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Abstract

Aging is associated with many deleterious changes at the cellular level, including the 

accumulation of potentially toxic components that can have devastating effects on health. A 

key protective mechanism to this end is the cellular recycling process called autophagy. During 

autophagy, damaged or surplus cellular components are delivered to acidic vesicles called 

lysosomes, that secure degradation and recycling of the components. Numerous links between 

autophagy and aging exist. Autophagy declines with age, and increasing evidence suggests that 

this reduction plays important roles in both physiological aging and the development of age-

associated disorders. Studies in pharmacologically and genetically manipulated model organisms 

indicate that defects in autophagy promote age-related diseases, and conversely, that enhancement 

of autophagy has beneficial effects on both healthspan and lifespan. Here, we review our current 

understanding of the role of autophagy in different physiological processes and their molecular 

links with aging and age-related diseases. We also highlight some recent advances in the field that 

could accelerate the development of autophagy-based therapeutic interventions.
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1. INTRODUCTION TO AGING

Aging can be defined as the time-dependent decline in function of a living organism that 

ultimately leads to death (López-Otín et al., 2013). Aging is a universal phenomenon 

throughout the animal kingdom, but the lifespans of diverse species can differ dramatically. 

For example, mayflies generally survive for only hours or days, while bowhead whales 

can live for >200 years (Cohen, 2018). Indeed, even closely related animal species may 

have quite different lifespans, as illustrated by mice and mole rats, which are similarly 
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sized rodents but have markedly different lifespans of 1–2 years and >30 years, respectively 

(Ruby et al., 2018). Interestingly, and undoubtedly related, mole rats are highly resistant to 

disease, including cancer (Buffenstein and Ruby, 2021). Individuals within the same species 

can also display diverse lifespans and healthspans, a phenomenon known as heterogeneity 

of organismal aging. Inhabitants of some regions of the globe have longer than average 

lifespans, which may be at least partially linked to diet and lifestyle, but isolated cases 

of individuals with exceptional longevity have also been documented, such as the French 

woman Jeanne Calment, who lived for ~122 years (Robin-Champigneul, 2020). Conversely, 

people suffering from progeroid syndromes experience profoundly accelerated aging and 

severe health issues, culminating in death at ~20 years of age, or even earlier (Gordon et al., 

2014). Understanding the intrinsic and extrinsic factors that lead to such diversity of lifespan 

and healthspan in the animal kingdom is of fundamental importance in comprehending the 

biology of aging in humans.

The average lifespan of the global human population is steadily increasing, generating 

significant concern about the rapidly expanding public health burden. Aging is the 

main risk factor for numerous devastating diseases that require intensive and/or long-

term treatment, such as neurodegenerative disorders, cancer, and cardiovascular diseases 

(https://www.nia.nih.gov/research/dbsr/global-aging). It is therefore imperative to reduce 

the socioeconomic pressure brought about by the aging society, requiring the involvement 

of a broad spectrum of stakeholders including politicians, economists, gerontologists, 

and researchers (Fang et al., 2020). Moreover, understanding the molecular mechanisms 

underlying the aging process will be of crucial importance to support the development of 

novel therapies for age-related disorders and to prolong human healthspan.

There are several theories behind the molecular basis of aging, of which the most widely 

accepted is the progressive accumulation of damaged cellular components (Figure 1) 

(Johnson et al., 1999). Throughout our lives, we are exposed to stressful or damaging 

insults that affect the structure and function of the complex molecular machinery required 

for cell and organismal health. These insults may be extrinsic, such as radiation, chemicals, 

and pathogens, or intrinsic, such as inherited mutations in the case of some progeroid 

syndromes. Regardless of the source, insults that modify the properties of cellular organelles 

or macromolecules can start a chain of events that perpetuate the damage, thereby 

endangering cellular integrity, function, and survival. While the accumulation of cellular 

damage may be initiated as a localized event, it can also be communicated distally 

throughout the organism in a cell non-autonomous manner, and thus contribute to the overall 

decline in organismal health. This is usually mediated via inflammatory responses, that can 

become chronic and uncontrolled eventually affecting distal tissues/organs within a given 

organism, accelerating the age-related organismal changes (López-Otín et al., 2013). Living 

organisms have evolved several mechanisms to ensure the timely and efficient removal of 

potentially deleterious cellular components, including DNA repair pathways, the ubiquitin-

proteasome system (UPS) of protein degradation, and various forms of the major cellular 

recycling process, autophagy. These protective molecular pathways and repair mechanisms 

play essential roles in maintaining homeostasis, but they too are susceptible to extrinsic and 

intrinsic insults that affect their activity (López-Otín and Kroemer, 2021). Thus, the rate at 
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which cells age can be viewed as a function of the cumulative effects of damaging insults 

balanced by the efficiency of the mechanisms dedicated to damage repair/removal.

Among the protective pathways that maintain cellular and organismal homeostasis (López-

Otín and Kroemer, 2021), autophagy has emerged as a central mechanism (Hansen et al., 

2018). Accordingly, the autophagy machinery and autophagy-regulating pathways have been 

identified as modulators of longevity, and not surprisingly, dysregulation of autophagy is 

recognized as a key factor in the development of many age-related diseases (Hansen et 

al., 2018). This review aims to discuss our current understanding of the molecular basis of 

the cytoprotective and longevity-promoting roles of autophagy, the events that underlie the 

age-associated decline in the pathway, and interventions that may extend both lifespan and 

healthspan in an autophagy-dependent manner.

2. INTRODUCTION TO AUTOPHAGY

Autophagy, from the Greek words for “self” and “eating”, is a catabolic process that 

enables the degradation and recycling of diverse cellular components (Dikic and Elazar, 

2018), including surplus constituents, aberrantly aggregated or damaged macromolecules 

and organelles, and invading pathogens (Figure 2). Consequently, autophagy operates 

continually to maintain cellular homeostasis and is also responsive to triggers that increase 

pathway activity under stressful conditions, such as nutrient deprivation, growth factor 

limitation, genotoxic stress, and organelle damage (Kroemer et al., 2010).

2.1. Types of autophagy

Autophagic degradation involves the targeting of cellular components for recycling and 

their subsequent delivery via alternative mechanisms to lysosomes (Figure 2), which 

are cellular organelles containing hydrolases that operate under low pH conditions to 

degrade biomolecules and transform them into their building blocks (Yim and Mizushima, 

2020). There are different molecular routes that allow the delivery of cellular components 

to lysosomes for autophagic degradation. Accordingly, autophagy can be classified as 

chaperone-mediated autophagy (CMA), microautophagy, and macroautophagy (Figure 2). 

CMA has been described in mammals and birds (Kaushik and Cuervo, 2018), while 

microautophagy and macroautophagy are conserved in nearly all eukaryotes (Schuck, 2020). 

CMA is the process by which select protein cargos are internalized into the lysosome lumen 

through a transmembrane protein translocation complex, guided by specialized proteins 

known as chaperones (Figure 2A) (Kaushik and Cuervo, 2018). CMA-degraded proteins 

are characterized by the presence of a common “KFERQ-like” amino acid motif, which 

is widely represented in the human proteome and is recognized by the chaperone proteins 

(Kaushik and Cuervo, 2018). Microautophagy implies the invagination of the lysosomal 

membrane to engulf an array of different cargos, from proteins to lipids and organelle 

fragments in a bulk or selective manner (Figure 2B) (Schuck, 2020). In mammals, a related 

process named endosomal microautophagy (eMI) involves delivery of cargo via inward 

budding of endosomes, instead of lysosomes, to ensure cargo degradation (Sahu et al., 

2011). Notably, the chaperone Hsc70, involved in CMA, can also participate in cargo 

delivery during eMI (Tekirdag et al., 2018; Mukjerhee et al., 2016). Finally, macroautophagy 
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mediates the degradation of diverse, often large, cargo, including proteins, lipids, organelles, 

and pathogens (Figure 2C). For this, cargo is sequestered into a specialized de-novo double-

membrane vesicle called autophagosome, which originates from a membranous precursor 

called a phagophore. Mature autophagosomes loaded with cargo are transported toward 

the nuclear periphery of the cell to encounter and fuse with lysosomes which concentrate 

there, to ultimately allow cargo degradation, which happens in a hybrid organelle called the 

autolysosome (reviewed in [Dikic and Elazar, 2018]). CMA plays a crucial role in aging and 

age-related processes and has been comprehensively reviewed (Kaushik and Cuervo, 2018). 

Little is known about the relevance of microautophagy in organismal aging, particularly in 

mammals, and this pathway remains understudied. This review will focus predominantly on 

macroautophagy (hereafter referred to as autophagy), which has been widely studied in the 

context of aging.

