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Autophagy is a cellular recycling process by 

which various cellular materials, referred to as 

cargo, are degraded in acidic, hydrolase-filled 

lysosomes. Autophagy can be divided into at least 
three different types, depen ding on how the
intracellular cargo is delivered to lysosomes:
macroautophagy [1], microautophag y [2,3],  and  

chaperone-mediated autophagy (C MA, see abbre-

viation lis t) [4]. Macroautophagy (hereafter auto p-
hagy, Figure 1) is extensively studied in the 

context of genetic, pharmacological, and lifestyle 

factors relevant to human health, and is therefore
the focus in this review.

q This article is part of a special issue entitled: ‘Autophagy (2025)’
published in Journal of Molecular Biology.
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Abstract 

Several if not all manifestations of aging can be postponed by a healthy lifestyle involving a balanced diet 

coupled with regular exercise and sufficient sleep. Similarly, various genetic and pharmacological longev-

ity interventions can exert beneficial effects across species in a conserved manner, extending both lifes-

pan and healthspan. While all these interventions—ranging from genetic perturbations to pharmacological 

supplementation to lifestyle changes—affect diverse biological processes, a common candidate mecha-

nism underpinning at least some of their benefits is autophagy, a cellular recycling process essential for 

maintaining cellular homeostasis. In this review, we summarize how autophagy is affected by various 

pharmacological and lifestyle factors, with a focus on studies in which autophagy have been shown to play 

a causal role in promoting healthy aging. Specifically, we review the molecular mechanisms through which

pharmacological agents, dietary restriction, exercise, sleep adjustments, as well as temperature modula-

tion affect autophagy to extend lifespan and often also healthspan in model organisms and humans. Still,

major gaps remain in human research due to limited assays to monitor autophagy and the scarcity of lon-

gitudinal studies linking autophagy dynamics to health outcomes. Closing this gap is a key challenge in

converting discoveries from model organisms into interventions that consistently enhance healthy aging

in humans. By summarizing current findings and highlighting remaining uncertainties, this review aims

to provide a roadmap for translating insights on autophagy from model organisms into strategies to pro-

mote healthy aging in humans.

© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-

tivecommons.org/licenses/by-nc-nd/4.0/). 

Introduction 

Here we review literature in which autophagy (and 

CMA for a few relevant studies) has been shown to 

change and possibly causally promote healthy 

aging in response to different genetic longevity 

paradigms or lifestyle factors. Specifically, we 

summarize key studies that meet at least one of
three criteria: (1) the study investigates links
between lifestyle factors and autophagy in
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sections are organized by individual lifestyle 

factors. Each subsection integrates findings on 

longevity, autophagy modulation, and links 

between autophagy and aging, while noting 

remaining open questions. Notably, while causal 
evidence for autophagy’s role in aging comes from 

model organisms, human studies remain 

correlative or indirect. This emphasizes the need 

for rel iable, non-invasive measures of autophagy
in humans, and highlights the current knowledge
gaps that this review summarizes.
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Figure 1. Overview of the (macro)autophagy process. During autophagy, multiple autophagy-related proteins 

facilitate the formation of autophagosomes, sequestration of cargo to autophagosomes, fusion of autophagosomes 

with lysosomes and degradation of cargo. A. Initiation/nucleation step. The ULK1 complex (ULK1–ATG13–ATG101– 

FIP200) activates the class III PI3K complex (BECN1–ATG14–VPS15–VPS34) to generate PI3P on the nascent 

isolation membrane, recruiting PI3P-binding proteins such as WIPIs and ATG9-containing vesicles to promote 

membrane expansion. B. Elongation/ATG8 conjugation. Two ubiquitin-like conjugation systems mediate ATG8 

lipidation on the phagophore membrane. The ATG12–ATG5–ATG16L1 complex (E3-like) facilitates the covalent

attachment of ATG8 proteins to PE, driving membrane elongation and autophagosome formation. C. Cargo

sequestration. Autophagy receptors such as p62 recognize ubiquitinated cargo and link them to ATG8-conjugated

membranes, enabling selective autophagy. D. The completed autophagosome seals and subsequently fuses with a

lysosome, forming autolysosome. E. Degradation. Lysosomal hydrolases degrade the sequestered material and inner

autophagosomal membrane, releasing amino acids, lipids and sugars back to the cytosol for reuse.

humans; (2) the study reveals causal links between 

lifestyle factors and autophagy in model organisms 

(i.e., the budding yeast Saccharomyces cerevisiae, 
the nematode Caenorhabditis elegans, the fruit fly 

Drosophila melanogaster, the mouse Mus 

musculus or the rat Rattus norvegicus)  by  

conducting genetic or pharmacological 
manipulation of autophagy genes (knockdown, 
knockout or pharmacological treatment with 

autophagy activators/inhibitors); or (3) a 

correlational study links autophagy and lifestyle 

factors in the con text of aging in model organisms.
Studies from the third criterion, investigating
emerging links between autophagy and lifestyle
factors in aging, are summarized in Table 1. 
Given the breadth of the literature, the following
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Below, we first briefly summarize the molecular 
underpinnings of th e autophagy process
(Figure 1), then provide an overview of the various 

assays used in these studies to monitor 
autophagy in different model organisms
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(Figure 2), as well as review the evidence linking 

autophagy and aging in genetic longevity 

paradigms from these model organisms.
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The autophagy process at the molecular level

During the autophagy process, autophagy 

proteins (ATGs) regulate a complex, multi-step
process (Figure 1). At least five different steps are 

involved: (A) the initiation/nucleation step, in which 

a double-membrane sheet called the phagophore 

is formed; (B) the ATG8-conjugation step, in which 

ATG8 proteins are lipidated and conjugated to the 

phagophore membrane; (C) the cargo 

sequestration step, in which so called autophagy 

receptors bind to ATG8 proteins on the 

phagophore membrane while sequestering 

specific cargo; (D) the closure/fusion step, in 

which the autophagosome closes to form a 

double-membrane vesicle and fuses with the 

acidic, hydrolase-containing lysosome to form 

autolysosomes; and (E) the degradation step, in 

which autolysosomal cargo is degraded for 
subsequent reuse as building blocks in the cell.
Because the closure/fusion and degradation steps
are not specific to autophagy, i.e., they are shared
with other non-autophagic, intracellular pathways
such as endocytosis, we summarize the
autophagy-specific steps before closure/fusion
below.

Upstream regulators of autophagy initia-

tion. While basal levels of autophagy maintain
cellular homeostasis during normal conditions, it is 

often further induced by stressors that can 

damage cellular components. Decreased nutrient 
availability, particularly of amino acids and 

glucose, is a well-characterized stimulus 

regulating autophagy that is also linked to aging. 
Autophagy initiation is controlled by a complex 

network of signaling pathways that sense cellular 
energy and nutrient status. Among the key 

regulators are several conserved proteins that 
coordinate growth, metabolism, and stress 

responses. These include: (1) mTORC1: Under 
nutrient-rich conditions, the nutrient-sensing 

serine/threonine kinase mechanistic target of
rapamycin (mTOR) is activated and forms two
pro-growth protein complexes: mTOR complex 1
(mTORC1) and mTORC2. mTORC1 regulates cell
growth and metabolism, whereas mTORC2 is
involved in proliferation and cell survival [5]. 
mTORC1 is especially well-studied for its role in 

suppressing autophagy (Figure 1A). mTORC1di-
rectly phosphorylates key components of the autop-
hagy initiation complex (UNC-51-like kinase 1 

(ULK1) and ATG13), as well as the nucleation com-
plex (ATG14), thereby inhibiting the formations of 
these complexes. In contrast, mTORC1 is inhibited 

during nutrient deprivation, allowing these com -
plexes to become active and initiate autophagy.
(2) TFEB: The helix-loop-helix transcription factor

EB (TFEB) functions as a central transcriptional 
activator of autophagy and lysosomal biogenesis, 
promoting the transcription of numerous 

autophagy-related and lysosomal genes by binding 

to the coordinated lysosoma l expression and regu-
lation (CLEAR) motifs in their promoters [6]. 
mTORC1 phosphorylates and inhibits TFEB by 

sequestering it in the cytoplasm. Phosphorylated 

TFEB is thought to be targeted for degradation via 

the ubiquitin–proteasome system or retained in 

the cytoplasm through binding to 14-3-3 protein, 
wh ich masks its nuclear localization signal and
thereby prevents its transcriptional activity [6].  By  

contrast, inhibition of mTORC1 allows TFEB to 

translocate to the nucleus and act ivate the TFEB-
regulated gene network [6]. (3) AMPK: Another 
key autophagy regulator is AMP-activated protein 

kinase (AMPK), which is activated under low-
energy conditions such as starvation (Figure 1A) 
[7]. AMPK promotes autophagy by phosphorylating 

ULK1 and Beclin1 (BECN1), enhancing initiation 

and nucleation complex formation. It also indirectly 

activates autophagy by inhibiting mTORC1 through 

phosphorylation. (4) SIRT1: A further important reg-
ulator, also linked to aging, is the NAD+-dependent 
protein deacetylase sirtuin 1 (SIRT1). SIRT1 

expression increases during starvation and pro-
motes autophagy by deacetylating components of
ATG8-conjugation machinery such as ATG5,
ATG7 and ATG8, thereby facilitating autophago-
some formation [8]. 
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Initiation/nucleation step. 
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Autophagy initiation 

gins with the assembly of two key protein
mplexes (Figure 1A). The initiation complex, 
mposed of ULK1, ATG13, ATG101 and FAK 

mily-interacting protein of 200 kDa (FIP200), 
osphorylates downstream targets to promote 

tophagosome formation. One of its main roles is 

phosphorylate and activate the nucleation 

mplex, a class III phosphoinositide 3-kinase 

I3K) complex including BECN1, ATG14, 
cuolar protein sorting 15 (VPS15), and VPS34. 
e nucleation complex generates isolation 

embranes (or phagophore precursors), which 

rve as platforms for autophagosome formation 

, and the activity of the nucleation complex is 

htly regulated to prevent inappropriate autophagy 

tivation. BCL2, an anti-apoptotic protein, binds to 

ECN1/Beclin1 and inhibits the assembly of the 

cleation complex. Phosphorylation of BCL2 dis-
pts its interaction with BECN1/Beclin1, thereby 

ieving inhibition and promoting autophagy initia-
n. A key function of the nucleation complex is to 

nerate PI3-phosphate (PI3P) in the nascent iso-
ion membrane, which in turn recruits PI3P-
nding proteins such as WD-repeat protein inter-
ting with phosphoinositides (WIPIs). WIPIs help
pand the isolation membrane, facilitating its
owth into a mature phagophore, through interact-
g with the lipid-transfer protein ATG2 and with
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able 1 Studies linking autophagy and aging influenced by lifestyle factors.T

