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Ageing in diverse species ranging from yeast to humans is associated with the gradual, lifelong accu-
mulation of molecular and cellular damage. Autophagy, a conserved lysosomal, self-destructive process
involved in protein and organelle degradation, plays an essential role in both cellular and whole-animal
homeostasis. Accumulating evidence now indicates that autophagic degradation declines with age and
this gradual reduction of autophagy might have a causative role in the functional deterioration of bio-
logical systems during ageing. Indeed, loss of autophagy gene function significantly influences longevity.

Iéz nw(;)rrhcz; ditis elegans Moreover, genetic or pharmacological manipulations that extend lifespan in model organisms often acti-
Drosophila vate autophagy. Interestingly, conserved signalling pathways and environmental factors that regulate
Homeostasis ageing, such as the insulin/IGF-1 signalling pathway and oxidative stress response pathways converge
Insulin/IGF-1 signalling on autophagy. In this article, we survey recent findings in invertebrates that contribute to advance our
Senescence understanding of the molecular links between autophagy and the regulation of ageing. In addition, we

Stress consider related mechanisms in other organisms and discuss their similarities and idiosyncratic features
in a comparative manner.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Ageing is a complex process characterized by the progressive
accumulation of damage to molecules, cells, tissues and organs
that eventually leads to overall functional decline and increased
vulnerability to disease and death. Although, stochastic and envi-
ronmental factors undoubtedly contribute to the ageing process,
intrinsic genetic determinants also modulate both lifespan and
healthspan. During the past two decades, many studies in simple
model organisms such as Saccharomyces cerevisiae, Caenorhabdi-
tis elegans and Drosophila melanogaster have culminated in the
delineation of several signalling pathways that influence ageing
(Bishop and Guarente, 2007a; Giannakou and Partridge, 2007,
Guarente and Kenyon, 2000; Kenyon, 2010). Numerous genetic
manipulations and treatments that influence the lifespan of diverse
organisms interface with metabolism, nutrient sensing and stress
response pathways.

Macroautophagy (hereafter, referred to as autophagy) is an
evolutionarily conserved self-eating process by which cytoplas-
mic components including macromolecules and organelles are
sequestered into double-membrane vesicles, the autophagosomes,
and then delivered to lysosomes for degradation (Fig. 1; Yang
and Klionsky, 2010). Autophagy-related genes (ATG) are highly
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conserved among eukaryotes. Functional analyses in invertebrate
and mammalian models have revealed multiple roles for autophagy
in various physiological contexts. A basal level of constitutive
autophagy is crucial for routine clearance of the cytosol under nor-
mal conditions. Basal autophagy is critical for protein and organelle
homeostasis and quality control in post-mitotic differentiated
cells such as neurons. In addition, autophagy becomes activated
in response to low nutrient availability, providing a source of
nutrients and energy. Autophagy is also triggered as an adaptive
response to a broad range of other extracellular or intracellu-
lar stressors such as hypoxia, heat, reactive oxygen species (ROS)
and accumulation of damaged cytoplasmic components (Levine
and Klionsky, 2004). Suppression of autophagy by knockout or
knockdown of essential autophagy genes triggers apoptosis or
necrosis in cells that would otherwise survive under stress condi-
tions (reviewed in Kourtis and Tavernarakis, 2009; Mathew et al.,
2009).

Autophagy may proceed as a non-selective catabolic process
for bulk segregation and digestion of portions of the cytoplasm
in the lysosome, but also, in certain cases, it can selectively tar-
get proteins and organelles such as mitochondria (mitophagy),
ribosomes (ribophagy), peroxisomes (pexophagy), and endoplas-
mic reticulum (ER; reticulophagy), thus contributing to their
turnover (reviewed in He and Klionsky, 2009; Yang and Klionsky,
2010). Autophagy appears to serve primarily a cytoprotective
function by maintaining nutrient and energy homeostasis dur-
ing starvation or by degrading damaged cellular components
and invasive pathogens. Paradoxically, although autophagy is a



414 E. Lionaki et al. / Ageing Research Reviews 12 (2013) 413-428

Lysosome

Autophagy- protein retrieval

T

Isolation Pre-autophagosomal Autophagosome
membrane structure
(<]
A o e
3-MA —] ( i ) . N
- ) o -
Vesicle Vesicle Autophagosome
nucleation elongation maturation

Autophagy induction ——— Tor |———  Starvation,

growth factor
T deprivation

Rapamycin

V-ATPase
|

Cathepsins

Fusion

Autolysosome

Y-ATPase
o ®
H : -y ©

LAMP-2 J/

Chloroquine

Amino acids, fatty acids etc.

\

ATP,NADH <+— TCA

l cycle

Survival
under
starvation

Fig. 1. The process of macroautophagy. Autophagy begins with the formation of the isolation membrane. A series of autophagy protein complexes coordinate the formation
of double-membrane vesicles called autophagosomes. Autophagosomes can engulf bulk portions of cytoplasm non-specifically, including entire organelles, or target cargos
specifically. The outer membrane of the autophagosome subsequently fuses with a lysosome generating an autolysosome, in which proteases, lipases, nucleases, and
glycosidases degrade cytoplasmic material. Lysosomal permeases release the breakdown products into the cytosol for reutilization. Free amino acids and fatty acids are used
as building blocks for new protein synthesis and ATP production, promoting homeostasis and survival at both the cell and whole organism level. Certain autophagy proteins
are retrieved from autophagosomes for later reuse. Starvation or growth factor deprivation triggers autophagosome nucleation and elongation through TOR signalling.
Pharmacological agents such as rapamycin can inhibit distinct steps of the autophagy pathway (red blocks). TOR, target of rapamycin; TCA, tricarboxylic acid; NADH, reduced
form of nicotinamide adenine dinucleotide; 3-MA, 3-methyladenine; V-ATPase, vacuolar H*-ATPase; LAMP-2, lysosome-associated membrane protein 2.

predominantly homeostatic mechanism, it can also play a role
in cell death, which is not restricted to developmental pro-
grammed cell death but extends to cell death that occurs in many
pathological conditions. Excessive autophagy induced by extreme
conditions, such as toxins and necrosis-triggering insults, might
cause uncontrollable degradation or sequestration of cells contents
into autophagosomes resulting in undesirable cell death if not prop-
erly regulated (reviewed in Kourtis and Tavernarakis, 2009; Samara
and Tavernarakis, 2008; Yang and Klionsky, 2010).

Beyond its functions at the cellular level, autophagy has also
been implicated in the regulation of whole organism healthspan
and lifespan. Accumulating findings indicate that clearing cellular
damage by autophagy is a common denominator of different lifes-
pan - influencing pathways in diverse organisms including yeast,
worms, flies and mammals (Bjedov et al., 2010; Giannakou and
Partridge, 2007; Hansen et al., 2008; Hars et al., 2007; Levine and
Kroemer, 2008; Toth et al., 2008). Here, we review recent research
developments that highlight the interaction of autophagy with
several evolutionarily conserved mechanisms linked to longevity.
We focus on multicellular invertebrate model organisms such as
C. elegans and D. rosophila, which have contributed important
insights into the mechanisms of ageing. Further, we discuss the
role of autophagy as an adaptive mechanism by which an organism
responds to environmental fluctuations to preserve homeostasis
and maintain functionality during ageing.

2. The process of autophagy

Although autophagy was initially identified in mammals,
genetic studies in yeast provided fundamental insights into the
molecular machinery involved in autophagic degradation (Huang
and Klionsky, 2002). These studies identified many ATG that encode
proteins involved in the induction of autophagy, the formation,
expansion and maturation of autophagosomes and in the retrieval
of autophagic proteins from mature autophagosomes (Klionsky,
2005; Klionsky et al., 2003). Conventional autophagy components
include the Ulk1l complex (Atgl in yeast, UNC-51 in worms and
ULK1 in mammals), the class Il phosphatidylinositol 3-kinase
(PtdIns3K) complex, the Atg9 system, and two Atg7-mediated
ubiquitin-like protein complexes (Atg8 and Atg12, conjugated with
phosphatidylethanolamine and Atg5 respectively; the Atg12-Atg5
conjugate further interacts with Atg16; Xie and Klionsky, 2007).
The first crucial event in the autophagic process is the induction
or nucleation of the phagophore (also called the isolation mem-
brane). A protein complex containing the Ser/Thr kinase Atg1 and
two scaffolding proteins Atg13 and Atg17 is an essential positive
regulator of autophagosome formation. Orthologues of these genes
have been described in diverse species including C. elegans and
Drosophila.

