfn1/2 and play a crucial role in the control of
10192 Mitol is also involved in the regulation
of mitochondrial quality control and cellular senescence by blocking
Drpl-mediated mitochondrial fission and promoting Mfn1-mediated
mitochondrial fusion.'”? INF2 (inverted formin 2) is an ER-associ-
ated fission protein, mediating actin polymerization at ER-mitochon-
dria intersections and facilitating Drp]1 recruitment to mitochondria,
which is a critical step in mitochondrial fission.'®* Gdapl is located in
the OMM and it is essential for the maintenance of the mitochondrial
network by involving in mitochondrial fragmentation in a Drpl-
dependent manner. The mitochondrial fission activity of Gdapl is
interfered by mutation in Drpl (K38A) or counteracted by the mito-
chondrial fusion proteins such as Mfnl and Mfn2.'%*'%° SLC25A46
(solute carrier family 25, member 46) can regulate MD and cristae
maintenance by promoting mitochondrial fission and preventing
the formation of mitochondrial hyperfilamentation.'*°

mitochondrial fission.

MD AND CELLULAR PROCESSES

The concept that alterations in mitochondrial morphology may influ-
ence mitochondrial function was first described in 1988 even before
the discovery of the first mitochondrial-shaping proteins. Under
normal physiological conditions, the frequencies of fusion and fission
events are balanced, and mitochondrial shape and number are main-
tained at equilibrium for the optimal functioning of the cells.”” How-
ever, when this balance is dramatically changed by either endogenous
(increase in oxidative stress, disturbance in mitochondrial membrane
potential, and decrease in ATP production) or exogenous (oncogenic
substance, irradiation, environmental toxins) stimuli, the equilibrium
of MD shifts toward mitochondrial fission.”' Fusion enables the ex-
change of mitochondrial substances such as proteins and mtDNAs,
while fission allows the removal of damaged mitochondria via mi-
tophagy and mitochondrial biogenesis. MD is directly linked to mito-
chondrial function, and dysfunctional MD can influence a wide range
of cellular processes, including mitochondrial biogenesis,'"” energy
metabolism,”” mtDNA maintenance,'”® mitochondrial quality con-
trol,'* ROS production,l 10° Ca?+ signaling,l 1 cell cycle and stem
cell regulation,''* mitophagy,"” autophagy,''” and apoptosis.'"*
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MD and its quality control

Both fusion and fission are essential for the maintenance of the
normal functioning of mitochondria. Mitochondrial fusion can
reduce cellular oxidative damage, reducing protein oxidation, and
mtDNA mutations via a process called complementation. However,
when the oxidative damage is excessive, mitochondrial fission is
activated and the impaired daughter mitochondria with oxidative
damage are removed through mitophagy.''® Pinkl and Parkin are
essential for the recruitment of damaged mitochondria in mitophagy.
Mutation in Parkin interferes with the degradation of damaged mito-
chondria and leads to Parkinson disease.''® Disturbance in MD im-
pairs the elimination of damaged mitochondria, leading to progres-
sive injury of the myocardium and heart failure.* A recent study
indicates that parkin-mediated ubiquitination can mark the mito-
chondria for mitophagy elimination and could be a novel therapeutic
strategy to target mitochondrial quality control in cardiovascular dis-

eases, including heart failure and diabetic cardiomyopathy.'*’

MD and its ATP production

In mammals, mitochondria are the major ATP production machinery
in all cell types; therefore, dysfunction in MD can directly influence
mitochondrial ATP production. For instance, when Drpl is depleted
in HeLa cells transfected with Drp1 small interfering RNA (siRNA), a
reduction of approximately half (44%-54%) of ATP levels in Drpl-
depleted cells is observed compared to untreated control cells. Pre-
venting mitochondrial fission by depleting Drpl expression with
short hairpin RNA (shRNA) in HeLa cells led to mitochondrial
dysfunction evidenced by increased ROS production, loss of mtDNA,
impaired ATP generation, and thus prevented the cells from under-
going mitotic proliferation and autophagy.''” Both clinical studies
and animal models showed that progression to heart failure is linked
to dysfunction in ATP production and energy depletion. Neubauer''®
observed that heart failure patients have reduced concentrations of
phosphocreatine, which leads to dysfunction in metabolic homeosta-
sis and ATP production, thereby resulting in energy depletion and
disease progression. In addition, growing studies demonstrate that al-
terations in MD can impact glucose homeostasis and cardiomyocyte
metabolism. Omal is an enzyme involved in the Opal proteolytic

119,120
and

process and is crucial for the normal functioning of Opal
mitochondrial health.'*! Homogeneous Omal knockout (Omalfl )
mice show impaired Opal function and reduced mitochondrial
fission, resulting in increased insulin resistance and defective mito-
chondrial glucose homeostasis, as well as altered thermogenesis.'*”
The phenotype of Omal ™'~ mice is similar to those seen in high-
fat feeding mice. Recently, Parra et al.'*> have indicated that insulin
treatment in cardiomyocytes upregulated Opal levels and induced
mitochondrial fusion, thereby enhancing oxygen consumption and
ATP production, demonstrating the role of MD in glucose meta-
bolism and maintaining mitochondrial heath.

MD and mtDNA

The mitochondrial genome of each mitochondrion is organized into
one or more nucleoids after a fusion event; one study reported that
these nucleoids are motile and have potential interactions.'** Staining
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of mtDNA nucleoids with anti-DNA antibodies indicated that
mtDNA nucleoids are distributed throughout the entire nuclear
network in a healthy cell.''” Increasing studies indicate that MD
can regulate the distribution and stability of mtDNA nucleoids. For
instance, loss of function of mitochondrial fission protein Drpl can
result in severe mtDNA nucleoid clustering and loss of mtDNA.''7'#>
One recent study reported that increased mitochondrial fission by
Drpl overexpression triggers the release of mtDNA into the cytosol,
resulting in cytosolic mtDNA stress and impaired mitochondrial
respiration activity in hepatocellular carcinoma (HCC) cells.'* In
contrast, disruption of mitochondrial fusion leads to mtDNA insta-
bility. For example, conditional deletion of mitofusin (Mfnl and
Mfn2) in skeletal muscle results in rapid accumulation of point mu-
tations and deletions in the mtDNA genome.'”” Additionally, lack of
Mfn2 in mammalian cells can result in loss of mtDNA nucleoids.'**
However, the question as to how mtDNA responds to MD remains
unclear. Especially, whether individual mtDNA recombines or to
what extent it can interact with each other as well as the impact of
these interactions remain elusive, and hence, more research work is
required to address these issues.

MD and metabolism

As we mention above, MD can regulate mitochondrial functions. The
electrical interconnection created by the long mitochondrial filaments
in fibroblasts and mitochondrial clusters in cardiomyocytes allows the
movement of energy throughout the myocardium. Interruption in
MD from either over-fusion or over-fission can result in impaired
mitochondrial function. For example, decreased expression of the
fusion mediator Mfn2 is associated with a decrease in substrate oxida-
tion, mitochondrial respiration, and membrane potential, resulting in
impairment of mitochondrial energy metabolism followed by
increased anaerobic glycolysis with decreased glycogen synthesis.'*’
Similar phenotypes have also been reported for models with Opal
gene silencing.*” Also, rat and human models of heart failure showed
that Opal expression is decreased with increased mitochondrial frag-
mentation.”” Interestingly, Chen et al.”’ indicated that increased
expression of Opal was not able to improve mitochondrial energy
metabolism. Likewise, decreased expression of mitochondrial fission
factor Drpl also negatively impacts mitochondrial metabolism. How-
ever, very few studies have investigated the intrinsic role of the
changes in MD and their potential relationship with metabolic
changes in the hearts of patients with cardiac hypertrophy and heart
failure.

MD and mitophagy

Mitophagy is a balancing process between biogenesis and degrada-
tion. During this process the damaged or senescent mitochondria
are selectively removed to maintain mitochondrial quality control
and mitochondrial function. The process of mitophagy consists of
three stages: (1) recognition of damaged mitochondria, (2) formation
of mitochondrial phagocytic vesicles, and (3) mitolysosome forma-
tion by the fusion of mitochondrial phagocytic vesicles and lyso-
somes. Mitophagy is regulated by the Parkin-dependent pathway
and non-canonical parkin-independent pathways, which are medi-

ated by other ubiquitin ligase-mediated, receptor-mediated, or
lipid-mediated mitophagy.'® Parkin is a cytosolic protein, and in
intact mitochondria it is imported to the IMM and constantly
degraded by matrix processing peptidase and presenilin-associated
rhomboid-like (PARL) proteins. However, in damaged mitochondria,
it is translocated to the OMM by Pink-1-mediated recruitment. The
recruited parkin on the surface of damaged mitochondria is able to
ubiquitylate MD proteins such as Mfn1 and Mfn2, voltage-dependent
anion channel (VDAC), and mitochondrial Rho GTPase 1 (MIRO1)
to promote the removal of damaged mitochondrial by lysosomes,'”
yet the role of parkin in normal cardiac functioning remains contro-
versial. A study by Billia et al."”" supported that the lack of Pinkl
causes increased oxidative stress and can speed the development of
left ventricular failure in pathological cardiac hypertrophy, while Ku-
bli et al.'** observed that Parkin-deficient mice show altered mito-
chondrial morphology and increased susceptibility to ischemia but
can maintain myocardial function. The counterregulatory mecha-
nism reserving myocardial function is explained by Dorn and col-
leagues'”” that in Parkin knockout murine hearts, the compensatory
upregulation in multiple Parkin-related E3 ubiquitin ligases of RING
families can normalize the impairment in mitochondrial morphology
and cardiac function by suppressing the mitochondrial fusion, which
is mediated in dilated cardiomyopathy.

