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Abstract

Autophagy is an evolutionarily ancient process of intracellular catabolism necessary to preserve 

cellular homeostasis in response to a wide variety of stresses. In the case of post-mitotic cells, 

where cell replacement is not an option, finely tuned quality control of cytoplasmic constituents 

and organelles is especially critical. And due to the ubiquitous and critical role of autophagic flux 

in the maintenance of cell health, it comes as little surprise that perturbation of the autophagic 

process is observed in multiple disease processes. A large body of preclinical evidence suggests 

that autophagy is a double-edged sword in cardiovascular disease, acting in either beneficial or 

maladaptive ways, depending on the context. In light of this, the autophagic machinery in 

cardiomyocytes and other cardiovascular cell types has been proposed as a potential therapeutic 

target. Here, we summarize current knowledge regarding the dual functions of autophagy in 

cardiovascular disease. We go on to analyze recent evidence suggesting that titration of autophagic 

flux holds potential as a novel treatment strategy.
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Introduction

Despite robust successes in recent decades to tame the acutely lethal manifestations of heart 

disease, it continues to grow as the number one cause of death worldwide. Identification of 

novel mechanisms of disease pathogenesis, exploitation of novel drug targets, advances in 

clinical care with new drugs, devices, and systems, together have culminated in a dramatic 

75% decrease in age-adjusted mortality in the past 50 years [1]. Notably, these advances 

have not touched all patient groups [2]. Further, the scourge of heart disease continues to 

expand as it evolves in new directions. To cite one area of challenge, the worldwide 
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pandemic of obesity, and consequent metabolic syndrome and diabetes, has emerged as one 

of the most vexing problems in cardiovascular medicine going forward.

One of the prominent features of the cardiovascular system is its ability to adapt to a wide 

range of environmental stresses. The myocardium itself manifests robust plasticity in the 

setting of both physiological and pathological stimuli [3]. A few of the intracellular 

signaling pathways active within the cardiomyocyte have been exploited already to 

accomplish therapeutic gains. Adrenergic signaling and the renin-angiotensin-aldosterone 

(RAAS) system are two prominent examples. Others are currently being explored, including 

the handling of intracellular Ca2+, nitric oxide- and protein kinase G (PKG)-dependent 

events, ion channels, and epigenetic control of gene expression. Further, adaptations within 

the cardiomyocyte typically involve multiple responses that encompass virtually all 

intracellular organelles [4].

Post-mitotic cells, such as cardiomyocytes and neurons, rely critically on the housekeeping 

mechanisms of proteostasis – regulation of protein synthesis, processing, and elimination – 

owing to the limited ability of these cells to divide. These cells must survive for many years, 

and they cannot simply be discarded when they become ill or dysfunctional. Among the 

critical mechanisms of cardiomyocyte proteostasis are recycling events governed by 

lysosomes. For several decades now, the role of these events in heart disease has been 

recognized and acknowledged [5]. Initial studies centered on lysosomal processing, but more 

recent efforts have focused on pathways that identify and target proteins and dysfunctional 

organelles, sequester them, and then deliver them as cargo to the lysosome. This process, 

termed autophagy, is ubiquitous and highly dynamic. Presently, our understanding of 

molecular events governing autophagic flux has emerged to the point that one could envision 

it as a relevant therapeutic target. Indeed, we and others, have suggested that the ubiquitous 

intracellular process of autophagy could be manipulated – titrated up or down – for 

therapeutic gain [6–8].

Autophagy basics

Autophagy is a highly conserved process of protein and organelle catabolism and recycling. 

Proteins and mitochondria targeted for elimination are sequestered and delivered to 

lysosomes for degradation, and the resulting molecular components – amino acids, lipids, 

nucleic acids, carbohydrates – are released into the cell to support metabolic demand. Under 

basal conditions, when nutrient supply is ample, autophagy is maintained at low levels. 

Critically, those low but finite levels of autophagic flux are required for cell survival; if 

autophagic activity is suppressed to zero, cellular demise ensues rapidly [9, 10].

Autophagic flux is rapidly activated by stress impinging on the cell. The exemplar of 

autophagy-activating cellular stress is that of nutrient deprivation. Starvation or growth 

factor deprivation triggers a robust activation of autophagic recycling of intracellular 

contents to sustain metabolic demand and support macromolecule biosynthesis.