Lifestyle factors Key findings ausal/correlationalC Organisms References 

Pharmacology 

Rapamycin Atg1, Atg7 and Atg11 are req red for lifespan extension by pamycinui ra ? Yeast [20] 

Atg1 and Atg5 are required f lifespan extension by rapam inor yc ? Flies [21,22] 

Rapamycin treatment induces utophagy and reduces aging ssociated senesce t cellsa -a n ? Mice [151] 

Metformin Metformin treatment in late m 

autophagy in the hippocampu 

dle-aged animals improves c nitive function and nhancesid og e

s

? Mice [26] 

Metformin treatment in aged a 

liver and intestine 

mals reduces age-related infl mation and boost utophagy in theni am s a Rats [25] 

Spermidine Atg7 is required for lifespan e ension by spermidinext ? Yeast [27] 

bec-1/BECN1 is required for l span extension by spermidiife ne ? Worms [27] 

Atg7 is required for lifespan e ension by spermidinext ? Flies [27] 

Spermidine treatment induce 

fibrosis, and delays cardiac a 

utophagy, reduces aging-as ciated senescent c lls and livers a so e

ging. Atg5 is required for the delay of cardiac aging by spermidine

Mice [151–153] 

Spermidine treatment in T cell 

in autophagy 

and B cells from old individu suppresses age-d pendent declines als e Humans [154,155] 

Resveratrol bec-1/BECN1 is required for l span extension by resveratrife ol ? Worms [30] 

Resveratrol treatment prevent 

muscle and heart tissue 

aging-associated alterations nd autophagy decli in skeletals a ne Mice [31] 

Urolithin A bec-1/BECN1, vps-34, sqst-1/p pr uir 

extension by urolithin A 

62, dct-1/BNIP3, pink-1 and k-1/Parkin are req ed for lifespan ? Worms [35] 

Urolithin A treatment in middle-aged individuals improves muscle strength and exercise

performance, and upregulates mitophagy

Humans [36] 

Dietary restriction (DR)

Atg5, Atg7, Atg8, Atg15, Vam3/STX7, Vam7, and Vma7/ATG6V1F are required for lifespan

extension by DR

? Yeast [48] 

unc-51/Atg1/ULK1, bec-1/BECN1, vps-34, atg-7, and atg-18/WIPI2 are required for lifespan

extension by DR

? Worms [41,43,49,50] 

Atg1/ULK1 and Atg8a/GABARAP are required for lifespan extension by intermittent time-restricted

feeding (iTRF)

? Flies [51] 

Exercise 

unc-51/ULK1, epg-1/ATG13, bec-1/BECN1, let-512/VPS34, pink-1 and dct-1/BNIP3 are required for

lifespan extension by swimming

? Worms [79] 

Endurance exercise prevents age-related reductions in autophagy in skeletal muscle Mice [80] 

Age influences autophagy response in plasma after endurance exercise Humans [82] 

Sleep 

Atg1/ULK1 and Atg8a/GABARAP are required for lifespan extension by iTRF ? Flies [51] 

Sleep fragmentation disrupts autophagy in the brain and causes cognitive decline and

neurodegeneration-associated protein accumulation

Mice [102]



ATG9-containing vesicles; these are small, mobile 

membrane carriers are enriched in the transmem-
brane scramblase ATG9 and supply additional 
membrane and phospholipids to the isolation
membrane.
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Elongation & ATG8-conjug ation steps.

autolysosome, it is widely used as a marker of 

During 

the subsequent elongation step of the autophagy 

process, the growing double-membrane 

phagophore engulfs cytosolic material, referred to 

as cargo, eventually sealing to form a closed 

double-membrane vesicle, called an 

autophagosome. A key event in this process is the
conjugation of ATG8 proteins to membrane lipids
(Figure 1B), also called ATG8 lipidation, which 

facilitates cargo selection. In humans, ATG8 

family proteins are divided into two subfamilies: 
microtubule-associated proteins 1A/1B light chain 

3 (LC3) and gamma-aminobutyric acid type A 

receptor-associated proteins (GABARAPs). ATG8 

proteins are covalently conjugated to 

phosphatidylethanolamine (PE), a lipid enriched 

on phagophore membranes, through ubiquitin-like 

conjugation steps. These steps depend on two 

interconnected enzymatic systems: (1) the ATG8 

system, which includes ATG4 (a cysteine 

protease that primes ATG8 via cleaving off the 

ATG8 C-terminus), ATG7 (E1-like enzyme), and 

ATG3 (E2-like enzyme), directly lipidates ATG8, 
and (2) the ATG12 system, which includes 

ATG12, ATG5, and ATG16-like 1 (ATG16L1) in a 

complex, acts as an E3-like ligase, and targets the 

lipidation of ATG8 to the phagophore membrane. 
Nonlipidated ATG8, before its conjugation to PE, 
is referred to as ATG8-I, whereas lipidated ATG8 

is referred to as ATG8-II. Whi le ATG8-II on the
phagophore membrane is thought to facilitate its
elongation and maturation to an autophagosome,
the detailed molecular mechanisms remain
unclear. Because ATG8-II remains membrane-
bound until removed by ATG4 or degraded in the

autophagosome formation (see Section ‘Assays
used to monitor autophagy in different models’
below).

Cargo-sequestration step. 

proteins embedded in the membrane [10]. Through 

Following ATG8 

conjugation, proteins called autophagy receptors 

are recruited to the expan ding autophagosomal
membrane (Figure 1C) [9]. Autophagy receptors 

contain domains such as LC3-interacting region 

(LIR) motifs that enable them to bind to ATG8 family 

this interaction, autophagy receptors sequester 
specific intracellular targets (so-called cargo) to 

the autophagosome in a process known as selec-
tive autophagy. Multiple forms of selective autop-
hagy have been characterized, each targeting 

distinct cargo. For example, mitophagy targets
mitochondria, and lipophagy targets lipid droplets,
both of which are discussed further below (see Sec-
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igure 2. Experimental approaches to assess how 

Autophagy flux assays using lysosomal inhibitors (incl 

reased autophagosome formation and impaired degra 

ATG8-I ratio or p62/SQSTM1) or autophagosome numb

-sensitive and insensitive fluorophores can differen 

vironment of autolysosomes quenches pH-sensitive 

ensitive fluorophores such as mCherry. C. Causal testi 

mbining lifestyle interventions with genetic knockd 

odulation (autophagy activators or inhibitors) in model

tails.

style interventions modulate autophagy and aging.

ing Bafilomycin A1 and chloroquine) distinguish between

tion by quantifying autophagy protein levels (e.g., ATG8-

. B. Tandem ATG8 reporters tagged by a combination of

te autophagosomes from autolysosomes. The acidic

orophores such as GFP, while it does not affect pH-

of lifestyle–autophagy relationships can be performed by

n/knockout of autophagy genes or pharmacological

rganisms ranging from yeast to mammals. See text for

tio 

au 

re 

p6 

rol 
au 

ga 

ns ‘Urolithin A’ and ‘Temperature stress and 

tophagy’ below). Among known autophagy 

ceptors, sequestosome 1 (SQSTM1, also called 

2) is well characterized and is known to play a 

e in both mitophagy and aggreph agy (selective
tophagy targeting ubiquitinated protein aggre-
tes). Notably, p62 overexpression in simpler

6

organisms (sqst-1 in C. elegans and dp62/Ref(2)p 

in Drosophila) extends lifespan in association with 

increased autophagy, underscoring the functio nal
importance of this cargo sequestration step
[11,12]. Because of its association with autophago-
somes, p62 is often used as another autophago-
some marker in addition to ATG8-II (see



Section ‘Assays used to monitor autophagy in dif-
ferent models’ below).
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Assays used to monitor autophagy in different
models

Reliable measurement of autophagy is essential 
for interpreting how lifestyle factors modulate 

autophagy and influence aging. Because 

autophagy is a dynamic, multi-step process as 

outlined above, assessing its activity requires 

careful selection of assays that reflect no t only
static levels of autophagy-related proteins, but
also the flux of the pathway (Figure 2). Moreover, 
the feasibility of performing certain assays varies 

between model systems, making the 

methodological context critical for interpreting
experimental results.