Increasing studies indicated that changes in MD can affect mitoph-
agy. Both mitochondrial fusion proteins such as Opal, Mfnl, and
Mifn2 and fission factors such as Drpl, Mff, and MIEFs can regulate
mitophagy. In Mfn2-deficient mouse cardiac myocytes, an impair-
ment in Parkin-mediated recruitment of damaged mitochondria
can induce progressive cardiomyopathy.'** In normal mouse hearts,
the expression levels of both parkin mRNA and protein are minimal;
however, in cardiac-specific Drpl knockout mice, Parkin expression
is upregulated and parkin-dependent mitophagy is overactivated,
leading to severe cardiomyopathy.'*> Additionally, Drp1 deficiency
can induce mitochondrial elongation and prevent mitochondrial
autophagy, leading to cardiac dysfunction and an increase in suscep-
tibility to cardiac injury.'*® Furthermore, mitophagy is involved in the
exacerbation of compensatory cardiac hypertrophy to heart failure.
Drpl receptors such as Fisl, Mff, and MIEFs also play an important
role in mitophagy. The MOM-anchored protein called FUNDCI can
regulate mitophagy through mitochondrial fission pathways by inter-
acting with Drpl or Opal. The increased association between
FUNDCI and Drpl leads to a competitive reduction in its interaction
with Opal, resulting in increased mitochondrial fission and mitoph-
agy.'”” The depletion of Fisl inhibits mitophagy and prevents
myeloid differentiation, leading to cell cycle arrest and loss of self-
regeneration in human leukemia stem cells.'*® Interestingly, Fisl
can also regulate mitophagy in Parkin-independent mechanism by
controlling the mitochondrial recruitment of STX17, which can regu-
late the localization and activation of Drp1."*" In the parkin-indepen-
dent pathway, mitophagy is regulated by multiple other E3 ligases
such as Mitol, Mull, Arihl, or by mitophagy-specific receptors
such as Bcl2, Phb2, Bnip2, Fudncl, and Nix, which can recognize
damaged mitochondria and recruit autophagosomes via interacting
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with LC3."” Collectively, it is clear that crosstalk between autophagy
factors and MD proteins are implicated in mitophagy, yet their exact
role in the pathogenesis and treatment of cardiac hypertrophy re-
mains poorly understood. Further studies exploring their interaction
are required to understand their potential therapeutic role in the
treatment and prevention of cardiac hypertrophy and heart failure.

MD and apoptosis

Increasing studies have indicated that mitochondrial fission is impli-
cated in several diseases such as vascular and cardiovascular diseases
(CVDs),"**'*! neurodegenerative diseases, *>'** cancers,'** and ag-
ing'**'** by regulating apoptotic pathways. Apoptosis is a form of
programmed cell death or cellular suicide that plays a pivotal role
in normal cellular development as well as pathological processes.
Bcl-2 protein family members, which include pro-apoptotic (such
as Bax, Bak, Bid, Bad, and Bik) and anti-apoptotic (such as Bcl-2,
Bcl-x;, and Bcl-W) factors, are the key regulators of apoptosis.'*'*®
Apoptosis is activated through intrinsic pathways (which are acti-
vated by oxidative stress, cytochrome ¢, endoplasmic reticular stress,
and increased intracellular calcium iron) and extrinsic pathways
(which are mediated through death ligand and receptors by activation
of cytokines, cytotoxic drugs, and hormones), and mitochondria are
involved in the intrinsic pathways. MD can regulate the apoptotic
pathway as a way to remodel the mitochondrial network during
cellular stress induced by hypoxia, various forms of cellular pathol-
ogies, and even some drug treatments. Studies have shown that mito-
chondrial fission is linked to apoptosis, while mitochondrial fusion
averts it. For instance, the enhanced expression of mitochondrial
fission proteins such as Drpl, Fisl, Mff, or MIEF or the depletion
of the mitochondrial fusion proteins such as Mfnl, Mfn2, or Opal
can induce apoptosis.”®''*'*° Conversely, the knockdown of mito-
chondrial fission proteins such as Drpl or Fisl and the induced
expression of mitochondrial fusion factors such as Mfnl, Mfn2, or
Opal induce the cell’s resistance to different apoptotic stim-
uli.! "% In particular, Fisl is a prerequisite for Bax translocation
from the cytosol to mitochondria, and Drpl is essential for Bax olig-
omerization and activation.** Opal causes the release of cytochrome ¢
from mitochondrial intermembrane space to the cytosol by regulating
cristae remodeling.”” Recently, we found that overexpression of mito-
chondrial protein 18 (Mtpl8), an IMM protein, can induce mito-
chondrial fission and apoptosis by enhancing dynamin-related pro-
tein 1 (Drpl) accumulation in cardiomyocytes. However, when
Drpl was minimally expressed, apoptosis did not occur, indicating
that overexpression of Mtpl8 alone was not sufficient to execute
apoptosis, and that Mtpl8 and Drpl are interdependent in the
apoptotic cascade.'*®
sensitivity to apoptotic stimuli and trigger the release of mitochon-
drial death factor Smac/Diablo to the cytosol in a MTGM (MIM
anchored fission protein)-dependent manner. The Drp1 adaptor pro-
teins MIEF1 and MIEF2 are reported to be the positive regulators of
autophagy and apoptosis, and the depletion of MIEF1 can increase
cellular resistance to apoptotic stimuli.'® Mitol is found to be a nega-
tive regulator of apoptosis. Mitol depletion did not show any signifi-
cant changes in MD and apoptosis under normal cellular conditions.

Mitochondrial fission can increase cellular
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However, upon exposure to oxidative and cell death stimuli, Mitol
triggered the ubiquitin- and proteasome-dependent degradation of
MiD49, thereby preventing mitochondrial fission and protecting
the cell against stress-induced apoptosis.'** We found that oxidative
stress stimuli including hydrogen peroxide and DOX upregulate Mi-
tol expression and that Mitol overexpression can prevent mitochon-
drial Drpl accumulation in the cardiomyocytes and subsequently
provide protection against mitochondrial fission.'** During apoptotic
stimulation, Drp1 is recruited to the OMM and interacts with Bax and
Mifn2. However, studies also indicated that mitochondrial hyperfu-
sion can also induce apoptosis. Interestingly, mitochondrial hyperfu-
sion induced by depletion of Drp1/Fis could not prevent cell death
upon cellular stress stimuli. In Drp1-deficient cells, mitochondrial hy-
perfusion still can induce Bax/Bak-dependent apoptosis, and
apoptotic mitochondrial fission was observed during apoptosis.'’
Collectively, these data suggest that a non-canonical pathway Drpl-
independent fission may play an important role in apoptotic mito-
chondrial fission. Additionally, mitochondrial fission alone may not
be sufficient to induce apoptosis, and complex mitochondrial
morphogenesis machinery could be involved in apoptosis regulation,
which requires further in-depth explanation.

MD IN CARDIAC HYPERTROPHY

Cardiac hypertrophy is characterized by the enlargement of cardio-
myocytes; however, the detailed characteristics of cardiac hypertro-
phy are distinct depending on the pathophysiology. Physiological hy-
pertrophy is characterized by an individual cardiomyocyte depicting a
proportional increase in both cardiomyocyte length and width. It
often has preserved cardiac contractile function or slightly enhanced
contractile function, in some cases without interstitial fibrosis or cell
death except for post-natal hypertrophy. Conversely, pathological
cardiac hypertrophy during the compensatory phase is often pre-
sented as concentric growth of the ventricle. Later, when it progresses
to the decompensatory phase, it shows chamber dilatation with wall
thickening, where individual cardiomyocytes show a dispropor-
tionate increase in length compared to width, leading to contractile
dysfunction and heart failure. In addition, the hemodynamic imbal-
ance in pathological cardiac hypertrophy activates the fetal gene pro-
gram (FGP), resulting in the elevated expression of BNP (brain natri-
uretic peptide), myosin heavy chain, cardiac muscle B-isoform
(MYHCb, MYH?7), and skeletal muscle a-actin in pathological car-
diac hypertrophy (Figure 2).

Due to high energy demand, the heart is rich in mitochondria. Mito-
chondria in the adult heart have a heavy load of oxidative phosphor-
ylation and oxidative damage, and, thus, maintaining a healthy mito-
chondrial optimal functioning of
cardiomyocytes. Unlike other cell types, mitochondria in fully devel-
oped cardiomyocytes show a discrete ovoid shape (not as a connected
network as in other cell types), and mitochondrial morphology in
adult cardiomyocytes is thought to be less dynamic, yet the balance
between fusion and fission is essential for the normal functioning of
cardiomyocytes. This notion is supported by the evidence that car-
diac-specific knockdown of genes encoding mitochondrial fusion or

network is essential for
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Figure 2. Dysregulation in mitochondrial dynamics during cardiac hypertrophy

(A-D) Key features and mitochondrial dynamic alteration observed in normal (A), compensated (B), and decompensated (C) cardiac hypertrophy, and heart failure (D). (A)
Under healthy conditions, the mitochondrial fusion and fission in the heart are in equilibrium. (B and C) During compensated cardiac hypertrophy, an increase in mitochondrial
fusion is noted (B), while in decompensated cardiac hypertrophy, an increase in mitochondrial fission is noted (C). (D) Cardiac hypertrophy progressing to heart failure, and
extensive mitochondrial fission was induced, leading to cardiac dysfunction and eventually heart failure. (E) Overview of the molecular mechanisms regulating mitochondrial
dynamics in cardiac hypertrophy.

fission proteins in mammals results in cardiac dysfunction and a
s 134,151,152 . . . .

threat to life."” In contrast, significant fusion and fission events

are detected in disease conditions and upon exposure to cellular stress

in both beating (animal models) and non-beating cardiac myocytes
such as HL-1 and H9c2 cells. Nonetheless, several studies indicate
that exposure to extreme stress stimuli can induce abnormal fusion/
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fission, and several cardiovascular diseases can affect mitochondrial
morphology.”’“’141

The presence of mitochondrial morphologic deformity in compensa-
tory cardiac hypertrophy is still controversial. In the spontaneously
hypertensive rat (SHR), cardiomyocytes at the phase of compensatory
cardiac hypertrophy showed a decrease in mitochondrial fission pro-
tein Drpl and an increase in fusion protein Opal, indicating that MD
is shifting the equilibrium toward fusion to fulfill the cellular burden
of high energy demand."” Mild mitochondrial stress induces a pro-
survival response of mitochondrial hyperfusion through upregulating
the expression fusion proteins such as the stomatin-like protein 2
(SLP-2), Mfnl, and Opal, and the process is termed stress-induced
mitochondrial hyperfusion (SIMH).15 4 Alternatively, studies also re-
ported that during compensatory cardiac hypertrophy, no significant
changes were observed in mtDNA, mitochondrial contents, and
MD.*"'>> Hence, the questions as to whether changes in MD only
occur in decompensated cardiac hypertrophy and what is the exact
molecular mechanism that differentiates the mitochondrial pheno-
type between compensatory and decompensatory cardiac hypertro-
phy still require extensive study.

