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Abstract

Mitochondria play an important role in maintaining cardiac homeostasis by supplying the major
energy required for cardiac excitation-contraction coupling as well as controlling the key
intracellular survival and death pathways. Healthy mitochondria generate ATP molecules through
an aerobic process known as oxidative phosphorylation (OXPHOS). Mitochondrial injury during
myocardial infarction impairs OXPHOS and results in the excessive production of reactive oxygen
species (ROS), bioenergetic insufficiency, and contributes to the development of cardiovascular
diseases. Therefore, mitochondrial biogenesis along with proper mitochondrial quality control
machinery, which removes unhealthy mitochondria is pivotal for mitochondrial homeostasis and
cardiac health. Upon damage to the mitochondrial network, mitochondrial quality control
components are recruited to segregate the unhealthy mitochondria and aberrant mitochondrial
proteins for degradation and elimination. Impairment of mitochondrial quality control and
accumulation of abnormal mitochondria have been reported in the pathogenesis of various cardiac
disorders and heart failure. Here, we provide an overview of recent studies describing various
mechanistic pathways underlying mitochondrial homeostasis with the main focus on cardiac cells.
In addition, this review demonstrates the potential effects of mitochondrial quality control
dysregulation in the development of cardiovascular disease.
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Introduction

Mitochondria play an important role in maintaining cellular homeostasis by generating
energy and by regulating in part key signaling pathways involved in cell survival. Moreover,
mitochondrial disorders have been associated with the development of many cardiovascular
diseases such as atherosclerosis, ischemic heart disease, cardiac hypertrophy and heart
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failure [Chistiakov et al., 2017]. Mitochondria synthesize a large amount of energy via
oxidation of carbohydrates, fats and amino acids through oxidative phosphorylation
(OXPHOS) within the respiratory chain in which electron transport across the mitochondrial
inner membrane results in the reduction of oxygen and subsequent production of ATP
molecules [Narendra et al., 2011, Koene et al., 2009, Joncheere et al., 2012]. Patients with
mitochondrial defects show deficiencies in ATP synthesis and energy metabolism [Koene et
al., 2009]. Considering the high energy demand of the cardiac excitation-contraction cycle
and the role of OXPHOS in supplying the cardiac muscle, patients with mitochondrial
abnormalities are at a higher risk for developing heart disease, which is a leading cause of
mortality among those patients [Holmgren et al., 2003, Rosca et al., 2013]. For example,
hypertrophic cardiomyopathy was found in children with cytochrome ¢ deficiency, which led
to death before the age of 13 years [Holmgren et al., 2003].

Dysfunctional mitochondria have a diminished capacity for ATP synthesis and generate
excessive amounts of reactive oxygen species (ROS). ROS are highly reactive by-products of
mitochondrial respiration and its accumulation within cells damages cellular components
such as DNA, carbohydrates, proteins and lipids leading to accelerated aging and cell death
[Narendra et al., 2011, Koene et al., 2011]. Considering the high abundance of mitochondria
in cardiac muscle, elevated levels of ROS result in chronic oxidative damage and contribute
to the development of cardiovascular disease and potentially heart failure [Drummomd et al.,
2011, Billia et al., 2011]. Impairment of mitochondrial quality control has been associated
with contractile dysfunction and cardiovascular disease [Nakai et al., 2007]. In this regard,
mitochondrial quality control machinery, which targets the unhealthy mitochondria or
aberrant mitochondrial proteins for degradation and removal, plays a vital role in
maintaining myocardial homeostasis [Chistiakov et al., 2017]. In fact, the accumulation of
abnormal, enlarged mitochondria has been reported in myocardial tissue of patients with
hypertrophic and dilated cardiomyopathy [Holmgren et al., 2003, Rosca et al., 2013].

Various intracellular pathways are involved in maintaining the quality of mitochondria.
Degradation of damaged mitochondrial proteins usually occurs via the ubiquitin-proteasome
system (UPS); whereas, under chronic pathological conditions, the entire mitochondrion is
degraded by the autophagy-lysosomal pathway, termed mitophagy [Hammerling et al.,
2014]. In these two pathways, substrates are covalently conjugated with a small protein
called ubiquitin, in a ubiquitination process mediated by ubiquitin-handling enzymes. The
ubiquitinated protein is then targeted for degradation and removal either by the UPS or
mitophagy [Bragoszewski et al., 2017]. In this review, we describe recent discoveries
regarding the mechanisms underlying the quality control of mitochondria in cardiac cells.
Furthermore, we discuss how impairment in the functioning of mitochondrial quality control
components may impact cardiac homeostasis leading to the development of cardiovascular
complications.