With respect to the cardiomyocyte, many other forms of stress trigger changes in autophagic 

flux, including a number of cues relevant to heart disease. Pressure stress, such as that 
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occurring in hypertension or aortic stenosis, triggers significant increases in cardiomyocyte 

autophagy, attaining a new, steady-state level of flux after the cell has responded with 

hypertrophic growth [11]. Ischemia triggers a transient increase in autophagic flux, as the 

cell responds to the “starved” state of ischemia. Some evidence suggests, however, that with 

time that increase in autophagic flux declines, falling below the normal steady state level of 

flux [12]. One possible explanation, which remains to be tested, is that autophagic flux, even 

when up-regulated by stress, is insufficient to sustain the ATP requirements of the 

continuously contracting myocyte all while providing ATP sufficient to support autophagic 

flux. As such, ATP levels decline and cardioprotective autophagic flux declines.

Three types of autophagy have been recognized in mammalian cells: chaperone-mediated 

autophagy, microautophagy and macroautophagy [13]. Chaperone-mediated autophagy is a 

selective degradation of cytosolic proteins harboring the amino acid motif KFERQ which is 

recognized by chaperones to facilitate protein transport into the lysosome through the 

lysosomal membrane protein LAMP2A. In microautophagy, substrate uptake occurs directly 

by means of invagination of the lysosomal membrane [14]. The specific roles in 

cardiovascular disease of these two forms of autophagy, chaperone-mediated autophagy and 

microautophagy, have not been elucidated to date, despite recent studies that reported a 

critical role for these types of autophagy in regulating the activity of certain metabolic 

enzymes [15–17].

Macroautophagy, by contrast, is the most prevalent and most extensively characterized form 

of autophagy. Macroautophagy (hereafter termed autophagy) involves a series of defined 

steps governed by multiple proteins encoded by autophagy-related genes (ATGs). Together, 

these proteins orchestrate the formation of a double-membrane vesicle, called an 

autophagosome, which fuses with a lysosome to deliver cytoplasmic cargo for acid 

hydrolase-dependent degradation. Finally, those degraded molecular elements are released 

into the cell as building blocks to support energy homeostasis and macromolecule 

biosynthesis.

Overview of the autophagic cascade

Our understanding of cellular and molecular mechanisms governing autophagy in mammals 

has expanded greatly over the past several years and will be presented here only in brief 

overview. Readers are referred to recent comprehensive reviews [18–20]. Autophagosome 

nucleation commences with the activation of several ATG proteins; class III 

phosphoinositide 3-kinase (PI3K) family members (vacuolar protein sorting 34 – Vps34) 

and Beclin 1 recruit membranes from intracellular sources (e.g. endoplasmic reticulum, 

mitochondria, Golgi apparatus, plasma membrane) or by de novo synthesis [21]. ATG8 and 

microtubule-associated protein 1 light-chain 3 (LC3; also known as MAP1LC3) protein play 

a crucial role during the ensuing autophagosome elongation step. In addition, they recruit 

adaptor proteins, such as ubiquitin-binding protein p62 (also called sequestosome 1) that 

facilitates cargo recognition and loading into the autophagosome. The last step, fusion of the 

autophagosome filled with cytoplasmic material with a lysosome, is regulated by soluble 

NSF attachment protein receptor (SNARE) proteins. The resulting autolysosome is the site 

where cytoplasmic material is degraded by lysosomal hydrolases [22].
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A complex upstream signaling network regulates the activity of the autophagic process. 

Growth factors, nutrients, cellular energy status, and pathologic stresses impact autophagy 

and are integrated by the kinase activity of mechanistic target of rapamycin (mTOR). mTOR 

complex 1 (mTORC1) inhibition by nutrient deprivation or by pharmacological suppression 

(rapamycin, Torin 1) results in the induction of autophagy [13], activating the upstream 

signaling molecules involved in autophagosome formation (PI3K-III, Vps34, Beclin 1, 

ATG6 and ATG 14). The master role of mTOR in regulating autophagy has been confirmed 

in the cardiovascular system by genetic silencing of mTOR in cardiomyocytes [23, 24]. At a 

transcriptional level, autophagy can be positively regulated by the forkhead box O (FoxO) 

family of transcription factors [25], which are known to play an important role in various 

forms of cardiovascular disease [26].

Autophagy in cardiovascular biology: friend or foe?

