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ARTICLE INFO ABSTRACT

Keywords:

Autophagy, an essential cellular process that mediates degradation of proteins and organelles in lysosomes, has
Aging been tightly linked to cellular quality control for its role as part of the proteostasis network. The current interest

Chaperones in identifying the cellular and molecular determinants of aging, has highlighted the important contribution of
Lysosomes malfunctioning of autophagy with age to the loss of proteostasis that characterizes all old organisms. However,
Organelle turnover . . . . . . .

Proteostasis the diversity of cellular functions of the different types of autophagy and the often reciprocal interactions of
Proteolysis autophagy with other determinants of aging, is placing autophagy at the center of the aging process. In this work,

we summarize evidence for the contribution of autophagy to health- and lifespan and provide examples of the
bidirectional interplay between autophagic pathways and several of the so-called hallmarks of aging. This central
role of autophagy in aging, and the dependence on autophagy of many geroprotective interventions, has moti-
vated a search for direct modulators of autophagy that could be used to slow aging and extend healthspan. Here,
we review some of those ongoing therapeutic efforts and comment on the potential of targeting autophagy in

aging.

1. Introduction

Autophagy refers to the lysosomal degradation and recycling of all
types of intracellular components including, proteins, organelles or even
pathogens that reach the cytoplasm (Levine and Klionsky, 2017). The
contribution of autophagy to the continuous turnover of the cellular
proteome and to the selective removal of malfunctioning or damaged
cellular proteins, explains its inclusion as part of the proteostasis
network — the subset of chaperones and proteolytic systems that ensure
that each protein is at the right time, in the right conformation and in the
expected place inside the cells (Sala et al., 2017). This role of autophagy
in proteostasis maintenance, along with the early observations of
autophagy malfunctioning with age, has linked autophagy to the loss of
proteostasis, described as a common feature in all old organisms.

However, functions of autophagy go beyond maintenance of pro-
teostasis (Levine and Klionsky, 2017). This basic cellular process is also

essential for maintenance of cellular energetics, cellular response to
stress, defense against pathogens, cellular reprograming, maintenance
of stemness or fine-tuning of senescence, among others. Consequently,
as described in this review, malfunctioning of autophagy with age im-
pinges on many of the cellular and molecular processes known to drive
aging (hallmarks of aging) including besides loss of proteostasis, poor
response to stress, disrupted cellular energetics, persistent cellular
senescence, stem cell exhaustion, epigenetic alterations, defective
intercellular communication, accumulation of macromolecular damage
and telomere attrition (Kennedy et al., 2014; Lopez-Otin et al., 2013).
Growing evidence supports that the hallmarks of aging are inter-
connected as often, experimental reproduction of one of them is suffi-
cient to elicit some of the others (Lopez-Otin and Kroemer, 2021).
Understanding these interconnections is important because, by the same
token, interventions that prevent one of these hallmarks, should have a
beneficial effect in preventing some of the others.
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Here we review the changes with age in the different types of
mammalian autophagy, the functional consequences of those changes
and the impact that malfunctioning of autophagy has on multiple hall-
marks of aging. We propose that the multifunctionality of autophagy
makes it an attractive candidate as mediator of the interconnections
among the hallmarks of aging and discuss attempts to target autophagy
with anti-aging purposes.

2. Autophagic pathways, main molecular players, and
regulation

Three major forms of autophagy, known as macroautophagy,
chaperone-mediated autophagy (CMA) and microautophagy, have been
described to co-exist in all mammalian cells. They differ in their regu-
lation, the nature of cargo that they degrade, and the mechanisms that
govern cargo trafficking into the lysosomes.

2.1. Macroautophagy

In macroautophagy, cytoplasmic material is delivered to lysosomes
upon its sequestration within double-membraned vesicles named auto-
phagosomes. The central macroautophagy machinery are the
autophagy-related proteins (ATGs) that assemble into functional com-
plexes to promote autophagosome formation, trafficking, and fusion
with lysosomes (maturation) (Levine and Klionsky, 2017; Mizushima,
2020) (Fig. 1). Depending on the cargo sequestered in autophagosomes,
macroautophagy can be “in bulk” (when large portions of the cytoplasm
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are sequestered withing the forming autophagosome for degradation) or
selective (when only specific cellular components are targeted for
lysosomal degradation) (Levine and Kroemer, 2019). Selective macro-
autophagy contributes to turnover of organelles and to protection
against external pathogens by targeting aggregates (aggrephagy), ER
(ER-phagy), ferritin (ferritinophagy), glycogen (glycophagy), lipid
droplets (lipophagy), lysosomes (lysophagy), midbody rings (midbody
removal), mitochondria (mitophagy), peroxisomes (pexophagy), ribo-
somes (ribophagy), nucleic acids (RN/DNautophagy), bacteria and vi-
ruses (xenophagy) or zymogen granules (zymophagy) (Lamark and
Johansen, 2021). Selective autophagy requires engagement of receptors
that recognize specific features in the cargo and link it to the autophagy
machinery to facilitate its sequestration (Stolz et al., 2014). Autophagy
receptors undergo structural changes (i.e., oligomerization) and post--
translational modifications (i.e., phosphorylation, ubiquitination, acet-
ylation) that mediate receptor recruitment to the cargo, docking on the
autophagy machinery and their simultaneous degradation with the
entrapped cargo (Lamark and Johansen, 2021). Formation of the
limiting membrane of the autophagosomes can occur at various loca-
tions in the cells including ER, late endosomes, plasma membrane and
mitochondria. Membranes of these organelles contribute some of the
lipids required for the forming autophagosomes, whereas others are
shuttled from the Golgi (Levine and Klionsky, 2017).

Macroautophagy is induced in response to different stressors such as
nutrient or growth factor deprivation, hypoxia, damaged proteins and
organelles, genotoxic stress among others (Morishita and Mizushima,
2019). This response is tightly regulated by a variety of signaling
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Fig. 1. Types of autophagy pathways in mammals. Schematic of the three major types of autophagy in mammals. (a) Macroautophagy is characterized by the
sequestration of cargo (proteins, aggregates, organelles, pathogens) inside autophagosomes. In bulk and some forms of selective macroautophagy are depicted. The
cargo is degraded in lysosomes upon autophagosome-lysosome fusion. (b) Chaperone-mediated autophagy is characterized by the selective degradation of proteins
with KFERQ-motif. The substrates are recognized by HSC70/other chaperones. The protein substrates are degraded in lysosomes upon translocating across the
membrane through the receptor/translocation multimeric complex (LAMP2A). (c¢) Microautophagy/Endosomal microautophagy is characterized by the engulfment
of the cargo (proteins, aggregates, organelles) by the lysosomal membrane (in microautophagy) or late endosomal membrane (in endosomal microautophagy). The
cargo is degraded when the intraluminal membrane is disintegrated giving the lysosomal hydrolases access. Once degraded by the lysosomal hydrolases, the
biochemical components are recycled to the cytoplasm. Note: For simplicity, the three pathways are shown to converge on one lysosome; however, the current
consensus is that different lysosomal populations cater to different autophagy pathways.
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pathways that secure appropriate fine-tuning. Two cellular kinases,
mechanistic target of rapamycin (mTOR) and AMP-activated protein
kinase (AMPK) are central in macroautophagy regulation. mTOR in-
tegrates signals from growth factors, stress, energy status, oxygen, and
amino acids that trigger its inhibitory effect on macroautophagy (Kim
and Guan, 2015). Activation of mTOR (i.e., by nutrients) promotes
phosphorylation of ULK1, a kinase required for initiation of the auto-
phagic process, and maintains the ULK1/ATG13/FIP200 complex in an
inactive conformation (Mizushima, 2020). This complex is released
upon inactivation of mTOR to promote macroautophagy. AMPK instead
positively regulates macroautophagy upon its activation under condi-
tions of energy deficiency (elevated AMP/ATP ratio), through a variety
of mechanisms including direct phosphorylation of ULK1, RAPTOR and
the TSC1-TSC2 complex to inhibit mTOR, of Beclin-1 to activate the
Beclin-1-VPS34 complex required for autophagy initiation, and of
FoxO3 to activate transcription of autophagy genes such as LC3B,
GABARAPLI and Beclin-1 (Tamargo-Gomez and Marino, 2018). A gene
regulatory network that enhances macroautophagy by increasing lyso-
somal biogenesis is the transcription factor EB (TFEB), a master regu-
lator that positively controls expression of lysosomal and Atg genes by
binding to their promoters (Settembre et al., 2011).

2.2. Chaperone-mediated autophagy

CMA was the first selective form of autophagy described for proteins
(Chiang and Dice, 1988). Selectivity of CMA is conferred through a
unique mechanism for cargo recognition and internalization into lyso-
somes. Only proteins bearing a specific targeting motif in their amino
acid sequence (biochemically related with the pentapeptide KFERQ) can
undergo degradation via CMA (Chiang and Dice, 1988). Almost half of
the mammalian proteome contains this motif in their sequence (ca-
nonical motif). In addition, in some instances, the targeting motif can be
generated through phosphorylation or acetylation, bringing the number
of potential CMA substrates to 75% of the proteome (Kirchner et al.,
2019). This motif is recognized by a cytosolic chaperone, the heat shock
cognate protein of 70KD (HSC70), that brings the substrate to the
lysosomal surface. Before internalization for rapid intralysosomal
degradation, HSC70 transfers the cargo protein to the
lysosome-associated membrane protein type 2 A (LAMP2A) that serves
as CMA receptor (Cuervo and Dice, 1996). After substrate unfolding,
organization of LAMP2A into a multimeric protein complex mediates
substrate translocation into the lumen (Bandyopadhyay et al., 2008,
2010) (Fig. 1). A form of HSP90 at the luminal side of the lysosomal
membrane stabilizes LAMP2A during this step. Substrate translocation
requires a second form of HSC70 located in the lumen of only those
lysosomes capable to perform CMA. After internalization of the sub-
strate, the multimeric LAMP2A complex disassembles to start a new
cycle of substrate binding and internalization (Bandyopadhyay et al.,
2008). A pair of proteins, GFAP and EFla modulate the stability of
multimeric LAMP2A in a GTP-dependent manner (Bandyopadhyay
et al., 2010). Although luminal HSC70 is absolutely required for CMA,
LAMP2A lysosomal levels and dynamics are a direct determinant of the
CMA flux. Both de novo synthesis and regulated degradation of LAMP2A
in lipid microdomains at the lysosomal membrane contribute to
modulate LAMP2A abundance in lysosomes (Kaushik et al., 2006).

CMA contributes to quality control of oxidized and damaged proteins
and to provide amino acids through protein breakdown during condi-
tions of nutrient deprivation (Kaushik and Cuervo, 2018). In addition,
fully functional proteins are also targeted for degradation via CMA to
terminate their function for regulatory purposes of processes such as
lipid and glucose metabolism, cell cycle, transcription and translation,
mitochondrial dynamics or stem cell activation, among others (reviewed
in (Kaushik and Cuervo, 2018)). All cells display basal CMA activity but
can upregulate this autophagic process in response to similar stressors to
the ones described for macroautophagy such as starvation (Cuervo et al.,
1995), oxidative stress (Kiffin et al., 2004; Valdor et al., 2014),
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genotoxic damage (Park et al., 2015) and hypoxia (Ferreira et al., 2013;
Hubbi et al., 2014).