1. Mitochondrial metabolism in heart

Oxidative phosphorylation is an aerobic metabolic process whereby electrons are transferred
through an electron transport chain (ETC) across the mitochondrial inner membrane to
reduce oxygen into water molecules. Simultaneously, protons are pumped into the
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mitochondrial intermembrane space against a concentration gradient (ApH,y,) [Perry et al.,
2011, Koene et al., 2009]. The movement of electrons in the respiratory chain creates a
negative charge inside the mitochondrial matrix termed the mitochondrial membrane
potential (AY,,) [Logan et al., 2016]. Subsequently, the F1/FO ATPase in complex V moves
protons down the electrochemical gradient (AY,, and ApHp,) into the matrix resulting in the
synthesis of ATP molecules [Holmgren et al., 2003, Perry et al., 2011, Jonckeere et al.,
2012]. Alterations in the mitochondrial respiratory chain have been associated with the
development of cardiovascular disorders that can potentially advance to heart failure [Doenst
et al., 2013]. For example, mitochondrial ETC defects have been implicated in the
pathogenesis of diabetic cardiomyopathy in patients with diabetes mellitus [Berthiaume et
al., 2017]. Furthermore, oxidative stress as a consequence of respiratory chain dysfunction is
accompanied may be development of cardiac hypertrophy [Maulik et al., 2012].

AY, functions as a crucial driving force for ATP synthesis. Considering the abundance of
mitochondria in the heart and the role of mitochondria in supplying ATP required for
excitation-contraction coupling of cardiac cells [Griffiths et al., 2009], maintaining proper
AY, serves as an important indicator of cardiomyocyte health [Logan et al., 2016]. Damage
to mitochondria by pathological stress results in AY, collapse and energetic deficit leading
to activation of cell death pathways and potential cardiovascular disorders [Perry et al.,
2011, Jonckeere et al., 2012, Kuzmicic et al., 2011]. The extent of mitochondrial damage is
suggested as a key factor when determining myocardial injury under ischemia-reperfusion
toward progression to heart failure [Doenst et al., 2013, Niemann et al., 2017]. Ischemia-
reperfusion injury as a consequence of coronary heart disease dramatically increases
mitochondrial permeability leading to dissipation of electron and proton gradients,
dysregulation of mitochondrial calcium homeostasis and release of superoxide and
apoptosis, inducing factors which lead to myocardial cell death [Kang et al., 2017,
Lesnefsky et al., 2017, Zhang et al., 2018]. Furthermore, mitochondrial super complexes
lose their integrity as ETC subunits degrade under ischemia/reperfusion (IR), which leads to
impairment of mitochondrial metabolism and enhanced ROS generation [Jang et al., 2017,
Sepuri et al., 2017] (Figure 1).

2. Mitochondrial dynamics in heart

Mitochondria account for over 30% of the cardiac cell mass [Chen et al., 2011]. In neonatal
cardiomyocytes, mitochondria are located throughout the cytosol; whereas, in the adult
heart, mitochondria fall into one of three subpopulations: subsarcolemmal, myofibrillar and
perinuclear mitochondria [Ong et al., 2017]. Upon damage to the mitochondrial network,
mitochondria undergo structural and functional remodeling to replenish the damaged
mitochondrial DNA (mtDNA) and dysfunctional units [Gegg et al., 2011, Niemann et al.,
2017]. To this end, mitochondrial fusion and fission allow for the efficient distribution of
mitochondrial protein and DNA through the mitochondrial network in the cell. Fission is
often followed by fission, Mitochondria undergo fission where they divide into two daughter
mitochondria, one with increased AY \, and high fusion affinity and the other with
diminished A¥,, and low fusion affinity [Ashrafi et al., 2013]. The depolarized less
functional mitochondrion is then targeted by mitochondrial quality control machinery for
degradation and clearance, while the bioenergetically active mitochondrion undergoes
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further regeneration and repair to maintain membrane potential [Narendra et al., 2011, Song
etal., 2015].