Several proteins involved in autophagy have been identified in
C. elegans, including the Atg1 homolog UNC-51 (uncoordinated-51),
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the Atg13 homolog EPG-1 (ectopic PGL granules), and others
(Melendez and Levine, 2009; Tian et al., 2009, 2010). In addition
to its involvement in autophagy, Atg1/UNC-51 has a crucial role as
a neuronal specific protein that functions in axonal elongation and
guidance (Melendez and Levine, 2009). Autophagosome nucleation
requires acomplex containing Atg6 (bec-1in C. elegans) that recruits
the class III phosphatidylinositol 3-kinase VPS34 to generate
phosphatidylinositol 3-phosphate. Expansion of autophagosome
membranes involves two ubiquitin-like molecules, Atgl2 and
Atg8 (lgg-1 in C. elegans), an E1 ubiquitin activating enzyme
(Atg7), two analogues of ubiquitin-conjugated enzymes (Atg10
and Atg3), an Atg8 modifying protease (Atg4), the protein tar-
get of Atgl2 attachment (Atg5) and Atgl6. In the first ubiquitin
reaction, the E1-like Atg7 and the E2-like Atgl10 covalently link
Atg12 to Atg5. This Atg5-Atgl2 conjugate subsequently inter-
acts with Atgl6 to form pre-autophagosomal structures. In the
second ubiquitin reaction, Atg8 (LGG-1) is cleaved by the pro-
tease Atg4 and is conjugated to phosphatidylethanolamine (PE)
by Atg7 and Atg3 (E2-like). This lipidated Atg8 (LGG-1) associates
with newly forming autophagosome membranes. Upon comple-
tion of autophagosome formation, the Atg12-Atg5-Atg16 complex
is released into the cytosol, whereas Atg8-PE stably associates with
the autophagosomal membranes. This highly specific association
has facilitated assays that exploit Atg8 localization to autophago-
somes as a proxy to monitor autophagy in vivo (Chen and Klionsky,
2011; Rabinowitz and White, 2010). Lysosome docking and fusion
occurs when the outer autophagosomal membrane fuses with the
lysosomal membrane producing an autolysosome (an autophagic
body in yeast). The remaining single-membrane that envelops the
cargo is lysed and the population of Atg8-PE together with the
enclosed cargo are released into the lysosome lumen and degraded
by resident hydrolases (proteases, lipases, nucleases and glucosi-
dases). The resulting degradation products are released back into
the cytosol through the activity of specific membrane permeases
for re-use (Klionsky, 2005; Yang and Klionsky, 2010).

3. Signal transduction pathways influencing ageing
modulate autophagy

3.1. Insulin/IGF-1 signalling

Reduced activity of the insulin/IGF-1 signalling pathway (IIS)
extends lifespan in C. elegans, Drosophila and other multicellular
organisms, establishing its evolutionarily conserved role during
ageing (Fontana et al., 2010; Kenyon, 2005, 2010). In C. elegans,
mutations in the insulin/IGF-1 receptor orthologue DAF-2 dou-
ble animal lifespan. Likewise, mutations affecting the conserved
phosphatidylinositol-3 kinase PI(3)K/AKT/PDK kinase cascade that
acts downstream of DAF-2 also extend worm lifespan (Fig. 2). This
increase in longevity depends on the activity of DAF-16, a Fork-
head FoxO transcription factor (Kenyon et al., 1993). DAF-16 is
also required for some aspects of a distinctive developmentally
arrested diapause stage (the dauer larva) that is characterized by
low metabolic activity and a long lifespan in response to adverse
environmental conditions including starvation (Ogg et al., 1997).

Interestingly, increasing DAF-16/FoxO activity in the intestine
of C. elegans, which serves as the animal’s adipose tissue, can
completely rescue the longevity of daf-16(—) germline-defective
mutants and extend lifespan of daf-16(-); daf-2(—) mutants by
~50%, whereas DAF-16 activity in neurons accounts for only 5-20%
of the lifespan extension in these animals. In addition, overexpres-
sion of DAF-16 in one tissue can upregulate DAF-16 activity in other
cells. Together, these findings suggest that DAF-16 may control
two types of downstream signals, one that does not require DAF-
16 activity in responding cells, and one that does. Furthermore,

different tissues differ in their ability to send and respond to
these signals (Libina et al., 2003). In the worm, the three distinct
DAF-16 isoforms, a, b and the recently identified d/f functionally
cooperate to modulate I[IS-mediated longevity, stress response and
dauer diapause. RNA interference targeting either isoform-specific
or common cDNA sequences shows that both DAF-16a and DAF-
16d[f are important regulators of longevity in C. elegans. These
DAF-16 isoforms display different tissue-specific expression pat-
terns, preferential regulation of their activity by the two upstream
AKT kinases, with DAF-16d/f preferentially regulated by AKT-1, and
distinct and overlapping regulation of target genes. Thus, C. elegans
seems to use multiple isoforms of a single gene product to fine-tune
[IS-mediated processes in the context of a whole organism (Kwon
etal., 2010).

Similarly to DAF-16, the heat shock transcription factor, HSF-1
is required for lifespan extension by reduced insulin/IGF-1 sig-
nalling. Accumulating evidence suggests that HSF-1 and DAF-16
increase longevity at least in part by activating expression of spe-
cific genes, including genes encoding small heat-shock proteins
(Hsu et al., 2003). Extension of lifespan by inhibiting IIS signalling
alsorequires the orthologue of mammalian Nrf1/2/3/,SKN-1, which
contributes to the stress resistance and longevity phenotypes of
reduced IIS, and defines an important pro-longevity mechanism,
acting through modulation of phase 2 detoxification gene expres-
sion (Tullet et al., 2008). SKN-1 functions in ASI chemosensory
neurons which transmit longevity signals to increase lifespan by
an endocrine mechanism (Bishop and Guarente, 2007b). Intrigu-
ingly, recent findings suggest that the misexpression of germline
genes in somatic tissues contributes to the increased health and
survival of daf-2 mutants. This germline like quality is most likely
mediated by DAF-16 and SKN-1 (Curran et al., 2009).

Autophagy plays a prominent role in lifespan extension con-
ferred by daf-2 mutations in C. elegans. RNAi-mediated knockdown
of the autophagy regulator bec-1 shortens the lifespan of long-lived
daf-2 mutant animals (Kenyon, 2005; Melendez et al., 2003). More-
over, knockdown of the atg-7 and atg-12 C. elegans orthologues
shortens the lifespan of both wild-type animals and daf-2 mutants
(Hars et al., 2007). Consistent with these findings, loss-of-function
mutations in bec-1, atg-18 and Igg-1 abrogate the long-lived pheno-
type of daf-2 mutants (Toth et al., 2008). Therefore, long-lived daf-2
mutants require both DAF-16 and autophagy for their longevity.
In contrast to lifespan extension, daf-16 itself is not required for
increased autophagy in daf-2 mutants. The fact that daf-16;daf-2
double mutants have the same high level of autophagy as do daf-2
single mutants, yet they are not long-lived suggests that autophagy
may be insufficient to extend lifespan (Hansen et al., 2008) or
autophagy may act downstream of DAF-16.

In Drosophila, reduced activity of IIS also extends lifespan,
indicating that ageing is influenced by evolutionarily conserved
pathways (Helfand and Rogina, 2003). Similarly to C. elegans, the
Drosophila genome encodes a single insulin/IGF-1 receptor (dINR).
Loss-of-function mutations in dINR or the insulin receptor sub-
strate (IRS) chico increase life expectancy (Clancy et al., 2001; Tatar
et al., 2001). Evidence also suggests that the fly dFoxO (the single
Drosophila orthologue of DAF-16) is required for longevity. Muta-
tions in FoxO reduce lifespan and stress resistance in Drosophila
(Junger et al., 2003; Salih and Brunet, 2008). In addition, reduced
survival of chico/foxo double mutants may occur in part because
chico deficiency exacerbates the negative effects of foxo loss-
of-function alleles (Yamamoto and Tatar, 2011). As in worms,
activating dFoxO in the cells of the fat body (the equivalent of
mammalian white adipose and liver tissue) increases lifespan
(Giannakou et al., 2004; Hwangbo et al., 2004). Accumulating
findings suggest that cell-autonomous and non-cell-autonomous
roles of insulin signalling combine to control ageing in Drosophila
(Hwangbo et al., 2004).
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Fig. 2. Stress response pathways and signal transduction cascades that regulate longevity also interface with autophagy. Mutations inhibiting insulin/IGF-1 or TOR kinase
signalling, depletion of p53, activation of sirtuin 1, hyperactivation of the stress-responsive JNK pathway and modest inhibition of mitochondrial respiration extend lifespan
in a wide variety of species, including worms and flies (as well as yeast and mice, not shown). Similarly to these perturbations, limitation for nutrients, energy and growth
factors, also augment longevity. Many of these pathways associate with autophagy regulation mechanisms. TOR plays a central role in the control of autophagy. Under
nutrient abundance and elevated growth factor signalling, TOR promotes cell growth/metabolic activity and inhibits the Atg1 complex, causing suppression of autophagy.
Under nutrient deprivation or stress, various signalling pathways inactivate TOR kinase activity and thus suppress cell growth, whilst inducing autophagy. Energy depletion
activates the adenosine monophosphate-activated protein kinase (AMPK) which inhibits TOR, thus promoting autophagy. Black arrows indicate stimulatory inputs. Red
bars indicate inhibitory interactions. For clarity, some of the signalling connections between longevity pathways and autophagy are not shown. See text for details. PI3K,
phosphatidylinositol-3 kinase; TSC1/2, tuberosclerosis complexes 1 and 2; elF4E, eukaryotic translation initiation factor 4E; eukaryotic initiation factor 4E-binding protein;
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NF-E2-related factor/skin in excess transcription factor-1.

The mechanisms by which altered activity of FoxO transcrip-
tion factors affects longevity have been a main focus of recent
research efforts. In worms and flies, FoxO transcription factors pro-
mote longevity by regulating the expression of a series of target
genes involved in metabolism, cell growth, cell proliferation, stress
resistance and differentiation (Salih and Brunet, 2008). Recent evi-
dence suggests that activation of FoxO and its target Thor/4E-BP
in Drosophila muscles prevents muscle ageing and extends lifespan
by regulating proteostasis in these cells. Interestingly, foxo over-
expression in muscles increases the basal expression of several
autophagy genes suggesting that FoxO/4E-BP signalling regulates
protein homeostasis at least in part by enhancing the basal activity
of the autophagy/lysosome system. In flies, FoxO/4E-BP signalling
in muscles also decreases feeding behaviour and the release of
insulin, which in turn delays age-related accumulation of protein
aggregates in other tissues (Demontis and Perrimon, 2010).