2.2. Stages of autophagy and the autophagy machinery

Autophagosomes are formed through a complex cascade of events supported by multiple 

groups of proteins, collectively referred to as the autophagy machinery. The overall 

multistep process and the main proteins involved are shown in Figure 3. Autophagosome 

biogenesis starts with the activity of the initiation complex composed of the ULK1 

serine/threonine kinase together with additional regulatory proteins (reviewed in [Dikic 

and Elazar, 2018]). The ULK1 complex triggers various phosphorylation events that lead 

to the activation of the phospho-inositol tri-phosphate PI3KC3 complex I that operates 

during the nucleation stage of the process (Figure 3), which culminates in the formation 

of a membranous autophagosome precursor called the phagophore (Figure 3). PI3KC3 

complex I catalyzes the production of the membrane lipid phosphatidylinositol 3-phosphate 

(PI3P), which promotes recruitment of PI3P-binding proteins such as members of the 

WIPI protein family (WD-repeat protein interacting with phosphoinositides) to the site of 

autophagosome formation (reviewed in [Dikic and Elazar, 2018]). This event, in conjunction 

with the delivery of lipids via vesicles containing the only transmembrane protein of 

the core autophagy machinery, ATG9, contributes to the growth and expansion of the 

phagophore (reviewed in [Dikic and Elazar, 2018]) (Figure 3). The binding of WIPIs to 

the growing phagophore facilitates conjugation of the ATG8/LC3 family of proteins to 

the autophagosome membranes, which is a hallmark event in the autophagy process. In 

humans, the ATG8 family of proteins comprises seven members LC3A (2 splice variants), 

LC3B, LC3C, GABARAP, GABARAPL1, and GABARAPL2 (reviewed in [Schaaf et al., 

2016]). Microscopic detection of foci containing ATG8/LC3 or its orthologs is a common 

experimental readout of autophagic function. A diverse subset of proteins, around one-third 

of the core autophagy machinery, participates in the processing and lipid conjugation of 

ATG8 to the phagophore membrane via a cascade of ubiquitin-like conjugation reactions 

(Figure 3). Once conjugated to the growing phagophore membrane, ATG8 proteins allow 

the recruitment of a set of key proteins that will differentially decorate the inner and the 

outer membrane of the closed autophagosome via diverse key protein-protein interactions. 

In the inner part of the vesicle, ATG8 binds receptor proteins, such as the protein SQSTM-1/

p62, that simultaneously recruits the cargo targeted for degradation into the autophagosome 

lumen. In the outer membrane, ATG8s recruit adaptor proteins involved in the transport, 

such as FYCO1 (Pankiv et al., 2010), and also the fusion, such as PLEKHM1 (McEwan 
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et al., 2015) of the autophagosomes with the lysosomes (reviewed in [Nieto-Torres et 

al., 2021a]). Once the autophagosome fuses with the lysosome, a complex process that 

involves small Rab GTPases, soluble N-ethylmaleimide-sensitive factor attachment protein 

receptors (SNAREs) including the protein syntaxin 17 (STX17), and the HOPS-tethering 

complex (Jiang et al., 2014), a hybrid organelle called the autolysosome is formed (Figure 

3). The lysosomal hydrolases will then degrade the autophagosomal content to recycle it and 

produce building blocks that will be exported to the cell cytoplasm and can be used in new 

biosynthetic reactions (Yim and Mizushima, 2020).

2.3. Autophagy regulatory networks

The autophagy process is tightly controlled by signaling networks that play major roles in 

sensing and integrating metabolic cues such as altered nutrient, energy, and growth factor 

levels, among others. The two main regulatory pathways involve the mechanistic target of 

rapamycin (mTOR) and AMP-activated protein kinase (AMPK) (Figure 3), kinases that 

sense nutrient availability and intracellular energy status, respectively. When nutrient levels 

are high, mTOR inhibits autophagy by phosphorylating and inactivating the initiation kinase 

ULK1 (reviewed in [Kim and Guan, 2015]). Conversely, in low nutrient conditions, mTOR 

activity is inhibited, and autophagy activity increases to restore nutrient availability. AMPK 

is activated by low energy levels. Specifically, a high intracellular AMP/ATP ratio triggers 

AMPK, which increases autophagy by activating ULK1, the PI3KC3 complex I components 

Beclin-1, and VPS34, and by inactivating mTOR (reviewed in [Kim and Guan, 2015]). 

Acute nutrient depletion also reduces cellular levels of acetyl coenzyme A, a key metabolite 

formed during glycolysis and fatty acid oxidation, which plays crucial roles as an acetylation 

cofactor in many pathways. This triggers the deacetylation of multiple autophagy proteins 

and their concomitant activation, in which the deacetylase Sirtuin-1 (also a downstream 

member of the AMPK pathway) and the acetyltransferase EP300 participate (Madeo et al., 

2014; Mariño et al., 2014; Su et al., 2017). Because post-translational modifications occur 

rapidly, regulation of autophagy machinery proteins via phosphorylation and acetylation 

allows the cell to respond promptly to autophagy-inducing insults. However, in the long 

term, autophagy machinery availability needs to be sustained by increased transcriptional/

translation of key autophagy components.

The transcription factor EB (TFEB), a member of the microphthalmia transcription factor 

E (MiT/TFE) family, is a master regulator of the expression of key genes involved in 

autophagy and lysosomal biogenesis. TFEB activity is controlled by its nuclear/cytoplasmic 

localization, which is largely regulated by mTOR (Napolitano et al., 2018). Another major 

family of autophagy-regulating proteins is the forkhead box O (FOXO) transcription factors 

(Webb and Brunet, 2014). FOXO activity, like TFEB, is regulated predominantly by its 

subcellular localization, which is controlled mainly by the growth factor- and insulin-sensing 

pathway kinase AKT. Notably, FOXO activity can be further boosted via Sirtuin-1-mediated 

deacetylation (Brunet et al., 2004). Studies using Caenorhabditis elegans, a short-lived 

and genetically tractable nematode that is extensively used for longevity studies (Apfeld 

and Alper, 2018), have revealed that HLH-30 (TFEB ortholog) regulates transcription of 

autophagy genes (Lapierre et al., 2013; O’Rourke et al., 2013), at least in part in cooperation 

with DAF-16 (FOXO ortholog) (Lin et al., 2018). Besides this, epigenetic modifications may 
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also contribute to the maintenance of autophagic activity over the longer term (Lapierre et 

al., 2015). Nutrient-sensing pathways that regulate histone methylation and acetylation have 

also been reported to control the transcription of autophagy-related and lysosomal genes 

(reviewed in [di Malta et al., 2019]). Importantly, these regulatory pathways as well as the 

autophagy machinery described above, have been linked to aging and lifespan regulation 

which will be described next.

3. MOLECULAR LINKS BETWEEN LONGEVITY AND AUTOPHAGY

An extensive body of evidence suggests that autophagy, aging, and the onset of age-related 

diseases are closely interconnected. Model organisms, especially unicellular budding yeast 

(Saccharomyces cerevisiae), invertebrates such as nematodes (C. elegans) and fruit flies 

(Drosophila melanogaster) and vertebrates such as mice, have been instrumental in aging 

research, due in large part to their relatively short lifespans and genetic tractability (Hansen 

et al., 2018). Different reports indicate that increased autophagic function correlates with 

better health and lifespan, and boosting autophagy can have longevity-promoting effects, 

as determined via genetic experiments done in multiple model organisms. In turn, the 

age-dependent decline of autophagic activity has been observed in different organisms.

Longevity paradigms in S. cerevisiae, C. elegans, and Drosophila show increased expression 

of autophagy and lysosomal genes, as well as the potentially higher autophagic capacity. 

Conversely, impairment of the expression or function of autophagy and lysosomal genes 

abrogates the lifespan extensions observed in these paradigms (Hansen et al., 2018). 

These findings strongly suggest that the beneficial effects on lifespan in these models are 

autophagy-dependent. Whole-body genetic deletion of autophagy genes results in mice that 

fail to survive neonatal starvation (Komatsu et al., 2005; Kuma et al., 2004), and deletion 

of autophagy genes during adulthood leads to rapid lethality of mice, which succumb 

to infections and suffer from neurodegeneration, consistent with the need for autophagy 

as a pathogen- and neuroprotective pathway (Karsli-Uzunbas et al., 2014). On a related 

note, overexpression of autophagy-related genes increases lifespan in model organisms. For 

example, overexpression of HLH-30/TFEB in C. elegans extends lifespan in an autophagy-

dependent manner (Lapierre et al., 2013), and overexpression of ATG8 or ATG1 (ULK1 

ortholog) in Drosophila or of Atg5 in mice similarly promotes longevity, although it 

is not yet formally known whether autophagy induction is required to observe lifespan 

extension in the latter models (Pyo et al., 2013; Simonsen et al., 2008; Ulgherait et al., 

2014). Interestingly, the presence of a point mutation in murine Beclin-1 that renders it 

more resistant to BCL2-mediated inhibition was shown to confer systemic health benefits 

in wild-type mice and to significantly prolong lifespan in mouse models of accelerated 

aging (Fernández et al., 2018). Overall, longevity paradigms in multiple model organisms 

rely on autophagy for their lifespan benefits, and overexpression of autophagy components 

can promote lifespan. This suggests a correlation between autophagy levels and longevity, 

although this has to be formally tested. Some reports suggest that this may be conserved in 

human individuals. For example, autophagic activity in T cells from individuals belonging 

to families with reported high longevity is increased as compared to T cells derived from 

age-matched people (Raz et al., 2017). Whether the autophagy–longevity link represents 

causation or correlation in humans and its potential tissue/organ specificity remains to be 
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further investigated. Overall, these data suggest that sustaining autophagic activity and 

preventing its age-related decline, at levels probably no higher than a physiologically 

tolerated level, may be beneficial to health.

