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Abstract

Efficient and functional mitochondrial networks are essential for myocardial contraction and
cardiomyocyte survival. Mitochondrial autophagy (mitophagy) refers to selective sequestration of
mitochondria by autophagosomes, which subsequently deliver them to lysosomes for destruction.
This process is essential for myocardial homeostasis and adaptation to stress. Elimination of
damaged mitochondria protects against cell death, as well as stimulates mitochondrial biogenesis.
Mitophagy is a tightly controlled and highly selective process. It is modulated by mitochondrial
fission and fusion proteins, BCL-2 family proteins, and the PINK1/Parkin pathway. Recent studies
have provided evidence that miRNAs can regulate mitophagy by controlling the expression of
essential proteins involved in the process. Disruption of autophagy leads to rapid accumulation of
dysfunctional mitochondria, and diseases associated with impaired autophagy produce severe
cardiomyopathies. Thus, autophagy and mitophagy pathways hold promise as new therapeutic
targets for clinical cardiac care.
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Mitochondria are dynamic organelles that use oxidative phosphorylation to supply the
energy for myocardial contraction. Efficient clearance of dysfunctional mitochondria
prevents activation of cell death pathways, protects against reactive oxygen species (ROS)
production, and preserves efficient production of ATP. Mitochondrial clearance is
predominantly carried out by mitochondrial autophagy (mitophagy). Autophagy is an
evolutionarily conserved cellular recycling process that sequesters cytotoxic protein
aggregates, senescent organelles, and other cellular debris in autophagic vesicles and
delivers them to lysosomes for destruction.! Although early work described autophagy as a
non-selective, bulk-degradation response during nutrient-deficient conditions, recent studies
have demonstrated that autophagy is a tightly regulated process that can selectively target
specific organelles, including mitochondria? and endoplasmic reticulum (ER).3 Damaged
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mitochondria are labeled and isolated based on reduced membrane potential, enclosed in
autophagosomes, and delivered to lysosomes for degradation.

Multiple Pathways Regulate Myocardial Mitophagy

Mitophagy is controlled by proteins that affect mitochondrial morphology, integrity, and
ubiquitination. Morphology is regulated by mitochondrial fusion (MFN1, MFN2, OPAL1)
and fission (DRP1, FIS1) proteins.>® Mitochondrial fission has been shown to precede
mitophagy, and mitochondrial elongation during starvation prevents mitochondrial
destruction by mitophagy (Figure 1).47 BCL-2 and BCL-XL are anti-apoptotic proteins that
bind BECLIN-1 to prevent its activation, and disruption of this interaction is essential for
initiation of autophagy.8 BCL-2 dissociation also allows BECLIN-1 activation by
AMBRAL. In order to facilitate phagophore formation, AMBRAL translocates to the
mitochondria and ER after initiation of autophagy. AMBRAL may also reside on
mitochondria in association with BCL-2 until released by autophagic stimuli.®

BNIP3 and BNIP3L/NIX are pro-apoptotic BH3-only proteins that cause permeabilization
of the mitochondrial membrane via opening of the mitochondrial permeability transition
pore or activation of BAX/BAK. These proteins also regulate mitophagy.10-11 BNIP3
resides at mitochondria, and overexpression leads to enhanced mitophagy in myocytes.2-12
BNIP3-mediated mitophagy also occurs in cells lacking BAX/BAK,13 suggesting that the
induction of autophagy is separate from its role as a pro-death protein. BNIP3 and NIX
interact directly with LC3 and GABARAP on the phagophore to tether mitochondria to
forming autophagosomes.3-1 The dual roles of BNIP3 and BNIP3L/NIX emphasize the
balance between cell death and mitophagy pathways in the cell (Figure 2). Mice deficient in
BNIP3 and NIX accumulate dysfunctional mitochondria in the heart with age,
demonstrating the importance of these proteins in normal mitochondrial turnover.14

In the setting of heart failure, enhanced BNIP3 expression can be detrimental, activating
autophagy to the point of cardiac atrophy.1®> Mechanical unloading of the heart leads to
pronounced upregulation of autophagy and regression of hypertrophy phenotypes that
correlate with upregulation of FOXO3 expression. FOXO transcription factors, including
FOX03 and FOXO1, promote autophagy by binding GABARAP and Atg12 promoters.16
Recent studies demonstrate that FOXO3 overexpression can drive autophagy to pathologic
levels, upregulating BNIP3 and leading to destruction of cellular components.1®> These
studies underscore the extensive regulatory network for finely tuned autophagy, and
highlight BNIP3 expression as an important autophagic trigger.

