2017;65:110-123

Review

Extending lifespan through autophagy stimulation:
a future perspective
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Ageing is a natural process characterized by the gradual decline of physiological functions. In the last decades,
human lifespan has considerably increased. Consequently, population ageing and the resulting increase of
people affected by age-related diseases, is emerging as a major social and economic challenge in developed
countries. This scenario has led to an exponential growth of research projects in the field of ageing, with the
aim of identifying amenable drug targets and pharmacological interventions to extend human healthy lifespan. Extensive evidence in literature suggests that the dysfunction of autophagy, a highly conserved pathway
involved in maintaining cellular homeostasis, is part of the ageing process with roles in the pathobiology
of age-related diseases. Moreover, accumulating experimental data from invertebrate and vertebrate animal
models demonstrate that intervening to increase lifespan also induces autophagy, suggesting that stimulating
such cellular process may represent an effective strategy to increase longevity. Here, we reviewed the literature
on autophagy in ageing and age-related diseases, also discussing the perspective of behavioral and pharmacological interventions that may increase healthy lifespan through autophagy stimulation.
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INTRODUCTION
Ageing, an intrinsic feature of life, is characterized by
the gradual loss of capacity of organs, tissues and cells
to maintain the functional and structural integrity upon
perturbation by endogenous and exogenous insults. In
the last decades, increased medical progresses and
better living conditions have led to a dramatic lifespan
increase of both developing and rich regions. Currently,
ageing populations represent a global phenomenon,
which is emerging as one of the major socioeconomic
burden of the last century. As stated by the current European Commission Ageing Report 1, the demographic
trends projected over the long term reveal that Europe
is ‘turning increasingly grey’ in the coming decades.
The projections show large and sustained increases in
lifespan. In the EU, life expectancy at birth for males is
expected to increase by 7.1 years over the long period,
reaching 84.8 in 2060. For females, it is projected to
increase by 6.0 years, reaching 89.1 in 2060. However,

since the ageing process involves functional decline
and increased risk of chronic diseases, the increase
of life expectancy cannot straightforwardly translate
into an equivalent increase in healthy life expectancy 2.
Now the progressive increase in longevity, if not accompanied by a reduction of the prevalence of chronic
disabling diseases, would lead to an increased demand
of assistance/support for older people and economic
burden on health-care systems. This scenario has led
to a growing interest among the scientific community.
Researchers in the field of the biology and genetics of
ageing have rushed on such a cogent topic in order
to develop safe interventions to further slowdown the
ageing process increasing healthy lifespan 3 4.
From a molecular point of view, ageing is an absolute
example of complexity characterized by the accumulation of cellular damage promoting disease mechanisms
and ultimately death. Results from studies on molecular
mechanisms of ageing and age-related diseases evidenced that the age-associated cellular damage largely

❚❚ Received: July 1, 2016 - Accepted: October 19, 2016
❚❚ Correspondence: Brunella Tancini, Departimento di Chimica, Biologia e Biotecnologie, Università di Perugia, via Elce di Sotto 8, 06123 Perugia, Italy - Tel.
+39 075 5857442 - E-mail: brunella.tancini@unipg.it

Extending lifespan through autophagy stimulation: a future perspective

111

results from the alteration of only a few evolutionarily conserved genetic and biochemical pathways. In particular,
the main causes impaired cellular homeostasis associated to the ageing process are: genomic instability 5,
changes in nutrient sensing 6-8, mitochondrial dysfunction 9, loss of proteostasis and autophagy efficiency 10 11.
It is noteworthy that the molecular mechanisms underlying ageing-associated defects are interconnected and
affect the same cellular processes responsible for most
of the age-related diseases such as cancer, cardiovascular and neurodegenerative disorders 3. Therefore, efforts aimed at identifying pharmacological interventions
to slow down the molecular progress of ageing may also
contribute to delay or prevent many chronic diseases.
In this context, there is a general consensus that dietary, behavior and pharmacological interventions which
modulate intracellular signaling pathways involved in
response to nutrient availability, oxidative stress and the
overall cellular protection may delay ageing and improve
healthy lifespan. In particular, recent findings indicate
that conserved signaling pathways, such as the insulin/
insulin-like growth factor 1 (IGF1) 12, mammalian target
of rapamycin complex 1 (mTORC1) 13, and the AMPdependent protein kinase (AMPK) pathway 14 converge
on autophagy to extend lifespan. On this basis, modulation of such pathway may be of great relevance to slow
down ageing and delay or prevent age-related diseases
though autophagy induction.
Here we focus on the role of autophagy on ageing and
age-related disorders and reviewed the literature on
anti-ageing interventions affecting this pathway.