Autophagy plays a pivotal role in the maintenance of physiological homeostasis and in 

protection from pathogenic states, both of which are crucial to optimal healthspan and 

lifespan. In the following sections, we review some of the main homeostatic/protective 

functions of autophagy (summarized in Figure 4).

3.1. Proteostasis

The human proteome comprises >10,000 different proteins that drive most of the 

physiological functions of our cells (Hipp et al., 2019). Proteins are susceptible to damage 

that may render them nonfunctional and even pathogenic, as is the case for protein 

misfolding and aggregation in some neurodegenerative disorders (Hipp et al., 2019). 

Toxic and dysfunctional proteins are targeted for degradation, and together with the UPS, 

autophagy constitutes a major proteolytic pathway (Vilchez et al., 2014). Accordingly, 

perturbations that affect the core autophagy machinery in model organisms lead to 

an increase in the age-associated protein aggregation, shorten lifespan, and exacerbates 

pathological features, while increasing autophagy has the opposite effects on proteostasis 

and health (Boland et al., 2018; Rubinsztein et al., 2011). Besides the core autophagy 

proteins, autophagy receptors may suffer age-related alterations in their function leading to 

compromised degradation of select cargos. The expression levels of the autophagy receptor 

SQSTM-1/p62 decrease with age in mice (Kwon et al., 2012), and the protein levels and 

subcellular localization are dysregulated in mouse models of Huntington’s disease (Rue et 

al., 2013). Furthermore, dysregulation of p62 promoter and decreased p62 levels correlate 

with neurodegenerative diseases in humans (Du et al., 2009a; Du et al., 2009b). p62 

recruits proteins and aggregates that have been targeted by ubiquitination for destruction, 

including advanced glycation end products, which accumulate with age and in several 

diseases (Aragonès et al., 2020), and has been implicated in longevity regulation in several 

species. Specifically, overexpression of the p62 ortholog SQST-1 in C. elegans is sufficient 

to promote proteostasis, induce autophagy, and extend lifespan (Kumsta et al., 2019), and 

overexpression of the p62 homolog Ref(2)p in Drosophila has similar effects on lifespan and 

autophagy (Aparicio et al., 2019). These findings suggest that autophagy of select forms of 

cargo (e.g., ubiquitinated proteins) mediated by specialized receptors may play an important 

role in aging and longevity, an open question that needs to be studied in more detail.

The deposition of protein aggregates is a hallmark of many age-related diseases (Iadanza 

et al., 2018) (Figure 4). Neuronal tissue is especially susceptible to defects in protein 

homeostasis, as the majority of human neurons are postmitotic cells, and therefore they 

are not renewed via stem cell progenitors. Not surprisingly, the accumulation of protein 

aggregates of different origins is a hallmark of neurodegenerative processes, such as 

Alzheimer’s disease (amyloid β, tau), Parkinson’s disease (α-synuclein), Huntington’s 

disease (Huntingtin), and amyotrophic lateral sclerosis (SOD1, TDP-43) (reviewed in 

[Monaco and Fraldi, 2020; Lautrup et al., 2019]). Accordingly, inhibition of autophagy 

in mouse neurons via Atg5 or Atg7 depletion leads to the appearance of cytoplasmic 
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aggregates in the brain as well as accelerated neurodegeneration in mice (Hara et al., 

2006; Komatsu et al., 2006). In the long run, the accumulation of protein aggregates can 

affect autophagic functions, creating a vicious cycle that amplifies the detrimental effects of 

malfunctioning protein homeostasis. For example, α-synuclein aggregates affect lysosomal 

function and signaling, compromising the autophagy process, and polyglutamine expansions 

in the protein huntingtin that make it prone to aggregation, affect autophagosome biogenesis 

and transport (reviewed in [Monaco and Fraldi, 2020]).

3.2. Lipid metabolism

Lipid droplets are subcellular lipid storage structures that play key roles in energy 

mobilization in many eukaryotic cells. Upon energy depletion, part of the cellular lipid 

content stored in lipid droplets can be directly metabolized in an autophagy-dependent 

manner, also known as lipophagy (Singh et al., 2009). Lipid droplets are coated with 

proteins that play essential roles in lipophagy. Perilipins (PLN) are one of the most abundant 

lipid droplet-associated proteins, with PLN5 promoting lipophagy (Zhang et al., 2020), 

while PLN2 coating protects lipid droplets from autophagic degradation (Griffin et al., 

2021). Interestingly, both PLN2 and PLN3 are substrates of CMA, and therefore CMA-

based degradation of these proteins, in turn, promotes lipophagy (Kaushik et al., 2015). 

Finally, direct transfer of lipids from lipid droplets to lysosomes, bypassing the need of 

autophagosome formation, has also been discovered (Schulze et al., 2020). Lipophagy may 

be especially important in the liver, which is a major organ for lipid storage in vertebrates. 

Consistent with this possibility, autophagy depletion in mouse liver cells increases the 

number and size of lipid droplets, whereas activation of autophagy by drugs such as the 

mTOR inhibitor rapamycin promotes co-localization of lipids with endolysosomal and 

autophagy markers, indicative of lipophagy (Singh et al., 2009). Deficient lipid homeostasis 

can lead to devasting conditions such as liver steatosis and cardiovascular diseases, for 

which autophagy-related function may play an important role.

Genetic inhibition of autophagy via Atg7 depletion in mouse liver leads to histological 

changes resembling non-alcoholic fatty liver disease in humans (Singh et al., 2009). Other 

studies in model organisms and humans have identified a tight link between autophagy and 

lipid stores in aging (Liu and Czaja, 2013). For example, age-dependent increases in lipid 

stores, as well as ectopic fat deposition, have been associated with autophagy dysfunction in 

C. elegans (Palikaras et al., 2017), and the age-associated failure in autophagy in the liver of 

mice leads to fatty acid accumulation (Singh et al., 2009). Finally, impaired autophagy has 

also been connected to the accumulation of toxic peroxidized lipids, which can be severely 

damaging and potentially lethal to cells (Ding et al., 2011).

3.3. Organelle homeostasis

3.3.1. Mitochondria—Cellular organelles are also susceptible to damage that may 

accumulate with time, rendering them nonfunctional and even pathogenic. While damaged 

proteins can be cleared by either the UPS or autophagy, malfunctioning organelles are 

mostly degraded by autophagy. Particularly important from a health perspective is the 

role of autophagy in the turnover of dysfunctional mitochondria, which entirely relies 

on the autophagy machinery. Mitochondria are highly metabolically and synthetically 
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active organelles and are the central source of energy production through oxidative 

phosphorylation (reviewed in [Chen et al., 2020]). Mitochondria are also a source of 

endogenous reactive oxygen species, which play important physiological roles in signal 

transduction but can also induce oxidative damage to macromolecules when present 

at abnormally high levels. In addition, damage of mitochondrial membranes can result 

in the cytoplasmic release of mitochondrial components, including cytochrome c and 

mitochondrial DNA, which are sensed as danger signals and trigger proinflammatory and 

cell death pathways (reviewed in [López-Otín and Kroemer, 2021]).

