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Abstract

Aging is a predominant risk factor for developing cardiovascular disease. Therefore, the cellular 

processes that contributes to aging are attractive targets for therapeutic interventions that can delay 

or prevent the development of age-related diseases. Our understanding of the underlying 

mechanisms that contribute to the decline in cell and tissue functions with age has greatly 

advanced over the past decade. Classical hallmarks of aging cells include increased levels of 

reactive oxygen species, DNA damage, accumulation of dysfunctional organelles, oxidized 

proteins and lipids. These all contribute to a progressive decline in the normal physiological 

function of the cell and to the onset of age-related conditions. A major cause of the aging process 

is progressive loss of cellular quality control. Autophagy is an important quality control pathway 

and is necessary to maintain cardiac homeostasis and to adapt to stress. A reduction in autophagy 

has been observed in a number of aging models and there is compelling evidence that enhanced 

autophagy delays aging and extents life span. Enhancing autophagy counteracts age-associated 

accumulation of protein aggregates and damaged organelles in cells. In this review, we discuss the 

functional role of autophagy in maintaining homeostasis in the heart, and how a decline is 

associated with accelerated cardiac aging. We will also evaluate therapeutic approaches being 

researched in an effort to maintain a healthy young heart.
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1. Introduction

Cardiovascular disease is the leading cause of death in developed countries and represents a 

major financial burden to the health care systems. Aging is a major risk factor for developing 

cardiovascular disease and 4 out of 5 people who succumb to coronary heart disease are over 
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65 years old [1]. Furthermore, the prevalence of cardiovascular disease is expected to 

increase over the next several years in the baby boomer population. Therefore, it is of great 

interest and importance to gain increased understanding into the mechanisms underlying 

aging and how these cellular alterations contribute to age-related pathologies. A hallmark of 

aging is the accumulation of dysfunctional organelles, DNA mutations, oxidized proteins 

and lipids which all contribute to a progressive decline in the normal physiological function 

of the cell and to the onset of age-related conditions. Post-mitotic cells, such as cardiac 

myocytes, are particularly vulnerable to age-related changes and cellular damage since they 

are not easily replaced. Instead, cardiac myocytes rely on cellular quality control 

mechanisms to stay young [2].

Macroautophagy (hereafter referred to as autophagy), first observed and coined by Christian 

de Duve in 1963, is derived from the Greek language and means to “eat itself”. It constitutes 

a mechanism through which cargo is sequestered in a double membrane vesicle which 

subsequently delivers the content to a lysosome for degradation [3]. Autophagy is a major 

cellular quality control pathway and responsible for removing long lived proteins, 

dysfunctional organelles and protein aggregates in cells. Autophagy also maintains cellular 

energy levels during nutrient limiting conditions by catabolic recycling. Studies have 

reported that autophagy declines with age and it is believed that this defect in autophagy is a 

major contributor to aging. Pharmacologic or genetic enhancements of autophagy extend life 

span [4–9], whereas interfering with autophagy shortens life span [4, 10–12]. Therefore, a 

better understanding of the underlying molecular mechanisms that contribute to impaired 

autophagy in aging myocytes has significant scientific and clinical importance. In this 

review, we discuss the functional role of autophagy in maintaining cellular homeostasis and 

how a decline is associated accelerated cardiac aging. We also evaluate therapeutic 

approaches currently under investigation in an effort to maintain a healthy young heart.

2. Overview of Autophagy

Autophagy is a tightly regulated degradation pathway and its activation involves the 

coordination of multiple protein complexes at several different steps (Fig. 1). The autophagy 

process consists of at least four steps: activation, formation and elongation of the 

phagophore, engulfment of cargo and delivery to the lysosome for degradation. Autophagic 

activity is regulated by both extra- and intracellular signals and the mammalian target of 

rapamycin (mTOR) is a central regulator of autophagy. It is part of the mTORC1 complex 

which integrates signals from various sources including growth factors, amino acids and 

energy levels. When activated, this complex inhibits autophagy (Fig. 1). For instance, during 

nutrient rich conditions, the PI3K/Akt signaling pathway inhibits autophagy through positive 

regulation of mTORC1 activity. Specifically, Akt phosphorylates and inhibits the mTORC1 

repressor TSC1/2, resulting in activation of mTORC1 [13–15]. Akt can also regulate 

mTORC1 by directly phosphorylating and inactivating PRAS40, an endogenous inhibitor of 

the complex. Phosphorylation of PRAS40 leads to activation of mTORC1 and inhibition of 

autophagy [16, 17]. The activated mTORC1 complex hinders activation of autophagy by 

inhibiting the Unc-51 like kinase 1 (ULK1) [18] and by inhibiting the Beclin1-VPS34-