Identification of effectors and regulators of CMA has been relatively
slow because of the inability of using invertebrate model systems since
LAMP2A is not present in these species, and consequently they are not
able to perform CMA (Kirchner et al., 2019). However, the introduction
of mammalian siRNA and CRISPR technology has resulted in consider-
able progress in the understanding of CMA regulation. Large part of this
regulation occurs at the lysosomal membrane through the regulated
degradation of LAMP2A in this compartment (Kaushik et al., 2006) and
through membrane-associated proteins that regulate the dynamics of
assembly and disassembly of the CMA translocation complex (Bandyo-
padhyay et al., 2010). In addition to the GFAP-EFla protein pair that
controls stability of this complex, the mTORC2 complex at the lysosomal
membrane has been shown to act as a constitutive inhibitor of CMA
(Arias et al., 2015). mTORC2 inhibitory effect on CMA is counter-
balanced, whenever CMA activation is required, through the recruit-
ment of the phosphatase PHLPP1 to lysosomes (Arias et al., 2015). AKT1
is the shared substrate of mTORC2 and PHLPP1 and consequently, the
status of AKT1 phosphorylation at the lysosomal membrane is the one
ultimately regulating CMA (Arias et al., 2015). CMA is also regulated
transcriptionally through different signaling pathways including the
negative regulators such as nuclear receptor RARa (Anguiano et al.,
2013) glucocorticoid-mediated signaling (Sato et al., 2020) or growth
hormone signaling (Endicott et al., 2021) and positive regulators such as
NFAT (Valdor et al., 2014), TDP52 (Cai et al., 2021), Class I PI3K
(Endicott et al., 2020) among others. Signaling from another organelle,
the mitochondria, has been shown to upregulate CMA in a process
mediated by the mitochondrial peptide humanin (Gong et al., 2018).

2.3. Microautophagy

Although originally described in mammalian liver as the direct
engulfment of cytoplasmic material by invaginations of the lysosomal
membrane (De Duve and Wattiaux, 1966), the molecular characteriza-
tion of microautophagy was initiated in yeast. Yeast microautophagy
was proven to discriminate cargo, giving rise to terms such as micro-
pexophagy (for peroxisomes) (Sakai et al., 1998), micromitophagy (for
mitochondria) (Lemasters, 2014), microlipophagy (for lipid droplets)
(Seo et al., 2017) or even portions of the nucleus through piecemeal
microautophagy (Roberts et al., 2003). Although most of the molecular
components described in yeast did not preserve the same function in
mammals, ten years ago, the first form of mammalian microautophagy
was described to take place in late endosomes (Sahu et al., 2011) and it is
now known as endosomal microautophagy (eMI) (Fig. 1). This process
can mediate degradation of proteins “in bulk” or in a selective manner
through the recognition of the KFERQ-like motif by cytosolic HSC70. In
this case, the chaperone binds to phosphatidylserine and, contrary to
CMA, eMI requires neither LAMP2A nor substrate unfolding (Sahu et al.,
2011). Cargo is then internalized through membrane deformations and
eventually scission in the form of intralumenal vesicles executed by the
ESCRT machinery. Substrate proteins, once incorporated into intra-
luminal vesicles, can be degraded within late endosomes or upon fusion
of late endosomes with lysosomes.

The Drosophila counterpart of eMI (Mukherjee et al., 2016) and other
types of mammalian eMI independent of HSC70 (Mejlvang et al., 2018)
are activated during starvation, whereas HSC70-dependent eMI is not
upregulated by starvation but responds to proteotoxicity mediated by
pathogenic proteins such as tau (Caballero et al., 2018). The regulation
of microautophagy is mostly unknown but inhibition of TORC1 upre-
gulates yeast microautophagy (Hatakeyama and De Virgilio, 2019),
Drosophila eMI (Mukherjee et al., 2016) and some types of mammalian
microautophagy (Sato et al., 2019). More studies are needed to
discriminate molecular regulators common to all microautophagy pro-
cesses from those that are process specific. For example, specific mac-
roautophagy ATG proteins, are necessary for Drosophila eMI (Mukherjee
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et al., 2016) and yeast piecemeal microautophagy (Krick et al., 2008)
but not for mammalian eMI (Sahu et al., 2011).

Yeast microautophagy contributes to turnover of different cellular
organelles, quality control of intracellular membranes and of nuclear
components (Lemasters, 2014; Roberts et al., 2003; Sakai et al., 1998).
eMI in Drosophila regulates neurotransmission by degradation of specific
synaptic proteins (Uytterhoeven et al., 2015) and contributes to nutri-
tional regulation through selective degradation of the signaling protein
Arouser (Jacomin et al., 2021). Our understanding of the physiological
role of mammalian microautophagy is lagging behind due to the lack of
specific molecular components selective for eMI that can be genetically
modulated without affecting other cellular processes in mammals.

2.4. Autophagic crosstalk

All the different types of autophagy described in previous sections
coexist in most cells and can compensate for each other, suggesting a
coordinated crosstalk among the autophagic processes as well as with
other proteolytic systems such as the proteasome. For example, some
cells respond to blockage of CMA with upregulation of macroautophagy
(Massey et al., 2006) or the proteasome (Schneider et al., 2015),
blockage of macroautophagy leads to CMA upregulation (Kaushik et al.,
2008) and inhibition of the proteasome to activation of macroautophagy
and CMA (Koga et al., 2011). However, this compensatory upregulation
may be cell- and tissue-dependent. Thus, although compensatory upre-
gulation of macroautophagy has been reported in mouse models with
selective CMA blockage in liver or T cells (Schneider et al., 2015; Valdor
et al., 2014), studies in mouse retina, neurons and hematopoietic stem
cells show that blockage of CMA in these cells does not evoke a
compensatory activation of macroautophagy (Bourdenx et al., 2021;
Dong et al., 2021; Rodriguez-Muela et al., 2013). Further studies are
needed to understand the peculiarities and molecular mechanisms
behind the autophagic crosstalk.

2.5. Autophagy and sexual dimorphism

Despite the extensive progress in our understanding of the molecular
basis of the autophagic process, investigations on sex differences on
autophagy are lagging behind, and more so in the context of aging.
Consequently, except for some interventional studies where sex differ-
ences on the modulation of autophagy in aging have been described (see
later sections), most of the information on the interplay of autophagy
with aging and other hallmarks of aging summarized in this review does
not address possible sexual dimorphism on the described effects.

There is however, growing evidence in support of sexual differences
in induction, regulation and execution of autophagy (Shang et al.,
2021). Sex-biased regulation of autophagy has been attributed, in part,
to the effect of steroid hormones and their receptors in this process. Sex
hormones androgen and estrogen receptors have been shown to regulate
32 macroautophagy proteins, either at the transcriptional or
post-translational level (Tiirei et al., 2015). Interestingly, the effect of
signaling through these receptors on autophagy varies depending on the
tissues, likely in relation to the relative abundance of each of them.
Further predictors of sexual differences in autophagy is the fact that
several genes on the X chromosome participate in autophagy, including
genes involved in autophagosome biogenesis such as ATG4 or
WDR45/WIPI4, in autophagosome trafficking and fusion such as genes
encoding for different Rab proteins or in epigenetic regulation of auto-
phagy, such as HDAC6 (Shang et al., 2021). Interestingly, some of these
X-linked genes are integral lysosomal proteins (i.e., ATP6AP2 compo-
nent of the lysosomal proton pump required for lysosomal acidification)
and as such they could be responsible for sexual differences in other
autophagic pathways, beyond macroautophagy, that also converge on
this organelle. In this respect, the LAMP2 gene, for which one of its
spliced variants is a limiting component of CMA, is also X-linked,
although sex differences in CMA activity are still poorly characterized.
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Increasing evidence also suggests that sex differences in autophagy
could be implicated in several human diseases, such as neurodegener-
ative disorders, cancer, and cardiovascular diseases (Shang et al., 2021).
It has been proposed that sex-based differences in autophagy regulation
during the lifespan contribute to increased Alzheimer’s disease risk, and
greater severity of pathology seen in women (Congdon, 2018). Sexual
dimorphism in placental autophagy in response to maternal obesity has
been shown to associate with offspring obesity (Muralimanoharan et al.,
2016). As described in more detail later in this review, sex differences in
intensity and type of autophagy induced have been reported for
anti-aging interventions such as caloric restriction (Mitchell et al.,
2016).

3. Changes with age in autophagy and relation to life- and
health-span

Lysosomal dysfunction in aging has been extensively supported both
in invertebrate models and in mammals. A decline in lysosomal pro-
teolytic activity with age was first reported in the nematode Caeno-
rhabditis elegans (Sarkis et al., 1988). This work was followed by studies
both in invertebrates and in rodents demonstrating morphological and
functional changes in lysosomes, including expansion of the lysosomal
compartment, increases in levels of multiple lysosomal proteases
(generically known as cathepsins) but reduced enzymatic activity,
accumulation of undegraded material inside lysosomes in the form of
lipofuscin, etc. (Fig. 2). Early morphological reports in mice liver
described accumulation of autophagic vacuoles and defective autopha-
gic response with age to nutritional hormones such as glucagon and
insulin (Donati et al., 2001b). In fact, a protective effect of caloric re-
striction against this gradual functional loss in macroautophagy was
demonstrated even before the genetic molecular players of this process
were identified (Del Roso et al., 1991).

Despite the early reports describing changes in autophagy with age it
was not until 2003, that a link between autophagy and longevity was
experimentally demonstrated in studies in C. elegans (Melendez et al.,
2003). This positive relation between lifespan and autophagy activity
was later confirmed in D. melanogaster (Simonsen et al., 2008). Studies
from invertebrates to mammals, including work in long-lived animals
and centenarians, support now the idea that preservation of autophagic
capacity is important for longevity, geroprotection and extended
healthspan (Madeo et al., 2010; Perez et al., 2009; Raz et al., 2017; Xiao
et al., 2018). In this section we review the reported changes in the
regulation and activity of the different autophagic pathways with age
and the basis for their impact on health- and lifespan.

3.1. Macroautophagy and aging

The molecular dissection of macroautophagy and modulation of
autophagy genes strengthened the connections of this process with
lifespan. Loss-of-function mutation in ATGs have been shown to
decrease lifespan and macroautophagy has proven necessary for the
lifespan extension effect of different paradigms such as dietary restric-
tion (Hansen et al., 2008). The use of functional reporters to track
autophagic activity has also allowed for a more detailed analysis of the
spatiotemporal changes of autophagy with age in experimental models
such as C. elegans and have demonstrated that although the decline with
age in macroautophagy seems to affect multiple organs, the dependence
of life extending interventions on autophagy is organ-specific (Chang
et al., 2017). Tissue-specificity may be behind the recently proposed
antagonistic pleotropic effect of autophagy, whereby deletion of mac-
roautophagy initiation genes in neurons of post-reproductive worms
improves longevity (Wilhelm et al., 2017). Whether this effect translates
to mammals has not been investigated yet. Also pending is a better
understanding of the contribution of different types of selective mac-
roautophagy to the observed effect on lifespan. Next, we summarize
evidence of the relation between macroautophagy and lifespan
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Fig. 2. Steps in different types of autophagy affected by aging. Aging-imposed changes have been described in different steps of each of the autophagic pathways and
in lysosomes, the compartment where these pathways converge for degradation of cargo.

extension in different experimental models.