used autophagy markers are the lipidated form of 
ATG8-II and the autophagy receptor p62. In both 

quantified by immunoblotting: an elevated ATG8-

As mentioned above, among the most widely 

cellular and animal models, these proteins can be 

II/ATG8-I protein ratio indicates increased 

autophagosome formation, and decreased p62 

protein levels reflect higher turnover of p62 by 

autophagy. Autophagosomes can also be 

visualized as ATG8 puncta by immunostaining or 
fluorescence microscopy of transgenic, 
fluorophore-tagged ATG8 (with GFP being the 

most common), when tissues or cells of interest 
are accessible. However, interpretation of these 

autophagy markers such as ATG8-II/ATG8-I ratio, 
ATG8 foci, and p62 protein levels, requires 

caution. An increase in protein levels or 
autophagosome number does not necessarily 

indicate autophagy upregulation: when lysosomal 
degradation is inhibited, i.e., turnover by 

autophagy is blocked, autophagy proteins and 

autophagosomal vesicles can accumulate. To 

resolve this ambiguity, autophagy flux assays are
used to assess the dynamic progression of the
process, specifically, the fusion of
autophagosomes with lysosomes and subsequent
degradation of autophagosomal contents, by
treating cells or animals with lysosomal inhibitors
that block lysosomal hydrolase activity or
lysosomal acidification, which is essential for
optimal hydrolase activity (Figure 2A) [13].  Com-
monly used lysosomal inhibitors are bafilomycin 

A1 (BafA1), which inhibits lysosomal acidification 

by blocking lysosomal V-ATPase activity, and 

chloroquine (CQ), whi ch is a weak base disrupting
lysosomal acidification [13]. When autophagy is 

active, such inhibition leads to accumulation of 
autophagy markers and cargo proteins, whi ch are
proteins degraded by autophagy (Figure 2Ai); when 

autophagy is already blocked, no further acc umula-
tion occurs (Figure 2Ai i). Flux assays are commonly 

used in cell culture, yeast, nematodes, and mice, 
and incre asingly in human studies, but are less

common in flies due to reported secondary effects 

of lysosomal inhibitors [14]. 
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tions, recent efforts, particularly in human research, 

assays to assess autophagy status [15] 

and  

. Through-

An alternative approach is the GFP-mCherry-
ATG8 tandem reporter, which takes advantage of 
GFP quenching in acidic lysosomes to distinguish 

autophagosomes (GFP+ mCherry+)
autolysosomes (mCherry+ only) (Figure 2B). This 

method is especially valuable in systems where 

pharmacological inhibition of lysosomes is not 
feasible and ar e used in cells, nematodes, flies,
and mice [13]. Because it requires genetic modifica-
tion to express fluorescently tagged proteins, it is 

not applicable to human studies. Given these limita-

have emphasized the need for robust, non-invasive 

out this review, we note the model sy stems used,
and the specific assays applied when interpreting
experimental findings.

Autophagy and aging in genetic longevity
paradigms

Autophagy plays key roles in cellular 
homeostasis, and consequently, it has been found 

to be tightly linked to many basic biological 
processes, inclu ding aging. Autophagy is
considered a hallmark of aging [16] since it fulfills 

the following three premises: (i) it declines over 
time, (ii) decreases in autophagy shorten lifespan, 
and (iii) increases in autophagy, by extrinsic inter-
ventions, delay aging.

the yeast S. cerevisiae and the nematode C. 
elegans, and the expression of several autophagy 

in C. elegans, perturbations in mice and other 
odel systems also confer an extended lifespan, 

The evidence for autophagy declining over time 

comes from multiple model organisms, including 

the reduction in lysosomal protease activity in both 

genes and their proteins levels decline in the fruit 
fly Drosophila, mice, and in select human tissues. 
Consistently, ti ssue-specific autophagy flux
analyses in C. elegans injected with autophagy
inhibitors at different time points show an age-
dependent decrease in activity (reviewed in [17]). 
S. cerevisiae, C. elegans,  and  Drosophila have 

been especially instrumental in defining different 
genetic pathways and extrinsic interventions that 
can extend lifespan, including reduced mTOR sig-
naling, red uced insulin/IGF-1 signaling, dietary
restriction, and germline loss [17]. While several of 
these paradigms were first shown to extend lifespan 

m 
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co 

mphasizing that these longevity paradigms are
nserved.
I 

pa 

ge 

ph 

lif 
str 
ha 

n each of these settings, combining the longevity 

radigm with inhibition of multiple autophagy 

nes, either by genetic mutation or 
armacological treatments, suppresses the
espan extension of the organism [17], making a 

ong genetic argument for the process of autop-
gy at least in part being functionally involved,



i.e., causal to the longer lifespan (Figure 2C). In 

addition, these longevity paradigms generally 

appear to boost autophagy, as shown by Atg8 

autopha gy markers in combination with flux assays
[17]. Moreover, activation of autophagy by genetic 

overexpression of individual autophagy-related 

genes such as the transcription factor HLH-30/ 
TFEB in C. elegans or pharmacological induction 

(see Section ‘Pharmacolog ical interventions’ below)
are sufficient to extend organismal lifespan [17]. 
Collectively, many molecular links have been estab-
lished between autophagy and aging, especially in 

simpler model organisms, supporting the view that
decreased autophagy is a hallmark of aging [18]. 
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Autophagy, aging and lifesty le factors

aging at the cellular and molecular level hold 

omises for achieving these goals. To this end, it 

Recent research highlights a growing interest in 

not just increasing lifespan but particularly in 

enhancing healthspan, an endeavor that seeks to 

improve the quality of life in later years with little to 

no functional decline or aging-related pathologies. 
Interventions targeting mechanisms that delay 

pr 
is 

i.e 

ca 

cu 

ph 

di 
te 

th 

hu 

ap 

tri 

of interest to understand how lifestyle factors, 
., beneficial changes to human living conditions, 
n improve healthspan. Below we summarize 

rrent evidence for a role of autophagy in the 

ysiological response to pharmacological agents,
etary restriction, exercise, sleep, and
mperature control in different model systems;
ese interventions may all be possible to do in
mans when such paradigms have been
propriately investigated in double-blind human
als.

Pharmacological interventions 
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Several small compounds or drugs have been 

und to extend lifespan in different organisms. 
hile the downstream molecular mechanisms are 

l under investigation for how such interventions 

ect lifespan and healthspan, induction of 
tophagy has been shown to be a common
lprit for several of these when tested, at least in
mpler model organisms (Figure 3, Table 1). 
ese small molecules include rapamycin, 
etformin, spermidine, resveratrol, NAD+ 

ecursors, and urolithin A, wh ich will be
scussed below.

Rapamycin. 

olated from a bacterium identified on the Pacific 

and Rapa Nui, has emerged as an impactful 
is 

Isl 
co 

ag 

Rapamycin, an mTOR inhibitor 

ce 

w 

pr 
re 

mpound for extending lifespan and modulating 

ing from yeast to rodents, as well as in human 

llular aging models. Its effects on autop hagy are
ell-documented, as it induces autophagic
ocesses by inhibiting mTORC1, a key negative
gulator of autophagy described above [17,19].  I  n

potential inhibition of mTORC2, which could nega-
ely impact metabolic processes and immune 

model organisms from yeast to mice (both males 

and females), rapamycin treatment has been 

shown to extend lifespan, enhance survival under
stress, and increase autophagy biomarkers [17]; 
however, methods of assessing autophagy flux to 

formally prove autophagy induction are still lacking. 
Autophagy mutants fed rapamycin do not show 

lifespan extension, as demonstrated in both yea st,
where Atg1, Atg11, and Atg7 are required for lifes-
pan extension [20] and in female flies (males not 
investigated), where Atg1 an d Atg5 are required
[21,22]. However, the chronic use of rapamycin in 

humans carries significant risks, particularly 

because of its immunosuppressive ef fects and

tiv
fu
for
es
im
le
ac
m
th

nction [1]. These limitations highlight the need 

careful consideration in therapeutic contexts, 
pecially in populations with compromised 

mune systems or metabolic disorders. Nonethe-
ss, the conserved longevity effects of rapamycin 

ross species suggest it could be a valuable phar-
acological tool in aging interventions, provided
at its application is closely monitored.
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Metformin. 

ere is no conclusive evidence for lifespan 

tension in humans at this point, other ongoing 
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Metformin, a widely used drug for 
anaging Type II diabetes in humans, also has 

tential pro-longevity effects in multiple 

ganisms, from yeast to mammals. Studies are 

going in primates and in humans (TAME, 
rgeting Aging with Metformin), and although

in
rat
im
au
mi
ha
ne
fa
im
tia
int
ca
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udies are testing for protective roles against
e-related diseases [23]. Metformin activates 

tophagy through multiple mechanisms, including 

tivation of AMPK, which is required for metformi n-
duced lifespan extension in C. elegans [24].  Met-
min has been demonstrated to boost autophagy 

tissues like the liver an d intestine in older male
s [25], and it has also been associated with 

proved cognitive function through enhanced 

tophagy in th e hippocampus of middle-agedmale
ce [26]. Direct tests of the requirement of autop-
gy genes in metformin-induced longevity are still 
eded. Unlike rapamycin, metformin has a more 

vorable safety profile for humans with fewer 
munosuppressive effects. This makes it a poten-
lly safer option for long-term use in human aging 

erventions. However, as with any pharmacologi-
l intervention, its effects may vary among individ-
ls, and car eful monitoring is needed to ensure its
ficacy and safety, particularly in older populations
those with pre-existing health conditions.

Spermidine. Spermidine, a naturally occurring 

po 

au 

m 

an 

so 

lyamine, has been shown to induce 

tophagy and promote longevity across 

ultiple species, including yeast, worms, flies, 
d mice (both males and females), as well as
me human immune cells [27]. The lifespan

move_f0015


extension observed in yeast and flies is depen-
dent on atg-7,  and  in  C. el egans it is dependent
on bec-1/BECN1 [27]. Spermidine activates 

autophagy, at least in part, by promoting hypusi-
nation of the eukaryotic translational initiation 

factor (eIF5A), a post-translational modification
essential for autophagy initiation [28]. In addition 

to its beneficial effects on both male and female 

lifespans, spermidine has been linked to a num-
ber of other physiological improvements, such as 

improv ed cardiovascular health and cognitive
function in male rodents [29]. While human trials 

have indicated a correlation between high dietary 

spermidine and improved mortality, more 

research is needed to understand if spermi dine
can promote human healthspan by boosting
autophagy [23]. 
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Figure 3. Autophagy as a potential driver to achieve healthy aging in different lifestyle interventions. 

