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The autophagic-lysosomal degradation pathway is critical for cardiac homeostasis, and defects in this pathway are associated
with development of cardiomyopathy. Autophagy is responsible for the normal turnover of organelles and long-lived proteins.
Autophagy is also rapidly up-regulated in response to stress, where it rapidly clears dysfunctional organelles and cytotoxic
protein aggregates in the cell. Autophagy is also important in clearing dysfunctional mitochondria before they can cause
harm to the cell. This quality control mechanism is particularly important in cardiac myocytes, which contain a very high
volume of mitochondria. The degradation of proteins and organelles also generates free fatty acids and amino acids, which
help maintain energy levels in myocytes during stress conditions. Increases in autophagy have been observed in various
cardiovascular diseases, but a major question that remains to be answered is whether enhanced autophagy is an adaptive or
maladaptive response to stress. This review discusses the regulation and role of autophagy in the myocardium under baseline
conditions and in various aetiologies of heart disease. It also discusses whether this pathway represents a new therapeutic
target to treat or prevent cardiovascular disease and the concerns associated with modulating autophagy.
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Introduction

Autophagy is an evolutionarily conserved process concerned
with the degradation of long-lived proteins and damaged or
excess organelles. During this process, a double-membrane
autophagosome sequesters cytoplasmic material and subse-
quently fuses with a lysosome, thereby degrading the con-
tents (Choi etal, 2013). This constitutive process was
originally believed to be a non-selective mechanism for
removal of cytosolic material. However, it is now known that
autophagosomes can specifically target bacteria (Knodler and
Celli, 2011), protein aggregates (Tannous ef al., 2008) and
organelles such as peroxisomes (Iwata et al., 2006), endoplas-
mic reticulum (Bernales etal.,, 2007) and mitochondria
(Quinsay etal., 2010) in different mammalian cells. The
autophagic-lysosomal pathway is essential for normal cardiac

function, and a disruption in this pathway has severe conse-
quences for the heart. Disruption leads to accumulation of
protein aggregates and dysfunctional organelles, resulting in
cellular dysfunction and heart failure (Nishino et al., 2000;
Tanaka et al., 2000; Nakai et al., 2007). During stress, this
pathway is quickly activated and removes cytotoxic protein
aggregates and damaged organelles (Hamacher-Brady et al.,
2006; Nakai et al., 2007; Tannous et al., 2008; Kubli et al.,
2013). Autophagy also serves to preserve energy status during
energy deprivation. The degradation of proteins and orga-
nelles generates fatty acids and amino acids that are used for
ATP production, thereby promoting cardiomyocyte survival
(Kanamori et al., 2009; 2011).

Increases in autophagy have been observed in various
cardiovascular diseases and a major question that remains
to be answered is whether autophagy is an adaptive or
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maladaptive response to stress. Although cardiac autophagy
is a critical quality control mechanism, increased autophagy
can have deleterious effects on the heart under some circum-
stances. Excessive activation of autophagy may deplete essen-
tial molecules and organelles responsible for cellular survival.
Thus, tightly controlled regulation of autophagy is important
for maintaining cardiac homeostasis, and dysregulation of
this pathway resulting in either excessive or insufficient
autophagy will have deleterious effects. This review discusses
the regulation and role of autophagy and mitochondrial
autophagy (mitophagy) in the myocardium. It also addresses
the therapeutic potential of this pathway and concerns asso-
ciated with modulating autophagy.

Overview of autophagy

Formation of the autophagosome begins with the creation of
a precursor membrane, or phagophore (Figure 1). Lipid
sources for the phagophore membrane are still unclear, but
mounting evidence suggests that the endoplasmic reticulum
(Hayashi-Nishino et al., 2009), plasma membrane (Ravikumar
et al., 2010) and mitochondria (Hailey et al., 2010) are all
likely sources. Formation of the autophagosome is regulated
by Atg proteins (see Mizushima et al., 2011). Initiation of
autophagy begins with Beclin 1/Atg6 forming a complex with
vacuolar protein sorting (VPS) 34 and VPS1S5, resulting in
activation of this class III PI3K complex and nucleation of the
isolation membrane or phagophore (Kihara et al., 2001; Zeng
etal., 2006). Elongation of the phagophore involves two
ubiquitin-like conjugation systems, Atgl2-AtgS and Atg8/
LC3 (microtubule-associated protein 1 light chain 3). The
resulting mature LC3-1I resides on the autophagosome mem-
brane and interacts with specific adapter proteins or receptors
that are present on the cargo to be degraded (Geisler et al.,
2010; Novak et al., 2010). Finally, the autophagosome fuses
with a lysosome, and the contents are degraded in the result-
ing autophagolysosome by acid hydrolase enzymes (Choi

et al., 2013). The term autophagic flux is used to describe the
dynamic process of autophagosome synthesis, sequestration
of material, delivery of autophagic cargo to the lysosome and
degradation of autophagic cargo inside the lysosome. Assess-
ing autophagic flux experimentally is a more accurate indi-
cator of autophagic activity in cells and tissues than
measurements of autophagosome numbers. An increase in
the number of autophagosomes at a given time does not
always correspond to increased autophagic activity. It can
represent either induction of autophagy or defects in the
fusion between autophagosomes and lysosomes.

