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O U T L I N E

Abstract
Autophagy is a conserved, subtly regulated process responsible for the lysosomal degradation of cyto-
plasmic components, such as long-lived proteins and unnecessary or dysfunctional organelles. It has 
a well-established housekeeping role under physiological conditions, and a cytoprotective and adap-
tive role under stress. The aging process is associated with marked decrease of autophagic activ-
ity and deregulated autophagy often correlates with accelerated aging and age-related pathologies. 
Conversely, genetic or pharmacological interventions that extend lifespan, such as reduced insulin/
insulin-like growth factor-1 (IGF-1) signaling, target of rapamycin inhibition, deacetylation of his-
tones and nonhistone cytoplasmic proteins, caloric restriction (CR), rapamycin, resveratrol, or spermi-
dine supplementation, have been associated with autophagy and in some cases their beneficial effects on 
health and longevity require autophagy. Interestingly, the recently gained knowledge about autophagy 
regulation has revealed that several transcription factors required for lifespan extension have an 
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INTRODUCTION

Autophagy (from the Greek word αυτό, meaning “self,” and φαγία, meaning “to eat”) is 
a cellular regulated process through which cells dismantle unnecessary or dysfunctional 
cytoplasmic components, such as misfolded proteins and damaged organelles. This phe-
nomenon was at first observed by Keith R. Porter and Thomas Ashford at the Rockefeller 
Institute in 1962 (Ashford and Porter, 1962), when they found that glucagon addition in 
rat liver cells triggered an increase in the number of lysosomes, some of which contained 
other organelles, such as mitochondria. However, the term “autophagy” was introduced by 
Christian de Duve, the discoverer of lysosomes, in 1963, in London. It was then, when he 
distinguished the heterophagic and autophagic functions of lysosomes and suggested the 
name “autophagic vacuoles”. Subsequently, he established lysosomes as the sites of intracel-
lular autophagy (Deter et al., 1967). Despite the impressive findings of 1970s, it took more 
than 20 years for the next boost in the field of autophagy. Research in yeast revealed the first 
autophagy defective mutant, apg1, which failed to complete starvation-induced autophagy 
(Tsukada and Ohsumi, 1993). This finding opened the route for the discovery of more 
autophagy deficient mutants (Harding et al., 1995), which were later defined as defective in 
ATG genes (autophagy-related genes). Characterization of such mutations affecting proteins 
involved in the autophagic machinery led to the understanding of the autophagy process.

There are three different types of autophagy: macroautophagy, microautophagy, and 
chaperone-mediated autophagy. Macroautophagy (hereafter, referred to as autophagy) has a 
major role in damaged cell organelles and proteins clearance, as also in intracellular patho-
gens degradation (Klionsky, 2005). It involves the formation of the phagophore or isolation 
membrane (vehicle nucleation), its expansion (vehicle elongation) to engulf the substrate 
marked for destruction and fusion of its edges resulting in the formation of a double-mem-
braned structure, the autophagosome (vehicle completion). Then, the outer membrane of 
the autophagosome fuses with a lysosome to form an autolysosome (docking and fusion 
steps), in which the enclosed material including the inner autophagosomal membrane are 
degraded by resident acidic hydrolases (vehicle breakdown and degradation steps). The 
resulting breakdown products are released back into the cytosol through the activity of spe-
cific membrane permeases for reuse (Fig. 2.1) (Klionsky, 2005; Ravikumar et al., 2010). On 
the other hand, microautophagy involves the direct invagination of substrates by lysosomes 
and it is essential for survival under starvation. Chaperone-mediated autophagy is highly 
selective for soluble cytosolic proteins, which are selected through a chaperone-dependent 
mechanism, targeted to lysosomes and finally degraded, in a process that vesicles formation 
is not required.

important role in the upregulation of autophagy-related genes. Moreover, acetylation of histones and 
autophagy proteins has emerged as an essential regulatory mechanism of both autophagy and longev-
ity, at least in yeast and mammals. Further studies are needed to clarify the antiaging role of autophagy 
and the conditions under which autophagy upregulation can sufficiently improve health and longev-
ity. However, the existence of a large arsenal of drugs that induce autophagy, sometimes by mimicking  
the effects of long-term CR or short-term starvation, is a valuable tool for the development of future antiag-
ing treatments.
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Animals are constantly subjected to environmental and endogenous stressors. In nature, 
organisms often undergo pressure from lack of food and shortage of the necessary nutri-
ents that endanger their existence. Under such unfavorable conditions, autophagy assures 
survival, through recycling intracellular materials and thus providing energy and nutri-
ents. A typical example exemplifying the importance of autophagy under starvation condi-
tions is that 48 h of starvation are enough to trigger degradation of 30–40% of liver proteins 

FIGURE 2.1 Autophagy begins with the formation of the isolation membrane. Subsequent phases involve the 
expansion of the isolation membrane (vehicle elongation) to engulf cytoplasmic constituents and organelles and 
fusion of its edges, resulting in the formation of a double-membraned structure, the autophagosome (vehicle com-
pletion). The outer membrane of the autophagosome fuses with a lysosome to form an autolysosome (docking 
and fusion steps), in which the sequestered material including the inner autophagosomal membrane are degraded 
by resident acidic hydrolases (vehicle breakdown and degradation steps). The resulting breakdown products are 
released back into the cytosol through permeases and are recycled. Free amino acids and fatty acids are used as 
building blocks for new protein synthesis and ATP production, promoting homeostasis and survival at both the 
cellular and whole organism level. Starvation or growth factor deprivation activates autophagy through TOR inhi-
bition, promoting longevity. In contrast, autophagy defects lead to reduced energy and building blocks supply for 
biosynthetic pathways, loss of proteostasis, accumulation of dysfunctional organelles, including mitochondria and 
increased susceptibility to infection. Thus, age-related decline of autophagic activity affects cell function and tissue 
homeostasis, contributing to organismal aging and age-associated diseases. NADH, reduced form of nicotinamide 
adenine dinucleotide; ROS, reactive oxygen species; TCA, tricarboxylic acid; TOR, target of rapamycin.
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(Pfeifer and Strauss, 1981). A growing body of evidence has revealed a clear connection of 
autophagy with aging and a wide range of age-related human pathologies (Cuervo, 2008). 
Here, we discuss the link between autophagy and senescent decline, highlighting recent dis-
coveries that shed light on the molecular mechanisms underlying the effects of autophagy 
on aging and the pathogenesis of major human diseases.

CYTOPROTECTIVE AND HOMEOSTATIC ROLE OF AUTOPHAGY

Exposure to oxidative stress and xenobiotics is another major and continuous threat for 
cellular functionality and survival. Autophagy serves as a major homeostatic mechanism 
that counteracts intracellular accumulation of deleterious chemicals and harmful or unne-
cessary molecules, mainly protein aggregates. These can damage cellular homeostasis 
threatening cellular functionality. Therefore autophagy has a major cytoprotective role in 
cells, contributing to the maintenance of organelle homeostasis and the avoidance of proteo-
toxicity (Rubinsztein et al., 2011).