Proteins involved in fission and fusion function within a signaling network to maintain
mitochondrial homeostasis and play important roles in regulating cardiac response under
pathological conditions such as ischemia-reperfusion, cardiomyopathy and heart failure
[Kuzmicic et al., 2011]. Alterations in mitochondrial dynamics play a key role in the
pathophysiology of various cardiac diseases [Niemann et al., 2017]. For example, mice with
deficiency of the fission protein, dynamin-related protein 1 (Drpl), exhibited lethal dilated
cardiomyopathy with ventricular wall thinning and reduced ejection fraction [Song et al.,
2015]. Drpl is highly expressed in the heart, is upregulated during stress [Chan et al., 2011]
and translocates from the cytosol to the outer mitochondrial membrane to regulate
mitochondrial dynamics [Ikeda et al., 2015]. Drp1 deletion led to mitochondrial enlargement
and excessive activation of mitochondrial autophag (mitophagy) machinery [Song et al.,
2015, Song et al., 2015]; and Drp1-deficient mice developed heart failure 6 to 7 weeks
following gene silencing [Song et al., 2015]. By promoting autophagic degradation of
damaged mitochondria, mitochondrial fission plays a protective role, however, excessive
fission leads to mitochondrial mass loss, ATP deficits and apoptotic pathway activation
[Zhou et al., 2017, Jin et al., 2018]. Drp1 functions with the Bcl-2 family proteins, BAX and
BAK, to promote mitochondrial fragmentation, mitochondrial outer membrane
permeabilization and cytochrome crelease in response to apoptosis stimulation [Grofe et
al., 2016]. Inhibition of Drpl maintains mitochondrial integrity and plays a cardioprotective
role during cardiac stress circumstances such as IR and cardiac arrest in cells by hindering
excessive fission at the onset of reperfusion in [Ong et al., 2010, Sharp et al., 2014], murine
[Ong et al., 2010, Sharp et al., 2015] and rat models [Tian et al., 2017, Disatnik et al., 2013].
Furthermore, reducing the levels of the mitochondrial fission factor, Mff, under hypoxia/
reoxygenation conditions resulted in enhanced mitochondrial homeostasis as potential loss
of mitochondrial membrane potential was recovered and apoptosis was decreased [Jin et al.,
2018].

Mitochondrial fusion proteins, Mfn1 and Mfn2, reside on the outer mitochondrial membrane
and ensure health of the mitochondrial network by regulating the fusion process [Ikeda et al.,
2015]. Considering the enormous amount of energy required for myocardial contractility, the
presence of an intact mitochondrial fusion network is critical for maintaining proper cardiac
functioning [Kuzmicic et al., 2011]. In neonatal cardiac cells, mitochondria are mobile;
whereas, in adult cardiac cells, mitochondria are relatively static and have limited motility
[Ong et al., 2017]. Fission and fusion dynamics in post-mitotic myocytes in adult heart
remains controversial; however, fission/fusion proteins are essential for mitochondria to
adjust their metabolism to meet the energy demands of cardiac muscle and disruption in
these pathways can result in cardiovascular complications [Chen et al., 2011, Song et al.,
2015]. Suppression of fusion proteins including in a Drosophila model led to dilated
cardiomyopathy and contractile abnormality [Dorn et al., 2011]. Deletion of fusion proteins,
Mfn1/Mfn2, in mouse heart resulted in abnormal mitochondrial morphology and
mitochondrial fragmentation leading to ventricular wall thickening and increase in cardiac
mass (>30%) accompanied by symptoms of eccentric hypertrophy [Song et al., 2015].
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3. Mitochondrial quality control in heart

The autophagy-lysosome system and UPS are the two major proteolytic pathways that
degrade intracellular substrates to maintain protein homeostasis [Minoia et al., 2014].
Deficiency or dysregulation of protein quality control pathways have been implicated in
muscle degeneration in dystrophic patients [Wattin et al., 2018]. Clearance of misfolded
proteins occurs in large part by the UPS, while protein aggregates and damaged organelles
are mostly degraded by the autophagy-lysosomal pathway [Liu et al., 2013]. Damaged
mitochondrial proteins are degraded via the UPS, while elimination of the entire
mitochondrion under chronic stress selectively occurs via mitophagy [Hammerling et al.,
2014]. Failure in the function of the mitochondrial quality control machinery and mitophagy
have been reported in the pathogenesis of heart failure [Doenst et al., 2013].

Mitochondrial degradation via proteasome

Degradation of damaged mitochondrial proteins occurs via the proteasome. UPS
components are localized on mitochondria and are key regulators of mitochondrial
dynamics. Inhibition of proteasome activity can cause mitochondrial function abnormalities
[Bragoszewski et al., 2017]. In this process, damaged proteins are tagged with ubiquitin
proteins through the action of an E1 ubiquitin-activating enzyme, an E2 ubiquitin-
conjugating enzyme, and an E3 ubiquitin ligase and targeted for elimination via the
proteasome [Ciechanover et al., 2017]. Accumulation of polyubiquitinated substrates has
been observed in heart tissue of patients with cardiac diseases such as cardiomyopathy and
heart failure [Nishida et al., 2017]. Furthermore, impairment of UPS function has been
detected in heart tissues of patients with hypertrophic cardiomyopathy and heart failure;
while no changes in the protein content of the UPS subunits were observed [Predmore et al.,
2009]. Enhancement of cardiac proteasome proteolytic function has been demonstrated to
play a protective role against pathophysiology of proteinopathy and ischemiareperfusion
injury in mice [Li et al., 2011].

