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Abstract

Autophagy is an evolutionarily conserved intracellular mechanism for degradation of long-lived
proteins and organelles. Accumulating lines of evidence indicate that autophagy is deeply
involved in the development of cardiac disease. Autophagy is upregulated in almost all cardiac
pathological states, exerting both protective and detrimental functions. Whether autophagy
activation is an adaptive or maladaptive mechanism during cardiac stress seems to depend upon
the pathological context in which it is upregulated, the extent of its activation, and the signaling
mechanisms promoting its enhancement. Pharmacol ogical modulation of autophagy may therefore
represent a potential therapeutic strategy to limit myocardial damage during cardiac stress. Several
pharmacological agents that are able to modul ate autophagy have been identified, such as mTOR
inhibitors, AMPK modulators, sirtuin activators, 1P3 and calcium lowering agents, and lysosome
inhibitors. Although few of these modulators of autophagy have been directly tested during
cardiac stress, many of them appear to have high potential to be efficient in the treatment of
cardiac disease. We will discuss the potentia usefulness of different pharmacological activators
and inhibitors of autophagy in the treatment of cardiac diseases.

Introduction

Macroautophagy is an intracellular bulk degradation process, in which long-lived proteins
and organelles are sequestered by double-membrane vacuoles, termed autophagosomes, and
delivered to lysosomes for degradation - 2.

Macroautophagy (hereafter autophagy) occurs under basal conditions and mediates
homeostatic functions in cells. However, autophagy is also induced by stress, such as energy
deprivation, endoplasmic reticulum stress and oxidative stress. When autophagy is
upregulated to moderate levels, it exerts protective cellular functions, such asATP
production and clearance of oxidized proteins and damaged organelles. Therefore, defectsin
protective autophagy would exacerbate energy stress, ER stress and mitochondrial
dysfunction, thus promoting necrotic or apoptotic cell death. On the other hand, when it is
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activated excessively, autophagy can induce cell death, possibly through depletion of
essential proteins and organelles. Thisform of cell death is defined as type Il programmed
cell death or autophagic cell death 1 2. Recent evidence also indicates that exaggerated
activation of autophagy may promote other forms of cell death aswell. It has been shown in
the context of autophagy activation, cleavage of Atg5, Atg4D and Beclin-1, or Bcl-2
sequestration by Beclin-1 may also promote or enhance apoptosis 3. In addition, autophagy
can induce necrosis in cells with defective apoptosis 4.

Accumulating lines of evidence indicate that autophagy is activated at baseline and in
response to stress, including myocardial ischemia, reperfusion and heart failure, in the heart
and the cardiomyocytes therein °. In experimental animals, modulation of autophagy in the
heart affects LV function, the extent of myocardial injury, and even survival of the animals
both at baseline and in response to stress. These findings suggest that autophagy is
intimately involved in the pathogenesis of heart disease and that modulation of autophagy
may be considered as a novel modality of treatment for heart disease. This review discusses
the potential usefulness of different pharmacological activators and inhibitors of autophagy
in the treatment of cardiac diseases.