Various lifestyle factors induce autophagy and have beneficial effects on healthspan and lifespan. See text and

Table 1 for causal and correlative links between lifestyle factors and autophagy.

Resveratrol. 

lifespan extensio n [30]. Resveratrol has been 

skeletal muscle and heart tissue in male mice sug-

Resveratrol, a plant phenol known 

for its activation of the sirtuin SIRT1, has garnered 

attention for its ability to extend lifespan in multiple
organisms, which is largely attributed to its ability
to induce autophagy [1].  In  C. elegans, resveratrol 
requires both sir-2.1/SIRT1 and bec-1/BECN1 for 

shown to attenuate aging-associated alterations in 

gesting a pro tective role against several age-
related diseases [31]. However, variability in lifes-
pan experiments in flies and rodents as well as in 

other human trials, combined with its limited 

bioavailability, are some of the practical cha llenges
associated with this compound as a human lifespan
intervention [31,32]. 

9

NAD+ precursors .

involved in various cellular processes, including 

ergy production, DNA repair, and the regulation 

Nicotinamide adenine 

dinucleotide (NAD+ ) is a critical coenzyme 

en 
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sirtuins, which are NAD+-dependent histone
acetylases that modulate autophagy [33]. 
creasing NAD+ levels through supplementation 

h precursors such as nicotinamide riboside 

R) and nicotinamide mononucleotide (NMN) acti-
tes autophagy and enhances mitochondrial func-
n in multiple organisms, offering pot ential
erapeutic benefits for aging and age-related dis-
ses [34].  NAD+ precursors can extend longevity 

d improve metabolic health in animal models, 
cluding male mice and C. elegans, although it 
mains to be directly tested if such lifespan exten-
ons are dependent on autophagy genes. Human 

nical trials with NR and NMN have shown promis-
g results, with improvements in kidney and cardio-
scular disease, as well as in hearing loss [23]. 
owever, the mechanism of action of NAD+ precur-
rs, remains to be fully investigated.

Urolithin A. 

ngevity in multiple model organisms. 
ecifically, in C. elegans and rodent models, 

de 
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Sp 
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Urolithin A is a gut metabolite 

rived from ellagic acid which is commonly 

esent in fruits like pomegranate, and it has 

ined attention for its ability to induce 

tophagy—a selective form of autophagy 

geting damaged mitochondria—and promote 

olithin A has been shown to improve
tochondrial function, increase muscle strength,

and extend lifespan [35,36]. Urolithin A has been



peutic potential in human aging. 

well studied in C. elegans, where its lifespan effects 

depend on multiple autophagy genes, including 

bec-1/BECN1, vps-34, the autophagy receptor 
sqst-1/p62, as we ll as the mitophagy genes dct-1/
BNIP3, pink-1 and prk-1/Parkin [35].  In  humans  

(both men and women of age 40–65 years), Uro-
lithin A has demonstrated improvements in mu scle
strength and possibly exercise performance [36– 

38], further supporting its role in enhancing physical 
health and function in aging individuals; however, 
the intersection with autophagy has yet to be 

directly explored. Urolithin A’s ability to specifically 

induce mitophagy, at least in simpler organisms, 
suggests its potential to target mitochondrial dys-
function, another key molecular mechanism of 
aging, making it a promising compound for age-
related disea ses such as frailty and neurodegener-
ation. However, more clinical trials are necessary to
better understand its long-term effects and thera-
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Dietary restriction (DR), defined as reduced 

trient intake without malnutrition, encompasses 

loric restriction (CR), which specifically refers to 

miting total calorie intake regardless of food type. 
this review, we use DR as the more inclusive 

m including restriction of one or more
mponents of macronutrients without reduction in
al caloric intake.

Dietary restriction and longevity.
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DR has been 

own to extend both lifespan and healthspan in 

mpler organisms like ye ast, nematodes, flies,
d rodents [39,40]. In these species, DR triggers 

ological pathways that lead to slower aging and 

creased longevity, including a reduction in oxida-
e stress and improvements in cellular protein 

meostasis and metabolic efficiency. These bene-
s are linked to several mechanisms including the 

hibi tion of the nutrient sensor mTOR, as well as
tivation of sirtuins and autophagy, as reviewed
low (Figure 3, Table 1). While direct evidence is 

l being explored in humans, studies suggest that 
oderate DR or intermittent fasting (IF, dietary reg-
ens characterized by cycles of alternating periods 

eating and fasting) ma y improve metabolic health
d reduce insulin sensitivity and inflammation
9,40]. These changes by DR or IF ultimately can 

ad to physiological improvements at the organ 

and organismal level, including reduced muscle
wasting (sarcopenia) [39,40]. Though the exact 
impact on human lifespan remains uncertain, DR 

appears to contribute to at a minimum to a better 
healthspan by potentially reducing the risk of 
chronic diseases like diabetes, heart disease, and
neurodegenerative conditions [39]. 

Dietary restriction and autophagy. Studies in 

multiple organisms from yeast to male rats have 

shown that DR ge nerally induces markers of the

dependent organismal death in C. elegans [47]. 

autophagy process, including increased numbers 

of autophagosomes as assessed by electron 

microscopy (EM) an d Atg8 and/or lysosomal
reporters [40–43]. Human skeletal muscle (predom-
inantly analyzed in 50-year-old men) also shows 

an increase in several autophagy genes, including 

BECN1 and LC3B/ATG8, by 30% CR diet for 3–
15 years [44], consistent with an induction of autop-
hagy. Beyond the inhibition of mTOR, the down-
stream mechanisms employed by mTOR and 

possibly AMPK via DR are still to be elucidated, 
but they may involve several transcription factors 

including HLH-30/TFEB, as observed in dietary-
restricted C. elegans and mice (both males and
females) [45]. However, while the moderate autop-
hagy induction resulting from most dietary regimens 

is beneficial, excessive autophagy due to prolonged
or extreme DR can be harmful [40,46], as overacti-
vation of starvation signal lead s to autophagy-
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Links between autophagy and aging during diet-

ary restriction. Direct lin ks between autophagy

tions, particularly intermittent time-restricted 

genes and their role in DR-induced longevity have 

been firmly established using genetic mutants of 
autophagy genes in yeast (Atg7, Atg5, Atg8,
Vam3/Syntaxin 7 (STX7), Vam7, Vma7/
ATG6V1F, and Atg15) [48],  and  in  C. elegans 

(unc-51/Atg1/ULK1, bec-1/BECN1, vps-34, atg-7,
and atg-18/WIPI2) [41,43,49,50], where autophagy 

mutants do not show a lifespan extension when 

subjected to DR. In addition to the standard DR pro-
tocol in which food intake is restricted, IF interven-
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eding (iTRF) protocols, have shown that circadian
gulation of autophagy is critical for DR to extend
espan in Drosophila [51]. An iTRF protocol with 

night-biased iTRF extends lifespan in both male 

d female flies, while a day-biased iTRF does 

t. Importantly, the night-biased iTRF protocol that 
rmally extends lifespan in wild-type female flies 

ales not tested) fails to do so upon knockdown 

Atg1/ULK1 and Atg8a/GABARAP. This suggests 

at aligning feeding windows with circadian 

ythms can optimize the beneficial effects of 
tophagy on metabolic health (see 

ction ‘Sleep’). In humans, early time-restricted 

eding (eTRF) has been linked to enhanced au top-
gy, but it also improved glucose levels and opti-
al regulation of circadian clock markers, all of
hich contribute to health benefits like reduced
flammation and improved metabolic profiles [52]. 
hile strong correlative evidence exists, it remains 

be directly tested if the beneficial effects of DR in 

mans are me diated, at least in part, by an
hancement of autophagy.
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m 

Additionally, the impact of DR on autophagy is not 
mited to (macro)autophagy but also extends to
aperone-mediated autophagy (CMA) [4]. Briefly, 
CMA, soluble proteins containing KFERQ-like 

otifs (i.e., a five amino acid motif) are recognized



by 

pr 
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Th 
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a cytosolic chaperone called heat-shock cognate 

otein of 71 kDa (HSC70) and its co-chaperones. 
SC70 delivers cargo directly to the lysosomal 
embrane via interaction with lysosomal-
sociated membrane protein type 2A (LAMP2A). 
us, HSC70 and LAMP2A are used as markers 

CMA. In a recent study in male rodents (mice 

d rats), Jafari et al. (2024) demonstrated that 
CR and CR ‘mimetics’ (CRMs) including spermidine
activate CMA by stabilizing LAMP2A at the lyso-
some membrane, likely enhancing the degradation
of dysfunctional proteins [53]. Importantly, benefi-
cial effects of CRMs on aged mouse livers were 

diminished by Lamp2a knockout [53], suggesting 

that CMA is required for these benefits. This com-
prehensive modulation of different types of autop-
hagy by DR highlights the multifaceted roles of 
autophagy in DR and IF interventions, making them 

promising strategies for aging interventions and
healthspan extension in humans.
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Exercise 

Exercise refers to physical activity performed to 

improve or maintain fitness and can be broadly 

categorized into two main types: endurance 

(aerobic) exercise, such as running or swimming, 
which involves repetitive, cyclical movements that 
primarily enhance cardiovascular function and 

metabolic adaptations in muscle; and resistance 

(strength) exercise, such as wei ght training, which
involves working against an external load and
primarily promotes increases in muscle mass and
strength [54]. 