3.1.1. C. elegans, macroautophagy and longevity

Studies in C. elegans paved the way to efforts of modulating auto-
phagy as a geroprotective intervention. The tight relation of macro-
autophagy with the nutritional status and the dependence on autophagy
for survival during nutrient deficiency in worms, facilitated connecting
changes in nutrient-sensing pathways with age with the autophagic
failure in old worms. Upregulation of TOR signaling and insulin/IGF-1
(1IS) pathway has been extensively reported in aging and in fact, inhi-
bition of TOR signaling is enough to promote longevity in an autophagy-
dependent manner (Hansen et al., 2008; Kenyon, 2010). Similarly, in-
hibition of AMPK activity occurs in aging and interventions that activate
this signaling mechanism extend C. elegans lifespan also through acti-
vation of autophagy (Wu et al., 2021). In addition, of these nutrient
sensors, major transcriptional regulators such as the basic
helix-loop-helix 30 (HLH-30), C. elegans homologue of the mammalian
TFEB, and the stress-inducible transcription factor TP53 also extend
lifespan and delay aging in an autophagy-dependent manner in worms
(Lapierre et al., 2013; Tavernarakis et al., 2008). In fact, transcriptional
upregulation of specific ATGs (atg-18, Igg-1, spst-1, bec-1, atg-7, and
epg-8) with agents such as the calcium blocker Verapamil (Liu et al.,
2020) or restoring expression of a single autophagy gene (i.e., atg-18 in
atg-18/daf-2 double mutant) (Minnerly et al., 2017) is sufficient for
lifespan extension. Studies also in C. elegans have linked the role of
autophagy in lipid metabolism with its beneficial effect in lifespan
extension (Lapierre et al., 2011, 2013).

3.1.2. D. melanogaster, macroautophagy and longevity

Reduced lifespan has been described in D. melanogaster with deficient
ATGs expression in brain (Simonsen et al., 2008) and in muscle (Bai
et al., 2013). Conversely, overexpression of Atg8a in the same organs
extends flies lifespan (Bai et al., 2013; Simonsen et al., 2008). Interest-
ingly, induction of autophagy in the nervous systems of adult flies, im-
proves intestinal barrier function through upregulating autophagy
(Ulgherait et al., 2014) suggesting that autophagy induction can result
in non-cell autonomous extension of organismal lifespan. As in
C. elegans, activation of AMPK or inhibition of TOR and downstream
genes such as the transcription factor forkhead box (FOXO) have also
been shown to extend lifespan in flies in an autophagy-dependent
manner (Bjedov et al., 2010; Demontis and Perrimon, 2010; Lee et al.,
2010). Recently, increased levels of Rubicon, a negative regulator of

autophagosome-lysosome fusion, have been described with aging across
species, and interventions that reduce Rubicon levels extend lifespan in
worms and flies along with ameliorating age-associated phenotype in
mice (Nakamura et al., 2019).

3.1.3. Mammalian studies on macroautophagy and longevity

Reduced macroautophagy was described more than 20 years ago in
livers from aged mice and rats as an accumulation of immature auto-
phagic vacuoles and reduced long-lived protein degradation in lyso-
somes, both indicative of decreased autophagic flux (Del Roso et al.,
2003; Donati et al., 2001a; Terman, 1995) (Fig. 2). Conversely,
long-lived mammals such as the naked mole rat (Perez et al., 2009) and
centenarian individuals and their progeny (Raz et al., 2017) display
preserved autophagic function until very late in life.

The early morphological observations supported age-related prob-
lems in autophagosome maturation that have been recently linked to
defective intracellular trafficking. In fact, faulty association of molecular
motor proteins to autophagosomes and lysosomes prevents their mobi-
lization for the encounter required for fusion (Bejarano et al., 2018). The
recent confirmation of the importance of this directional trafficking for
autophagosome maturation and the identification of adaptor proteins
such as FYCOL in this intracellular mobilization provides now possible
molecular targets to correct the autophagic defect in aging (Nieto-Torres
et al., 2021b). However, failure of mammalian macroautophagy occurs
at multiple levels. Thus, reduced induction of macroautophagy in
response to stressors has been linked to tissue-dependent decreased
levels of different autophagy effectors (i.e., Beclin-1, Atg5 and Atg7 in
human brain (Lipinski et al., 2010; Shibata et al., 2006); LC3 and Atg7 in
mouse hypothalamus (Kaushik et al., 2012)) and to increased levels of
negative regulators such as Rubicon in mouse liver and kidney (Naka-
mura et al., 2019). The determinants of these changes in ATGs levels
with age are not fully elucidated, but recent studies support changes
with age in TFEB expression, hypusination-mediated activation, and
nuclear localization as possible contributors (Madeo et al., 2018;
Schneider et al., 2015; Zhang et al., 2019). However, as a note of
caution, changes in steady state levels of ATGs do not necessarily
correlate with autophagy activity, and in fact in the context of the
overall proteostasis loss of aging, intracellular aggregation of some ATGs
has been reported (Menzies et al., 2017). Changes in circulating levels of
some ATGs, such as reduced Atg5 in the serum of Alzheimer’s disease
(AD) patients (Castellazzi et al., 2019), elevated levels of Beclin-1 in the
serum (Emanuele et al., 2014) and several ATGs in white blood cells
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(Xiao et al., 2018) of centenarians have been reported, but the biological
relevance of these changes in extracellular ATGs remains unknown.

Mouse models with tissue-specific or inducible systemic deletion of
essential Atgs phenocopy aspects of aging such as neurodegeneration
and aggregation of intracellular inclusion bodies, lysosomal accumula-
tion of undegraded material in the form of lipofuscin, damaged and
dysfunctional mitochondria, accumulation of lipid droplets and overall
organ function loss (Hara et al., 2006; Karsli-Uzunbas et al., 2014;
Komatsu et al., 2005, 2006; Sato et al., 2018; Singh et al., 2009), as
described in more detail in the following sections. Studies directly
upregulating autophagy genes in mice as an anti-aging intervention are
still limited, but constitutive overexpression of Atg5 (Pyo et al., 2013),
and systemic activation of macroautophagy via disruption of the
Beclin-1-BCL2 complex (Fernandez et al., 2018) have been shown to
extend lifespan and promote healthspan in mice. Whether similar in-
terventions late in life still have beneficial effects needs to be elucidated.
However, advances have been made on the use of macroautophagy
enhancers in old mice to preserve specific organs’ function (i.e., over-
expression of the mitophagy effector E3 ubiquitin-protein ligase parkin
(PRKN) to rescue cardiac aging (Gao et al., 2021) or peptide-mediated
activation of Beclin-1-dependent autophagy to improve memory per-
formance (Glatigny et al., 2019)).

3.2. CMA and aging

Decrease in CMA activity during aging has been found in rodents and
humans in almost all cell types and tissues (Cuervo and Dice, 2000; Dong
etal., 2021; Rodriguez-Muela et al., 2013; Schneider et al., 2015; Valdor
et al., 2014; Zhang and Cuervo, 2008), whereas constitutive upregula-
tion of CMA has been recently reported in long-lived mice with reduced
growth hormone signaling (Endicott et al, 2021). A decrease in
LAMP2A levels is, to date, the main change responsible for the observed
decrease in CMA with age. Although in some instances this decrease is
due to transcriptional downregulation of the lamp2 gene (Valdor et al.,
2014), often, changes in the stability of this receptor at the lysosomal
membrane in aging organisms is responsible for reduced CMA. In fact,
comparative lipidomic analyses have identified changes with age in the
lysosome membrane lipid composition that favor sequestration of
LAMP2A in expanded lipid microdomains and promote its degradation
(Kiffin et al., 2007; Rodriguez-Navarro et al., 2012) (Fig. 2). This
decrease in LAMP2A levels with age seems limiting as genetic restora-
tion of LAMP2A in old mouse liver was efficient in reducing proteo-
toxicity and preserving hepatic function (Zhang and Cuervo, 2008).
Similar intervention in hematopoietic stem cells from old mice has
proven efficient in restoring their functionality (Dong et al., 2021).

Both, the capacity of CMA to contribute to quality control and to
selectively regulate activity of specific cellular pathways seem to be
responsible for the beneficial effects of its restoration in old organisms.
Reduced levels of oxidized and aggregated proteins were found in he-
patocytes, neurons and in hematopoietic stem cells in mice with genetic
or pharmacological enhancement of CMA (Bourdenx et al., 2021; Dong
etal., 2021; Zhang and Cuervo, 2008). In addition, part of the beneficial
effect was shown due to restoration of other specific CMA-regulated
processes such as the linolenic and linoleic acid metabolic pathways,
required for switch of hematopoietic cells from the quiescent to the
activated state (Dong et al., 2021), or processes such as glycolysis,
endocytosis and actin remodeling required for neuronal function
(Bourdenx et al., 2021).

The fact that blockage of macroautophagy and CMA often have
similar phenotypic consequences (i.e., neuronal degeneration) supports
that these pathways are not redundant and that the subset of proteins
and cellular components that they degrade is specific for each of them.
In fact, comparative proteomic analysis upon blockage of neuronal
macroautophagy or CMA has revealed that CMA is responsible from
preventing the collapse of the metastable neuronal proteome whereas
macroautophagy supports turnover of large protein complexes,
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structural proteins, membrane receptors and organelles (Bourdenx et al.,
2021). Even for organs such as the liver, where in vivo blockage of CMA
elicits upregulation of macroautophagy and of the proteasome
(Schneider et al., 2014), the presence of other aggravating factors like
oxidative stress, lipid challenge or aging, reduces this upregulation of
macroautophagy and leads to proteotoxicity (Schneider et al., 2015).

3.3. Microautophagy and aging

The changes and contribution of the different types of micro-
autophagy to the defense against aging remain, for the most part, un-
known. Only in the case of mammalian eMI, malfunctioning with age
has been proposed in light of the detected accumulation of carbonylated
protein and lipid peroxidation products in multivesicular bodies (MVB),
which compromises degradation through this type of autophagy (Can-
nizzo et al., 2012) (Fig. 2). Recent studies support that the blockage of
degradation in late endosomes/MVB may favor docking of this
compartment with plasma membrane and extracellular release of the
undegraded materials, including proteins such as pathogenic forms of
tau that fail to be degraded by CMA upon failure of this pathway and are
re-routed to eMI instead (Caballero et al., 2021).

4. Impact of autophagy on the hallmarks of aging

The diversity of functions of the different types of autophagy and the
growing number of reports supporting failure of most of the autophagic
processes with age has provided momentum to revise the basis for the
anti-aging effect of autophagy and the contribution of this process to
each of the hallmarks of aging (Fig. 3). Next, we review information in
support of tight connections of autophagy with several of these
hallmarks.

4.1. Autophagy in proteostasis

4.1.1. Cytosolic proteostasis

The contribution of autophagy to maintenance of cellular proteo-
stasis is well-documented. Autophagy is considered an essential
component of the proteostasis network that senses and responds to
protein misfolding and proteotoxic stress to restore proteome integrity.
The proteostasis capacity of many cells and tissues declines with age
(Kaushik and Cuervo, 2015; Labbadia and Morimoto, 2015) and loss of
proteostasis is also the basis of proteinopathies and protein conforma-
tional diseases often aggravated with age (Hartl, 2017).

