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Abstract

Significance: Mitochondria play a critical role in the physiology of the heart by controlling cardiac metabolism,
function, and remodeling. Accumulation of fragmented and damaged mitochondria is a hallmark of cardiac diseases.
Recent Advances: Disruption of quality control systems that maintain mitochondrial number, size, and shape
through fission/fusion balance and mitophagy results in dysfunctional mitochondria, defective mitochondrial
segregation, impaired cardiac bioenergetics, and excessive oxidative stress.
Critical Issues: Pharmacological tools that improve the cardiac pool of healthy mitochondria through inhibition
of excessive mitochondrial fission, boosting mitochondrial fusion, or increasing the clearance of damaged
mitochondria have emerged as promising approaches to improve the prognosis of heart diseases.
Future Directions: There is a reasonable amount of preclinical evidence supporting the effectiveness of
molecules targeting mitochondrial fission and fusion to treat cardiac diseases. The current and future challenges
are turning these lead molecules into treatments. Clinical studies focusing on acute (i.e., myocardial infarction)
and chronic (i.e., heart failure) cardiac diseases are needed to validate the effectiveness of such strategies in
improving mitochondrial morphology, metabolism, and cardiac function. Antioxid. Redox Signal. 36, 844–863.
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Introduction

Cardiac diseases are the major cause of morbidity and
mortality worldwide, resulting in the death of 17.9

million people every year and costing *$300 billion in
the United States (202). The pathophysiology of cardiac

diseases is multifactorial and includes genetic (i.e., DNA
mutations) and/or environmental factors (i.e., unhealthy
lifestyle) (33, 185). More recently, mitochondrial dys-
function has been highlighted as a hallmark of both es-
tablishment and progression of cardiac diseases (32, 64,
105, 120).
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Mitochondria represent *35% of the cardiomyocyte
volume, categorized as subsarcolemmal, perinuclear, and
intrafibrillar mitochondria. These highly dynamic organelles
control many different aspects of the cell, including, but not
limited to, ATP production, redox signaling, ion homeostasis,
and gene expression (25, 56, 105). Moreover, mitochondrial
metabolism regulates the majority of intracellular events in
cardiomyocytes, ranging from redox signaling to posttrans-
lational modification of proteins (28, 150).

Under stress conditions, mitochondria play a unique role in
triggering and propagating damage throughout the cardio-
myocytes (31, 105). As expected, disruption of mitochondrial
metabolism and/or morphology negatively affects the via-
bility and survival of cardiomyocytes under physiological
and pathological conditions (32, 64). Indeed, genetic defects
in mitochondrial DNA (mtDNA) cause inherited mitochon-
drial diseases and cardiomyopathies (83, 104, 195). There-
fore, the tight control of mitochondrial number, shape, and
metabolism becomes a promising strategy to tackle cardiac
diseases.

This review focuses on the intrinsic mechanisms that
control mitochondrial connectiveness and quality control as
well as their effect on mitochondrial bioenergetics, oxidative
stress, and mtDNA segregation in the heart. We also describe
the contribution of such processes to the pathophysiology of
cardiac diseases and highlight the main pharmacological
approaches targeting mitochondrial dynamics to treat heart
diseases.

Mitochondrial Bioenergetics

Mitochondria are double membrane organelles containing
over 1300 proteins (69). The outer mitochondrial membrane
is more permeable than the inner mitochondrial membrane,
due to the existence of large-pore channels termed porins or
voltage-dependent anion-selective channels, and molecules
with molecular weight less than about 5000 Da are allowed
free passage (19, 132). In contrast, the inner mitochondrial
membrane is a tightly controlled diffusion barrier where
molecules can only cross through specific membrane trans-
port proteins, allowing for two discrete regions to form within
the mitochondria (18, 166, 184). Furthermore, the inner mi-
tochondrial membrane folds into the intramitochondrial
space, termed mitochondrial cristae, which greatly increases
its surface area and allows for the mitochondria to maximize
ATP production.

Mitochondrial ATP production results from two closely
coordinated metabolic processes, the tricarboxylic acid
(TCA) cycle or Krebs cycle, and oxidative phosphorylation
(OXPHOS) (23, 103). The TCA cycle involves a series of
eight enzymatic steps located in the mitochondrial matrix that
oxidizes acetyl coenzyme A from the catabolism of metab-
olites (e.g., fatty acids, glucose, and proteins) to generate the
reduced electron carriers nicotinamide adenine dinucleotide
(NADH) and flavin adenine dinucleotide (FADH2), which
transfer electrons to the electron transport chain (ETC)
(Fig. 1) (23, 180).

OXPHOS is a process that requires the orchestrated action
of four ETC enzyme complexes, complex I–IV, embedded
within the mitochondrial cristae of the inner mitochondrial
membrane (Fig. 1) (71). Each of these complexes comprised
several protein subunits that are associated with a variety of

prosthetic clusters with redox potential (103). Complexes I,
III, and IV form a ‘‘supercomplex,’’ physically interacting
with one another, while complex II represents a point of in-
teraction between TCA cycle and ETC, which occurs through
succinate dehydrogenase (3).

During OXPHOS, NADH and FADH2 are oxidized, and
their electrons are transferred to complex I (NADH-ubiquinone
oxidoreductase) or complex II (succinate-ubiquinone oxi-
doreductase), respectively, and are transported to complex III
(ubiquinol-cytochrome c oxidoreductase) via coenzyme Q.
Complex III transfers the electrons from coenzyme Q to the
mobile electron carrier, cytochrome c, which delivers elec-
trons to complex IV (cytochrome c oxidase), the terminal
complex of the ETC. Once in complex IV, the electrons are
transferred from reduced cytochrome c to molecular oxygen,
the final electron acceptor, to generate water (103). Recently,
Spinelli et al. found that fumarate acts as a terminal electron
acceptor when oxygen is not available (hypoxia) (181).

Concomitant with the transfer of electrons between com-
plexes I, III, and IV, protons are pumped from the mito-
chondrial matrix across the inner mitochondrial membrane,
to the intermembrane space using energy from electrons to
create an electrochemical proton gradient (Fig. 1). This gra-
dient determines the polarization of the inner mitochondrial
membrane (mitochondrial membrane potential), which can
be dissipated by the flow of these protons through the ATP
synthase or complex V (FoF1-ATP synthase) (2, 134). The
proton flow is coupled to the ATP synthesis and leads to the
condensation of ADP and inorganic phosphate (Pi) into ATP,
which, in turn, is the molecular currency of energy transfer
in a cell (2, 81).

The heart has a high demand for ATP synthesis and
elevated oxygen uptake rate, therefore relying mainly on
mitochondrial OXPHOS to maintain its biochemical and
mechanical properties (32, 34). The production of ATP by
mitochondria and the use of this energy by cardiomyocytes
are highly dynamic. Without oxygen, the mitochondrial-
derived ATP supply is only sufficient to power the ATPase
required for contraction (e.g., myosin) and relaxation (e.g.,
sarcoplasmic reticulum calcium ATPase, SERCA) for a few
seconds (124, 135, 160). In healthy hearts, fatty acid catab-
olism, via b-oxidation, is the main substrate utilized for ATP
synthesis (up to 70%), which can vary depending on physi-
ological conditions [for review see Bertero and Maack (21)].

In pathological conditions, such as ischemia/reperfusion
injury (196) and heart failure (191), glucose becomes the
predominant substrate for ATP production. During energy
depletion state, the activation of AMP-activated protein
kinase (AMPK) stimulates translocation of glucose trans-
porters (mainly GLUT-4) from intracellular vesicles to the
sarcolemmal membrane, therefore increasing the rate of
glucose uptake (167). In addition, the shift in cardiomyocyte
ATP substrate dependence involves the suppression of per-
oxisome proliferator-activated receptor (PPAR)-a (PPARa)
signaling (16) and the activation of both hypoxia-inducible
factor 1a (HIF1a) and PPAR, therefore reducing heart ex-
posure to fatty acids (70, 114). This increases glucose uptake
and may contribute to cardiac dysfunction and cell death
(114).

Moreover, impaired cardiac mitochondrial bioenergetics is
associated with defective fatty acid oxidation (120), reduc-
tion of mitochondrial supercomplexes (164), and elevated
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oxidative stress (32, 170), which further leads to cardio-
myocyte degeneration and establishment/progression of car-
diac diseases in both humans and preclinical models.