Exercise and longevity.

hagy (Figure 3, Table 1), not only in muscle but also 

other tissues. Additionally, systemic effects may 

Regular physical activity 

is one of the most potent lifestyle factors for 
promoting longevity and healthspan across 

species. Exercise paradigms differ by org anismal
context: in C. elegans, swimming in liquid culture
induces endurance-like activity [55,56];  in  Droso-
phila, repeated upward walking through negative 

geotaxis behavior models endurance exercise
[57]; and in rodents (mice and rats), treadmill run-
ning is widely used to simulate endurance training
[58–60]. In humans, both endurance and resistance 

exercise consistently associates with reduc ed mor-
bidity and mortality [61]. Exercise mitigates aging-
related physiological decline by improving car dio-
vascular health [62], enhancing mitochondrial fu nc-
tion [55,56,63,64], maintaining muscle mass [65], 
and reducing inflammation [59,66,67]. These bene-
fits are mediated through key regul ators such as
AMPK [38,64] and sirtuin s [68–70] as well as autop-
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driven by exerkines, bioactive molecules 

creted from multiple s organs during exercise
1]. Given the broad, systemic benefit of exercise, 
ucidating the molecular mechanisms underlying 

ese effects could inform therapeu tic strategies to
omote healthy aging.
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Exercise and autophagy. Accumulating 

evidence shows that exercise can induce 

autophagy. Most studies linking exercise to 

autophagy have focused on endurance protocols. 
In male mice, acute endurance exercise increased 

the number of GFP-LC3B autophagosomes and 

increased LC3-II/LC3-I ratio al ong with AMPK
activation and reduced p62 protein levels in
skeletal and cardiac muscle [72], indicating 

enhanced autophagy. Notably, in the same study, 
male mice with impaired autophagy regulation 

(Bcl2AAA and Becn1+/ mice) reduced muscle glu-
cose uptake and maximal running distance, sug-
gesting a contribution of autophagy to glucose 

metabolism and exercise performance, although 

other BCL2-related functions may also play a role. 
Moreover, acu te endurance exercise also induced
autophagy in non-muscle tissues including the
brain, indicating a systemic response.

some exercise benefits in individuals unable to per-
form physical activity. 

One potential mechanism for this systemic effect 
is inter-tissue communication via circulating factors. 
In a follow-up study, serum from exercised mice 

(both males and females) increased autophagy 

flux in cultured human cells, as measured by the 

number of GFP-LC3B positive autophagosomes in
the presence of the lysosomal inhibitor CQ,
pointing to systemic autophagy-modulating factors
in serum by exercise [73]. In the same study, fibro-
nectin 1 (FN1), an extracellular matrix protein, was 

identified as a major serum factor enriched post-
exercise. Tissue-specific knockout of FN1 and its 

receptor showed that FN1 secreted from muscle 

acts as an inter-tissue autophagy inducer, at least 
in liver. Whether FN1 also contributes to autophagy 

activation in other tissues such as the brain, and 

what downstream pathways mediate it s effects,
remain to be determined. If conserved in humans,
modulating muscle-derived secretory factors such
as FN1 may offer therapeutic avenues to replicate

Beyond acute exercise, chronic endurance 

training has also been shown to modulate 

autophagy. In mice (males), regular voluntary 

endurance exercise increased expression of 
autophagy proteins (LC3A/B-II, AT G7, Beclin1)
and reduced p62 protein levels in skeletal muscle
[74], indicating enhanced basal autophagy. These 

adaptations, along with improved maximal running 

distance, were diminished in Becn1+/ male mice, 
supporting a role for autophagy in mediating exer-
cise benefits. Overall, exercise-induced au tophagy
has been shown to be required for some benefits
conferred by exercise.

Exercise and CASA. While many studies linking 

exercise to autophagy have focused on 

endurance training, emerging evidence points to 

resistance exercise engaging a specialized, 
mechanosensitiv e form of selective autophagy in
human skeletal muscle [13,75]. This mechanosen-



combining endurance exercise and resistance exer-

sitive autophagy pathway, called the chaperone-
assisted selective autophagy (CASA), involves 

specific protein complexes that appear to mediate 

selective autophagic turnover of force-be aring,
cytoskeletal components such as filamins under
mechanical stress [75]. CASA requires a ternary 

complex of BCL2-associated athanogene 3 

(BAG3), heat shock protein family A (HSPA) includ-
ing HSC70 and heat shock protein family B member 
8 (HSPB8). Even though HSC70 functions in 

CASA, CASA is me diated by autophagosome and
considered not to require KFERQ motifs for their
cargo [4]. By observing changes in protein and tran-
scription levels of these CASA-related proteins and 

their colocalization with LC3B, human thigh muscle 

biopsies (from 25 to 32-year-old me n) showed
CASA induction after resistance exercise by leg
extension [76]. In the same study, CASA activation 

by regular resistance exercise was also shown, with 

stronger activation by progressive-load training 

than constant-load training. The mechanism of 
CASA induced by resistance exercise has been
investigated in some detail [77]. Specifically, 
BAG3 dephosphorylation appears critical for CASA 

complex assembly in human thigh muscle biopsies 

(from mainly men in their late 20 s) after resistance 

exercise. In the same study, BAG3 phosphorylation 

status affected its interaction with RAB GTPases, 
which specifically regulated CASA flux measured 

by a lysosomal inhibitor BafA1 in rat smooth muscle 

cell cultures. Collectively, these studies describe an 

exercise-responsive, chaperone-dependent form of 
selective autophagy in human muscle that ma y
serve to preserve cytoskeletal integrity under
mechanical strain. Because CASA seems to be reg-
ulated in parallel to other autophagy pathways
known to be activated by endurance exercise [77], 

cise may yield additive benefits for ove rall health.
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Links between autophagy and aging during 

exercise. Exercise has be en shown to counteract

fluorophore-tagged LGG-1/Atg8 reporters 

age-related declines in autophagy, though the 

causal links to longevity remain underexplored in 

mammals. In C. elegans, both acute and regular 
endurance exercise by swimming attenuate age-
related decreases in autophagy, with 

autop hagosome numbers assessed by
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eprinted in [78]). Importantly, a causal require-
ent for autophagy in exercise-induced benefits 

s been demonstrated in C. elegans: swimming-
duced extensions of lifespan and healthspan— 

sessed by age-dependent declines in pharyngeal 
mping and body thrashing—were abolished by 

NAi knockdown of cor e autophagy genes, includ-
g unc-51/ULK1, epg-1/ATG13, bec-1/BECN1,
d let-512/VPS34 [79]. In addition, RNAi against 
tophagy regulators pink-1 and dct-1/BNIP3 simi-
ly suppressed exerc ise-dependent lifespan
tension [79], indicating that selective aut ophagy

than oxidative type I fibers in you ng male mice
1]. Thus, age-related autophagy response to 

is key to the pro-longevity effects of exercise in C. 
elegans. Similarly, regular endurance exercise in 

old mice (male) prevented age-related reduct ions
of autophagy proteins (LC3B-II, ATG7 and BECN1)
in skeletal muscle [80]. Interestingly, the autophagy 

response varied across muscle fiber types: endur-
ance exercise preserved autophagy more effec-
tively in type II (fast-twitch, glycolytic) fibers than 

in mixed fibers (fast- and slow-twitch), consistent 
with a previo us study showing that type II fibers
respond better to starvation-induced autophagy
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ercise may be specific to muscle fiber types. In 

mans (males), age appears to influence 

tophagy-relat ed proteins in plasma after endur-
ce exercise (men in early 20 s vs. early 70 s)
2]. Plasma from younger individuals showed 

creased BECN2 protein levels, but no change in 

otein levels of ULK1, p62 and LC3B-II after exer-
e. On the other hand, plasma from older individ-
ls showed increased LC3B-II protein levels 

hout changes in the other markers after exercise. 
hough these studies relied on static protein mea-
rements rather than direct autophagy flux assays, 
ey collectively suggest potentially conserved, 
e-dependent alterations of autophagy activation 

exercise across species, including hum ans. Of
te, an ongoing clinical study (PROFASTA trial)
ms to clarify how exercise influences autophagy
x across age groups in healthy humans, particu-
ly in combination with fasting [83]. Such work, 

alongside mechanistic animal studies, will be 

essential to define the role of exercise-induced 

autophagy in healthy aging and to determine 

whether ta rgeted modulation of this pathway can
extend healthspan.
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Sleep 

Sleep is a fundamental biological process that 
allows the body and mind to rest, recover, and 

maintain overall health. It is closely regulated by 

the circadian rhythm, the body’s internal clock that 
aligns sleep–wake patterns with the day–night 
cycle. Disrupted or in sufficient sleep, or
misalignment of this rhythm, can impair restoration
and cognitive functioning.