3.2. JNK and TGF- 8 pathways

The stress-responsive c-Jun N-terminal kinase (JNK), a com-
ponent of mitogen-activated protein kinase (MAPK) cascade, and

the transforming growth factor-beta (TGF-3) signalling pathways
have also been implicated in ageing, in both worms and flies. In
C. elegans, lifespan extension upon activation of the JNK pathway
requires DAF-16 (Fig. 2). jnk-1 overexpression enhances the life-
extending effect of a daf-2 hypomorphic mutation, suggesting that
JNK-1 regulates lifespan in parallel to the insulin-/IGF-1 pathway,
with both pathways converging on DAF-16. JNK-1 regulates lifes-
pan by directly interacting with DAF-16 and modulating its nuclear
translocation (Oh et al., 2005). In Drosophila, JNK activation confers
resistance to oxidative stress and extends the lifespan of adult flies
by inducing the expression of protective genes (Wang et al., 2003).
As in worms, dFoxO is required for JNK-mediated lifespan exten-
sion. JNK antagonizes IIS, causing nuclear localization of dFox0 and
inducing the expression of dFoxO targets, including genes involved
in stress response and growth control. Together, these findings sug-
gest that FoxO is the convergence point of the opposing effects of
IIS and JNK activity on longevity and stress response in Drosophila
(Wang et al., 2005). Observations in Drosophila suggest that JNK
protects from oxidative stress by inducing autophagy, at least in
part through transcriptional activation of ATG (Wu et al., 2009).
JNK-mediated stress resistance as well as induction of autophagy
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in flies deprived of food both require dFoxO (Luo et al., 2007; Wang
et al,, 2005; Juhasz et al., 2007b). Thus dFoxO may activate tran-
scription of ATG in response to JNK signalling (Wu et al., 2009).

In addition to the insulin/IGF-1 signalling pathway, the TGF-3
pathway regulates both dauer formation and adult lifespanin C. ele-
gans. Similarly to the insulin/IGF-1 pathway, TGF-[3 signalling acts
during adulthood toregulate longevity. Mutations that decrease the
activity of the TGF-f8 pathway significantly extend animal lifespan.
Regulation of lifespan by TGF-[3 requires DAF-16 activity. The TGF-
@ and insulin/IGF-1 pathways share many transcriptional targets
including DAF-16 target genes demonstrated to regulate longevity,
suggesting that these pathways are more interconnected than pre-
viously thought (Shaw et al., 2007). Therefore, DAF-16/FoxO links
insulin/IGF-1, TGF-3 and JNK signalling to regulate longevity. How-
ever, further studies are needed to establish whether autophagy
mediates the effects of JNK gain-of-function or TGF-3 deficiency
on longevity (reviewed in Vellai et al., 2009).

3.3. TOR signalling

The Target of Rapamycin (TOR) is a nutrient sensing, highly
conserved signalling network that regulates cell growth and pro-
liferation, development, metabolism and ageing in response to
four major signalling cues: growth factors, nutrients, energy
and stress (Rabinowitz and White, 2010; Wullschleger et al.,
2006). S. cerevisiae harbours two homologous TOR genes whereas
higher eukaryotes appear to have only one TOR gene. Eukary-
ote TORs are large proteins (~280kDa) that belong to a group of
kinases known as the phosphatidylinositol kinase-related kinase
(PIKK) family. Members of PIKK family contain a carboxy-terminal
serine/threonine protein kinase domain. Amino-terminal to the
kinase domain is the FKB12-rapamycin binding domain. The cen-
tral component of the TOR pathway is the TOR kinase, which
participates in two structurally and functionally distinct multi-
protein TOR complexes (TORC1 and TORC2); TORC1 is sensitive
to rapamycin, whereas TORC2 is considered to be rapamycin-
insensitive, although in some cell lines, prolonged rapamycin
treatment can also inhibit TORC2 activity (Sarbassov et al., 2005).
Genetic and biochemical studies in yeast, C. elegans, Drosophila
and mammalian cells have identified several upstream and down-
stream components of the TOR signalling pathway (Hay and
Sonenberg, 2004).

In metazoa, TOR is essential for growth during early develop-
ment, and also plays a critical role in the regulation of adult lifespan.
Attenuation of TOR function in yeast, worms and flies results in a
significantincrease of lifespan (Kaeberlein et al., 2005; Kapahi et al.,
2004; Martin and Hall, 2005; Vellai et al., 2003). TOR signalling con-
trols various growth-related processes, including protein synthesis
and autophagy, both of which are implicated in the modulation
of lifespan. TOR positively regulates translation by activating the
S6K kinase, a component of the small (40S) ribosomal subunit and
inhibiting elF4E binding proteins (4E-BPs; Fig. 2). Phosphorylated
4E-BP releases elF4E, which is then free to associate with elF4G
to promote translation initiation (Hay and Sonenberg, 2004; Tee
and Blenis, 2005). TOR associates with S6K and 4E-BP via physical
interaction between raptor (regulatory associated protein of mam-
malian TOR, mTOR) and a TOR signalling motif in S6K and 4E-BP
(Nojima et al., 2003). Thus, TOR links nutrient availability to pro-
tein translation. Under reduced nutrient conditions, such as amino
acid limitation, TOR activity is quenched, the TOR effectors S6K and
4E-BP are dephosphorylated and consequently protein synthesis
decreases. Reduction of mRNA translation by conditions that shift
cells from states of nutrient utilization and growth to states of cell
maintenance has been shown to increase lifespan of yeast, worm,
flies and mice (Hansen et al., 2007; Harrison et al., 2009; Kapahi
et al., 2004; Pan et al., 2007; Syntichaki et al., 2007).

In C. elegans, downregulation of the activity of CeTOR/let-363 or
the TOR accessory protein raptor, DAF-15, extends adult lifespan
(Vellai et al., 2003; Jia et al., 2004). Worms bearing mutations in
S6K (RSKS-1) and components of the translational machinery such
as ribosomal proteins and translation initiation factors, live longer
(Hansen et al., 2007; Kaeberlein and Kennedy, 2008; Syntichaki
et al,, 2007). Recently, TORC2 has been implicated in regulation
of worm longevity (Soukas et al., 2009). The PHA-4/FoxA transcrip-
tion factor is required for adult lifespan extension in response to
reduced CeTOR signalling. Although mutations in the RSKS-1/S6
kinase or in IFE-2/elF4E reduce protein synthesis and increase
lifespan, only RSKS-1 mutations require PHA-4 for adult longevity
(Sheaffer et al., 2008). Genetic studies in C. elegans indicate that
TOR interacts with the insulin/IGF-1 signalling pathway to regu-
late ageing. As mentioned above, TOR, similarly to insulin/IGF-1
signalling acts during adulthood to influence ageing. However, the
long-lived phenotype of let-363 RNAi worms is not suppressed
by mutations in daf-16, indicating that TOR may be acting down-
stream or independently of DAF-16 (Jia et al., 2004; Vellai et al.,
2003). Importantly, knockout of ife-2, one of five C. elegans elF4E
isoforms (ife-1 to ife-5), extends lifespan, and enhances resistance
to oxidative stress, UV irradiation and heat shock independently of
DAF-16/FoxO (Syntichaki et al., 2007).

In addition, TOR and specifically the TOR complex 1 (TORC1)
is a key upstream regulator of autophagy that functions through
inhibition of the Atg1 complex (Fig. 2). Despite overall evolution-
ary conservation, TOR-mediated modulation of autophagy displays
some intriguing differences among eukaryotes. Under nutrient-
rich conditions, TOR-dependent phosphorylation of Atg13 prevents
complex assembly and thus inhibits autophagy in yeast. Starvation
results in rapid de-phosphorylation of Atg13, assembly of the com-
plex, increase in Atg1 kinase activity and induction of autophagy.
Unlike in yeast and mammals however, Drosophila Atg13 is always
associated with Atgl. Atg13 becomes hyper-phosphorylated dur-
ing autophagy. TORC1 binds to the Atg1 complex when autophagy
is induced in Drosophila. In well-fed Drosophila cells, overexpres-
sion of wild-type Atg1 leads to high levels of autophagy, indicating
that Atg1 activity promotes not only the initial steps of autophagy
induction, but can be sufficient to drive a full autophagic response
in this system (reviewed by Neufeld, 2010).

In C. elegans, autophagy is required for the increased survival of
TOR-deficient worms. Mutations in bec-1, unc-51, and atg-18 com-
pletely abrogate the long-lived phenotype of let-363/CeTOR(RNAI)
adults, implying that the effect of TOR inhibition on lifespan is
mediated by autophagy (Toth et al.,, 2008). Interestingly, RNAIi
knockdown of TOR in wild-type worms induces the expression
of a predicted triglyceride lipase, LIPL-4/KO4A8.5. LIPL-4 upreg-
ulation is important for lifespan extension in germline deficient
animals (Wang et al., 2008). These mutants display reduced TOR
levels and increased autophagy. Moreover, autophagy is required
for the increased longevity of germline-less animals. It seems plau-
sible therefore that germline removal prolongs lifespan, at least in
part, by reducing TOR signalling, which in turn upregulates both
autophagy and lipolysis. PHA-4/FOXA mediates the transcriptional
activation of autophagy genes in germline-less glp-1 animals. Taken
together, these findings suggest that autophagy and LIPL-4 inter-
dependently modulate lifespan in germline-deficient C. elegans
(Lapierre et al., 2011).