Mitochondrial fusion and cardiac hypertrophy

It is well established that mitochondrial fission is involved in the path-
ogenesis of cardiac hypertrophy and that mitochondrial fusion can pre-
vent cardiac hypertrophy.'”"'**"'>® Decreased mitochondrial density,
upregulation of fission proteins, and downregulation of fusion proteins
are the molecular features of a failing heart in mammals.' ™ For example,
mitofusin, also known as hyperplasia suppressor protein, is an essential
fusion protein of the OMM component. Mfn1 alone can induce mito-
chondrial fusion without Mfn2, and cardiac deletion of Mfn2 has shown
no significant defect in the normal heart. Embryonic double knockout of
Mfn1/Mfn2 was found to be lethal."*' Conditional combined ablation of
Mfn1/Mfn2 in adult hearts showed excessive mitochondrial fragmenta-
tion and rapid development of lethal dilated cardiomyopathy.”" The
Mfn2 expression is downregulated in chemical-induced LVH in
neonatal rat cardiomyocytes induced by phenylephrine (PE), and in
an in vivo LVH model of spontaneously hypertensive rats, B,-adren-
ergic transgenic mice, and transverse aortic constriction (TAC)."”
Mechanistically, Mfn2 can prevent VSMC proliferation by suppressing
extracellular signal-regulated kinase (Erk)1/2 expression, which is
implicated in the development of cardiac hypertrophy in both rat and
mouse models."*® Likewise, cardiomyocytes incubated with one of the
hormonal hypertrophic inducers, Ang II, showed the inhibition of
Mfn2 expression and Akt expression that are involved in phosphoryla-
tion for Parkin translation and induced mitophagy to maintain mito-
chondrial quality."””"*® In contrast, overexpression of Mfn2 reversed
both chemical- and hormonal-induced LVH in both cellular and animal
models."””"** Cardiac-specific knockout of Mfn2 showed loss of teth-
ering to the ER, which further impaired Ca** signaling and enhanced
ROS production in cardiomyocytes.'**'>

Opal is an essential mitochondrial fusion protein and is important
for the normal functioning of mitochondria. Life imaging analysis
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in adult Drosophila indicates that cardiac-specific knockdown of
Opal induces abnormal mitochondrial morphology and cardiac dila-
tion with significant impairment in cardiomyocyte contractility.'*’
Downregulation of Opal is observed in both human and murine
heart failure, and mitochondrial morphological studies in these hearts
using electron and confocal microscopy showed small and frag-
mented mitochondria. MD in the adult heart is maintained by
balanced fusion and fission. Notably, both overexpression and knock-
down of Opal resulted in abnormal MD and induced apoptosis.'*’
Heterogeneous Opal knockout (Opal” ) mice showed clusters of
the fused mitochondrial network and altered cristae without signifi-
cant alteration in mitochondrial energy production capacity. Howev-
er, 6 weeks after the total/TAC procedure, Opa*’~ mice experienced a
2-fold higher risk of developing hypertrophy with a significant
decrease in ejection fraction compared to wild-type mice.'” In addi-
tion, the left ventricle became more susceptible to hypertrophic dam-
age upon TAC when Opal was minimally expressed.'”* Another
study conducted in Opa*'~ mice indicated that cardiac function
was initially normal; however, the aged Opa” ~ mice (12 months
old) showed reduced mtDNA copy number and decreased contrac-
tion, fractional shortening, and cardiac output. Additionally, the
aged OPA1*~ mice showed excessive mitochondrial fission and
impaired cardiac function relative to wild-type littermates,'°' suggest-
ing that Opal dysfunction is associated with late-onset cardiac hyper-
trophy. These findings indicate the beneficial effects of promoting
mitochondrial fusion during cardiac hypertrophy.

Mitochondrial fission and cardiac hypertrophy

Mitochondrial fission is involved in the development of progressive
LVH and the development of cardiac failure. Studies indicate a signif-
icant correlation between the proliferative phenotype of VSMCs™>'%*
and cardiomyocytes'>'*” with mitochondrial fission. Chang et al.'®®
has shown that cardiac hypertrophy in cellular (phenylephrine treat-
ment) and animal TAC models induces upregulation of Drp1 expres-
sion, which increases mitochondrial fragmentation and activates mi-
tophagy. Drpl translocates from cytosol to the OMM, where Drpl
docks on its adaptor proteins such as Fisl. In TAC-treated mouse
hearts and phenylephrine-treated rat neonatal cardiomyocytes,'®’
phosphorylation of DRP1 and translocation was detected using phos-
phoproteomics quantification in myocardial samples at different time
points.'”> Pennanen et al.'> showed that hypertrophic agonist
(norepinephrine [NE]) in neonatal rat cardiomyocytes increases
mitochondrial fission with a concomitant decrease in mitochondrial
function. Mechanistically, NE acts on o;-adrenergic receptors to in-
crease cytoplasmic Ca®", which activates calcineurin and promotes
Drpl translation to OMM, facilitating mitochondrial fission.”” Addi-
tionally, knockdown of Drp1 using dominant-negative Drpl (K38A)
could prevent mitochondrial fission and cardiomyocyte hypertrophy
upon hormonal induction (norepinephrine) of cardiac hypertrophy.
Likewise, knockdown of Mfn2 adenoviral-expressing antisense
Mfn2 increases mitochondrial fission and activates hypertrophic re-
sponses even without NE stimulation.'” Hypertensive cardiac hyper-
trophy in high salt-fed rats showed increased Drpl expression and
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(PAH) is one of the most common causes of right ventricular hyper-
trophy and failure. Pulmonary artery smooth muscle cells obtained
from autopsied patients with idiopathic PAH showed increased
expression of Drpl and Fisl and decreased expression of Mfn2
with an increase in mitochondrial fragmentation compared to those
of control patients.”> We have recently reported that Mtpl8 or
Mtfp1 can bind to Drp1 and facilitate mitochondrial fission in cardi-
omyocytes”'*>'%> under oxidative stress responses. Furthermore,
Mtp18 induces the release of cytochrome ¢, activating the caspase
cascade and leading to apoptosis.”®”” We also showed that Mitol
could prevent Drpl accumulation in mitochondria and attenuate
mitochondrial fission and apoptosis upon hydrogen peroxide expo-
sure, suggesting that Mitol can play a protective role against oxidative
stress-induced cardiac mitochondrial fission and apoptosis.'*° Collec-
tively, these data indicate the therapeutic potential of inhibiting mito-
chondrial fission during cardiac hypertrophy.

MD and heart failure

Pathological cardiac hypertrophy is often followed by heart failure.
Impaired mitochondrial function, which is evidenced by decreased
mitochondrial oxidative phosphorylation and increased production
of ROS, induces the development of heart failure during cardiac hy-
pertrophy.'*>'°® A recent review on MD in cardiac physiology and
pathophysiology emphasized that a significant enhancement in mito-
chondrial fission and inhibition in mitochondrial fusion were
observed in heart failure.'®” Increased numbers of fragmented mito-
chondria are detected in multiple forms of cardiomyopathy™**'**'%
and heart failure.*> For example, Chen et al.’®° indicated that the
expression of the crucial mitochondrial fusion protein Opal was
decreased in both human and rat models of heart failure. Consistent
with the features of reduced fusion, the mitochondria morphologies
from the failed heart were small and fragmented. Interestingly, the
protein expression levels of Opal were significantly reduced in the
failed heart, with no change in the expression levels of other MD pro-
teins such as Mfnl1, Mfn2, Drpl, or hFisl. Further in-depth analysis
showed no significant difference in the Opal mRNA expression be-
tween normal and failed hearts, suggesting that the reduction in
Opal protein level is regulated through posttranscriptional modifica-
tion."** Notably, they observed a variable expression pattern of MD
proteins depending on cardiac pathology. In human ischemia cardio-
myopathy, Mfnl, Mfn2, and Drpl are upregulated but Opal is down-
regulated, with no change in hFisl. In dilated cardiomyopathy, three
similar proteins are upregulated with no change in Opal and hFisl
levels."*” Alteration in the expression profile of MD proteins is
observed when there is progression toward cardiac failure. These
findings indicate that a thorough understanding in the regulation of
mitochondrial shaping proteins in cardiac hypertrophy and heart fail-
ure is crucial for the targeting of MD as an effective therapeutic
approach.

MOLECULAR REGULATION OF MD
Cardiomyocytes have relatively sluggish mitochondrial morpholog-

ical dynamism, which allows the manipulation of MD to achieve a
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favorable outcome in several cardiovascular pathologies.” In recent

years, extensive studies have been aimed at deciphering the role of
MD in a variety of CVDs. Nevertheless, the molecular regulation of
mitochondrial fission in the heart remains poorly understood. As
we mentioned above, mitochondrial fusion and fission proteins are
the key regulators of MD. Regulation of MD proteins can occur at
multiple levels including transcriptional, epigenetics, posttranscrip-
tional (which is via non-coding RNAs), and post-translational modi-
fication (PTM) (Figure 3).