Chaperones bind unfolded proteins and decide their fate by assisting
them with folding or targeting them through degradation by the pro-
teolytic systems, including autophagy (Kim et al., 2013). Chaperone
dysfunction in old organisms has been described as a result of undesired
posttranslational modifications (Vanhooren et al., 2015), entrapment of
cytosolic chaperones inside aggregates reducing their availability
(Ben-Zvi et al., 2009) or reduction of ATP levels (required for chaperone
function) due to poor cellular energetics with age (Ma and Li, 2015).
Despite active contribution of chaperones in selective types of auto-
phagy, changes in chaperone availability or function have not been
linked yet to the functional decline of these types of autophagy with age.

The chaperone response most tightly linked to regulation of lifespan
is the heat shock response that upon heat stress, rapidly activates the
expression of heat shock proteins and other factors of the proteostasis
network to maintain the integrity of the proteome. Perturbation of HSF-
1 function, major transcription regulator of this response, occurs in
aging (Anckar and Sistonen, 2011; Chafekar and Duennwald, 2012) and
overexpression of HSF-1 has been shown to extend lifespan in worms in
an autophagy-dependent manner (Kumsta et al., 2017).

As described in the previous section, a shared consequence of failure
of macroautophagy (Hara et al., 2006; Karsli-Uzunbas et al., 2014;
Komatsu et al., 2005, 2006; Sato et al., 2018; Singh et al., 2009) and of
CMA (Bourdenx et al., 2021; Dong et al., 2021; Schneider et al., 2014)
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Fig. 3. Impact of autophagy on hallmarks of aging. Growing evidence supports bidirectional interactions of the different autophagic pathway with multiple drivers of
aging. Here, we illustrate hallmarks of aging affected by changes in autophagic activity and indicate the mechanisms whereby autophagy modulates these processes.

with age is proteotoxicity due to accumulation of oxidized and mis-
folded proteins and of aggregates (Fig. 3). Aggregates accumulate in
macroautophagy-deficient cells because of failure to directly degrade
aggregates through aggrephagy (Lamark and Johansen, 2012). In
contrast, CMA is unable to degrade proteins once in aggregation but
failure to eliminate the soluble forms of prone-to aggregate proteins,
increases their intracellular levels and tilts the balance towards their
aggregation (Bourdenx et al., 2021). Loss of proteostasis due to auto-
phagy malfunctioning is particularly detrimental in neurons where
experimental models carrying mutations or deletions in
macroautophagy-associated genes (Hara et al., 2006; Karsli-Uzunbas
et al., 2014; Komatsu et al., 2006; Sato et al., 2018) or in CMA genes
(Bourdenx et al., 2021), are sufficient to cause neurodegeneration.
Improved proteostasis is one of the common outcomes of the pharma-
cological and genetic interventions to upregulate macroautophagy or
CMA in old organisms described in detail in Section 5.

4.1.2. Organelle proteostasis

Autophagic pathways are often upregulated in response to organelle-
specific proteotoxicity and contribute to maintenance of proteostasis
inside organelles such as ER and mitochondria.

In the case of the ER, accumulation of unfolded nascent proteins
triggers the unfolded protein response (UPR) to attenuate protein
translation and influx into the ER, enhance ER chaperone expression,
modify amino acid metabolism, activate the antioxidant response and
autophagy, and ultimately, if unsuccessful, to trigger cellular apoptosis
(reviewed in (Hetz et al., 2020)). Unfolded proteins in the ER can be
retrotranslocated to the cytosol for degradation by the proteasome (Wu
and Rapoport, 2018). Autophagy is emerging as an alternative to the
proteasome for clearance of misfolded proteins from the ER through
what is known as ER-to-lysosome-associated degradation (ERLAD) (De
Leonibus et al., 2019), which includes degradation of ER portions by
lysosomes through ER-phagy (Chino and Mizushima, 2020), direct
fusion between the lysosomal membrane and ER to degrade ER frag-
ments and luminal cargoes by ERES-microautophagy (Omari et al.,
2018), and fusion of single membrane ER-derived vesicles with endo-
lysosomes (Fregno et al., 2018).

Chronic ER stress occurs in aging and is a common contributor of the
degeneration observed in different human tissues (Hart et al., 2019;
Prell et al., 2019; Tang and Yang, 2015). The ability to activate the UPR
decreases with age due to a combination of reduced expression of ER
chaperones, elevated basal expression of ER stress and pro-apoptotic
mediators such as CHOP, but also to defective macroautophagy
(Ghosh et al., 2016). Fully functional UPR is required for lifespan
extension interventions and conversely genetic, dietary or pharmaco-
logical interventions that improve the capacity to maintain ER

proteostasis extend life- and healthspan (Taylor and Hetz, 2020).
Although it is anticipated that ER-phagy and the other autophagic
mechanisms that contribute to ER proteostasis should also be suitable
targets to preserve ER function in aging, the lack of interventions
capable to selectively activate these processes have prevented testing
this hypothesis.

Mitochondrial dysfunction is central to the pathophysiology of many
age-associated diseases and aging (reviewed in (Fakouri et al., 2019)).
Here we comment on the mechanisms that maintain proteostasis of the
mitochondrial proteome. Since most mitochondrial proteins are nuclear
encoded, imbalance between the nuclear- and mitochondrial-encoded
genome, excess of protein influx in mitochondria or excessive luminal
damage of proteins can all lead to mitochondrial proteotoxicity and
induction of the mitochondrial UPR (mtUPR). This
mitochondria-to-nucleus communication system activates the expres-
sion of mitochondrial chaperones and attenuates mitochondrial protein
translation (Zhao, 2002). Macroautophagy contributes indirectly to the
regulation of the mtUPR through regulation of SIRT proteins (Xu et al.,
2020a), which have been shown to play a role in the mtUPR (Weng et al.,
2020).

In addition to the mtUPR, quality control of mitochondrial proteins
can be attained through degradation of full or partial portions of mito-
chondria by mitophagy (reviewed in (Onishi et al., 2021)), sequestration
of damaged mitochondria in a Parkin-dependent mechanism by early
endosomes via the ESCRT machinery (Hammerling et al., 2017) or,
through PINK1/Parkin-dependent budding of vesicles containing the
altered proteins from the surface of mitochondria (mitochondria-der-
ived vesicles (MDVs)) and their subsequent fusion with lysosomes for
degradation (Roberts et al., 2016). In some instances, MDVs elude
intracellular degradation and are secreted as exosomes (Matheoud et al.,
2016). CMA has been recently shown to contribute to degradation of
mitochondrial proteins in their transit from the cytosol to the mito-
chondria as a regulatory mechanism of mitochondrial enzymatic load
(Schneider et al., 2014) or to regulate mitochondria morphology and
dynamics (Nie et al., 2020; Wang et al., 2016a) (Fig. 3).

4.1.3. Non-cell autonomous proteostasis

Besides intracellular proteostasis networks, cells count on non-
autonomous mechanisms to coordinate stress responses with neigh-
boring cells and across tissues and organs. These inter-cell stress
signaling pathways allow for global regulation of proteostasis at an
organismal level and have been shown to impact lifespan (Morimoto,
2020). Both UPR and mtUPR can be transmitted across cell types and
tissues to inform of organelle dysfunction and induce the stress response
in cells that have not experienced the stress yet.

Autophagy also shows non-cell autonomous effects and regulation.
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Most examples of non-cell autonomous regulation of macroautophagy
and CMA have been described in pathological conditions such as cancer,
whereby tumor cells often regulate autophagy in the niche cells to evade
the anti-oncogenic immune response (Gewirtz et al., 2018; Valdor et al.,
2019). Also, in neurodegenerative conditions such as amyotrophic
lateral sclerosis (Madill et al.,, 2017) and Parkinson’s disease (di
Domenico et al., 2019), astrocyte-released factors promote neuronal
death by inhibiting macroautophagy in neurons. However, autophagy
has also been shown to physiologically contribute to inter-organ
communication and influence aging in a non-cell autonomous manner.
As mentioned in Section 3.1.2. upregulation of AMPK in neurons in
Drosophila induces autophagy also in the intestinal epithelium,
improving intestinal homeostasis and extending lifespan (Ulgherait
et al., 2014). Extracellular release of autophagic material either through
autophagosome-mediated unconventional secretion (Kimura et al.,
2017), docking of LE/MVB engaged in eMI (Caballero et al., 2021) or
through a newly described LC3-dependent extracellular vesicle loading
and secretion (Leidal et al., 2020) may all contribute to coordinate
inter-organ autophagy.

Sex differences in both the cell-autonomous and non-cell autono-
mous cellular response to proteotoxicity have been described (Tower
et al., 2020), but there is currently no information available on whether
differences in autophagy contribute to this sexual dimorphism of the
response to stress.

4.2. Autophagy in metabolism and mitochondrial function

Metabolic de-regulation is one of the common characteristics of
aging organisms and in fact, many other hallmarks of aging are tightly
related to energetic deficiencies (reviewed in (Berry and Kaeberlein,
2021)). The dual interplay between autophagy and metabolism has been
known since the early discovery of this process as a mechanism for cell
survival under low nutrient conditions that is directly modulated from
nutrition-related hormones such as insulin and glucagon (Mortimore
et al., 1988). Nowadays, it is well accepted that autophagy contributes
to the maintenance and regulation of metabolism through at least three
different mechanisms: direct mobilization of energy stores, selective
removal of metabolic enzymes for fine-tune regulation of flux through
these pathways, and regulation of number and properties of mitochon-
dria in response to the cellular ATP requirements (Singh and Cuervo,
2011)(Fig. 3). We refer interested readers to comprehensive reviews
covering the complex interplay between autophagy and metabolism
(Lahiri et al., 2019; Morishita and Mizushima, 2019; Singh and Cuervo,
2011). Here, we focus on the role of autophagy in the energetics of aging
and expand in more detail on the relation of this process with mito-
chondria, due to the important role of dysfunction of this organelle with

aging.

4.2.1. Metabolism and autophagy

In times of glucose deprivation, liver and muscle glycogen stores are
broken down either by cytosolic glycogenolysis via glycogen phos-
phorylase or through glycophagy (Jiang et al., 2011). Glycophagy
generates the rapidly usable non-phosphorylated glucose, unlike
glycogenolysis, and requires the action of STBD1 (starch binding domain
1), a glycophagy receptor that binds to glycogen and to the ATG
GABARAPLL1 (Jiang et al., 2011). Although the need for glycophagy in
Drosophila skeletal muscle energetics has been determined (Zirin et al.,
2013), most glycophagy studies in mammals have been so far correla-
tive. For example, higher autophagy upregulation with starvation was
observed in fast-twitch skeletal muscles, which contain more glycogen
stores, as compared to slow-twitch muscles with lower glycogen stores
(Mizushima et al., 2004). Only recently, glycophagy has been shown to
be intricately linked with lipid droplet biogenesis during brown adipo-
cyte differentiation in mice embryo (Mayeuf-Louchart et al., 2019). In
addition to glycogen mobilization, macroautophagy also sustains blood
glucose levels by degrading a key suppressor of gluconeogenesis,
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cryptochrome 1 (Toledo et al., 2018).