The BCL-2 proteins are well-known regulators of
mitochondria-mediated cell death. However, it is now clear
that these proteins can also regulate autophagy in cells. Anti-
apoptotic BCL-2 and BCL-X, inhibit autophagy by interacting
with Beclin 1 (Pattingre et al., 2005; Maiuri et al., 2007b). The
pro-apoptotic BH3-only protein BIM has also been reported
to inhibit autophagy by interacting with Beclin 1 (Luo et al.,
2012), demonstrating that inhibition of autophagy via Beclin
1 is not limited to anti-apoptotic BCL-2 proteins. Other pro-
apoptotic BH3-only proteins induce autophagy by disrupting
the interaction between BCL-2/BCL-XL and Beclin 1, thereby
allowing Beclin 1 to initiate nucleation of the phagophore
(Maiuri et al., 2007a; Zhang et al., 2008). The BH3-only pro-
teins BCL2/adenovirus E1B 19 kDa interacting protein 3
(BNIP3) and BNIP3L/NIX can also act as autophagy receptors
on organelles that need to be cleared by autophagosomes
(Schwarten et al., 2009; Novak etal., 2010; Hanna etal.,
2012).

Mitochondrial autophagy

Cells use autophagy to selectively degrade targets such as
mitochondria. Removal of mitochondria via autophagy,
termed mitophagy, is essential for cellular homeostasis and is
particularly important in cells with a high density of mito-
chondria such as myocytes. Mitophagy selectively removes
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Figure 1

Autophagic flux. Autophagy is initiated upon inhibition of mTOR and activation of a class Ill PI3K complex, which consists in part of Beclin 1 and
VPS34. Elongation of the phagophore and maturation of the autophagosome requires two ubiquitin-like conjugation systems, Atg12 and
Atg8/LC3. The forming autophagosomal membrane sequesters material in the cytosol that has been marked for degradation by proteins such as
BNIP3 and p62. The mature autophagosome then fuses with a lysosome to form the autophagolysosome. The cargo and the inner membrane
of the autophagosome are degraded by lysosomal hydrolases. The degradation generates free amino acids (AA) and fatty acids (FA) that are

transported into the cytosol.

1908 British Journal of Pharmacology (2014) 171 1907-1916



Autophagy and mitophagy in the heart

Figure 2

Apoptosis Necrosis

Mitophagy pathways. (A) Loss of Aym results in accumulation of PINKT on the outer mitochondrial membrane, leading to Parkin recruitment.
Parkin then ubiquitinates mitochondrial membrane proteins. The adaptor protein p62 binds to ubiquitin and recruits LC3-Il located on the
autophagosome membrane. (B) Phosphorylation of BNIP3 leads to binding to LC3-II directly on the autophagosome. Binding of the anti-apoptotic
BCL-X, to BNIP3 positively regulates the interaction between BNIP3 and LC3-Il. Alternatively, BNIP3 can induce cell death via activation of

BAX/BAK and opening of the mitochondrial permeability transition pore.

dysfunctional mitochondria, enriching for healthy organelles
(Twig et al., 2008; Suen et al., 2010). Although mitochondria
are critical in providing myocytes with ATP to sustain con-
traction, they are also a source of reactive oxygen species
(ROS). Functional mitochondria produce some ROS as a
by-product of ATP production by the electron transport
chain. However, damaged mitochondria can produce up to
10-fold more ROS than healthy mitochondria, exceeding the
cell’s antioxidant capacity. ROS can damage mitochondrial
proteins and DNA, resulting in more dysfunctional mito-
chondria, further continuing the cycle (Baines, 2010). Addi-
tionally, mitochondria are important in cell death signaling.
Permeabilization of the outer mitochondrial membrane leads
to release of cytochrome ¢ and other pro-apoptotic factors,
while opening of the mitochondrial permeability transition
pore (mPTP) and collapse of the proton gradient results in
necrosis (Baines, 2010). Thus, swift yet selective removal of
damaged mitochondria by mitophagy is essential for cell
survival. However, excessive activation of mitophagy can lead
to complete clearance of mitochondria in cells (Narendra
etal., 2008). Because myocytes are highly dependent on
mitochondria for energy to sustain contraction, rates of clear-
ance that exceeds synthesis of new mitochondria can be
detrimental to myocytes.