Proteasome-dependent degradation is an important pathway for quality control of
mitochondrial fission and fusion proteins [Bragoszewski et al., 2017]. In this regard, Parkin-
mediated degradation of mitochondrial proteins via proteasomal activation has been reported
in several research studies [Chan et al., 2011, Yoshii et al., 2011]. Upon mitochondrial
membrane potential, Parkin translocates to mitochondria, ubiquitinates mitochondrial outer
membrane proteins [Narendra et al., 2008, Bragoszewski et al., 2017], and by recruiting
proteasome components to mitochondria activates UPS [Chan et al., 2011, Hammerling et
al., 2014]. Also, the fission protein, Drpl is ubiquitinated by Parkin and targeted for
degradation through the proteasome in neurons. On the other hand, Parkin suppression
resulted in the accumulation of Drpl and mitochondrial fragmentation [Wang et al., 2011].
However, fewer studies have been performed investigating the role of proteasome in
degradation of mitochondrial proteins in cardiac cells.

Autophagy-lysosome and UPS pathways are interrelated such that inhibition of proteasome
activity leads to activation of the autophagy-lysosome pathway [Liu et al., 2013, Tahrir et al.,
2017]. Under pressure overload, inhibition of proteasome activity by preventing cardiac
remodeling played a protective role and inhibited progression of heart failure in a mouse
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model [Hedhi et al., 2009]. In addition, proteasome inhibition reduced the size of myocardial
infarction after reperfusion injury [Pye et al., 2003]. However, whether protective effects of
proteasome inhibition under stress conditions arise from activation of the autophagy-
lysosomal system remains to be determined.

Mitochondrial degradation via mitophagy

Autophagy is a catabolic process whereby the degradation of non-essential or dysfunctional
cytoplasmic constituents preserves cellular ATP levels and allows cells to survive under
adverse nutritional conditions [Yoshii et al., 2011, Zhang et al., 2014]. Under pathological
conditions, cells protect themselves by activating survival pathways such as autophagy;
however, chronic pathological conditions trigger apoptotic and necrotic pathways [Scherz-
Shouval et al., 2007]. Autophagy upregulation in mouse atrial HL-1 cardiomyocytes and
human AC16 cells under mitochondrial stress restored AY,,, and mitochondrial respiration
[Dutta et al., 2013]. During mitophagy, defective mitochondria are tagged with ubiquitin
chains and engulfed into double-layered vesicles, autophagosomes, and ultimately delivered
to the lysosome for degradation and removal [Padman et al., 2013, Yoshii et al., 2011,
Matsuda et al., 2015]. Accumulation of damaged mitochondria due to mitophagy
impairment is associated with oxidative stress, reduced respiration and activation of death
pathways in cardiomyocytes [Tahrir et al., 2018]. Mitophagy- has been extensively studied
in cardiac cells, suggesting the importance of mitophagy pathway in maintaining
mitochondrial quality control in the heart [Song et al., 2015, Chen et al., 2013, McWilliams
et al., 2018]. Various mechanisms of mitophagy in cardiac cells are reviewed below.

3.2.1. Parkin-mediated mitophagy—The parkin gene encodes an E3 ubiquitin ligase
composed of 465 amino acids [Truban et al., 2017]. Parkin, through interaction with E2
ubiquitin-conjugating enzymes, promotes ubiquitination of mitochondrial proteins and
targets them for degradation and removal [Chan et al., 2011, Lee et al., 2010]. Parkin
translocation to the mitochondria is PINK1 (PTEN-induced putative kinase 1) dependent
[Vives-Bauza et al., 2010], such that PINK1 phosphorylates Parkin and ubiquitin that is a
signal for Parkin recruitment and subsequent ubiquitination [Chen et al., 2013, Lazarou et
al., 2015, Kane et al., 2014, Kazlauskaite et al., 2014, Koyano et al., 2014] of other proteins
including Mfn2. Ubiquitination then allows for binding of mitophagy proteins such as p62/
SQSTM1 and LC3 followed by cargo sequestration within the autophagosome and
elimination of dysfunctional mitochondria via the lysosome [Hammerling et al., 2014,
Narendra et al., 2011, Gegg et al., 2011]. Parkin deficiency in mice does not alter
mitochondrial respiration or cardiac function under basal condition, suggesting that Parkin-
mediated mitophagy may not be essential for cardiac function [Kubli et al., 2013, Song et
al., 2015]. However, mice deficient in Parkin-deficient in the hearts showed decreased
cardiac function and larger infarct size compared to control mice after myocardial infarction
[Kubli et al., 2013]. Parkin-mediated mitophagy maintained mitochondrial homeostasis and
thereby prevented heart failure progression in mice with transverse aortic constriction [Wang
et al., 2018] and in rats with injured hearts post MI [Qiao et al., 2018].