Another mechanism by which autophagy controls metabolism is by
degrading lipid droplets through lipophagy (Singh et al., 2009), a pro-
cess whereby lipid droplets are sequestered by autophagosomes and
delivered to lysosomes for degradation by lysosomal acid lipases. The
generated free fatty acids are utilized for mitochondrial beta-oxidation
and energy production. Liver-specific loss of macroautophagy results
in marked lipid accumulation in support of contribution of basal mac-
roautophagy to lipid metabolism (Singh et al., 2009). Interestingly,
lipophagy in liver and brown adipose tissue requires macroautophagy in
hypothalamic neurons (Martinez-Lopez et al., 2016) - pointing to
CNS-to-peripheral autophagy axes in regulation of lipid metabolism.
Indeed, cold-induced lipophagy in brown adipose tissue is blocked in
mice deficient in autophagy (Atg7-null) in proopiomelanocortin (POMC)
neurons, which play key roles in energy expenditure. Since autophagy in
POMC neurons decreases with age (Kaushik et al., 2012), disruption of
this POMC-to-peripheral autophagy axis likely contributes to metabolic
aging. Such integrated autophagy axes appear to be important for ben-
efits of dietary interventions, since macroautophagy activation and lipid
loss in response to the twice-a-day feeding intervention are blocked in
mice lacking Atg7 in POMC neurons (Martinez-Lopez et al., 2017b).
Lipophagy also participates in nutrient sensing orexigenic hypothalamic
agouti gene-related peptide (AgRP) neurons, which are important for
food intake. Indeed, lipophagy activation and lipid breakdown in AgRP
neurons during fasting supports AgRP production and feeding (Kaushik
et al., 2011).

CMA has also been demonstrated to regulate glucose and lipid
metabolism. Numerous glycolytic enzymes are CMA substrates and the
role of this autophagy pathway in regulating glucose metabolism has
been demonstrated in liver, hematopoietic stem cells and neurons
(Bourdenx et al., 2021; Cuervo et al., 1995; Dong et al., 2021; Schneider
et al., 2014). CMA-incompetent mice display marked hepatosteatosis
and dysfunctional livers, in part, due to its role in degrading key lipo-
genesis enzymes and lipid carriers (Schneider et al., 2014). Additionally,
the removal of lipid droplet coat proteins (PLIN2/3) by CMA is a
requirement prior to mobilization of lipid droplets by cytosolic lipase
machinery or by lipophagy (Kaushik and Cuervo, 2015). Timely and
specific removal of these enzymes by CMA is often achieved though
posttranslational modifications. For example, AMPK-dependent phos-
phorylation of PLIN2 triggers it for CMA degradation (Kaushik and
Cuervo, 2016). Furthermore, the recently discovered role of CMA in
linolenic and linoleic acid metabolism in hematopoietic stem cells is
based on timely removal of acetylated forms of FADS2, the limiting
enzyme in those pathways (Dong et al., 2021).

4.2.2. Interplay between mitochondria and autophagy

Mitochondrial function and homeostasis have been tightly linked to
longevity as accumulation of non-functional mitochondria with age
contributes to the poor energetics and high levels of damaging ROS
characteristic of aging tissues (Harman, 1956). Autophagy, and more
specifically mitophagy, plays a key role in the maintenance not only of
the mitochondrial proteome, as described in 4.1.2, but also in the
regulation of mitochondrial dynamics and function through turnover of
all mitochondrial components (Onishi et al., 2021).

Mitochondria can be degraded by mitophagy “in bulk” (along with
other intracellular components), or they can be selectively targeted for
lysosomal degradation through different, often co-existing, mechanisms
(Onishi et al., 2021; Palikaras et al., 2018) (Fig. 3). Basal mitophagy is
responsible for continuous mitochondrial turnover, but this process can
be further induced in response to mitochondrial depolarization, oxida-
tive stress, hypoxia, and nitrogen starvation. Mitophagy is key for early
embryonic development, stem cell homeostasis, cell differentiation,
inflammation, and apoptosis among others and consequently, defects in
mitophagy are associated with various pathological conditions such as
neurodegeneration, cardiovascular diseases, metabolic disorders and
cancer (Onishi et al., 2021).
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Since the description of the first mitophagy events in mammals
(Rodriguez-Enriquez et al., 2004), different types of mitophagy have
been shown to assist cells to accommodate to specific cellular contexts
and to respond to different stimuli. Common to all types of mitophagy is
the use of mitophagy receptors that link the targeted mitochondria to the
autophagic machinery for sequestration inside the forming autophago-
some. Mitophagy receptors can be mitochondrial membrane proteins (i.
e., Parkin/PINK1, BNIP3/Nix) or cytosolic proteins (p62, NBR1, OPTN)
and recognition of the target mitochondria can be dependent or not on
ubiquitin (Onishi et al., 2021).

The age-dependent decline in mitophagy impacts cellular homeo-
stasis, organismal health and lifespan across species. In C. elegans,
reduced mitophagy with age leads to accumulation of damaged mito-
chondria and cellular function failure (D’Amico et al., 2019; Palikaras
et al., 2015; Schiavi et al., 2015). Parkin (PRNK)-null flies and PINK1
mutant flies both show significantly reduced longevity (Pesah et al.,
2004; Yang et al., 2006), while overexpression of Parkin in flies pro-
motes lifespan extension (Rana et al., 2013). Generation of a mouse
model with the fluorescent reporter mt-Keima to track mitophagy has
confirmed that mitophagy also decreases with age in multiple mice
tissues (brain, skeletal muscle, adult stem cells, among others) (Sun
et al., 2015). These findings have generated a growing interest in in-
terventions enhancing mitophagy (described in Section 5.2.1).

4.3. Autophagy and cellular stemness

Adult stem cells (SCs) are unique cell types that exist throughout the
organism’s lifespan and have the ability to self-renew and differentiate
into specialized cells to replace lost cells and regenerate damaged tissues
when needed (Urban and Cheung, 2021). Under normal physiological
conditions, adult SCs remain quiescent but in response to environmental
stressors, damage and differentiation signals, SCs can rapidly switch to
an active state and generate new differentiated cells (Urban and Cheung,
2021). The balance between stemness and differentiation is essential to
maintain SCs homeostasis, and thus imbalance can lead to both, the
exhaustion of the stem cell pool and/or to the formation of tumors.
Recent multiple lines of evidence support the critical role of autophagy
in preserving SCs quiescence, self-renewal, activation and differentia-
tion of embryonic and adult SCs (reviewed in (Boya et al. 2018)) (Fig. 3).

SC exhaustion limits the ability of old organisms to replace lost cells
and regenerate properly the tissue after damage. This age-dependent
decline of the SCs is, in part, driven by loss of autophagy activity with
age. The role of autophagy has been studied in multiple types of SCs but
here we will only focus on hematopoietic and muscle stem cells as they
are the two SC adult populations where the consequences of changes in
autophagy with age have been characterized in more detail.

4.3.1. Autophagic requirements of hematopoietic stem cells (HSC)

Adult HSC reside in quiescence in the bone marrow and can rapidly
enter cell cycle for self-renewal or differentiation to ensure the pro-
duction of all blood cells throughout life. Macroautophagy supports HSC
quiescence by preserving their glycolytic function and allowing them to
survive in a hypoxic environment (Ho et al., 2017). During this state,
mitophagy also has an important role controlling oxidative metabolism
and eliminating the active mitochondria, an essential step to inhibit
differentiation and maintain stemness (Ho et al., 2017). In absence of
macroautophagy, the increased mitochondrial content and subsequent
shift in metabolic activity from glycolysis to OXPHOS promotes myeloid
differentiation and loss of stemness (Ho et al., 2017). Macroautophagy is
also essential in HSC differentiation into progenitor cells, acting as a cell
remodeling mechanism, protecting cells from cell death and mediating
metabolic reprogramming (Mortensen et al., 2011).

Aged HSC display high levels of mitochondria, accumulation of ROS
and DNA damage, and declined proteostasis (Ho et al., 2017; Yahata
etal., 2011). The age-dependent decline of macroautophagy activity has
an important impact on HSC function and stemness (Warr et al., 2013).
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Interestingly, aged HSC exhibit heterogeneity in their macroautophagy
activity, with about two-thirds of the HSC population showing impaired
levels of macroautophagy and the other third showing macroautophagy
activity comparable to that in young organisms (Ho et al., 2017). Ge-
netic blockage of macroautophagy in mouse HSCs (conditional Atg12
knock-out) mimics features of premature HSC aging and leads to a
phenotype which resembles the myeloid-bias characteristic of old mice.
Intriguingly, this phenotype is transferable as transplantation of
autophagy-deficient HSCs from aged mice resulted in significantly
exacerbated age-related decline and myeloid-biased lineage distribution
(Ho et al., 2017).

CMA has also been recently shown key for HSC function; in this case,
through maintenance of protein quality control under basal conditions
and for the regulation of the switch from glucose to fatty acid meta-
bolism required for HSC activation (Dong et al., 2021). Selective
removal of inactive FADS2, the limiting enzyme for linolenic and lino-
leic acid metabolism by CMA increases flux through these pathways to
accommodate the energetic requirements of HSC activation (Dong et al.,
2021). Genetic blockage of CMA in HSC (HSC-selective LAMP2A-KO)
leads to pronounced accumulation of oxidized and aggregated pro-
teins as CMA-deficient HSCs are not able to activate the compensatory
macroautophagy upregulation observed in other cell types. CMA activity
also declines in a fraction of the HSC population of old organisms, the
one displaying higher levels of ROS, oxidized and aggregated proteins
and reduced activating capability (Dong et al., 2021). Interestingly, old
HSCs from both mice and humans display deficiencies in fatty acid
metabolism comparable to those of CMA-deficient HSCs. Genetic ma-
nipulations that prevent loss of CMA with age in HSCs are effective in
preserving their repopulating capability. Furthermore, pharmacological
upregulation of CMA in already old HSCs is able to rejuvenate aged
HSCs, highlighting CMA as a viable therapeutic targeting in HSC aging
(Dong et al., 2021).

4.3.2. Autophagy in muscle stem cells (MSC)

MSC or satellite cells are essential for skeletal muscle formation and
to repair and replace damaged muscle tissue. In adult muscle, satellite
cells are in a quiescent state until they are activated in response to tissue
damage to proliferate and generate new myoblasts. A small number of
myoblasts returns to quiescence to maintain the satellite cell pool, while
the rest differentiate into myocytes to repair the damaged muscle fibers
(Cornelison and Perdiguero, 2017).

Basal macroautophagy is essential to maintain quiescent MSC
organelle and protein homeostasis and avoid their transition to senes-
cence (Garcia-Prat et al., 2016). Inhibition of macroautophagy in sat-
ellite cells leads to high levels of ROS (mostly due to deficient
mitophagy) and triggers the epigenetics-mediated induction of the
senescence-promoting gene p16INK4a (Sousa-Victor et al., 2014) that
initiates senescence entry (Garcia-Prat et al., 2016). The decline of
macroautophagy with age in long-lived quiescent MSC underlies their
pronounced decrease in the number, regenerative and self-renewal ca-
pacities, which results in severely impaired skeletal muscle regeneration
with aging (Garcia-Prat et al., 2016). Genetic or pharmacological rees-
tablishment of macroautophagy in geriatric MSC allows these stem cells
to recover their regenerative activity and to escape senescence (Gar-
cia-Prat et al., 2016). Induced macroautophagy has been shown essen-
tial for supporting the high bioenergetic demands generated during MSC
activation (Tang and Rando, 2014) and for the final stages of myocyte
differentiation during fiber fusion (Fortini et al., 2016).