One of the pathways important for specificity in
mitophagy is controlled by Parkin and phosphatase and
tensin homologue-induced putative kinase 1 (PINKI;
Figure 2A). Parkin is an E3 ubiquitin ligase that is cytosolic
under normal conditions. Upon mitochondrial membrane

depolarization, it quickly translocates to mitochondria where
it ubiquitinates proteins in the outer membrane, thereby
labelling them for removal (Narendra et al., 2008). Currently,
there are four known substrates for Parkin at the mitochon-
dria: VDAC1 (Geisler etal.,, 2010), mitofusins 1 and 2
(Mfn1/2; Gegg etal., 2010; Poole et al., 2010) and MIRO-1
(Wang et al., 2011). Mfn2 also acts as a mitochondrial recep-
tor for Parkin (Chen and Dorn, 2013). Loss of Mfn2 prevents
Parkin translocation to depolarized mitochondria and results
in accumulation of dysfunctional mitochondria (Chen and
Dorn, 2013). The adaptor protein p62/SQSTM1 (p62) subse-
quently binds to the ubiquitinated proteins on the mitochon-
drion (Geisler et al., 2010) and to LC3 on the autophagosome
(Pankiv et al., 2007). In this way, it is postulated that p62
anchors the autophagosome to the target mitochondrion.
However, whether p62 is an essential component of Parkin-
mediated mitophagy is still not clear. One study found that
p62 knockdown significantly inhibits mitophagy (Geisler
et al., 2010), while another study found no noticeable effect
on mitophagy upon p62 knockdown (Narendra et al., 2010a).
It would be dangerous for the cell to rely on only one adaptor
protein for mitophagy and it is likely that there exist addi-
tional currently unidentified mitophagy adaptor proteins. A
possible candidate is NBR1, which has been found to bind
ubiquitinated proteins where it acts as an autophagy adaptor
(Kirkin et al., 2009).

PINK1 is a serine/threonine kinase that serves to commu-
nicate the collapse of the mitochondrial membrane potential
(Aym) to Parkin. Normally, PINK1 is rapidly imported into
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the mitochondrial matrix where it is cleaved by mitochon-
drial proteases (Jin etal., 2010). As a result, there are low
levels of PINK1 on the mitochondria under normal condi-
tions. However, upon collapse of the Aym, PINK1 import and
degradation is halted, resulting in the accumulation of PINK1
on the outer mitochondrial membrane (Narendra et al.,
2010b). Studies have suggested that this accumulation is
essential for Parkin translocation to the mitochondria,
although the exact mechanism is unclear. Some suggest that
PINK1 interacts directly with Parkin, physically anchoring
Parkin to mitochondria (Xiong et al., 2009). Others propose
that Parkin is activated by direct phosphorylation by PINK1
(Sha et al., 2010) or that PINK1 phosphorylates Parkin sub-
strates on mitochondria (Wang et al., 2011; Chen and Dorn,
2013). For example, PINK1 phosphorylation of Mfn2 is nec-
essary for Parkin ubiquitination of Mfn2, and is also a pre-
requisite for Parkin translocation (Chen and Dorn, 2013).
Wang et al. (2011) found that phosphorylation of mitochon-
drial MIRO-1 by PINK1 leads to Parkin-dependent degrada-
tion of MIRO-1 (Wang et al., 2011). MIRO-1 is a component
of the primary motor/adaptor complex for mitochondrial
trafficking, and loss of MIRO-1 on the mitochondrial mem-
brane detaches the mitochondrion from the kinesin network,
preventing mitochondrial movement. This may serve to
quarantine damaged mitochondria to limit cellular damage,
as well as serving as a signal for the removal of the mitochon-
drion by mitophagy.

Regulation of mitophagy by BNIP3
and BNIP3L/NIX

The BH3-only proteins BNIP3 and BNIP3L/NIX are pro-
apoptotic members of the BCL-2 family. Both activate cell
death via activation of BAX/BAK and opening of the mPTP
(Vande et al., 2000; Regula et al., 2002; Kubli et al., 2007;
Chen et al., 2010). However, recent studies have found that
these proteins are also potent inducers of autophagy in cells
and that this function is independent their pro-cell death
activity (Figure 2B; Daido et al., 2004; Schweers et al., 2007;
Sandoval et al., 2008; Rikka et al., 2011). In fact, both BNIP3
and NIX function as autophagy receptors on mitochondria.
The LC3-interacting region (LIR) on their N-termini is essen-
tial for mitochondrial clearance (Schwarten etal., 2009;
Novak et al., 2010; Hanna et al., 2012; Zhu et al., 2013). For
instance, NIX interacts with the autophagy proteins LC3A
and GABA-associated protein (GABARAP) on the autophago-
some, and mutations of critical residues in its LIR disrupts the
Nix-GABARAP/LC3A interaction and inhibits mitochondrial
clearance (Schwarten et al., 2009; Novak et al., 2010).