Genetic modifications

(1) Transcriptional regulation. Transcriptional regulation occurs
during the process in which genetic information in DNA is con-
verted into RNA. Transcriptional regulation is one of the pro-
cesses of cellular response to various intra- and extra-cellular sig-
nals. During cardiac hypertrophy, studies have indicated that
increased hemodynamics or pressure overload in cardiomyocytes
modulates the expression of MD proteins. Depending on the
number of copies of transcribed RNA, or the temporal control
of when the gene is transcribed, the expression level of MD pro-
teins can be varied. The transcription activity is controlled by
transcriptional factors that decide whether to activate or repress
the transcription. For example, ERRa can bind to the promoter
region of mitofusin and transactivate its expression,'”’ while nu-
clear factor kB (NF-«B) binds to the promoter region of Opal
and enhances Opal expression.'”* Peroxisome proliferator-acti-
vated receptor (PPAR)Y coactivator 1 (PGCl-a and PGC1-B)
isoforms can coactivate ERRa. to enhance the transcriptional ac-
tivity of mitofusin expression.'”” In the adult rodent PAH model,
a reduced PGCl1-a level downregulates mitofusin-2 expression,
leading to reduced mitochondrial fusion and induced hyperpro-
liferation of vascular endothelial smooth muscle, as shown by
Marsboom et al.”

@]

~

Genetic engineering. Genetic engineering, also known as genetic
modification or manipulation, is the direct makeup of a MD pro-
tein gene using a set of recombination technologies to either in-
crease or knock out the gene expression. Increasing studies indi-
cate that manipulation of MD protein expression during cardiac
hypertrophy can induce either a destructive or protective pheno-
type depending on the target gene function.*>"**'*>!7>173 Ag we
mentioned above, in general, increased mitochondrial fission or
reduced mitochondrial fusion is involved in the pathogenesis of
cardiac hypertrophy and heart failure, while reduced mitochon-
drial fission or increased mitochondrial fusion reduces the pro-
gression of cardiac hypertrophy and subsequent heart failure.
Indeed, several exciting studies have suggested that inducing
mitochondrial fusion along with preventing mitochondrial
fission during cardiac hypertrophy do improve cardiac dysfunc-
tion and provide a favorable outcome,>"**'*>!7217? suggesting
that targeting MD could be a novel therapeutic strategy to combat
cardiac hypertrophy and to prevent its progression to heart fail-
ure.

(3) Mutation. Mutations in mitochondrial fusion and fission pro-
tein-encoding genes have been linked to a variety of diseases.
For example, mutations in the Opal gene can cause autosomal
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Figure 3. Schematic representation of molecular mechanisms regulating mitochondrial dynamics

The left column indicates the mode of molecular dynamics regulation at the genomic level, which includes transcriptional regulation, genetic engineering, mutation, and
alternative splicing. The second column demonstrates the epigenetic mechanisms of molecular dynamics regulation. The third column depicts the mechanism of molecular
dynamics regulation at the posttranslational level. AD, autosomal dominant; P, phosphorylation; Ub, ubiquitin; SUMO, small ubiquitin-related modifier; OGT, O-linked N-
acetylglucosamine (O-GlcNAc) transferase; SNO, S-nitrosylation in serine residue; Ac, acetylation; S1.and S2, two proteolytic cleavage sites to generate a mix of long (L)- and
short (S)-OPA1 isoforms. Opal possesses two proteolytic cleavage sites (S1 and S2), where their cleavage is mediated by two membrane-bound metalloproteases, OMA1
and YMETL, respectively.
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dominant optic atrophy (ADOA) syndrome,]74 as a result of
mitochondrial dysfunction and mtDNA loss, leading the cells
more susceptible to apoptosis.'””> ADOA begins at a young
age and slowly progresses to bilateral visual loss, dyschromatop-
sia, centrocecal scotomas, and temporal optic disc atrophy.
However, ADOA shows variable phenotypic expression,
ranging from mild visual impairment to blindness.'”* Alterna-
tively, mutations in the Mfn2 gene are associated with the Char-
cot-Marie-Tooth disease type 2A (CMT2A). So far, the pheno-
typic characteristics of CMT2A remain unclear. CMT2A shows
an abnormality in MRI or suggestive CNS and peripheral ner-
vous system (PNS) abnormalities in clinical examination.'”®
Another example is a novel mutation in Drpl (C452F) at its
M domain, which is linked to the development of autosomal
dominant dilated cardiomyopathy in the python mouse, as re-
ported by Ashrafian et al.'”” The Drpl’s 452 cysteine (C) resi-
due is responsible for molecular interaction and is highly
conserved among yeasts and mammals. The homozygous muta-
tion of cysteine to phenylalanine (F) shows a serious reduction
in mitochondrial respiratory enzymes and ATP production, re-
sulting in serious mitochondrial function impairment and em-
bryonic lethality."””
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(4) Alternative splicing. Alternative splicing events tend to be cell

type- and tissue-specific. The alternative splicing event of tran-
script encoding mitochondrial fusion and fission proteins can
give rise to multiple transcript variants that may exhibit different
functions. For example, Opal is an essential IMM component to
undergo mitochondrial fusion; alternative splicing events in the
Opal gene can give rise to eight transcripts (mRNA) variants,
which exhibit variable expression patterns across different tissues
depending on cellular context.'”*® Additionally, in immune cells,
alternative splicing of Drpl results in the Drpl-x01 isoform,
which possesses arginine (Arg) residues in alternative exon,
which can specifically target the microtubules, contributing to
stabilize the microtubules and prevent apoptosis.'”® The Drpl
x01 isoform can be phosphorylated by CKD1, which promotes
its release from microtubules and facilitates mitochondrial
fission."”” Another example is the Opal alternate spliced exon
(POA1-exon4b), in which the peptide component is embedded
in the IMM and involved in nucleoid attachment to promote
mtDNA replication and distribution. Knocking down Opal-
exon4b using siRNA showed inhibition in DNA replication and
marked alteration in the distribution of mtDNA and nucleoid
throughout the mitochondrial network.'®® However, studies
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reporting the splicing events of MD proteins and their role in
different tissue are still scarce. It is worth addressing this issue
in future studies.

Epigenetic modifications
Epigenetic modifications regulate the pattern of gene expression by
altering DNA accessibility and chromatin structure without altering
the DNA sequence. Epigenetic modification is heritable'®' and dy-
namic,'® and it can be either long term (e.g., DNA methylation) or
short term (e.g., acetylation and histone modification) in response
to nutritional, environmental factors, aging, and diseases.'® Growing
evidence has supported that epigenetic modification is linked to the
pathogenesis of complex cardiovascular diseases.'®* We discuss the
role of epigenetics in MD during cardiac hypertrophy and heart fail-
ure from three aspects, including methylation and histone modifica-
tion, non-coding RNAs, and PTM.

(1) Methylation and histone modification. In both nuclear and
mtDNA genomes, cytidilic nucleotides can be present in three
forms, such as cytosine, 5-methylcytosine (5mC), and 5-hydrox-
ymethylcytosine (5ShmC). In mammals, 5mC is highly occupied
at the CpG (cytosine juxtaposed to guanine separated by phos-
phate) contexts; the CG-rich regions, or CpG islands (CGlIs),
are usually present in the promoter regions. The 5mC modifica-
tion in promoter regions is often associated with transcriptional
repression and silencing of gene expression; however, CpG
methylation in the gene body is thought to be involved in gene
activation, transcription elongation, and alternative splicing.185
A recently reported post-transcriptional gene regulation is N°-
methyladenosine (m6A), which is adenosine methylation at posi-
tion 6 in mRNA. Several recent studies have observed the changes
in global m6A levels in cardiac tissues obtained between normal
versus stress or disease states. Genome-wide mapping of DNA
methylation and histone H3
(H3K36me3) between cardiomyopathic and normal human heart
showed a differential pattern in methylation and histone
H3K36me3 modifications. The differential methylation profile
is enriched in CpG islands of promoter, intragenic, and gene
body regions, while the differential H3K36me enrichment was
observed in coding regions. Also, distinctive epigenome patterns
were observed in the cardiac genome of the end-stage failing
heart, suggesting the potential role of using cardiac epigenome
to track the disease progression and development of heart fail-
ure.'® PPAR is a transcription factor that can directly bind to
DNA and has a complex molecular mechanism that interacts
with epigenetic modulators in response to developmental, envi-
ronmental, and pathological changes.'®” Cardiac pressure over-
load induces the recruitment of different epigenetic modulators
(either histone PTMs, DNA methylation, or posttranscriptional
modifications) to the promoter regions of PPAR target genes
and mediates metabolic reprogramming, which is involved in
the progression of cardiac hypertrophy and heart failure.'®
Taken together, these studies highlight that the epigenetic land-
scape may be the key system orchestrating the gene expression re-
programming in cardiac hypertrophy.'®’

lysine 36 trimethylation

However, very few

studies have addressed the molecular mechanisms involving
changes in methylation and acetylation profiles with the develop-
ment of cardiac hypertrophy and heart failure. More importantly,
studies have rarely addressed the effect that changes in methyl-
ation and acetylation play on the modulation of MD. Therefore,
epigenetics studies focusing on cardiac MD are needed to under-
stand the molecular mechanism of how the epigenome contrib-
utes to disease progression and heart failure. Moreover, improve-
ments in genome-wide technologies, as well as mechanistic
studies, are needed for a better understanding of the complex
epigenetic signatures of cardiac hypertrophy and heart failure.
(2) Non-coding RNAs. Non-coding RNAs are important epigenetic
regulators in the process of replication, transcription, translation,
chromatin modification, and post-transcriptional control of gene
expression in cardiac hypertrophy.'”*'*! The expression of non-
coding RNAs is cell-, tissue-, and disease-specific and found to be
dysregulated in cardiac hypertrophy and heart failure.'”’"**
miR-29a-3p,"”> miR-129-3p,'*® and miR-485-5p'°” prevent car-
diac hypertrophy by inhibiting mitochondrial fission through
repressive expression of mitochondrial fission protiens. In
contrast, microRNAs (miRNAs) miR-20b'*®* and miR-153-
3p'*” induce cardiac hypertrophy by degrading the mitochon-
drial fusion proteins. Relative to miRNAs, long non-coding
RNAs (IncRNAs) tend to be less conserved among species, and
the mechanisms by which IncRNAs regulate gene expression
and other cellular processes are more diverse and complex. Ac-
cording to current knowledge, IncRNAs can regulate gene expres-
sion by acting as structural scaffolds, or as competing endogenous
RNA (ceRNA), and can be involved in RNA processing and chro-
matin modification. Our knowledge regarding the function and
mechanisms of circular RNAs (circRNAs) is still in its infancy.
So far, it has been shown that circRNAs have two main mecha-
nisms: (1) circRNAs can function as miRNA sponges, in which
binding of circRNA to miRNA impairs the repression of miRNA
on its target gene expression; and (2) circRNAs can be involved in
alternative splicing and serve as a transcriptional regulator or co-
factors of RNA-binding proteins. Increasing evidence highlights
the potential of miRNAs, IncRNAs, and circRNAs as novel ther-
apeutic targets, as well as diagnostic and prognostic biomarkers
for cardiovascular diseases.”’” Although several cardiac hypertro-
phic related non-coding RNAs have been reported so far, very
few have been found to be related to cardiac MD. We summarize
all recently identified cardiac MD non-coding RNAs with their
phenotype, expression pattern, and mechanisms in Table 2.