Vps15, the Class III PI3 kinase complex involved in initiating formation of the phagophore 

[19]. In contrast, during nutrient limiting conditions, autophagy is activated by the energy 
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sensor AMPK. Studies have reported that AMPK activates autophagy via several different 

mechanisms. It activates autophagy by inhibiting mTORC1 through phosphorylation and 

inhibition of RAPTOR, a critical subunit in the complex [20] or by activating the repressor 

TSC1/2 [21] (Fig 1A). AMPK also directly promotes autophagy by activating ULK1 [18] 

and the downstream Beclin1 complex [22] (Fig. 1B).

The second step involves formation of a small vesicular sac known as the phagophore (Fig. 

1B). Although it is known that initiation of autophagy begins with formation of the 

phagophore through lipid acquisition, this is still a poorly understood process. Studies have 

reported that the plasma membrane, mitochondria, ER and Golgi can serve as lipid sources 

for autophagosomes [23]. However, it is possible that autophagosomes are composed of 

membranes from multiple sources to avoid affecting the homeostasis of a specific 

subcellular compartment. It is also possible that different types of autophagy induction lead 

to the formation of different types of autophagosomes. For instance, removal of 

mitochondria might involve deriving lipids from both mitochondria and ER, whereas 

removal of soluble cargo might involve deriving lipids from the plasma membrane. 

Additional studies on the formation of the phagophore in response to various stressors are 

needed to shed more light on these questions.

The biogenesis of the autophagosome is regulated by a number of conserved autophagy-

related (ATG) proteins. The ULK1 complex activates the Class III PI3K (PI3K) complex 

which consists of core proteins Beclin1 (Atg6), Vps34 and Vps15. This complex is 

responsible for promoting nucleation of the phagophore [24]. The elongation of the 

phagophore into an autophagosome involves two ubiquitin-like conjugation systems, Atg5-

Atg12-Atg16L and microtubule-associated protein 1 light chain 3 (LC3) (Reviewed in [25]). 

Soluble LC3 is cleaved by Atg4 [26] and then conjugated to phosphatidylethanolamine (PE). 

The resulting LC3II is integrated into the membrane and is important for phagophore 

elongation and cargo recognition [27]. The growing phagophore elongates until it closes on 

itself, engulfing the cargo to be degraded. Once the cargo-loaded autophagosome has been 

formed, it fuses with a lysosome to form the autolysosome. The cargo and the inner 

membrane of the autophagosome are subsequently degraded by the lysosomal hydrolases.

3. Selective Autophagy

It was initially believed that sequestration of cargo by autophagosomes was a non-selective 

process. However, studies have now demonstrated that autophagy can selectively target 

bacteria, protein aggregates, and organelles including peroxisomes, ER and mitochondria for 

degradation [27–31]. A majority of studies have focused on the selective degradation of 

mitochondria by autophagosomes, a process also termed mitophagy. These studies have 

contributed to the discovery of signaling pathways and proteins involved in selective 

autophagy.