It is still unclear how the pro-death versus mitophagy
functions of NIX and BNIP3 are differentially regulated.
However, a recent study found that phosphorylation serves
an important role in determining whether BNIP3 will induce
cell death or autophagy. This study found that phosphoryla-
tion of serine residues flanking the LIR in BNIP3 promotes the
interaction between BNIP3 and LC3B (Zhu et al., 2013). Inter-
estingly, this study also reported that anti-apoptotic BCL-X;
enhances BNIP3-mediated mitophagy. This suggests that dif-
ferent post-translational modifications of BNIP3 and NIX
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might serve to specify whether they will promote mitophagy
or cell death. The interaction with other proteins such as
BCL-X; might also serve to promote the pro-autophagy func-
tion of these proteins. A limitation of this study is that they
did not investigate whether mutating the phosphorylation
sites has any effect on the pro-death activity of BNIP3.
Further, the kinase responsible for phosphorylating these
residues in BNIP3 remains to be identified. Interestingly, only
one of the serine residues identified to be important for
regulating BNIP3-mediated mitophagy is conserved in NIX
(Novak et al., 2010). Hence, it will be important to determine
whether phosphorylation of NIX also plays an important role
in determining whether NIX is to induce autophagy or cell
death.

Autophagy in the heart

A functional autophagic-lysosomal pathway is important for
cardiac homeostasis. For instance, conditional deletion of
AtgS in the adult mouse heart results in accumulation of
damaged mitochondria and rapid cardiac dysfunction (Nakai
et al., 2007). This indicates that autophagy occurs constitu-
tively in the adult heart and is an important quality control
mechanism to maintain myocyte health. In contrast, mice
with cardiac-specific deficiency of Atg5 during cardiogenesis
have no cardiac defect under baseline conditions into adult-
hood (Nakai et al., 2007). This therefore suggests the activa-
tion of another pathway that can compensate for the lack of
autophagy early on. In contrast, when autophagy is abruptly
disrupted in the adult heart, there is no time for a compen-
satory pathway(s) to be activated. In addition, Danon disease
is caused by mutations in the gene encoding for LAMP-2, a
lysosomal protein that is important for the fusion of lys-
osomes with autophagosomes. Thus, the fusion between
autophagosomes and lysosomes are much slower in these
patients and leads to accumulation of autophagosomes in the
cytosol (Nishino et al., 2000; Tanaka et al., 2000). These
patients develop a lethal cardiomyopathy, suggesting that the
accumulation of autophagosomes containing undigested
cargo is detrimental to myocytes. Recently, Thomas et al.,
(2013) demonstrated that cardiac specific deletion of MCL-1,
an anti-apoptotic BCL-2 protein, results in disruption
of autophagy and rapid onset of heart failure (Thomas
etal., 2013). Overall, these studies demonstrate that
baseline autophagy is an important cellular quality control
mechanism.

Autophagy in myocardial infarction
(MI) and ischaemia/reperfusion (I/R)

Autophagy is activated during both the acute and chronic
stages of a MI. Studies have found that the enhanced
autophagy serves to limit injury and remodelling of the heart
after the infarct. For instance, inhibition of autophagic flux
using bafilomycin A1 significantly aggravates post-infarction
cardiac dysfunction and remodelling, whereas enhancing
autophagy with rapamycin reduces cardiac dysfunction and
remodelling (Kanamori et al., 2011). This study also found



that inhibition of autophagy reduced the ATP content after
the infarct, whereas enhancing autophagy before the infarct
increased myocardial levels of amino acids and ATP. Moreo-
ver, mitophagy also occurs in response to MI (Hoshino et al.,
2012; Kubli et al., 2013). Parkin-deficient mice have reduced
mitophagy and accumulate dysfunctional mitochondria after
the infarction, which leads to increased remodelling and
reduced survival (Kubli et al., 2013). In addition, Hoshino
et al. recently reported that the tumour suppressor p53 con-
tributes to pathological remodelling after an infarction by
inhibiting the clearance of damaged mitochondria. Not sur-
prisingly, p53” mice have reduced myocyte apoptosis and
reduced remodelling after an infarction. Interestingly, this
study identified pS3 to be a negative regulator of BNIP3-
mediated mitophagy and concluded that the inhibition of
mitophagy leads to accumulation of damaged mitochondria
that activate apoptosis after the infarction (Hoshino et al.,
2012). It is well established that pS3 can induce apoptosis via
regulation of gene expression and by direct action at the
mitochondria. However, this study did not examine whether
any other modes of p53-mediated cell death are activated
after the infarction. Collectively, these studies suggest that
enhanced autophagy protects against progression of post-
infarction cardiac remodelling by clearing dysfunctional
mitochondria and preserving ATP levels, implying that aug-
menting autophagy could be a therapeutic strategy.