In cardiac myocytes, mitochondria represent a major
source of reactive oxygen species (ROS). Under physiolog-
ical conditions, *0.12%–2% of the available oxygen is
converted into ROS (24, 122, 182), which plays a key role in
the cardiac redox signaling and affects several intracellular
processes such as protein turnover (26, 29), calcium handling
(107, 198), and contractility properties (148). However, un-
der conditions of stress, electrons can prematurely react with
oxygen in the ETC and generate excessive ROS, which can
interact with different macromolecules (i.e., DNA, lipids, and
proteins) (Fig. 1) (24, 78, 207).

Under this scenario, mitochondrial dysfunction-induced
oxidative stress can disrupt other intracellular systems and
propagate oxidative damage throughout cells, organs, and

systems, therefore contributing to the establishment and
propagation of cardiac diseases [for review see Bozi et al.
(25), Burgoyne et al. (30), and Tsutsui et al. (190)]. To avoid
the deleterious effect of excessive oxidative stress, mito-
chondria contain a variety of enzymatic and nonenzymatic
components of the antioxidant defense systems capable of
scavenging reactive molecules to nontoxic species, such as
the glutathione and thioredoxin systems (Fig. 1) (9) [for
details see review Figueira et al. (66)]. Pharmacological in-
hibition (183) or genetic disruption (85) of thioredoxin sys-
tem compromises mitochondrial redox balance and cardiac
physiology.

Mitochondrial Connectiveness

The mitochondrial network is constantly undergoing
fusion/fission cycles, which together control the transport,

FIG. 1. Proposed model for impaired mitochondrial bioenergetics and redox balance in cardiac diseases based on
previous studies (32, 73, 164), which focused on the interplay between NAD(P)H/NAD(P)1 redox state and mito-
chondrial ROS generation. 4-HNE, 4-hydroxynonenal; a-KG, a-ketoglutarate; GPX, glutathione peroxidase; GR, gluta-
thione reductase; GSH/GSSG, reduced/oxidized glutathione; H2O2, hydrogen peroxide; IDPm, mitochondrial NADP+-
dependent isocitrate dehydrogenase; MCU, mitochondrial Ca2+ uniporter; MDA, malondialdehyde; MEP, malic enzyme;
mNCE, Na+/Ca2+ exchanger; Mn-SOD, Mn2+-dependent superoxide dismutase; O2

-, anion superoxide; OH, hydroxyl
radical; ONOO-, peroxynitrite; PRX, peroxiredoxin; ROS, reactive oxygen species; TCA, tricarboxylic acid; TR, thior-
edoxin reductase; TRXr/o, reduced/oxidized thioredoxin. Created with BioRender.com
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size, morphology, and turnover of mitochondria (Fig. 2) (37).
Collectively, these processes are referred to as mitochondrial
dynamics, which directly affect cell viability, proliferation,
and ATP production, especially in tissues with high meta-
bolic demand, such as the heart (34, 42, 64). Moreover,
mitochondria continuously exchange metabolites, solutes,
proteins, DNA, and membranes through mitochondrial fis-
sion and fusion processes (169). Therefore, disruption of the
mitochondrial fission/fusion balance commonly results in
morphological and functional alterations of the mitochon-
dria, which are tightly associated with several chronic dis-
orders, including cardiac diseases (Fig. 3) (31, 177).

Mitochondrial fusion

Mitochondrial fusion is fine-tuned by three-membrane gua-
nosine triphosphatases (GTPases), the mitofusins (mitofusin 1
[Mfn1] and mitofusin 2 [Mfn2]), located at the outer mito-
chondrial membrane, and the optic atrophy factor 1 (Opa1),
located at the inner mitochondrial membrane (Fig. 2) (179).

Mitofusins contain a GTPase domain involved in the hy-
drolysis of GTP, which is required for mitofusin oligomeri-
zation and fusion of outer mitochondrial membranes to the
adjacent mitochondria (112). Interestingly, mitofusins re-
quire membrane curvature for binding, which is promoted by

the hydrolysis of phospholipase D-dependent cardiolipin (47,
51). In addition, inner membrane fusion requires a similar
process, triggered by Opa1 and coordinated by several other
proteins, including prohibitins (131, 179). The interaction
between cardiolipin and Opa1 is critical for inner mito-
chondrial membrane fusion, forming interconnected and
elongated mitochondria (14).

Mitofusins are responsible for regulating many cellular
processes, including mitochondrial number and morphology
(12, 40), biogenesis (152), calcium homeostasis (27), protein
turnover (35), and apoptosis (118). Mfn2 regulates cell pro-
liferation (52), oxidative metabolism (20), and autophagy (32,
46), and acts as a mitochondrial antiviral signaling protein
(204). Mfn2 is also located at the endoplasmic reticulum and
mitochondria contact sites, aiding in the maintenance of cy-
tosolic and mitochondrial calcium homeostasis (27, 139).

The absence of MFN2 in the mitochondria decreases ox-
ygen consumption (40), membrane potential (12, 157), and
TCA cycle activity (157), which increase with MFN2 over-
expression in embryonic and skeletal muscle cells (12, 157).
Finally, Mfn1 and Mfn2 are required for the stability of
mtDNA, as mitochondrial fusion prevents the accumula-
tion of mtDNA mutations (40, 138). Of interest, mutations
in MFN2 or OPA1 (but not MFN1) cause neurodegenerative
diseases (62, 156).

FIG. 2. Proposed model for mitochondrial fission and fusion. The mitochondrial fission is promoted by Drp1, a
cytosolic GTPase that translocates to the mitochondria upon activation and binds to specific proteins located at the outer
mitochondrial membrane, including mitochondrial Fis1, Mff, MiD49, and MiD51 (37). Drp1-Mff and Drp1-Fis1 interaction
induces two distinct mitochondrial fission signatures and plays a critical role in the mitochondrial physiology and pathology
(106). In addition, Mff, MiD49, and MiD51 are essential for Drp1-dependent mitochondrial scission and release of MDV
(109). Mitochondrial fusion is coordinated by mitofusins (Mfn1 and Mfn2), located at the outer mitochondrial membrane,
and the Opa1, located at the inner mitochondrial membrane. Mitofusins contain a GTPase domain involved in the hydrolysis
of GTP, which is required for the mitofusin oligomerization and fusion of the outer mitochondrial membranes of adja-
cent mitochondria. Drp1, dynamin-related protein 1; Fis1, fission 1 protein; GTPase, guanosine triphosphatase; MDV,
mitochondrial-derived vesicles; Mff, mitochondrial fission factor; Mfn1, mitofusin 1; Mfn2, mitofusin 2; MiD49, mito-
chondrial dynamics protein of 49 kDa; MiD51, mitochondrial dynamics protein of 51 kDa; Opa1, optic atrophy factor 1.
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In the context of cardiac physiology, mitofusins are es-
sential for the maintenance of cardiac function and mor-
phology under physiological and pathological conditions.
The ablation of both mitofusins leads to mitochondrial
fragmentation in cultured myocytes (42) and whole heart
(178), resulting in embryonic lethality in mouse. Conditional
disruption of MFN1 results in cardiac mitochondrial frag-
mentation, with no effects on mitochondrial bioenergetics
and cardiac function under basal conditions (153). In con-
trast, MFN2 deletion results in the accumulation of enlarged
and pleomorphic cardiac mitochondria, which are associated
with a modest mitochondrial bioenergetic dysfunction and
pathological cardiac hypertrophy (151).

The differences in cardiac phenotype between MFN1 and
MFN2 knockout mice might be explained by their unique
biochemical properties and role in mitochondrial dynamics.
For example, MFN1-harboring mitochondria (but not MFN2-
harboring mitochondria) are efficiently tethered in a GTP-
dependent manner (93). Moreover, Mfn1 has higher rate of
hydrolysis and a lower affinity for GTP relative to Mfn2 (93).
Other individual characteristics of Mfn1 and Mfn2, including
posttranslational regulation, protein/protein interaction, and
location, seem to explain their distinct role in mitochondria
fusion, trafficking, turnover, and contacts with other organelles.

Despite their biochemical and functional singularities,
Mfn1 and Mfn2 present a high homology (*80% sequence
identity), therefore suggesting these mitofusins might be
functionally redundant under adverse conditions, which
might explain the lack of severe cardiac phenotypes of MFN1
or MFN2 deficiency mice. In fact, cardiac-specific ablation of
MFN1/MFN2 results in massive accumulation of fragmented
and dysfunctional mitochondria, which severely disrupts
cardiomyocyte sarcomere architecture and results in left
ventricle dysfunction in mice (77, 177). These results suggest

a compensatory mechanism, not necessarily functionally re-
dundant, between Mfn1 and Mfn2 in the maintenance of
cardiac physiology under baseline conditions. However, the
molecular mechanism behind such response remains to be
elucidated.