Existence of autophagic activity in the cardiovascular system has been recognized for some 

years [27–30]. More recently, insights have emerged regarding the role of this process in 

normal cellular homeostasis and disease. In some instances, disease-related activation of 

cardiomyocyte autophagy may reflect an evolutionarily conserved response to stress, 

analogous to activation of the adrenergic and RAAS systems or hypertrophic growth of the 

left ventricle [31] (Figure 1). According to this view, activation of autophagic flux in the 

heart may be beneficial or maladaptive, depending on the context [7]. Therefore, the 

spectrum of autophagic flux in cardiomyocytes ranges from low level activation required for 

cellular homeostasis to high level activation which is detrimental and disease promoting 

(Figure 2).

It is now clear that perturbation of autophagic activity contributes to cardiovascular disease 

[7]. Depending on the timing and magnitude of the activation, and the cell type(s) involved, 

the autophagic process exhibits a dual role in several cardiovascular diseases. For example, it 

has been reported that reduced basal autophagy promotes heart failure (HF) [32, 33]. 

Whereas some studies have reported that enhanced autophagy in the heart can be 

cardioprotective, over-activation of the autophagic process is detrimental, leading to 

excessive degradation of intracellular components and in turn cardiomyocyte death [34]. In 

the end, the exact role of autophagic flux in heart disease remains a matter of debate.

Interplay between autophagy and apoptosis

Autophagy and apoptosis are both essential for cellular homeostasis, and perturbations of 

each cellular cascade have been implicated in cardiovascular disease. However, mechanisms 

governing the crosstalk between these two fundamental pathways remain unclear. In some 

contexts, autophagy and apoptosis occur independently [35]. In other scenarios, however, 

activation of autophagy can either inhibit or promote apoptosis [36]. Tight interplay between 

autophagy and apoptosis is also highlighted by the fact that fundamental regulators of 

apoptosis, such as components of the Bcl-2 family [37] also regulate autophagy; conversely, 

certain autophagic proteins (Atg5, Beclin 1) play a role in apoptosis.

Mitochondria are recognized as central mediators of programmed apoptotic cell death [38] 

and their elimination by mitochondria-specific autophagy (mitophagy) represents a link 
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between these processes. During ischemia, reduced ATP production by mitochondria 

activates autophagy, serving as a cytoprotective mechanism; however, persistence of 

damaged mitochondria triggers their removal by mitophagy, thereby preventing apoptotic 

cell death.

At the molecular level, the dual role of autophagy can be explained in part by the 

degradation of negative and positive effectors of apoptosis, triggering, respectively, cell 

death or cell survival. To date, Atg5 and members of the Beclin 1 family have been 

recognized as molecular switches between autophagic and apoptotic pathways [39]. The 

roles of these two components of the autophagic machinery have been explored in several 

models of cardiovascular disease. For example, in cardiomyocyte-specific Atg5-deficient 

mice, insufficient autophagy promotes apoptosis and cell death [32], whereas apoptosis was 

prevented in Beclin 1 heterozygous mice [40].

Controversies persist regarding the reciprocal roles of autophagy in cellular homeostasis and 

with respect to crosstalk with apoptosis. Nevertheless, context-dependent titration of 

autophagic flux – sometimes up, sometimes down – holds promise as a novel therapeutic 

approach.

Autophagy in ischemic heart disease

Ischemic heart disease is recognized as the most common cause of death globally [41]. The 

autophagic process in cardiomyocytes contributes to both major phases of myocardial injury, 

ischemia and reperfusion [40, 42, 43]. Although both events trigger cardiomyocyte stress, 

they are distinct in many ways, including abundance of nutrient supply, levels of reactive 

oxygen species (ROS) accumulation, and availability of oxygen (Figure 3). During ischemia, 

depleted energy supplies trigger cardiomyocyte autophagy to replenish metabolic substrates 

and to remove damaged organelles [44]. Nutrient depletion activates AMP-activated protein 

kinase (AMPK) which, in turn, inhibits mTOR, removing a major brake on the process [40]. 

In this context, autophagy is considered an adaptive response with cardioprotective effects. 

Consistent with this notion, inhibition of AMPK activity or other pharmacological strategies 

that inhibit autophagy result in increased cardiomyocyte death [45].