Several examples from human pathology studies verify a beneficial role for autophagy 
on health. Neurodegeneration, cancer, stroke, metabolic syndromes, infections, and heart 
diseases are only some examples of pathologies associated with autophagy (Cuervo and 
Macian, 2014). Certain aspects of aging, as well, are linked to autophagy, in model organ-
isms (Lionaki et al., 2013), such as the decline in protein synthesis and degradation through 
aging (Makrides, 1983). In mammals, in particular, a decline in protein synthesis rates of 
4–70% has been reported with age. Moreover, several studies suggest that proteostasis 
severely declines during aging (Koga et al., 2011). Taken that lysosomal proteolytic activity 
declines with age, which coincides with a simultaneous reduction in activity of autophagy-
related genes (Cuervo, 2008), one could easily speculate that age-related changes in 
autophagy might underlie, at least in part, age-associated deterioration and disease. Indeed, 
common aging features in animal models are the intracellular accumulation of damaged 
DNA, proteins, lipids, and organelles, as also an increased sensitivity to oxidative damage.

Neurodegenerative disorders, such as Alzheimer’s and Parkinson’s diseases (AD/PD), 
affect mainly aged individuals and are associated with the gradual accumulation of protein 
aggregates, causing neuronal impairment and loss of performance. Although autophagy is 
dispensable for the clearance of small proteins, it is necessary for the clearance of bigger 
protein aggregates. Interestingly, brain aging coincides with reduced expression of the Atg5, 
Atg7, and beclin1 genes, coding for major autophagy components (Lipinski et  al., 2010). 
Hence, the role of autophagic machinery as a cellular scavenger of protein aggregates and 
damaged organelles is an important proteostatic mechanism that can protect nerve cells 
from proteotoxicity.

Except from proteins, autophagy also degrades lipids, in a process called lipophagy. 
It is an alternative way for organisms to mobilize fat and regulate lipids homeostasis. 
Triglycerides and cholesterol are trapped in autophagosomes and degraded by acidic hydro-
lases of lysosomes. Lipophagy regulates lipid metabolism and impaired lipophagy causes 
lipid accumulation that can lead to hepatic steatosis and other related lipids accumulation 
diseases, altered body mass and altered sensitization to death stimuli (Ward et al., 2016).
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Autophagy is known to inhibit programmed cell death through interacting with apopto-
sis. Although this interaction is not well understood, the Beclin1-Bcl-2 complex appears to 
have a crucial role in autophagy regulation. It acts as a rheostat that keeps autophagy lev-
els within a physiological range, thus ensuring cell survival in response to stress (Pattingre 
et  al., 2005). Also, autophagy scavenges damaged organelles, which can trigger cell death 
through the release of pro-apoptotic factors and reactive oxygen species. Moreover, 
autophagy is indispensable for muscle mass maintenance in mice and it has been suggested 
to protect against age-related muscle atrophy (Masiero et al., 2009). On the other hand, pro-
teins of the autophagic machinery are also suspected to participate in the induction of apop-
tosis or necrosis and cause autophagic cell death (Marino et al., 2014).

Autophagy has also been suggested to support adaptive responses to stress in mam-
mals. Conversely, autophagy blockage impairs resistance of cells against several stressors 
(Kroemer et  al., 2010). Low levels of a certain stressor can enhance organismal reaction 
against high levels of the same stressor, which could be otherwise deleterious. This phe-
nomenon is called hormesis and the molecular mechanisms that govern it remain largely 
unknown. Recent evidence indicates that autophagy is one of the main hormetic mecha-
nisms triggered by nonlethal levels of endoplasmic reticulum (ER) stress. By interacting 
directly with the ER unfolded protein response (UPRER) pathway, autophagy confers neuro-
protection against experimental PD (Matus et al., 2012).

AUTOPHAGY AND AGING

Autophagy and the Aging Phenotype: An Intricate Relationship

The autophagic machinery progressively losses activity during aging. This raises the 
possibility that the aging process could be accelerated by the gradual reduction of cellular 
cytoprotection that autophagy confers. Genetic analyses, combined with pharmacological 
and longevity studies in several animal models have clearly associated defective autophagy 
with impaired healthspan and reduced lifespan (Pyo et  al., 2013). In yeast, a large-scale 
screen for genes associated with chronological lifespan, identified short-lived mutants that 
had autophagy defects. Interestingly, these mutants did not respond to lifespan extension 
induced by limitation of amino acids in the growth media (Matecic et al., 2010), indicating 
that the longevity effect of dietary restriction is autophagy dependent in yeast. Similarly, 
in Caenorhabditis elegans, loss-of-function mutations in several genes coding for essential 
autophagy proteins are short lived (Melendez et al., 2003). In mice, tissue-specific knockout of 
essential autophagy genes causes accumulation of inclusion bodies containing ubiquitinated 
proteins, lipofuscin-containing lysosomes and disorganized mitochondria, accompanied by 
an accumulation of oxidized and ubiquitinated proteins and increased ER stress (Hartleben 
et  al., 2010). In Drosophila melanogaster, reduced expression of the ATG1 protein kinase and 
sestrin1, a negative feedback regulator of target of rapamycin (TOR), shortens lifespan and 
causes triglyceride accumulation, mitochondrial dysfunction, muscle degeneration, and car-
diac malfunction, phenocopying the inhibition of autophagy (Lee et al., 2010). These are some 
of the studies showing that reduced autophagy accelerates aging in yeasts, nematodes, flies 
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and mammals, the basic animal model systems. In some of these studies, loss of autophagy 
caused impairments in heart function and muscles degeneration, among others.

Taken together, these observations show that functional autophagy is a prerequisite for 
animal models to sustain normal lifespan and healthspan, but they do not support a lon-
gevity-promoting effect of autophagy. Nevertheless, recent experiments studying lifespan in 
animals with increased expression of essential autophagic machinery components, through 
genetically driven upregulation or, more convincingly, through pharmacological treatment, 
indicate a positive association between autophagy activity and lifespan.

Perhaps the most convincing experiment indicating a lifespan extending role for 
autophagy after a single autophagy-related gene upregulation took place in 2013 (Pyo et al., 
2013). In this experiment, ubiquitous overexpression of an essential for the autophagosome 
formation gene (Atg5) extended median lifespan of mice by 17.2%. Atg5 overexpressing 
mice showed antiaging phenotypes, including leanness, increased insulin sensitivity, and 
improved motor function. Interestingly, increased autophagy enhanced oxidative stress 
resistance in embryonic fibroblasts cultured from these transgenic mice. Also in Drosophila, 
induction of Atg8a expression in brains of aged flies extended the mean lifespan by 56%, 
promoted resistance to oxidative stress and suppressed the accumulation of ubiquitinated 
and oxidized proteins (Simonsen et  al., 2008). These are the most solid proofs showing 
that overexpression of a single autophagic machinery component can sufficiently enhance 
lifespan.