Counterintuitively, individual or combined MFN1 and
MFN2 deletion protects against ROS-induced cardiomyocyte
death (77, 151, 153). Moreover, MFN2 or MFN1/MFN2 ab-
lation protects mice against in vivo cardiac ischemia/reperfu-
sion injury (77, 151). The role of Mfn1 during in vivo cardiac
ischemia/reperfusion injury still needs to be determined. The
cardiac compensatory effects triggered by ablation of mito-
fusins are associated with reduced interaction between the
mitochondria and sarcoplasmic reticulum (151), mitochon-
drial calcium overload (77, 151, 153), oxidative stress (77,
151, 153), and delay in the opening of the mitochondrial
permeability transition pore (mPTP) (77, 151, 153).

However, the molecular mechanisms behind such re-
sponses are still unknown. The contribution of the mito-
chondrial permeability transition to the cardioprotective
effects triggered by deletion of mitofusins seems unlikely
considering the lack of efficacy of cyclosporine, a pharma-
cological inhibitor of cyclophilin D (a major component of
mPTP), in reducing myocardial infarction in patients with
ST-segment elevation myocardial infarction (49).

Opa1 plays a critical role in regulating mitochondrial
number, cristae organization, and bioenergetic efficiency (57,
94). Cleavage of Opa1 by Yme1l (ATP-dependent zinc me-
talloprotease) (7) or Oma1 (metalloendopeptidase) (59, 79)
is sufficient to induce opposite phenotypes under baseline
and stress conditions. Briefly, constitutive Opa1 cleavage by
Yme1l results into long forms, which are critical to in-
duce mitochondrial fusion and control mitochondrial crista
dynamics (7, 87). On the contrary, stress-induced Opa1

FIG. 3. Mitochondrial
fission/fusion imbalance
and impaired mitophagy
result in defective mito-
chondrial dynamics, which
negatively affects critical
processes in cardiac physi-
ology such as ATP produc-
tion, redox balance, mtDNA
segregation, mitochondrial-
ER tethering, and mito-
chondrial and cytosolic
calcium handling. mtDNA,
mitochondrial DNA; ER,
endoplasmic reticulum.
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cleavage by Oma1 results in short forms, which triggers
mitochondrial fragmentation and cell death (7, 111).

Opa1 levels are reduced in failing human hearts, which is
associated with accumulation of smaller mitochondria (43).
The contribution of Opa1 to cardiac physiology was previ-
ously demonstrated in heterozygous OPA1 mutant mice (44).
Aged OPA1 mutant mice display cardiac accumulation of
fragmented and dysfunctional mitochondria along with ex-
cessive oxidative stress and left ventricle dysfunction when
compared with wild-type littermates (homozygous OPA1
mutation is embryonic lethal) (44). Moreover, posttransla-
tional modification of Opa1 through constitutive and induc-
ible proteolytic cleavage by Yme1l and Oma1, respectively,
plays a key role in cardiac physiology (199). Cardiac deletion
of YMEL1L1 causes accumulation of short forms of Opa1 and
fragmented mitochondria, which are followed by dilated
cardiomyopathy and heart failure in mice (199).

Interestingly, the ablation of the stress inducible OMA1 is
sufficient to neutralize the cardiac negative effects triggered
by OPA1 deletion (199). Similarly, deletion of OMA1 reduces
the number of fragmented mitochondria and mitigates the
progression of heart failure induced by isoproterenol or
hypertension in mice (4). These findings provide evidence
that preventing mitochondrial fragmentation by deleting
OMA1 protects against cell death and heart failure (199).

Mitofusins and Opa1 seem to play a key role in regulating
apoptotic cell death. The proapoptotic proteins Bax and
Bak colocalize with Mfn2 in the outer mitochondrial mem-
brane, which seems to inhibit its pro-fusion effect and favors
the mitochondrial release of cytochrome c and apoptosis-
inducing factor (AIF) (141). Indeed, dominant active mutants
of MFN2 repress Bax activation and cytochrome c release
under proapoptotic conditions (141). Similarly, cells depleted
of Opa1 are very sensitive to exogenous apoptosis induction
(203). Mechanistically, Opa1 suppresses the proapoptotic
action of fission 1 protein (Fis1) (203).

Considering the main role of mitofusins and Opa1 in
controlling mitochondrial fusion and cardiomyocyte viabil-
ity, it is expected that nonpharmacological and pharmaco-
logical approaches capable of rescuing the function of these
proteins will have a positive impact during cardiac degen-
eration. In fact, reestablishing mitochondrial fusion through
exercise (32, 33) or pharmacological intervention (64) is
sufficient to restore mitochondrial bioenergetics and improve
the prognosis of heart failure in preclinical studies. Indeed, an
8-week running treadmill exercise reestablishes cardiac mi-
tochondrial morphology and autophagic flux, therefore im-
proving cardiac oxidative capacity in rats with myocardial
infarction-induced heart failure (32).

Mechanistically, the synergy between mitochondrial fu-
sion and autophagy drives improved bioenergetic efficiency
and cardiovascular fitness induced by exercise. Similarly,
pharmacological sustained treatment with a selective antag-
onist of Mfn1-bIIPKC association (SAMbA) reestablishes
Mfn1 GTPase activity, reduces mitochondrial fragmentation
in heart failure rats, protects cultured neonatal and adult
cardiac myocytes from stress-mediated cell death, and im-
proves cardiac function (64).

Genetic interventions capable of correcting mitochondrial
fusion might be another approach to treat inherited heart
diseases. A recent article demonstrated that genetic correc-
tion of OPA1 variation by using CRISPR-Cas9 technology

improves mitochondrial connectiveness, bioenergetics, lev-
els of mtDNA, and resistance to stress in patient-derived
OPA1 mutant-induced pluripotent stem cells (176). How-
ever, its therapeutic value to treat Opa1-related diseases, such
as autosomal dominant optic atrophy and cardiac disorders,
remains to be determined. Moreover, the potential use of
genetics to correct the mitochondrial fission/fusion imbal-
ance and the consequent mitochondrial dysfunction in car-
diac diseases are still uncertain.

Mitochondrial fission

Mitochondrial fission is characterized by splitting one
mitochondrion into two smaller mitochondria, which is crit-
ical for maintaining mitochondrial quality control and bio-
energetics under baseline and stress conditions (Fig. 2) [for
review see Chan (37)]. The mitochondrial fission process
is orchestrated by the GTPase dynamin-related protein 1
(Drp1). Drp1 is a cytosolic protein that translocates to mi-
tochondria upon activation and binds to specific proteins
located at the outer mitochondrial membrane, including mi-
tochondrial Fis1 (136, 205), mitochondrial fission factor (Mff)
(145), mitochondrial dynamics protein of 49 kDa (MiD49), and
mitochondrial dynamics protein of 51 kDa (MiD51) (123, 149).

Drp1 translocation to mitochondria is induced by many
different factors in cardiomyocytes, including b-adrenergic
stimulation (97), ischemia/reperfusion injury (53), and ex-
ercise (32). Upon Drp1 translocation and binding to afore-
mentioned proteins at constriction sites, it polymerizes
around the organelle and through the hydrolysis of GTP,
changes its conformation to constrict both the outer and inner
membranes, leading to mitochondrial fission and accumulation
of smaller and spherical mitochondria (Fig. 2) (53, 92, 129).

Fragmented and dysfunctional mitochondria are not re-
incorporated into the mitochondrial network, inducing the
autophagy-mediated removal of these organelles (Fig. 2). In
this scenario, Drp1 plays a key role in cardiac autophagy-
mediated mitochondrial removal, also termed mitophagy,
and mitochondrial quality control (90, 178). These findings
demonstrate the critical role of Drp1 in maintaining cardiac
biochemistry homeostasis and contractility properties under
physiological conditions.

Under pathological conditions, such as myocardial in-
farction, a pro-fission phenotype along with impaired
mitophagy results in accumulation of fragmented and dys-
functional mitochondria, therefore facilitating the propaga-
tion of damage and cardiac degeneration over time (53).
Cardiac ablation of DNM1L results in reduction of mito-
chondrial membrane potential, induction of mPTP (178),
impaired mitochondrial respiration (96, 192), and disruption
of mitophagy (178), therefore contributing to cardiomyocyte
necrosis and dilated cardiomyopathy in mice (90, 177, 178).
Mitochondrial translocation of Drp1 is also involved in car-
diac ischemic damage, where pharmacological inhibition of
Drp1 protects cardiomyocytes in culture and whole heart
from ischemia/reperfusion injury (144).