PTMs

In addition to genetic or transcriptional control, the functions of MD
proteins are tightly controlled by PTMs. PTM is a process of enzy-
matic or chemical modifications, such as phosphorylation, SUMOy-
lation, acetylation, glycosylation, and nitrosylation, of a protein that
occur after translation and can lead to changes in protein structure,
localization, function, or expression level. Similar to epigenetic modi-
fication, PTMs are widespread and can be either reversible or irrevers-
ible depending on the duration and type of chemical modifications.*"’
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Table 2. The expression patterns, functions, and mechanisms of cardiac mitochondrial dynamics-related non-coding RNAs in cardiac diseases

Name Disease model Levels during disease ~ Effects on disease ~ Effects on MF ~ Mechanism Ref.

miRNAs

suppresses calcineurin-mediated

miR-499 cardiac I/R down protect l dephosphorylation of Drpl, thereby decreasing 208
Drpl accumulation
ttenuates th ion of Fis1, which can ind 2
miR-484 cardiac A/R and I/R down protect l i/ﬂ:nua ¢ theexpression oL HsL, Which cantinduce o0
miR-29a-3p cardiomyocyte hypertrophy ~ down protect ! targets Drpl and prevents MF and apoptosis 19
inhibits Mfn2, which MF 9
miR-20b cardiac hypertrophy up induce 1 m 1b1ts‘ n2, which can prevent and 198
apoptosis
targets the Cab39/AMPK signaling pathway and
miR-155-5p acute MI up protect l promotes the expression of Mfn2, p53, and p21 270
and reduces p-Drpl
s Mfn1, which i itoch ial 7
miR-140 cardiac A/R and TR up induce t targets n1, which can induce mitochondrial 147
fusion
miR-324-5p cardiac A/R and TR down protect | suppresses Mtfrl translation and attenuates MF 271
and apoptosis
miR-761 cardiac /R down protect | represses the exgression of Mff, which can induce  ,,,
MF and apoptosis.
m13-30 family H,0,-induced stress down protect | suppres:se%‘ the expre'ssmn of p53, which 273
(miR-30a/b/c) transcriptionally activates Drpl
miR-361 cardiac /R up induce t targets Prohlbltm, which can inhibit MF and 274
apoptosis
ARC, which t MF and 75
miR-532-3p DOX cardiotoxicity up induce T represse_s €, which can preven an 7
apoptosis.
PKIA activi MF 9
miR-129-3p cardiac hypertrophy up protect l decree?ses activity and prevents by 196
targeting Drp.
. . represses mitochondrial-anchored protein ligase 197
-485- h hy
miR-485-5p cardiac hypertrophy down protect l (MAPL), which impair its repression on Mfn2
miR-499-5p DOX cardiotoxicity down protect l prevents MF and apoptosis by targeting p21 276
ind MF b ing Mfn-1 i 99
miR-153-3p cardiac hypertrophy up induce T fduces VL Dy suppressing -1 expression 1
during cardiac hypertrophy
IncRNAs
prevents MF and apoptosis by repressing miR-
CARL cardiac anoxia down protect l 539-dependent downregulation of prohibitin 77
subunit 2
targets the miR-361-miR-484 axis; it binds to miR-
Mdrl cardiac I/R down protect l 361 and releases the inhibition of miR-484 278
expression
circRNAs
acts as sponge to miR-652-3p, which suppresses
MFACR cardiac I/R up protect l Mtp18 expression, thereby attenuating MF, and o

cardiomyocyte apoptosis

MEF, mitochondrial fission; I/R, ischemia/reperfusion; A/R, anoxia/reoxygenation; MI, myocardial infarction; CARL, cardiac apoptosis-related IncRNA; Mdrl, mitochondrial dynamic-

related IncRNA; MFACR, mitochondrial fission and apoptosis-related circRNA.

Studies indicate that the structure and function of mitochondrial
fusion and fission proteins can be modified post-translation-
ally.”>%2%% Specifically, in most cardiovascular diseases, the predom-
inant PTM mechanisms that regulate MD include phosphorylation,
SUMOylation, ubiquitination, nitrosylation, acetylation, and acyla-
tion of the key fusion and fission GTPases.
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(1) Phosphorylation. Under normal conditions, major percentages of
Drpl are located in the cytosol, and the presence of cellular stress
or cell death stimuli can induce Drpl translocation to the OMM.
The localization or activation of cardiac Drpl is strongly influ-
enced by its phosphorylation status. For example, it has been re-
ported that Drpl can be phosphorylated at serine 616, 622, 637,
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or 693 sites and exhibit different effects on MD. Phosphorylation
of Drpl at serine 616 or 622 leads to Drpl activation and mito-
chondrial fission;*® however, phosphorylation at serine 637
(S637) leads to Drpl inhibition and mitochondrial fusion.**>*%*
Likewise, phosphorylation at S693 can inhibit GTPase activity
without affecting the inter-molecular/intra-molecular interaction
and prevent the H,0,-induced mitochondrial fission and
apoptosis.”’” The $637 of Drpl is phosphorylated by protein ki-
nase A (PKA) and dephosphorylation by the calcium-sensitive
phosphatase calcineurin, which is activated by the pathological
elevation of intracellular calcium during cardiac stress and I/R.
Activation of Drpl due to dephosphorylation at S637 induces
Drpl translation to the OMM and mitochondrial fission, leading
to cell death.**® Phosphorylation at $637 can be mediated by
PKA,””” Pim-1,"® CaMKI-0,””” and ROCK1*'’ depending on
the type of stressed stimuli, and phosphorylation at S693 is regu-
lated by GSK3B.**® Recently, Torres et al”'' reported that
glucagon-like peptide-1 (GLP-1), a gastrointestinal tract neuro-
endocrine hormone, is involved in the regulation of cardiac
MD via phosphorylation of Drpl. In the VSMC cell line A7r5
derived from embryonic rat aorta, treatment with GLP-1 can pre-
vent cellular migration and proliferation by targeting the PKA-
Drpl axis. GLP-1 phosphorylates Drpl at S637 and prevents
mitochondrial localization of Drpl, thereby preventing PDGF-
BB-induced mitochondrial fission and cellular migration even
under overexpression of Drpl. Thus, GLP-1 can mimic the
Drpl inhibitory effect of Mdivi-1 and can prevent vascular
smooth muscle remodeling.”'" Another phosphorylation site of
Drlp is at serine 616, which can be targeted by CDK1/cyclin dur-
ing mitosis,” by mitogen-activated protein (MAP) kinase ERK1/
2 in response to hyperglycemia,”'* and by protein kinase C
(PKC)-3 in hypertension encephalopathy.®” Studies indicate
that modulation of Drp1 phosphorylation can be a potential ther-
apeutic target that can improve cardiac outcomes. For example,
Sharp”” reported that Drpl-mediated fission induces ROS pro-
duction and impairment of myocardial diastolic dysfunction,
and using a Drpl1 inhibitor in a Langendorff model showed car-
dioprotection as evidenced by the preservation of mitochondrial
morphology and cytosolic calcium levels. As another example, in
adult rats, the overexpression of Pim1%%®
Drp inhibitor P110*'* showed inhibition of mitochondrial fission
and cardioprotection evidenced by a significant reduction in
myocardial infarct size and left ventricular remodeling in
myocardial infarction (MI).

and administration of

Studies indicate that phosphorylation in other MD proteins can
also influence Drpl recruitment in the mitochondrial membrane.
One example is the phosphorylation of MFF, a mitochondrial
outer-membrane receptor that can enhance Drpl translation to
the OMM and induce mitochondrial fission via the AMP-acti-
vated protein kinase (AMPK)-mediated fission pathway.”'*
Another example is that the inner mitochondrial protein Mtfpl,
also known as Mtp18, can induce mitochondrial fission by pro-
moting Drpl phosphorylation. Therefore, knocking down

Mtp18 expression plays a cardioprotective role by preventing
Drpl recruitment in the OMM and subsequent mitochondrial
fission and apoptosis in DOX-induced cardiotoxicity.'*® Lastly,
mitochondrial fusion protein Mfnl can be phosphorylated at
T562 of its HR1 domain by ERK. This ERK-mediated phosphor-
ylation of Mfnl1 is essential for its oligomerization and for regula-
tion of mitochondrial fusion and apoptosis. Mutation at T562 im-
pairs Mfnl phosphorylation and prevents the mitochondrial
tethering.*"