In two more cases, indirect increase of autophagy led to improved longevity. In one 
case, induced damage in mitochondria of human umbilical vein endothelial cells led to 
increased lifespan (Mai et al., 2012). Authors suggested that enhanced lifespan was due to 
the upregulation of LC3B, ATG5, and ATG12. Along similar lines, helix-loop-helix (HLH)-
30, the predicted C. elegans ortholog of the mammalian HLH transcription factor EB (TFEB), 
a key autophagy regulator, is additionally required for the enhanced longevity of multiple 
long-lived mutants, while its overexpression sufficiently extends the lifespan of otherwise 
wild type animals. The finding that TFEB expression is increased in the livers of dietary-
restricted mice, a well-known lifespan-prolonging intervention, suggests a conserved role 
for HLH-30/TFEB in longevity regulation (Lapierre et al., 2013).

Conversely, there are several examples showing that general induction of autophagy 
through pharmacological treatment can sufficiently increase longevity in different animal 
models. TOR is an evolutionarily conserved serine/threonine kinase that integrates sig-
nals from nutrient, mainly amino acids, and energy, growth factors, and stress to regulate 
cell growth and proliferation, development, metabolism, and aging (Wullschleger et  al., 
2006). TOR is consisted of two branches, the TORC1 and TORC2. TORC1 regulates transla-
tion through the phosphorylation of eukaryotic initiation factor 4E-binding protein (4E-BP) 
and ribosomal protein S6 kinase (S6K) and autophagy (TORC1 inhibits autophagy) through 
atg genes. TOR can be downregulated by the TOR kinase-specific inhibitor rapamycin. 
This pharmacological perturbation of TOR increases lifespan in all organisms tested, thus 
making rapamycin the first experimental elixir of life we know so far (Kapahi et al., 2010). 
Longevity extension by rapamycin in Drosophila is mediated through either 4E-BP1 or Atg5 
(Bjedov et al., 2010), thus making autophagy a candidate universal antiaging mechanism.

Another autophagy inducer that promotes lifespan is the natural polyphenol resveratrol. 
It is a deacetylase activator; its main target is Sirtuin 1 (SIRT1), the mammalian ortholog 
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of yeast Sir2. SIRT1 is a conserved NAD+-dependent protein deacetylase that reportedly 
extends lifespan in several organisms (Wood et al., 2004). Notably, resveratrol is shown to 
induce autophagy by decreasing protein acetylation (Morselli et al., 2011). Death-associated 
protein kinase 1 (DAPK1) has been suggested to be another mediator of the stimulatory 
effect of resveratrol on autophagy (Choi et al., 2013), though recent evidence suggests that 
resveratrol induces autophagy through TOR inhibition (Park et al., 2016).

On the other hand, the polyamine spermidine that inhibits protein acetylation also 
extends the lifespan of yeast, worms, and flies and the survival of human cancer cells 
through increased autophagy (Eisenberg et  al., 2009). Furthermore, spermidine adminis-
tration ameliorates age-related memory impairment in flies, through Atg7 (Gupta et  al., 
2013). Interestingly, spermidine exerts its beneficial effects on lifespan and health by directly 
inhibiting the EP300 (E1A-binding protein p300) acetyltransferase that acts as a negative 
regulator of autophagy (Pietrocola et al., 2015). Together, these findings indicate that both 
resveratrol and spermidine increase autophagy via inhibition of proteins acetylation, thus 
most likely by modifying the activity of autophagy core proteins through direct or indirect 
interactions that alter their acetylation state. It is therefore reasonable to assume that balance 
between acetylation and deacetylation seems to be an important coordinator of autophagy.

Autophagy and Aging Influencing Pathways

The discovery of the first single genetic mutations shown to increase lifespan in animals 
has boosted aging research in the last three decades. These mutations reduce the activity of 
insulin–insulin like growth factor signaling pathway (IIS) and following studies verified the 
evolutionarily conserved antiaging effect of lowered IIS in various animal model systems 
(Kenyon, 2010). Since then, several genes, signaling pathways, dietary interventions, and 
drugs have been shown to affect aging (Fig. 2.2) (Lopez-Otin et  al., 2013). Their properly 
orchestrated manipulation could held promise to delay aging and increase healthy lifespan 
in humans. IIS is a major longevity regulator in animals and its reduction extends lifespan 
through activation of forkhead box O (FOXO) transcription factors. Active FOXO proteins 
translocate from the cytoplasm to the nucleus where they activate several genes that affect 
oxidative stress, xenobiotics responses, innate immunity, metabolism and autophagy. In 
particular, FOXO3 is required for the transcriptional activation of autophagy-related genes, 
including LC3 and Bnip3 during fasting. Furthermore, FOXO3-induced autophagy appears 
to require Bnip3 (Mammucari et al., 2007). Besides its role in longevity of IIS defective ani-
mals, FOXO is also essential for lifespan extension through activation of the stress-respon-
sive c-Jun N-terminal kinase (JNK) pathway in worms and flies (Wang et al., 2005). In these 
cases, JNK antagonizes IIS, causing nuclear localization of FOXO, which in turn upregulates 
its targets, including genes involved in stress response and growth control. A recent study in 
Drosophila has shown that JNK activates the transcription of multiple ATG genes in response 
to oxidative stress. It is therefore reasonable to assume that dFoxO may activate transcrip-
tion of ATG genes in response to JNK signaling (Wu et al., 2009).

IIS interacts with TOR, which inhibits the autophagy-promoting Unc-51 like kinase 
(ULK1) complex (the mammalian homolog of yeast Atg1), the most upstream component 
of the autophagic machinery (Fig. 2.2). In yeast, TOR phosphorylates Atg13 and decreases 
its binding to another autophagy-promoting factor, Atg1. Starvation or rapamycin treatment 
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FIGURE 2.2 Signal transduction pathways that influence aging cross-talk with autophagy regulatory mecha-
nisms. Reduced insulin/IGF-1 or TOR kinase signaling, depletion of p53 and activation of sirtuin 1, among others,  
extend lifespan in a wide variety of species, including yeast, worms, flies, and mice. Similarly, limitation for 
nutrients, energy and growth factors, also promote longevity. Many of these pathways associate with autophagy 
regulatory mechanisms. TOR plays a central role in the control of autophagy. Under nutrient rich conditions and 
growth factor signaling, TOR promotes cell growth/metabolic activity and inhibits the Atg1 complex, inhibiting 
autophagy. Under nutrient deprivation or stress, various signaling pathways inactivate TOR kinase activity, and 
thus suppress cell growth, while inducing autophagy. Energy depletion activates the adenosine monophosphate-
activated protein kinase (AMPK), which inhibits TOR and activates autophagy. Black arrows indicate stimulatory 
inputs. Red bars indicate inhibitory interactions. For clarity, some of the signaling connections between longevity 
pathways and autophagy are not shown. See text for details. AKT, AKT8 virus proto-oncogene; 4E-BP, eukaryotic 
initiation factor 4E-binding protein; eIF4E, eukaryotic translation initiation factor 4E; FOXO/DAF-16, a forkhead 
box O(FOXO) transcription factor; HSF-1, heat shock response transcription factor-1; JNK1, c-Jun N-terminal 
kinase; LKB1, serine/threonine protein kinase; NRF1/2/3/SKN-1, NF-E2-related factor/SKiN head transcription  
factor-1; PI3K, phosphatidylinositol-3 kinase; Rheb, Ras homologue enriched in brain; S6K, S6 kinase; TSC1/2,  
tuberosclerosis complexes 1 and 2.
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dephosphorylates Atg13, resulting in a subsequent activation of Atg1 (Kamada et al., 2000). 
Hence, reduced IIS, but also depletion of nutrients under starvation, induce autophagy 
through a common mechanism (Fig. 2.2). Starvation also affects TORC1-lysosomes position-
ing, which in turn enhances autophagosome-lysosome fusion (Korolchuk et  al., 2011). In 
contrast, when nutrients are sufficient, mTORC1 complex phosphorylates ULK1, prevent-
ing its association and activation by adenosine monophosphate-activated protein kinase 
(AMPK), a kinase that is activated by starvation and reduced IIS (Fig. 2.2). These studies 
have revealed a molecular mechanism of ULK1 regulation that coordinates nutrient and 
growth factor signaling, including insulin, via the actions of AMPK and mTORC1.