Fis1 is another player involved in mitochondrial fragmen-
tation under baseline and stress conditions (Fig. 2) (89). In-
terestingly, Fis1 is highly expressed in cardiac cells, therefore
suggesting its important role in heart physiology (89).

During ischemia/reperfusion injury, both Fis1 and Drp1
are upregulated in neonatal and adult cardiomyocytes (84,
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208). Under this scenario, upstream signaling events favor
Drp1 activation and the consequent interaction with Fis1
at the outer mitochondrial membrane (205). This interac-
tion results in an excessive accumulation of fragmented/
dysfunctional mitochondria and redox imbalance (53). Fis1
also binds to mitochondrial fusion proteins (Mfn1, Mfn2, and
Opa1) and inhibits their GTPase activity, thus blocking mi-
tochondrial fusion in mammalian cells (206). These findings
suggest that Fis1 triggers mitochondrial fragmentation also in
a Drp1-independent manner. However, this novel role of Fis1
remains to be determined in the context of cardiac physiology.

Mechanistically, there are at least two functionally distinct
mitochondrial fission molecular signatures that predict the
biogenesis of new mitochondria (midzone division) and
the clearance of fragmented and dysfunctional mitochon-
dria (periphery division) (106). Mitochondrial fission in the
midzone and periphery occurs through Drp1-Mff interac-
tion and Drp1-Fis1 interaction, respectively (Fig. 2) (106).
Moreover, midzone mitochondrial division is marked by
endoplasmic reticulum (ER)/mitochondria contact sites (106)
and relies on Golgi-derived vesicles (137). The function of
these protein/protein interactions to mitochondrial fission, as
well as its contribution to physiological and pathological
conditions, has only recently been elucidated (100, 110).

The Drp1-Mff interaction plays a critical role during
physiological mitochondrial fission and function (110). Dis-
ruption of Drp1-Mff interaction, using a rationally designed
peptide, is sufficient to reduce ATP levels and impair mito-
chondrial morphology, leading to behavioral deficits and
progression of Huntington’s disease in mice (110). On the
contrary, Drp1-Fis1 interaction seems to be important for
mitochondrial division under adverse conditions such as
mitochondrial oxidative stress, impaired calcium homeostasis,
and reduced membrane potential (106). This type of mito-
chondrial fission must be linked to mitochondrial clearance
through autophagy. However, autophagy is generally impaired
under degenerative conditions, which might result in accu-
mulation of fragmented/dysfunctional mitochondria.

Under these conditions, pharmacological inhibition of
excessive Drp1-Fis1 interaction by a cell-permeable peptide
termed p110 is sufficient to avoid accumulation of smaller/
dysfunctional mitochondria (159) and protect against car-
diovascular (53) and neurodegenerative diseases (67, 99, 100,
102). More recently, König et al. demonstrated that Mff,
MiD49, and MiD51 are essential for Drp1-dependent mito-
chondrial scission and release of mitochondrial-derived vesi-
cles (MDV) (Fig. 2) (109).

In summary, a coordinated response involving induction of
key mitochondrial fission genes, upstream activation of Drp1
(137), and the bimodal mitochondrial division through Drp1-
Mff interaction and Drp1-Fis1 interaction (106) dictates the
mitochondrial fission rate in heart physiology (106) from
embryonic development (41, 95), cardiomyocyte differenti-
ation (99), to adult cardiomyocytes (53) under baseline and
pathological conditions.

Mitophagy

Mitophagy is a process that selectively targets dysfunc-
tional mitochondria for removal and is closely linked to mi-
tochondrial fission and fusion (Fig. 4) [for review see
Palikaras et al. (147)].

Briefly, under physiological conditions, PINK1 (PTEN-
induced kinase 1) is targeted and imported to the inner mi-
tochondrial membrane to be degraded by mitochondrial
proteases (46, 128). However, under stress conditions, when
the mitochondrial membrane potential is reduced, this pro-
cess is disrupted and PINK1 accumulates on the outer mi-
tochondrial membrane. PINK1 then phosphorylates and
recruits Parkin (a cytosolic E3-ubiquitin ligase) to the mito-
chondrial surface (39, 108, 113). Parkin-mediated ubiquiti-
nation of outer mitochondrial membrane proteins results in
the recruitment of autophagy adaptors (p62, OPTN, and
NDP52) and initiates autophagosome formation through LC3
binding and the subsequent lysosomal degradation of au-
tophagosome engulfed mitochondria (Fig. 4) (80, 162).

The PINK1-Parkin pathway affects mitochondrial fission
and fusion at different levels. PINK1 indirectly triggers Drp1
translocation to the mitochondrial surface, therefore pro-
moting fission of dysfunctional mitochondria, which enables
their removal through autophagy (158). In coordination with
Drp1 activation, PINK1-Parkin-mediated phosphorylation
and proteasomal degradation of Mfn1 also contribute to mi-
tochondrial fragmentation and removal of dysfunctional
organelles (187). The activation of the PINK1-Parkin path-
way results in Mfn2 phosphorylation and disruption of ER/
mitochondria contact sites, which are critical for the mainte-
nance of calcium handling, bioenergetic profile, and contrac-
tility properties of cardiomyocytes (46).

Mitochondrial fission/fusion balance and clearance are
also regulated by mitophagy receptors located at the outer
mitochondrial membrane, including NIX (NIP3-like protein
X) (163), BNIP3 (BCL2 interacting protein 3) (119), and
FUNDC1 (FUN14 domain-containing protein 1) (45). The
activation of these receptors is critical to control mitochon-
drial number, size, and metabolism under both health and
disease conditions (60). BNIP3 promotes fission and removal
of damaged mitochondria in cardiomyocytes through PINK1
stabilization, inhibition of Opa1 assembly, and Drp1 trans-
location to the mitochondrial surface (119).

There are also other PINK1-Parkin-independent mecha-
nisms of mitophagy [for review see Palikaras et al. (147)].
For example, mitochondrial protein FUNDC1 is located at
the outer mitochondrial membrane and has been linked to
mitophagy under hypoxia or mitochondrial membrane po-
tential dissipation (45, 121). Phosphorylation of FUNDC1
and the consequent inhibition of FUNCD1-mediated mito-
phagy result in excessive accumulation of ROS, therefore
impairing cardiac redox homeostasis and mitochondrial me-
tabolism (208).

Overall, mitophagy plays a critical role in maintaining the
pool of healthy mitochondria under physiological and ad-
verse conditions [i.e., accumulation of mtDNA mutations
(192)]. Recent studies provide evidence that dysfunctional
mitophagy culminates in the accumulation of damaged mi-
tochondria and degeneration of organs with high demand for
ATP synthesis and elevated oxygen uptake rate, such as the
heart (22, 32). For example, PINK1 protein levels are reduced
in failing hearts (22), and mitophagy is impaired in both aged
and failing hearts in mice (86).

There are several findings from preclinical studies sup-
porting the key role of mitophagy in heart physiology. Parkin-
deficient mice accumulate dysfunctional mitochondria
and have elevated levels of oxidative stress, along with
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pathological cardiac remodeling and reduced left ventricle
fractional shortening (74, 86). Furthermore, genetic disrup-
tion of PINK1-PARK2-mediated mitophagy results in lethal
heart failure in mice (74), and PARK2-deficient Drosophila
heart tubes display progressive cardiomyopathy (46). Lastly,
Parkin knockout mice are more sensitive to myocardial in-
farction, have a higher mortality rate, and a bigger infarct size
when compared with wild-type (115).

The PINK1-Parkin pathway is also involved in the car-
dioprotective effects of ischemic preconditioning. Genetic
disruption of the PARK2 pathway abolishes ischemic pre-
conditioning (the benefit of short ischemic events before pro-
longed ischemia) in mice (88). Pharmacological inhibition of
autophagy and the consequent impairment of mitochondria
clearance were found to prevent the positive effects of exercise
in reestablishing the pool of healthy mitochondria, redox bal-
ance, and contractilityproperties of failing hearts in rats (31, 32).

Counterintuitively, mitophagy overactivation can nega-
tively affect cardiac physiology. The overexpression of mi-
tophagy receptors NIX and BNIP3 maximizes the cardiac
damage induced by myocardial infarction (55). Moreover,
genetic disruption of BNIP3 is sufficient to decrease apo-
ptosis and improve cardiac remodeling and function in a
model of postmyocardial infarction in mice (55).