These new described roles of macroautophagy and CMA in stem cell
maintenance and function and the encouraging results obtained with
experimental drugs that modulate these pathways may set the basis for
new therapeutic strategies to pharmacologically restore autophagy to
enhance stem cell activity during aging.

Future studies are needed to determine how changes in autophagy
contribute to the recently described sexual dimorphism in aging hema-
topoiesis (So et al., 2020) and in the ability of musculoskeletal stem cells
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for tissue repair (Knewtson et al., 2021).
4.4. Autophagy in intercellular communication

Loss of intercellular communication, essential for coordinating re-
sponses in multicellular organisms, is one of the hallmarks of aging
(Lopez-Otin et al., 2013). Intercellular communication occurs through
areas of direct cellular contact (i.e., connexins and tight junctions) or
through cell factors released to the extracellular space such as extra-
cellular vesicles (EV) that dock on the plasma membrane of the recipient
cell to activate intracellular signaling cascades. Autophagy has been
shown to modulate both types of intercellular communication (Fig. 3).

4.4.1. Gap junctions

Connexins, essential components of the gap junctions, can undergo
ubiquitin-dependent (Bejarano et al., 2012; Lichtenstein et al., 2011)
and independent (Catarino et al., 2020) degradation through macro-
autophagy. This process is triggered under conditions of hypoxia such as
ischemia-reperfusion (Chen et al., 2017, Lu et 2019;
Martins-Marques et al., 2015). Although direct studies on the impact of
the malfunctioning of autophagy with aging on gap junction function
are still missing, genetic blockage of macroautophagy has been shown to
result in accumulation of connexins at the plasma membrane and sub-
sequent cellular leakiness (Bejarano et al., 2012). Conversely, connexins
at the plasma membrane negatively modulate autophagosome forma-
tion from this compartment by direct sequestration of ATG proteins
involved in the early steps of macroautophagy (Bejarano et al., 2014).
Arrival of ATG14 to the plasma membrane releases this inhibitory effect
and promotes macroautophagy activation (Bejarano et al., 2014).
Connexin-dependent autophagy has been shown important for mainte-
nance of mitochondrial function in metabolic tissues such as brown
adipose tissue (Kim et al., 2017), but the contribution of connexins to the
described functional decline of macroautophagy with age has not been
investigated yet.

al.,

4.4.2. Extracellular vesicles

A similar dual interplay has been described between autophagy and
some forms of vesicle-mediated intercellular communication (Xing
et al., 2021). The non-cell autonomous regulation of autophagy
described in Section 4.1.3. has been shown, in part, to be mediated by
EV and their contents. Multiple small miRNAs present in exosomes — a
type of EV that originate from exocytosis of MVB from LE — display
autophagy regulatory properties (Xing et al., 2021). Although most
miRNA-mediated regulation of autophagy across cells has been
described in the context of cancer, growing number of studies support
the relevance of this regulation in the pathobiology of the aging car-
diovascular systems (Qi et al., 2020; Tian et al., 2019), ischemic brain
injury (Chen et al., 2020), myelin regeneration (Yin et al., 2021),
microglial activation (Van den Broek et al., 2020), neurodegeneration
(Li et al., 2021a), osteoarthritis (Wang et al., 2021) and kidney disease
(Sun et al., 2021). The potential therapeutic value of these extracellular
miRNA with autophagy modulatory activity has been recently explored
in the context of age-related macular degeneration (Hyttinen et al.,
2021). Chemical inhibitors of specific miRNAs that function as auto-
phagy repressors have also proven effective against premature senes-
cence (Zhang et al., 2016). In other instances, rather than autophagy
regulatory molecules, autophagic components themselves (i.e., LC3,
ATG16L1) are released extracellularly in exosomes (Sirois et al., 2012;
Wang et al., 2021) thus, indicating that autophagy components can be
rerouted to neighboring cells under stress conditions. Although the
functional relevance of ATGs release in exosomes remains unknown,
recent studies show that EVs from AD patients show reduced abundance
of mitophagy components and link this event to reduced intracellular
macroautophagy and progression of disease (Gallart-Palau et al., 2020).

Autophagy also shows active involvement in vesicle-mediated
intercellular communication, in part, through the regulation of
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biogenesis and release of EVs (Xing et al., 2021) and, in part, through
direct release of autophagic content to the extracellular media as one of
the types of unconventional protein secretion (Padmanabhan and
Manjithaya, 2020). Multiple evidence supports a regulatory role for
autophagy in MVB/LE fusion with the plasma membranes and exosome
secretion (Xing et al., 2021). Although the molecular mechanisms
behind this modulation are still poorly understood, the regulated
degradation by autophagy of cytoskeleton remodeling proteins such as
ROCK2 and RhoC (Hu et al., 2020) has been shown to participate in
autophagy-regulated exocytosis. Reduced macroautophagy in the AD
brain has been linked to qualitative changes in the content of EVs to
include prion proteins and APP but fail to incorporate mitophagy and
lysosomal membrane proteins (Gallart-Palau et al., 2020). Although the
presence of secretory lysosomes that directly dock at the plasma mem-
brane to release their enzymes to the extracellular media has been
known for a long time (reviewed in (Buratta et al., 2020)), more
recently, a similar docking and fusion of autophagosomes has been
shown to contribute to unconventional secretion. In this case, ATGs
engage in formation of double membrane vesicles that are not destined
for degradation but rather for docking at the plasma membrane and
release of their contents (Nieto-Torres et al., 2021a). Secreted proteins
include those lacking secretory signals such as acyl-coA-binding protein,
inflammatory cytokines, HMGB1, etc. (Cavalli and Cenci, 2020), but
also pathogenic proteins thus contributing to the propagation of pro-
teotoxicity in different age-related disorders (reviewed in ( Gonzalez
et al. 2020)).

Blockage of CMA in neuronal cells has recently been shown to also
increase extracellular release of pathogenic forms of tau rerouted to LE/
MVB (Caballero et al., 2021). However, whether this is just an aberrant
phenomenon occurring only under pathological conditions or it points
towards a role of CMA in regulation of secretion requires further
investigation.

4.4.3. Primary cilia

Primary cilia are organelles situated on the plasma membrane of
most cell types, where they sense and transduce extracellular signals to
the intracellular milieu. Signaling receptors at the primary cilium
modulate autophagy function in response to extracellular signals, such
as hedgehog ligand (Pampliega et al., 2013). Changes in the structure
and length of primary cilia have been described in senescence (Breslin
et al., 2014) and in the aging brain (Guadiana et al., 2016). How cilia
alterations with age could impact autophagy remains unknown, but
recent studies in C. elegans have shown defective intraflagellar transport
in cilia of aged worms that leads to reduced AMPK signaling and would
be predicted to reduce autophagy under these conditions (Zhang et al.,
2021).

4.5. Autophagy and senescence

Senescence is a physiological response to stress wherein cells enter a
state of growth arrest without undergoing cell death and acquire pro-
secretory properties (Gorgoulis et al., 2019). Senescence is transiently
activated throughout life (i.e., for wound closure, placenta involution, or
in response of damage in organs such as liver and lung) but, with age, the
transient nature of senescent cells is lost with the subsequent increase in
the number of senescent cells (Gorgoulis et al., 2019). Genetic or
pharmacological removal of senescent cells in vivo has shown effective
in delaying aging and reducing severity of age-related diseases in mice.
Recent studies have highlighted a possible interplay between autophagy
and senescence (Fig. 3). Stimuli that activate autophagy can also trigger
senescence, and both chronic senescence and poor autophagy associate
with accumulating macromolecular damage; however, the interplay
between senescence and macroautophagy has proven complex (Young
et al., 2021).

Early work reported that activation of autophagy precedes oncogene-
induced senescence in fibroblasts (Young et al., 2009) and that
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macroautophagy blockage delayed but did not prevent senescence
(Young et al., 2009). However, later studies showed contradicting ef-
fects of blocking macroautophagy on senescence and differences in the
status of macroautophagy in senescent cells. Discrepancy may originate
from the cell type and senescence stimulus utilized. In general, blockage
of macroautophagy in primary untransformed cells (neurons, satellite
cells, melanocytes, fibroblasts) increases senescence (Garcia-Prat et al.,
2016; Moreno-Blas et al., 2019; Ni et al., 2016; Tai et al., 2017) whereas
blockage of macroautophagy in transformed cancer cells prevented
oncogene-induced senescence (Leidal et al.,, 2012; Liu et al., 2014).
Conversely, chemical upregulation of macroautophagy reduces senes-
cence in tendon stem cells (Nie et al., 2021). Macroautophagy flux de-
creases in oxidative stress-induced senescence in fibroblasts (Tai et al.,
2017) and in long term cultured neurons (Moreno-Blas et al., 2019),
whereas DNA damage-induced senescence causes increased macro-
autophagy flux (Singh et al., 2012). The type of autophagy engaged may
also be important, since anti- and pro-senescence effects have been
described for selective and in-bulk macroautophagy, respectively (Kang
et al., 2015).

Although macroautophagy is not essential for cells to enter senes-
cence, it is required for resolution of oncogene-induced senescence
(Young et al., 2009), but whether this is a universal requirement remains
unknown. Often times, autophagy-deficient primary cells also display
detrimental effects via persistent SASP factors and associated inflam-
mation (Ni et al., 2016) further exacerbating the aging-associated tissue
damage. Recently, enhancing autophagy in old cardiomyocytes
improved senescence (Li et al., 2021b). The contribution of other types
of autophagy such as CMA or eMI to senescence has not been explored.

4.6. Autophagy and other hallmarks of aging

We briefly summarize in this section evidence of the interplay of
autophagy with some additional cellular mechanisms considered to
drive aging, but for which direct testing that changes in autophagy with
age affect these processes is still limited.

4.6.1. Defective response to stress and genomic stability

Besides protection against proteotoxic, metabolic stress and to
organelle stress, reviewed in previous sections, autophagy is also acti-
vated in response to environmental stressors such as those imposing
genotoxic stress. Upregulation of macroautophagy, CMA and eMI have
all been described in response to cellular DNA damage (Juretschke and
Beli, 2021; Park et al., 2015; Zhu et al., 2019) (Fig. 3). Although the
physiological relevance of eMI upregulation under these conditions re-
mains unknown, in the case of CMA, upregulation of this pathway is
required for exiting cellular arrest after DNA repair through selective
degradation of Chkl (Park et al., 2015). In fact, accumulation of DNA
damage is observed in CMA-deficient cells and mice (Schneider et al.,
2014) whereas preservation of CMA activity in old mice reduces levels of
DNA damage (Zhang and Cuervo, 2008). The consequences of macro-
autophagy activation in response to DNA damage have revealed an
important role for this type of autophagy in genome maintenance
(Ambrosio and Majello, 2020). Macroautophagy modulates the DNA
damage response at different levels, including, through direct degrada-
tion of DNA-associated proteins (Chen et al., 2015) and DNA resection
proteins (Robert et al., 2011), through degradation of p62 that when in
excess can disrupt DNA repair (Wang et al., 2016b) and through control
of cell cycle, among others. Upregulation of macroautophagy during
DNA damage is mediated through molecules such as ATM (that activates
AMPK and the TORC complex inhibitor TSC2 and activates p53), PARP1
(that reduces NAD+ and ATP with the subsequent activation of AMPK)
or MAPKS8 and NFkB (that induce direct expression of some autophagy
genes) (Chen et al., 2015).