Mitochondrial outer membrane protein, Mfn2 functions as a substrate for PINK1
phosphorylation and phosphorylated Mfn2 is ubiquitinated by Parkin and subsequently
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mitophagy is activated [Chen et al., 2013]. Mutated Mfn2 lacking the PINK1
phosphorylation site inhibited recruitment of Parkin to depolarized mitochondria and
subsequent activation of mitophagy in mouse hearts [Gong et al., 2015]. Mfn2 deletion in
mouse hearts inhibited Parkin-mediated mitophagy [Song et al., 2014] and caused
mitochondrial enlargement with impaired respiration [Chen et al., 2013] and higher ROS
production, leading to heart failure [Song et al., 2014]. Mfn2 deficiency in mouse cardiac
myocytes inhibited Parkin translocation to mitochondria and reduced ubiquitination when
mitochondria were depolarized. Furthermore, mitophagy activation and p62 recruitment
were reduced in Mfn2-deficient mouse cardiomyocytes in response to mitochondrial damage
[Chen et al., 2013] (Figure 2). Additionally, Mfn1/Mfn2 deficiency in mouse hearts led to
mitochondrial fragmentation and abnormal mitochondrial morphology without mitophagy
activation [Song et al., 2015] followed by lethal cardiomyopathy and heart failure
progression by 7 to 8 weeks of age [Chen et al., 2011]. However, Mfn1 deficiency did not
impair Parkin translocation and mitochondrial ubiquitination [Chen et al., 2013].

In a Drosophila model where Parkin was deleted in heart, the accumulation of enlarged,
depolarized mitochondria with abnormal morphology and high ROS content were detected
and led to the development of dilated cardiomyopathy [Bhandari et al., 2014] (Figure 3A).
Furthermore, Mitofusin ortholog, MARF (mitochondrial assembly regulatory factor),
deficiency in drosophila heart resulted in increased the levels of ROS and mitochondrial
depolarization, leading to development of dilated cardiomyopathy [Bhandari et al., 2014].
Interestingly, MARF knockout in Parkin-deficient drosophila hearts rescued cardiomyopathy
by correcting heart tube contraction and mitochondrial dysfunction; whereas, mitochondrial
dysmorphology was not normalized [Bhandari et al., 2014] (Figure 3B). Parkin deficiency
impairs mitophagy and the presence of fusion proteins may lead to an overabundance of
unhealthy mitochondria; while, simultaneous suppression of Parkin and fusion proteins
promote efficient fusion/fission with degradation of dysfunctional mitochondria [Bhandari et
al., 2014].

In mice undergoing transverse aortic constriction causing pressure overload, mitophagy was
upregulated in a Drp1-dependent manner. Prolonged pressure overload led to suppression of
mitophagy and development of heart failure [Shirakabe et al., 2016]. Deficiency of cardiac
Drp1 impaired mitochondrial degradation and resulted in the accumulation of enlarged
mitochondria surroundeding vacuolar compartments, impaired mitochondrial respiration and
development of lethal cardiomyopathy in mice [Kageyama et al., 2014]. Parkin deletion led
to increased levels of Drpl and simultaneous deficiency of Drpl and Parkin exacerbated
cardiomyopathy [Kageyama et al., 2014]. Another group demonstrated however that Parkin
deficiency rescued the effects of Drpl ablation in adult mouse hearts by improving cardiac
function and survival [Song et al., 2015]. They demonstrated that Drpl deficiency led to
Parkin upregulation and elevated mitophagy resulting in mitochondrial mass loss and lethal
cardiomyopathy. Therefore, simultaneous deficiency of Parkin and Drpl reduced mitophagy
and ventricular remodeling and improved cardiac contractility and diminished cardiac
myocyte necrosis [Song et al., 2015].

However, whether dysregulation of cardiac function under pathological conditions such as
ischemia/reperfusion occurs via direct effects on cardiomyocytes or by impaired functioning

J Cell Physiol. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Tahrir et al.

Page 8

of neighboring cells such as endothelial cells contributes to pathogenesis of cardiomyocyte
complications remains elusive. A recent study in mouse hearts reported that excessive Drpl-
mediated fission and subsequent Parkin-mediated mitophagy triggers endothelial cell death
pathways leading to microvascular injury and increased barrier permeability under
reperfusion injury [Zhou et al., 2017]. Suppression of Drpl-mediated mitochondrial fission
inhibited apoptosis and protected cardiac microvascular system [Zhou et al., 2017].