In summary, functional mitophagy, as well as its inter-
dependence with mitochondria fission and fusion, plays a

critical role in the maintenance of cardiac mitochondrial
morphology, mtDNA content, bioenergetics, and cell death
(Fig. 3) (31), therefore affecting cardiac metabolism, redox
homeostasis, and contractility properties in health and disease.

mtDNA Heteroplasmy

The mitochondria of most eukaryotic organisms contain
their own circular DNA, which has a high density of genetic
information and is maternally inherited (133, 143). In hu-
mans, mtDNA is circular, double-stranded, *16.6 base pairs
in length, and located in the mitochondrial matrix (133).
mtDNA encodes 37 genes, of which 13 encode peptide
subunits critical for complexes I, III, and IV and ATP syn-
thase, while complex II is encoded only by a nuclear genome
(8). In addition, 22 transfer RNAs and 2 ribosome-coding
RNAs are encoded by mtDNA (143). Unlike the nuclear
genome, mtDNA is not protected by histones—it is organized
into nucleoids (an mtDNA-protein complex). Since mtDNA
is located in the mitochondrial matrix, it is more vulnerable to
ROS oxidation produced during OXPHOS, making the mi-
tochondrial genome more susceptible to mutations (174).

mtDNA is characterized by a high copy number, and the
coexistence of wild-type and mutated mtDNA in the cell is
defined as heteroplasmy (Fig. 5) (174). The prevalence rate
for mtDNA mutations is *1 in 5000 individuals (75). In

FIG. 4. Proposed model
for mitochondrial mito-
phagy. (A) Mitophagy
selectively targets dysfunc-
tional mitochondria for re-
moval and is closely linked
to mitochondrial fission and
fusion (147). PINK1-Parkin-
mediated mitophagy is trig-
gered by mitochondrial de-
polarization, which results in
PINK1 accumulation in the
outer mitochondrial mem-
brane and the subsequent
phosphorylation/recruitment
of Parkin (a cytosolic E3-
ubiquitin ligase) to the mito-
chondrial surface (133, 171).
(B) Parkin-mediated ubiqui-
tination of outer mitochon-
drial membrane proteins
results in the recruitment of
autophagy adaptors (p62,
OPTN, and NDP52) and ini-
tiates autophagosome forma-
tion through LC3 binding
and the subsequent lysosomal
degradation of autophago-
some engulfed mitochondria
(127, 140). PINK1, PTEN-
induced kinase 1.
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healthy humans, low-level heteroplasmy is usually detected
but well tolerated. Most mtDNA mutations are recessive and
must accumulate to negatively affect mitochondrial bioen-
ergetics (188). The maximum threshold to tolerate mutations
differs among cell types, tissue, or individual (133, 155, 197).
Heteroplasmy levels are dynamic and constantly changing,
since mtDNA replication occurs throughout the cell cycle.
Many point mutations and deletions of mtDNA may arise at
embryonic development or over time as heteroplasmy in-
creases (68, 185).

Leber hereditary optic neuropathy (LHON) was the first
evidence that mutations of mtDNA maternally inherited
could trigger the development of chronic diseases (83), such
as cardiomyopathy (82) and diabetes (13). Mothers with high
rates of heteroplasmy are more likely to have children with
mtDNA mutations. However, the symptoms will only show
up according to the percentage of heteroplasmy (197).

In somatic cells, pathogenic mtDNA mutations can arise
from replication errors, oxidative stress-induced DNA dam-

age, and/or a defect in the mtDNA repair machinery. Indeed,
accumulation of mtDNA mutations (*60%–90% mutant
to wild-type DNA) has a negative impact on mitochon-
drial bioenergetics, especially in tissues highly dependent on
mitochondrial ATP (68, 143, 185). Furthermore, mutations
in nuclear genes responsible for mtDNA replication and
transcription, such as mitochondrial transcription factor A
(TFAM), DNA polymerase POLG, and RNA polymerase
(POLRMT), can promote mtDNA mutation and be linked to
several chronic diseases (6), including aging phenotypes and
reduced life span (189). Therefore, the levels of heteroplasmy
are the main determinant for the onset and severity of mito-
chondrial diseases.

Accumulation of mtDNA mutations in genes that encode
subunits of the ETC complex likely results in mitochon-
drial dysfunction and redox imbalance. This phenotype has a
major effect in organs highly dependent on mitochondrial
ATP synthesis, including the central nervous system (168),
skeletal muscle (197) and heart (195). Clinical studies dem-
onstrate the relationship between cardiac diseases and mtDNA
mutations, although the molecular mechanisms are still
poorly understood (82, 91, 104, 195). Cardiomyopathy af-
fects *20% of individuals with mitochondrial disease and
has been related to high heteroplasmy levels in the cardiac
tissue and early mortality in children (82, 91).

In a recent study, unique mutations were found to be en-
riched in stroke and myocardial infarction patients when
compared with healthy individuals (195). Briefly, mtDNA
mutations (m16145G>A and m.16311T>C) detected in stroke
patients were positively associated with potential genetic
risk factors. Contrasting, another set of mtDNA mutations
(m.72T>C, m.73A>G, and m.16356T>C) found in myocar-
dial infarction individuals was inversely associated with
potential genetic risk factors (195). Different mitochon-
drial mutations have been found in leukocytes from the
Russian (m.5178C>A and m.14459G>A) and Mexican
(m.13513G>A and m.652insG) populations, and are associ-
ated with increased cardiovascular risk factors (104).

mtDNA mutations have also been associated with dis-
rupted mitochondrial morphology, which may contribute to
the development of heart failure (11). Taken together, these
data suggest that accumulation of mtDNA mutations con-
tributes to the establishment and progression of cardiac
diseases. Therefore, evolutionary conserved systems capa-
ble of controlling mitochondrial heteroplasmy, such as
mitochondrial fission, fusion, and clearance, are important
to counteract or mitigate mtDNA mutation-induced heart
diseases.

mtDNA Segregation

mtDNA can be segregated along the maternal germ line
or in somatic cells and tissues (68, 185). The segregation
is highly dynamic, and heteroplasmy levels constantly shift
between daughter cells (Fig. 5) (185). During germ line
segregation, a reduced number of mtDNA is transmitted from
the mother to the offspring within each oocyte, a phenome-
non known as a ‘‘genetic bottleneck,’’ which explains the
different heteroplasmy levels and clinical disease severity
between generations (48, 68). As discussed, mtDNA muta-
tions may also increase during the lifetime through random
replication in nondividing (postmitotic) cells, such as

FIG. 5. Proposed model for mitochondrial segregation
under accumulation of inherited or stress-mediated
mtDNA mutations. Coexistence of wild-type (black circle)
and mutated (red circle) mtDNA in the same cell is defined
as mtDNA heteroplasmy, directly regulated and selected by
constant events of mitochondrial fission, fusion, and mito-
phagy (142, 192). Defective mitochondrial dynamics results
in accumulation of mtDNA mutations, mitochondrial dys-
function, and the consequent reduction of cell viability (117).
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cardiomyocytes, a phenomenon that is related to aging (185).
For these reasons, both mitochondrial fusion and fission, and
mitophagy, are critical to ensure proper selection and/or
transmission of mtDNA (1, 143, 192).

mtDNA copy number and turnover, as well as mtDNA
segregation rate, are directly affected by changes in mito-
chondrial number and the continual exchange of mito-
chondrial content during mitochondrial fission, fusion,
and clearance (142, 192). mtDNA is continuously replicated
and exchanged between mitochondria during the lifetime
through mitochondrial fission and fusion events. This pro-
cess favors the distribution and propagation of mitochon-
drial genetic information throughout the cell during
mitochondrial network reorganization (38, 42, 200). In the
case of dividing cells, mitochondrial dynamics is crucial
for the transmission of mtDNA content to daughter cells
(Fig. 5).

The effectiveness of mitochondrial dynamics in regulating
mtDNA distribution and segregation seems to be tissue- and
cell-type-specific, and is affected by the mitochondrial bio-
energetic state and redox balance (15, 142, 192). However,
the molecular mechanisms regulating these processes re-
main elusive.

Mitochondrial fission/fusion and mtDNA segregation

Mitochondrial fusion plays a key role in regulating both
stability and tolerance of mtDNA mutation in skeletal muscle
(42) and mtDNA replication in the heart (161). Patients with
mutation in MFN2 and OPA1, responsible for mitochondrial
fusion, display increased mtDNA instability (5, 165), which
is associated with Charcot-Marie-Tooth type 2A and domi-
nant optic atrophy degenerative diseases, respectively (50,
209). Furthermore, mitofusin-deficient mice show a marked
reduction of mtDNA levels and an increase in both mtDNA
point mutations and deletions, which are accompanied by
mitochondrial myopathy in skeletal muscle. These find-
ings suggest that the maintenance of mtDNA copy number
relies on mitochondrial fusion, which is essential to main-
tain mitochondrial function and muscle contractility proper-
ties (42).