Sleep and longevity. Sleep quality and duration 

decline with age, and disrupted sleep is str ongly
associated with aging [84]. Sleep contributes to 

healthy aging by maintaining brain and systemic 

homeostasis through processes such as DNA 

repair, neurodevelopment, and immune regulation
[85,86]. At the molecular level, sleep deprivation 

reduces sirtuin activity (e.g., SIRT1) [87] and acti-
vates Toll signaling [88,89], both of which influence 

cellular maintenance and immune responses. The 

regulation of sleep is tightly intertwined with circa-
dian rhythms, which coordinate daily oscillations in



[90]. Many longevity-related pathways, including 

insulin/IGF-1 signaling (protein kinase B and fork-

metabolism, hormone secretion, an d cellular pro-
cesses across tissues [90]. Disruption of circadian 

rhythms, through irregular sleep, feeding, or light 
exposure, has been shown to accelerate aging 

head box prote in O1), mTOR, and AMPK, are under
circadian control [91–93], and circadian misalign-
ment can dysregulate autophagy (Table 1) [94]. 
Thus, maintaining regular sleep and meal timing 

may promote healthy aging by stabilizing circadian 

rhyth ms and supporting cellular homeostasis.
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Sleep and autophagy. Sleep plays an essential 
role in brain waste clearance [94–96]. In particular, 
sleep is linked to the glymphatic system, which 

removes extracellular waste from the brain [94]. 
Recently, slow vasomotion, the rhythmic contrac-
tion and relaxation of cerebral blood vessel walls, 
was identified as a key driver of cerebrospinal fluid 

flow during the sleep, facilitating glymphatic waste
clearance [97]. However, how intracellular waste 

is cleared during sleep remains unclear. As a major 
mechanism for maintaining proteostasis, autop-
ha gy may contribute to these restorative effects
[94]. While autophagy dysregulation in various brain 

regions by sleep disruption has been tested in mice
[98,99], mechanistic links remain incomplete. 
Genetic evidence from Drosophila provid es more
direct insight [100]. In Bedont et al., sleep-
deprived female Drosophila (Aus mutants) showed 

suppressed autophagy in the brain. Specifically, 
Aus short-sleeping mutants accumulated GFP-
mCherry-Atg8a/LC3 autophagosomes (GFP+ 

mCherry+ ) and reduced autolysosomes (mCherry+ 

only) in the brain, consistent with a block in 

autophagosome degradation. In wild-type female 

flies, knockdown of autophagy genes Atg1/ULK1 

and Atg8b/GABARAP lengthened sleep. By com-
bining mechanical sleep deprivation, chemical 
sleep induction, and temporal analysis of 
autophagosomes, Bedont et al., demonstrated that 
autophagosome number in the brain is negatively 

correlated with sleep length. Together, these find-
ings suggest that increased autophagosome accu-
mulation in the brain may prolong sleep, possibly
because additional time is needed to complete
autophagosome degradation during sleep. This
raises the possibility that, at least in Drosophila,
autophagy dynamics may help set sleep/wake
timing.

study examined effects of sleep deprivation on 

40-year-old men) slept only 4 h per night for 5 con-

The effects of sleep on autophagy in huma ns
remain largely unexplored, but a recent human

autophagy [101]. In this study, participants (18– 

secutive days, and autophagy levels were mea-
sured from thigh muscle biopsies. No significant 
changes were detected in p62 mRNA or LC3B-II/I 
protein levels in thigh muscle biopsies, although
the sample size was small (n = 8 per condition), lim-

and larger human studies are needed to clarify 

w sleep and sleep deprivation influence autop-

iting statistical power, and this pilot study did not 
detect me asurable effects. Clearly, more rigorous

ho
hagy in humans.
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Links between autophagy and aging during 

eep. Chronic sleep di sruption may impair
au 

pa 

ter 
yo 

re 

ne 

th 

tophagy and contribute to aging-related 

thologies such as neurodegeneration. Long-
m sleep fragmentation disrupted autophagy in 

ung male mouse brains, producin g phenotypes
miniscent of aging-associated
urodegenerative disease [102]. Specifically, in 

e cortex from sleep-fragmented male mice, the 

levels of autophagy proteins LC3B and Beclin1 

were increased, and EM revealed enlarged lyso-
somes. Furthermore, in the same study, sleep-
fragmented male mice displayed cognitive decline 

and amyloid-b accumulation in the cortex and hip-
pocampus, a hallmark of Alzheimer’s disease. 
These findings suggest that persistent sleep distur-
bance dysregulates autophagy and may accelerate
brain aging and neurodegeneration.

ULK1 and Atg8a/GABARAP)  in  female  Drosophila. 

One potential mechanism linking sleep, 
autophagy, and aging is circadian regulation, 
which has bidirectional relationship with sleep: 
sleep timing and quality are regulated by the
circadian system, while sleep itself helps maintain
circadian rhythmicity [90]. A recent study directly 

showed a link between autophagy and the circadian 

clock to modulate aging in Drosophila [51]. Longev-
ity conferred by iTRF (see Section ‘Exercise’ Diet-
ary restriction) required both an intact circadian 

clock (Period and Timeless) and autophagy (Atg1/ 

Importantly, this lifespan extension was indepen-
dent of caloric restriction, suggesting that circadian 

regulation of autophagy many promote longevity
through mechanisms distinct from those of CR
and CRMs [1] discussed above. In addition to 

autophagy, CMA has been linked to circadian 

rhythm and aging in male mice [103].  Loss  of  

CMA via a Lamp2a knockout disrupted circadian 

rhythms in young mice, producing molecular and 

behavioral profiles resembling those of aged wild-
type male mice. These findings suggest that CMA 

helps preserve circadian function and may thereby 

delay age-associated circadian dysregulation. 
Whether similar mechanisms operate in humans 

remains unknown, but maintaini ng circadian health
through regular sleep patterns may be a practical
lifestyle strategy to promote autophagy and healthy
aging (Figure 3). 

Temperature s tress

outside its optimal range. As a fundamental 

Temperature stress refers to the physiological 
and cellular responses that occur when an
organism encounters environmental temperatures



environmental factor, temperature influences a 

number of metabolic activities and stress signaling 

that help maintain cellular homeostasis.
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Temperature stress and longevity. Temperature 

is a well-established environmental factor 
influencing lifespan across species [104]. In poikilo-
therms like C. elegans and Drosophila, whose body 

temperature depends on the outside temperature, 
lifespan dec reases as ambient temperature
increases [105–107]. In homeotherms like mam-
mals and humans, which regulate their own temper-
ature, a lower core body temperature is sim ilarly
associated with increased longevity [108–110].  This  

effect was traditionally attributed to passive thermo-
dynamic slowing of biochemical reactions. How-
ever, short-term, mild environmental stressors, 
such as heat or oxidative stress, trigger adaptive 

responses that en hance cellular repair and stress
resistance, a phenomenon termed hormesis [111]. 
Hormetic heat shock has been shown to extend 

lifespan in simple organism s such as C. elegans
(30°C) [112] and Drosophila (36°C) [113],  with  ben-
eficial effects reported in humans (in middle-aged, 
42–61-year-old males by sauna bathing with 80– 

100°C at the level of the bather’s head), including 

improvements in cardiovascular health and possi-
ble reductions in mortality risk [114]. While hormetic 

heat stress has been extensively studied, hormetic 

cold exposure, for example via cold showers and
baths, also provides health benefits [115]. Because 

heat and cold exposure can be applied without 
intensive physical activity (e.g., sauna, bathing or 
cold showers), these treatments are gaining atten-
tion as accessible therapies promoting healthy
human aging [115,116]. 

Temperature stress and autophagy. Te mpera-

tion with temperature (15–40°C), and this process 

is partially blocked by a lysosomal inhibitor propy-
mine, implicating a role for autophagy [118].  Sim-

ture shifts can denature proteins and disrupt 
mRNA translation inside the cell, necessitating 

autophagy to remove damaged or misfolded 

proteins. Accordingly, increased autophagy may
mediate some beneficial effects of temperature
stress (Figure 3, Table 1). Studies in mammalian 

cell cultures demonstrate that acute heat stress 

(39–47°C) modulates autophagy [117]. For exam-
ple, protein degradation in hepatocytes from male 

rats (age not mentioned) shows a positive correla-

la 

ila 

hu 

ki 
th 

E6 

str 
fer 
tei 
Ba 

re 

rly, heat stress (43°C) increases autophagy flux in 

man cervical cancer cells and human embryonic 

dney cel ls, measured by LC3-II protein levels in
e presence of lysosomal protease inhibitors
4d and pepstatin A [119,120]. In contrast, heat 
ess (40°C) reduced autophagy flux in mouse dif-
entiated myotubes, assessed by LC3A/B-II pro-
n levels wi th or without the lysosomal inhibitor
fA1 [121]. These results suggest that autophagy 

sponse to heat stress ma y be cell type-specific.
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Cold stress (4°C) has also been shown to induce 

autophagy, particularly in mice [122–124].  Many  

studies focus on brown adipose tissue (BAT), a 

key regulator of thermogenesis in mammals, which 

maintains core body temperature by breaking down
lipids from the liver during cold exposure [125,126]. 
Cold shock increases the LC3B-II protein level in 

BAT from young mice (sex not menti oned), an
effect absent in Atg5DBAT mice [122].  It  also  

enhances autophagy flux in BAT (from young 

males), as shown by LC3B and p62 le vels in the
presence of a lysosomal inhibitor CQ [123].  In  

another study, cold exposure elevated autophagy 

flux in BAT and liver (from both young males and 

young females), as measured by LC3B-II protein 

level with or without the lysosomal protease inhibitor
leupeptin [124]. Notably, Atg5DBAT mice [122] and 

Becn1+/ male mice [123], as well as wild-type mice 

treated with the lysosomal inhibitor CQ, displayed 

lower body temperature after cold stress [123], sug-
gesting that autophagy activation in BAT is required 

for effective therm ogenesis, at least in rodents.
A potential mechanism by which autophagy may 

regulate thermogenesis after cold exposure in 

BAT is lipid degradation by lipophagy. Cold stress 

promotes LC3B accumulation on lipid droplets 

(LDs) in BAT of mice (both males and females 

ag ed 5–6 months), whereas Atg7DBAT mice lacked
this response and showed bigger and more LDs
[124], supporting the notion that cold exposure 

induces lipophagy. Cold stress also elevated autop-
hagy flux in the hypothalamus, as indicated by 

increased LC3B-II protein levels in the presence 

of the lysosomal protease inhibitor leupeptin. Fur-
thermore, administration of the mTOR inhibitor 
rapamycin to the hypothalamus was sufficient to 

induce autophagy flux and decrease LDs in BAT 

without cold exposure. Therefore, the study by 

Martinez-Lopez et al. suggests that hypothalamic 

activation of autophagy regulates peripheral lipo-
phagy. Importantly, this hypothalamic activation of 
BAT lipophagy is abolished by denervation of 
BAT, demonstrating that neuronal signaling is
important for this inter-tissue regulation of lipophagy
under cold stress in mice. However, detailed mech-
anisms linking hypothalamic signaling, BAT autop-
hagy, thermogenesis, and aging remain to be
elucidated, including in humans.