In Drosophila, inhibition of TOR signalling extends lifespan, as
it does in yeast and in C. elegans (Kapahi et al., 2004; Bjedov et al.,
2010). Flies mutant for TOR or overexpressing dominant negative
forms of S6K, TSC1 or TSC2 (suppressors of the TOR pathway), are
long-lived (Kapahi et al., 2004; Luong et al., 2006). When nutrients
are abundant, Drosophila dTOR downregulates autophagy by bind-
ing to and phosphorylating Atg1/ULK1 (reviewed in Wullschleger
et al., 2006).



418 E. Lionaki et al. / Ageing Research Reviews 12 (2013) 413-428

The TOR inhibitor rapamycin extends lifespan in yeast, worms,
flies and mice (Bjedov et al., 2010; Hansen et al., 2008; Harrison
et al., 2009; Kaeberlein et al., 2005; Kapahi et al., 2004; Toth et al.,
2008). In yeast and in C. elegans, rapamycin only prolongs lifespan
under conditions where autophagy can be induced (Alvers et al.,
2009; Hansen et al., 2008). Rapamycin-induced autophagy is inde-
pendent of the NAD*-dependent histone deacetylase sirtuin 1. In
Drosophila, rapamycin treatment during early adulthood extends
lifespan, increases resistance to both starvation and paraquat,
reduces female fecundity and significantly increases lipid levels.
Analysis of the underlying mechanisms shows that the positive
in vivo effects of rapamycin on lifespan are mediated by physiologi-
cal processes downstream of TORC1. Rapamycin efficiently reduces
S6K phosphorylation and activates 4E-BP. Thus, reduction of mRNA
translation likely promotes longevity in this setting (Bjedov et al.,
2010).

In addition to altering mRNA translation, rapamycin increases
Drosophila lifespan by activating autophagy. Reduced autophagic
activity during both Drosophila development and adulthood has
been shown to shorten the lifespan of flies. This effect is some-
times associated with reduced protein aggregate clearance and
degeneration in the adult nervous system (Juhasz et al., 2007a;
Ravikumar et al., 2004; Simonsen et al., 2008; Toth et al., 2008).
Atg5 depletion, which inhibits autophagy at the early membrane
elongation/engulfment stage (Ren et al., 2009; Scott et al., 2004),
completely abrogates the lifespan prolonging effect of rapamycin
in adult Drosophila, indicating that upregulation of autophagy
mediates longevity extension by rapamycin. Therefore, rapamycin
increases adult fly lifespan through alterations of both mRNA trans-
lation and autophagy. Interestingly, rapamycin treatment further
increases lifespan of weak insulin/IGF-1 signalling mutants and of
flies with lifespan maximized under dietary restriction, suggesting
that additional mechanisms may underlie the beneficial effects of
rapamycin on longevity (Bjedov et al., 2010).

3.4. AMP-activated protein kinase

The AMP-activated protein kinase (AMPK) belongs to a con-
served family of heterotrimeric eukaryotic kinases, consisting of
a catalytic o subunit and regulatory 3 and y subunits. AMPK func-
tions as sensor of the cellular energy status, and becomes activated
by high AMP/ATP ratio. In addition to acting at the level of the
individual cell, the system also regulates food intake and energy
expenditure at the whole body level (Hardie, 2004). How AMPK
influences lifespan is not fully understood. In C. elegans, the AMPK
a subunit (AMPK «2) AAK-2 is activated by AMP and functions to
promote longevity. In addition, mutations in the aak-2 gene, cou-
pled with mutations in daf-16 decrease worm lifespan further than
single gene lesions do. These findings indicate that AAK-2 acts in
parallel with DAF-16/FoxO to increase lifespan. AAK-2 may act as
a sensor that couples energy availability information and insulin-
like signals to influence lifespan (Apfeld et al., 2004). AMPK also
mediates longevity in response to dietary restriction (DR; a reduc-
tion of food intake without malnutrition) in C. elegans. In this case,
AMPK exerts its beneficial effects on lifespan in part by phospho-
rylating the DAF-16/FoxO and activating DAF-16/FoxO dependent
transcription, suggesting that an energy-sensing AMPK-FoxO path-
way is involved in the anti-ageing effects of DR (Greer et al., 2007).
Whether autophagy is required for lifespan extension by AMPK
remains unclear. Nevertheless, the finding that metabolic stress
results in AMPK activation by AMP and the Peutz-Jeghers syn-
drome gene product LKB1, with subsequent induction of autophagy
in human cancer cells (Fig. 2; Liang et al., 2007), raises the possibil-
ity that autophagy may mediate the effect of AMPK on lifespan in
C. elegans.

3.5. Sirtuins

Sirtuins are nicotinamide adenine dinucleotide (NAD*)-
dependent protein deacetylases that function in gene expression
regulation and maintenance of genome stability. The role of
sirtuins in ageing was discovered in the yeast S. cerevisiae, where
overexpression of Sir2 increases replicative lifespan (Kaeberlein
et al., 1999). In higher eukaryotes, sirtuins have been implicated
in ageing although their effect on lifespan remains controversial.
Overexpression of sir-2.1 in C. elegans and dSir2 in Drosophila has
been reported to extend lifespan (Tissenbaum and Guarente, 2001;
Viswanathan et al., 2005; Rogina and Helfand, 2004). However,
recent studies suggest that increased longevity observed in strains
overexpressing sirtuin genes was due to unrelated mutations
lurking in the genome and not to sirtuin overexpression per se. In
C. elegans, outcrossing of a line with high level sir-2.1 overexpres-
sion abrogated the lifespan increase without diminishing sir-2.1
overexpression. Increased longevity of these transgenic animals
has been attributed to an associated sensory defect. Similarly,
although a Drosophila strain with ubiquitous overexpression of
dSir2 mediated by a tubulin-GAL4 driver was long-lived relative
to wild-type controls, as previously reported (Rogina and Helfand,
2004), it was not long-lived relative to appropriate transgenic
controls. These findings imply that the effects of dSir2 overexpres-
sion on lifespan in flies could reflect heterosis in the vicinity of
the transgene inserts or a mutagenic effect of transgene insertion
(Burnett et al., 2011).

This apparent discrepancy may in part originate from variations
in the genetic background among the different laboratory strains
tested and/or fluctuations of the environmental conditions under
which lifespan experiments are conducted. For example, it has
been shown that diet can contribute to alterations in the longevity
of flies and can significantly affect the metabolic profile, physiol-
ogy and lifespan of worms (Reinke et al., 2010; Toivonen et al.,
2007). Thus, the reported experimental inconsistencies reinforce
the importance of rigorous control of genetic and environmen-
tal factors when studying the effects of single gene mutations on
multifactorial quantitative traits like longevity. Collectively, these
latest reports indicate that Sir2 overexpression is one of the genetic
manipulations known to regulate ageing in invertebrates and sug-
gest that Sir2 confers a modest lifespan extension in worms and
flies. A recent study on mouse longevity shows that overexpres-
sion of SIRT6, one of the seven mammalian sirtuin homologues of
the yeast Sir2, leads to a significant lifespan extension in male but
not in female mice. Both sexes appeared to have improved glu-
cose tolerance but only transgenic males displayed lower serum
levels of insulin-like growth factor 1 (IGF1), higher levels of IGF-
binding protein 1 and altered phosphorylation levels of major
components of IGF1 signalling. These findings suggest that SIRT6
extends lifespan only in male mice potentially by reducing IGF1
signalling specifically in white adipose tissue (WAT; Kanfi et al.,
2012).In addition, numerous studies report that sirtuins are crucial
regulators of metabolic homeostasis and healthspan (reviewed in
Houtkooperetal.,2012; Longo and Kennedy, 2006). Taken together,
these studies suggest that although the role of sirtuins as sensu
stricto longevity genes may be overestimated, sirtuins play impor-
tant roles in regulating cellular stress responses, genomic stability
and metabolism, major contributors to longevity.

The mechanisms that mediate the effects of sirtuins on ageing
are not clear. In C. elegans, overexpression of sir-2.1 extends lifes-
pan in a DAF-16/FoxO dependent manner. SIR-2.1 interacts with
the worm 14-3-3-like proteins PAR-5 and FTT-2 to influence DAF-
16/FoxO activity and lifespan (Berdichevsky et al., 2006). Under
stress, SIR-2.1 interacts with DAF-16 in a 14-3-3-dependent man-
ner to facilitate stress resistance. Nevertheless, loss of sir-2.1 does
not reduce the long lifespan of insulin/IGF-1 signalling-defective
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daf-2 mutants, indicating that sir-2.1 is not required for lifespan
extension by reduced insulin/IGF-1 signalling. These findings sug-
gest that SIR-2.1 and 14-3-3 act in parallel to the insulin/IGF-1
pathway to activate DAF-16 and extend lifespan.