Mitophagy, the selective autophagic turnover of mitochondria, is deceased in normal aging, 

many age-related diseases, and in progeroid disorders (Bakula and Scheibye-Knudsen, 2020; 

Palikaras et al., 2018; Fang et al., 2019a). For example, impaired mitophagy is observed 

in human patients with Werner syndrome, as well as in C. elegans and Drosophila models 

of this progeroid syndrome (Fang et al., 2019a). Defective mitophagy has been linked with 

neurodegeneration in ataxia telangiectasia, a rare recessive human disease (Fang et al., 

2016), as well as in xeroderma pigmentosum group A disorder (Fang et al., 2014). Similarly, 

the accumulation of dysfunctional mitochondria in dopaminergic neurons is a hallmark 

of Parkinson's disease (reviewed in [Pickrell and Youle, 2015]), and impaired removal of 

damaged mitochondria leading to neuroinflammation is a key event in Alzheimer’s disease 

pathogenesis (Fang et al., 2019b). Mitophagy is facilitated by PTEN-induced kinase 1 

(PINK) and Parkin, a ubiquitin ligase, and mutations in these genes in humans correlate 

with early-onset Parkinson's disease (reviewed in [Pickrell and Youle, 2015]). In addition, 

there are PINK/Parkin-independent mitophagy pathways that rely on the recognition of 

dysfunctional mitochondria by autophagy receptors such as NIX, BNIP3, p62, and FUNDC1 

(Bakula and Scheibye-Knudsen, 2020). Furthermore, other pathways that rely on the 

autophagy machinery but are different from mitophagy, operate to maintain mitochondrial 

homeostasis, such as the “piecemeal” mitophagy pathway that allows basal degradation of 

mitochondrial proteins (le Guerroué et al., 2017), and the mitochondrial-derived vesicles that 

allow the delivery of mitochondrial fractions to the lysosome and may play important roles 

in cancer cells (Towers et al., 2020).

Besides its important role in neuronal health, regulation of mitochondrial turnover is also 

relevant to tissues that have high energy demands, such as skeletal muscle cells and 

cardiomyocytes. A decline in mitophagy has been detected in the hearts of aging mice, and 

deficiencies in mitophagy correlate with cardiovascular diseases such as cardiomyopathy 

and atherosclerosis (Bravo-San Pedro et al., 2017; Hoshino et al., 2013). Similarly, skeletal 

muscle stem cell progenitors from elderly humans show accumulation of mitochondria and 

p62 (Garcϭa-Prat et al., 2016), suggesting that mitophagy may be compromised.

3.3.2. Lysosomes—Lysosomal homeostasis is crucial to the maintenance of cellular 

function and organismal health, not only because of its central role in autophagy and 

other metabolic pathways but also because damage to lysosomes can result in leakage of 

the potentially harmful contents into the cytoplasm (Papadopoulos et al., 2020). Leaky 

lysosomes can lead to the activation of apoptotic pathways (Gómez-Sintes et al., 2016) 

and the presence of lysosomal enzymes in the cell cytoplasm correlates with aging and 

age-related diseases such as neurodegeneration (reviewed in [Papadopoulos et al., 2020]). 

Nieto-Torres and Hansen Page 9

Mol Aspects Med. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Endogenous repair mechanisms exist to ensure normal lysosomal function and membrane 

integrity. However, if these mechanisms fail, defective lysosomes are degraded by a 

selective form of autophagy known as lysophagy, which implies lysosome encapsulation 

in autophagosomes and their subsequent degradation via lysosomal hydrolases provided by 

healthy lysosomes (reviewed in [Papadopoulos et al., 2020]).

3.3.3. Endoplasmic reticulum—The endoplasmic reticulum (ER) is a vast cellular 

organelle that supports protein translation, modification, and folding, lipid metabolism, 

and other critical cellular functions (Wilkinson, 2019). Although the ER has the ability 

to upregulate its activity in response to stressors, degradation of the ER is required 

to maintain normal homeostasis under both basal and stressful conditions. Autophagy-

mediated degradation of the ER, or ERphagy, may have implications in aging, as suggested 

by ERphagy deficiencies identified in mouse models of progeroid syndromes (Peng et al., 

2018).

3.4. DNA integrity and senescence

Lysosomes can actively degrade both RNA and DNA, which can be delivered to the 

lysosomal lumen via the interaction of nucleic acid-associated proteins with proteins in 

the lysosomal membrane through a process resembling CMA (Fujiwara et al., 2013). 

Furthermore, autophagosome-mediated transfer of DNA to lysosomes has been observed 

in certain pathological conditions (Luo et al., 2016; Park et al., 2009). Normally the 

genetic material of eukaryotic cells is contained within the nuclear membrane, and similarly 

mitochondrial DNA is well protected inside of mitochondria. However, aberrant events or 

pathogenic states may lead to the release of DNA fragments to the cell cytoplasm, which 

can activate inflammatory and pro-aging pathways, as happens in senescent cells (Lan et al., 

2019; Yang et al., 2021). Upon different types of severe stress, including DNA damage, cells 

can activate the senescence program that results in an irreversible proliferation arrest. This 

has important roles in physiology, including prevention of cancer, but the accumulation of 

senescent cells within tissues, has been associated with aging and detrimental tissue/organ 

function (Song et al., 2020). Accordingly, selective elimination of senescent cells holds 

promising therapeutic potential (van Deursen, 2019). Senescent cells extrude cytoplasmic-

chromatin fragments (CCFs) that contribute to the activation of a complex secretory program 

of proinflammatory mediators termed SASP (secretory-associated senescent phenotype) 

with pro-aging effects (Kumari and Jat, 2021). The autophagy machinery has been tightly 

linked to CCFs. Specifically, autophagy participates in the degradation of these DNA 

fragments, which prevents activation of the GMP-SMP synthase (cGAS) and stimulator of 

interferon genes (STING) inflammatory pathway (Dou et al., 2017). Thus, autophagy may 

possess an anti-senescent role. Accordingly, accumulation of senescent cells with age in the 

joints leads to osteoarthritis, and genetic autophagy depletion in chondrocytes predisposes 

mice to age-dependent osteoarthritis (Bouderlique et al., 2016; Zhang et al., 2015). Despite 

the potential protective anti-senescence role of autophagy, as happens with cancer, the 

senescence-autophagy connection may be more complex, as once formed, senescent cells 

seem to rely on enhanced autophagic activity, and the autophagy machinery itself may 

participate in the formation of CCFs, as well as the promotion of the SASP (Dou et al., 

2017).
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3.5. Pathogens and inflammation

Pathogens can cause extensive cellular and organismal damage. Bacteria and viruses that 

access the cytoplasm of eukaryotic cells can be targeted for degradation via autophagy 

(Levine et al., 2011). Not surprisingly, multiple pathogen recognition and innate immunity 

pathways lead to the activation of autophagy (Deretic, 2021). Recurrent infections are more 

frequent in older individuals, often showing less proficient immune systems that lead not 

only to defects in pathogen killing but also to deregulated inflammatory responses (Cuervo 

and Macian, 2014) events that may have a connection with the autophagy machinery, as 

explained below.

Inflammatory responses are integral to the physiology of organisms and participate in 

diverse processes ranging from wound healing to defense against pathogens. However, 

when inflammatory responses are uncontrolled or become chronic, they can lead to a 

profound systemic amplification of damaging responses throughout the whole organism 

leading to diseases such as type 2 diabetes, cardiovascular disease, cancers, and dementia. 

Interestingly, there is a clear correlation between a progressive inflammatory increase with 

age and the detrimental effects of this in the organisms, promoting the term “inflammaging” 

as an active area of research (Franceschi et al., 2018).

Impaired autophagy is tightly linked with chronic inflammatory responses (Deretic, 2021; 

Rubinsztein et al., 2011). As described above, inefficient autophagy-mediated degradation 

of defective organelles, cytoplasmic or mitochondrial DNA, or pathogens can lead to 

the activation of diverse innate immunity pathways via the activation of receptors 

that recognize damage-associated molecular patterns (DAMPs) or pathogen associated-

molecular pathogens (PAMPs). Therefore autophagy provides the cells with a natural 

anti-inflammatory mechanism. While these pathways are highly relevant for every single 

cell type within an organism, they become even more important in immune cells, which 

control and amplify systemic inflammatory responses. Striking examples of this include how 

periodontal disease can lead to cardiovascular disease amplification via the action of specific 

subsets of T cells and the effects of gut microbiota-related inflammatory cell-mediated 

responses in the brain (reviewed in [Franceschi et al., 2018]). A subset of immune cells, 

such as macrophages, dendritic cells, and neutrophils, contain specific DAMPs/PAMPS 

sensors such as the NLRP3 inflammasome. NLRP3 constitutes a tightly regulated system 

that operates to control the release of IL-1β, one of the major inflammatory markers. 

Selective knockdown of key autophagy components leads to unrestricted activation of 

the inflammasome, and macrophages with defective autophagy are linked with increased 

IL-1β secretion and damage of endothelial tissue (Razani et al., 2012). Overall, decreased 

autophagy in phagocytic cells has been suggested to cause deregulated activation of the 

inflammasome promoting age-dependent increased inflammation (Cuervo and Macian, 

2014).