Another longevity-promoting intervention that activates autophagy is caloric restric-
tion (CR), defined as reduced food intake without malnutrition. CR induces autophagy 
via AMPK, which directly activates ULK1 (Egan et  al., 2011), and SIRT1, which activates 
autophagy through deacetylating its core components (Canto et al., 2010), but also indirectly 
through inhibiting IIS and TOR. Additionally, CR can modulate autophagy by activating 
MEC-17, an acetyltransferase that stimulates the essential for autophagy microtubules trans-
port machinery (Mackeh et al., 2014). In MEC-17 mutants, microtubule hyperacetylation is 
inhibited and this impairs cell survival under stress and starvation-induced autophagy, sug-
gesting that microtubule hyperacetylation promotes cell survival under stress by inducing 
autophagy.

As mentioned before, the balance between acetylation/deacetylation is a major regulator 
of the autophagy machinery. In this regard, resveratrol and spermidine activate autophagy 
through opposing mechanisms converging on the acetylproteome (Morselli et  al., 2011). 
Specifically, resveratrol has been suggested to induce autophagy by directly activating 
SIRT1 (Baur et al., 2006; Lagouge et al., 2006), which in turn modulates cellular senescence 
and lifespan via the activation of autophagy (Morselli et al., 2010). Likewise, spermidine has 
been shown to increase the lifespan of animal models in an autophagy-dependent fashion 
(Eisenberg et  al., 2009). Lack of endogenous polyamines causes hyperacetylation, increase 
of reactive oxygen species, premature necrotic death, and shortened lifespan (Minois 
et al., 2011). In support of findings linking deacetylation to autophagy levels, a connection 
between levels of acetate, acetyl-coenzyme A (acetyl-CoA), and autophagy inactivation has 
been recently reported. Acetyl-CoA donates acetyl groups for epigenetic and posttrans-
lational modifications and can lead to proteins inactivation. High acetylation levels cause 
histones hyperacetylation, reduced expression of ATG genes, autophagy inhibition, and a 
shortened lifespan (Eisenberg et al., 2014). Hence, a clear association between factors regu-
lating cellular acetylation levels, autophagy and longevity is emerged.

Further supporting a key role for autophagy in lifespan extension, several experiments 
demonstrate not only that longevity pathways interact with autophagy but also that their 
lifespan effects are mediated through autophagy. For example, inhibition of IIS pathway by 
mutations in the gene encoding the insulin-IGF-1-like receptor abnormal DAuer Formation 
2 (DAF-2) or the phosphatidylinositol-3 kinase (PI3K) AGing alteration 1 (AGE-1) remark-
ably increases lifespan in C. elegans. This gain in longevity is abrogated upon depletion of 
the Beclin1 ortholog BEC-1 and knockdown of the atg-7 and atg-12 genes (Melendez et al., 
2003). The same effect has been reported on eat-2 (eating defective-2) mutants, which have 
a CR phenotype due to defects in pharyngeal pumping, upon expression of bec-1 and 
atg-7 RNAi (Jia and Levine, 2007). Also, rapamycin- and spermidine-mediated lifespan 
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extension is abolished by silencing of atg1, atg7, and bec-1, respectively (Alvers et al., 2009; 
Eisenberg et al., 2009). Along similar lines, RNAi knockdown of bec-1 has a similar effect 
on resveratrol-mediated lifespan extension (Morselli et al., 2010). In Drosophila, rapamycin 
and spermidine administration enhances lifespan, but not in Atg5 RNAi expressing flies 
or Atg7 mutants (Bjedov et al., 2010; Eisenberg et al., 2009). In mice, CR prolongs lifespan 
through induction of autophagy and increase in SIRT1 expression (Mercken et  al., 2014). 
Also in yeast, worms and flies, the beneficial effects of CR and resveratrol on lifespan 
involve the SIRT1-dependent induction of autophagy (Morselli et  al., 2010). Moreover, 
SIRT1 deacetylates the transcription factors p53, NF-kB, HSF-1, and FOXO, which feed-
back to regulate SIRT1 expression levels in a stress-dependent manner. Therefore, SIRT1 
may influence cell and whole organism survival through the activation of these factors 
(Saunders and Verdin, 2009).

After several years of research and work on different animal models, it is now clear that 
the major pathways and interventions that extend lifespan in an evolutionarily conserved 
way, involve autophagy upregulation. In addition, loss or downregulation of autophagy 
components severely abrogate lifespan extending effects gained by their proper manipu-
lation. An interesting and novel theory that might explain, at least in part, the beneficial 
autophagy effect on longevity is the participation of autophagy in hormetic responses. 
According to this, low levels of oxidative stress through reactive oxygen species (ROS) 
production in mitochondria protect organisms from severe oxidative damage that accu-
mulates through aging (Ristow and Zarse, 2010). In support, ischemic preconditioning, a 
typical example of hormesis, has protective effects for organisms, and autophagy is shown 
to actively participate in this hormetic reaction (Gottlieb and Mentzer, 2010).

Recent experiments have clearly shown the existence of a homeostatic feedback loop 
associating metabolic signals with biogenesis and turnover of mitochondria. In this model, 
mitophagy (a selective type of autophagy targeting mitochondria for degradation) is 
required for longevity under low IIS or impaired mitochondrial function and it is indis-
pensable for stress resistance, through DCT-1 (DAF-16/FOXO Controlled, germline Tumor 
affecting-1). SKiNhead-1 (SKN-1) the nematode homologue of nuclear factor-erythroid 
2-related factor 2 (NRF2) transcription factor, regulates both mitochondrial biogenesis and 
degradation under stress. Deregulation of these processes during aging causes overprolif-
eration of damaged mitochondria and decline of cellular function (Palikaras et  al., 2015). 
These experiments sufficiently associate longevity, autophagy, and stressors and, at least in 
part, explain the fundamental role of functional autophagy in cellular and whole organism 
homeostasis.