Mitochondrial fission is also important in controlling
mtDNA number (Fig. 5). Defective mitochondrial fission in
DNM1L knockout HeLa cells reduces both mtDNA stability
and ATP production, correlating with inhibition of cell pro-
liferation and viability (154). Of interest, mitochondrial fis-
sion often occurs adjacent to nucleoids, which suggests a role
for mitochondrial division during mtDNA replication and
distribution. Indeed, deficient mitochondrial fission results in
nucleoid clustering and the consequent dysfunctional mito-
chondrial bioenergetics (15, 116, 142). Finally, mtDNA
segregation seems to be regulated by midzone mitochon-
drial division through Drp1-Mff interaction, but not Drp1-
Fis1 interaction, which is likely associated with peripheral
mitochondrial fission and clearance of mitochondrial de-
bris (106).

Muscle-specific DNM1L knockout mice display severe
mtDNA nucleoid clustering, which is associated with re-
duced mitochondrial bioenergetics, dilated cardiomyopathy,
and neonatal lethality during heart development (96). In
contrast, Jokinen et al. demonstrated that reduced mito-
chondrial fission in DNM1L mutant animals does not affect

cardiac mtDNA segregation (98). This discrepancy may be
due to the difference in the time-window that was examined
in these studies; in the later study, measurements were con-
ducted before the onset of dilated cardiomyopathy and heart
failure. Therefore, whether mitochondrial fission and fusion
play a role in cardiac mtDNA segregation under pathological
conditions remains to be determined.

Mitophagy and mtDNA segregation

Mitophagy, another critical system involved in mito-
chondrial quality control, plays an important role in the
maintenance and selection of mtDNA. In general, dysfunc-
tional and depolarized mitochondria are identified, targeted,
engulfed by autophagosome, and degraded by lysosomes,
thereby contributing to selected removal of mtDNA (Fig. 4)
(72, 186). It is also expected that a coordinated response
between mitochondrial fission/fusion and mitophagy facili-
tates the clearance of damaged mitochondria, therefore
mitigating the propagation of mtDNA mutations and mtDNA
heteroplasmy (Fig. 5).

A seminal study by Twig et al. demonstrated that mito-
chondrial fission followed by selective fusion segregates
dysfunctional mitochondria, allowing for elimination through
mitophagy (192). In fact, induction of mitochondrial depo-
larization or overexpression of Parkin optimizes the clear-
ance of deleterious mtDNA in heteroplasmic cells (186). As
expected, defective mitophagy increases mtDNA hetero-
plasmy by accumulating mtDNA mutations, which is related
to several genetic diseases, such as hereditary Parkinson’s
disease (42, 186).

The role of mitophagy in removing deleterious mtDNA
has been underexplored in the context of cardiovascular
diseases. Induction of mtDNA damage in a transgenic mouse
model overexpressing the mutant uracil-DNA glycosylase
(mutUNG1) causes a rapid congestive heart failure and pre-
mature death (117). These animals display accumulation of
dysfunctional mitochondria, therefore suggesting a disrup-
tion of the mitochondrial fission/fusion balance and/or mi-
tophagy (117). However, the contribution of mitochondrial
dynamics to mutUNG1-induced cardiac phenotype was not
addressed in the study.

In another study using a mouse model that accumulates
mtDNA damage due to a proofreading-defective mtDNA
polymerase c (POLG), cardiac Parkin protein levels were
reduced with aging (201). However, these transgenic mice do
not present impaired mitochondrial bioenergetics or cardiac
dysfunction compared with wild-type. Under these condi-
tions, neither cardiac-specific overexpression nor global de-
letion of PARK2 affects the cardiac phenotype of POLG mice
(201). These findings suggest that Parkin-mediated mito-
phagy is not essential for the maintenance of mitochondrial
quality control in a preclinical model of cardiac mtDNA
damage and aging.

Overall, the mechanisms underlying the clearance of
deleterious mtDNA under health and disease conditions are
still under debate. However, there is a reasonable amount of
evidence suggesting that a coordinated response between
mitochondrial fission/fusion and mitophagy plays an im-
portant role in controlling mtDNA heteroplasmy, which
might have an impact on the onset and progression of car-
diac disease.
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Potential Therapeutics Targeting Mitochondria
Fission and Fusion in Cardiac Diseases

As previously discussed, disruption of mitochondrial
quality control through impaired mitochondrial fission, fu-
sion, or defective mitophagy negatively affects mitochon-
drial number, size, and shape. These changes ultimately
result in excessive accumulation of damaged mitochondria,
compromised mitochondrial segregation, impaired bioener-
getics, and oxidative stress, which together contribute to the
establishment and progression of cardiac diseases (Fig. 6).
Therefore, it is expected that pharmacological strategies that
reestablish mitochondrial connectiveness through inhibition
of pathological mitochondrial fission, boosting mitochondrial
fusion, or facilitating the clearance of dysfunctional mito-
chondria will abolish or mitigate cardiac mitochondrial
dysfunction and therefore become a promising approach to
improve the prognosis of cardiac diseases (193).

Different strategies targeting mitochondria biology, such
as small interfering RNA (siRNA), CRISPR-Cas9 gene
editing, small molecules, or short peptides, have been suc-
cessfully tested in preclinical studies of cardiac diseases. The
mitochondrial fission inhibitors mdivi-1 (58, 126), P110 (76),
Drp1 siRNA (172), or calcineurin inhibitor (175) efficiently
reverse the acute damage induced by ischemia/reperfusion
injury in different tissues, including the brain, heart, and
kidney. Treatment with mdivi-1, a Drp1 inhibitor, before
ischemia attenuates mitochondrial damage and myocardial
infarct size in mice subjected to transient coronary artery
occlusion (126). Of interest, mdivi-1 poorly inhibits recom-
binant Drp1 GTPase activity in vitro (58, 125).

A recent study demonstrates that mdivi-1, at the same
concentration that reduces mitochondrial fragmentation, re-
versibly inhibits mitochondrial complex I-dependent oxygen
consumption and ROS production, even in the absence of
DNM1L (125). Moreover, mdivi-1 induces mitotic spindle
abnormalities and mitosis arrest by inhibiting tubulin poly-
merization in a Drp1-independent manner (61), which might
affect fibroblast-mediated cardiac remodeling, function, and
inflammation during pathological conditions (194). In sum-

mary, Drp1-independent effects of mdivi-1 remain a major
issue limiting its use as a promising candidate to treat cardiac
diseases.

Inhibition of Drp1-Fis1 interaction by the short peptide P110
(53, 102) reduces Drp1 enzymatic activity and efficiently blocks
mitochondrial fragmentation in different cellular and animal
models of cardiac diseases (Fig. 6) (53, 76, 101). The admin-
istration of P110 at the onset of reperfusion reduces cardiac
accumulation of fragmented and dysfunctional mitochondria
induced by ex vivo ischemia/reperfusion injury in rats (53). A
single dose of P110 peptide at reperfusion is sufficient to inhibit
mitochondrial fragmentation and increase mitochondrial size
and bioenergetic profile after in vivo transient coronary artery
occlusion in animals (53). These P110-mediated changes result
in improved cardiac contractility properties when measured 3
weeks after myocardial infarction surgery (53).

Importantly, in contrast to mdivi-1, P110 does not inhibit
basal activity of Drp1 in vivo, even after 5 months of treat-
ment (54). P110 blocks pathological Drp1-Fis1 interaction
and does not affect Drp1 binding to other adaptor proteins
involved in physiological mitochondrial fission (i.e., Mff)
(159). In summary, inhibition of DNM1L, specifically by tar-
geting Drp1-Fis1 protein/protein interaction, seems to have a
therapeutic potential in preventing ischemia-induced cardiac
injury and the subsequent establishment of heart failure
(Fig. 6). Similar protective results are observed in other de-
generative diseases, including diabetes (173), Huntington’s
disease (54, 76), amyotrophic lateral sclerosis (102), Parkin-
son’s disease (67, 159), and Alzheimer’s disease (101).

The therapeutic use of peptides targeting mitochondrial
fission and fusion has promising opportunities due to their
high specificity and affinity to their targets as well as ease of
modification and high biocompatibility, therefore having
relatively few off-target effects.