Mitophagy is also regulated by Parkin, an E3 ubiquitin ligase that is mutated in autosomal
recessive Parkinson’s disease.1” Recent work demonstrates that Parkin is important for
clearance of damaged mitochondria in the heart after myocardial infarction.18 Parkin is
localized to the cytosol, but translocates to mitochondria with reduced membrane potential
where it ubiquitinates protein targets.1® The adaptor protein p62 then binds ubiquitinated
mitochondrial proteins and LC3 on autophagosomes, recruiting autophagic membranes for
mitochondrial clearance (Figure 3). PINKL is a serine/threonine kinase that recruits Parkin
to depolarized mitochondria. In mitochondria with intact membrane potential, PINK1 is
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imported and degraded. In mitochondria with reduced membrane potential, PINK1
breakdown is impaired, causing it to accumulate on the outer mitochondrial membrane and
recruit Parkin through direct interaction, Parkin phosphorylation, or phosphorylation of
mitochondrial targets.20-23 A recent study by Chen and Dorn reported that PINK1
phosphorylates the mitochondrial fusion protein MFN2, which then acts as a mitochondrial
receptor for Parkin.2 PINK1 can also phosphorylate MIRO, an atypical Rho GTPase that
tethers mitochondria to the tubulin network. Phosphorylation of MIRO1 by PINK1 leads to
ubiquitination by Parkin and proteosomal degradation, isolating damaged mitochondria from
tubulin transport and the mitochondrial network.2® Surprisingly, the PINK1/Parkin axis also
regulates turnover of specific respiratory chain components, suggesting additional roles for
the PINK1/Parkin pathway in regulating mitophagy.2®

A new study by Fu et al?7 has revealed that other E3 ubiquitin ligases are involved in the
regulation of mitophagy. This study demonstrated that glycoprotein 78 (GP78) mediates
destruction of mitofusins in the setting of mitochondrial damage/depolarization, leading to
mitochondrial fragmentation and autophagy. This E3 ligase pathway operates in Parkin-null
cells, showing overlapping patterns of mitophagy regulation by independently functioning
ubiquitin ligases.2’

Regulation of Mitophagy by miRNAs

Many of the proteins that regulate mitophagy are modulated by microRNAs (miRNAS).
These small, non-coding RNA sequences prevent protein translation by binding to
complementary messenger RNA (MRNA) in the 3’ untranslated region.28 Post-
transcriptional regulation by miRNAs may affect single genes or gene families, ultimately
modifying the expression of more than 60% of protein coding genes in animals.28 miRNAs
have been implicated in cardiac development, conduction abnormalities, pathologic
hypertrophy, and heart failure.29:30 Given their role in cardiac disease, it is not surprising
that miRNAs profoundly affect mitophagy in the myocardium.

Reduced Parkin-mediated mitophagy contributes to development of Parkinson’s disease, and
Parkin expression can be regulated by miR-34 in affected neurons from Parkinson’s
patients.3! In brain regions affected by pathology, miR-34b and miR-34c are downregulated,
leading to reduced Parkin expression, mitochondrial dysfunction, increased ROS production,
and decreased ATP. Surprisingly, suppression of miR-34 in mice subjected to myocardial
infarction (MI) or pressure overload using a nucleic acid antagonist (antagomir) reduced the
cardiac damage markers and improved cardiac function.32 This result is unexpected given
that genetic ablation of Parkin increased the severity of M1 in mice.18 Further studies are
needed to determine how miR-34 affects Parkin and its other protein targets in cardiac
tissue.