3.2.2. Receptor-mediated mitophagy—Muitophagy receptors such as Bnip3l, BCL2/
adenovirus E1B, also known as Nix (Nip3-like protein X), and FUNDC1 (FUN14 domain
containing 1) reside on the mitochondrial outer membrane and by regulating the mitophagy
pathway, play an important role in acute ischemia/reperfusion (IR) [Hammerling et al., 2014,
Nishida et al., 2017, Yuan et al., 2017]. FUNDCL1 is highly expressed in the heart and
mediates mitochondrial fragmentation and mitophagy under hypoxia [Liu et al., 2012,
Zhang et al., 2017]. FUNDC1 interacts with LC3 on the autophagosomal membrane and
inhibiiton of the LC3-interacting domain of FUNDC1 impairs mitophagy [Liu et al., 2012].
Under cardiac IR, activation of FUNDC1-mediated mitophagy during ischemia blocks
apoptosis; whereas, in the reperfusion phase, FUNDC1-mediated mitophagy is impaired
which leads to apoptosis activation [Zhou et al., 2017]. Cardiomyocytes have been reported
as major targets of IR injury, however; recent findings have demonstrated that circulating
platelets play a crucial role in determining cardiac dysfunction as a consequence of IR injury
[Zhang et al., 2018]. Mice lacking FUNDCL1 in their platelets had smaller infarcts with
improved cardiac function compared to control mice under IR [Zhang et al., 2017].
Mitophagy improves energy metabolism of platelets, therefore, activated platelets form
thrombi and occlude the coronary artery leading to secondary ischemia and contribute to
cardiac IR injury [Zhang et al., 2018]. In this regard, pharmacological or genetic
manipulation of FUNDC1-mediated mitophagy in platelets, which suppresses their
hyperactivity, can protect the heart against IR injury [Zhang et al., 2017, Zhou et al., 2017,
Zhang et al., 2016].

3.2.3. BAG3-mediated mitophagy—Bcl-2-associated athanogene 3 (BAG3) protein is
highly expressed in skeletal and cardiac muscles [Homma et al., 2006], maintains
myofibrillar organization and prevents z-disk disruption and muscle degeneration [Hishiya et
al., 2010]. BAG3gene disruption in mice led to myofibrillar degeneration and development
of lethal myopathy followed by death 4 weeks post disruption [Homma et al., 2006]. BAG3
also functions as a chaperone protein and targets misfolded proteins for lysosomal
degradation via the autophagy pathway [Minoia et al., 2014, Zhang et al., 2014,
Gamerdinger et al., 2010] and mutations in BAG3 have led to proteotoxic stress and severe
cardiomyopathy [Schénzer et al., 2018]. Alterations in mtDNA, mitochondrial respiration
and mitochondrial biogenesis have been reported in patients with myofibrillar myopathies
[Vincet et al., 2016]. Therefore, recent studies have reported the role of BAG3 in regulating
mitochondrial dynamic and mitochondrial quality control in cardiac cells, however, the exact
underlying mechanisms remain elusive [Tahrir et al., 2017, Quintana et al., 2016]. In
neonatal cardiomyocytes, BAG3 levels were significantly increased in the mitochondrial
fraction under mitochondrial stress. Moreover, suppression of BAG3 reduced mitophagy and
impaired clearance of damaged mitochondria leading to apoptosis induction and significant
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cardiomyocyte death [Tahrir et al., 2017]. Furthermore, BAG3 mutation resulted in
mitochondrial fragmentation and alterations of mitochondrial fission (Drp1) and fusion
(Opal) (cellular optic atrophy-1 protein) proteins in mouse hearts leading to the
development of progressive heart failure [Quintana et al., 2016].

4. Mitophagy during cardiac development

During development, mitochondrial dynamics and metabolism changes [Neary et al., 2014,
Gong et al., 2015]. Fetal cardiomyocytes have metabolic tolerance to hypoxia; whereas, after
birth, oxygen encountered by the neonate acts as a driving force for mitochondrial
remodeling and biogenesis toward aerobic metabolism to meet the energy demand of adult
myocardium [Neary et al., 2014, Papanicolaou et al., 2012, Dorn et al., 2015]. In mouse fetal
cardiomyocytes, mitochondria undergo mitophagy mediated by the PINK1-Mfn2-Parkin
complex to be replaced with mature adult mitochondria within the first 3 weeks of life.
Parkin deficiency in adult cardiomyocytes did not lead to cardiomyopathy; whereas, Parkin
ablation in fetal mice led to impaired mitochondrial maturation and lethal cardiomyopathy
[Gong et al., 2015]. Ablation of mitofusins in mouse embryonic myocardium was lethal
[Chen et al., 2011] and perinatal expression of mutated Mfn2 lacking the PINK1
phosphorylation site inhibited postnatal mitochondrial maturation thereby leading to
metabolic arrest followed by lethal cardiomyopathy by 7 to 8 weeks of age [Gong et al.,
2015]. Furthermore, double deficiency of Mfn1/Mfn2 in midgestational cardiomyocytes
impaired mitochondrial remodeling, mitochondrial biogenesis and metabolic switching in
postnatal cardiac cells and led to heart failure by day of 7, followed by death at 16 days of
age [Papanicolaou et al., 2012].