The use of rationally designed peptides targeting selective
protein/protein interaction has been successfully used in
clinics to treat cancer [for review see Araste et al. (10)] and is
well tolerated in patients with cardiac diseases (17). How-
ever, there are still some challenges for peptides as thera-
peutic entities, including a short half-life and lack of

FIG. 6. Proposed model
for therapeutics targeting
mitochondrial dynamics.
Impaired mitochondrial
fission/fusion and mitophagy
and the consequent accu-
mulation of fragmented and
dysfunctional mitochondria
are common hallmarks of
cardiac diseases. Pharmaco-
logical interventions that
improve mitochondrial con-
nectiveness and clearance
such as P110, Mdivi-1, or
SAMbA play a critical role
in the maintenance of mito-
chondrial health, therefore
becoming potential novel
therapeutic targets for cardiac
diseases. SAMbA, selective
antagonist of Mfn1-bIIPKC
association.
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intracellular penetration compared with small molecules.
Overall, both opportunities and novel strategies to circum-
vent the therapeutic challenges place rationally designed
peptides targeting mitochondria, such as p110, as promising
candidates to treat cardiac diseases.

Another strategy was recently developed to address mi-
tochondrial fragmentation in failing hearts. In this case, the
excessive accumulation of fragmented and dysfunctional
mitochondria occurs throughout an excessive interaction
between protein kinase C bII (PKCbII) and Mfn1 at the outer
mitochondrial membrane, which results in PKCbII phos-
phorylation and the consequent inhibition of Mfn1 in a ro-
dent model of myocardial infarction-induced heart failure
(64, 65).

Under this scenario, the design and synthesis of a selective
short peptide capable of attenuating PKCbII-Mfn1 interac-
tion, termed SAMbA, are sufficient to counteract excessive
mitochondria fragmentation in heart failure (Fig. 6) (64).
Targeting intermolecular associations is a promising strat-
egy to mitigate detrimental biological processes in a
highly selective manner (63, 64, 146). The development of
short peptides derived from protein interfaces that tran-
siently affect intermolecular interaction, and therefore act
as competitive inhibitors, becomes a useful tool to counter-
act the establishment and progression of cardiac diseases (25,
64, 130).

SAMbA protects primary culture of cardiac myocytes
against angiotensin II-induced mitochondrial dysfunction
and cell death (64). SAMbA treatment also improves heart
failure outcome in a rat of model of myocardial infarction-
induced heart failure (64). Sustained SAMbA delivery im-
proves both morphological and functional properties of
failing hearts compared with vehicle-treated heart failure
animals. These changes in SAMbA-treated heart failure an-
imals are paralleled by a series of biochemical modifications
in failing hearts, including reduction in the number of frag-
mented mitochondria, improvement of mitochondrial OX-
PHOS efficacy, and redox homeostasis.

These findings unravel the contribution of PKCbII-Mfn1
association in disrupting the mitochondrial fission/fusion
balance in heart failure, therefore highlighting PKCbII-
Mfn1 interaction as a promising target to develop novel
pharmacological interventions capable of improving mi-
tochondrial health and heart failure outcome in patients.
Note that cardiac overactivation of PKCbII and accumu-
lation of dysfunctional mitochondria are also present in
both heart failure with reduced ejection fraction (HFrEF)
and heart failure with preserved ejection fraction (HFpEF)
patients (36).

Summary and Perspectives

The unique role of mitochondria as intracellular nodes and
multieffector players involved in the maintenance of cardiac
homeostasis in health and disease has been recently recog-
nized. Under this scenario, extensive work has been per-
formed to decipher the most critical processes involved in
mitochondrial dysfunction and its contribution to cardiac
diseases. As discussed above, the quality control mechanisms
that regulate mitochondrial fission/fusion balance and re-
moval play a critical role in the maintenance of mitochondrial
health, therefore becoming potential novel therapeutic targets

for cardiac disease. New targets affecting mitochondrial
fission/fusion balance and clearance have been recently tested
in many preclinical models, therefore paving a new road for
the development of interventions capable of improving mi-
tochondrial function to treat cardiac diseases.

Finally, many efforts have been made to identify and
validate promising targets affecting mitochondrial quality
control. However, the development and improvement of
available strategies to increase tissue and cell permeability,
as well as drug delivery inside mitochondria, are critical for
the translation of these molecules targeting mitochondrial
quality control to the clinic. Therefore, combined strategies
to approach and treat defective mitochondrial fission/fusion
balance and mitophagy seem to be a promising way to design
effective interventions and develop new therapies for com-
plex and multifactorial diseases such as cardiac diseases.
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Blanchard D, Grollier G, Malquarti V, Staat P, Sudre A,
Elmer E, Hansson MJ, Bergerot C, Boussaha I, Jossan C,
Derumeaux G, Mewton N, and Ovize M. Cyclosporine
before PCI in patients with acute myocardial infarction. N
Engl J Med 373: 1021–1031, 2015.

50. Delettre C, Lenaers G, Griffoin JM, Gigarel N, Lorenzo C,
Belenguer P, Pelloquin L, Grosgeorge J, Turc-Carel C,
Perret E, Astarie-Dequeker C, Lasquellec L, Arnaud B,
Ducommun B, Kaplan J, and Hamel CP. Nuclear gene
OPA1, encoding a mitochondrial dynamin-related protein,
is mutated in dominant optic atrophy. Nat Genet 26: 207–
210, 2000.

51. DeVay RM, Dominguez-Ramirez L, Lackner LL, Hoppins
S, Stahlberg H, and Nunnari J. Coassembly of Mgm1
isoforms requires cardiolipin and mediates mitochondrial
inner membrane fusion. J Cell Biol 186: 793–803, 2009.

52. Ding Y, Gao H, Zhao L, Wang X, and Zheng M. Mito-
fusin 2-deficiency suppresses cell proliferation through
disturbance of autophagy. PLoS One 10: e0121328, 2015.

53. Disatnik MH, Ferreira JCB, Campos JC, Gomes KS,
Dourado PMM, Qi X, and Mochly-Rosen D. Acute inhi-
bition of excessive mitochondrial fission after myocardial
infarction prevents long-term cardiac dysfunction. J Am
Heart Assoc 2: 1–14, 2013.

54. Disatnik MH, Joshi AU, Saw NL, Shamloo M, Leavitt
BR, Qi X, and Mochly-Rosen D. Potential biomarkers to
follow the progression and treatment response of Hun-
tington’s disease. J Exp Med 213: 2655–2669, 2016.

55. Diwan A, Krenz M, Syed FM, Wansapura J, Ren X,
Koesters AG, Li H, Kirshenbaum LA, Hahn HS, Robbins
J, Jones WK, and Dorn GW. Inhibition of ischemic car-
diomyocyte apoptosis through targeted ablation of Bnip3
restrains postinfarction remodeling in mice. J Clin Invest
117: 2825–2833, 2007.

56. Doenst T, Nguyen TD, and Abel ED. Cardiac metabolism
in heart failure: implications beyond ATP production.
Circ Res 113: 709–724, 2013.

57. Del Dotto V, Mishra P, Vidoni S, Fogazza M, Maresca A,
Caporali L, McCaffery JM, Cappelletti M, Baruffini E,
Lenaers G, Chan D, Rugolo M, Carelli V, and Zanna C.
OPA1 isoforms in the hierarchical organization of mito-
chondrial functions. Cell Rep 19: 2557–2571, 2017.

58. Duan C, Wang L, Zhang J, Xiang X, Wu Y, Zhang Z, Li
Q, Tian K, Xue M, Liu L, and Li T. Mdivi-1 attenuates
oxidative stress and exerts vascular protection in ische-
mic/hypoxic injury by a mechanism independent of Drp1
GTPase activity. Redox Biol 37: 101706, 2020.

59. Ehses S, Raschke I, Mancuso G, Bernacchia A, Geimer S,
Tondera D, Martinou JC, Westermann B, Rugarli EI, and
Langer T. Regulation of OPA1 processing and mito-
chondrial fusion by m-AAA protease isoenzymes and
OMA1. J Cell Biol 187: 1023–1036, 2009.

60. Esteban-Martı́nez L, Sierra-Filardi E, McGreal RS, Sala-
zar-Roa M, Mariño G, Seco E, Durand S, Enot D, Graña
O, Malumbres M, Cvekl A, Cuervo AM, Kroemer G,
and Boya P. Programmed mitophagy is essential for the

MITOCHONDRIAL DYNAMICS IN CARDIAC DISEASES 857



glycolytic switch during cell differentiation. EMBO J 36:
1688–1706, 2017.