3.6. Non-canonical degradation pathways that utilize the autophagy machinery

Interestingly, components of the autophagy machinery are also implicated in the lysosomal 

degradation of pathogens and toxic proteins, uptaken from the extracellular media via 

endocytic pathways (reviewed in [Nieto-Torres et al., 2021a]). To facilitate these processes, 
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ATG8 proteins incorporate into single-membrane vesicles of endosomal origin (as opposed 

to newly formed double-membrane autophagosomes during canonical autophagy) also 

via the ATG8 conjugation machinery, including the proteins ATG3, ATG4, ATG5, 

ATG7, ATG10, ATG12, and ATG16L1. Through its WD40 domain, which is dispensable 

for canonical autophagy, the protein ATG16L1 is able to recognize and target ATG8 

conjugation into these vesicles of endosomal origin (Fletcher et al., 2018). Examples of 

these processes involving non-canonical functions of the autophagy machinery include 

LC3-associated phagocytosis (LAP), a crucial degradative process that allows engulfment 

of extracellular pathogens via phagocytosis and their subsequent clearance via lysosomal 

function. LAP is used by macrophages, among other cell types, to counteract infections 

and mount appropriate defensive inflammatory responses and therefore is a key immunity-

related pathway (Heckmann and Green, 2019). Accordingly, LAP is important to control 

Streptococcus pneumoniae infections, an invasive pneumonia-causing disease that is 

particularly serious in the elderly. Interestingly, experiments done in mice revealed that 

macrophages from old individuals showed deficient LAP, bactericidal capacity, and a 

concomitant increased pro-inflammatory response, as opposed to their young counterparts 

(Inomata et al., 2021). LAP deficiency in professional phagocytic cells of the immune 

system may also have important health implications for other life-threatening pathogens 

such as Legionella neumophila and Mycobacterium tuberculosis, which cause severe 

diseases in the aged (Rajagopalan and Yoshikawa, 2000; Sopena et al., 2007). Likewise, 

LAP is extremely important in blood-separated tissues like the retina, testis, and ovarian 

follicles to eliminate apoptotic bodies and maintain homeostasis (Yefimova et al., 2021). In 

the ocular tissue, LAP is critical for the removal of photoreceptor outer segments by the 

retina pigment epithelium, and defects in this process have been observed during age-related 

macular degeneration (Saito et al., 2020; Kim et al., 2013). While connections between 

LAP and age-related diseases exist, the mechanisms leading to LAP deregulation with age 

involving the autophagy machinery are not fully understood.

A second non-canonical cellular degradation and clearance pathway involving the autophagy 

machinery is LC3-associated endocytosis (LANDO). This pathway is particularly important 

in microglia, the main phagocytic cells of the central nervous system. LANDO plays 

a crucial role in the prevention of neurodegenerative diseases not only via uptake and 

clearance of toxic extracellular molecules such as β-amyloid but also via recycling of cell 

surface β-amyloid receptors. Consistent with this role, defects in LANDO in microglia leads 

to β-amyloid deposition, proinflammatory signaling, and accelerated neurodegeneration in 

mouse models (Heckmann et al., 2019). Of note, aged mice lacking the WD40 domain 

of ATG16L1, which is required for non-canonical autophagy, show enhanced age-related 

accumulation of β-amyloid and neuroinflammation as well as accelerated neurodegeneration 

(Heckmann et al., 2020). Mechanistically, the ATG16L1 WD40 domain is required 

for LANDO-mediated recycling of β-amyloid receptors in microglia and prevention of 

detrimental proinflammatory signaling in neural tissue impacting neurodegeneration.
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4. MOLECULAR BASIS OF THE AGE-ASSOCIATED DECLINE IN 

AUTOPHAGY

Considerable evidence suggests that reduced autophagy contributes to aging. Studies in 

many organisms have shown that autophagic activity naturally declines with age, and 

cells from long-lived animals, including humans, tend to have elevated basal levels of 

autophagy. Moreover, defects resulting in reduced autophagic activity have been linked to 

accelerated aging and the development of age-related disorders (reviewed in [Hansen et 

al., 2018]). Consistently, aging has also been associated with the appearance of aberrant 

autophagic structures and altered dynamics between the pools of autophagic vesicles, 

indicative of pathway dysregulation. A systematic study of autophagy in C. elegans of 

various ages identified an age-dependent accumulation of stalled autophagic vesicles, 

including autophagosomes and autolysosomes, in many tissues, suggesting a systemic 

progressive decline in the autophagy degradative capacity, also known as autophagic 

flux (Chang et al., 2017). Likewise, ultrastructural analysis of rodent tissues revealed a 

similar age-related accumulation of autophagic vesicles, in some cases showing aberrant or 

incomplete morphologies (del Roso et al., 2003; Donati et al., 2001; Stavoe et al., 2019). 

In the following sections, we discuss some possible molecular mechanisms to explain the 

observed appearance of aberrant autophagic vesicle structure, dynamics, and function with 

age (Figure 5).

4.1. Decline in the availability of autophagy machinery components

The sustainability of autophagy, especially under stressful conditions, relies on the inducible 

expression of core autophagy components. However, aging is accompanied by decreased 

expression of autophagy-related genes in Drosophila, mice, and humans (Demontis and 

Perrimon, 2010; Kaushik et al., 2012; Lipinski et al., 2010; Simonsen et al., 2008), 

suggesting that defects in the transcriptional program regulating autophagy-related gene 

expression may be a cause of or contribute to the failure of autophagy with age. In support 

of this idea, and as noted earlier, overexpression of the autophagy transcriptional regulator 

HLH-30/TFEB increases autophagic flux and extends the lifespan of C. elegans (Lapierre et 

al., 2013), and nuclear translocation of TFEB, indicative of enhanced activity, is increased in 

hepatic cells from dietary-restricted long-lived mice (Lapierre et al., 2013). Mechanistically, 

enhanced TFEB activity may be important to maintain autophagic flux during aging and 

to protect cells from age-related disease-promoting stressors such as infection and protein 

aggregation, as has been demonstrated in cellular and mouse models of neurodegenerative 

and lysosomal storage diseases (Visvikis et al., 2014).

As noted earlier, FOXO transcription factors also regulate the expression of autophagy and 

lysosomal genes. Dysregulation of FOXO activity has been implicated in human aging 

and the development of age-related diseases affecting muscle and bone tissues (Rached 

et al., 2010; Sandri et al., 2004). For example, FOXO activity is reduced and correlates 

with decreased expression of autophagy genes in the cartilage from elderly individuals and 

patients with osteoarthritis, indicating that the loss of autophagy in this tissue may play a 

role in cartilage degeneration (Lotz and Caramés, 2011). Studies in Drosophila identified 

a parallel age-dependent decline in FOXO activity and muscle function, and conversely, 

Nieto-Torres and Hansen Page 13

Mol Aspects Med. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



overexpression of FOXO protected against the decline, in part via autophagy-mediated 

regulation of proteostasis (Demontis and Perrimon, 2010). Interestingly, genetic variants of 

FOXO and insulin-like growth factor-I (IGF-I) receptor, which controls FOXO activity, have 

been identified in some human populations with exceptional longevity (Suh et al., 2008; 

Willcox et al., 2008). However, it remains to be determined whether enhanced autophagy 

plays a role in the extended lifespans of these individuals, bearing in mind that FOXO 

regulates multiple other homeostatic pathways that may contribute to longevity, including 

proteostasis, oxidative stress resistance, and stem cell renewal (Martins et al., 2016).

4.2. Alterations in upstream autophagy-regulating pathways

Efficient sensing of nutrient and growth factor availability plays a key role in maintaining 

and regulating autophagic activity via transcriptional and post-translational regulation of the 

autophagy machinery. One hallmark of aging is the progressive failure of nutrient-sensing 

pathways (López-Otín et al., 2013), which, in turn, leads to the age-associated deregulation 

of the autophagy machinery.

The insulin/IGF-1 signaling pathway is a conserved glucose-sensing mechanism that 

integrates nutrient availability with autophagy, as well as other pathways, via FOXO 

and mTOR. Constitutively decrease of insulin/IGF-1 signaling is a known and conserved 

intervention known to extend lifespan in several model organisms that confers metabolic 

and protective beneficial effects preventing damage accumulation, in part via autophagy. 

Although it may look contradictory, decreased insulin/IGF-1 signaling has also been shown 

to accompany both natural and accelerated aging in mouse models (reviewed in [López-Otín 

et al., 2013]). This phenomenon may reflect an attempt done by already damaged tissues/

organisms to decrease metabolism and upregulate FOXO-regulated protective pathways, 

including autophagy.

Decreased and increased mTOR activity upregulates and downregulates, respectively, 

autophagic flux. Aberrant activation of mTOR has been reported in senescent human cells 

(Carroll et al., 2017; Leontieva et al., 2014). Increased signaling downstream of mTOR 

has been observed in muscle tissues of elderly mice and humans (Sandri et al., 2013), 

tissues from mice with progeroid syndromes, and neuronal tissue from patients with severe 

Alzheimer’s disease (Sun et al., 2014). Moreover, genetic or pharmacological inactivation 

of mTOR results in lifespan extension in several model organisms, including yeast, C. 
elegans, and Drosophila (Nacarelli et al., 2015). Interestingly, rapamycin-induced inhibition 

of mTOR in cells from patients with Hutchinson–Gilford progeria syndrome delays the 

onset of cellular senescence and increases the degradation of progeria-related proteins (Cao 

et al., 2011). In C. elegans, genetic inactivation of mTOR fails to extend the lifespan of 

autophagy-deficient animals, indicating that lifespan extension induced by reduced mTOR 

activity is mediated, at least in part, via autophagy (Tóth et al., 2008). Similarly, this has 

been observed in S. cerevisiae and Drosophila (reviewed in [Hansen et al., 2018]).