Macroautophagy consists of a non-selective sequestration of cytoplasmic damaged organelles and proteins,
followed by their vesicular transport to lysosomes. The
process involves the formation, maturation, trafficking
and subsequent degradation of double-membrane
structures known as autophagosomes 19. Although
macroautophagy is generally considered to be a nonselective process, accumulating evidence has clearly
shown that it can also specifically target damaged or
superfluous organelles. Depending on the cargo, different forms of selective autophagy have been described
including mitophagy (mitochondria), pexophagy (peroxisomes), ER-phagy (ER), xenophagy (pathogens),
and others 20-22. In microautophagy, cytosolic material is internalized for degradation in single-membrane
vesicles that form through invaginations in the surface
of lysosomes or late endosomes. In mammalian cells,
this process has been recently shown to take place
at the surface of the late endosomes (endosomal microautophagy) and to utilize the machinery required
for the biogenesis of multivesicular bodies 23. In CMA,
targeted proteins are translocated across the lysosomal
membrane as a complex with chaperone proteins recognized by the lysosomal-associated membrane protein 2A (LAMP-2A) receptor, which induces their unfolding and degradation. CMA selectively degrades soluble
proteins containing the specific amino acid sequence
KFERQ. This peptide is recognized by cytosolic chaperone proteins belonging to the HSC-70 family 24. The
balance between these three processes is fundamental
for the autophagy regulation of cellular homeostasis.

AUTOPHAGY

THE MACROAUTOPHAGY MACHINERY

Autophagy is an evolutionarily conserved process with
an essential role in the maintenance of cellular and tissue homeostasis. The primary function of autophagy
consists in degrading long-lived proteins, damaged or
excess organelles or portions of cytoplasm for recycling.
Autophagy contributes to cellular homeostasis also by
its activation under stress conditions, such as nutrient and growth factor deprivation, oxidative damage,
hypoxia or anoxia, ER stress, invasion of pathogens 9.
Moreover, as discussed in more detail below, data from
experimental studies in invertebrates and vertebrates
have consistently shown a tight link between autophagy
and longevity 15-17. Noteworthy, the efficiency of the
autophagy pathway has been extensively reported to
decrease with age and age-related diseases 11 16 18.
In mammals, three main types of autophagy have been
described based on the mechanism and type of cargo
delivered to the lysosome: macroautophagy, microautophagy and chaperone-mediated autophagy (CMA).

Macroautophagy (hereafter called autophagy) is the
most prevalent form of autophagy. The autophagy
process proceeds through (i) cargo recognition and assembly of an isolation membranes called phagophores;
(ii) cargo sequestration into double membrane vesicles
called autophagosomes/amphisomes; (iii) autophagosome/amphisome-lysosome fusion leading to the formation of autolysosome, and iv) cargo degradation by
lysosomal hydrolytic enzymes (Fig. 1). To date, more
than 35 autophagy-related genes (Atg) that are essential for autophagosome biogenesis have been identified in yeast 25. Many of these genes have orthologs in
higher eukaryotes.

Nucleation, elongation and closure
The autophagic process begins with the assembly of an
isolation membrane, the phagophore. This structure is
formed by the recruitment of lipids and proteins from different pre-formed organelles such as the endoplasmic
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Figure 1. The macroautophagy pathway.
The autophagic process consists of a non-selective sequestration of damaged organelles, proteins and lipids, which are delivered to
lysosomes for degradation and recycling. Autophagy pathway starts with the activation of the ULK complex, which in turn activates
the Beclin1-PI3K complex giving rise to the recruitment of ATG proteins. The process proceeds through the assembly of an isolation
membranes called phagophore and the recognition of cargo. Phagophore undergoes multiple elongation events that culminate with
cargo sequestration, originating double membrane vesicles called autophagosome/amphisome. The latter fuses with the lysosome,
leading to the formation of the autolysosome, where cargo degradation by lysosomal hydrolytic enzymes occurs.
reticulum, the Golgi apparatus, mitochondria or the
plasma membrane 26-29. In mammals, the process
initiates through the activation of the macromolecular
“ULK1/Atg13/FIP200 complex” (ULK complex) via
phosphorylation of the ULK1 protein 13. ULK complex in
turn phosphorylates and activates Beclin1 and Class III
phosphatidylinositol 3-kinase Vps34 (Beclin1-PI3K)
complex. Beclin1, the mammalian ortholog of Atg6,
is essential for the isolation membrane nucleation and
phagophore assembly. Additional regulatory proteins
such as UVRAG, Atg14L and AMBRA1 associates with
Beclin1 and Vps34 to form a core complex which binds
to the cytoskeleton. The ULK-dependent phosphorylation of AMBRA1 releases the Beclin1-PI3K complex and
promotes its catalytic activity and the increase of PI3P
level, which is essential for phagophore elongation and