Then, during tissue reperfusion, when oxygen and nutrients are restored, the scenario is 

dominated by accumulation of ROS. Here, autophagy can be up-regulated but the ultimate 

effects of altered autophagic flux have been reported to be either beneficial or detrimental 

[46, 47]. One could speculate that contrasting evidence regarding the function of autophagy 

during ischemia/reperfusion (I/R) injury could be attributed to the dual actions of Beclin 1 

during I/R injury. Activation of Beclin 1 is required for initiation of autophagy in the early 

phase of ischemia; however, its persistent activation during reperfusion may result in 

excessive catabolic activation and cell death [48]. Recently, our group confirmed the 

cardioprotective effects of autophagy induction in ischemic heart disease in both small and 

large animal models of I/R injury [49].
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Autophagy in cardiac hypertrophy and failure

Hypertrophic growth of the myocardium results from increases in afterload (e.g. 

hypertension, aortic stenosis), as well as from several other disease-related stresses. Whereas 

some evidence suggests that cardiac hypertrophy is beneficial in the short-term, with time it 

leads inevitably to HF [31]. In recent years, studies have focused on the role of 

cardiomyocyte autophagy in the natural history of this progression.

In a mouse model of pressure overload induced by transverse aortic constriction (TAC) 

surgery, the increase in autophagic flux correlates with the degree of left ventricular 

hypertrophy; the flux response increases initially and then ultimately reverts to a new, higher 

steady-state level [34]. Reduced abundance of the autophagy repressing microRNA-30a 

accelerates progression of cardiac hypertrophy after TAC [50], and pharmacological 

inhibition of autophagy by 3-methyladenine (3-MA) reduces fibrosis in the same model 

[51]. Genetic models in which autophagic flux is increased in cardiomyocytes by over-

expression of Beclin 1 or reduced by haploinsufficiency of the gene coding for this protein, 

result in amplified or attenuated pressure overload-induced HF, respectively. However, other 

evidence suggests that low-level autophagic flux is necessary for an adaptive response 

during cardiac hypertrophy [32]. More recently, findings have emerged pointing to the 

importance of preserved levels of protein acetylation in cells to inhibit the detrimental 

autophagy induced by TAC [52]. Together, these observations are consistent with a model in 

which autophagy is a maladaptive response to disease-related pressure overload [34, 53].

Overall, the blurred boundary separating adaptive and maladaptive autophagic responses in 

cardiac hypertrophy and HF derive, at least in part, from the bimodal nature of the 

autophagic process itself: low levels of intracellular catabolism are required for proteostasis, 

whereas increases in autophagic flux could ultimately confer harm to the cell. Accordingly, 

therapeutic interventions aimed at modulating autophagy in HF must take these realities into 

account in an effort to fine tune the autophagic flux response for benefit.

Autophagy in cardiac lysosomal storage disease

Defects in lysosome function cause a wide spectrum of metabolic disorders characterized by 

accumulation in several organs of undegraded lipids, glycoproteins and 

mucopolysaccharides [54]. Myocardial involvement is frequent in these conditions. 

Diminished catabolism due to dysfunctional or absent lysosomal enzymes results in 

accumulation of vacuoles within cardiomyocytes and, in turn, contractile dysfunction. In 

Pompe disease, a lysosomal storage disease characterized by massive accumulation of 

glycogen, suppression of autophagosome formation by genetic deficiency of ATG7 results in 

amelioration of the phenotype and facilitates enzyme replacement therapy [55]. However, 

more recently it was reported that fibroblasts from Pompe patients reprogrammed to a 

cardiomyocyte lineage exhibit normal contractile properties and preserved autophagic flux 

[56].

Impaired autophagy has been recognized in another class of lysosomal storage disease, 

mucopolysaccharidoses (MPS) [57, 58]. Perturbations in cardiac autophagy have been 
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reported in a mouse model of MPS IIIB (Sanfilippo type B syndrome) that develops HF over 

time [59]. Defects in autophagosome-lysosome fusion have also been described in Danon 

syndrome [60], where mutations in the gene coding for LAMP2 disrupt intracellular 

catabolism and lead to accumulation of autophagic material in cardiomyocytes and skeletal 

muscle cells [61].