4.3. Aberrant regulation of autophagosome dynamics

An imbalance between the biogenesis and degradation of autophagy-related structures may 

contribute to the decline in autophagy observed in age-associated diseases and aging. 
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The age-associated dysregulation of post-translational regulatory pathways that operate on 

autophagy proteins to control autophagosome dynamics, and/or the aberrant interplay of 

these autophagy proteins with other cellular factors, can lead to defects in the autophagy 

process. For example, studies performed in mouse dorsal root ganglion neurons have 

revealed a decrease in autophagosome biogenesis, which was not due to changes in the 

kinetics of autophagy initiation or nucleation. Instead, these defects were connected to 

the PI3P-binding protein WIPI2 and its phosphorylation status (Stavoe et al., 2019). In 

aged mice neurons, deficient WIPI signaling has been connected with the appearance 

of multilamellar aberrant autophagic structures, often also seen in Alzheimer’s patients 

(Nixon, 2005). Strikingly, overexpression of WIPI2 is sufficient to restore proficient 

autophagosome biogenesis rates (Stavoe et al., 2019). Whether age-associated autophagy 

impairment associated with defects in WIPI2 post-translational modification is specific for 

mouse neurons or also occurs in other species and cell types remains to be elucidated. Given 

the particular importance of efficient autophagic activity in neurons, modulation of WIPI2 

levels may hold promise as a target for therapeutic interventions for age-related neuronal 

defects.

Movement of mature cargo-containing autophagosomes towards the perinuclear region of 

the cell for fusion with lysosomes is a crucial step in autophagy. Not surprisingly, the 

failure of the molecular pathways that regulate this directed transport can compromise 

the entire autophagy process. For example, alanine mutation of autophagosome protein 

ATG8/LC3B in its Thr50 phosphorylation site or knockdown of the ATG8-phosphorylating 

Hippo kinase STK4 leads to autophagy block in mouse embryonic fibroblasts (Wilkinson 

et al., 2015). This phenotype is likely caused by aberrant recruitment of transport-related 

proteins and impaired retrograde transport, resulting in reduced autophagosome-lysosome 

association, as observed in human HeLa cells and primary hippocampal mouse neurons 

(Nieto-Torres et al., 2021b). The potential implications of this pathway during aging still 

remain to be elucidated, however, recent experimental evidence indicates that age-dependent 

autophagy deficiencies may be connected with inefficient or dysregulated recruitment of 

the cell transport machinery to autophagosomes and lysosomes. Specifically, in isolated 

fibroblasts and hepatocytes from aged mice, the transport-related proteins dynein and 

KIF3C associate less with autophagosomes and lysosomes, respectively, leading to deficient 

retrograde transport of autophagosomes and compromised autophagosome-lysosome fusion 

(Bejarano et al., 2018). Age-associated autophagosome transport defects may be especially 

relevant in neurons, not only because, in general, they are postmitotic cells that rely 

extensively on autophagy but also because neurons are highly polarized cells in which a very 

important fraction of autophagosome is synthesized at the axon tip, whereas the majority 

of lysosomes resides in the soma (Hill and Colón-Ramos, 2020). In fact, deficiencies in 

retrograde transport have been reported in mouse models of Alzheimer's disease, where 

β-amyloid oligomers prevent proper recruitment of the transport-related protein dynein in 

neurons (Tammineni et al., 2017).

4.4 Alterations in lysosomal function

Lysosomal activity is essential for the completion of the autophagy process (Yim and 

Mizushima, 2020). Therefore, lysosomal function may be one of the major steps of 
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the autophagy process that upon alteration can have negative consequences on cellular 

homeostasis and organismal health, noting that not only macroautophagy but also CMA 

and microautophagy converge at this endpoint stage. Age-dependent malfunctioning of 

lysosomes has been reported in many different organisms, which correlates with the 

accumulation of damaged/unfolded proteins within cells (reviewed in [Martinez-Vicente 

et al., 2005]). Many times, this also parallels with the accumulation of non-degradable 

pigmented components within lysosomes, known as lipofuscin. Accumulation of lipofuscin 

seems to be slower in long-lived animals (Nakano et al., 1995). The abundance of lysosomal 

lipofuscin is therefore considered to be an indicator of cell and tissue aging.

The lysosomal function is directly related to its proteolytic capacity. Cathepsins constitute 

the main family of lysosomal proteases (Stoka et al., 2016). Pharmacological inhibition of 

cathepsins in the brains of young rats induces phenotypic features reminiscent of brains 

from aged animals, including lipofuscin accumulation (Nunomura and Miyagishi, 1993). 

Brain samples from aged rats exhibit reduced activity, but not protein levels, of cathepsin 

L compared with brain samples from young rats (Nakanishi et al., 1994). Interestingly, 

other studies have shown that the activity of other lysosomal cathepsins is either unaltered 

(Nakanishi et al., 1994) or increases (reviewed in [Stoka et al., 2016]) with age in the brains 

of rats. Although it is not known which cell types were responsible for the age-related 

alterations in cathepsins in those brain samples, an age-associated increase in cathepsin 

activity has been reported in microglia, which, in turn, was associated with detrimental 

inflammatory responses in the brain (reviewed in [Stoka et al., 2016]). The presence of 

lysosomal cathepsins in the cytosol of neuronal cells in rats has been suggested to be an 

age-associated phenotype reflective of a breakdown in homeostasis (Sato et al., 2006).

Control of lysosomal pH is critical for the optimal activity of proteases as well as other 

key processes such as nutrient transport (Yim and Mizushima, 2020). Studies done in yeast 

showed that lysosomal pH increases with age, compromising mitochondrial degradation. 

Interestingly, pH is restored in ‘young’ daughters of aged yeast cells (Hughes and 

Gottschling, 2012). Moreover, caloric restriction, which is a well-characterized promoter of 

longevity in many species (see section below), prevents an increase in vacuolar pH in aging 

yeast cells via effects on V-ATPase, the main regulator of lysosomal acidification (Hughes 

and Gottschling, 2012). Accordingly, overexpression of Vma1p, a V-ATPase component, 

or Vph2p, which facilitates V-ATPase assembly, extends the lifespan of yeast (Hughes 

and Gottschling, 2012; Ruckenstuhl et al., 2014), firmly establishing the importance of 

proper lysosomal function in longevity regulation. Similarly, studies in C. elegans have 

identified a number of age-associated defects in lysosomal biology in the hypodermis 

and intestine, including increased pH and aberrant morphology, volume, motility, and 

degradative capacity. Interestingly, these defects were suppressed in various long-lived 

C. elegans mutants that require an increased expression of lysosomal genes for lifespan 

extension (Sun et al., 2020). Neurodegeneration has been associated with loss-of-function 

mutations in V-ATPase components in Drosophila, and with reduced activity of V-ATPase 

secondary to depletion of the regulator ATp6ap2 in mouse and fly models (Dubos et al., 

2015). While the expression of many V-ATPase subunits and regulators is controlled by 

TFEB (Sardiello et al., 2009), it remains to be tested whether age-dependent malfunction 

of lysosomal pH homeostasis mostly relies on this regulatory axis. Regulation of this 
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signaling pathway as well as V-ATPase activity may hold promising potential toward 

eventual therapeutic interventions for age-related disorders.

5. PHARMACOLOGICAL AND BEHAVIORAL INTERVENTIONS TO 

MODULATE AUTOPHAGY AND PROMOTE HEALTHY AGING

Given the many beneficial effects of autophagic function on longevity and the delay of 

age-related diseases, there is intense interest in identifying interventions that can boost 

the protective and homeostatic roles of autophagy, such as behavioral modification and 

administration of small molecules or drugs.