Studies agree that myocardial I/R increases autophagy, but
whether autophagy is protective or detrimental to the myo-
cytes is still under debate. There are also conflicting reports as
to whether autophagic flux is impaired during I/R. Hamacher-
Brady et al. initially reported that autophagic flux was sup-
pressed during ischaemia in a cardiac cell line and that
autophagic flux only partially recovered during reperfusion
(Hamacher-Brady et al., 2006). Nevertheless, they found that
enhanced autophagy reduced cell death after simulated I/R,
demonstrating that the enhanced autophagy served as an
important defence against I/R injury. Shortly thereafter,
another study reported that activation of autophagy via the
AMP-induced PK pathway during ischaemia was protective,
whereas reperfusion resulted in up-regulation of Beclin 1 and
excessive levels of autophagy (Matsui et al., 2007). This study
found that activation of autophagy and cardiac injury during
the reperfusion phase was significantly attenuated in Beclin
I~ mice. In a later study, this group reported that I/R
increased autophagic flux and that oxidative stress played an
important role in mediating autophagy and myocardial
injury during I/R (Hariharan etal.,, 2011). More recently,
another study reported that I/R is associated with impaired
autophagic flux during the reperfusion phase. In contrast to
the study by Hariharan et al., they found that increased oxi-
dative stress contributes to impaired flux by reducing LAMP-2
protein levels (Ma et al., 2012b). As LAMP-2 is essential for
fusion between autophagosomes and lysosomes, the
autophagosomes start to accumulate. More surprising was
their finding that increased levels of Beclin 1 leads to
impaired, rather than increased, flux (Ma et al., 2012b). It had
been assumed that enhanced levels of Beclin 1 would lead to
excessive and detrimental levels of autophagy (Matsui et al.,
2007; Zhu et al., 2007). However, the study by Ma et al. chal-
lenges this concept. In fact, their study suggests that a nega-
tive feedback mechanism exists to prevent excessive Beclin

Autophagy and mitophagy in the heart

1-mediated autophagy and/or that Beclin 1 has other cur-
rently unknown functions in the cell that can regulate
myocyte viability. The possibility that Beclin 1 has additional
autophagy-independent functions in cells is also supported
by the embryonic lethal phenotype observed in Beclin 17
mice (Yue et al., 2003). In contrast, deletion of autophagy
genes, Atg5 or Atg7, do not result in lethality during embryo-
genesis (Kuma et al., 2004; Komatsu et al., 2005).

It is unclear why there is such a discrepancy between
studies on autophagy using the I/R model. One possibility is
the differences in the length of both the ischaemia and the
reperfusion phase between the different studies. Clearly, pro-
longed ischaemia will have different effects on autophagy due
to increased necrosis and ATP depletion, which will activate
many other pathways in the cell and induce an inflammatory
response. Additional studies using more consistent models
are needed to resolve when autophagic flux is impaired
during I/R and when autophagy is protective or detrimental
during the I/R.

Autophagy in pressure overload

Haemodynamic stress is also associated with activation of the
autophagic-lysosomal pathway in the heart (Nakai et al.,
2007; Zhu et al., 2007; Cao et al., 2011; Sun et al., 2013), but
the functional role of autophagy under these conditions is
still controversial. Nakai et al. reported that activation of
autophagy plays a beneficial role in the heart in response to
pressure overload (Nakai etal., 2007). They found that
autophagy-deficient mice show severe cardiac dysfunction
and left ventricular dilatation as early as one week after aortic
constriction (Nakai et al., 2007). Interestingly, they found
that heart-to-body weight ratio and myocyte cross-sectional
area increase to a similar degree in wild type and Afg5-
deficient mice after aortic constriction, suggesting that the
heart failure is not due to failure to undergo cardiac hyper-
trophy. As autophagy is a mechanism for maintaining energy
homeostasis, it is also possible that it compensates for
increased energy demand during remodelling. Moreover,
cathepsin-L is a key lysosomal protease in the heart, and loss
of this protein leads to reduced lysosomal activity and accu-
mulation of autophagosomes. Mice with cathepsin-L defi-
ciency develop exacerbated cardiac hypertrophy and cardiac
dysfunction following pressure overload compared with wild-
type mice (Sun et al., 2013).