(2) Ubiquitination. Ubiquitination is the addition of ubiquitin, a

small regulatory protein ubiquitously present in most eukaryotic
tissues, to lysine, serine, and threonine residues on protein sub-
strate and can affect the substrate functions via degradation,
localization, or interaction. Ubiquitination is a three-step process
including activation (mediated by ubiquitin-activating enzymes,
Els), conjugation (catalyzed by ubiquitin-conjugating enzyme
E2s), and ligation (facilitated by ubiquitin ligases E3s) and
removed by deubiquitylation enzymes (DUBs). Ubiquitination
is one of the commonly found PTMs and is involved in the path-
ogenesis of cardiac hypertrophy. Recent studies have reported
that ubiquitination of key GTPases in MD proteins can alter
mitochondrial morphology and influence cellular functions.
For example, in mammalian cells, a recently identified mitochon-
drial ubiquitin ligase, Mitol, is essential for MD by two mecha-
nisms: one is through regulating substrate activation by the
K63 ubiquitin chain attachment, and the second is through regu-
lating proteosome-dependent degradation by K48 ubiquitin
1% 1t can reduce Drpl accumulation in the
OMM, thereby preventing mitochondrial fission and
apoptosis.'>” Knockdown of Mitol can prevent MiD49 ubiquiti-
nation and reduces its proteasomal degradation, increasing
MiD49 in the OMM and thus inducing mitochondrial fission."*’
Reduced expression of Drpl or Mff can promote Mitol’s activity
on MiD49 and prevent mitochondrial fission. Degradation of
substrates through Mitol-mediated ubiquitination allows the
release of substrates from the OMM. The ubiquitinated degrada-
tion of Drpl and Mff prevents mitochondrial fission.”'” Under
normal conditions, Drpl ubiquitination prevents mitochondrial
destruction and mediates it to reform into fusion networks after
mitotic fission. In contrast, under mitochondrial stress, Mitol
ubiquitination to acetylated Mfnl can promote proteasomal
degradation and induce mitochondrial fission.”'® In addition to
Mitol, other E3 ubiquitin ligases such as Parkin and Huwel can
ubiquitinate MD proteins to undergo proteasome-mediated
degradation. For example, impaired function in Parkin due to
mutation or knockdown can prevent Drpl degradation, and
increasing Drpl levels can induce mitochondrial fission and
apoptosis.”'” Alternatively, the removal of ubiquitin residues by
deubiquitinating enzymes such as Usp30 can prevent its substrate
degradation.”” Under stress conditions, ubiquitination of JNK-
phosphorylated Mfn2 by Huwel leads to degradation of Mfn2
and induces mitochondrial fragmentation and apoptosis.”*’

chain attachment.
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However, the effects of ubiquitination of MD proteins on cardiac
hypertrophy remain largely unknown.

SUMOylation. Small ubiquitin-related modifier (SUMO) pro-
teins are a member of the large family of ubiquitin-related pro-
teins and covalently bind to lysine in a target protein. SUMOyla-
tion is a reversible PTM, which can regulate the function of target
proteins by affecting their subcellular localization, activity, or sta-
bility. Recent studies indicate that SUMOylaiton is associated
with the pathogenesis of several human diseases such as cardiac
hypertrophy, neurodegenerative diseases, and cancers.'®”**!***
Multiple enzymes can perform SUMOylation, and the most
extensively studied ones so far are SUMO-activating enzymes 1
and 2 (SAE1/2, which are El-activating enzymes), ubiquitin-
conjugating enzyme 9 (Ubc9, which is an E2-conjugating
enzyme), and E3 ligase. Mitochondrial-anchored protein ligase
(MAPL) is the first discovered mitochondrial-anchored SUMO
E3. It is an OMM protein that targets Drpl to stabilize and func-
tion as a positive regulator of mitochondrial fission.”*” During
apoptotic cell death, Bax/Bak mediates the sumoylation of
DRPI, leading to stabilization of the association of Drpl with
mitochondria to enhance mitochondrial fission.”** Alternatively,
SUMO-2/3-specific protease SENP3 can deSUMOylate Drpl and
induce mitochondrial fission and cell death via Drpl-mediated
cytochrome c¢ release during cardiac ischemia.”*” These studies
collectively suggest that SUMOylation/deSUMOylation of Drpl
plays a significant role in the regulation of cardiac mitochondrial
fission and cell death.

O-GIcNAcylation. O-GlcNAcylation is a form of post-transla-
tional modification that has recently emerged as a key regulator
of several cardiovascular pathophysiologies.””® The attachment
of O-linked N-acetylglucosamine (O-GlcNAc) at serine and thre-
onine residues of nuclear, cytoplasmic, and mitochondrial pro-
teins, is a dynamic process that can be recycled by cells-O-
GlcNAc transferase (OGT) for the addition of O-GIcNAC and
by O-GlcNAcase (OGA) for its removal.””” The chemical inhibi-
tion of OGA can induce O-GlcNAcylation. Several recent studies
have indicated that O-GlcNAcylation can regulate multiple
cellular processes such as transcription, translation of proteins,
signal transduction, calcium handling, bioenergetics, and
apoptosis. O-GlcNAcylation in mitochondrial dynamic proteins
affects protein function and can influence mitochondrial
morphology.”****’ In cardiomyocytes, Drp1 can be O-GlcNAcy-
lated at threonine 585 and 586. Increased O-GlcNAcylation can
reduce the phosphorylation of Drpl at S637, which further acti-
vates Drpl function and promotes Drpl translocation from the
cytoplasm to the OMM, resulting in mitochondrial fission and
apoptosis.”****’ In diabetes, continuous hyperglycemia leads to
increased O-GlcNAcylation through upregulation of ERK1/2
and cyclin D2 expression””” and is associated with cardiovascular
complications and diabetic cardiomyopathy, which can be man-
ifested in cardiac hypertrophy and heart failure. The activation of
AMPK reduces O-GlcNAcylation and prevents cardiac hypertro-
phy.”’" Increased O-GlcNAcylation can reduce mitochondrial
function observed by decreased mitochondrial membrane poten-
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tial and complex IV activity.”** Interestingly, an acute increase in
O-GlcNAc levels in IR injury was found to protect against cardiac
injury.”*® In neonatal cardiomyocytes, exposure to high-glucose
treatment decreases OGA and increases O-GlcNAcylation in
Opal, followed by downregulation of in OPAI expression and
exhibition of mitochondrial fragmentation. In contrast, overex-
pression of OGA reduces Opal O-GlcNAcylation even in high-
glucose exposure and induces mitochondrial fusion. Thus,
manipulating OGA and Opal expression could improve cardiac
dysfunction in diabetes by targeting MD and energy meta-
bolism.***

Nitrosylation. Nitric oxide (NO), also known as an endothelium-
derived relaxing factor, plays a multifaceted role in the cardiovas-
cular system by regulating cardiomyocyte contraction, vascular
tone, thrombogenicity, endothelial proliferation, and inflamma-
tion. NO production is regulated by NO synthase (NOS), which
is produced by the myocardium. Myocardium produces three
isoforms of NOS, that is, neuronal NOS (nNOS), endothelial
NOS (eNOS), and inducible NOS.”** nNOS expression is signif-
icantly upregulated and eNOS is downregulated in left ventricular
myocytes, whereas the protein level of eNOS is downregulated in
Ang II-induced hypertensive rats and hypertrophic myocar-
dium.*** S-nitrosylation of Drpl and its influence on MD are
associated with neurodegenerative diseases such as Alzheimer’s
disease and Huntington’s disease (HD). A well-established medi-
ator of Alzheimer’s disease called B-amyloid protein induces the
production of NO and causes S-nitrosylation in serine residue of
Drp1 (SNO-Drpl). The SNO-Drpl can activate Drpl and induce
mitochondrial fission, leading to synaptic loss and neuronal dam-
age.”” Likewise, high SNO-Drpl levels are increased in the
brains of transgenic HD mice as well as in HD patients, and
SNO-Drpl induces excessive mitochondrial fission, leading to
synaptic damage. SNO-Drpl can affect Drpl phosphorylation;
an increase in SNO-Drpl facilitates Drpl phosphorylation at
serine 616, which activates Drpl function and induces Drpl-
mediated mitochondrial fission.”*® It is noteworthy that the
myocardium can secrete NO, and NO plays an important role
in regulating blood vessel tone, thrombogenicity, and cardiac
function. NO has been reported as endogenous inhibitors of mal-
adaptive hypertrophy signaling and could protect against cardiac
hypertrophy.”” However, the excessive production of NO occurs
under cardiac inflammation and cardiac failure.