The PINK1/Parkin pathway is involved in marking depolarized mitochondria for autophagic 

degradation [29]. Upon loss of mitochondrial membrane potential, the serine/threonine 

kinase PINK1 accumulates on the outer mitochondrial membrane (OMM) [32]. PINK1-

mediated phosphorylation of Mfn2 and ubiquitin turns them into mitochondrial receptors for 
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Parkin [33–35]. After recruitment to mitochondria, Parkin proceeds to ubiquitinate several 

different OMM proteins and the ubiquitination of these substrates serves as a signal for 

autophagic degradation. Autophagy adaptor proteins, such as p62/Sqstm1 and NBR1, bind 

to the ubiquitinated proteins via their ubiquitin-associated (UBA) domains and to LC3 via 

their LIR motif [27, 36], bringing the ubiquitinated cargo to the autophagosome. p62/Sqstm1 

plays a role in clearing dysfunctional mitochondria, misfolded proteins and protein 

aggregates [27, 37]. However, studies have reported that p62/Sqstm1 is dispensable for 

PINK1/Parkin-mediated mitophagy [38, 39], suggesting that a redundancy in adaptor 

proteins exists. Recent studies have identified optineurin and NDP51 as important autophagy 

adaptor proteins that facilitate mitophagy [38, 40].

In addition, mitophagy can occur independent of ubiquitination and adaptor proteins through 

the use of proteins and lipids on the mitochondria functioning as autophagy receptors. The 

two most well characterized autophagy receptors are BNIP3 and NIX/BNIP3L which 

facilitate mitophagy by directly binding to LC3 or gamma-aminobutyric acid receptor-

associated protein on the autophagosome via their LIR motifs [28, 41, 42]. Cardiolipin and 

FUNDC1 also function as autophagy receptors on mitochondria [43, 44]. More recently, 

Murakawa et al. identified Bcl-2-like protein 13 (Bcl2-L-13) to be a mitophagy receptor 

[45]. Similar to BNIP3 and NIX, overexpression of Bcl2-L-13 induces mitophagy in the 

absence of any other stress. Although studies have clearly demonstrated that selective 

autophagy exists in cells, there are still a number of outstanding questions that need to be 

answered. For instance, are there distinct autophagy receptors on other organelles such as 

peroxisomes and ER/SR? Are there age related changes in the autophagy receptors with 

age?

4. Autophagy and Aging

Conceptually, enhancing autophagy should counteract age-associated accumulations of 

protein aggregates and damaged organelles in cells. In agreement with this, there is extensive 

evidence that enhancing autophagy in diverse organisms delays aging and extents life-span 

(Table 1). For instance, pharmacological activation of autophagy using the mTOR inhibitor 

rapamycin or sperimidine promotes longevity in Drosophila Melanogaster [6, 8]. Rapamycin 

administration to aging mice also significantly extends the life span of both female and male 

mice [46, 47]. Similarly, mice with reduced mTOR expression also have longer life spans 

[48]. Transgenic mice with systemic overexpression of the autophagy protein Atg5 have 

enhanced autophagic flux in all tissues examined including heart, lungs, skeletal muscle and 

brain [9]. Consistent with a beneficial effect of enhancing autophagic activity, these mice 

have extended survival and exhibit anti-aging phenotypes such as increased insulin 

sensitivity, leanness, and improved motor function [9]. In contrast, impaired autophagy is 

associated with disease development and a reduced life span (Table 1). Loss-of-function 

mutations in critical autophagy genes lead to decreased life-span in C. elegans [10] and in D. 
Melanogaster [4]. In mice, disruption of autophagy in neurons leads to progressive 

neurodegeneration [49, 50], and mice lacking the autophagy adaptor p62/Sqstm1 have a 

premature aging phenotype and reduced life span [11]. Overall, these studies suggest that 

autophagy plays an important role in preventing premature aging.
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Manipulation of autophagy also impacts cardiovascular function and health. Long term 

excessive fat intake inhibits autophagic flux in the heart and is associated with myocyte 

apoptosis and cardiac dysfunction in rats [51]. In contrast, caloric restriction (CR) is a potent 

inducer of autophagy in the heart [52] and long-term CR treatment in aged mice leads to 

AMPK activation, increased autophagy, and preserved contractile function [7]. Similarly, an 

increase in cardiac autophagic activity correlates with improved left ventricular diastolic 

function in aged rats subjected to lifelong CR [53]. Administration of the mTOR inhibitor 

rapamycin improves the mitochondrial proteome in aging hearts [54] and reverses the age-

related decline in cardiac function in mice [55]. While it is unknown exactly how CR and 

rapamycin improve cardiac health and delay aging, it has been hypothesized that increased 

autophagy is one of the beneficial effects of these two interventions. However, it is important 

to bear in mind that many other cellular processes are affected by CR and rapamycin that 

might also contribute to their anti-aging effects.