recruitment of other Atg proteins 30. The phagophore
expands to engulf intra-cellular cargo and undergoes
maturation and fusion events which culminate with the
formation of the autophagosome, a closed doublemembrane structure. Limiting membrane elongation
and closure involves two macromolecular complexes,
the Atg5-Atg12 conjugate and the lipidated form of LC3
(LC3-II), whose formation is mediated by the coordinated action of two ubiquitin-like conjugation systems. The
first system is represented by activated Atg7, a proteinprotein ubiquitin-like ligase, which forms the Atg5-Atg12
conjugate. The second system is represented by the
Atg5-Atg12 conjugate which in turn binds to Atg16L1
to form the protein-lipid ubiquitin-like ligase “Atg5Atg12-Atg16L1 complex” 31. This latter complex promotes the conjugation of the cytosolic LC3-I, which is
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derived from the C-terminal cleavage of LC3 by Atg4, to
phosphatidylethanolamine to form the autophagosome
membrane-bound lipidated LC3-I, i.e. LC3-II 32. LC3-II
promotes the elongation and closure of the autophagosomal membrane and is essential for cargo selection,
because of its ability to bind to the scaffolding protein
p62 33. After sealing of the autophagosomal membrane,
the Atg12–Atg5-Atg16L1 complex is released from the
newly formed autophagosome, whereas LC3-II remains
bound to the autophagosome membrane until this
fuses with lysosomes 34.

basal levels in most cell types where plays a housekeeping role in maintaining the integrity of intracellular
organelles and proteins. Moreover, autophagy is induced
during energy or nutrient deprivation in order to recycle
intracellular components, restore the energy or nutrient
deficiency and promote cellular survival. Consequently,
cells have developed control mechanisms that tightly
modulate autophagic activity in response to diverse environmental cues (Fig. 2). A major role in autophagy regulation is played by the mTORC1 13. mTORC1 functions to
integrate a wide range of intra- and extracellular signals
such as insulin, growth factors, mitogens, energy and
amino acids level to control protein synthesis, metabolism and promote cellular growth 41. The core components of mTORC1 are the serine/threonine kinase mTOR
(target of rapamycin), the scaffolding subunit Raptor
(regulatory associated protein of mTOR), the kinase inhibitors DEPTOR (DEP domain containing mTOR-interacting protein), PRAS40 (proline-rich Akt substrate of 40
kDa) and mLST8 (mTOR associated protein) 42. Under
basal conditions, the mTORC1 complex associates with
the ULK1/Atg13/FIP200 complex via a direct interaction between Raptor and ULK1 and inhibits autophagy
through the phosphorylation and inactivation of ULK1
and Atg13 43. When cellular energy is depleted by nutrient deprivation, the mTORC1-dependent phosphorylation sites in ULK1 are rapidly dephosphorylated. Then,
ULK1 phosphorylates itself, Atg13 and FIP200 leading to
the assembly of the ULK1/Atg13/FIP200 complex, and
to the induction of autophagy 44. Alternatively, ULK1 is
phosphorylated and activated by AMPK 14, a kinase activated during nutrient deprivation and low energy charge.
Activated AMPK induces autophagy by phosphorylating
ULK1 at residues distinct from those phosphorylated
by mTOR 45. Therefore, the coordinated phosphorylation of ULK1 by mTORC1 and AMPK possibly controls
autophagic flux in response to metabolic requirements.
Furthermore, AMPK also activates autophagy by directly
inhibiting mTORC1 through phosphorylation and activation of tuberous sclerosis complex 2 (TSC2) and Raptor 46 47.
Besides, recent studies demonstrated that the transcription factor EB (TFEB), a master regulator of
lysosomal biogenesis, enhances autophagy by positively controlling the expression of lysosomal and Atg
genes 48. TFEB activity and nuclear translocation depend on its phosphorylation status. Under basal conditions, mTORC1 phosphorylates TFEB which is retained
into cytosol. Cellular conditions such as stress, starvation and low energy inhibit mTORC1and induce TFEB
dephosphorylation and nuclear translocation. In the
nucleus, TFEB activates the transcription of its target
genes leading to lysosomal biogenesis and autophagy
pathway activation 49.