Mechanisms regulating autophagy

Autophagosomes are vesicles limited by alipid bilayer membrane, representing the
functional unit of autophagy. Autophagosome formation, consisting of induction, nucleation,
expansion and maturation/retrieval of autophagosomes, is finely regulated by the autophagy-
related proteins. Induction and nucleation are characterized by the formation of an isolated
membrane, known as the phagophore, located at the phagophore assembly site. The source
site of the phagophore has been advocated to be in the endoplasmic reticulum, in the
mitochondrion, or in other unknown sites 1 2, Phagophore formation is regulated by two
multiprotein complexes. The first complex, composed of Atg13, Unc-51-like kinase 1
(ULK-1, amammalian homolog of Atgl) and ULK-2, phosphorylates the focal adhesion
kinase-family interacting protein 200 (FIP200) and promotes phagophore initiation. The
second functional complex is composed of the class-I11 phosphoinositide 3-kinase, V ps34,
which binds to Beclin-1, Atgl14 and Vps150, constituting a macromolecular structure which
generates phosphatidylinositol 3-phosphate. Phosphatidylinositol 3-phosphate is required for
the recruitment of other regulatory proteins, such as Atgl8, Atg20, Atg21 and Atg24, at the
phagophore assembly site, thus allowing phagophore expansion. Phagophore expansion is
associated with the inclusion of cytoplasmic elements and is regulated by two
ubiquitylation-like reactions. Firstly, Atgl2 is conjugated to Atg5 through a reaction
catalyzed by Atg7 and Atg10. The Atg12-Atg5 complex interacts with Atg16 and binds the
phagophore membrane, promoting its elongation. Subsequently, the cytosolic form of LC3
(Atg8), known as LC3-1, which has been cleaved by Atg4 and activated by Atg7 and Atg3,
is conjugated to the lipid phosphatidylethanolamine in areaction that is regulated by the
Atg12-5 complex. The lipidated form of LC3, known as LC3-11, is crucia for
autophagosome expansion. The final step of the autophagic machinery is characterized by
the fusion of mature autophagosomes with lysosomes, through a process which necessitates
the lysosome membrane protein LAMP-2 and the small GTPase Rab7 1 2.

Mammalian target of rapamycin (mTOR) represents a critical regulator of autophagy in
lower organisms and mammalian cells. mTOR inhibits autophagy through phosphorylation
of Ulk1/2 and inhibition of phagophore initiation - 2. However, autophagy is also regulated
through mT OR-independent mechanisms. AM P-dependent kinase (AMPK) activates
autophagy, not only through the inhibition of mMTOR, but aso by directly phosphorylating/
activating UIk1. Sirt1, which isamember of the class 111 histone deacetylases, upregul ates
autophagy independently of mTOR by deacetylating proteins regulating autophagy, such as
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Foxol. Myo-inositol-1,4,5-triphosphate (1P3) inhibits autophagy through increasesin
intracellular calcium concentrations. Intracellular cyclic AMP also inhibits autophagy
through activation of protein kinase A, which inhibits phagophore initiation, and through
Epac/Rap2B/phospholipase C-e 1 2.

Recent evidence indicates that cargo-specific forms of autophagy exist. Among them,
mitophagy has been the most studied. Mitophagy is aform of autophagy which selectively
sequesters mitochondria for degradation 2 6. Mitophagy is required for turnover of
mitochondria at baseline and is a mitochondrial quality control mechanism that allows
selective degradation of damaged mitochondria during stress 2 6, During stress, mitophagy
ismainly regulated by two proteins: parkin and PTEN-induced putative kinase protein 1
(PINK1) 2 6. Parkin is a cytosolic protein that specifically translocates to dysfunctioning
mitochondria during stress. Parkin ubiquitylates several mitochondrial substrates and
subsequently mediates the association of ubiquitylated cargo to LC3, which allows
mitochondrial sequestration into autophagosomes 2 . Parkin translocation to mitochondria
during stress is mediated by PINK1, which selectively labels damaged mitochondria during
stress 2 6,

Potential use of pharmacological modulators of autophagy in the treatment
of cardiac disease

Severa pharmacological compounds and classes of drugs have been shown to either
enhance or inhibit autophagy (Figure 1). Some of them promote or inhibit autophagosome
formation (i.e. rapamycin and 3-metyladenine respectively), whereas others affect
autophagosome/lysosome fusion (bafilomycin) or lysosomal enzyme activity (chloroquine).
Of note, the majority of these drugs modulate autophagy indirectly (i.e. AMPK activators or
mTORCL inhibitors), and they do not directly interfere with the autophagic machinery 7.