Autophagy in chemotherapy-induced cardiotoxicity

Cardiac dysfunction is a common side effect of antineoplastic drug therapy [62]. Clinical use 

of doxorubicin, an efficacious and commonly used chemotherapeutic agent, is limited due to 

dose-dependent cardiotoxicity [63, 64]. Numerous studies have probed underlying 

mechanisms [65], and a number of molecular elements have been implicated in the 

pathogenesis of doxorubicin cardiotoxicity, including DNA damage [66], mitochondrial 

damage [67], mitochondrial iron accumulation [68], and accumulation of ROS [69]. The 

possible role of autophagy in doxorubicin cardiomyopathy has been posited in recent years 

but has remained a question of debate. Anthracyclines are associated with increases in 

cardiomyocyte autophagy and down-regulation the transcription factor GATA4 [70] which 

regulates several autophagic genes. Enhanced autophagy was also reported in an in vivo 
model of anti-cancer-induced therapy cardiac toxicity [71]. We recently uncovered evidence 

that doxorubicin compromises lysosomal acidification and function, thereby inhibiting 

cardiomyocyte autophagic flux (manuscript in review).

Autophagy in cardiac arrhythmia

Cardiac arrhythmia, defined as a perturbation of normal sinus rhythm such that the heart 

beats abnormally fast, slow, or irregularly, is a large and important clinical problem in 

cardiovascular medicine. Involvement of autophagy in arrhythmia development and 

maintenance is not well established. Some evidence points to impairment in the autophagic 

process in atrial samples harvested from patients with post-operative atrial fibrillation [72]. 

However, given that ventricular myocytes manifest changes in autophagic flux in the setting 

of essentially all environmental perturbations, it is reasonable to speculate that the same may 

be true of atrial myocytes. In light of the fact that aging is a major risk factor for atrial 

fibrillation, one might speculate that age-related declines in autophagy may predispose atrial 

cells to fibrillation.

Autophagy and cardiovascular risk factors

A significant component of many cardiovascular diseases derives from modifiable risk 

factors, such as hypertension, obesity, diabetes and hyperlipidemia. In many of these disease 

triggers, cardiomyocyte autophagy seems to play a role. In diabetic cardiomyopathy, 

autophagic flux in cardiomyocytes is inhibited [73–75], and genetic manipulation of key 

autophagic elements has supported the notion of autophagy as an adaptive response in 

diabetes that serves to reduce cardiac dysfunction [73, 76–78]. A protective role of 

autophagy in cardiac dysfunction observed in metabolic disorders is also suggested by 

alteration in autophagosome maturation in high-fat diet animal models [79]. However, the 

specific role of autophagy in obesity and diabetes is cell-type specific and as yet poorly 
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defined. For example, pancreatic β cells from patients with type 2 diabetes exhibit high 

levels of autophagy and increased cell death [80], suggesting that autophagic flux in this 

context is detrimental and serving to promote disease progression.

Evidence for perturbation of autophagy in human cardiovascular disease

Reports implicating changes in autophagic activity in human disease are limited. Whereas a 

large literature has emerged implicating perturbations in autophagy in preclinical models of 

heart disease, direct evidence of alterations of the autophagic process in human samples 

derive exclusively from myocardial samples obtained from patients with heart failure with 

reduced ejection fraction (HFrEF) [81]. One major reason underlying the absence of data in 

humans is the lack of noninvasive markers, either circulating or imaging, to track changes in 

cellular autophagy. Rather, sampling of diseased tissue is required, which is not routinely 

performed in heart disease.

Myocardial samples from patients with end-stage dilated cardiomyopathy exhibit 

ultrastructural changes which include accumulation of autophagic vacuoles and damaged 

organelles, each associated with morphological evidence of cardiomyocyte death. 

Interestingly, samples obtained from dilated hearts mechanically unloaded with a left 

ventricular assist device (LVAD) manifest reductions in autophagic markers [82], suggesting 

that mechanical unloading may restore autophagic flux in cardiomyocytes.

Whereas data in humans are limited, it is likely that the autophagic process is tightly 

regulated in human tissue, as well. As such, a fuller understating of details of autophagic 

regulatory control in human cardiovascular disease will be crucial to envision autophagy as a 

therapeutic target. Altogether, these data highlight the potential role of autophagic cell death 

as an important contributor to the progression of cardiomyocyte failure and suggest again 

that autophagy may be an adaptive process in the failing heart restorable by normalization of 

loading conditions.