AUTOPHAGY AND AGE-RELATED DISEASES

Basal activity of autophagy machinery is essential for protein and organelle turnover, 
as also for adaptation to acute stress conditions. Defective autophagy leads to intracellular 
accumulation of toxic macromolecules, mainly protein aggregates and impaired cellular 
homeostasis that accelerates entry into senescence and tissues malfunction with pathophysi-
ologic implications (Mizushima and Komatsu, 2011). Postmitotic cells are particularly  
susceptible to toxic materials accumulation, since they cannot dilute them through cell 
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division. According to a simplistic, but solid theory, toxic aggregates accumulate intracel-
lularly with age due to a progressive reduction in autophagy, which has been associated 
with devastating human pathologies, such as AD, PD, cancer, cardiovascular diseases, ath-
erosclerosis, age-related muscles degeneration, infectious diseases, among others (Schneider 
and Cuervo, 2014). The incidence of all of these diseases increases rapidly with aging and 
severely affect longevity of human populations. We will briefly refer to the most life threat-
ening age-related pathologies, which are neurodegeneration, cancer, and heart diseases.

The most common neurodegenerative disease is AD. Intracellular accumulation of beta-
amyloids (Aβ), derived from amyloid precursor protein, causes accumulation of toxic aggre-
gates that impair cellular function and kill cells. Mitochondrial dysfunction and impaired 
mitophagy have been linked to the development of the disease (Boland et  al., 2008). 
Mitochondrial damage upon elevated ROS production has been suspected for enhanced tau 
toxicity and Aβ accumulation, though the existence of autophagic vacuoles in neurons of 
AD patients links autophagy to the disease development. Moreover, impaired mitochon-
drial bioenergetics is one of the early manifestations of the disease (Caldwell et al., 2015). 
Interestingly, AD-causing mutations have been associated with autophagy malfunction, and 
beclin1 mutations cause neurodegeneration and amyloid β accumulation, through defec-
tive neuronal autophagy and disruption of lysosomes (Pickford et al., 2008). Furthermore, 
presenilin1 (PS1), which is commonly mutated in early-onset familial AD, is required for 
the acidification of lysosomes/autolysosomes and the clearance of autophagosomes  
(Lee et  al., 2010). However, experimental results regarding the role of autophagy in AD 
treatment are contradictory. Specifically, in an AD mouse model, long-term rapamycin 
administration prevents symptoms and decreases levels of Aβ42, a main component of the 
amyloid plaques found in the brains of Alzheimer patients. It has also been reported to 
reduce amyloid plaques and cognitive deficits, and induction of autophagy following rapa-
mycin supplementation ameliorates amyloid pathology. However, other experiments show 
that autophagy induction after the formation of mature plaques and tangles has no effect 
on AD-like pathology or cognitive deficits (Majumder et al., 2011) and rapamycin treatment 
of flies expressing Aβ1–42 shortens lifespan. Thus, it appears that despite the obvious role of 
defective autophagy in the development of AD, the benefit of autophagy induction is con-
text dependent (Liang and Jia, 2014).

Another major age-related disease linked to autophagy is PD. In PD, dopamine neu-
rons are characterized by intra cytoplasmic inclusions containing α-synuclein and ubiqui-
tin (Lewy bodies) and they selectively die prematurely. Mitophagy seems to have a central 
role in the development of the disease and deregulation of the autophagy pathway has 
been observed in the brains of PD patients and in animal models of PD (Lynch-Day et al., 
2012). Mutations in the genes coding for the PINK1 protein kinase and the E3 ubiquitin 
ligase PARKIN, which act in a common pathway to mediate mitophagy under physiologi-
cal conditions in vivo (Vincow et al., 2013), underlie the early onset of autosomal recessive 
PD. Excessive mitochondrial damage has been linked to PD (Schapira, 2008) and other stud-
ies show that PARKIN also mediates proteasome-dependent degradation of outer mem-
brane proteins of depolarized mitochondria. Although the etiology of PD is still obscure, 
there is an obvious correlation between dopaminergic neuron loss and accumulation of 
mitochondrial damage in the development and progression of the disease. Several findings 
suggest that impaired ubiquitination of mitochondrial substrates or PARKIN could cause 
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mitochondrial dysfunction and subsequent death of dopaminergic cells (Lionaki et  al., 
2013). Interestingly, neuronal upregulation of Parkin in flies increases lifespan and muta-
tions in core autophagy components in both flies and mice lead to PD-like phenotypes 
(Knuppertz and Osiewacz, 2016). In C. elegans, mitophagy interferes with mitochondrial 
biogenesis to regulate mitochondrial content and longevity. Coordination of mitochondrial 
biogenesis and degradation is therefore an integral aspect of mitochondria quality control. 
As such, it regulates both cellular adaptation in response to various intrinsic and extrinsic 
stimuli and longevity (Palikaras et  al., 2015). Disturbances in this regulation contribute to 
accumulation of damaged mitochondria and decline of cellular function. These findings 
highlight the importance of mitophagy in maintaining cellular homeostasis, further sup-
porting the notion that defects in mitophagy might underlie, at least some of the neurode-
generative diseases, such as familiar PDs.

Autophagy has also been linked to cancer development and progression, but research 
in this field is still premature. It looks like autophagy has a general preventive, anticancer 
function, through suppressing genomic instability and inflammation, which can lead to 
tumor initiation, promotion, and progression (Chen and White, 2011). In support of this, 
several mutations in autophagy genes are associated with cancer in humans (Jiang and 
Mizushima, 2014). However, once tumor develops it might use autophagic machinery for 
its own cytoprotection. For example, mitophagy is proposed to mediate hypoxia adaptation 
responses and cancer cells might survive under hypoxia through mitophagy-related adap-
tive mechanisms (Zhang et al., 2008).

Moreover, autophagy is involved in cardiac diseases. Its deregulation is linked to multi-
ple cardiovascular pathologies associated with aging, and its role is essential for ischemic 
preconditioning. Preconditioning or fatal ischemia is reported to induce autophagy via ER 
stress, AMPK/TSC/mTOR, Beclin1/BNIP3/SPK2, and FoxO/NF-κB transcription factors. 
Activated autophagic machinery then regulates cell death through activation or inactivation 
of apoptotic and necrotic signaling pathways (Sheng and Qin, 2015). Furthermore, defective 
autophagy is associated to cardiac diseases and autophagy activation through Atg7 upre-
gulation improves cardiac performance under proteotoxic conditions (Bhuiyan et al., 2013). 
Also, exercise is shown to reduce protein aggregates and extend survival through autophagy 
(Leon and Gustafsson, 2016). However, the actual role of autophagy, as in the case of cancer, 
is still obscure and more studies are required to establish its antiaging role in heart diseases.

CONCLUSIONS

Autophagy plays a well-established role in longevity and age-related diseases. Extensive 
research on the basic animal models, such as worms, flies, and mice, have clearly shown that 
defective autophagy harms healthspan and lifespan expectancy. Furthermore, an increase in 
beclin1 levels, a key regulator of autophagy, has been recently reported in healthy centenar-
ians. Thus, autophagy activity might be linked to human exceptional longevity (Emanuele 
et al., 2014). Major factors accelerating aging are the accumulation of various forms of cel-
lular damage, caused by malfunctioning organelles, proteins aggregates, and general proteo-
static deregulation. Autophagy is the main system for clearing intracellular malfunctioning 
organelles and aberrant protein aggregates, but also pathogens; hence it has an essential 
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cytoprotective role in the cells. Several studies show that autophagy declines during aging 
and a simplistic, but solid, speculation leads to the assumption that this decline might have a 
causal link to physiological deterioration observed in older individuals.