mMTOR inhibitors are the most studied autophagy inducers, and among them, rapamycin was
the first to be identified. Rapamycin and its analogues bind to a cytosolic protein FK-binding
proteinl2, thereby inhibiting mTOR, particularly the complex 1 of mTOR. Recently, novel
mTOR inhibitors have been identified, such as Torinl, perhexiline, niclosamide and
rottlerin. Among these, Torinl, an ATP-competitive small molecule, strongly activates
autophagy . Activators of AMPK, including AICAR and metformin, are also important
pharmacological inducers of autophagy, although the role of AICAR in the regulation of
mammalian autophagy is still debated 8 . AMPK activates autophagy through mTOR
inhibition and direct activation of Ulk1 8. On the other hand, AMPK inhibitors (i.e. ARA-A
and compound C) inhibit autophagy 8. Akt inhibitors are also important activators of
autophagy, acting through mTOR inhibition and FOXO activation 10, On the other hand,
GSK-3 B inhibitors inhibit autophagy through mTOR activation 1. Chloroquine and

anal ogous agents are strong inhibitors of autophagic flux, targeting lysosomes and inhibiting
lysosomal enzyme activity 12. In addition, several drugs with well-established
pharmacological actions upon other cellular functions modulate autophagy independently of
mTOR. Carbamazepine, valproic acid and lithium activate autophagy by reducing the
intracellular levels of IP3 7+ 13, Calcium channel blockers and antiarrhythmic drugs, such as
verapamil, loperamide, amiodarone, nimodipine, nitrendipine, niguldipine and pimozide,
activate autophagy by inhibiting intracellular levels of calcium 7 14, Dideoxyadenosine and
B-adrenergic antagonists induce autophagy by reducing intracellular cyclic AMP, whereas
fluspirilene and trifluoperazine promote autophagy by antagonizing dopamine 7- 14,
Tamoxifen promotes autophagy by increasing the intracellular levels of ceramide 1°. Finally,
newly discovered compounds, including trehal ose, a disaccharide 16, and the Small
Molecules Enhancer of Rapamycin 17, stimulate autophagy through unknown mechanisms.
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Although only afew of the aforementioned pharmacological modulators have been tested
for their direct effects upon autophagy thus far, many of them have a high potential to be
effective in treating cardiac disease. Several factors should be considered when a certain
drug is chosen to modulate autophagy under certain pathological conditions in the heart.
First, activators or inhibitors of autophagy should be chosen based on the pathol ogical
context in which they are used. For example, autophagy should be enhanced only wheniit is
protective. Although it is still under debate, autophagy promotes cell death under some
conditions. Second, the extent of autophagy modulation should be taken into account.
Supraphysiological activation and complete inhibition of autophagy are both detrimental and
can trigger cell death. Third, autophagy is activated through different signaling mechanisms
in different cardiac diseases. Ideally, pharmacol ogical modulation of autophagy under
certain pathological conditions should be achieved by modulation of specific underlying
signaling mechanisms. Finally, almost al of the pharmacological modulators of autophagy
exert autophagy-independent functions as well, which should be taken into account when the
most suitable drug must be chosen under a specific condition.

Based on these four considerations, in the following we will discuss which pharmacological
modul ators of autophagy have the potential to be specifically used under different cardiac
pathological conditions (Figure 1).

It should be pointed out that to date no clinical data exists regarding the efficacy of
pharmacological modulation of autophagy in cardiac diseases. Therefore these
recommendations are based exclusively on the current experimental evidence. Further
clinical studies are encouraged to establish whether they can really be translated into the
clinical context.

Of note, the efficacy of clinical pharmacological inhibition of autophagy is currently being
tested in patients affected by cancer. In fact, although a defect in autophagy has been
proposed as a factor favoring cancer development 18, many lines of evidence indicate that
several typologies of cancer are resistant to external stresses, such as hypoxia, nutrient
deprivation, oxidative stress and anticancer therapy, through a marked activation of
autophagy, which is protective under these conditions. Thus, inhibition of autophagy may
represent a promising therapeutic intervention in cancer treatment 19,