In contrast, other studies have found that activation of
myocyte autophagy is required for hypertrophic growth of
the heart in response to haemodynamic stress, and that the
enhanced autophagy plays a maladaptive role (Zhu etal.,
2007; Cao etal., 2011). Zhu et al. found that autophagy was
rapidly increased after aortic banding and remained elevated
for at least 2 weeks (Zhu et al., 2007). Moreover, Beclin 1
mice have decreased myocyte autophagy and diminished
pathological remodelling induced by pressure overload. Con-
versely, Beclin 1 overexpression in the heart increases
autophagic activity and pathological remodelling, implicat-
ing Beclin 1-mediated autophagy in the pathogenesis of heart
failure. One important difference between the two contradic-
tory studies by Nakai efal. and Zhu et al. is that genetic
deletion of Atg5 leads to complete disruption of autophagy,
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whereas heterozygous disruption of Beclin 1 does not com-
pletely disrupt autophagy. Thus, these results suggest that
low-grade autophagy is protective during transverse aortic
constriction, whereas complete disruption or excessive
levels of autophagy are detrimental. In addition, because
autophagy-mediated protein and organelle degradation
would be expected to reduce cell growth, it is surprising that
enhanced autophagy, such as is observed in the Beclin 1
transgenic mice, is associated with increased cardiac hyper-
trophy. Therefore, it is likely that the functional role of
autophagy under these conditions is to provide energy and
nutrients for the cell rather than regulating size.

Defects in the mitophagy pathway also lead to develop-
ment of cardiac hypertrophy. PINK17 mice develop left ven-
tricular dysfunction and evidence of pathological cardiac
hypertrophy as early as 2 months of age (Billia et al., 2011).
Although PINK1 is upstream of Parkin in the mitophagy
pathway, Parkin” mice have no baseline phenotype and do
not develop cardiac hypertrophy with age (Kubli et al., 2013).
There are several possible reasons for this discrepancy. First,
although PINK1 and Parkin act in the same pathway to regu-
late mitophagy, PINK1 might have other functions that are
important for cardiac homeostasis. Second, it is possible that
there are other E3 ubiquitin ligases that compensate for lack
of Parkin.

Autophagy and cardiac unloading

Although the heart undergoes hypertrophy in response to
mechanical load, the hypertrophy can regress upon unload-
ing. Recent studies have identified a critical role for
autophagy in mediating regression of cardiac hypertrophy
during unloading (Cao et al., 2013; Hariharan et al., 2013).
Cao et al. recently reported that activation of the transcrip-
tion factor FoxO3 and up-regulation of its downstream target
BNIP3 are increased by mechanical unloading (Cao et al.,
2013). Additionally, transgenic mice overexpressing FoxO3
in the heart develop severe cardiac atrophy and have early
mortality. FoxO3-mediated cardiomyocyte atrophy and
autophagy require BNIP3 activation, but the early mortality
phenotype involves mechanisms independent of BNIP3,
autophagy and myocardial atrophy. The cardiac atrophy
caused by FoxO3 overexpression is not reversed in Beclin 1%
mice, suggesting that low-level autophagy is sufficient to
mediate the atrophy induced by FoxO3.

Another study found that unloading by removing the
constriction after aortic banding in mice is accompanied by
up-regulation of FoxO1 (Hariharan et al., 2013). Transgenic
mice with cardiac-specific overexpression of FoxO1l have
smaller hearts and enhanced autophagy. In contrast to the
study by Cao et al., this study found that Beclin 1”7~ mice have
reduced reversal of the cardiac hypertrophy after removing
the constriction. It is very likely that this disparity is due to
differences in models to study ventricular unloading and
atrophy. Studies using FoxO3 transgenic mice will be limited
to pathways activated by the transgene, whereas the surgical
model will activate a more complex network of pathways.
Exactly how BNIP3 and activation of autophagy and
mitophagy contribute to regression of cardiac hypertrophy
remain to be elucidated.
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Autophagy and anthracyclines