Links between autophagy and aging during tem-

perature stress. Direct genetic evidence links

in the presence of the lysosomal inhibitor BafA1 

down of autophagy genes (unc-51/ULK1, bec-1/ 

autophagy to heat stress-induced longevity in C. 
elegans. Short-term heat stress (36°C) is hermetic 

and extends lifespan in C. elegans and increases
autophagy flux across tissues, as measured by
GFP::LGG-1/GABARAP autophagosome numbers

[127]. This longevity effect is abolished by knock-

BECN1 and lgg-1/GABARAP), indicating that 
autophagy is required for the health benefit of heat



stress [127]. In particular, C. elegans animals lack-
ing the autophagy receptor sqst-1/p62 failed to exhi-
bit both lifespan extension and autophagy induction
after heat shock [11]. Although the mechanism by 

which SQST-1/p62 promotes autophagy under heat 
shock remains unknown, these findings demon-
strate that, at least in C. elegans, autophagic 

machinery is essential for the longevity effects of
hormetic heat stress.
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The autophagy response to heat stress appears to 

change with age in mammals. EM revealed that heat 
stress (41°C) increases autophagosome numbers in 

male rat hepa tocytes, with a stronger effect in older
male rats [128].While autophagyfluxwasnot directly 

measured, this accumulation in older ratsmay reflect 
increased autophagosome formation coupled with 

impaired degradation. Similarly in humans, warm 

bathing (40°C) increases plasma p62 levels i n older
but not in younger men [82], consistent with reduced 

autophagosome clearance in aging. However, no 

significant changes were observed in other autop-
hagy markers (LC3B-II/LC3-I ratio, LC3B-II, ULK1, 
or Beclin2 protein levels) in either age group, sug-
gesting that heat exposure may not engage the full 
autophagy machinery. Whether regular heat exp o-
sure earlier in life can mitigate this apparent age-
related decline remains unknown.
Cold stress also shows age-dependent 

differences in autophagy in men [129]. Specifically, 
moderate cold bathing (0.5°C decrease in core 

body temperature) increased LC3B-II protein level 
in peripheral blood mononuclear cells (PBMCs) of 
young men (20 s) but not older men (60 s). Older 
participants showed lower LC3B-II/LC3-I ratio after 
high cold stress and higher p62 protein levels after 
both moderate and high cold stresses in PBMC, 
whereas young men did not exhibit these changes. 
These results from King et al. suggest an age-
related impairment in cold-induced autophagy, 
which may limit the health benefits of cold exposure 

in older adults. Determining whether this decline 

affects the health benefits of cold exposure will 
require longitudinal studies in humans, ideally com-
bined with mechanistic work in model systems or 
cell cultures to establish causality. If validated, such 

findings could inform personalized lifestyle strate-
gies: younger individuals might achieve optimal 
benefits from cold the rapy alone, whereas older
adults may require combined approaches, such as
cold exposure paired with pharmacological or diet-
ary interventions that enhance autophagy. Ulti-
mately, understanding these age-dependent
responses could inform safe, tailored use of sauna,
thermal therapy, or cold bathing as accessible inter-
ventions to promote healthy aging.

Conclusions and future prospects

Autophagy is a central mediator of healthspa n
across species [16], yet its precise role in humans 

remains incompletely defi ned. As reviewed here,

across interventions ranging from diet and exercise 

to sleep and temperature, autophagy emerges as a 

conserved mechanism linking lifestyle fa ctors to
cellular and organismal homeostasis (Figure 3). 
Despite these many exciting links, significant gaps 

remain, including in understanding how lifestyle 

factors-induced autophagy differs across age and 

sex groups and how these differences influence 

overall outcom es, a key question when considering
potential translational value to humans.
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Several limitations must be addressed to fully 

realize the therapeutic potential of autophagy 

modulation by lifestyle factors. A particularly 

important unmet need is the development of 
rob ust, non-invasive assays to measure
autophagic flux in vivo in humans [15,130].  Most  

human studies still rely on indirect or static read-
outs, which cannot capture dynamic flux and may 

confound interpretations. Some progress has been 

made toward direct flux measurements in human 

samples. One approach measures autophagy flux 

in peripheral blood mononuclear cells (PBMCs) by 

treating freshly drawn blood wi th lysosomal inhibi-
tors such as CQ, isolating PBMC populations, and
quantifying autophagy-related markers like LC3B-
II [131]. This method, analyzing overall PBMC pop-
ulations, has been applied to studies of aging [132] 
and DR (specifically, iTRF) in overweight individuals 

(middle-aged to old, both males and females) [133]. 
These studies reported notable findings, including 

increased autophagy fluxwith iTRF [133] and a pos-
itive correlation between autophagy flux and age, 
indicating higher autoph agy in older individuals
[132]. However, several limitations remain. Consid-
erable inter-individual variability in flux measure-
ments suggests that large sample sizes are 

needed for robust conclusions. One contributor to 

this variability is the he terogenous composition of
PBMC populations between human individuals
[134]. Indeed, isolating specific PBMC subsets, 
such as CD4+ T-cells, has revealed cell-type speci-
fic differences in autophagy [135] and yielded more 

consistent results, including increased flux upon 

activation in offspring of centenarians [136] and a 

positive correlation between age an d autophagy
flux [135,137], consistent with the findings from 

overall PBMC popula tions by Bensalem et al
[132]. The increase in autophagy with age in certain 

PBMC populations is notable considering the gen-
eral trend of a decline in autophagy with age, and 

may reflect cell-type specific autophagy changes 

du ring aging or a reactive autophagy response to
age-related cellular damage [138]. As autophagy 

flux in PBMCs may not accurately reflect autophagy 

status in other tissues, future studies examining 

autophagy activity across different human tissues 

will be important for a more complete understanding 

of age-related changes in autophagy. To this end, 
tissue biopsies represent one possible approach
to directly assess autophagy in different organs,
although they have important limitations: while tis-



sue biopsies could provide complementary informa-
tion, ex vivo culture conditions may alter physiolog-
ical responses. Finally, longitudinal human studies 

linking autophagy activity to health outcomes 

remain scarce, limiting our ability to draw correla-
tional inferences. Ultimately, the discovery of reli-
able circulating biomarkers of autophagy flux 

could enable routine, minimally invasive monitoring 

in clinical and re search settings, allowing for longitu-
dinal tracking, individualized assessment, andmore
precise evaluation of lifestyle factors.
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While this review primarily focuses on 

macroautophagy, it is important to recognize that 
health benefits from lifestyle factors may also be 

mediated by other types of autophagy, such as 

CMA and micr oautophagy. While we highlighted
relevant roles for CMA in DR [139] and CR/CRM s
[53], the link between CMA and other lifestyle fac-
tors requires further investigation. Given that differ-
ent autophagy pathways vary in cargo selectivity 

and operate on distinct temporal scales, it will be 

important to determine how lifestyle factors influ-
ence each pathway in spatial and temporal contexts. 
Such insights could enable the tailoring of therapeu-
tic strategies for healthy aging to individual needs. In 

addition, altern ative, ATG5/ATG7-independent
macroautophagy, in which autophagosomes are
formed in the absence of ATG8 lipidation [140], 
remains poorly understood. This alternative autop-
hagy pathway, which depends on ULK1, Beclin1 

and RAB9 may play unique roles in aging, but its rel-
evance in vivo is still unclear. Furthermore, recent 
studies have revealed that autophagy-related pro-
teins can have additional functions beyond autop-
hagy. In particular, ATG8 can be attached to 

different non-autophagosomal memb rane struc-
tures via conjugation of ATG8s to singlemembranes
(CASM or membrane atg8ylation) [141,142] or to 

proteins (protein atg8ylation) as post-translational 
modifications [143], which have both been con-
nected to inflammation and neurodegeneration. A 

recent study suggests a potential role of these 

non-canonical pathways in aging [144], but how 

non-canonical pathways intersect with aging biology 

remains an exciting quest ion for future studies.

spermidine and urolithin A, have shown promise in 

impacting multiple cellular pathways beyond 

understood. Thus, a major priority is the 

development of pharmacological strategies that 
can safely and selectively enhance autophagy in 

humans. Beyond pharmacology, the gut 
microbiome is emerging as a critical yet 

Looking ahead, advancing our understanding of 
autophagy in aging will require both deeper 
mechanistic insight and translational innovation. 
Several autophagy-inducing compounds, including 

preclinical models. However, many currently 

known autophagy inducers lack specificity, 

autophagy an d potentially causing off-target effects
or toxicity. Moreover, optimal dosing, tissue
specificity, and long-term outcomes remain poorly

signaling, inflammation, and epithelial barrier func-

Together, these emerging avenues, frompharmaco-

underexplored regulator of autophagy [145]. Micro-
bial composition and metabolism influence nu trient

tion [146], all ofwhich intersect with autophagic path-
ways. Because the microbiome changes markedly 

across the lifespan [145–148],  targeted  modulation  

of microbial communities, e.g., through diet, probi-
otics, or microbial metabolites, could offer a route 

to fine-tuning autophagy activity and, ultimately, 
aging trajectories. In parallel, environmental expo-
sures, collectively termed th e exposome, are
increasingly recognized as modulators of aging
[149,150]. Defining how specific exposures influ-
ence autophagy, and whether mitigating harmful 
exposures or enhancing beneficial ones can shift 
autophagic capacity, will be critical for developing 

comprehensive strategies to promote healthy aging. 

logical agents to microbiome-targeted approaches 

and environmental modulation, underscore the 

potential of diverse strategies. Integrating these 

interventions could allow sustained and syn ergistic
enhancement of autophagy and pave the way for
translational applications in human aging.
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autophagy and improve healthspan across model 

different autophagy activating factors. Such 

combinations might include lifestyle-based 

interventions paired with pharmacological 
inducers, or multi-lifestyle approaches (e.g., 
intermittent fasting with structured exercise), 
potentially yielding additive or synergistic benefits. 
As the field moves forward, integrating 

mechanistic insights with longitudinal human 

studies and translational approaches will be 

essential to harness autophagy as a modifiable 

and actionable pathway of healthy aging. 