Pharmacological modulation of autophagy in cardiomyopathy and heart failure

In the heart subjected to pressure overload, amodest activation of autophagy appears to be
required to increase the clearance of misfolded proteins and maintain cardiac function.
Complete inhibition of autophagy in this context rapidly causes heart failure 20, On the other
hand, a strong activation of autophagy promoted by Beclin-1 upregulation is observed in
response to severe transverse aortic constriction, and it mediates the transition from
compensatory |eft ventricular hypertrophy to heart failure 2L, It seems reasonable to
postulate that pharmacol ogical modulation of autophagy during pressure overload should
maintain the activity of autophagy within physiological levels. Autophagy should be
modestly activated during compensated hypertrophy in response to moderate pressure
overload. Low-dose mTOR inhibitors or AMPK activators appear to be beneficial for this
purpose, since they activate autophagy while limiting the progression of hypertrophy. This
ideais also supported by studies demonstrating that rapamycin, and both AICAR and
metformin, improve cardiac function, reduce cardiac hypertrophy and delay the onset of
heart failure during pressure overload, although the involvement of autophagy activation in
such beneficial effects was not specifically addressed in these studies 22-24, Of note,
metformin, a glucose-lowering agent, is prescribed to patients with diabetes who display
impaired cardiac activity of AMPK 25,

J Cardiovasc Pharmacol. Author manuscript; availablein PMC 2013 September 01.



a1 ewRrMS DRI ewRreMS

a1 rewRerMS

Sciarrettaet al.

Page 5

On the other hand, autophagy activation should be reduced in the presence of severe
pressure overload. Specific inhibitors of Beclin-1 may be used in this context. Urocortin, a
protein that belongs to the family of corticotropin-rel easing factors, was shown to be able to
inhibit Beclin-1 and autophagy, and thus, it could be a valid therapeutic option 28, In
addition, since exaggerated autophagy may trigger cell death through massive depletion of
essential proteins and organelles, lysosomal enzyme inhibitors, such as chloroquine, could
be appropriate in this condition to delay autophagy-induced protein degradation and to
reduce cell death. Finaly, arecent study demonstrated that administration of Trichosatin A,
aclass |1 histone deacetylase inhibitor, inhibits autophagy and blunts pathological 1eft
ventri(Z:;JIar remodeling during severe pressure overload, thus supporting the use of this
drug. <’.

Autophagy is protective in cardiomyopathy caused by accumulation of misfolded proteins.
In proteotoxic cardiomyopathy caused by aggregation of the a phaB-crystallin mutant, Atg7-
dependent activation of autophagy reduces accumulation of amyloid oligomersin
cardiomyocytes, suggesting that stimulation of autophagy may improve cardiac function and
reduce ventricular remodeling 28. On the other hand, inhibition of autophagy through
beclin-1 partial genetic deletion accelerates ventricular dysfunction in the alphaB-crystallin
mutant mice 29,

MTOR inhibitors, AMPK activators, Sirtl activators and trehal ose have been shown to be
effective in the treatment of neurodegenerative disorders, such as Alzheimer's disease,
Parkinson's disease and Huntington's disease, through activation of autophagy and clearance
of aberrant intracellular protein aggregates /. These classes of drugs also appear appropriate
for the treatment of proteotoxic cardiomyopathies.

Carbamazepine and lithium salt would also represent valid therapeutic tools to induce
autophagy and to reduce intracellular aggregates in proteotoxic cardiomyopathy. In fact,
both carbamazepine and lithium strongly increase intracellular clearance of misfolded
protein accumulation through induction of autophagy ?. Unfortunately, serious adverse side
events, which accompany carbamazepine and lithium treatments, should discourage the use
of these drugs. In thisregard, since lithium is an inhibitor of GSK-3, it may inhibit
autophagy and stimulate hypertrophy in cardiomyocytes.

