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Deterioration in cognitive capability is often followed by the onset of
neurogenerative diseases. Indeed, Alzheimer’s disease (AD) is present in many
cases of learning and memory deficits and is considered a major factor causing
dementia. AD is associated to neuronal degeneration in brain areas controlling
cognition and emotional behaviors (Castellani et al. 2010). This disease is character-
ized by the aggregation and extracellular accumulation of β-amyloid peptide plaques
and by neuronal intracellular aggregation of hyper-phosphorylated forms of the tau
protein. AD etiology also includes mitochondrial dysfunction and oxidative imbal-
ance (Mattson 2004). While caloric restriction effects on AD progression have been
extensively addressed, only one study has reported IF impact on AD. Using a triple
transgenic AD mouse model, Halagappa and collaborators showed that long-term IF
treatment could prevent cognitive declines in mice. Differently from caloric restric-
tion, IF effects were not associated with reductions in β-amyloid protein and phospho-
tau levels (Halagappa et al. 2007). This suggests that fasting effects on neuronal
function are dissociated from cellular morphological alterations present in AD and
could be a consequence of metabolic adaptations induced by nutritional stress.

Fig. 2 Intermittent fasting effects on brain function. The main effects of IF on brain function are
summarized. IF-induced changes in energy balance are followed by increases in orexigenic
signaling in the hypothalamus, in parallel with alterations in hypothalamic axis control of repro-
duction and stress responses. IF improvements in cognitive capacity are supported by increased
neuronal resistance to excitotoxic stress, neurogenesis, and brain plasticity, resulting in preserved
learning and memory. IF can delay Alzheimer’s disease progression independently of changes in
neuronal β-amyloid peptide accumulation. IF also prevents Parkinson’s disease development
through enhancements in mitochondrial function and autophagy, along with reduction in oxidative
imbalance. Of note, IF can hasten the progression of some brain diseases such as amyotrophic
lateral sclerosis
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"L'invenzione dell'agrigoltura, la rivoluzione industriale e le 
nuove tecnologie che riducono la fatica fisica hanno 
portato ad una drammatica riduzione o eliminazione 
dell'esercizio fisico intenso e del digiuno lasciando il 
compito di stimolare il cervello solo alle sfide intellettive. In 
aggiunta alla riduzione delle risposte adattive cerebrali 
l'attuale l'indulgente  stile di vita sedentario promuove 
obesità, diabete e CVD che a loro volta aumentano il 
rischio di AD.
Bisogna affrontare la realtà: c'è necessità di esercizio, 
periodi di digiuno e cahllenges intellettive per mantenere 
la salute del cervello."

Mattson MP. Ageing Res Rev. 2015 Mar;20:37-45
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bioenergetic challenges promote brain health. However, preclinical

findings and the results of some clinical trials suggest the potential

for pharmacological interventions able to activate some of signaling

pathways induced by exercise, fasting, and intellectual challenges.