Rationale for autophagy as a therapeutic target in cardiovascular disease

Studies discussed here point to dysregulation of the cardiomyocyte autophagic process in 

many cardiovascular diseases. This raises the tantalizing prospect of targeting this process 

for therapeutic gain. Due to the highly conserved nature of autophagic mechanisms across 

tissues and cell types, pharmacological approaches to manipulate autophagy are receiving 

growing attention in other human diseases, such as cancer, neurodegenerative disorders, and 

metabolic disease [21].

The dual role, adaptive versus maladaptive, of autophagy poses a special challenge in this 

regard. Indeed, the fact that highly dynamic catabolic processes across cell types participate 

in the cellular response to a wide range of stresses is another challenge. And as pointed out 

earlier, complete abolition of autophagic activity is poorly tolerated. Increased autophagic 

flux after pressure overload is beneficial in the initial phases of the process but can become 

detrimental when over-activated. Clearly, a nuanced approach is warranted.
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The design and validation of effective drugs targeting autophagy in cardiovascular disease 

will require a comprehensive and sophisticated understanding of autophagy’s role across 

cells and during the course of disease natural history. To date, drugs that modulate 

autophagy in a cardiovascular setting were not designed specifically for this purpose and yet 

raise the alluring prospect that effects on autophagic activity contribute to their actions. For 

example, a recent study from our group has shown that beneficial effects of histone 

deacetylase inhibition in I/R injury are dependent on activation of cardiomyocyte autophagy 

[49]. Whereas these compounds were not designed specifically to target autophagy, some of 

their effects are autophagy dependent, highlighting again the importance of this pathway in 

cardiovascular disease.

Therapeutic modulation of autophagic flux

Several drugs have been reported to modulate autophagy by acting on various molecular 

elements within the flux cascade. As noted earlier, a cornerstone of autophagy control is the 

activity of the mTOR complex. Rapamycin inhibits mTORC1 and results in an increase in 

autophagic flux. Moreover, other mTOR-targeting molecules, such as Torin 1, which inhibits 

both mTORC1 and mTORC2, induce autophagy [83]. To date, the most important clinical 

cardiovascular applications of rapamycin and its analogues center on their effects as 

immunomodulators for preventing post-transplant rejection and in suppressing smooth 

muscle cell migration and proliferation, as capitalized upon with drug-eluting devices for 

coronary and peripheral angioplasty [84, 85]. Interestingly, a widely used class III 

antiarrhythmic drug, amiodarone, has been reported to inhibit mTORC1 [86].

Our group has sought to identify other means of titrating autophagic flux still centered on 

mTOR as a therapeutic target. To that end, reversible protein acetylation, controlled by 

enzymes which attach (histone acetyltransferases) or remove (histone deacetylases, HDACs) 

acetyl groups at lysine residues, is a major mechanism governing a wide range of cellular 

processes, both transcriptional and post-transcriptional [87]. In the context of cardiac 

hypertrophy, small molecule HDAC inhibitors attenuate pathological cardiac remodeling, 

including hypertrophic growth, fibrosis, and declines in ventricular function [88–90]. And as 

pharmacological suppression of HDACs has emerged in oncology, the prospect of clinical 

translation is promising. We have found that HDAC inhibitors suppress the activity of 

mTOR by up-regulating TSC2, a negative regulator of mTOR (unpublished observations).

Drugs with activity in mTOR-independent pathways that alter autophagic flux include 

molecules acting on phosphoinositol- and calcium-related pathways. Intracellular levels of 

inositol are inversely related to autophagic activity [20]; drugs such as lithium and 

carbamazepine induce autophagy by reducing cytoplasmic inositol levels [91, 92]. Notably 

inositol content is also regulated by intracellular Ca2+ and cyclic adenosine monophosphate 

(cAMP); therefore some antihypertensive drugs, such as clonidine and Ca2+ channel 

blockers, can induce autophagy by decreasing cAMP content. There are several other 

compounds or drugs capable of modulating autophagy but whose mechanisms of action 

remain unknown (Table).
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Translating preclinical insights into the clinic

A number of significant hurdles challenge the translation of our understanding of autophagic 

mechanisms into clinically relevant interventions. Not least among them is the ubiquitous 

nature of autophagic activity, present in essentially all cells in the body. Titrating autophagy 

in a diseased organ might have untoward effects in other tissues. Also, the process must be 

titrated, not abrogated, as the latter is likely to be cytotoxic. In some instances, a therapeutic 

objective would be to titrate down the flux response; in other instances, one would seek to 

increase autophagic flux (Figure 4). Further, many cardiovascular diseases are chronic and 

progressive, so issues of timing, stage of pathogenesis, and duration of therapy are relevant.