Pharmacological modulation of autophagy during ischemia and reperfusion

Autophagy is significantly enhanced in the heart during ischemia and reperfusion. However,
the functional significance of autophagy activation appears to be different in one condition
with respect to the other. Autophagy activation is protective during chronic/prolonged
ischemia. Autophagy is significantly upregulated in the swine hibernated myocardium, and
the level of autophagy inversely correlates with that of apoptosisin the ischemic area,
suggesting that activation of autophagy prevents cell death 30. Autophagy is moderately
activated during prolonged ischemia through activation of AMPK and GSK-3 8 and
inhibition of Rheb, which inhibit mTOR activity 11 31 32 |nhibition of endogenous AMPK
and GSK-3 B or activation of Rheb suppresses autophagy and enhances myocardial ischemic
injury. Autophagy may compensate for the loss of energy through regeneration of amino
acids and fatty acids, which are used for ATP synthesis. Alternatively, autophagy removes
damaged mitochondria and eliminates protein aggregates, which accumulate during
ischemia and interfere with cellular functions 1.

On the other hand, autophagy activation appears to exert detrimental effects during
reperfusion. We found that both autophagosome formation and autophagic flux are
enhanced by oxidative stress during reperfusion injury 33, Mechanistically, autophagy
activation during reperfusion is mediated by marked upregulation of Beclin-1. Interestingly,
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downregulation of Beclin-1 blocked autophagy and reduced reperfusion injury, thus
suggesting that exaggerated autophagy activation is detrimental under this condition 31,
Accordingly, we recently showed that inhibition of GSK-3 8 during myocardial reperfusion
is protective through activation of MTOR and inhibition of autophagy, thus further
indicating that autophagy activation during reperfusion may promote cell death 11. Our
observations are also supported by a study conducted /n vitro, showing that Beclin-1
inhibition by urocortin inhibits autophagy and reduces death of cardiomyocytes subjected to
hypoxia-reoxygenation 26,

It should be noted that activation of autophagy during reperfusion is protective under some
experimental conditions 34 35, The exact reason for this discrepancy has not yet been
resolved. We have shown recently that the beneficial effect of autophagy suppression is
attenuated by prolonging the time for ischemia before reperfusion 11, Thus, it is possible that
the overall effect of autophagy suppression is determined by the balance between its effect
upon ischemia and that upon reperfusion.

Then, how should autophagy be modulated during an ischemic episode in order to reduce
myocardial 10ss? In patients with chronic stable coronary artery disease or in patients with
stable subendocardial ischemia, which does not require an urgent mechanical coronary
recanalization, autophagy should be pharmacologically enhanced. On the other hand, in
patients with acute and total coronary occlusion, autophagy should be enhanced during the
ischemic phase, though it should be reduced later on, during the reperfusion phase.
Unfortunately, based on the current available evidence, it isimpossible to establish what the
optimal timing for these interventionsis and whether these interventions are actually
possible. Future studies are required to specifically address thisimportant issue. Of note,
autophagy could be activated during ischemia through modulation of the signaling
pathways, including AMPK, that are not involved in the regulation of autophagy during
reperfusion. This strategy, namely targeting the phase-specific signaling mechanism, would
permit one to activate autophagy during ischemia without further activating autophagy
during reperfusion.

Treatments with activators of AMPK or GSK-3 8 represent valid therapeutic options to
enhance autophagy during ischemia 11 31, Alternatively, mTORC1 inhibition would also
represent an efficacious intervention during ischemia, particularly in subjects with obesity
and metabolic syndrome who have defective cardiac autophagy through deregulated Rheb/
mTORC1 activation 32. We have shown that GSK-3 8 promotes autophagy during ischemia
through mTOR inhibition 11. However, the beneficial effect of adirect and selective
modulation of MTORC1 vs. mTORC2 in this model is still under investigation.

We have recently shown that nicotinamide phosphoribosyltransferase (Nampt), a rate-
l[imiting enzyme in the NAD+ salvage pathway, critically increases cardiomyocyte NAD+
and ATP content, inhibits apoptosis and stimulates autophagic flux in cardiomyocytes.
Activation of Nampt during myocardial ischemia activates autophagy and inhibits
myocardial injury 36. Since Nampt modulates autophagy by regulating NAD+ content,
supplementation of NAD+ or its precursor, nicotinamide mononucleotide (NMN), could be
used to stimulate autophagy during myocardial ischemia. In addition, Nampt and NAD+
activate Sirt1, which in turn enhances nuclear localization of FoxO1 and stimulates
autophagy 37. Therefore, pharmacological activation of Sirt1 could also be efficient in the
activation of autophagy and reduction of ischemic injury.