Maturation, fusion and degradation
Autophagosome maturation consists of its fusion with
lysosome to form the “autolysosome”), where the autophagosomal content is degraded by lysosomal acid
hydrolases. As the autophagosome formation occurs
at random sites in the cytoplasm, the autophagosome
must travel to the endocytic system and fuse with
late endosomes/multivesicular bodies to generate an
amphisome, which finally fuses with lysosome, or alternatively it may fuse directly with lysosomes to form
an autolysosome. Microtubules and the dynein motor
complex are directly implicated in autophagosomal
transport and fusion with lysosome 35. The fusion step
is under the control of proteins involved in intracellular
membrane trafficking such as Rab GTPases, SNAREs
and membrane-tethering complexes. Among GTPases, Rab7 regulates the trafficking of cargos along
microtubules and participates to the fusion step with
lysosomes 36, while Rab11 has been shown to promote
late endosome-autophagosome fusion 37. SNAREs are
membrane-anchored proteins localized on opposing
membrane compartments that interact with each other
to bring the opposing lipid bilayers together and allow
their fusion to occur. While the majority of SNARE proteins are localized to endosomes and synaptic vesicles,
a recent study has identified Syntaxin 17 as a SNARE
specifically related to autophagy 38. Membrane-tethers
are thought to facilitate the docking and fusion process
by bridging the opposing membranes and/or stimulating SNARE complex formation 39. Within the autolysosome, the sequestered cargo is degraded and released
into the cytoplasm for recycling. In addition to the autophagy machinery, proper lysosomal function is also
essential for efficient fusion events and cargo degradation, as underlined by the evidence that lysosomal storage disorders are characterized by autophagy failure 40.

AUTOPHAGY REGULATION
Autophagy maintains cellular homeostasis under both
normal and stress conditions. Autophagy is active at
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Figure 2. Signaling pathways and stress responses converging on autophagy to regulate lifespan.
Insulin/IGF-1 and TORC1 pathways inhibition, or SIRT1 and AMPK pathways activation increase lifespan through autophagy induction
in a wide variety of species. Under basal conditions mTORC1 inhibits autophagy by associating with the ULK1/Atg13/FIP200 complex
and inhibiting it. Under nutrient deprivation or low energy, different signaling pathways inactivate TOR kinase activity, thus inducing
autophagy through the release and activation of the ULK1/Atg13/FIP200 complex. The interventions targeting different pathways
which contribute to aging regulation by autophagy stimulation and result in improved health and enhanced lifespan, are shown. Green
arrows: activating inputs; red bars: inhibitory interactions; light blue boxes: anti-aging interventions stimulating autophagy through
activation/suppression of different signaling pathways which regulate longevity.
Accumulating findings indicate that different signaling
pathways and environmental factors may converge on
both mTOR and autophagy to regulate the lifespan of
many species 50 51. For instance, the insulin/IGF1 hormonal system, which activates mTORC1 through the
insulin receptor/phosphoinositide 3-kinase/AKT signaling pathway 52, has been shown to accelerate ageing
and increase mortality in many organisms 53. According
to this, evidences have been reported that deletion of
AKT/PKB prolongs life in Saccharomyces cerevisiae
(S. cerevisiae), Caenorhabditis elegans (C. elegans),
and Drosophila melanogaster (D. melanogaster) 53
while inactivation of mTOR, which is upregulated by
the PI3K/AKT/PKB cascade, extends lifespan in yeast,
flies, worms and mice 54-57. Activation of autophagy by

caloric restriction, which increases healthy lifespan in
many organism including humans, is mediated by the
inhibition of the insulin/IGF-1 signaling pathway leading
to mTOR activity inhibition 53.
Epigenetic factors may also affect ageing through autophagy modulation. Manipulation of enzymes regulating the acetylation status of chromatin (sirtuins, histone
acetyltransferases, histone deacetylases) has been
reported to influence lifespan in many organism models 58 59. In particular, recent data demonstrate that the
Sirtuin-type chromatin remodeling factors implicated in
ageing regulation may require autophagy for their lifespan extension effect in both invertebrates and vertebrates 60. Activated SIRT1, a NAD+-dependent protein
deacetylases which overexpression has an anti-ageing
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effect in mice 61, induces autophagy by transcriptional
activation of some autophagy genes through deacetylation of chromatin proteins at several autophagyrelated loci 62. Analogously, inhibition of histone acetylases strongly induces autophagy 63. These evidences
indicate that protein acetylation at chromatin level may
play a general role in the regulation of the autophagy
pathway.