One of the most important limitations for implementing preclinical autophagic insights into 

the clinical domain is the lack of noninvasive biomarkers – imaging or circulating – able to 

report levels of autophagic flux. Absent that, it will be difficult to identify appropriate targets 

and optimize therapeutic intervention.

For all these reasons, chronic therapy targeting cardiac autophagy is not on the immediate 

horizon. However, there are instances where one could envision acute intervention. As one 

example, autophagic flux is perturbed in myocardial ischemia/reperfusion injury, and we 

have shown that a single dose of an HDAC inhibitor at the time of reperfusion biases 

autophagic flux up from abnormally low levels, conferring benefit [12]. Here, a single 

intervention during a period of severe disease-related stress could be acceptable, as effects in 

other tissues are likely to be short-lived.

Conclusions and future directions

The ultimate goal of cardiovascular translational research is to identify novel therapeutic 

targets and to design and test new drugs that confer clinical benefit. Notably, a number of 

compounds capable of modulating autophagic flux in preclinical models are still under 

investigation and may prove suitable for clinical use. Presently, lack of specificity of 

molecules capable of modulating the autophagic process limits the implementation of 

therapeutics with potential clinical efficacy. Both pharmacologic enhancers and inhibitors of 

autophagy are currently being tested in clinical trials outside cardiovascular disease [93]. 

However, none of these trials evaluates compounds that specifically target autophagic flux 

per se. As autophagic activity is ubiquitous, vigilance for off-target actions is a foremost 

consideration. We propose a model in which modulation of autophagy in heart can be 

beneficial in specific contexts depending on the timing and the amplitude of both the flux 

process and drug effect.
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Highlights

• Autophagy is an intracellular process required to maintain cardiovascular 

homeostasis.

• Perturbations in autophagy are involved in virtually all cardiovascular 

disease states.

Depending on the context, autophagic flux may be biased up or down.

• Autophagy mediators hold promise as targets for cardiovascular disease 

therapy.
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Figure 1. Autophagy as a homeostatic response within the cardiovascular system
In response to disease-related cardiovascular stress, a number of systemic responses are 

triggered which support cardiovascular performance in the short term. Those same 

responses, when allowed to persist, are maladaptive. Indeed, antagonism of the β-adrenergic 

and renin-angiotensin-aldosterone (RAAS) pathways is a cornerstone of HF therapy. 

Emerging evidence suggests that both autophagy and LVH act similarly in their short-term 

and long-term actions. We speculate that each may emerge with time as a target of therapy. 

LVH: left ventricular hypertrophy.
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Figure 2. The double-edged sword of autophagic flux
Autophagic activity is beneficial when maintained within a narrow range. When flux is 

activated to high levels, or suppressed to low levels, the process is maladaptive.
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Figure 3. Autophagic flux kinetics during ischemia/reperfusion injury
During ischemia, when a cell is “starved”, autophagy is activated. With time, however, 

autophagic flux during ischemia declines below baseline, possibly owing to inadequate ATP 

availability. During reperfusion, replenishment of O2 and nutrients is coupled with ER 

(endoplasmic reticulum) stress, accumulation of reactive oxygen species (ROS), Ca2+ 

mishandling and mitochondrial dysfunction. Autophagic flux remains low.
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Figure 4. Working model of potential therapeutic manipulation of autophagy in cardiovascular 
disease
Whereas the field is still evolving, we propose the following as therapeutic objectives in 

titrating cardiomyocyte autophagy in heart disease. LVH: left ventricular hypertrophy; 

HFrEF: heart failure with reduced ejection fraction; HFpEF: heart failure with preserved 

ejection fraction.
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Table

Autophagy-inducing drugs in cardiovascular disease.

Drug Therapeutic application Refs.
(PMID)

Rapamycin and analogs Preventing cardiac transplantation rejection and smooth muscle 
cell proliferation and migration (coated vascular stents and 
balloons)

25812489, 25240980

Amiodarone Class III antiarrhythmic 19771169

Metformin Antidiabetic agent 16990266

Verapamil, nicardipine, nimodipine (L-type Ca2+ 

channel blockers)
Antihypertensive 18024584

Clonidine Antihypertensive 18391949

Minoxidil Vasodilator 18391949

Statins Cholesterol-lowering 23901824
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