Acetylation. Histone acetylation and deacetylation comprise a dy-
namic process in which an acetyl group is added or removed from
lysine residues of proteins regulated by histone acetyltransferases
(HATS) and histone deacetylases (HDACs), respectively. Histone
acetylation loosens the chromatin structure, also known as het-
erochromatin or open chromatin, and activates transcription,
while deacetylation tightens the chromatin, making it less acces-
sible by a transcription factor and repressing gene expression; this
state is termed euchromatin or closed chromatin. Histone modi-
fication has been shown to play a role in managing stages of
organismal development as well as aging by being involved in
various cellular processes through regulating the structure of
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chromosomes and transcription. HATs constitute GNATs
(GCN5-related N-acetyltransferases), MYST, and p300/CBP
(CREB-binding protein) families.”*” So far, there are four classes
of HDAC:s: class I includes HDACI, 2, 3, and 8); class II consti-
tutes HDAC4, 5, 6,7, 9, and 10; class I1I is composed of the sirtuin
family (SIRT1-7), the members of which possess mono-ADP-ri-
bosyltransferase or deacylase activity; and class IV HDAC is
HDACI11.”*® The sirtuin family plays a protective role against
several cardiovascular pathologies, including cardiomyopathy,
vascular endothelial dysfunction, metabolic syndrome, cardiac
ischemia, and even aging. Moreover, using sirtuin-activating
medications has been found to improve cardiovascular and meta-
bolic health in human clinical trials.>*° Therefore, the health ben-
efits of sirtuins have become one of the most extensively studied
research topics, and sirtuins can serve as a potential therapeutic
drug for both cardiovascular health and the prevention of aging.
Sirtuin plays a significant role in the regulation of cardiac MD.
One study in ischemic mouse livers indicated that SIRT1 exerts
its cardioprotective effect by targeting Mfn2, which prevents I/
R-induced mitochondrial fission and autophagy.”*’ Increased
mitochondrial fission in diabetic patients has been linked to
myocardial contractile dysfunction. A study by Ding et al,**' in
which diabetes was induced in wild-type (WT) and SIRT1-defi-
cient mice with streptozotocin, found that melatonin reduced
Drpl expression through SIRT1/PGC-1a. signaling pathway and
prevented mitochondrial fission and cardiomyocyte apoptosis,
leading to improve cardiac function in WT diabetic mice but
not in SIRT1-deficient mice. SIRT3 can deacetylate Opal and pro-
mote its GTPase activity as evidenced by increased mitochondrial
fusion. In pathological stress, Opal is overacetylated and mito-
chondrial fission is activated. In TAC-induced cardiac stress,
decreased activity of SIRT3 leads to hyperacetylation of Opal
and impairs mitochondrial fusion. The SIRT3-deficient cells
show acetylation at lysine 926 and 931 residues of Opal and exten-
sive mitochondrial fission. However, overexpression of SIRT3 in-
creases Opal deacetylation and activates Opal-dependent mito-
chondrial fusion, thereby preventing the cardiomyocytes from
DOX-mediated cell death.** These studies collectively suggest
that manipulating the acetylation of MD proteins could be a po-
tential therapeutic target to prevent mitochondrial fission-associ-
ated cardiac stress conditions.

(7) Proteolytic processing. Opal is a crucial IMM component for
mitochondrial fusion. Opal undergoes proteolytic processing, re-
sulting in short (S-Opal) and long (L-Opal) isoforms, both of
which are necessary for mitochondrial fusion.'*’ The interaction
between IMS-localized S-OPAl and IMM-localized L-Opal
forms an active quaternary structure that allows the IMM to
tighten the cristae junction and to interact with OMM fusion pro-
tein at ER-mitochondria contact sites to induce mitochondrial
fusion.'”® The processing of Opal is implicated by proteases,
including OMA1 metalloprotease,'”> YMEIL, paraplegin, and
the mAAA protease complex ATPase family gene-3, yeast-like-
1 (AFG3L1), and presenilin-associated rhomboid-like (PARL)

protein.'*' Opal cleavage can generate at least five isoforms
comprising two L-Opal and three S-Opal forms depending on
the cellular context. OPA1 has eight splice variants, with half of
them composed of both S1 and S2 proteolytic sites, while the re-
maining four contain only S1.*> The cleavage of S1 and S2 pro-
teolytic sites are mediated by two membrane-bound metallopro-
teases, that is, OMA1'*" and YMEIL* respectively; also,
healthy human cells contain a mix of L-OPA1 and S-OPA1. Dis-
trubance in mitochondrial function can induce OMAT’s activity,
leading to decreased L-OPA1 and increased S-OPA1 forms.**
Notably, the composition of isoforms can influence MD; in
particular, an increase in OMA1 cleavage further induces the
oxidative phosphorylation via YMEIL activation during the
stress response.”® Abnormal processing Opal mediated by dele-
tion of either OMA1 or YMEIL showed dilated cardiomyopathy,

ventricular remodeling, and heart failure.”**

THERAPEUTIC STRATEGIES FOCUSING ON MD IN
CARDIAC HYPERTROPHY

Treatment of cardiac hypertrophy includes both curative and pallia-
tive approaches: curative treatment is that which deals directly with
the underlying causes such as surgically repairing aortic valve steno-
sis, removing endocrine tumors, or treating the renal cause of hyper-
tension, among others. Nonetheless, some underlying causes such as
secondary hypertension may not have a curative measure. Hence,
palliative treatment that involve treating the symptoms, preventing
adverse effects, and lifestyle modifications are commonly prescribed,
and thus these measures are crucial. Since decompensatory cardiac
hypertrophy often later progresses to heart failure, the pharmacolog-
ical management of cardiac hypertrophy includes antihypertensives
and heart failure medications. The compensatory responses in heart
failure are mediated by signaling pathways that initially serve to main-
tain normal contractility; however, persistent activation of these path-
ways leads to cardiac dysfunction.*** Due to the significant role of hu-
moral stimuli in disease pathology, angiotensin-converting enzyme
(ACE) inhibitors, Ang II receptor blockers (ARBs), G protein-
coupled receptor (GPCR) antagonists, calcium channel blockers
(CCBs), diuretics, and beta blockers have been the gold standard ther-
apeutic approaches for decades.”*®**” However, increasing numbers
of studies show that patients receiving neurohormonal blockage later
experience ceiling effects with no improvements or, in a few cases,
**% In addition to conventional cardiac hypertrophy
and heart failure treatment, regulating cardiac metabolism using per-
hexiline, which prevents CPT I and II activity to promote energy gen-
eration by shifting the energy substrate to a more efficient fuel carbo-
hydrate, is found to be another promising treatment option. Dietary
supplementations such as foods rich in fatty acids (FAs), n-3 long-
chain polyunsaturated fatty acids (N3-PUFA), free FAs (FFAs), or
L-carnitine have shown to be effective for the management of heart
failure.**” Oral administration of chemically synthesized small mole-

cules, including sildenafil and BGF-15, can target heart failure-related
249

even relapse.

intercellular signaling pathways specifically.” It is also reported that
implantation of stem cells into a failing heart can induce cardiac mus-

cle regeneration and improve cardiac function. However, clinical
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Figure 4. Cardioprotective drugs targeting mitochondrial dynamics pathways

All of these medications have been shown to reduce mitochondrial fission and improve cardiac function in animal models. However, their use in patients requires further

extensive studying.

trials using stem cell treatment show a limited effect on cardiac func-
tion and no improvement in patient survival.*** Pathological cardiac
remodeling is a complex process and is highly interrelated; therefore,
targeting a single molecule or process may not be sufficient.”>” Hence,
a novel therapeutic strategy with fewer side effects and sustainable ac-
tion that can target multiple pathways is required.

Pharmacological treatments

MD is important for mitochondrial quality control, biogenesis, mito-
chondrial function, and apoptosis. Homeostasis between fusion and
fission enables exchanging contents between the mitochondria and
prevents the accumulation of damaged mitochondria. The links be-
tween defects in MD and cardiac hypertrophy are particularly
intriguing. Increasing numbers of strategies have been developed to
modulate the MD, including genetic approaches such as the manipu-
lation of mitochondrial fusion and fission modulators, regulating the
expression of various types of non-coding RNAs, and pharmacolog-
ical treatments that can affect mitochondrial quality control and can
modulate post-translational modification. As we have discussed the
roles of non-coding RNAs and post-translational modification as a
therapeutic potential for regulating MD in cardiac hypertrophy in
previous sections, we focus on pharmacological intervention in this
section (Figure 4).

The Drpl inhibitor Mdivi, also known as mitochondrial division in-
hibitor 1 (Mdivi-1), inhibits the GTPase function of Drp1 by acting as
an allosteric inhibitor of GTPase assembly, decreasing Drpl translo-
cation to the mitochondria and thereby preventing mitochondrial
fission to ameliorate pressure overload-induced cardiac failure. Mdivi
can decrease hypertrophic stimuli-mediated ROS production, thereby
decreasing intracellular Ca>* levels and suppressing the activation of

434 Molecular Therapy: Nucleic Acids Vol. 25 September 2021

Drpl activators such as calcineurin and Ca®*/calmodulin-dependent
kinase IT (CaMKII). Treatment with Mdivi-1 can ameliorate LVH and
cardiac dysfunction in response to TAC in WT mice by inhibiting
mitochondrial fission and autophagy, which is evidenced by
decreased Drpl function and decreased expression of autophagic
markers, such as LC3 and p62, and preventing its progression to heart
failure.”" Interestingly, studies also reported that Mdivi exhibit a car-
dioprotective effect in the Drpl-independent pathway by retarding
OMM permeability.>>***> Mdivi-1 averts apoptosis by preventing
OMM permeability and inhibiting Bid-activated Bax/Bak-dependent
cytochrome c¢ release from mitochondria.””” Treatment with Mdivi
led to an increase in expression of vascular endothelial growth factor,
matrix metalloproteinase-3 (MMP-3), and platelet endothelial cell
adhesion molecule or cluster of differentiation 31 (CD31), but with
decreased expression of anti-angiogenic factors, MMP-9, and tissue
inhibitor of metalloproteinase-3 (TIMP-3).>>" Likewise, right ventric-
ular hypertrophy (RVH) mediated by monocrotaline-induced PAH
rats showed enhancement in Drpl-Fis interaction and subsequent
mitochondrial fission, leading to diastolic dysfunction. P110, a
Drpl-Fis interaction peptide inhibitor, can directly bind to Drpl
and prevents Drpl translocation to mitochondria and mitochondrial
fission by interfering with Drp1-oligomer formation. Treatment with
P110 can repress PAH-induced mitochondrial fission and RV func-
tion impairment.”>* A significant cardiac protective effect was also
observed in ex vivo I/R models of primary cardiomyocytes treated
with ischemia and reoxygenation buffers and a Langendorff coronary
perfusion system, and in an in vivo acute MI (AMI) model induced by
ligation of the left anterior descending (LAD) artery.*"?