of the ageing process. Such types of damage include
increased misfolded or aggregated macromolecules 72,
defective mitochondria 73, lipid droplet accumulation 17,
lipofuscin-loaded lysosomes accumulation 74. Moreover,
it has been demonstrated that the reduced efficiency of
autophagy pathway may be due, at least in part, to impaired ability of the lipofuscin-loaded lysosomes to fuse
with autophagosomes 74 75. In addition, accumulated
aberrant cellular components can actively compromise
cellular function by interfering with protein turnover and
proper signaling pathways 76.
Cellular damage is continuously generated by both
exogenous and endogenous cues. For example, mitochondrial respiration produces reactive free radical
derivatives such as reactive oxygen species (ROS),
which are able to oxidize many biological molecules.
Therefore, the oxidative damage is a cumulative phenomenon during the entire life of an organism and autophagy plays a protective role by removing damaged
macromolecules and organelles. On this regard, accumulating findings in yeast and mammalian cells suggest
the existence of an intriguing crosstalk between ROS
production and autophagy regulation 77-79 and numerous studies indicate that several molecular players are
involved in the complex interplay between ROS and
autophagy. For instance, under starvation, ROS regulates autophagy through the activation of the conserved
regulatory protein AMPK, a positive regulator of autophagy 80. Oxidative stress can also activate the tumor
suppressor protein p53 that is able to trigger autophagy
through its transcriptional activity 81. Conversely, it has
been reported that the cytoplasmic form of p53 inhibits
autophagy through the p53 inducible protein TIGAR 82.
ROS also activate redox-sensitive proteases that are
involved in autophagy. In particular, the essential autophagy protein ATG4 is a Cys-dependent protease
directly targeted by mitochondrial ROS under nutrient
deprivation. The redox-dependent inactivation of ATG4
leads to increased autophagosome formation by inhibition of LC3 de-lipidation 83. Although the precise
link between ROS and autophagy is not completely
understood, collectively it seems conceivable that ROS
induce autophagy to reduce oxidative damage. It is well
known that the ageing process is also accompanied by
increasing oxidative stress 84. So it appears that oxidative stress may contribute to ageing not only directly but
also indirectly, by increasing the request of autophagic
degradation of damaged material.
In conclusion, the decline in autophagy function with
ageing results in the accumulation of damaged substances and organelles leading to cellular dysfunction
and, ultimately, death. On the other hand, numerous
genetic studies reveal that the overexpression of autophagy essential genes promotes lifespan extension