Recent observations have highlighted a link between sirtuins
and autophagy. Transgenic expression of sir-2.1 induces autophagy
in C. elegans. Interestingly, deletion or depletion of Atg6/bec-1 not
only suppresses the induction of autophagy by sir-2.1 but also abro-
gates longevity in these worms (Morselli et al., 2010a). In addition,
activation of SIR-2.1 by transgenic overexpression of pnc-1, a gene
encoding the pyrazinamidase/nicotinamidase PNC-1 that catabo-
lizes nicotinamide, a sirtuin inhibitor, also extends lifespan in C.
elegans. The effect of pnc-1 overexpression on lifespan is abolished
by concomitant knockdown of sir-2.1 or by that of either bec-1 or
atg-5 (Morselli et al., 2010b). Notably, SIRT1 (human orthologue of
sir-2.1) has been shown to directly deacetylate Atg5, Atg7 and Atg8
in vitro (Lee et al., 2008), indicating that the transcriptional control
of essential autophagy genes is under the control of SIRT1. Hence,
SIRT1 appears to play an important role in autophagy regulation.

Sirtuin 1 has also been reported to mediate the beneficial
effects of caloric restriction (CR) on lifespan (Fig. 2); however, the
role of sirtuins in CR remains controversial. Deletion of C. elegans
sir-2.1, combined with lesions in the eat-2 gene that genetically
mimic CR, suppress the longevity of eat-2 mutant animals, indi-
cating that sir-2.1 is required for CR-induced longevity (Wang and
Tissenbaum, 2006). Consistent with these findings, a loss of func-
tion mutation in sir-2.1 prevents the induction of autophagy and
the increase in longevity by caloric restriction, suggesting that
CR induces autophagy in a sir-2.1-dependent manner. By contrast,
rapamycin-induced autophagy is independent of sir-2.1, indicating
that rapamycin and sir-2.1 stimulate autophagy through distinct
mechanisms (Morselli et al., 2010b). Dietary deprivation (removal
of food source Escherichia coli) during adulthood increases lifes-
pan and enhances thermotolerance and resistance to oxidative
stress in C. elegans. Unlike partial reduction of food availability,
starvation-induced longevity (complete removal of bacterial food
during adulthood), is independent of sir-2.1 and the insulin/IGF-1
signalling pathway (Lee et al., 2006; Kaeberlein et al., 2006).

In Drosophila, Sir2 has been reported to mediate the effect of
caloric restriction-induced lifespan extension. In addition, caloric
restriction does not further extend the lifespan of long-lived
dSir2 overexpressing flies. Reduced dSir2 activity prevents lifes-
pan extension by caloric restriction or mutations in rpd3 (another
deacetylase gene), known to increase lifespan by acting within a
pathway related to caloric restriction (Rogina and Helfand, 2004;
Rogina et al., 2002). However, a recent study questions the con-
served role of dSir2 in mediating lifespan extension in response to
dietary restriction (Burnett et al., 2011).

3.6. p53

p53, the “guardian of the genome” plays important roles in the
maintenance of genomic integrity in response to cellular damage
and stress (Lane, 1992). Inactivating mutations or deletions in p53
are among the most common events in human cancers (Levine,
1997). Recent findings also implicate p53 in the regulation of lifes-
pan. Invertebrates such as worms and flies do not develop cancer
upon deletion of p53 (Rutkowski et al., 2011). Nevertheless, p53
deficiency broadly affects development, metabolism, cell death, the
response to genotoxic stress and the overall fitness of the organism,
which may account for the impact of p53 on life expectancy (Fig. 2;
Vousden and Lane, 2007).

C. elegans cep-1 mutants (the nematode orthologue of p53) are
viable, although they show hypersensitivity to hypoxia-induced
lethality and decreased lifespan in response to starvation-induced
stress (Derry et al., 2001). Deletion, depletion or pharmacological

inhibition of p53 induces autophagy in human, mouse and
nematode cells. Enhanced autophagy improves the survival of p53-
deficient cancer cells under conditions of hypoxia and nutrient
depletion, suggesting that autophagy induced by p53 inhibition
has a cytoprotective role. Cytoplasmic, but not nuclear, p53 can
repress the enhanced autophagy of p53-deficient cells, implying a
complex role for p53 in regulation of autophagy (Fig. 2; Tasdemir
et al., 2008). CEP-1 depletion extends lifespan in a DAF-16/FoxO-
dependent manner (Arum and Johnson, 2007; Ventura et al., 2009).
Interestingly, knockdown of the essential autophagy gene bec-1
reduces the longevity of cep-1 mutant animals, suggesting that
the lifespan-extending effect of CEP-1 deficiency is mediated by
autophagy (Tavernarakis et al., 2008). In addition, CEP-1 plays a
critical role in both development and adult lifespan regulation, in
response to mild mitochondrial stress. Partial loss of mitochon-
drial protein function extends lifespan in worms. This increase in
longevity requires CEP-1. In sharp contrast, CEP-1 impairs devel-
opment and shortens lifespan upon severe mitochondrial damage
(Ventura et al., 2009). The mechanisms by which CEP-1 mediates
longevity remain unclear.

Flies lacking Dmp53 (the Drosophila p53 homolog) are viable,
and still undergo cell cycle arrest and apoptosis following DNA
damage, but display abnormal germ cell death, similarly to C.
elegans (Yamada et al., 2008). Dmp53 has also been implicated
in ageing. Loss-of-function Dmp53 mutations shorten lifespan,
probably due to negative effects during embryonic development.
Surprisingly, expression of dominant-negative (DN) Dmp53 muta-
tions in adult neurons extends lifespan by 58% in females and 32%
in males, and increases genotoxic stress resistance in the fly (Bauer
and Helfand, 2006). Furthermore, specific expression of DN Dmp53
in 14 brain neurons that produce insulin-like peptides prolongs
lifespan to an extent comparable to pan-neuronal expression, sug-
gesting that Dmp53 inhibition promotes longevity by inhibiting
insulin signalling (Bauer et al., 2007). Caloric restriction does not
further extend lifespan in DN Dmp53 expressing flies, suggesting
that a decrease in p53 activity may mediate the longevity response
to caloric restriction in flies. In Drosophila, the pro-longevity effects
of DR have been reported to involve activation of dSir2 (Rogina and
Helfand, 2004). Lifespan extension by both activation of dSir2 and
DN Dmp53 expression is not additive. Moreover, dSir2 physically
interacts with Dmp53 and can deacetylate Dmp53-derived pep-
tides (Bauer et al., 2009). Collectively, these observations suggest
that CR, dSir2 and Dmp53 may function in the same pathway to
influence life expectancy.

3.7. Calcineurin

Calcineurin (CaN) is a serine/threonine phosphatase, activated
by Ca%*/calmodulin (Ca%*/CaM), playing a role in the coupling of
Ca2* to cellular responses (Klee and Haiech, 1980). It is a het-
erodimer consisting of a 60kDa catalytic subunit, calcineurin A
(CnA, encoded by tax-6 in C. elegans) and a 19kDa calcium bind-
ing regulatory subunit, calcineurin B (CnB, encoded by cnb-1 in
C. elegans). Calcineurin deficiency extends lifespan and enhances
autophagy in the nematode. RNAi-mediated depletion of bec-1 and
atg-7 genes suppresses lifespan extension in CaN mutants, indi-
cating that autophagy is required for the longevity phenotype of
calcineurin defective C. elegans strains (Dwivedi et al., 2009).

4. Environmental/cellular stress signals induce
autophagy-mediated lifespan extension

Living organisms need to cope with multiple different environ-
mental or chemical stressors (food deprivation, temperature shifts,
UV irradiation, oxidation agents, etc.). Therefore, strategies that
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confer resistance to diverse stress stimuli are crucial for survival.
In several cases, resistance to stress has been linked to longevity
(Johnson et al., 2002; Kourtis and Tavernarakis, 2011). Stress resis-
tance is often studied in two different contexts: survival after acute
stress and adaptation to mild stress. The latter is often also mani-
fested as hormesis (Martins et al., 2011). Hormesis is the adaptive
response to small harmless doses of a potentially fatal environ-
mental or intrinsic stress stimulus, which renders the organism
resistant to increased doses of this particular stressor. The sig-
nalling pathways that mediate resistance or adaptation to stress
are also involved in longevity and have been already introduced
in previous chapters (Calabrese et al., 2011; Johnson et al., 2002;
Parsons, 1995). In this part of the review, we highlight autophagy
as an integral component of several stress response mecha-
nisms, which represents a conserved stress coping strategy in
eukaryotes.

4.1. Autophagy and dauer formation in C. elegans

C. elegans has developed a survival strategy for harsh envi-
ronmental conditions that entails entering an alternate third
developmental stage, the “dauer diapause”. Dauer larvae do not
eat or defecate, they store large amounts of fat in their intes-
tine, which gives them an intensive intestinal pigmentation (Apfeld
and Kenyon, 1998), and they survive for extended periods of time
compared to reproductively active adult nematodes. When envi-
ronmental conditions improve, dauer larvae exit diapause and
continue their reproductive development. The decision of whether
to enter diapause or proceed towards reproductive lifecycle is
controlled by insulin/IGF-1 signalling (Kimura et al., 1997). daf-2
mutants, that lack the insulin-like receptor show a DAF-16/FoxO-
dependent, constitutive dauer phenotype at high temperature
(25°C) and live twice as long as wild-type animals (Kenyon et al.,
1993; Lin et al., 1997). Autophagy is critical for both diapause entry
and longevity. Essential autophagy genes are highly expressed in all
tissues that are remodelled throughout dauer larval development
(hypodermis, intestine, pharynx, nervous system, reproductive
organs; Melendez and Levine, 2009). Accordingly, daf-2 mutants
display increased levels of autophagy (Hansen et al., 2008). Normal
dauer larvae are resistant to 1% SDS (Cassada and Russell, 1975).
Reduced autophagy results in the formation of abnormal dauer lar-
vae with altered morphology, which lack resistance to SDS and are
not long-lived (Hars et al., 2007; Melendez et al., 2003). Knockdown
of the autophagy gene bec-1 shortens lifespan of both wild-type and
daf-2 mutant worms. Orthologues of the yeast autophagy genes
APG1, APG7, APG8, and AUT10 are also required for dauer forma-
tion and lifespan extension in C. elegans (Melendez et al., 2003).
Collectively, these findings indicate that autophagy is required for
the formation of stress resistant, long-lived dauer larvae, and is
important for both normal lifespan and longevity induced by low
endocrine signalling (Melendez et al., 2003).