Anthracyclines such as doxorubicin are effective anti-
neoplastic drugs used in the treatment of a broad range of
human malignancies. Unfortunately, their clinical use is
limited by their dose-dependent cardiotoxicity, which can
lead to heart failure. Anthracylines can interfere with many
different intracellular processes, and it has been difficult to
determine the underlying mechanisms of acute and chronic
cardiotoxicity. Autophagy is enhanced by doxorubicin but its
functional role appears to be influenced by factors such as
dose and length of treatment. In a rat model of chronic
doxorubicin cardiotoxicity, increased autophagy contributed
to loss of myocytes and the pathogenesis of cardiomyopathy
(Lu etal., 2009). This study found that treatment with
3-methyladenine (3-MA), an inhibitor of the Beclin 1 PI3K
complex, reduces autophagy and improves cardiac function,
suggesting that autophagy exerted a detrimental effect in
chronic doxorubicin cardiotoxicity. However, the selectivity
of 3-MA as an autophagy inhibitor in vivo is unclear, and this
study also found that 3-MA reduces mitochondrial injury (Lu
etal.,, 2009). Although it is very possible that excessive
autophagy contributes to loss of myocytes, it is less clear how
inhibition of autophagy preserves mitochondrial function.
Thus, it cannot be ruled out that 3-MA affected additional
pathways in this study. Chronic doxorubicin is a more clini-
cally relevant model because patients receive multiple doses
of the drug over time. Therefore, additional studies are nec-
essary to determine the functional role of autophagy in
chronic models of anthracyline-mediated cardiomyopathy.
In contrast, autophagy has been linked with protection
against acute doxorubicin cardiotoxicity (Kawaguchi et al.,
2012). Fasting is a potent inducer of autophagy in vivo
(Kanamori et al., 2009), and fasting of mice prior to doxoru-
bicin exposure preserves ATP levels and improves cardiac
function compared with fed mice. This protection is likely
due to clearance of old organelles that might be more sensi-
tive to damage, as well as the generation of additional amino
acids and fatty acids to preserve energy levels during stress.
Doxorubicin is also known to induce mitochondrial damage,
and it was recently reported that doxorubicin exposure
attenuates mitophagy in myocytes. This study found that
cytosolic p53 binds to Parkin and prevents its translocation to
damaged mitochondria and their subsequent clearance by
mitophagy in doxorubicin-treated hearts (Hoshino etal.,
2013). Thus, this suggests that doxorubicin treatment can
both activate autophagy and impair mitochondrial clearance.

BNIP3 and NIX as regulators of
cell death and mitophagy in
the myocardium

BNIP3 and NIX play dual roles in both mitophagy and cell
death in the heart, but how the cell switches between these
different functions is not clear. Both proteins have been
implicated in the progression of cardiovascular disease, attrib-
uted to their role as pro-apoptotic BH3-only proteins (Regula
et al., 2002; Yussman et al., 2002; Diwan et al., 2007; 2008;
Hamacher-Brady et al., 2007). Interestingly, NIX appears to



have much stronger pro-death activity than BNIP3 in the
heart. Transgenic overexpression of NIX in mouse hearts
leads to loss of myocytes and death within 2 weeks of birth
(Yussman et al., 2002). In contrast, although cardiac-specific
BNIP3 transgenic mice develop progressive left ventricular
dilation and cardiac dysfunction, they are viable for at least
40 weeks (Diwan et al., 2007). These studies did not assess
whether autophagy and mitochondrial clearance are
enhanced in these hearts, so it is unclear if excessive
mitophagy contributes to the cardiac phenotype in these
mice.

Studies of NIX and BNIP3 single- and double-knockout
(DKO) mice have confirmed the importance of BNIP3 and
NIX in regulating mitochondrial turnover in the myocar-
dium. Both Bnip3- and Nix-deficient mice accumulate dys-
functional mitochondria in the heart with age, which
correlates with development of cardiac dysfunction (Dorn,
2010). Interestingly, Bnip3/Nix DKO mice accumulate dys-
functional mitochondria at a much faster rate, suggesting
that these proteins have overlapping function as mitophagy
receptors. Although NIX is also a regulator of mitophagy
(Schweers et al., 2007), most studies in the heart have focused
on BNIP3-mediated mitophagy. As discussed in previous sec-
tions, BNIP3-mediated autophagy contributes to cardiac
atrophy during unloading (Cao et al., 2013), and is inhibited
in a p53-dependent manner after an infarction (Hoshino
etal.,, 2012). Other studies have reported that increased
autophagy protects against BNIP3-mediated cell death
(Hamacher-Brady et al., 2007; Ma et al., 2012a).

It has been assumed that the clearance of dysfunctional
mitochondria in response to BNIP3 in part functions to
protect the cell against activation of cell death by these mito-
chondria. However, recent studies suggest that BNIP3-
mediated mitophagy might also be involved in regulating
energy homeostasis (Glick et al., 2012; Jamart et al., 2013; Lira
et al., 2013). Autophagy is rapidly activated in response to
increased energy demand during exercise (He et al., 2012),
and studies have found that BNIP3 is up-regulated in skeletal
muscle in response to exercise (Jamart et al., 2013; Lira et al.,
2013). In the liver, BNIP3 is also rapidly up-regulated in
response to fasting and plays an important role in regulating
the balance between lipid synthesis and fatty acid oxidation
(Glick et al., 2012). Thus, another possibility is that BNIP3-
mediated mitophagy also serves to preserve energy status by
generating amino acids and fatty acids by degrading mito-
chondria that are not generating ATP as efficiently as other
healthy mitochondria. These mitochondria are selectively
marked for degradation by BNIP3 and used for recycling
under conditions of nutrient deprivation.