ROLE OF AUTOPHAGY IN AGEING
AND AGE-RELATED DISEASES
As mentioned above, numerous evidences have been
reported indicating that autophagy efficiency decreases
with age in almost all organisms. Besides, the progressive decrease of autophagy activity is considered one
of the causes of the functional decline of biological
systems during ageing supporting a link between autophagy and ageing process 11 18. Early findings suggesting a relationship between autophagy and lifespan
come from studies on model organisms. For instance,
decreased lifespan has been observed in short-lived
yeast mutants with defective autophagy 64 and studies
on the nematode C. elegans and the fruit fly D. melanogaster also revealed a decreased lifespan in mutants
with defective Atg genes function 65 66. Moreover, it has
been reported that mice models with selectively deleted
essential Atg genes display an “ageing-like” phenotype
and diseases that are associated with ageing, indicating the need of functional autophagy to sustain lifespan
and healthspan also in mammals 67-69. On the other
hand, genetic or pharmacological intervention strategies that extend lifespan in model systems are often
associated with autophagy stimulation 57 65 70.
Although numerous studies have established a tight connection between autophagy and ageing, the relationship
between autophagy and lifespan at molecular level is
not yet completely understood. The primary role of autophagy is the degradation and recycling of intracellular
components to ensure cellular clearance and maintenance of homeostasis. The gradual loss of autophagy
efficiency with ageing results in the intracellular accumulation of damaged substances and organelles that
severely compromises the cellular function leading to a
decreased ability of the cells, and ultimately of the organism, to survive 71. Biochemical measurements of protein
degradation rate in rat liver revealed an age-dependent
decline in autophagy activity that correlate with a decreased lysosomal-dependent breakdown and progressive accumulation of damaged proteins 71. Therefore, the
link between autophagy and ageing seems to be closely
associated to the progressive accumulation of damaged
macromolecules and organelles, a common feature
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and improves health span in multiple model organisms
confirming the tight connection between autophagy,
lifespan and ageing 85 87.
The loss of autophagy efficiency with ageing is an important factor contributing to several age-related disorders including neurodegeneration, cancer, infection,
cardiovascular dysfunction and muscle atrophy 3 88. For
example, many studies support that autophagy failure
contributes to many late-onset human neurodegenerative diseases. One of the common pathological features
of these pathologies is the accumulation of cytosolic aggregate-prone proteins, such as mutant tau, α-synuclein and mutant huntingtin which are distinctive features
of Alzheimer, Parkinson and Huntington diseases, respectively 89 90. The autophagy impairment reduces cellular clearance of the soluble forms of aggregate-prone
proteins, leading to increasing aggregation and cell
toxicity 67 91. Importantly, it has been demonstrated that
autophagy induction prevents the age-dependent accumulation of damage in neurons and reduces toxicity
in several organism models 93-95. Although many evidence supports a connection between autophagy and
different types of cancer, the exact role of autophagy in
tumorigenesis is still controversial 96. A strong support
indicating that autophagy may act as a tumor-suppressor pathway comes from the observations that essential autophagic genes are mutated in human cancers
suggesting that impairment of autophagic machinery
might contribute to tumorigenesis 97-99. As autophagy
protects cells from the insults caused by the accumulation of unfolded, dysfunctional, aggregated proteins,
increased ROS level and DNA damage, the cellular
damages derived from autophagic deficit may favor
cancer occurrence in certain cells 100. On this regard,
several findings suggest that a number of autophagy
genes also have properties of onco-suppressors 101-103
and loss of Beclin1 increases tumor cell proliferation 99.
On the other hand, the pro-survival function of autophagy could allow the mutant cells to survive in conditions
of hypoxia and nutrient deprivation, as those occurring
in the core of solid tumors. Indeed, it has been found
that malignant cells maintain autophagic activity, albeit
at low levels, to promote tumor survival under metabolic stress conditions 104 105. Besides, it has been reported
that autophagy is necessary for the maintenance of the
energetic requirements of cancer cells 106 107. In conclusion, functional autophagy appears to be essential
in preventing tumorigenesis, but its pro-survival role
under stressing condition may support malignant cells
to allow tumor growth and development. Therefore,
autophagy upregulation may have beneficial effects as
prophylactic treatment, while reducing autophagy may
be of benefit in existing tumors.
Autophagy is also an important defense mechanism
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against infections. By sequestering and degrading
intracellular-invading bacterial pathogens, autophagic
degradation takes part to the innate immune response
against a number of microbial pathogens that invade
eukaryotic cells 108 109. For instance, it has been reported that Group A Streptococcus is internalized into
autophagosome-like structures and degraded in an
Atg5-dependent manner 110. A number of other pathogens, like Toxoplasma gondii, Listeria monocytogenes,
Salmonella enterica, or Rickettsia conorii, have been
found to be targets of autophagic degradation 108 111.
Therefore, failure of autophagy pathway may represent
an advantage for bacterial pathogens, leading to an increased susceptibility to infectious agents in the elderly.