4.6.2. Autophagy and telomere attrition
By maintaining chromosomal integrity, telomeres play a key role in
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the lifespan of a cell. Telomere shortening rate is a good predictor of
organismal lifespan and defects in telomere maintenance associate with
accelerated aging (Lopez-Otin et al., 2013). Furthermore, decreased
telomerase activity is one of the characteristics of cellular and tissue
aging (Sahin et al., 2011).

There is intricate interplay between autophagy and telomere main-
tenance (Fig. 3). Telomere loss activates autophagy in cells and is
essential for death of epithelial cells and fibroblasts during replicative
crisis, the final checkpoint before oncogenic transformation (Nassour
et al., 2019). Telomerase activity is also positively correlated with
autophagy (Green et al., 2019). A telomerase subunit, human telomerase
reverse transcriptase (hTERT), positively regulates PINK1 function,
resulting in increased mitophagy (Shin and Chung, 2020) while down-
regulation of hTERT impaired autophagy flux (Ali et al., 2016; Ding
et al., 2021). TERT also modulates autophagy activity via inhibiting
mTORC1 (Ali et al., 2016).

Relatively few studies have analyzed the role of autophagy in telo-
mere maintenance. Agents that activate autophagy preserve telomere
length. For example, even when applied late-in-life, spermidine treat-
ment, was able to rescue age-related telomere shortening in mice cardiac
tissue among other age-associated phenotypes (Wirth et al., 2021).
However, it is not clear if this effect occurs through direct activation of
telomerase by autophagy, because recent studies describe reduction in
telomerase activity in cancer cells upon Beclin-1 overexpression to
upregulate autophagy (Taji et al., 2021). Whether the effect of auto-
phagy on telomerase is different in transformed and non-transformed
cells require future investigation. No direct link between CMA or eMI
and telomere attrition have been discovered yet.

4.6.3. Autophagy and epigenetics

Epigenetic changes comprised mainly of histone modifications and
DNA methylation have been described to be intrinsic to the aging pro-
cess. Epigenetic modulation of autophagy has been extensively
demonstrated (reviewed in (Talebian et al., 2020)). Besides miRNAs
(described in Section 4.4.2), macroautophagy can be regulated by his-
tone modifications (acetylation and methylation) by enzymes such as
CARM1 H3R17 methyltransferase (Shin et al., 2016), G9a H3K9 meth-
yltransferase (Artal-Martinez de Narvajas et al., 2013), EZH2 H3K27
methyltransferase (Wei et al., 2015), SIRT1 H4K16 deacetylase, and
KAT8 H4K16 acetyltransferase (Fullgrabe et al., 2013). Among these,
SIRT1, whose activity has been tightly connected with aging, shows a
complex interplay with autophagy whereby nuclear SIRT1 limits
expression of autophagy genes, whereas cytosolic SIRT1 activates ATGs
through their deacetylation (Morselli et al., 2010). DNA demethylation
(carried out by TET enzymes) can also regulate macroautophagy. For
example, CpG demethylation by TET1 regulates Atg expression in glioma
cells (Fu et al., 2018) and in vascular endothelial cells (Peng et al.,
2016). Furthermore, hypermethylation of autophagy genes in aging cells
has also been described (Khalil et al., 2016). So far, epigenetic regulation
of CMA and eMI have not been described.

Although it is inferred that regulation of the acetyl-coA pool by
autophagy (Berry and Kaeberlein, 2021) will have an impact on acety-
lation and consequently modulate epigenetic modifications, studies on
this reciprocal regulation in the context of aging are still sparse (Fig. 3).
Of note, the ability of CMA to regulate levels of a-ketoglutarate through
degradation of the enzyme isocitrate dehydrogenase, has been shown
essential to sustain the epigenetic traits of pluripotent stem cells (Xu
et al., 2020c¢).

5. Autophagy at the center of interventions for successful aging
5.1. Autophagy as common mechanism of geroprotecting interventions
Many of the longevity pathways converge on the induction of auto-

phagy and in many instances this autophagy induction is required for
their beneficial effects in lifespan (Madeo et al., 2010, 2015). Autophagy
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upregulation is also a common feature of lifestyle interventions that
slow down aging (i.e., dietary restriction, exercise) reviewed extensively
in (Escobar et al., 2019) and of drugs and natural products (generically
known as geroprotectors) that improve lifespan. Here, we briefly review
current knowledge of the functional interplay between autophagy and
dietary interventions shown to increase lifespan and then focus in more
detail on the effect of geroprotectors on autophagy.

5.1.1. Dietary restriction interventions and autophagy

The tight connection between autophagy and nutrient availability
was the trigger for early studies exploring changes in autophagy during
the different dietary restriction (DR) paradigms shown to extend life-
span in rodents (Donati et al., 2001a). These first studies on the inter-
action of age, diet and macroautophagy revealed that either 40% caloric
restriction (CR) or every-other-day ad libitum feeding improved mac-
roautophagy activation in response to hormonal activators such as
glucagon in old rat livers (Donati et al., 2001a). Genetic confirmation
that functional macroautophagy was necessary for lifespan extension by
DR in worms (Hansen et al., 2008) awakened interest on the molecular
mechanisms behind this effect. Studies in a variety of organisms and
tissues have demonstrated upregulated expression of many
autophagy-related proteins upon nutrient restriction and tight connec-
tion of these changes with mTOR and AMPK signaling, as described in
detail in previous sections. Recently, the lifespan extension mediated by
the fibroblast growth factor-21, has been linked to the ability of this
starvation hormone to activate macroautophagy epigenetically through
the histone demethylase Jumonji-D3 (Byun et al., 2020).

Interestingly, the beneficial effect of CR on lifespan extension,
although universal, requires fine-tuning of the percentage of calorie
intake depending on sex and genetic background, even in the same
species (Liao et al., 2010). Along with this observation, although an
improvement on autophagy is always noticeable in CR rodent livers, the
degree to which macroautophagy is upregulated varies with the degree
of CR in a sex- and genetic background-dependent manner (Mitchell
et al., 2016). Differences in the type of autophagy upregulated by CR
were also noticeable, with lipophagy upregulation being more pro-
nounced, despite similar overall autophagic flux increase, in one of the
male groups out of the two mice strains compared (Mitchell et al., 2016).
This work was also the first one demonstrating upregulation of CMA by
CR in old mice livers, which was attained mostly by recruitment of
additional lysosomes (those usually not engaged in CMA) to this
pathway (Mitchell et al., 2016).

Autophagy has also been implicated in several of the health benefits
of intermittent fasting, a dietary intervention of higher human

GEROPROTECTORS
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translational feasibility. Especially attractive on this respect are the anti-
aging effects (glucose regulation, increased resistance to stress, reduced
oxidative damage and downregulation of inflammation) of the twice-a-
day feeding protocols that combine daily cycles of ad libitum eating and
fasting (reviewed in (de Cabo and Mattson, 2019)). Growing number of
studies have demonstrated part of these beneficial effects being depen-
dent on autophagy, including the observed correction of the immune
response dysfunction to the SARS-CoV-2 infection (Elsayed et al., 2021;
Hannan et al., 2020; Jamshed et al., 2019; Martinez-Lopez et al., 2017a).

Future studies are still needed to determine the specific contribution
of autophagy to the already described beneficial effect of dietary re-
striction in other hallmarks of aging such as nutrient sensing, senes-
cence, stem cell exhaustion or intercellular communication (Erbaba
et al., 2021).

5.1.2. Geroprotector compounds and autophagy

Geroprotectors are drugs and natural products already approved for
clinical use in other medical conditions that when used at lower doses
bring benefits to health and lifespan (Partridge et al., 2020) (Fig. 4).
Although many of them are likely to exert direct or indirect effect on
autophagy, here we summarize those for which a relation with auto-
phagy has been studied in more detail (Table 1).

Spermidine is a natural polyamine that controls protein acetylation
and strongly induces autophagy by acting as a calorie restriction
mimetic (Madeo et al., 2019, 2018). Spermidine also regulates gene
expression, oxidative stress response, cell viability, cell growth and
proliferation (Pegg, 2016). Physiological levels of spermidine decrease
with age in various model organisms and in humans but are higher in
centenarians (Eisenberg et al., 2009; Gupta et al., 2013; Pucciarelli et al.,
2012). Dietary supplementation of spermidine extends lifespan in yeast,
C. elegans, flies and mice in an autophagy-dependent manner (Eisenberg
et al.,, 2016, 2009; Yue et al., 2017). The geroprotective benefits of
spermidine feeding ranges from neuroprotection (Gupta et al., 2013; Xu
et al.,, 2020b), cardioprotection (Eisenberg et al., 2016), improved
muscle stem cell function (Garcia-Prat et al., 2016) to enhanced im-
munity (Madeo et al., 2018; Yang et al., 2016). In humans, higher
spermidine intake is linked to lower all-cause mortality (Kiechl et al.,
2018). Spermidine activates macroautophagy through multiple mecha-
nisms including inhibition of acetyltransferases such as EP300, which
suppresses autophagy through acetylation of several ATGs (Marino
et al., 2014) and activation of mTORC1 (Andreux et al., 2019). Sper-
midine also induces autophagy gene expression by preserving histone
acetylation in their promoter region (Madeo et al., 2010) and by fa-
voring hypusination of the translation initiation factor 5 A (EIF5A) that
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Fig. 4. Modulation of autophagy for geroprotection. Lifestyle interventions (right) and drugs and natural products under the category of geroprotectors (left) proven
to upregulate autophagy and benefit healthspan and lifespan. Geroprotectors with activating effects on macroautophagy are divided in two groups, those that have an
effect in multiple cellular processes including autophagy and those designed specifically to target components of autophagy.
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Table 1
Geroprotectors proven to upregulate autophagy and benefit healthspan and
lifespan.

Activators Mechanism of action References

Macroautophagy
Target multiple cellular pathways (indirect regulation of macroautophagy)

Rapamycin inhibition of mTORC1 (Bjedov et al., 2010;
Schinaman et al.,
2019)
Metformin activation of AMPK, SIRT1; (Kulkarni et al.,
inhibition of mTORC1; CRM 2020; Piskovatska
et al., 2019)
Spermidine through multiple mechanisms (Eisenberg et al.,
including inhibition of 2016, 2009; Yue
acetyltransferases, activation of et al., 2017)
mTORC1, induction of autophagy
genes; CRM
Resveratrol through different signaling (Morselli et al.,
pathways (AMPK, SIRT1, PGC-1a, 2010)
and inhibition of mTOR); CRM
Triethylenetetramine protein deacetylation (Pietrocola et al.,
2020)
Sarcosine activation of AMPK (Walters et al., 2018)
Urolithin A activation of PINK1-dependent (D’Amico et al.,
and -independent mitophagy 2021)

NAD+ activation of mitophagy via Nix (Fang et al., 2019a)
and ULK1

Actinonin activation of mitophagy via (Fang et al., 2019b)
mitochondrial ribosomal and
RNA decay pathway

Doxycycline activation of mitophagy (Xing et al., 2017)

Target autophagy elements (direct regulation of macroautophagy)

Tat-Beclin-1 peptide Beclin-1 activator (Shoji-Kawata et al.,

2013)

Compound C1 activation of TFEB (Partridge et al.,
2020)

CMA

Atypical RAR« inhibition of a subprogram of the  (Bourdenx et al.,

inhibitors RARa signaling 2021; Dong et al.,

2021)

Humanin stabilizes substrate/receptor (Gong et al., 2019)

binding during translocation into
lysosomes

promotes TFEB synthesis (Zhang et al., 2019). Besides general macro-
autophagy, recent evidence shows spermidine induces PINK1/Parkin
mitophagy (Qi et al., 2016). The potent combination of mechanisms by
which spermidine activates autophagy supports the potential value of
clinical trials increasing intake of spermidine to induce autophagy and
delay aging.