In support, the main longevity promoting pathways and interventions, such as IIS, 
TOR, proteins deacetylation and CR, exert their action on longevity through the enhanced 
autophagic activity and well-established molecular interactions. However, this mediation 
does not necessarily mean that autophagy upregulation is sufficient for promoting longevity. 
One could presume that these antiaging factors are physiologically stressful for animals and 
basal levels of autophagy are a prerequisite to maintain cellular homeostasis and functional-
ity. Indeed, several studies fail to prove that upregulation of single autophagic components 
can extend lifespan. On the other hand a few studies have clearly shown that autophagy 
upregulation can sufficiently prolong lifespan in different animal models. A possible answer 
to this controversy is that upregulation of autophagic components could lead to lifespan 
extension through counteracting deficiencies in proteostasis or immunity of laboratory ani-
mals. Alternatively, lifespan extending effects are achievable only through a well-orchestrated 
upregulation of autophagic components, which can be performed through manipulating fac-
tors that enhance autophagy as a whole, such as CR and protein deacetylation.

On the other hand, excessive autophagy induction could harm organismal health. For 
example, excessive over-activation of muscarinic acetylcholine signaling in C. elegans over-
activates autophagy and leads to early mortality (Kang et al., 2007). Along the same lines, 
autophagosome formation is dramatically enhanced during early necrotic cell death, and 
autophagy is required for necrotic breakdown of nematodes neurons (Samara et al., 2008). 
Also, in D. melanogaster, strong overexpression of Atg1 causes apoptosis induction (Scott 
et al., 2007). Therefore insufficient or excessive autophagy induction can have similar, del-
eterious effects for animals.

Despite the necessity for further studies to clarify the antiaging role of autophagy and the 
conditions under which autophagy upregulation can sufficiently improve health and lon-
gevity, the existence of a large arsenal of drugs that increase autophagy is a valuable tool 
for the development of future antiaging treatments. For example, rapamycin, resveratrol, 
and metformin are drugs that have been licensed for administration in humans and they not 
only induce autophagy, but also they have a known anticancer effect. Furthermore, CR is a 
well-established autophagy inducer with a strong antiaging effect. Hence, although still at 
a premature stage, carefully designed autophagy enhancing interventions might be used as 
antiaging treatments in humans in the near future.

Acknowledgments
Work in the authors’ laboratory is funded by grants from the European Research Council (ERC), the European 
Commission 7th Framework Programmes, and the Greek Ministry of Education. AM is supported by a standard 
Marie Curie intra-European individual fellowship.

References
Alvers, A.L., Wood, M.S., Hu, D., et al., 2009. Autophagy is required for extension of yeast chronological life span 

by rapamycin. Autophagy 5, 847–849.
Ashford, T.P., and Porter, K.R., 1962. Cytoplasmic components in hepatic cell lysosomes. J. Cell Biol. 12, 198–202.

http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref1
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref1
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref2


AUTOPHAGY

2. THE ROLE Of AUTOPHAgy IN AgINg: MOLECULAR MECHANIsMs136

Baur, J.A., Pearson, K.J., Price, N.L., et al., 2006. Resveratrol improves health and survival of mice on a high-calorie 
diet. Nature 444, 337–342.

Bhuiyan, M.S., Pattison, J.S., Osinska, H., et  al., 2013. Enhanced autophagy ameliorates cardiac proteinopathy. J. 
Clin. Invest. 123, 5284–5297.

Bjedov, I., Toivonen, J.M., Kerr, F., et  al., 2010. Mechanisms of life span extension by rapamycin in the fruit fly 
Drosophila melanogaster. Cell Metab. 11, 35–46.

Boland, B., Kumar, A., Lee, S., et al., 2008. Autophagy induction and autophagosome clearance in neurons: relation-
ship to autophagic pathology in Alzheimer's disease. J. Neurosci. 28, 6926–6937.

Caldwell, C.C., Yao, J., and Brinton, R.D., 2015. Targeting the prodromal stage of Alzheimer's disease: bioenergetic 
and mitochondrial opportunities. Neurotherapeutics 12, 66–80.

Canto, C., Jiang, L.Q., Deshmukh, A.S., et al., 2010. Interdependence of AMPK and SIRT1 for metabolic adaptation 
to fasting and exercise in skeletal muscle. Cell Metab. 11, 213–219.

Chen, H.Y., and White, E., 2011. Role of autophagy in cancer prevention. Cancer Prev. Res. (Phila) 4, 973–983.
Choi, M.S., Kim, Y., Jung, J.Y., et al., 2013. Resveratrol induces autophagy through death-associated protein kinase 1 

(DAPK1) in human dermal fibroblasts under normal culture conditions. Exp. Dermatol. 22, 491–494.
Cuervo, A.M., 2008. Autophagy and aging: keeping that old broom working. Trends Genet. 24, 604–612.
Cuervo, A.M., and Macian, F., 2014. Autophagy and the immune function in aging. Curr. Opin. Immunol. 29, 

97–104.
Deter, R.L., Baudhuin, P., and De Duve, C., 1967. Participation of lysosomes in cellular autophagy induced in rat 

liver by glucagon. J. Cell Biol. 35, C11–16.
Egan, D., Kim, J., Shaw, R.J., et al., 2011. The autophagy initiating kinase ULK1 is regulated via opposing phospho-

rylation by AMPK and mTOR. Autophagy 7, 643–644.
Eisenberg, T., Knauer, H., Schauer, A., et al., 2009. Induction of autophagy by spermidine promotes longevity. Nat. 

Cell Biol. 11, 1305–1314.
Eisenberg, T., Schroeder, S., Andryushkova, A., et  al., 2014. Nucleocytosolic depletion of the energy metabolite 

acetyl-coenzyme a stimulates autophagy and prolongs lifespan. Cell Metab. 19, 431–444.
Emanuele, E., Minoretti, P., Sanchis-Gomar, F., et al., 2014. Can enhanced autophagy be associated with human lon-

gevity? Serum levels of the autophagy biomarker beclin-1 are increased in healthy centenarians. Rejuvenation 
Res. 17, 518–524.

Gottlieb, R.A., and Mentzer, R.M., 2010. Autophagy during cardiac stress: joys and frustrations of autophagy. 
Annu. Rev. Physiol. 72, 45–59.

Gupta, V.K., Scheunemann, L., Eisenberg, T., et al., 2013. Restoring polyamines protects from age-induced memory 
impairment in an autophagy-dependent manner. Nat. Neurosci. 16, 1453–1460.

Harding, T.M., Morano, K.A., Scott, S.V., et al., 1995. Isolation and characterization of yeast mutants in the cyto-
plasm to vacuole protein targeting pathway. J. Cell Biol. 131, 591–602.

Hartleben, B., Godel, M., Meyer-Schwesinger, C., et al., 2010. Autophagy influences glomerular disease susceptibil-
ity and maintains podocyte homeostasis in aging mice. J. Clin. Invest. 120, 1084–1096.