61. Fang CT, Kuo HH, Yuan CJ, Yao JS, and Yih LH. Mdivi-
1 induces spindle abnormalities and augments taxol cy-
totoxicity in MDA-MB-231 cells. Cell Death Discov 7:
118, 2021.

62. Feely SME, Laura M, Siskind CE, Sottile S, Davis M,
Gibbons VS, Reilly MM, and Shy ME. MFN2 mutations
cause severe phenotypes in most patients with CMT2A.
Neurology 76: 1690–1696, 2011.

63. Ferreira JCB, Boer BN, Grinberg M, Brum PC, and
Mochly-Rosen D. Protein quality control disruption by
PKCbII in heart failure; rescue by the selective PKCbII
inhibitor, bIIV5-3. PLoS One 7: e33175, 2012.

64. Ferreira JCB, Campos JC, Qvit N, Qi X, Bozi LHM,
Bechara LRG, Lima VM, Queliconi BB, Disatnik MH,
Dourado PMM, Kowaltowski AJ, and Mochly-Rosen D.
A selective inhibitor of mitofusin 1-bIIPKC association
improves heart failure outcome in rats. Nat Commun 10:
1–14, 2019.

65. Ferreira JCB, Koyanagi T, Palaniyandi SS, Fajardo G,
Churchill EN, Budas G, Disatnik MH, Bernstein D, Brum
PC, and Mochly-Rosen D. Pharmacological inhibition of
bIIPKC is cardioprotective in late-stage hypertrophy. J
Mol Cell Cardiol 51: 980–987, 2011.

66. Figueira TR, Barros MH, Camargo AA, Castilho RF,
Ferreira JCB, Kowaltowski AJ, Sluse FE, Souza-Pinto
NC, and Vercesi AE. Mitochondria as a source of reactive
oxygen and nitrogen species: from molecular mechanisms
to human health. Antioxid Redox Signal 18: 2029–2074,
2013.

67. Filichia E, Hoffer B, Qi X, and Luo Y. Inhibition of Drp1
mitochondrial translocation provides neural protection in
dopaminergic system in a Parkinson’s disease model in-
duced by MPTP. Sci Rep 6: 1–13, 2016.

68. Floros VI, Pyle A, DIetmann S, Wei W, Tang WWC, Irie
N, Payne B, Capalbo A, Noli L, Coxhead J, Hudson G,
Crosier M, Strahl H, Khalaf Y, Saitou M, Ilic D, Surani
MA, and Chinnery PF. Segregation of mitochondrial DNA
heteroplasmy through a developmental genetic bottleneck
in human embryos. Nat Cell Biol 20: 144–151, 2018.

69. Freya TG and Mannellab CA. The internal structure of
mitochondria. Trends Biochem Sci 25: 319–324, 2000.

70. Gilde AJ, Van der Lee KAJM, Willemsen PHM, Chinetti
G, Van der Leij FR, Van der Vusse GJ, Staels B, and Van
Bilsen M. Peroxisome proliferator-activated receptor
(PPAR) a and PPARb/d, but not PPARc, modulate the
expression of genes involved in cardiac lipid metabolism.
Circ Res 92: 518–524, 2003.

71. Gilkerson RW, Selker JML, and Capaldi RA. The cristal
membrane of mitochondria is the principal site of oxida-
tive phosphorylation. FEBS Lett 546: 355–358, 2003.

72. Gilkerson RW, De Vries RLA, Lebot P, Wikstrom JD,
Torgyekes E, Shirihai OS, Przedborski S, and Schon EA.
Mitochondrial autophagy in cells with mtDNA mutations
results from synergistic loss of transmembrane potential
and mTORC1 inhibition. Hum Mol Genet 21: 978–990,
2012.

73. Gomes KMS, Campos JC, Bechara LRG, Queliconi B,
Lima VM, Disatnik MH, Magno P, Chen CH, Brum PC,
Kowaltowski AJ, Mochly-Rosen D, and Ferreira JCB.
Aldehyde dehydrogenase 2 activation in heart failure restores
mitochondrial function and improves ventricular function
and remodelling. Cardiovasc Res 103: 498–508, 2014.

74. Gong G, Song M, Csordas G, Kelly DP, Matkovich SJ,
and Dorn GW. Parkin-mediated mitophagy directs peri-
natal cardiac metabolic maturation in mice. Science (80-)
350: aad2459, 2015.

75. Gorman GS, Schaefer AM, Ng Y, Gomez N, Blakely EL,
Alston CL, Feeney C, Horvath R, Yu-Wai-Man P, Chinnery
PF, Taylor RW, Turnbull DM, and McFarland R. Prevalence
of nuclear and mitochondrial DNA mutations related to adult
mitochondrial disease. Ann Neurol 77: 753–759, 2015.

76. Guo X, Disatnik MH, Monbureau M, Shamloo M,
Mochly-Rosen D, and Qi X. Inhibition of mitochondrial
fragmentation diminishes Huntington’s disease-associated
neurodegeneration. J Clin Invest 123: 5371–5388, 2013.

77. Hall AR, Burke N, Dongworth RK, Kalkhoran SB, Dyson
A, Vicencio JM, Dorn GW, Yellon DM, and Hausenloy
DJ. Hearts deficient in both Mfn1 and Mfn2 are protected
against acute myocardial infarction. Cell Death Dis 7: 1–
9, 2016.

78. Halliwell B and Gutteridge JMC. Free Radicals in Biol-
ogy and Medicine. Oxford: Oxford University Press, 1999.

79. Head B, Griparic L, Amiri M, Gandre-Babbe S, and Van
Der Bliek AM. Inducible proteolytic inactivation of OPA1
mediated by the OMA1 protease in mammalian cells. J
Cell Biol 187: 959–966, 2009.

80. Heo JM, Ordureau A, Paulo JA, Rinehart J, and Harper
JW. The PINK1-PARKIN mitochondrial ubiquitylation
pathway drives a program of OPTN/NDP52 recruitment
and TBK1 activation to promote mitophagy. Mol Cell 60:
7–20, 2015.

81. Hiroyuki N, Ryohei Y, Masasuke Y, and Kazuhiko K, Jr.
Direct observation of the rotation of F1-ATPase. Nature
386: 299, 1997.
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4-HNE¼ 4-hydroxynonenal
a-KG¼ a-ketoglutarate

BNIP3¼BCL2 interacting protein 3
Drp1¼ dynamin-related protein 1

ER¼ endoplasmic reticulum
ETC¼ electron transport chain

FADH2¼ flavin adenine dinucleotide
Fis1¼ fission 1 protein

FUNDC1¼ FUN14 domain-containing protein 1
GPX¼ glutathione peroxidase

GR¼ glutathione reductase
GSH/GSSG¼ reduced/oxidized glutathione

GTPase¼ guanosine triphosphatase
H2O2¼ hydrogen peroxide

HFpEF¼ heart failure with preserved ejection
fraction

HFrEF¼ heart failure with reduced ejection fraction
IDPm¼mitochondrial NADP+-dependent

isocitrate dehydrogenase
MCU¼mitochondrial Ca2+ uniporter
MDA¼malondialdehyde
MDV¼mitochondrial-derived vesicles
MEP¼malic enzyme

Mff¼mitochondrial fission factor
Mfn1¼mitofusin 1
Mfn2¼mitofusin 2

MiD49¼mitochondrial dynamics protein of 49kDa
MiD51¼mitochondrial dynamics protein of 51kDa
mNCE¼Na+/Ca2+ exchanger

Mn-SOD¼Mn2+-dependent superoxide dismutase
mPTP¼mitochondrial permeability

transition pores
mtDNA¼mitochondrial DNA

mutUNG1¼mutant uracil-DNA glycosylase
NADH¼ nicotinamide adenine dinucleotide

NIX¼NIP3-like protein X
O2

-¼ anion superoxide
OH¼ hydroxyl radical

Oma1¼metalloendopeptidase
ONOO-¼ peroxynitrite

Opa1¼ optic atrophy factor 1
OXPHOS¼ oxidative phosphorylation

PINK1¼ PTEN-induced kinase 1
PKCbII¼ protein kinase C bII

POLG¼ proofreading-defective mtDNA
polymerase c

PPAR¼ peroxisome proliferator-activated receptor
PRX¼ peroxiredoxin
ROS¼ reactive oxygen species

SAMbA¼ selective antagonist of Mfn1-bIIPKC
association

siRNA¼ small interfering RNA
TCA¼ tricarboxylic acid

TR¼ thioredoxin reductase
TRXr/o¼ reduced/oxidized thioredoxin
Yme1l¼ATP-dependent zinc metalloprotease
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