5.1. Dietary regimens

Caloric restriction, defined as limiting nutrient intake without malnutrition, is known to 

increase both healthspan and lifespan in most, perhaps all, living organisms (Madeo et al., 

2019). In higher mammals, caloric restriction usually represents a 20–40% reduction in total 

caloric intake (Bergamini et al., 2007; Mirzaei et al., 2014). Dietary restriction, defined as 

limiting the intake of nutrients without changing total calorie intake, is another diet-based 

regimen that benefits health and longevity. Dietary restriction encompasses a variety of 

strategies, including short-term starvation, intermittent fasting, and diets lacking specific 

macronutrients such as proteins or carbohydrates (Lee and Longo, 2016). The limitation of 

nutrients is a strong autophagy inducer, and autophagy plays a key role in the health and 

lifespan benefits conferred by decreased caloric intake. Nutrient deprivation activates the 

energy sensor and autophagy trigger AMPK (reviewed in [Cantó and Auwerx, 2011]), which 

in conjunction with the activity of the histone deacetylases sirtuins (reviewed in [Chen and 

Guarente, 2007]) activate autophagy. Via AMPK, and through direct sensing of nutrients, 

the activity of the nutrient sensor mTOR is also inhibited upon fasting, which in turn leads 

to direct activation of the autophagy machinery via post-translational mechanisms and the 

nuclear translocation of TFEB and the concomitant activation of a transcriptional program to 

support autophagic function.

5.2. Physical activity

Exercise has been proven beneficial for the maintenance of health. Various reports suggest 

that exercise is a potent autophagy inducer and that the duration and the intensity of exercise 

are important contributing factors (Andreotti et al., 2020). Mechanistically, exercise leads to 

activation of AMPK secondary to energy depletion, which is then followed by inactivation 

of mTOR, activation of ULK1, and initiation of autophagy. In addition, AMPK upregulates 

the activity of FOXO and thus the transcription of autophagy-related genes (reviewed 

in [Andreotti et al., 2020]). Prolonged exercise has also been connected with increased 

nuclear translocation of TFEB (reviewed in [Andreotti et al., 2020]). Importantly, autophagy 

induction by exercise in mice has been detected beyond skeletal muscle tissue, including 

in the nervous system, where it may confer beneficial effects (He et al., 2012). Moderate 

exercise in rats protects against early neurodegeneration, which correlates with enhanced 

levels of autophagy and mitophagy (Almeida et al., 2018). Swimming also promotes better 

cognitive function in rats, and this is associated with enhanced lysosomal degradation in 

the hippocampus (Luo et al., 2017). Thus, the beneficial effects of exercise on autophagic 
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activity, including in the brain, suggest that it plays a positive role in delaying/preventing the 

onset of age-related disorders.

5.3. Small molecule, drugs, and supplements

Identification of drugs and small compounds that can improve autophagic function is 

an active field of research, and some of these candidates are currently being tested in 

clinical trials for diseases of the elderly such as neurodegeneration (Towers and Thorburn, 

2016). Also, drugs with potential lifespan/heathspan promoting effects, including autophagy 

modulators, are actively being tested in mice (https://www.nia.nih.gov/research/dab/

interventions-testing-program-itp). These small-molecule autophagy modulators are often 

found to interfere or signal via nutrient-sensing pathways. A very extensive review on 

this topic is provided by (Madeo et al., 2019, Galluzzi et al., 2017, Morel et al., 

2017). The US Food and Drug Administration-approved drug rapamycin, originally used 

as an immunomodulator to prevent organ transplant rejection in humans, is a potent 

inhibitor of mTOR activity and thus an autophagy inducer, besides its modulatory role 

in many other key pathways such as protein translation (reviewed in [Kaeberlein, 2017]). 

Several studies in model organisms have demonstrated that rapamycin treatment extends 

lifespan and improves healthspan in an autophagy-associated manner (reviewed in [Hansen 

et al., 2018]). Moreover, a recent research initiative is studying the effects of mTOR 

inhibition on the health of dogs (https://dogagingproject.org/). Given that rapamycin is 

a potent immunosuppressive agent with potentially severe side effects, testing for age-

related pathologies has thus far been limited to elderly human subjects (Kaeberlein, 

2017). However, it is possible that anti-aging benefits may be obtained with doses of 

rapamycin much lower than those that induce immunosuppression. In addition, efforts are 

being devoted to developing rapamycin-like compounds, “rapalogs” that can affect more 

specifically mTOR signaling and the autophagy pathway (Kaeberlein, 2017).

Several additional small molecules are known to activate autophagy through alternative 

mechanisms. Metformin is a glycemia-lowering drug currently used for the treatment of 

type 2 diabetes. Interestingly, a recent study of diabetic patients treated with metformin 

revealed a substantial reduction of different age-related pathologies suggesting that this drug 

may have utility in extending healthspan (Campbell et al., 2017). Metformin is currently 

being evaluated in clinical trials for its potential effects against aging (NCT02432287). 

Metformin is known to activate AMPK (Duca et al., 2015), and like rapamycin, it has been 

found to extend lifespan in several model organisms (Martin-Montalvo et al., 2013) in a 

manner at least partially involves autophagy induction (Li et al., 2017; Xie et al., 2011). 

Resveratrol, a polyphenol enriched in grapes, also has lifespan and health benefits in several 

organisms (reviewed in [Madeo et al., 2019]). Resveratrol increases autophagy by targeting 

several key upstream regulators, including AMPK and sirtuin 1 (Madeo et al., 2019). 

Spermidine (a polyamine) is another compound known to induce autophagy in diverse 

model organisms and to confer autophagy-dependent health and lifespan benefits (reviewed 

in [Madeo et al., 2019]). Spermidine can be synthesized by human cells and microbiota or 

obtained through the diet in foods such as nuts. Interestingly, higher than normal levels of 

spermidine have been detected in blood samples from human centenarians (Pucciarelli et 

al., 2012). Nicotinamide-adenine dinucleotide (NAD)+ is a central metabolite conserved 
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in all living organisms that participate in many reduction-oxidation reactions (Verdin, 

2015). NAD+ is relevant to autophagy through its function as an important cofactor for 

sirtuins. Notably, systemic NAD+ levels decline in elderly mice and humans, suggesting a 

possible correlation with the development of age-related diseases (Das et al., 2018). Several 

studies have reported healthspan benefits after administration of diverse NAD+ derivatives or 

compounds that promote NAD+ synthesis (reviewed in [Madeo et al., 2019]). Importantly, 

these beneficial effects may require, at least partially, the autophagy machinery as increased 

mitophagy upon administration of NAD+ precursors is required for cognitive improvement 

in Alzheimer’s disease models in C. elegans (Fang, 2019; Fang et al., 2019b). Similarly, 

NAD+ precursors ameliorate the mitochondrial defects in xeroderma pigmentosum group A 

human and mouse cells via promoting mitophagy and extends the lifespan of C. elegans 
models of this disease (Fang et al., 2014).

6. CONCLUSIONS AND FUTURE PERSPECTIVES

A large body of evidence, mostly from model organisms, supports that autophagy plays 

largely cytoprotective roles, promoting longevity and preventing/mitigating various age-

related pathologies (Hansen et al., 2018). As detailed in this review, autophagy serves 

as a quality-control system that maintains the integrity of the cell by removing defective 

macromolecules and organelles and ensuring an ample supply of recycled building blocks 

for their replenishment. The importance of the optimal autophagic activity to long-term 

health is effectively illustrated by the contributions of altered autophagy to systemic and 

organ-specific diseases such as metabolic dysfunction, and cancer, non-alcoholic fatty liver 

disease, myopathies, and neurodegenerative disease, all of which have age as an additional 

risk factor. Thus, autophagy is vital not only to delay natural cellular aging but also to 

suppress the emergence of age-related pathologies.

Research over the past ~20 years has begun to elucidate the molecular events underlying 

the decline in autophagy observed during aging and in certain age-related diseases. 

Malfunctioning of upstream regulatory pathways, especially nutrient- and growth factor-

sensing pathways, compromise autophagy through two routes: via modulation of autophagy 

initiation, and via regulation of the transcription factors that control autophagy and 

lysosomal gene expression. The malfunctioning of the upstream nutrient- and growth 

factor-sensing signaling pathways involving the insulin/IGF-1 as well as mTOR, in turn, 

compromise the activity of the transcription factors TFEB and FOXO leading to a decrease 

in the transcription of autophagy and lysosomal genes. The deregulation of these regulatory 

cascades may play a key role in the age-dependent autophagy decline, which may be 

especially relevant when autophagy needs to be upregulated in response to nutrient/growth 

factor deficiencies. There are also examples of the age-dependent decline in the post-

translational regulation of different autophagy proteins, with mTOR-based inactivation of 

the initiation complex possibly being the best characterized one. Other post-translational 

regulatory pathways with roles in later stages of autophagosome biogenesis might also be 

susceptible to age-dependent deregulation. For example, Bcl-2 phosphorylation by JNK1 

prevents the inhibitory association of Bcl-2 with Beclin-1, thus promoting autophagy 

nucleation (Wei et al., 2008). While aging has not yet been shown to directly affect 

this interaction, genetic manipulations that disrupt Bcl-2–Beclin-1 associations have 
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beneficial effects on both healthspan and lifespan in mice (Fernández et al., 2018). Given 

that phosphorylation and other post-translational modifications play regulatory roles at 

multiple stages of autophagy such as cargo recruitment, autophagosome transport, and 

autophagosome-lysosome fusion, for which phosphorylation of ATG8 proteins play key 

roles (Herhaus et al., 2020; Nieto-Torres et al., 2021b; Shrestha et al., 2020), elucidating the 

potential impact of aging on autophagy regulation via post-translational modifications will 

be an exciting topic of future research. Although lysosomal function is known to decline 

with age, there is still much to learn about the underlying mechanisms. Understanding how 

age alters the expression of V-ATPase subunits and other regulators of pH, as well as the 

availability and recruitment of lysosomal proteases, are of particular interest for unraveling 

the precise contribution of these organelles to the overall decline in autophagy with age.