Jia, K., and Levine, B., 2007. Autophagy is required for dietary restriction-mediated life span extension in C. elegans. 
Autophagy 3, 597–599.

Jiang, P., and Mizushima, N., 2014. Autophagy and human diseases. Cell Res. 24, 69–79.
Kamada, Y., Funakoshi, T., Shintani, T., et  al., 2000. Tor-mediated induction of autophagy via an Apg1 protein 

kinase complex. J. Cell Biol. 150, 1507–1513.
Kang, C., You, Y.J., and Avery, L., 2007. Dual roles of autophagy in the survival of Caenorhabditis elegans during star-

vation. Genes Dev. 21, 2161–2171.
Kapahi, P., Chen, D., Rogers, A.N., et al., 2010. With TOR, less is more: a key role for the conserved nutrient-sensing 

TOR pathway in aging. Cell Metab. 11, 453–465.
Kenyon, C.J., 2010. The genetics of ageing. Nature 464, 504–512.
Klionsky, D.J., 2005. The molecular machinery of autophagy: unanswered questions. J. Cell Sci. 118, 7–18.
Knuppertz, L., and Osiewacz, H.D., 2016. Orchestrating the network of molecular pathways affecting aging: role of 

nonselective autophagy and mitophagy. Mech. Ageing Dev. 153, 30–40.
Koga, H., Kaushik, S., and Cuervo, A.M., 2011. Protein homeostasis and aging: the importance of exquisite quality 

control. Ageing Res. Rev. 10, 205–215.
Korolchuk, V.I., Saiki, S., Lichtenberg, M., et  al., 2011. Lysosomal positioning coordinates cellular nutrient 

responses. Nat. Cell Biol. 13, 453–460.

http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref3
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref3
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref4
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref4
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref5
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref5
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref6
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref6
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref7
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref7
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref8
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref8
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref9
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref10
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref10
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref11
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref12
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref12
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref13
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref13
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref14
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref14
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref15
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref15
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref16
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref16
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref17
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref17
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref17
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref18
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref18
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref19
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref19
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref20
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref20
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref21
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref21
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref22
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref22
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref23
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref24
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref24
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref25
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref25
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref26
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref26
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref27
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref28
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref29
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref29
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref30
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref30
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref31
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref31


AUTOPHAGY

137REfERENCEs

Kroemer, G., Marino, G., and Levine, B., 2010. Autophagy and the integrated stress response. Mol. Cell 40,  
280–293.

Lagouge, M., Argmann, C., Gerhart-Hines, Z., et al., 2006. Resveratrol improves mitochondrial function and pro-
tects against metabolic disease by activating SIRT1 and PGC-1alpha. Cell 127, 1109–1122.

Lapierre, L.R., De Magalhaes Filho, C.D., McQuary, P.R., et  al., 2013. The TFEB orthologue HLH-30 regulates 
autophagy and modulates longevity in Caenorhabditis elegans. Nat. Commun. 4, 2267.

Lee, J.H., Budanov, A.V., Park, E.J., et  al., 2010. Sestrin as a feedback inhibitor of TOR that prevents age-related 
pathologies. Science 327, 1223–1228.

Leon, L.J., and Gustafsson, A.B., 2016. Staying young at heart: autophagy and adaptation to cardiac aging. J. Mol. 
Cell. Cardiol. 95, 78–85.

Liang, J.H., and Jia, J.P., 2014. Dysfunctional autophagy in Alzheimer's disease: pathogenic roles and therapeutic 
implications. Neurosci. Bull. 30, 308–316.

Lionaki, E., Markaki, M., and Tavernarakis, N., 2013. Autophagy and ageing: insights from invertebrate model 
organisms. Ageing Res. Rev. 12, 413–428.

Lipinski, M.M., Zheng, B., Lu, T., et al., 2010. Genome-wide analysis reveals mechanisms modulating autophagy in 
normal brain aging and in Alzheimer's disease. Proc. Natl. Acad. Sci. U.S.A. 107, 14164–14169.

Lopez-Otin, C., Blasco, M.A., Partridge, L., et al., 2013. The hallmarks of aging. Cell 153, 1194–1217.
Lynch-Day, M.A., Mao, K., Wang, K., et al., 2012. The role of autophagy in Parkinson's disease. Cold Spring Harb. 

Perspect Med 2, a009357.
Mackeh, R., Lorin, S., Ratier, A., et al., 2014. Reactive oxygen species, AMP-activated protein kinase, and the tran-

scription cofactor p300 regulate alpha-tubulin acetyltransferase-1 (alphaTAT-1/MEC-17)-dependent microtu-
bule hyperacetylation during cell stress. J. Biol. Chem. 289, 11816–11828.

Mai, S., Muster, B., Bereiter-Hahn, J., et al., 2012. Autophagy proteins LC3B, ATG5 and ATG12 participate in quality 
control after mitochondrial damage and influence lifespan. Autophagy 8, 47–62.

Majumder, S., Richardson, A., Strong, R., et al., 2011. Inducing autophagy by rapamycin before, but not after, the 
formation of plaques and tangles ameliorates cognitive deficits. PLoS One 6, e25416.

Makrides, S.C., 1983. Protein synthesis and degradation during aging and senescence. Biol. Rev. Camb. Philos. Soc. 
58, 343–422.

Mammucari, C., Milan, G., Romanello, V., et al., 2007. FoxO3 controls autophagy in skeletal muscle in vivo. Cell 
Metab. 6, 458–471.

Marino, G., Niso-Santano, M., Baehrecke, E.H., et al., 2014. Self-consumption: the interplay of autophagy and apop-
tosis. Nat. Rev. Mol. Cell Biol. 15, 81–94.

Masiero, E., Agatea, L., Mammucari, C., et al., 2009. Autophagy is required to maintain muscle mass. Cell Metab. 
10, 507–515.

Matecic, M., Smith, D.L., Pan, X., et al., 2010. A microarray-based genetic screen for yeast chronological aging fac-
tors. PLoS Genet. 6, e1000921.

Matus, S., Castillo, K., and Hetz, C., 2012. Hormesis: protecting neurons against cellular stress in Parkinson disease. 
Autophagy 8, 997–1001.

Melendez, A., Talloczy, Z., Seaman, M., et al., 2003. Autophagy genes are essential for dauer development and life-
span extension in C. elegans. Science 301, 1387–1391.

Mercken, E.M., Hu, J., Krzysik-Walker, S., et al., 2014. SIRT1 but not its increased expression is essential for lifespan 
extension in caloric-restricted mice. Aging Cell 13, 193–196.

Minois, N., Carmona-Gutierrez, D., and Madeo, F., 2011. Polyamines in aging and disease. Aging (Albany NY) 3, 
716–732.