AUTOPHAGY STIMULATION PROMOTES
LIFESPAN EXTENSION
The ageing process is mainly characterized by the
lifelong accumulation of cellular damage. Therefore,
enhancing or preserving the activity of mechanisms
eliminating cellular damage may be useful to decrease
not only the rate of damage accumulation, but may also
slow down degenerative processes which occur with
ageing. On the other hand, it is well documented that
autophagy, which has a crucial role on clearing cellular
damage, decrease with age in diverse organisms ranging from yeast to mammals. On this basis, restoration
of normal autophagic function may represent a useful
therapeutic strategy aimed at increase lifespan and preventing, or at least delaying, age-related disorders. On
this regard, many studies indicate that genetic, dietary
or pharmacological interventions extending lifespan in
many model organisms also induce autophagy. On the
contrary, numerous interventions extending lifespan
require autophagy for their longevity-promoting effects
(Fig. 2). Among this, the beneficial effects of caloric restriction (CR), i.e. the reduction of total calorie intake by
20-50% without malnutrition or the diminished intake of
specific dietary components 112, have been extensively documented 113 114. Data from experimental studies
in invertebrates and rodents have consistently shown
that reduced food intake, avoiding malnutrition, play
major roles in promoting health and longevity 53 115. In
addition, numerous CR clinical studies in humans have
given very encouraging results raising the possibility
to consider CR for long-term clinical trials focused on
healthspan 116. For instance, evidence has been reported indicating that a CR of around 15% may be most
favorable against mortality during ageing 117. Moreover, long-term CR with adequate intake of nutrients
results in several metabolic adaptations that reduce
the risk of developing type 2 diabetes, hypertension,
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cardiovascular disease, neurodegeneration and cancer 114. The effect of CR on autophagy induction is
mainly mediated by the inhibition of the insulin/IGF1
signaling pathway that ultimately leads to inhibition of
mTOR activity and promote survival during ageing. In
S. cerevisiae, starvation causes down-regulation of
the TOR-S6K and Ras-adenylate cyclase-PKA pathways, and induces the activation of stress resistance
transcription factors regulating many protective and
metabolic genes 118. Analogously, in yeast, flies, worms,
and mammals, fasting reduces circulating IGF-1 and
leads to down-regulation of PI3K-AKT, mTOR and PKA
pathways and the activation of multiple transcription
factors related to stress resistance and survival 53 119.
The anti-ageing effects of CR have been functionally
linked to autophagy also through the activation of both
the energy sensors Sirtuin1 (SIRT1) and AMPK 45 73 120.
In particular, it has been reported that SIRT1, which is
essential for lifespan extension mediated by CR 121, is
also a potent inducer of autophagy 122 123. Analogously,
AMPK activation may extend lifespan in worms and
mice 124 125 and may also induce autophagy 45 126. These
observations indicate that the lifespan extension mediated by CR is related to autophagy activation and suggest a strong correlation between CR and autophagy.
Apart from CR, several pharmacological interventions
with both clinically approved compounds and natural compounds have been reported to delay ageing
through activation of the autophagic machinery in
diverse species from yeasts, flies, nematodes up to
mice 127. Interestingly, autophagy is often activated
in association with mTOR pathway inhibition and inhibitors of this pathway are widely used as inducers
of autophagy 128. Rapamycin, a direct inhibitor of the
mTOR kinase 129, has already been approved for uses
as anticancer agent, antifungal antibiotic and immunosuppressant 130-133. Rapamycin treatment has been
shown to extend lifespan as well as healthspan in different animal models of ageing 134. Importantly, it has
been demonstrated that the lifespan-extending effect of
rapamycin is strictly dependent on autophagy induction
in yeast, nematodes and flies 135 136. In addition to enhancing longevity, it has been reported that rapamycin
treatments clear aggregate-prone proteins in cell and
animal models of many age-related neurodegenerative
diseases such as Alzheimer, Parkinson and Huntington
diseases through autophagy induction 137-140. Although
inhibition of mTOR activity clearly has beneficial effects
during ageing, long-term administration of rapamycin
and rapamacyn derivatives required in chronic disorders
may have a range of undesirable side effects including
increased infections, reduced male fertility, hyperlipidemia, insulin resistance, and diabetes mellitus 141-144.
To date, the effectiveness of rapamacyn and rapalogs