Ketogenic diets, ketone precursors (medium chain triglycerides),

and 3HB have been reported in clinical studies of subjects with

cognitive impairment, and AD (Reger et al, 2004; Henderson et al,

2009; Rebello et al, 2015), or PD patients (Vanitallie et al, 2005). It

is not known whether improvements in cognitive function in the

latter studies result from the utilization of 3HB as an energy
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Figure 5. Signaling pathways mediating adaptive responses of neurons to bioenergetic challenges.
Exercise and fasting affect subcellular processes in neurons by brain-intrinsic mechanisms mediated by increased neuronal network activity, and via signals coming from the
periphery including 3-b-hydroxybutyrate (3HB), cathepsin B, and irisin. Intellectual challenges involve increased neuronal network activity and consequent activation of
calcium-responsive pathways. BDNF expression is up-regulated by neuronal network activity, as well as 3HB, cathepsin B, and irisin, and BDNF is known tomediate, at least in
part, the enhancement of neuronal plasticity and stress resistance by exercise, fasting, and intellectual challenges. Exercise, fasting, and intellectual challenges result in the
activation of glutamate receptors at excitatory synapses, Ca2+ influx, and activation of Ca2+ calmodulin-dependent protein kinase (CaMK) which, in turn, activates the
transcription factor cyclic AMP response element-binding protein (CREB). CREB can directly and indirectly modulate mitochondrial biogenesis via expression of several genes
(i.e. BDNF, PGC-1a, NRF1, PPARa, and TFAM). Activation of glutamate receptors also induces the expression of the mitochondrial protein sirtuin 3 (SIRT3) which can protect
neurons by deacetylating superoxide dismutase 2 (SOD2) to increase its enzymatic activity, and thus reduce mitochondrial oxidative stress, and by inhibiting cyclophilin D
(CycD), a protein involved in the formation of membrane permeability transition pores (PTP). 3-b-Hydroxybutyrate (3HB) can induce BDNF expression in neurons via the Ca2+–
CREBpathway, and a pathway involvingmitochondrial reactive oxygen species (ROS) and activation of the transcription factor nuclear factor jB (NF-jB). BDNF is released from
neurons and activates the receptor tropomyosin receptor kinase B (TrkB), on the same neuron and adjacent neurons, engaging downstream intracellular pathways which
activate transcription factors that induce the expression of genes encoding proteins involved in synaptic plasticity, learning and memory, and neuronal stress resistance.
Abbreviations are as follows: Pgc1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; NRF1, nuclear regulatory factor 1; PPARa, peroxisome proliferator-
activated receptor a; TFAM, mitochondrial transcription factor A; GLUT3, glucose transporter 3; MCT2, monocarboxylic acid transporter 2; PI3K, phosphoinositide 3 kinase; Akt,
protein kinase B; ERK, extracellular signal regulated kinase; ETC., electron transport chain; ATP, adenosine-50-triphosphate; APE1, apurinic/apyrimidinic endonuclease 1.
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inhibition because HDAC1 and HDAC2 are found on its
promoter, knockdown of both relieves HDAC-mediated
Foxo3 repression, and bOHB causes hyperacetylation of
histones at the Foxo3 promoter that results in increased
FOXO3 expression [5].

bOHB indirectly promotes protein hyperacetylation
bOHB may also promote protein hyperacetylation more
indirectly by increasing the intracellular pools of acetyl-
CoA (Figure 3). Metabolism of bOHB into acetyl-CoA
should raise intracellular acetyl-CoA levels, providing ad-
ditional substrate for both enzymatic and non-enzymatic
protein acetylation, thus driving the reaction equilibria
towards acetylation. For example, CR, fasting, and high-
fat diets, all states associated with increased lipid utiliza-
tion and therefore high acetyl-CoA production, cause in-
creased mitochondrial protein acetylation, even though the
HDACs that are inhibited by bOHB are not known to enter
the mitochondria [35]. Mitochondrial acetylcarnitine is
known to be a source of acetyl-CoA for histone acetylation
[59]. Export of acetyl-CoA from the mitochondria is an
active process primarily mediated by citrate synthase
and ATP citrate lyase [60]. ATP citrate lyase is a key
enzyme in fatty acid biosynthesis, but its role in facilitating
acetyl-CoA export from mitochondria is also required
for the increase in histone acetylation that occurs with
growth factor stimulation [60]. An alternative pathway for

acetyl-CoA export from mitochondria is via the enzymes
carnitine acetyltransferase (CAT) and carnitine/acylcarni-
tine translocase [61]. Indeed, muscle-specific knockout of
CAT in mice compromises glucose tolerance and decreases
metabolic flexibility [61], demonstrating the importance of
intracellular acetyl-CoA transport to overall metabolic
health.