miR-351 plays a critical role in NIX regulation and erythropoiesis. This miRNA antagonizes
NIX until repression by a transcription factor called KRAB and its co-repressor KAP1
downregulate miR-351 and allow upregulation of NIX to promote mitophagy. The resulting
NIX expression eliminates mitochondria from mature red blood cells. Loss of KAP1 leads to
decreased expression of several mitophagy genes, leading to mitochondrial persistence in
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red blood cells.33 miR-351 is downregulated in the heart by ischemia, but upregulated by
hypertrophy.34 These events may correlate with increased mitophagy in ischemic hearts and
reduced autophagy in the early phase of cardiac hypertrophy.3®

Recent work by Ucar et al demonstrates that miR-212 and miR-132 regulate autophagy and
promote cardiac hypertrophy.38 Specifically, the study shows that miR-212/132 knockout
mice are protected from pressure overload, whereas animals overexpressing these miRNA
proceed rapidly to hypertrophy and failure. These miRNAs activate calcineurin/NFAT
hypertrophy signaling and target FOXO3, reducing the heart’s autophagy response.36
Antagonizing these miRNAs with antagomirs rescued the mice from cardiac hypertrophy
and may prove therapeutic in the clinical setting. Finally, miRNA are degraded by
autophagy, and disruption of autophagy leads to dysregulation in miRNA and their protein
targets.37:38 Although these pathways are insufficiently characterized in the heart at present,
their effects on mitophagy are likely to significantly modulate cardiac myocyte survival,
homeostasis, and stress responses.

Mitophagy in the Myocardium

Basal mitophagy operates constitutively to eliminate damaged/ senescent mitochondria and
coordinates with mitochondrial biogenesis to properly balance mitochondrial number with
energetic demands.3240 Under stress such as chronic ischemia, ischemia-reperfusion (IR)
injury, and heart failure where there is extensive mitochondrial damage, mitophagy is
upregulated to eliminate damaged mitochondria before they cause further damage to the cell.
Damaged mitochondria may produce excessive ROS, release pro-apoptotic factors, and
trigger necrosis through permeability transition pore opening.*! Depolarized mitochondria
may also run in reverse, consuming ATP when cellular stores are already low.#2 In addition,
autophagy is responsible for clearing mitochondrial DNA (mtDNA) that has been released
from ruptured mitochondria. mtDNA that escapes from autophagy can activate the Toll-like
receptor 9-mediated inflammatory response.#3 Interestingly, disruption of this process can
lead to myocarditis and dilated cardiomyopathy.43

Autophagy and mitophagy are important adaptive stress responses that can be rapidly
upregulated after cardiac injury. Although electron microscopy has detected occasional
mitochondria in autophagosomes in control mice, up to 10% of the autophagosomes in the
border zone of the infarct contain mitochondria 8h after injury.#4 In addition, Parkin-
mediated mitophagy is important for clearance of damaged mitochondria and myocardial
recovery after MI. Parkin-deficient hearts rapidly accumulate dysfunctional mitochondria,
which lead to cardiac dysfunction and reduced survival.18

Mitophagy is essential in the myocardium, and in mouse models of disrupted mitochondrial
turnover, heart failure develops in the absence of other stress. For instance, Nakai et al have
demonstrated that loss of ATGS5, a critical autophagy protein, in the adult heart leads to rapid
cardiac failure and mitochondrial disorganization in adult mice.*> Similarly, loss of MCL-1,
an anti-apoptotic BCL-2 protein, in the adult heart leads to impaired autophagy and rapidly
culminates in accumulation of dysfunctional mitochondria and heart failure.%6 In clinical

Circ J. Author manuscript; available in PMC 2014 May 21.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas and Gustafsson Page 5

patients, Danon disease results from a LAMP2 deficiency, which impairs fusion between
autophagosomes and lysosomes and causes a lethal cardiomyopathy.4’

However, autophagy is not always beneficial. In the setting of increased myocardial demand
such as pressure overload, autophagy can lead to pathologic remodeling, contractile
dysfunction, and cardiac atrophy.*8 Similarly, Matsui et al demonstrated that AMPK-
independent autophagy can aggravate cardiac damage during the reperfusion phase of IR
injury.*® In summary, context determines whether autophagy promotes survival or cell
death. Overlapping regulatory pathways appear to be essential for matching autophagic
activity to appropriate cellular conditions.