The geroprotective effects of the immunosuppressant rapamycin,
also the best described pharmacological inducer of macroautophagy,
have been well-reported (Arriola Apelo and Lamming, 2016). Rapamy-
cin reduces mTORC]1 signaling, which increases with aging in response
to cellular damage (Johnson et al., 2013). Despite extensive genetic
evidence (Section 2.1) supporting that extension of lifespan by modu-
lating mTOR is dependent on autophagy, only studies in flies have
experimentally demonstrated the contribution of autophagy to the
beneficial effects of rapamycin in life-extension (Bjedov et al., 2010;
Schinaman et al., 2019). The negative effects related to mTORC2 inhi-
bition upon chronic exposure to rapamycin have motivated the current
development of derivatives of rapamycin (rapalogs) with greater spec-
ificity (particularly in upregulating autophagy) (Galluzzi et al., 2017).
Combinatorial approaches with drugs targeting different hallmarks of
aging have included rapamycin with trametinib and lithium, which act
synergistically to maximize longevity. This combination has the added
advantage of activating autophagy by two non-overlapping mechanisms
(Madeo et al., 2010).

Metformin, a drug used for type 2 diabetes, has also shown ger-
oprotective effects in experimental models (Kulkarni et al., 2020; Pis-
kovatska et al., 2019) and has become the first drug approved for testing
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effects on aging in non-diabetic people in a large clinical trial (TAME:
Targeting Aging by Metformin) (Justice et al., 2018). Metformin acti-
vates AMPK and Sirtuin 1 and directly inhibits mTORC1 - resulting in
robust induction of macroautophagy (Kulkarni et al., 2020; Piskovatska
et al., 2019, 2020).

The list of additional products with beneficial effect on autophagy
keeps growing and includes supplementation with NAD+ (Fang et al.,
2019a), resveratrol (Morselli et al., 2010), triethylenetetramine (Pie-
trocola et al., 2020) and sarcosine (Walters et al., 2018) (Table 1).

5.2. Autophagy activators as novel geroprotectors

The prominent role that activation of autophagy has as a common
mechanism for many longevity promoting interventions justifies current
efforts to identify autophagy inducers as a way to accelerate discovery of
new geroprotectors (Fig. 4 and Table 1).

5.2.1. Macroautophagy activators

Tat-Beclin-1 peptide is one such available autophagy inducer. This
peptide includes a Beclin-1 amino acid sequence recognized by the HIV-
1 Nef virulence factor linked to the HIV-1 Tat protein transduction
domain to make this peptide cell permeable. Tat-Beclin-1 peptide
competes the inhibitory effect of Bcl-2 on Beclin-1, thus enhancing
autophagosome nucleation and biogenesis (Shoji-Kawata et al., 2013).
This peptide has been shown protective against proteotoxicity (Shoji--
Kawata et al.,, 2013) and infections by virus (i.e., HIV-1, pos-
itive-stranded RNA virus) and bacteria such as Listeria monocytogenes
that causes listeriosis, an infection of the central nervous system seen
primarily in the elderly.

The important role of TFEB as a master transcription regulator of
macroautophagy, lysosomal biogenesis and exocytosis, and the studies
linking TFEB to lifespan extension in six mechanistically different
longevity models in C. elegans (Lapierre et al., 2013) have propelled
extensive search for chemical modulators of this transcription factor for
geroprotective purpose. Growing evidence supports a protective effect
of genetic and pharmacological activation of TFEB against neuro-
degeneration, metabolic diseases and other age-related pathologies
(Cortes and La Spada, 2019). mTORC1-dependent phosphorylation of
TFEB inhibits its transcription factor activity by preventing its nuclear
shuttling whereas dephosphorylation by calcineurin releases this
inhibitory effect (Settembre et al., 2011). Starvation activates TFEB by
inhibiting mTORC1, inducing Ca®* release from lysosomes to activate
calcineurin and activating AMPK that increases TFEB transcription by
enhancing local histone acetylation (Medina et al., 2015; Sakamaki
et al., 2018). To avoid undesirable side-effects of long-term mTORC1
inhibition, the search for chemical TFEB activators has been focused on
compounds such as a curcumin-derived compound C1 that mediates
robust TFEB activation independent of mTORC1 (Song et al., 2016).
Although recent studies with curcumin failed to see lifespan extension in
mice, possible healthspan benefits have not been ruled out (Partridge
et al., 2020). Small molecule TFEB agonists based on Ca2+-dependent
mechanisms have shown geroprotective potential by alleviating the
metabolic syndrome in mice and extending C. elegans lifespan (Wang
et al., 2017). Also promising is the possibility of selectively activating
mitophagy through TFEB modulation. Pomegranate polyphenols that
extend lifespan in worms and flies (Balasubramani et al., 2014; Zheng
et al, 2017) have shown capable to induce TFEB in a novel
Ca%*-dependent manner to promote mitophagosome formation and
potentiate PINK1/Parkin mitophagy (Tan et al., 2019). Given that TFEB
acts as a hub that coordinates lysosomal biology, metabolism and
mitochondrial fitness, targeting TFEB regulation may confer broad
benefits on healthspan and lifespan.

Growing genetic evidence supports that selective targeting of specific
types of macroautophagy may be desirable over global upregulation of
this process, especially when considering long-term treatments. On this
respect, interventions to improve mitochondrial quality control by
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mitophagy can have far-reaching effects for promoting longevity. Uro-
lithin A, a metabolite derived from digestion of pomegranate-enriched
ellagitannins by gut microbiota, has proven efficient in inducing
mitophagy (Ryu et al., 2016) and in promoting lifespan in worms,
improving muscle function in old worms and mice and reducing
inflammation and slowing down memory loss in AD mouse models
(Gong et al., 2019; Ryu et al., 2016). Oral consumption of urolithin A has
proven to be safe in humans and the treated individuals display a mo-
lecular imprint of better mitochondrial and cellular health (Andreux
et al,, 2019). The recently described stimulation of Nrf2-mediated
mitochondrial biogenesis by urolithin A (Singh et al., 2019) highlights
the potential of using urolithin A to preserve mitochondrial function
through coordinated disposal and replacement of this organelle. Acti-
nonin (Fang et al., 2019b) and doxycycline (Xing et al., 2017) are also
multi-effect small molecules that are able to induce mitophagy. Phar-
macological targeting of mitophagy components has also been recently
explored with compounds such as PMI that activates the transcriptional
factor Nrf2 to upregulate expression of the mitophagy receptor p62 (East
et al., 2014), or inhibitors of deubiquitinase enzymes such as USP30 to
enhance ubiquitin labeling of mitochondria by the PINK1/Parkin ma-
chinery and promote mitophagy (Nardin et al., 2016).

5.2.2. CMA activators

The promising effects of genetic restoration of CMA in old rodent
livers (Zhang and Cuervo, 2008) triggered the search for pharmaco-
logical activators of CMA (Table 1). Although CMA has been shown
upregulated secondary to exposure to agents that regulate glucose
metabolism or change with agents that block translation, those changes
on CMA are all secondary and lack selectivity (Finn et al., 2005).
Druggable CMA targets include AKT1, mTORC2 and PHLPP1, that act
coordinately at the lysosomal membrane in the regulation of CMA ac-
tivity. However, the numerous additional cellular functions of these
targets make them unsuitable as selective modulators of CMA. CMA is
also under the negative regulation of the retinoic acid receptor o
(RAR), for which pharmacological targeting is also possible. Although
chemical inhibition of RAR« for CMA activation faces the same issues of
selectivity, a screen for atypical RARa -modulating small molecules has
identified a subset of retinoid derivatives that only modulate a very
restricted part of the RARa-dependent transcriptional program
(Anguiano et al., 2013). Optimization of these molecules to acquire
drug-like properties for in vivo use has allowed to demonstrate their
ability to revert the functional decline of old mouse and human stem
cells (Dong et al., 2021) and to reduce neuronal and glial pathology in
mouse models of different tauopathies including AD (Bourdenx et al.,
2021). Besides the transcriptional upregulation of LAMP2A induced by
these novel small molecules, future interventions aiming at stabilizing
the preexisting levels of LAMP2A at the lysosomal membrane should
also be effective in preventing the age-dependent decline in CMA.

6. Concluding remarks: an exciting future ahead

Framing the study of aging into driving cellular and molecular
pathways (Lopez-Otin and Kroemer, 2021) was visionary and has
changed the aging research landscape. This pathway-oriented context
has allowed systematic validation of the contribution of these processes
to aging and testing of their potential value as geroprotective targets.
This exercise has highlighted autophagy as one of the central pathways
in the protection against the functional loss and increased vulnerability
to disease associated with aging. As reviewed in this work, autophagy
may exert this influential geroprotective effect by acting on several (if
not all) drivers of aging. This realization makes now very attractive the
possibility of targeting autophagy to prevent other drivers’
age-dependent effects. The often bidirectional interaction of autophagy
with the other hallmarks of aging also offers additional ways of
improving autophagy through targeting of those other pathways. Thus,
the fluidity and continuous reassessment of the hallmarks of aging
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should help to further understand interactions among these cellular
drivers. Future studies are necessary to determine the possible
tissue-dependence and hierarchic organization of this dual interplay of
autophagy with the other aging hallmarks, and to identify the molecular
players regulating the effect of autophagy on the other pathways and
vice versa. Special attention should also be placed on sex differences in
autophagy and their implication for those aging features and age-related
diseases with sexual dimorphism. In this respect, functional assays for
autophagy in multiple tissues should complement the still scarce infor-
mation available on sex differences mostly relying on steady state
measurements of autophagy.

The fact that many of the anti-aging interventions currently under
study have been shown to converge on autophagy, has provided mo-
mentum to the search for approaches to activate different autophagic
pathways in a more selective manner or even through complementary
mechanisms. A better understanding of the consequences of long-term
activation of autophagy is needed, especially in light of recent reports
describing detrimental effects of excessive activation of macro-
autophagy. This is less of a concern in interventions enhancing the
lysosomal or endosomal capability for CMA or eMI, where only sub-
strates primed for degradation by the chaperone will benefit from these
interventions. Future development of activators of selective types of
macroautophagy may also help overcome this problem. Combining
different autophagic strategies may mirror the benefits of compensatory
crosstalk between different proteolytic systems seen to some extent in
physiological aging. The challenge for combinatorial approaches resides
in finding complementary effective dosing, which may also vary among
individuals. Applying precision medicine to identify suitable drug-
pairing and artificial intelligence-based dosing strategies could expand
the feasibility of enhancing autophagy to promote longevity.
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