5. Cardiac complications as a result of mitophagy dysregulation

Mitophagy has been reported to play a dual role during cardiac stress; mitophagy can be
either protective or detrimental [Zhou et al., 2017, Shirakabe et al., 2016, Zhang et al.,
2018]. By eliminating malfunctioning mitochondria, mitophagy avoids release of pro-
apoptotic proteins into the cytosol and activation of apoptosis. On the other hand, disruption
of mitophagy causes intracellular accumulation of ROS and increases cell vulnerability to
oxidative damage [Zhou et al., 2017, Wild et al., 2010]. ROS are byproducts of OXPHOS
and have been reported in cardiovascular complications particularly in cardiac hypertrophy
[Dutta et al., 2013, Liu et al., 2012]. Manipulating the metabolic activity of mitochondria by
attenuating myocardial oxidative stress ameliorated cardiomyopathy after myocardial
infarction [Engberding et al., 2004, Liu et al., 2012]. Autophagy induction in aortic-banded
mice attenuated oxidative stress, reduced myocardial infract size and improved cardiac
function in hypertrophic myocardium [Ma et al., 2018]. On the other hand, excessive
mitophagy is followed by mitochondrial mass loss and myocardial ATP deficiency [Jin et al.,
2018]. Therefore, a balance between mitochondrial degradation and mitochondrial
biogenesis is of great importance toward myocardial protection under stress. Atrial biopsy of
patients undergoing cardiopulmonary bypass during cardiac surgery indicated that both
mitophagy and mitochondrial biogenesis were upregulated after heart surgery [Andres et al.,
2017].
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Mutations of Parkin and PINK1 genes have been associated with the development of
degenerative disorders [Barodia et al., 2017]. Parkin-deficient mice had morphologically
normal hearts [Piquereau et al., 2013, Song et al., 2015], however, mitochondrial functional
abnormalities were observed [Piquereau et al., 2013]. Under stress conditions, the protective
role of Parkin-mediated mitophagy has been reported in several research studies [Song et al.,
2015]. Loss of Parkin was accompanied by mitophagy reduction and accumulation of
damaged mitochondria after myocardial infarction [Kubli et al., 2013]. Parkin deficiency
exacerbated cardiac and mitochondrial dysfunction during sepsis [Piquereau et al., 2013]. A
substantial reduction in the level of PINK1 protein was detected in end-stage heart failure
patients [Billia et al., 2011]. PINK1 deficiency in mouse hearts resulted in elevated levels of
oxidative stress and induction of apoptosis leading to left ventricular dysfunction and cardiac
hypertrophy [Billia et al., 2011]. In addition, PINK1 deficiency increased cardiac
susceptibility to IR injury in mice and overexpression of PINK1 protected against IR injury
in cardiac cells [Sidall et al., 2013].

6. Mitochondrial homeostasis as a potential therapeutic target against

cardiovascular complications

The excitation-contraction activity of the myocardium highly relies on the energy supplied
by mitochondria via OXPHOS. However, intracellular accumulation of excess ROS that are
generated during mitochondrial metabolism, and the lack of their removal can induce
oxidative stress that becomes a major contributor toward the pathophysiology of myocardial
infarction and cardiac senescence [Davalli et al., 2016]. Furthermore, poor quality of
mitochondrial DNA during aging can also lead to the overproduction of ROS [Bielas et al.,
2018] an event that may contribute to the development of cardiovascular diseases in aged
individuals especially when they are exposed to stresses [Dutta et al., 2012]. Emerging
evidence has suggested mitochondrial ROS may play a role in sudden cardiac death and
heart failure. Studies in a pig model of heart failure revealed that elevated mitochondrial
ROS promotes chronic proteome remodeling, altering protein expression and
phosphorylation, and mitigates electrophysiological stability of the myocardium leading to
the progression of sudden cardiac death and heart failure [Dey et al., 2018]. Considering the
nature of cardiomyocytes as terminally differentiated post-mitotic cells which could not
undergo further division and subsequent cell replacement, maintaining mitochondrial
homeostasis as a balance between clearance of dysfunctional mitochondria via mitophagy
and biogenesis of healthy mitochondria is vital to preserve cardiac health and prevent heart
aging [Dutta et al., 2012, Shiattarella et al., 2016]. Accordingly, dysregulation of autophagy
has been observed in various human cardiovascular diseases such as in patients with dilated
cardiomyopathy and heart failure with reduced ejection fraction [Shiattarella et al., 2016],
leading to speculation that autophagy may serve as a promising target for development of
clinical interventions to impair cardiac aging and rescue cardiac function under disease
pathogenesis. Rapamycin by inhibiting mTOR pathway stimulates autophagy and selective
degradation of mitochondria [Li et al., 2014]. Treatment of mice under pathological stress
caused by Lamin A deficiency enhanced clearance of accumulated proteins via autophagy
pathway and ameliorated cardiac function and mice survival [Ramos et al., 2012]. Further,
Rapamycin treatment enhanced the quality of mitochondrial DNA and ETC in aging mice
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[Bielas et al., 2018] and under mitochondrial stress condition, rapamycin by regulating
mitochondrial oxidative metabolism created resistance against senescence in human cardiac
fibroblasts [Nacarelli et al., 2018]. Combined treatment of simvastatin and rapamycin
mitigated cardiac allograft rejection and histopathological damage post cardiac
transplantation and prolonged survival of the recipient rats [Liu et al., 2018]. Induction of
autophagy for the removal of long-lived proteins and damaged organelles exerts protective
function; however, excessive autophagy has been associated with activation of cell death
pathways and implicated in the pathogenesis of heart failure. These findings suggest that
precise modulation of autophagy and the key molecular players involved in this process
could be a potential therapeutic strategy in cardiac complications.