Moreover, selectively enhancing autophagy in the heart via cardiac specific overexpression 

of Atg7 leads to increased autophagic flux and protection against cardiac proteinopathy by 

increasing clearance of protein aggregates. [56]. It has not been determined yet whether 

increased Atg7-mediated autophagic flux in myocytes will delay cardiac aging. Other 

studies have demonstrated that abrogating autophagy has negative consequences for the 

heart. Cardiac-specific Atg5 knockout mice have an accelerated aging phenotype, including 

development of left ventricular hypertrophy, decreased fractional shortening, and premature 

death [12]. These autophagy deficient hearts accumulate ubiquitinated proteins and p62, 

confirming that clearance of damaged proteins is an important cellular quality control 

mechanism that prevents premature aging. In addition, p62/Sqstm1-deficiency leads to 

accumulation of abnormal mitochondria in cardiac tissue. Unfortunately, this study did not 

investigate how the absence of this important autophagy adaptor protein impacts autophagic 

activity in cells. Thus, there are still many outstanding questions that need to be answered 

such as 1) which forms of selective autophagy are abrogated in p62/Sqstm1-deficient mice, 

2) how is autophagic flux affected, 3) can other autophagy adaptors compensate for lack of 

p62/Sqstm1 in the young mice, and 4) can overexpression of p62 enhance selective 

autophagy in myocytes?

5. Aging is Associated with Insufficient Autophagy

Although few studies have directly assessed autophagic activity in aged tissues, it is 

generally accepted that autophagy is reduced with age [57–63]. For instance, Russ et al. 

reported an age-related reduction in basal autophagy in skeletal muscle in rats [62] and 

Uddin et al. observed decreased LC3 protein levels and reduced number of autophagosomes 

in thymus and liver of aged mice [59]. However, studies on autophagy in the aging heart are 

inconsistent and have reported that autophagy is increased, decreased, or unchanged in the 

heart with age. It has been observed that expression of autophagy-related genes are 

unchanged in the aged mouse heart [64] or that aging mouse hearts have higher levels of 

Beclin1 and LC3II/I [65]. Another study found an increase in LC3II levels with age but no 

change in Beclin1 and p62 levels [66], whereas Taneike et al. reported that LC3II levels are 

reduced with age in the mouse heart [12]. Wohlgemuth et al. observed an increase in Beclin1 

and LC3I with age in rat hearts, whereas Atg9 and LAMP1 are reduced [52]. It is unclear 
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why the results from these studies varies so much, but experimental variables such as 

differences in experimental design, species and genetic backgrounds are possible factors. 

Also, it is also important to note that none of these studies examined autophagic flux in the 

aged hearts. Therefore, it is difficult to interpret the data from the gene and protein analyses 

and how they relate to cardiac autophagic flux. Although an increase in LC3II levels indicate 

an increase in the number of autophagosomes, it is unknown if this is due to increased 

autophagic activity or an accumulation of autophagosomes due to reduced flux. Similarly, a 

decrease in LC3II could reflect increased degradation of autophagosomes due to enhanced 

flux or a decrease in the number of autophagosomes formed. Clearly, additional studies are 

needed to firmly establish how aging affects autophagic flux in the heart.

6. Mechanisms Underlying Reduced Autophagy

Although there are many potential causes underlying the alterations in cardiovascular 

function with age, it is very likely that a major determinant of the aging process is the 

progressive loss of quality control due to reduced autophagy. Thus, the accumulation of 

cytotoxic proteins and dysfunctional organelles as autophagy function is reduced contributes 

to the development of age related pathologies, such as skeletal muscle atrophy, 

neurodegeneration and cardiac dysfunction. The underlying mechanisms for the reduction in 

autophagy in aging tissues are not well understood. Given the intricate regulation of 

autophagy at multiple steps by numerous proteins (Fig. 1), it is conceivable that disruptions 

in one or even several of the regulatory steps contribute to the decline in autophagy with age. 