4.2. Autophagy and starvation

Severe starvation or milder dietary restriction (DR) induces
autophagy in several tissues of both invertebrate models. Indica-
tively, following DR, autophagy is stimulated in fat body, muscles
and ovaries of Drosophila (Barth et al., 2011) and pharyngeal mus-
cles of C. elegans (Kang et al., 2007). DR is the only environmental
manipulation with a positive impact on the lifespan of all species
tested so far. Does autophagy play a causative role in DR-mediated
lifespan extension? In C. elegans, DR induces autophagy (Hansen
et al., 2008). Knockdown of autophagy genes such as bec-1, vps-34
or atg-7, prevents lifespan extension under DR (Hansen et al., 2008;
Jiaand Levine, 2007; Morselli et al.,2010b). Accordingly, autophagy
is required for lifespan extension of eat-2 mutants that display

pharyngeal pumping defects, and are thus chronically dietary-
restricted (Jia and Levine, 2007; Toth et al., 2008). Survival upon
complete starvation also depends on autophagy. In Drosophila,
starvation induces autophagy in the fat body (a nutrient storage
organ), providing the nutrients required for survival (Scott et al.,
2004). Under conditions of complete starvation or sugar-only diet,
autophagy mutants, lacking the core autophagy regulator Atg7, dis-
play accelerated mortality rates compared to control flies (Juhasz
et al,, 2007a).

In C elegans, lesions in pcm-1, a gene encoding a pro-
tein repair aminotransferase (L-isoaspartyl-O-methyltransferase),
decrease dauer lifespan. Under complete starvation, pcm-1 mutant
L2d larvae approaching the dauer molt, show reduced autophagy,
and this likely underlies their inability to cope with starvation via
dauer formation (Gomez et al., 2007). Importantly, unrestrained,
excessive autophagy induced by over-activation of muscarinic
acetylocholine receptor signalling in gpb-2 mutants reverses the
protective effect of moderate autophagy and decreases survival
upon starvation (Kang and Avery, 2008; Kang et al., 2007). In
adult flies, conditional inactivation of autophagy genes does not
have an effect on lifespan extension by DR (Ren et al., 2009). The
PHA-4 and DAF-16 transcription factors mediate lifespan exten-
sion by DR in C. elegans (Honjoh et al.,, 2009; Panowski et al.,
2007). Under limited food conditions autophagy is induced specifi-
cally by PHA-4 activation (Hansen et al., 2008). Whether DAF-16
activation also stimulates autophagy under intermitted fasting
remains to be determined (Honjoh et al., 2009). Depletion of
essential autophagy proteins, such as ATG1, may interfere with
vital signalling pathways, such as the mTOR-S6 kinase pathway,
which influence lifespan (Lee et al., 2007). A role for autophagy in
starvation-induced longevity has also been reported in vertebrates
(Hara et al., 2006; Komatsu et al., 2005).

4.3. Autophagy and oxidative stress

Intracellular oxidative stress is caused by increased levels of
reactive free radical derivatives of oxygen and nitrogen species
(ROS and RNS respectively; Milton and Sweeney, 2012). ROS and
RNS are generated mainly as by-products of mitochondrial respi-
ration, although they can also be produced by the ER (Liu et al.,
2004), peroxisomes (Boveris et al., 1972), and lysosomes (Kurz
et al., 2008). A mild inhibition of mitochondrial respiration has
been shown to extend lifespan both in C. elegans and in Drosophila.
Under normal conditions, an arsenal of cellular anti-oxidant sys-
tems (superoxide dismutase — SOD, catalase, glutathione - GSH,
the thioredoxin system — TRX) protect against damage. Pathologi-
cal conditions develop when the level of free radicals exceeds the
reducing capacity of the cell. Oxidative damage is cumulative and
its effects are exacerbated in post-mitotic cells, for example neu-
ral cells in Drosophila, or all somatic cells in C. elegans adults. The
mitochondrial theory of ageing, proposed first by Harman (1956,
1972), posits that accumulating oxidative damage drives senescent
decline and ageing. In C. elegans, long-lived daf-2 or isp-1 mutants
display increased anti-oxidant enzyme expression (MnSOD and
SOD-3 respectively; Feng et al., 2001; Honda and Honda, 1999),
whilst short-lived gas-1 and mev-1 mutants show increased ROS
levels as well as high mitochondrial and nuclear DNA mutation
rates (Ishii et al., 1998; Kayser et al., 2004; Senoo-Matsuda et al.,
2003). In Drosophila, the long-lived Methuselah (mth) mutants
display increased resistance to oxidative stress (Lin et al., 1998),
whilst overexpression of anti-oxidant enzymes extends lifespan
(Sun et al., 2002; Sun and Tower, 1999). Paradoxically, knockdown
of specific mitochondrial respiratory chain genes has a positive
impact on nematode lifespan (Rea, 2005; Ventura et al., 2006 ). RNAi
of five genes encoding respiratory chain components from com-
plexes I, III, IV and V increases lifespan in flies (Copeland et al.,
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Fig. 3. Emerging interactions between autophagy, mitochondrial dysfunction and ROS production in the regulation of longevity. The schematic diagram illustrates pathways
by which increased generation of ROS, caused either by mutations in ETC subunits or by treatment with oxidizing agents, likely promotes longevity. RNAi knockdown of
mitochondrial subunits also induces longevity mediated by the heat-shock response and the mitochondrial unfolded protein response (mtUPR). Interestingly, most of these
pathways converge to stimulate autophagy. Whether autophagy is the major mediator of longevity upon activation of these pathways remains to be investigated. Dashed

lines indicate inferred but not yet unequivocally established interactions.

2009). Furthermore, targeted RNAI of two respiratory subunits in
adult tissues or in neurons alone, is sufficient to extend lifespan in
flies (Copeland et al., 2009).

Autophagy defects cause sensitivity to oxidative stress and
decrease longevity. In C. elegans, autophagy is required for lifespan
extension by low mitochondrial respiration upon knockdown of
several mitochondrial electron transport chain (ETC) components
(Toth et al., 2008). Mutations in autophagy genes (unc-51, bec-1
and atg-18) suppress lifespan extension by lesions in the mito-
chondrial ATP synthase gene atp-3 and the ubiquinone biosynthesis
gene clk-1(Tothetal., 2008). Notably, the lifespan extension pheno-
type of isp-1 and nuo-6 mitochondrial mutants does not depend on
autophagy (Yang and Hekimi, 2010a). isp-1 and nuo-6 mutants are
resistant to paraquat and express higher levels of SOD-1 and SOD-2,
with no autophagy induction. Knockdown of bec-1 in adult worms
does not suppress lifespan extension in isp-1 mutants (Hansen et al.,
2008). Therefore, perturbation of mitochondrial function in C. ele-
gans may trigger distinct longevity pathways, depending on the
extent or the type of mitochondrial dysfunction (Fig. 3; Yang and
Hekimi, 2010a).

In Drosophila, Atg7 mutants are hypersensitive to agents that
induce oxidative stress (paraquat and hydrogen peroxide), and are
short-lived compared to control flies under normal conditions, indi-
cating the crucial role of autophagy in stress survival and longevity
(Juhasz et al., 2007a). Similarly, flies with mutations in the Atg8a
gene are short-lived, show accumulation of insoluble ubiquiti-
nated proteins (IUP) and increased sensitivity to oxidative stress. By
contrast, flies with elevated neuronal expression of Atg8a exhibit
extended average lifespan and enhanced resistance to oxidative
stress and the accumulation of ubiquitinated and oxidized pro-
teins (Simonsen et al., 2008). The stress-induced protein kinase
JNK mediates induction of autophagy in the Drosophila midgut, and
resistance to oxidative stress by paraquat treatment (Fig. 3; Wang

etal.,2003; Wuetal.,2009). Moreover, in the adult Drosophila brain,
overexpression of autophagy genes augments resistance to oxida-
tive stress and extends lifespan by ~50% (Simonsen et al., 2008).