Mitophagy and Clinical Care

Mitophagy provides a novel therapeutic pathway for cardiac intervention. Cardiovascular
disease correlates with energetic and metabolic derangements that severely affect
mitochondrial function. These include substrate switching to glycolytic fuel sources, excess
ROS production, lipid accumulation, mitochondrial permeabilization, and deficiencies in
mitochondrial coupling.5%-52 In addition, autophagy is reduced with age and the inadequate
removal of dysfunctional mitochondria has been implicated as both cause and consequence
of the aging process.>3 Novel therapies that maintain mitochondrial integrity and efficiency
by facilitating mitophagy have the potential to prevent cardiac damage, heart failure, and
age-related cardiomyopathy.

Obesity and type Il diabetes lead to cardiac hypertrophy, fibrosis, and dilated
cardiomyopathy.>* In the setting of such obesity, cardiac dysfunction is associated with
reduced mitochondrial oxidative capacity and increased uncoupling.>2 Surprisingly, recent
studies reveal that reduced autophagy in the setting of elevated glucose is adaptive, reducing
cardiomyocyte injury.55:56 Reduced general autophagy may activate alternative mitophagy
pathways, clearing damaged mitochondria to preserve cardiac function.

Recent evidence demonstrates that increased glucose metabolism, mTOR activation, and ER
stress are elevated in failing human hearts prior to structural changes such as cardiac
hypertrophy. Strikingly, these metabolic changes are reversed by mechanical unloading with
a ventricular assist device.?” The role of mitophagy in the clinical setting is still
controversial. Restoration of impaired mitophagy may lead to improved mitochondrial
quality control and efficiency. In addition, treatments that support mitophagy may alleviate
mitochondrial dysfunction caused by current therapies such as nitroglycerin treatment.58 In
contexts such as pressure overload, however, unchecked upregulation of autophagy may be
detrimental. Future studies should address the pathologic contexts in which autophagy is
beneficial or detrimental, as well as differentiating between the effects of general autophagy
and targeted mitophagy in disease.

Conclusion

Significant progress has been made in characterizing the pathways that regulate mitophagy
in the heart. Researchers have discovered several miRNAS that regulate essential mitophagy
proteins. These regulatory miRNAs present new therapeutic targets and clinical biomarkers
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for heart disease. Although BNIP3/NIX and the PINK1/Parkin pathways are involved in
targeting mitochondria to the autophagosomes, it is still unclear how mitochondrial damage
leads to upregulation of autophagy. The molecular mechanism underlying activation of
mitophagy should be explored by future research. The current methods of assessing
mitophagy in cells and tissues are transmission electron microscopy and colocalization
between mitochondrial and autophagosomes using immunostaining.218:44 Mitophagy can
also be assessed indirectly by measuring the levels of Parkin, LC3I1 and ubiquitin in
mitochondrial fractions to determine whether these mitochondria have been marked for
degradation.® These methods are used to measure the level of mitophagy at a single, fixed
time point. A major limitation is the lack of a method to measure the rate of mitophagy in
tissues. Such a method would allow researchers to unlock new information about mitophagy
in the heart. New tools such as GFP/ mCherry LC3 double transgenic mice, which allow
researchers to distinguish between autophagosomes and autolysosomes, may also help
elucidate individual steps in mitophagy.>® Ultimately, modulating mitophagy in the setting
of cardiac stress such as IR and pressure overload may improve clinical outcomes and
prevent progression to heart failure.
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Figurel.
Mitochondrial fission precedes mitophagy. Mitochondria undergo fission in response to

stress to segregate damaged mitochondrial fragments from healthy mitochondria. These
dysfunctional mitochondria are subsequently removed by autophagosomes.
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Figure 2.
Bnip3 can induce both necrotic and apoptotic cell death via opening of the mitochondrial

permeability transition pore (mPTP) and activation of BAX/BAK. Bnip3 can also function
as receptor for autophagosomes during mitophagy.
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Mitophagy is activated by changes in mitochondrial membrane potential (A y m). Loss of A
vy m leads to accumulation of PINK1 and subsequent translocation of Parkin to
mitochondria. Parkin ubiquitinates proteins in the outer mitochondrial membrane. The
ubiquitin serves as a marker for autophagosomes to degrade these mitochondria.
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