For instance, a study comparing expression of autophagy genes in young versus old human 

brain samples found that expression of several key autophagy genes, such as Atg5 and Atg7, 

are down-regulated in aged brains [63]. This suggests that the normal aging process might 

be associated with transcriptional down-regulation of autophagy which could contribute to 

the observed age-dependent development of neurodegenerative diseases. In addition, 

changes in metabolism and hormonal responses with age might also be involved in altering 

autophagic activity. Aging is associated with hyperactivation of mTOR [67] which has been 

linked to accelerated aging [66, 68]. The mechanisms leading to reduced expression of 

autophagy genes and hyperactivation of mTOR, and their relationship to the aging heart still 

need to be investigated.

Cardiac myocytes contain a lot of mitochondria to meet their high energy demand. It has 

been proposed that accumulation of dysfunctional mitochondria in myocytes play a major 

role in the aging process and development of age-related cardiomyopathy [69]. Reactive 

oxygen species (ROS) are generated in the cell as a byproduct of mitochondrial respiration. 

Under normal conditions, low levels of ROS have important signaling functions including 

regulation of autophagy at homeostatic levels [70–72]. However, when mitochondria 

become dysfunctional, they can become a major source of ROS. Excessive ROS negatively 

affects cellular processes by modifying proteins, lipids and inducing DNA damage. It is 

possible that excessive ROS production in aging cells contributes to impaired autophagy via 

the modification of one or several of the proteins involved in regulating the autophagy 

process. In the young healthy heart, aberrant mitochondria are rapidly removed by 

autophagosomes [73]. However, if autophagic activity is reduced with age, then the removal 

of dysfunctional mitochondria will also be decreased. This will lead to accumulation of 
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dysfunctional mitochondria in aging myocytes. Moreover, it was recently reported that the 

PINK1/Parkin mitochondrial quality control pathway is impaired with age in mouse hearts. 

Hoshino et al. found that although the expression of PINK1 and Parkin are unaltered in the 

aged heart, the recruitment of Parkin to dysfunctional mitochondria is significantly 

attenuated in the aged myocardium [74]. This suggests that a decrease in mitochondrial 

clearance also contributes to aging. Their findings indicate that upregulation of p53 in 

senescent cells contributes to the defect in Parkin-mediated mitochondrial clearance, where 

p53 interacts with Parkin and sequesters it in the cytosol. Interestingly, overexpression of 

Parkin in the heart improves mitochondrial turnover and ameliorates cardiac aging, 

suggesting that Parkin is a potential therapeutic target to delay or prevent aging.

Mitochondria contain their own genome which encodes for several subunits involved 

mitochondrial respiration. Mitochondrial DNA (mtDNA) mutations accumulate with age in 

various tissues in humans and rodents, which leads to impaired mitochondrial function [75–

79]. Homoplasmic mtDNA mutations and deletions have been observed in aged human 

cardiac myocytes [80]. The contribution of mtDNA mutations to the aging process has been 

confirmed by studies in mice expressing a proofreading-deficient mitochondrial DNA 

polymerase γ (POLGm/m) [81, 82]. These mice accumulate mtDNA mutations in cells at a 

faster rate than wild type mice, which leads to accelerated aging and reduced lifespan. 

Interestingly, the development of age-related cardiomyopathy in the POLGm/m mice is 

rescued by overexpression of a mitochondrial targeted catalase, which reduces levels of 

mitochondrial ROS [83]. Even though this study clearly indicates an important connection 

between mitochondrial ROS and aging, the effect on autophagy was not assessed. However, 

Li-Harms et al. recently reported that accumulation of mtDNA mutations leads to 

hyperactivation of mTOR and subsequent suppression of autophagy in erythroid cells and 

MEFs from the POLGm/m mice [84]. The reduced autophagy leads to decreased 

mitochondrial clearance and subsequent accumulation of dysfunctional mitochondria. 

Exactly how mtDNA mutations contribute to aberrant increase in mTOR signaling is 

currently unclear. Future studies also need to focus on how accumulation of mtDNA 

mutations in aging mice affects autophagic activity in the heart.