What signals induce autophagy upon mitochondrial dysfunc-
tion and oxidative stress? Recent findings, relevant to ROS levels
in long-lived mitochondrial mutants are not directly compati-
ble with the free radical theory of ageing. In contrast to the
predictions of the theory, increased ROS levels do not always
correlate with reduced longevity (Doonan et al., 2008). Paradox-
ically, ROS have been shown to even promote longevity in several
cases, with anti-oxidants actually cancelling these beneficial effects
(Fig. 3; Heidler et al., 2010; Schulz et al., 2007; Yang and Hekimi,
2010Db). Consistently, long-lived clk-1, isp-1 and nuo-6 mitochon-
drial mutant worms have increased ROS levels (Lee et al., 2010;
Yang and Hekimi, 2010b). Elevated ROS activate the hypoxia-
inducible factor-1 (HIF-1), which is required for lifespan extension
in these mutants (Hwang and Lee, 2011; Lee et al., 2010). HIF-1
is a highly conserved transcription factor that mediates survival
under hypoxic stress. Interestingly, genetic or pharmacological
inhibition of autophagy causes hypoxia hypersensitivity in worms.
Thus, autophagy appears to protect from hypoxic injury (Fig. 3;
Samokhvalov et al., 2008). In flies, oxidative stress is a major
regulator of synaptic function and growth by activation of JNK/AP-
1 and autophagy (Shen and Ganetzky, 2009). Such responses
have been proposed to underpin some forms of synaptic ageing
(Milton and Sweeney, 2012). Findings in yeast and mammalian
cells suggest that mitochondrial ROS serve as signals to regulate
induction of autophagy. For example, ROS activate redox-sensitive
proteases that are involved in autophagy (Scherz-Shouval et al.,
2007). Although, the exact link between ROS and the autophagic
machinery remains largely unknown, it is tempting to speculate
that elevated ROS may promote longevity by signalling autophagy
induction.
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4.4. Autophagy against heat shock and accumulation of protein
aggregates

Prokaryotes and eukaryotes exposed to elevated temperatures
induce the expression of a battery of conserved genes encoding
Heat-Shock Proteins (HSPs). HSPs function mainly as chaperons
and proteases that target misfolded and aggregated proteins. This
heat-shock response confers cyto-protection and stress resistance.
Expression of heat-shock genes is orchestrated by the conserved
transcription factor heat shock factor 1 (HSF1). Lack of HSF-1
expression causes shortening of lifespanin C. elegans (Garigan et al.,
2002). Studies in mammals have also shown that the thermostabil-
ity of HSF1 and ability to bind onto its respective DNA elements is
altered with age (Heydari et al., 2000).

How does heat stress kill cells? Although the molecular mecha-
nisms involved remain obscure, it is likely that loss of cell viability
following heat shock is due in part to the formation of toxic protein
aggregates, deriving from misfolded or heat-denatured proteins
(Riezman, 2004 ). HSPs are modulators of stress resistance and age-
ing in flies (Tower, 2011). HSPs bind their substrates and either
prevent their aggregation, catalyse their refolding or deaggrega-
tion, or target them for proteasomal or autophagic degradation
(reviewed in Stetler et al., 2010). The ATP-independent small HSP
family (HSPB) has been shown to mediate stress-induced macroau-
tophagic processes (Vos et al., 2011). Amongst them HSPB7 is the
most potent suppressor of polyQ aggregation, as shown both in
mammalian cells and in Drosophila. HSPB7 binds polyQ protein
aggregates but does not display refolding capacity. Although HSPB7
does not increase autophagy, it depends on an active autophagic
machinery to perform its protective effects (Vos et al., 2010). Muta-
tions in human HSPB8 have been associated with distal motor
neuropathy (Irobi et al., 2004) and Charlott-Marie-Tooth (CMT) dis-
ease (motor and sensory neuropathy; Tang et al., 2005). HSP67Bc,
the closest functional orthologue of HSPB8 in Drosophila, medi-
ates the clearance of protein aggregates via downregulation of the
mRNA translation initiation factor e[F2a. HSP67Bc-mediated phos-
phorylation of elF2a leads to both suppression of protein synthesis
and activation of autophagy (Carra et al., 2010), similarly to its
mammalian counterpart (Carra et al,, 2009). elF2a inhibition is
unrelated to ER stress, since it does not include the PERK kinase
(see below; Carra et al., 2009). HSPB8 function depends on the
interaction with BAG3, an autophagy stimulator (Carra et al., 2008).
It has been hypothesized that BAG3 might recruit the autophagic
machinery in close proximity to the cargo-loaded chaperone. The
Drosophila orthologue of BAG3, Starvin could have a similar func-
tion (Carra et al., 2010). More autophagic machinery components
could also be involved (Gamerdinger et al., 2009). However, apart
from the initial evidence described above, the role of HSPs in regu-
lating autophagy during ageing is yet to be discovered.

Oxidative and thermal stress, as well as aberrant gene prod-
ucts prone to aggregation, can lead to intracellular accumulation of
misfolded or aggregated protein and proteotoxicity. Protein aggre-
gates formed either in the ER or in mitochondria are sensed in
these organelles and induce ER or mitochondria-specific unfolded
protein responses (UPRs). UPRs involve the expression of ER and
mitochondrial chaperones, and enzymes dedicated to repairing or
eliminating misfolded proteins. Different sub-categories of HSPs
participate in UPR pathways. In C. elegans, knockdown of cco-1,
which encodes a cytochrome c oxidase subunit, triggers the mito-
chondria UPR (™UPR), in a cell-non-autonomous manner, and also
promotes longevity (Fig. 3; Durieux et al., 2011). In mammals, accu-
mulation of misfolded proteins in the ER induces phosphorylation
of the translation initiation factor elF2a by the PERK kinase (pan-
creatic endoplasmic reticulum elF2a kinase), a sensor of misfolded
proteins in the ER, and also stimulates autophagy (Kouroku et al.,
2007). In addition to ER stress, elF2a phosphorylation is induced by

other stress stimuli, such as amino-acid deprivation (via the GCN2
kinase), and the presence of dsRNA (via the PKR kinase). These
elF2a-phosphorylation pathways have been linked to autophagy
induction in mammalian cell lines (Py et al., 2009; Talloczy et al.,
2002).

Ageing weakens the capacity of the autophagic machinery
to remove protein aggregates and maintain protein homeostasis
(Fig. 3). In Drosophila, expression of several autophagy genes is
reduced in the neurons of aged flies. Loss-of-function mutations in
autophagy genes result in accumulation of insoluble ubiquitinated
proteins in neurons and reduced lifespan (Simonsen et al., 2008).
Moreover, natural brain ageing is accompanied by autophagic neu-
ropathologies (accumulated dysfunctional autophagic/lysosomal
vesicles),in Drosophila (Ling and Salvaterra, 2011). The involvement
of autophagy in countering proteotoxicity is particularly relevantin
age-related neurodegenerative diseases. Invertebrate models have
provided valuable insights into the critical role of autophagy for
clearance of protein aggregates that lead to disease. These findings,
which hold promise for the development of effective therapeutic
interventions, are discussed in Section 4.6, below.

4.5. Mitophagy

Apart from the general, non-selective autophagy, several
types of selective autophagy have been characterized. Selective
autophagy mediates the clearance of specific organelles that are
either damaged or superfluous, under certain conditions. Depend-
ing on the specific cargo that is being degraded, distinct types
of autophagy have been defined; pexophagy (degradation of per-
oxisomes), nucleophagy (degradation of the nucleus), mitophagy
(degradation of mitochondria), ribophagy (for ribosomes) and
xenophagy (for elimination of foreign particles, such as intracel-
lular pathogens). Most of these forms of selected autophagy are
largely unexplored ininvertebrates (reviewed in Nezis, 2012). Here,
we discuss mitophagy, one of the most studied process in inverte-
brates.

Mitochondria destined for elimination by mitophagy are
marked by specific outer membrane markers (ATG32 in yeast, and
NIX in mammalian cells) that mediate the conjugation to the isola-
tion membrane (reviewed in Youle and Narendra, 2011). Damaged
mitochondria, with disrupted membrane potential, are targeted
to autophagosomes through the PINK-1/Parkin pathway (Jin and
Youle, 2012). PINK1 is a mitochondrial-targeted kinase (Clark et al.,
2006; Gandhietal., 2006; Valente et al., 2004), whilst Parkin is an E3
ubiquitin ligase which seems to be specifically recruited to mito-
chondria upon PINK1 activation (Clark et al., 2006; Pallanck and
Greenamyre, 2006). Several PINK1 (PTEN-induced putative kinase
1) and Parkin mutations have been detected in sporadic cases of
Parkinson’s disease patients (Ibanez et al., 2006). In flies, PINK1
mutants have reduced ATP levels, they are sensitive to multiple
stresses, and have an overall shorter lifespan than wild-type con-
trols (Clark etal.,2006), indicating the significance of mitochondrial
quality control in ageing.

Studies in both Drosophila and mammalian cell lines suggest that
PINK1 is stabilized on the outer membrane of uncoupled mitochon-
dria and recruits Parkin. Subsequently, mitofusin (Mfn; a profusion
factor on the outer mitochondrial membrane) is ubiquitinated in
a Parkin-dependent manner for degradation by the proteasome
(Narendra et al., 2010; Ziviani et al., 2010). Decreasing the levels
of Mfn via the PIKN1/Parkin pathway promotes mitochondrial fis-
sion, or alternatively inhibits mitochondrial fusion (Poole et al.,
2008, 2010; Yang et al., 2008). It is suggested that fragmenta-
tion of mitochondria that follows degradation of Mfn, segregates
damaged mitochondria from the mitochondrial network and facil-
itates their subsequent engulfment by autophagosomes (Tanaka,
2010; Twig et al., 2008). These studies provide new insight into the
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complex interplay between mitochondrial dynamics and mito-
chondria quality control. The implications to lifespan determina-
tion remain to be elucidated.