Therapeutic strategies and challenges

Pharmacological approaches to up-regulate or inhibit
autophagy are currently receiving significant attention. For
example, enhancing autophagy may have therapeutic ben-
efits after MI, whereas reducing autophagy may be a strategy
to limit pathological remodelling of the heart in response to
haemodynamic stress. However, before autophagy can be tar-
geted therapeutically, it is necessary to determine which
step(s) in the autophagic-lysosomal pathway should be tar-
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geted to achieve maximum efficacy. Potential steps that can
be targeted are (1) autophagosome formation, as with rapa-
mycin to increase, or with 3-MA to block formation; (2) the
fusion between autophagosomes and lysosomes, as with
bafilomycin A1l or chloroquine, (3) the lysosomal activity or
(4) the clearance of protein aggregates or organelles by tar-
geting receptors or adapter proteins such as BNIP3/NIX or
p62 (Figure 1). It will also be critical to understand the role of
autophagy in the different cardiovascular aetiologies. For
instance, if autophagic flux is blocked, as has been reported in
myocardial I/R (Hamacher-Brady etal., 2006; Ma etal.,
2012a) and Danon disease (Nishino et al., 2000; Tanaka
etal., 2000), then a therapeutic strategy, which increases
autophagosome formation will not be beneficial. Rather,
increased autophagosome formation may result in their accu-
mulation in the cytosol, which could be harmful to the cell.
In addition, constitutive activation of autophagy may be
associated with potential unwanted side effects. First, chronic
or excessive autophagy can lead to degradation of too many
organelles and critical proteins and lead to cell death. Thus,
a major challenge will be how to accurately monitor
autophagic flux in patients’ hearts. Second, there is evidence
that autophagy suppresses tumour formation. Beclin 1 defi-
ciency is associated with enhanced susceptibility to breast,
ovarian and prostate cancer in humans (Liang et al., 1999),
and increased spontaneous malignancies in mice (Qu et al.,
2003; Yue etal., 2003). Thus, suppression of autophagy in
patients with cardiovascular disease might increase the risk of
developing certain cancers.

A more attractive strategy is to enhance or block the
specific targeting of damaged organelles such as mitochon-
dria. For instance, drugs that interfere with the LIR of BNIP3
and NIX could potentially be used to block specific degrada-
tion of mitochondria, and may therefore be efficacious to
prevent excessive cardiac atrophy following mechanical
unloading. Likewise, BNIP3 may be targeted for activation in
order to up-regulate mitophagy to enhance recovery follow-
ing myocardial I/R. However, it may be difficult to differen-
tially control the autophagy-promoting functions of BNIP3
without unintentionally activating its pro-apoptotic proper-
ties. Therefore, specific activation of the PINK1/Parkin
pathway may have fewer off-target effects. However, more
research is necessary to elucidate the exact mechanisms of
PINK1/Parkin activation before the therapeutic potential of
this pathway can be evaluated.

Conclusions

Overall, studies support that constitutive autophagy is essen-
tial for controlling protein quality, and maintaining cellular
function and survival in the heart. A major question that
remains unanswered is whether enhanced autophagy in the
heart in various diseases is an adaptive or maladaptive
response. It appears that the levels and duration of autophagy
determine whether it is protective or detrimental to the myo-
cytes, where too little or too much autophagy in response to
stress might be detrimental. To date, studies on autophagy
and mitophagy have focused on cardiac myocytes. However,
it is very likely that autophagy is important in other cells
found in the heart such as fibroblasts and endothelial cells.
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Mice with global deletion of Parkin are more sensitive to MI,
which was mainly attributed to the impaired mitophagy and
accumulation dysfunctional mitochondria in myocytes
(Kubli et al., 2013). However, these mice also had very thin
scars after the infarctions compared with wild-type mice,
suggesting that fibroblast function might also be impaired in
the Parkin” mice. This was not explored in this study. Thus,
these issues need to be resolved before autophagy and
mitophagy can safely be targeted therapeutically in the heart.

Whether the autophagy pathway represents a useful
target in the treatment of cardiovascular disease will ulti-
mately need to be addressed by conducting clinical trials in
patients. Preclinical experiments and mouse models are
useful in establishing the role of autophagy in certain diseases
such as MI where all studies to date have reported a beneficial
role for autophagy. However, there are still conflicting reports
regarding the role of autophagy in myocardial I/R injury and
haemodynamic stress. These discrepancies are likely to be due
to differences in the experimental set-up such as length of the
ischaemia and/or reperfusion, or the severity of the constric-
tion in models of pressure overload. There is also a need to
develop additional specific modulators of autophagy that can
be used to further dissect the steps in the process, and assess
their effects of cell survival and disease. More selective drugs
will also limit the influences of autophagy-independent
effects. Overall, pharmacological modulation of different
steps in the autophagy pathway represents a promising future
therapeutic strategy. However, additional understanding of
this process and identification of proteins involved in regu-
lating the pathway are still needed before this becomes a
possibility.
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