Trehalose significantly activates autophagy in cardiomyocytes and reduces cardiomyocyte
death during glucose deprivation, amodel mimicking ischemia 32. This suggests that
trehal ose may also be considered as an alternative autophagy inducer. Interestingly,
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pharmacological agents known to ameliorate ischemic tolerance and reduce blood pressure,
such as propranolol, verapamil, nicardipine and nimodipine, can also stimulate
cardiomyocyte autophagy 1 7. These drugs may therefore confer additional cardioprotection
if administered during ischemia.

During reperfusion, inhibition of autophagy with urocortin or GSK-3 B inhibitors would be
the most appropriate treatment 11 26, In addition, administration of chloroquine is indicated
to delay autophagy-induced degradation of proteins, such as catal ases, that are essential for
the myocardial response to reperfusion injury . Propofol, acommon drug used for induction
of anesthesia, which has antioxidant properties, has also been shown to inhibit autophagy
and limit myocardial damage during reperfusion injury. Notably, propofol inhibits
autophagy through inhibition of Beclin-1 and activation of mTOR 38,

Interestingly, two antimicrobial agents, chloramphenicol and sulfaphenazole, have recently
been shown to activate autophagy and reduce myocardial damage during ischemia/
reperfusion 3% 35, However, these drugs are also strong reactive oxygen species (ROS)
production inhibitors 39, Therefore, whether autophagy directly mediates the protective
effects exerted by chloramphenicol and sulfaphenazole needs to be clarified.

Perspectives

Pharmacol ogical modulation of autophagy appearsto be anovel and promising strategy for
treating heart disease. However, there are many unresolved issues that need to be addressed.

First, the role of autophagy during cardiac stress remains to be fully understood /1 vivo.
Since some autophagy genes are involved in other cellular functions besides autophagy,
evaluating the role of autophagy from only asingle line of a genetically atered mouse
model could be misleading. Studies using more lines of genetically altered mice, with loss-
and gain-of-functions of autophagy, would help clarify whether, and in what condition,
autophagy is protective or detrimental in the heart. In addition, the devel opment of small
mol ecule compounds targeting the autophagic machinery, which either selectively stimulate
or inhibit autophagy, would be useful to further address thisissue.

Second, whether autophagy can induce programmed cell death is still under debate and
requires more investigation. It is unknown whether autophagic cell death is simply caused
by excessive autophagy or by a distinct form of autophagy. If a protective form and a
detrimental form of autophagy are mediated by distinct signaling mechanisms,
pharmacological therapy should focus on enhancing “good” autophagy or attenuating “bad”
autophagy. Recent evidence suggests that distinct forms of autophagy exist in mammalian
cells, namely Atg5/Atg7-dependent and independent ones 4. Cargo-specific forms of
autophagy, such as mitophagy, could be mediated by a distinct set of signaling
mechanisms 41, Pharmacological agents that can selectively modulate these subtypes of
autophagy may also represent promising tools for cardiac disease treatment. If activation of
autophagy can induce cell death, elucidating the underlying molecular mechanism of cell
death may alow usto inhibit cell death without affecting physiological autophagy.

In conclusion, increasing lines of evidence support the involvement of altered autophagy in
cardiac diseases. The function of autophagy in the heart during stressis complex and
appears stimulus-, dose- and time-dependent. Many signaling mechanismsinvolved in
autophagy have cross-talk with other cellular functions, such as ubiquitin proteasome
degradation and apoptotic cell death. These make modulation of autophagy through drug
therapy challenging. However, judging from the fundamental importance of autophagy in a
wide variety of cellular functions, we expect that medical therapy targeting autophagy
should become an effective modality to protect the heart from stressin the near future.
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