4.6. Autophagy against disease

Expanded polyglutamine repeat proteins (poly-Q) aggregate
intracellularly in Huntington’ s disease and other polyQ disor-
ders. Frequently, expanded polyglutamine tracts longer than 35-40
residues lead to neurodegeneration. In a C. elegans model for
polyQ-induced cellular pathology, reduction of autophagy results
in accumulation of polyQ aggregates and exacerbates muscle dys-
function, in animals expressing 40-residue long polyglutamine
tracts in muscle cells (Jia et al., 2007). In addition, reduction of
autophagy in the ASH sensory neurons of animals expressing a
human huntingtin fragment (htt-polyQ150) enhances neurodegen-
eration (Jia et al., 2007).

Puromycin resistant aminopeptidase (PSA) cleaves polyQ
sequences, both in mice and Drosophila. PSA overexpression
reduces neuronal degeneration and extends lifespan in flies that
express expanded huntingtin. Protection is likely mediated by
autophagy (Menzies et al., 2010). In a Drosophila model for
spinobulbar muscular atrophy (SBMA) that expresses an expanded
polyQ androgen receptor (AR) variant, ubiquitin-positive protein
aggregates accumulate in neurons. Autophagy is activated as a
mechanism compensatory to the ubiquitin-proteasome system
(UPS), in histone deacetylase 6 (HDAC6)-dependent manner, to pro-
tect against degeneration (Pandey et al., 2007). Drosophila dynein
mutants with impaired autophagosome-lysosome fusion display
premature expanded Huntingtin aggregation (Ravikumar et al.,
2005; Rubinsztein et al., 2005). In a C. elegans model for Alzheimer’s
disease, expressing the human (3-amyloid peptide (Af), inhibi-
tion of autophagy exacerbates AP toxicity, especially in genetic
backgrounds deficient for insulin/IGF-1 signalling (Florez-McClure
et al., 2007). Moreover, expression of human amyloid peptide
42 (AB1_42), but not AB_49, induces early onset and progressive
neuropathology characterized by defective autophagic/lysosomal
degradation (accumulation of dysfunctional autophagic vesicles)
in the Drosophila brain (Ling and Salvaterra, 2011).

Protein aggregation is also a prominent feature of Parkinson’s
disease, where neuronal inclusions are formed called Lewy Bod-
ies, which contain mostly aggregated a-synuclein. a-synuclein
inhibits autophagy by blocking Rab1a function. Overexpression of
Rab1a restores autophagy defect caused by a-synuclein in the fly
brain (Winslow et al., 2010). Collectively, these findings suggest
that autophagy is a major cytoprotective mechanism against pro-
teotoxic stress that lies at the cross-roads between ageing and
age-related neurodegenerative diseases (reviewed in Markaki and
Tavernarakis, 2010; McPhee and Baehrecke, 2009).

5. Pharmacological induction of lifespan extension
through autophagy stimulation

Apart from rapamycin (discussed above), many other pharma-
cological interventions influence longevity or stress resistance in
diverse species, through activation of the autophagic machinery.
Resveratrol is a plant polyphenol, member of a polyphenol class
known as flavonols. It is found in grape berry skin, red wine,
knotweed, peanuts and other plants, and displays anti-oxidative
and free-radical scavenging properties. It has been studied exten-
sively for its anti-inflammatory (Zhang et al., 2010), anti-cancer
(Jang et al., 1997) and antiviral roles (Yiu et al., 2010). Resver-
atrol has been reported to exert positive effects on lifespan in
both D. melanogaster and C. elegans (Bass et al., 2007; Wood et al.,
2004). The capacity of resveratrol to stimulate autophagy in C. ele-
gans is mediated by sirtuin-1 (SIR-2.1; Morselli et al., 2010a,b).

Overexpression of SIR-2.1 induces autophagy in nematodes
(Morselli et al., 2010a,b). Lifespan extension induced by resvera-
trol requires autophagy; inhibition of the autophagic machinery (by
bec-1knockdown)abolishes longevity (Morsellietal.,2010b). Lifes-
pan extension by sirtuin 1 overexpression is also reversed in bec-1
autophagy deficient mutants (Morselli et al.,2010b). These findings
indicate that resveratrol extends lifespan by inducing autophagy
in a SIR-2.1-dependent manner. Moreover, resveratrol seems to
protect the nematodes from oxidative stress caused by irradiation,
by lowering ROS levels and preventing mitochondrial damage (Ye
et al,, 2010).

Spermidine is a naturally occurring ubiquitous polyamine. It
is produced by prutrescine and is the precursor of spermine.
Exogenous supply of spermidine induces lifespan extension in sev-
eral organisms, including yeast, worms and flies. Spermidine also
induces autophagy in all of these organisms and in human tumour
cells (Eisenberg et al., 2009; Madeo et al., 2010; Morselli et al.,
2011). Adding optimal doses of spermidine supplement in fly food,
markedly increases their mean lifespan by about 30%. Detected
intracellular levels of spermidine and putrescine (interconvertible)
are increased compared to control flies, indicating that exogenously
supplied spermidine is indeed internalized and metabolized by
the flies (Eisenberg et al., 2009). Similarly, spermidine supplied
in food increases lifespan in C. elegans by 15%. This pro-longevity
effect is observed in both wild-type and sir-2.1 mutant animals
(although sir-2.1 lesions attenuate autophagy induction by spermi-
dine), suggesting that, in contrast to resveratrol, lifespan extension
by spermidine is independent of sir-2.1 (Morselli et al., 2011). Inter-
fering with the autophagic machinery, by knocking down Atg7 in
flies or bec-1 in worms, abolishes the beneficial effects of spermi-
dine on lifespan for both species (Eisenberg et al., 2009). In yeast,
spermidine functions as an inhibitor of histone acetylases. Modu-
lation of the acetylation state of histones affects the transcription
of several genes, some of which are involved in the autophagic
degradation machinery (Eisenberg et al., 2009). Although resver-
atrol induces autophagy through SIR-2.1, which is dispensable for
autophagy induction by spermidine, clearly these two compounds
mediate longevity through convergent pathways. Proteomic anal-
ysis of human colon carcinoma HCT116 cells revealed that the
two pathways are both AMPK and mTOR independent, whilst they
induce convergent acetylproteome modifications that regulate the
autophagic network (Morselli et al., 2011).

Efforts to identify new autophagy promoting drugs revealed
three new small molecules (SMERs) that can effectively activate
autophagy both in mammalian cell lines and in Drosophila, with-
out inhibiting the mTOR pathway (Sarkar et al., 2007). Autophagy
induction by these agents protects against polyQ toxicity in neurons
of an HD Drosophila model. Finally, amyloid-binding compounds,
which also bind protein fibrils and protein aggregates, have
been shown to influence lifespan in C. elegans. Interfering with
autophagic or lysosomal function by RNAi knockdown of atg-9 or
vsp-34, partially reverses the beneficial effects of these compounds,
indicating that their effects are mediated, at least in part, by the
autophagy degradation pathway (Alavez et al., 2011).

6. Concluding remarks

The process of ageing is driven by the gradual, lifelong accumu-
lation of a wide assortment of molecular and cellular damage that
eventually results in frailty and disease (Kirkwood, 2005, 2008).
Autophagy is a cellular housekeeper involved in the elimination of
injured or dysfunctional organelles, protein aggregates and intra-
cellular pathogens. These functions are vital for protection against
damage associated with ageing and age-associated diseases (Levine
and Kroemer, 2008). Survival under stress depends substantially
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on the ability of the autophagic machinery to remove damaged
cellular components and reorganize the cell’s metabolic strategy
(Rabinowitz and White, 2010). Autophagic activity declines with
age in vivo and in vitro, whilst deregulation of autophagy often
correlates with accelerated ageing (Rubinsztein et al.,2011). There-
fore, autophagy may exert a cytoprotective role by increasing the
threshold of damage a cell can endure, prior to undergoing cell
death (Martins et al., 2011). Somewhat paradoxically, RNAi sup-
pression of several autophagy genes after development results in
extended lifespan in worms (Hashimoto et al., 2009). Moreover,
conditional inhibition of autophagy in adult flies did not affect lifes-
pan(Bjedovetal.,2010). These findings argue for a protective role of
autophagy against ageing specifically during development. Future
work should elucidate this intriguing interplay between autophagy
regulation during developmental and longevity.

In addition to its cytoprotective role, autophagy may contribute
to cellular pathology when aberrantly or excessively activated
(Kang and Avery, 2010). Inhibition of autophagy suppresses
necrotic neurodegeneration, whilst over-induction of autophagy
exacerbates necrotic cell death in C. elegans (Samara et al., 2008;
Toth et al., 2007). Interestingly, the mouse anti-apoptotic protein
Bcl-2 binds Beclin-1 and inhibits autophagy, whereas the pro-
apoptotic BH3-only proteins release Beclin-1 from Bcl-2, activating
autophagy (Pattingre et al., 2005). Beclin-1 itself contains a BH3-
only protein domain; however, its interaction with Bcl-2 does not
deprive Bcl-2 of its anti-apoptotic function (Boya and Kroemer,
2009; Ciechomska et al., 2009). Collectively these findings highlight
the intricate relationship of autophagy with cellular homeostasis
and organismal survival.

Although a tight link between autophagy and ageing has been
established through numerous studies, a one-way cause-and-effect
relationship still remains ambiguous. Ageing is a complex multi-
factorial process of progressive decay and physiological function
decline. Autophagy is engaged in several situations and signalling
events relevant to ageing and senescence. Further studies should
reveal the complete repertoire of interactions between autophagy
and ageing. An additional important challenge for the future that
is particularly relevant to human age-related pathologies is the
systemic, spatiotemporal regulation of autophagy, within different
tissues and organs, in the context of the whole ageing individual.
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