to slow ageing in humans remains to be determined,
but the results obtained so far clearly indicate that it is
possible to slow down ageing and delay the onset or
progression of age-related diseases laying the basis for
encouraging future developments.
Other convincing evidence that induction of autophagy leads to extension of lifespan come from different
studies using natural compounds such as spermidine and resveratrol. Spermidine, which is a naturally occurring ubiquitous polyamine, is among the
most effective inducers of autophagy 145 146. In yeast,
spermidine acts as an inhibitor of histone acetylases
and affects the transcription of several genes, some
of which are involved in the autophagic degradation
machinery 63. It has been reported that exogenous
supply of spermidine promotes longevity via induction
of autophagy in yeast, flies and worms 63 148. Likewise,
nutrient supplementation with food containing spermidine increases longevity and reduced age-related
pathology in mice 149. On the other hand, the inhibition
of autophagy by genetic manipulation abolishes the
beneficial effects of spermidine on lifespan in both flies
and worms 63, indicating a strong correlation between
the autophagy induction and the pro-survival effect
mediated by spermidine. Because of spermidine
proved to be non-toxic in mice and human studies 150,
it should be considered as potential intervention strategy promoting healthspan on human.
Resveratrol, a polyphenol found in grape berry skin, red
wine and other plants, has been reported to have positive effects on lifespan in a range of organisms including
mice 151 152. It is an anti-oxidant natural compound with
anti-inflammatory, anti-cancer and antiviral properties 153 154. Resveratrol is also a potent inducer of autophagy 123 146. Findings have been reported indicating that
the promoting lifespan effect of resveratrol requires autophagy and inhibition of autophagy pathway by genetic
or pharmacological manipulation abolishes these beneficial effects 123 146. The autophagy stimulation induced
by resveratrol is mediated by direct activation of SIRT1,
a member of sirtuin deacetylases 146 156. Based on the
observation that resveratrol activates SIRT1, which is a
deacetylase 157-159, and spermidine inhibits acetylases 63,
it has been suggested that these two compounds mediate longevity through convergent pathways. A proteomic study on human colon carcinoma cells revealed that
they induce convergent acetylproteome modifications
that control the autophagic network 160. Another polyphenol compound with antioxidant and anti-inflammatory activities similar to those of resveratrol is oligonol.
A recent study demonstrated that oligonol, analogously
to resveratrol, may act as an anti-ageing molecule by
inducing autophagy via up-regulation of SIRT1 gene
expression and the AMPK pathway 161.
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This finding further supports that Sirtuins may represent attractive drug targets to promote healthy ageing.
The discovery of natural sirtuin-activating compounds
(STACs) with beneficial effects on healthspan prompted
the production of more potent and bioavailable synthetic SIRT1 activators 151. These compounds, as well as
resveratrol, mimic the beneficial effects of CR and have
also shown promising results in treating age-related
diseases such as cancer, type 2 diabetes, inflammation, cardiovascular disease and neurodegeneration in
different animal models 151 162. Resveratrol and synthetic
STACS have also been extensively tested in humans
with conflicting reports of their efficacies 163-165. Interestingly, a recent study demonstrated a non-linear dose
response for the protective effects of resveratrol in humans and mice 166. This finding may be useful to clarify
the contradictory results so far obtained with STACs in
human contributing to understand the actual efficacy of
these compounds as anti-ageing agent in human.
In the last years, efforts to identify safer autophagy promoting drugs have led to the identification of new small
molecules able to activate autophagy without interfere
with the mTOR pathway 167.
Among these, rilmenidine, a well-tolerated United
States Food and Drug Administration-approved anti-hypertensive drug, has been reported to induce autophagy in mice and in primary neuronal culture and also
attenuate Huntington’s disease symptoms in a mouse
model of the disease 168. Therefore, rilmenidine may be
considered for the treatment of Huntington’s disease
and related disorders that commonly occur with ageing.

CONCLUSIONS
Ageing is a natural multifactorial process characterized
by the gradual accumulation of cellular damage culminating in impaired function, increased susceptibility to
develop diseases and ultimately death. Accumulating
evidence indicates that ageing can be delayed in animal
models by genetic and small molecule interventions,
raising the possibility that anti-ageing therapies are an
effective opportunity also in humans. Autophagy, an
evolutionarily conserved process, promotes the elimination of dysfunctional organelles, protein aggregates
and intracellular pathogens in order to maintain cellular
homeostasis in both normal and stress conditions. Many findings have clearly established the molecular and
mechanistic relationship existing between autophagy
and ageing. On this regard, studies carried out in different organisms indicated that interventions aimed at
increasing lifespan and healthspan also stimulate autophagy and vice versa. For instance, enhanced longevity
can be achieved by CR, mTORC1 complex inhibition

and sirtuin-activating compounds. All of these interventions act through autophagy stimulation. Therefore,
autophagy represents a potential target to slow down
the ageing process and prevent/delay age-related diseases. However, most of the compounds described so
far as effective anti-ageing agents target multiple longevity signaling pathways upstream of autophagy and
their long-term administration may have undesired side
effects, such as alteration of cell growth and homeostasis. Further studies should focus on the precise nature
of regulatory interactions between longevity pathways
and the autophagy machinery, in order to develop safer and more specific anti-ageing drugs. One limitation
of testing new compounds with anti-ageing effects in
mammals is the lack of suitable in vivo models to explore long-term effects of drugs on the ageing process.
Although mice are the main mammalian model in ageing studies, they are not suited for large-scale unbiased
screening of new drugs due to macroscopic differences
with humans in terms of metabolic and gene regulation frames. Alternatively, since most of the pathways
modulating the ageing process in mammals are highly
conserved and have homologies with short-living organisms, yeast, flies, and worms, these organisms have
been extensively used as pilot experimental models to
test candidate anti-ageing drugs, the identification of
which may accelerate the discovery of treatments that
extend the lifespan/healthspan in other species, potentially including humans. The results obtained so far on
intervention strategies aimed at stimulate autophagy
have laid the basis for encouraging future developments. The ultimate goal is not only to increase longevity, but also to prevent or delay pathogenic mechanisms
of age-related diseases.
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