GLP-1 peptide-mimetic exenatide can phosphorylate Drpl at the
S637 residue and inhibit mitochondrial localization of Drpl, thereby
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preventing PDGF-BB-induced mitochondrial fission. Torres et al.”''

observed that GLP-1 treatment in VSMC cell line A7r5 derived from
embryonic rat aorta could induce cardiac regeneration observed by
increased cell migration and proliferation. Ding et al.**'
that melatonin treatment can decrease Drpl expression through the
SIRT1/PGC-1a. signaling pathway, thereby preventing mitochondrial
fission and reducing oxidative stress and cardiomyocyte apoptosis,
leading to improved cardiac function in diabetic mice. However,
this cardioprotective effect of melatonin is diminished when SIRT1
is knocked out, indicating that SIRT1 can block Drp1-mediated mito-
chondrial fission. However, the exact molecular mechanism remains
unclear. Melatonin treatment can also protect against post-MI injury
in wild-type mice but not in Notchl- or Mfn2-depleted mice, indi-
cating that melatonin can prevent mitochondrial damage in MI by
targeting the Notch1/Mfn2 signaling pathway likely due to the inhi-
bition of ROS generation. The cardioprotective effect of melatonin
is further confirmed by the usage of a nonselective melatonin receptor
antagonist luzindole, which can reverse the melatonin function by
preventing  Notchl and downregulating Mfn2
expression.””

showed

activation

Resveratrol has been shown to have antiaging and cardiac protective

256,2.

effects in different animal models. 57 However, little is known

1.°° showed that resveratrol causes

about its role in MD. Ren et a
SIRT1 activation, which can prevent mitochondrial fission by down-
regulating Drpl expression in D-galactose-induced senescent cardio-
myocytes. Additionally, resveratrol can activate Parkin- and PINK1-
mediated autophagy, which is evidenced by the increased LC3-II
expression and decreased TOM20-labeled mitochondrial contents.”*®
Cardiac-specific SIRT1 knockout (SIRT1-KO) mice exhibit diabetic
cardiomyopathy (DCM) characterized by abnormal glucose meta-
bolism, insulin resistance, cardiac hypertrophy, and dysfunction.
The heart tissue extracted from SIRT knockout mice and DCM
showed impaired mitochondrial biogenesis and increased apoptosis.
Resveratrol can alleviate cardiac dysfunction in the DCM mouse heart
by deacetylating PGC-1a, which increases the expression of nuclear
respiratory factor 1 (NRF-1), NRF-2, estrogen-related receptor-o
(ERR-a), and mitochondrial transcription factor A (TFAM) to
improve MD.””” Collectively, these data indicate the potential thera-

peutic role of resveratrol in cardiac hypertrophy.

HO-1 is a cardioprotective inducible enzyme that degrades pro-
oxidant heme into equimolar quantities of carbon monoxide, bili-
verdin, and iron. Dilated cardiomyopathy induced in wild-type
HO-1 knockout and human HO-1 overexpressed mice with IV injec-
tion of DOX showed that increased expression of HO-1 can prevent
DOX-induced mitochondrial fragmentation by increasing Mfn1/2
expression and decreasing Fisl expression. Additionally, it promoted
mitochondrial biogenesis by increased expression of NRF-1, PGCla,
and TFAM. These findings suggest that HO-1 can protect against
oxidative stress-induced cardiac injury and may serve as a novel ther-
apeutic molecule in oxidative stress-induced cardiac injury.**® How-
ever, the role of non-GTPase coordinators in cardiac hypertrophy and
heart failure remains unclear and, thus, studies addressing this special

issue will be worthy of attention to understand the molecular interac-
tion of fusion and fission coordinators in cardiac MD.

Novel therapeutic strategies targeting MD

Several recent studies reported the novel therapeutic strategies for
regulating cardiac MD. For example, the cardiac protective approach
using anesthetic postconditioning is a novel tactic reported to be
effective at preventing subsequent cardiac injury mediated by an I/
R event. It is suggested that exposure to a volatile anesthetic such as
sevoflurane can help cardiac tissue to be more resilient to I/R-induced
injury. In particular, sevoflurane postconditioning (SPostC) can pro-
tect primary neonatal rat cardiomyocytes (NCMs) from hypoxia/re-
oxygenation (H/R) injury by preventing H/R-induced mitochondrial
fission. They indicated that SPostC significantly increased Mfn2 and
Opal expression, but decreased that of Drpl without affecting Mfn1
and Fis expression.””” Another emerging novel approach shown to
have a cardiac-protective effect against cardiac I/R injury via regu-
lating MD 1is remote ischemic preconditioning (RIPC). Cellier
% conducted a RIPC approach of four cycles of alternative 5-
min limb ischemia and 5-min limb reperfusion in male adult rats
and immediately after RIPC, and exposed them to 120 min of

et al.

myocardial ischemia (for both normal and RIPC rats). Their findings
indicated that RIPC rats showed an approximately 28% smaller
infarct size compared to the control group and had increased expres-
sion of Opal and less mitochondrial fragmentation. Nonetheless, the
mechanism of how RIPC controls MD remains uncertain.

In addition, MD is controlled by mitochondrial inner membrane po-
tential, which is determined by the proton and the electrical gradient
across the electron transport chain system. During cardiac patholog-
ical conditions, increased oxidative stress and calcium overload
induce IMM opening and lead to an imbalance in mitochondrial
IMM potential. Disturbance in mitochondrial membrane potential
inhibits mitochondrial fusion and induces mitochondrial fission.
For example, ionophores can disintegrate the mitochondrial mem-
brane potential, leading to abnormal mitochondrial fission by inhib-
iting normal mitochondrial fusion.”® Conversely, cyclosporin A
(CsA) treatment can inhibit the opening of mPTP during I/R-induced
cardiac stress and improve the IMM integrity, thereby maintaining
mitochondrial morphology and preventing mitochondrial fission
and subsequent apoptosis.”*" Intriguingly, treatment with CsA nano-
particles (CsA-NPs), which is CsA incorporated into a poly-lactic/
glycolic acid (PLGA) nanoparticle-mediated mitochondrial targeting
approach, shows a more promising cardioprotection function. In the
murine IR model, intravenous (i.v.) injection of PLGA CsA-NPs at
the onset of reperfusion showed reduced infarct size as compared
to CsA alone.”*” These findings suggest that CsA-NPs could be devel-
oped as an effective mPTP opening inhibitor in cardiac injury. None-
theless, little is known about the therapeutic effect of CsA in cardiac
hypertrophy.

FUTURE PERSPECTIVES AND CONCLUSIONS
MD is a complex process in which the outcome is reflected by the
collaborated fusion or fission events that are regulated by an array
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of fusion and fission proteins. Imbalance increased in either fusion or
fission factors can shift the equilibrium toward one end. Dysregula-
tion in mitochondrial fusion and fission proteins can occur at the
transcriptional (gene expression), epigenetic, and/or posttranslational
levels. Because MD is not a single entity of fusion or fission events, the
harmonization between the two is what decides the final cellular func-
tion and mitochondrial quality control. The expression pattern of
crucial mediators (for example, an increased in fission protein Drpl
and a decrease in fusion protein Mfn2 expression), the fusion and
fission coordinator proteins, as well as their functional changes
upon posttranslational modification, such as phosphorylation and
ubiquitination, are required to be considered as a whole.'*'

Another challenging question is whether there is a specific charac-
teristic in mitochondrial morphology that could determine whether
the changes are due to physiology or pathology. These are very
important issues to address prior to the development of drugs tar-
geting MD since they could help prevent unwanted functional dete-
rioration and adverse events during the treatment. Emerging data
highlight the potential of targeting MD as a new therapy for
combating hypertension and heart failure. Most of these pieces of
evidence pay attention to acute inhibition of mitochondrial fission
or activation of mitochondrial fusion; however, the main challenge
of these approaches is that they will gradually lead to the chronic
manipulation of MD. Most importantly, long-term activation or in-
hibition of either fusion or fission can result in deleterious effects.
Additionally, the significance of changes in mitochondrial shaping
proteins in patients with cardiac hypertrophy and heart failure as
well as whether the inhibition of mitochondrial fission in these set-
tings would be beneficial to mitochondria and cardiac function in
the long term remain unclear. For example, Drpl knockout mice
can experience a cardiotoxic effect due to the tonic and complete
loss of Drpl, which is essential for normal mitochondrial fission,
whereas inhibition of Drpl with pharmacological inhibitors such
as Mdivi-1 or P110 can promote cardioprotective effects because
the effect of the pharmacological intervention is transient and pro-

63
” However,

vides only partial inhibition of mitochondrial fission.”
further work is still needed to better understand the pleiotropic roles
that mitochondrial fusion or fission modulators may play in the
heart and their long-term effects in the organ systems, providing
valuable insights that will guide the clinicians in considering the

application of this approach in human disease models.

In addition, recent studies mainly focused on the quantitative alter-
ations of mitochondrial morphological dynamics, while temporal
consideration has been less appreciated. It is suggested that molecular
deletion of a fission and fusion mediator in a healthy versus diseased
organ may show different effects, and that both transient and partial
inhibition tend to be more beneficial to prevent permanent cardio-
?9% Hence, the pharmacological intervention that often
generates transient and partial inhibition of activated fission pathway
is a more promising approach. A better understanding of the molec-
ular mechanisms that may regulate cardiac hypertrophy is essential
for its clinical implications. Thus, further studies focusing on tempo-

toxic effects.
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ral changes of MD upon genetic manipulation or pharmacological
management are required for the development of a more efficient
therapeutic strategy.

MD is essential for normal cardiac function and plays a crucial role in
cardiac homeostasis as well as in cardiovascular diseases. Disruption
in MD is linked to various types of cardiac hypertrophy, and thus
treatments targeting MD have shown promising results in animal
models. However, due to the lack of efficient tools to study MD in hu-
mans, very little is known about the feasibility and usefulness of these
strategies in patients with cardiac hypertrophy and heart failure. For
the clinical translation of this approach, it is essential to develop tools
to better evaluate MD in patients and couple them with biopsy ana-
lyses. Notably, changes in MD can also be reflected in a decrease in
cardiac ATP production and mitophagy or an increase in cardiac
apoptosis. Thus, the development of indirect biomarkers that can
detect the levels of key mitochondrial modulators, or measuring car-
diac ATP production, will help to evaluate the state of MD in patients
with CVDs. Therefore, it is critical to develop non-invasive tools that
could assess MD, allowing the clinical translation of MD modulation
as a convincing approach.
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