Lipofuscins are structures primarily composed of non-degradable cross-linked proteins, 

lipids, and small amounts of carbohydrates and metals [85–87]. They are a hallmark of aging 

and post-mitotic cells such as cardiac myocytes and neurons accumulate large amounts of 

lipofuscin with age. Autophagic degradation of mitochondria also contributes to lipofuscin 

formation. Lipofuscins have been proposed to contribute to reduced autophagic flux in aging 

cells by impairing lysosomal function. Lipofuscins are resistant to hydrolytic enzyme 

degradation and, as a result, accumulate inside lysosomes [87, 88]. With age, accumulation 

of large lipofuscin aggregates inside lysosomes affects their function by filling most of the 

bulk volume of lysosomes [89]. In addition, even though lipofuscin cannot be degraded, the 

lysosomal hydrolases are still directed towards these structures resulting in a futile 

accumulation of lytic hydrolases to lipofuscin filled lysosomes leaving a meager amount of 

hydrolases for effective autophagy [2].
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7. Targeting Autophagy to Delay Cardiac Aging

Many life-style modifications that can delay the aging process may be effective, in part, by 

enhancing autophagy. For instance, exercise is known to increase autophagy in the heart [90] 

and have beneficial effects against cardiovascular diseases and aging [91, 92]. Mice with 

cardiac-specific overexpression of CryABR120G accumulate misfolded proteins and 

aggregates which lead to the development of heart failure [93]. Although baseline 

autophagic flux is reduced in these hearts, inducing autophagy by exercising the mice 

promotes increased clearance of the protein aggregates and significantly extends survival 

[56, 93]. Another study using a mouse model of chronic graft-versus-host disease found that 

chronic exercise increases autophagy in the heart and positively impacts cardiovascular 

function and extends survival [94]. Moreover, caloric restriction (CR) is a potent inducer of 

autophagy and increases autophagy in both young and aged hearts [52]. This intervention 

has consistently shown a positive anti-aging effect and an ability to increase lifespan in 

different species [52, 95–97].

However, these interventions are not practical for all people, especially patients with 

severely compromised cardiovascular function. Therefore, pharmacologic induction of 

autophagy is a more desirable option and is being pursued extensively to combat aging and 

various age-related diseases. CR is known to activate autophagy via the deacetylate SIRT1 

[98]. Therefore, the plant polyphenol resveratrol, an activator of SIRT1, is being explored as 

a potential therapeutic strategy. Studies have reported that resveratrol extends life span in 

lower organism [5, 99, 100] and in mice fed a high calorie diet [101, 102]. Resveratrol is 

also cardioprotective and slows the progression of heart failure after myocardial infarction 

[103], pressure overload [104] and chemotherapy-induced cardiotoxicity [105]. However, 

the beneficial effects of resveratrol on cardiac cells is dose-dependent. At lower doses, 

resveratrol enhances autophagy and has anti-apoptotic properties, whereas high doses 

attenuate autophagy and promote apoptosis [106, 107]. More comprehensive 

pharmacodynamic studies are needed to determine better understand the cardioprotective 

versus cardiotoxic effects of resveratrol. It will also be important to investigate whether 

resveratrol treatment also leads to long-term cardiac damage that doesn’t become apparent 

until much later, as observed with the anthracyclines.

The mTOR inhibitor Rapamycin has also shown promise as an anti-aging therapeutic agent, 

and is known to confer functional benefits to the aging heart [54, 55, 108]. As discussed in 

previous sections, long-term administration of rapamycin enhances longevity in mice [46, 

47, 109, 110]. Also, Wilkinson et al. observed that rapamycin-treated mice have delayed 

development of various age-related pathologies, including degenerative changes in the heart 

[108]. There is a significant increase in abnormalities of nuclear size and chromatin 

conformation in the aged myocardium, and rapamycin-treated mice have a lower incidence 

of myocardial nuclear atypia [108]. Unfortunately, chronic rapamycin treatment can lead to 

some undesirable side effects such as testicular degeneration and cataracts [108], insulin 

resistance [111] glucose intolerance and hyperlipidemia [112].
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8. Concluding Remarks

Over the past decade, our understanding of the molecular and cellular mechanisms 

regulating the decline in cell and tissue function with age has been greatly advanced. 