In summary, in this review we have highlighted 

how diverse lifestyle factors can modulate 

systems. By influencing autophagy and possibly 

other processes, these interventions help maintain 

cellular homeostasis and promote healthy aging. 
Understanding the context-specific regulation of 
autop hagy by different lifestyle factors lays the
groundwork for developing targeted strategies in
humans, such as optimizing timing, intensity, and
duration of interventions; tailoring approaches to
individual biological profiles; and combining
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Zimmermann, A., Mueller, M.I., et al., (2024). 

Spermidine is essential for fasting-mediated autophagy

and longevity. Nature Cell Biol. 26, 1571–1584. https:// 

doi.org/10.1038/s41556-024-01468-x. 

[29]. Madeo, F., Eisenberg, T., Pietrocola, F., Kroemer, G., 

(2018). Spermidine in health and disease. Science 359

https://doi.org/10.1126/science.aan2788. 

[30]. Morselli, E., Maiuri, M.C., Markaki, M., Megalou, E.,

Pasparaki, A., Palikaras, K., et al., (2010). Caloric

restriction and resveratrol promote longevity through

the Sirtuin-1-dependent induction of autophagy. Cell

Death Dis. 1, e10. 

[31]. Hosoda, R., Nakashima, R., Yano, M., Iwahara, N., 

Asakura, S., Nojima, I., et al., (2023). Resveratrol, a 

SIRT1 activator, attenuates aging-associated alterations

in skeletal muscle and heart in mice. J. Pharmacol. Sci.

152, 112–122. https://doi.org/10.1016/j. 

jphs.2023.04.001. 

[32]. Pallauf, K., Rimbach, G., Rupp, P.M., Chin, D., Wolf, I. 

M., (2016). Resveratrol and lifespan in model organisms.

Curr. Med. Chem. 23, 4639–4680. https://doi.org/ 

10.2174/0929867323666161024151233. 

[33]. Lapierre, L.R., Kumsta, C., Sandri, M., Ballabio, A., 

Hansen, M., (2015). Transcriptional and epigenetic

regulation of autophagy in aging. Autophagy 11, 867–

880. https://doi.org/10.1080/15548627.2015.1034410. 

[34]. Wilson, N., Kataura, T., Korsgen, M.E., Sun, C., Sarkar, 

S., Korolchuk, V.I., (2023). The autophagy-NAD axis in

longevity and disease. Trends Cell Biol. 33 https://doi. 

org/10.1016/j.tcb.2023.02.004. 

[35]. Ryu, D., Mouchiroud, L., Andreux, P.A., Katsyuba, E., 

Moullan, N., Nicolet-Dit-Félix, A.A., et al., (2016). 

Urolithin A induces mitophagy and prolongs lifespan in

C. elegans and increases muscle function in rodents.

Nature Med. 22, 879–888. https://doi.org/10.1038/ 

nm.4132. 

[36]. Singh, A., D’Amico, D., Andreux, P.A., Fouassier, A.M., 

Blanco-Bose, W., Evans, M., et al., (2022). Urolithin A 

improves muscle strength, exercise performa nce, and

biomarkers of mitochondrial health in a randomized trial

in middle-aged adults. Cell Rep. Med. 3, 100633. https:// 

doi.org/10.1016/j.xcrm.2022.100633. 

[37]. Kuerec, A.H., Lim, X.K., Khoo, A.L., Sandalova, E., 

Guan, L., Feng, L., et al., (2024). Targeting aging with

urolithin A in humans: a systematic review. Ageing Res.

Rev. 100, 102406. https://doi.org/10.1016/j. 

arr.2024.102406. 

[38]. Andreux, P.A., Blanco-Bose, W., Ryu, D., Burdet, F., 

Ibberson, M., Aebischer, P., et al., (2019). The 

mitophagy activator urolithin A is safe and induces a

molecular signature of improved mitochondrial and

cellular health in humans. Nature Metab. 1, 595–603.

https://doi.org/10.1038/s42255-019-0073-4. 

[39]. Green, C.L., Lamming, D.W., Fontana, L., (2022). 

Molecular mechanisms of dietary restriction promoting 

health and longevity. Nature Rev. Mol. Cell Biol. 23, 56–

73. https://doi.org/10.1038/s41580-021-00411-4.

https://doi.org/10.1080/15548627.2020.1797280
https://doi.org/10.1016/j.ymeth.2014.03.014
https://doi.org/10.1016/j.ymeth.2014.03.014
https://doi.org/10.31083/FBL27091
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1038/s41580-018-0033-y
https://doi.org/10.1038/s43587-021-00098-4
https://doi.org/10.1038/s41392-023-01608-z
https://doi.org/10.1038/s41392-023-01608-z
https://doi.org/10.4161/auto.8824
https://doi.org/10.4161/auto.8824
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1016/j.cmet.2009.11.010
https://doi.org/10.1038/s41598-019-44106-5
https://doi.org/10.1038/s41598-019-44106-5
https://doi.org/10.1016/j.cmet.2023.12.007
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0120
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0120
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0120
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0120
https://doi.org/10.1016/j.exger.2023.112331
https://doi.org/10.1016/j.exger.2023.112331
https://doi.org/10.1111/acel.13277
https://doi.org/10.1038/ncb1975
https://doi.org/10.1038/ncb1975
https://doi.org/10.1038/s41556-024-01468-x
https://doi.org/10.1038/s41556-024-01468-x
https://doi.org/10.1126/science.aan2788
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0150
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0150
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0150
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0150
http://refhub.elsevier.com/S0022-2836(26)00029-X/h0150
https://doi.org/10.1016/j.jphs.2023.04.001
https://doi.org/10.1016/j.jphs.2023.04.001
https://doi.org/10.2174/0929867323666161024151233
https://doi.org/10.2174/0929867323666161024151233
https://doi.org/10.1080/15548627.2015.1034410
https://doi.org/10.1016/j.tcb.2023.02.004
https://doi.org/10.1016/j.tcb.2023.02.004
https://doi.org/10.1038/nm.4132
https://doi.org/10.1038/nm.4132
https://doi.org/10.1016/j.xcrm.2022.100633
https://doi.org/10.1016/j.xcrm.2022.100633
https://doi.org/10.1016/j.arr.2024.102406
https://doi.org/10.1016/j.arr.2024.102406
https://doi.org/10.1038/s42255-019-0073-4
https://doi.org/10.1038/s41580-021-00411-4


H. Ebata and M. Hansen Journal of Molecular Biology 438 (2026) 169656

[40]. Shabkhizan, R., Haiaty, S., Moslehian, M.S., Bazmani, 

A., Sadeghsoltani, F., Saghaei Bagheri, H., et al., (2023). 

The beneficial and adverse effects of autophagic

response to caloric restriction and fasting. Adv. Nutr.

14, 1211–1225. https://doi.org/10.1016/j. 

advnut.2023.07.006. 

[41]. Hansen, M., Chandra, A., Mitic, L.L., Onken, B., Driscoll,

M., Kenyon, C., (2008). A role for autophagy in the

extension of lifespan by dietary restriction in C. elegans.

PLoS Genet. 4, e24. 

[42]. Cavallini, G., Donati, A., Gori, Z., Pollera, M., Bergamini, 

E., (2001). The protection of rat liver autophagic 

proteolysis from the age-related decline co-varies with

the duration of anti-ageing food restriction. Exp.

Gerontol. 36, 497–506. https://doi.org/10.1016/s0531-

5565(00)00224-2. 

[43]. Gelino, S., Chang, J.T., Kumsta, C., She, X., Davis, A., 

Nguyen, C., et al., (2016). Intestinal autophagy improves

healthspan and longevity in C. elegans during dietary

restriction. PLoS Genet. 12, e1006135. https://doi.org/ 

10.1371/journal.pgen.1006135. 

[44]. Yang, L., Licastro, D., Cava, E., Veronese, N., Spelta, F., 

Rizza, W., et al., (2016). Long-term calorie restriction

enhances cellular quality-control processes in human

skeletal muscle. Cell Rep. 14, 422–428. https://doi.org/ 

10.1016/j.celrep.2015.12.042. 

[45]. Lapierre, L.R., De Magalhaes Filho, C.D., McQuary, P. 

R., Chu, C.-C., Visvikis, O., Chang, J.T., et al., (2013). 

The TFEB orthologue HLH-30 regulates autophagy and

modulates longevity in Caenorhabditis elegans. Nature

Commun. 4, 2267. https://doi.org/10.1038/ncomms3267. 

[46]. Bagherniya, M., Butler, A.E., Barreto, G.E., Sahebkar, 

A., (2018). The effect of fasting or calorie restriction on

autophagy induction: a review of the literature. Ageing

Res. Rev. 47, 183–197. https://doi.org/10.1016/j. 

arr.2018.08.004. 

[47]. Kang, C., You, Y.J., Avery, L., (2007). Dual roles of 

autophagy in the survival of Caenorhabditis elegans

during starvation. Genes Dev. 21, 2161–2171. https:// 

doi.org/10.1101/gad.1573107. 

[48]. Ruckenstuhl, C., Netzberger, C., Entfellner, I., Carmona-

Gutierrez, D., Kickenweiz, T., Stekovic, S., et al., (2014). 

Lifespan extension by methionine restriction requires

autophagy-dependent vacuolar acidification. PLoS

Genet. 10, e1004347. https://doi.org/10.1371/journal. 

pgen.1004347. 
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