Conclusions

Mitochondria produce over 90% of the ATP required by the high energy demands of cardiac
tissues. Mitochondrial disorders have been associated with the development of many
cardiovascular diseases including atherosclerosis, ischemic heart disease, cardiac
hypertrophy and heart failure. In fact, considering the high energy demand of proper cardiac
excitation-contraction coupling and the role of OXPHOS in supplying the cardiac muscle,
patients with mitochondrial abnormalities are at a higher risk for developing heart disease,
which is a leading cause of mortality among those patients. In this context, maintaining
mitochondrial fitness is critical to cardiac health. This process is controlled in part by a
balance of mitochondrial fusion and fission, whereby healthy mitochondria, normal
mitochondrial proteins and intact DNA are distributed throughout the mitochondrial network
in the cell. Many intracellular pathways regulate mitochondrial protein quality control and
the elimination of dysfunctional mitochondria. Disturbance of either the UPS or mitophagy
results in the accumulation of abnormal mitochondrial proteins or dysfunctional
mitochondria. Given that heart failure is a bioenergetic disease an increased understanding
of how to address energy deficit in cardiac tissue is required for improving new therapeutics
to treat or prevent mitochondrial failure in heart disease.
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Figure 1. Schematic of the mitochondrial oxidative phosphorylation process.
(A) Movement of electrons through the complexes (I-V) embedded in the mitochondrial

inner membrane creates an electrical gradient (AY,,) whereby protons are simultaneously
pumped into the intermembrane space creating a proton gradient (ApHy,). Electrical and
proton gradients together create an electrochemical force leading to the synthesis of ATP by
F1/Fg ATP-synthase. (B) Ischemia/reperfusion damages mitochondrial respiration machinery
leading to myocardial injury. ETC, electron transport chain; NADH, reduced NAD*; NAD*,
nicotinamide adenine dinucleotide; H*, hydrogen; O,, oxygen.

J Cell Physiol. Author manuscript; available in PMC 2020 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tahrir et al. Page 19

A. Normal Mouse Heart

~- FCCP
=3 A

Mitochondrial Clearance . Mfn1

. \ o B vin2
s =Y ey °%
= p62
= Autolysosome
B. Mfn2-Knock Out Mouse Heart *
o FCCP : D

f

=
a
£

Mitochondrial Accumulation o

= (2 (a3

==

Figure 2. Mfn2 functions as a substrate for Parkin ubiquitination in mitophagy process.
(A) Parkin ubiquitinates Mfn2 in a PINK1-dependent manner in depolarized cardiac

myocytes. (B) Mfn2 ablation inhibited Parkin translocation and recruitment of p62 to
depolarized mitochondria; leading to mitophagy impairment and accumulation of damaged
mitochondria [Chen et al., 2013]. FCCP, carbonyl cyanide p-
trifluoromethoxyphenylhydrazone; Mfn, mitofusin; ROS, reactive oxygen species;Ub,
ubiquitin; p62, SQST1-1/p62.
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Figure 3. Parkin-mediated mitophagy in drosophila heart.
(A) Parkin deficiency in drosophila heart impaired mitophagy and led to development of

dilated cardiomyopathy. (B) Simultaneous deletion of MARF and Parkin rescued
cardiomyopathy [Bhandari et al., 2014]. MARF, mitochondrial assembly regulatory factor.
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