Mizushima, N., and Komatsu, M., 2011. Autophagy: renovation of cells and tissues. Cell 147, 728–741.
Morselli, E., Maiuri, M.C., Markaki, M., et al., 2010. Caloric restriction and resveratrol promote longevity through 

the Sirtuin-1-dependent induction of autophagy. Cell Death Dis. 1, e10.
Morselli, E., Marino, G., Bennetzen, M.V., et  al., 2011. Spermidine and resveratrol induce autophagy by distinct 

pathways converging on the acetylproteome. J. Cell Biol. 192, 615–629.
Palikaras, K., Lionaki, E., and Tavernarakis, N., 2015. Coordination of mitophagy and mitochondrial biogenesis 

during ageing in C. elegans. Nature 521, 525–528.
Park, Y.Y., Sohn, B.H., Johnson, R.L., et al., 2016. Yes-associated protein 1 and transcriptional coactivator with PDZ-

binding motif activate the mammalian target of rapamycin complex 1 pathway by regulating amino acid trans-
porters in hepatocellular carcinoma. Hepatology 63, 159–172.

http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref32
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref32
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref33
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref33
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref34
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref34
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref35
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref35
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref36
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref36
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref37
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref37
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref38
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref38
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref39
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref39
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref40
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref41
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref41
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref42
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref42
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref42
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref43
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref43
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref44
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref44
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref45
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref45
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref46
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref46
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref47
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref47
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref48
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref48
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref49
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref49
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref50
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref50
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref51
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref51
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref52
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref52
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref53
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref53
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref54
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref55
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref55
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref56
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref56
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref57
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref57
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref58
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref58
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref58


AUTOPHAGY

2. THE ROLE Of AUTOPHAgy IN AgINg: MOLECULAR MECHANIsMs138

Pattingre, S., Tassa, A., Qu, X., et al., 2005. Bcl-2 antiapoptotic proteins inhibit Beclin 1-dependent autophagy. Cell 
122, 927–939.

Pfeifer, U., and Strauss, P., 1981. Autophagic vacuoles in heart muscle and liver. A comparative morphometric 
study including circadian variations in meal-fed rats. J. Mol. Cell. Cardiol. 13, 37–49.

Pickford, F., Masliah, E., Britschgi, M., et al., 2008. The autophagy-related protein beclin 1 shows reduced expres-
sion in early Alzheimer disease and regulates amyloid beta accumulation in mice. J. Clin. Invest. 118, 2190–2199.

Pietrocola, F., Lachkar, S., Enot, D.P., et al., 2015. Spermidine induces autophagy by inhibiting the acetyltransferase 
EP300. Cell Death Differ 22, 509–516.

Pyo, J.O., Yoo, S.M., Ahn, H.H., et al., 2013. Overexpression of Atg5 in mice activates autophagy and extends lifes-
pan. Nat. Commun. 4, 2300.

Ravikumar, B., Sarkar, S., Davies, J.E., et al., 2010. Regulation of mammalian autophagy in physiology and patho-
physiology. Physiol. Rev. 90, 1383–1435.

Ristow, M., and Zarse, K., 2010. How increased oxidative stress promotes longevity and metabolic health: the con-
cept of mitochondrial hormesis (mitohormesis). Exp. Gerontol. 45, 410–418.

Rubinsztein, D.C., Marino, G., and Kroemer, G., 2011. Autophagy and aging. Cell 146, 682–695.
Samara, C., Syntichaki, P., and Tavernarakis, N., 2008. Autophagy is required for necrotic cell death in 

Caenorhabditis elegans. Cell Death Differ. 15, 105–112.
Saunders, L.R., and Verdin, E., 2009. Cell biology. Stress response and aging. Science 323, 1021–1022.
Schapira, A.H., 2008. Mitochondria in the aetiology and pathogenesis of Parkinson's disease. Lancet Neurol. 7, 

97–109.
Schneider, J.L., and Cuervo, A.M., 2014. Autophagy and human disease: emerging themes. Curr. Opin. Genet. Dev. 

26, 16–23.
Scott, R.C., Juhasz, G., and Neufeld, T.P., 2007. Direct induction of autophagy by Atg1 inhibits cell growth and 

induces apoptotic cell death. Curr. Biol. 17, 1–11.
Sheng, R., and Qin, Z.H., 2015. The divergent roles of autophagy in ischemia and preconditioning. Acta Pharmacol. 

Sin. 36, 411–420.
Simonsen, A., Cumming, R.C., Brech, A., et al., 2008. Promoting basal levels of autophagy in the nervous system 

enhances longevity and oxidant resistance in adult Drosophila. Autophagy 4, 176–184.
Tsukada, M., and Ohsumi, Y., 1993. Isolation and characterization of autophagy-defective mutants of Saccharomyces 

cerevisiae. FEBS Lett. 333, 169–174.
Vincow, E.S., Merrihew, G., Thomas, R.E., et al., 2013. The PINK1-Parkin pathway promotes both mitophagy and 

selective respiratory chain turnover in vivo. Proc. Natl. Acad. Sci. U.S.A. 110, 6400–6405.
Wang, M.C., Bohmann, D., and Jasper, H., 2005. JNK extends life span and limits growth by antagonizing cellular 

and organism-wide responses to insulin signaling. Cell 121, 115–125.
Ward, C., Martinez-Lopez, N., Otten, E.G., et al., 2016. Autophagy, lipophagy and lysosomal lipid storage disor-

ders. Biochim. Biophys. Acta 1861, 269–284.
Wood, J.G., Rogina, B., Lavu, S., et al., 2004. Sirtuin activators mimic caloric restriction and delay ageing in metazo-

ans. Nature 430, 686–689.
Wu, H., Wang, M.C., and Bohmann, D., 2009. JNK protects Drosophila from oxidative stress by trancriptionally 

activating autophagy. Mech. Dev. 126, 624–637.
Wullschleger, S., Loewith, R., and Hall, M.N., 2006. TOR signaling in growth and metabolism. Cell 124, 471–484.
Zhang, H., Bosch-Marce, M., Shimoda, L.A., et al., 2008. Mitochondrial autophagy is an HIF-1-dependent adaptive 

metabolic response to hypoxia. J. Biol. Chem. 283, 10892–10903.

http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref59
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref59
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref60
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref60
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref61
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref61
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref62
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref62
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref63
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref63
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref64
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref64
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref65
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref65
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref66
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref67
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref67
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref68
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref69
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref69
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref70
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref70
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref71
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref71
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref72
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref72
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref73
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref73
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref74
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref74
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref75
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref75
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref76
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref76
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref77
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref77
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref78
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref78
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref79
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref79
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref80
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref81
http://refhub.elsevier.com/B978-0-12-812146-7.00002-0/sbref81

	2 The Role of Autophagy in Aging: Molecular Mechanisms
	Introduction
	Cytoprotective and Homeostatic Role of Autophagy
	Autophagy and Aging
	Autophagy and the Aging Phenotype: An Intricate Relationship
	Autophagy and Aging Influencing Pathways

	Autophagy and Age-Related Diseases
	Conclusions
	Acknowledgments
	References