Interventions that target the underlying aging process can potentially delay or interrupt the 

development of age-related diseases. It is clear that autophagy has effective anti-aging 

properties by clearing cytotoxic protein aggregates and dysfunctional organelles. Autophagy 

is a very complex and highly regulated pathway and there are a number of proteins that 

could potentially be targeted to modulate this pathway therapeutically. Currently, there are 

no pharmacological interventions known to selectively increase autophagy without also 

targeting other processes. Effective autophagy inducers, such as exercise, CR or rapapmycin 

treatment, affect multiple cellular processes besides autophagy. In addition, recent studies 

have revealed that several of the Atg proteins in the autophagy machinery have non-

autophagic functions in cells [113]. Therefore, future research needs to focus on identifying 

which proteins in the pathway are specific regulators of autophagy before therapeutic targets 

can be selected. In addition, another important objective in future research will be to better 

understand the mechanisms underlying the improved cardiac function following induction of 

autophagy. Greater insights into the regulation of autophagy and how this process delays 

myocardial aging will allow for the development of novel autophagy targeted therapies to 

attenuate cardiac aging and disease.
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Highlights

• Autophagy is a major cellular quality control pathway in the heart

• Autophagy is involved in degrading protein aggregates and dysfunctional 

organelles

• Autophagy is reduced with age and contributes to the aging process

• Evidence exists that enhanced autophagy delays aging and extents life span
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Figure 1. 
Overview of autophagy. A) The PI3K/Akt signaling pathway regulates autophagy through 

actions on PRAS40 in the mTORC1 complex. Akt can also indirectly promote mTORC1 

activity through direct inhibition of the mTORC1 repressor TSC1/2. During nutrient limiting 

conditions, the energy sensor AMPK acts on both TSC1/2 and mTORC1 to inhibit 

autophagy. B) Upon activation of autophagy, the ULK1 complex activates the Class III PI3K 

complex (Beclin1-VPS34-VPS15) which is responsible for initiating formation of the 

phagophore. Subsequent elongation of the phagophore is regulated by two ubiquitin-like 

conjugation systems, Atg5-Atg12-Atg16L and LC3. After engulfing cargo, the 

autophagosome fuses with a lysosome to form the autolysosome. The sequestered cargo and 

the inner membrane of the autophagosome are degraded by lysosomal hydrolases. The LC3-

II on the outer membrane of the autophagosome is detached after fusion with the lysosome.
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Table 1

Autophagy and aging studies.

Activation of autophagy Species Effect on aging References

Overexpression of Atg8a D. Melanogaster Increased autophagy and enhanced lifespan [4]

Spermidine treatment D. Melanogaster Increased autophagy and enhanced lifespan [8]

Resveratrol treatment C. Elegance Increased autophagy and enhanced lifespan [5]

Rapamycin treatment D. Melanogaster Increased autophagy and enhanced lifespan [6]

Rapamycin treatment Mice Enhanced lifespan; “young” cardiac mitochondrial 
proteome in aged mice; preserved cardiac function 
with age

[46, 47, 54, 55, 
108]

Reduced mTOR expression Mice Enhanced lifespan [48]

Resveratrol treatment Mice Improved health, increased lifespan [102]

Caloric restriction Mice, Rats Elevated autophagy and preserved contractile 
function in aged mice

[7, 52, 53]

Systemic overexpression of Atg5 Mice Elevated autophagy, anti-aging phenotype, extended 
lifespan

[9]

Cardiac specific Atg7 overexpression Mice Elevated cardiac autophagy and increased clearance 
of protein aggregates

[56]

Cardiac specific Parkin overexpression Mice Improved mitochondrial turnover and delayed cardiac 
aging

[74]

Inhibition of autophagy

Loss-of-function mutations in autophagy 
genes

D. Melanogaster Impaired autophagy, reduced lifespan [4]

Loss-of-function mutations in autophagy 
genes

C. Elegance Impaired autophagy, reduced lifespan [10]

p62/Sqstm1−/− Mice Premature aging, reduced lifespan [11]

Cardiac specific Atg5−/− Mice Accelerated cardiac dysfunction, reduced lifespan [12]
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