An emerging concept in the autophagy field, whose impact on aging and age-related 

diseases is still understudied, is the non-canonical functions of the autophagy machinery 

(reviewed in [Nieto-Torres et al., 2021a]). As explained above, non-canonical degradative 

functions displayed by certain autophagy proteins, play key roles in physiology and health, 

such as LAP and LANDO, and recent evidence suggests that they can be compromised with 

age (Inomata et al., 2021; Heckmann et al., 2020). This may be a reflection of deficiencies in 

lysosomal function or ATG8 conjugation/regulation, both of which are involved in canonical 

and non-canonical autophagic degradation, but further investigation will be needed to clarify 

this. Finally, and intriguingly, part of the autophagy machinery can also participate in the 

secretion of a variety of cargos via alternative mechanisms involving autophagosome-like 

intermediates (reviewed in [Nieto-Torres et al., 2021a]), small extracellular vesicles (Leidal 

et al., 2020), and large vesicles called exophers (Melentijevic et al., 2017; Nicolás-Ávila et 

al., 2020). The diverse cargos, which range from inflammatory mediators to RNA-binding 

proteins and defective mitochondria, affect cell non-autonomous signaling in a manner that 

may have both physiological and pathological implications (Leidal et al., 2020; Melentijevic 

et al., 2017; Nicolás-Ávila et al., 2020; Nieto-Torres et al., 2021a). Overall, the mechanisms 

that regulate this non-canonical processes, the autophagy machinery involved along with 

ATG8 conjugation, the connection to degradative functions, and the impact of age all remain 

to be further elucidated.

Whether the age-associated decline in autophagy affects all cells/tissues equally is another 

area of research that deserves attention. It is not unreasonable to assume that the dynamics 

of autophagy in various cell types will change not only during development and aging but 

also under different physiological and pathological conditions. Cells with a limited capacity 

for self-regeneration, such as neurons, are especially reliant on autophagy and thus become 

more vulnerable to age-associated perturbations in their homeostasis (Perrotta et al., 2020). 

Similarly, the ocular tissue in mammals, which contains quiescent and postmitotic cells, 

highly relies on autophagy for its homeostasis and is especially sensitive to autophagy 

deficiencies (Morishita et al., 2013; Zhang et al., 2017; Fernandez-Albarral et al., 2021). 

Furthermore, tissues with high metabolic and energy demands, such as the liver and muscle, 

are likely to be highly dependent on autophagy (Ueno and Komatsu, 2017; Xu et al., 

2020). Along these lines, autophagy is known to be crucial to the dramatic remodeling 

and transformation of muscle tissue upon exercise (Perrotta et al., 2020). Model organisms 

will undoubtedly play a large role in understanding tissue-specific effects and the potential 
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involvement of inter-tissue regulatory networks in the age-related decline in autophagy in 

this. Future work should also include the development of minimally invasive and reliable 

methods for measuring autophagic activity in humans, ideally in a tissue- and cell-specific 

manner. Such methods could have major clinical implications for the identification of 

individuals at risk for developing age-related diseases with known autophagy contributions, 

such as type 2 diabetes and neurodegenerative diseases.

Lastly, we described some of the behavioral interventions that promote efficient autophagy 

function and extend healthspan. They include certain dietary regimens, exercise, and small 

molecule drugs that modulate autophagy at various steps along the pathway. Unraveling 

the molecular basis of the deleterious effects of age on autophagy will undoubtedly 

facilitate the discovery of novel interventions that can delay or prevent age-related 

pathologies by promoting autophagy, preferably in a cell/tissue-specific manner. The optimal 

timing for autophagy-promoting interventions will be an important factor in their design. 

Recently, reports in mice revealed that systemic inhibition of autophagy via inducible Atg5 
gene silencing leads to accelerated age-associated pathologies and subsequent autophagy 

restoration then provides significant improvement of health and lifespan. However, these 

mice are more prone to succumb due to spontaneous tumors, for which autophagy may be 

conferring stress-resistance properties (Cassidy et al., 2020). On a related note, a report from 

C. elegans showed that autophagy can be detrimental in cases of increased mitochondrial 

permeability, a deterioration of the mitochondrial network that can be age-dependent (Zhou 

et al., 2019). Similarly, in aged C. elegans, inactivation of autophagy genes with early-stage 

functions appears to provide beneficial effects on longevity (Wilhelm et al., 2017). Thus, 

therapeutic enhancement of autophagy may not always be beneficial and it is clear that 

several factors will need to be taken into account, including whether a cell is already 

irreversibly damaged and/or whether the autophagy process is irretrievably blocked such that 

further activation of the pathway may cause additional unwanted detrimental effects. An 

ideal autophagy-modulating intervention should thus consider timing, cell/tissue specificity, 

and the overall health status of the cell.

Overall, autophagy plays a fundamental role in the aging process and age-related conditions. 

This research field holds significant potential to help improve the quality of life of 

individuals via the modulation of deregulated autophagic activity. To reach this goal, the 

continuation of basic and translational autophagy research will be fundamental.
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HIGHLIGHTS

• The recycling pathway autophagy prevents accumulation of harmful cellular 

components

• Autophagy activity declines with age and is dysregulated in many age-related 

diseases

• Autophagy is essential for lifespan extension observed in conserved longevity 

models

• Interventions that promote autophagy have beneficial effects on health and 

lifespan

Nieto-Torres and Hansen Page 34

Mol Aspects Med. Author manuscript; available in PMC 2022 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Damage accumulation and the molecular basis of aging.
In everyday life, humans are exposed to many stressors that can damage cellular 

components. Under normal circumstances, homeostatic mechanisms clear damaged material 

from the cell, but they can accumulate with time and eventually render the cells non-

functional and/or induce a pathogenic state. To counteract these challenging insults, cells 

have evolved diverse cytoprotective mechanisms that include various types of autophagy. 

Cellular aging is thus dictated by the balance between the rate of damage infliction/

accumulation and repair/clearance.
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Figure 2. Pathways of autophagy-mediated lysosomal degradation.
Autophagy allows the degradation of diverse intracellular components via delivery to 

the lysosomes. Three types of autophagy exist that are defined by the molecular 

mechanisms that facilitate cargo delivery: chaperone-mediated autophagy, microautophagy, 

and macroautophagy. Each autophagy type is specialized to enable the degradation of 

different cargos, with macroautophagy mediating the disposal of the most diverse array of 

cytoplasmic components, from proteins to organelles. This review focus on macroautophagy 

in the context of aging.
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Figure 3. Overview of the molecular events underlying macroautophagy.
Autophagy is a multistep process broadly defined by the formation of a double-membraned 

vesicle called autophagosome in which cargo is recruited. Autophagosomes originate from 

the progression and growth of a membranous structure called phagophore. The fusion 

of autophagosomes with lysosomes, finally allows degradation of the cargo. Prominent 

examples of the autophagy molecular machinery members implicated in the different steps 

are shown in the boxes.
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Figure 4. Protective roles of autophagy in promoting cellular and organismal health.
By orchestrating the degradation of potentially harmful cellular components, including 

protein aggregates, dysfunctional organelles (including mitochondria and lysosomes), 

cytoplasmic DNA, and pathogens, autophagy plays a major role in maintaining cellular 

homeostasis. Aging and the development of many age-related diseases correlate with a 

decline in the rate and/or efficiency of autophagy and recycling of specific types of debris, 

leading to their accumulation. This can trigger cellular dysfunction, followed by tissue/

organismal damage which is frequently amplified by inflammatory signaling leading to 

different diseases. See text for details.
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Figure 5. Molecular events linked to the age-associated decline in autophagy.
(A) The main steps of macroautophagy are depicted together with the events that may 

fail during aging and in age-related diseases (indicated with a ‘stop’ sign). These include 

deregulated nutrient signaling, defects in autophagosome biogenesis and transport, as well 

as failure to maintain low lysosomal pH and lysosomal proteolytic activity. Shown below 

are several interventions (B), known to mitigate the age-associated loss of autophagy, such 

as caloric restriction, exercise, and small molecules, and the pathways by which they are 

thought to act. See text for details.
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