Ketone bodies, fasting metabolism, and the ketogenic
diet
Energy-restricted metabolic states, such as CR or inter-
mittent fasting (every other day), extend lifespan in ani-
mals [1]. All such states in vertebrates are necessarily
associated with elevations in ketone bodies, whether con-
sistent and modest as in CR or periodic and substantial as
in intermittent fasting (see above). Surprisingly, the health
benefits of intermittent fasting do not require overall
reduced caloric intake. Mice fed every other day have
increased longevity [62], and mice fed only during 8 h at
night are resistant to diet-induced obesity [63], both with-
out altering overall calorie intake. With our growing un-
derstanding of bOHB non-energy functions, bOHB might
be an intermediary of some of the benefits of energy-
restricted states. As described below, many of the data
on the metabolic effects of ketone bodies come from studies
of ketogenic diets, particularly in rodents. Ketogenic diets
in rodents are not a restricted-energy state, but phenocopy
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Figure 3. Cellular signaling mediated by b-hydroxybutyrate (bOHB). bOHB is a ligand for at least two cell-surface G-protein-coupled receptors that modulate lipolysis,
sympathetic tone, and metabolic rate. In addition, bOHB alters protein acetylation through at least two mechanisms: increasing the cellular pool of acetyl-CoA that is a
substrate for histone acetyltransferases, and directly inhibiting the activity of class I histone deacetylases. Abbreviations: ACLY, ATP citrate lyase; CS, citrate synthase;
FFAR3, free fatty acid receptor 3; Foxo3, forkhead box O3; HCAR2, hydroxycarboxylic acid receptor 2.
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sponses are undoubtedly complex, BDNF has been shown to play
particularly prominent roles (Marosi and Mattson, 2014). For
example, BDNF can stimulate mitochondrial biogenesis to im-
prove neuronal bioenergetics and enable synapse formation and
maintenance in the brain (Cheng et al., 2012), and can stimulate
DNA repair in neurons (Yang et al., 2014). Interestingly, admin-
istration of BDNF into the brain increases peripheral insulin sen-
sitivity (Nakagawa et al., 2000) and parasympathetic tone (Wan
et al., 2014), thereby improving glucose metabolism and cardio-
vascular function. We therefore highlight BDNF signaling as
playing a key role in the integration of CNS neuronal networks
with peripheral neuroendocrine pathways that mediate adaptive
responses to energetic challenges.

Exercise, endurance factors, neurogenesis, and spatial
pattern separation
Basic research in animals has shown that exercise affects multiple
brain areas and systems. The underlying central mechanisms that
have been investigated include neurotransmitters, neurotro-
phins, fine neuronal morphology, angiogenesis, and hippocam-
pal neurogenesis (van Praag, 2008). More recently, the peripheral
triggers that may lead to the benefits of exercise for brain function
have begun to be researched. In particular, the possibility that
skeletal muscle activation by exercise or pharmacological agents
underlies cognitive effects of aerobic activity became of interest
with the identification of transcriptional factors regulating mus-
cle fiber contractile and metabolic genes (Wang et al., 2004). The

peroxisome proliferator activated receptor ! (PPAR!) is a tran-
scription factor that regulates fast-twitch muscle fiber contrac-
tion and metabolism. PPAR! overexpression increased oxidative
muscle fiber number, and administration of the selective agonist
GW501516 increased endurance when combined with training
(Narkar et al., 2008). PPAR! is controlled by the AMP-activated
protein kinase (AMPK), a master metabolic regulator important
for glucose homeostasis, appetite, and exercise physiology (Har-
die, 2004). AMPK agonist 5-aminoimidazole-4-carboxamide ri-
boside (AICAR) administration enhanced running endurance by
45% in sedentary mice (Narkar et al., 2008). Subsequently, we
tested whether pharmacological activation of skeletal muscle in-
duces cognitive effects comparable with exercise. Our studies
suggest that AICAR treatment can enhance spatial learning and
hippocampal neurogenesis in young mice (Kobilo et al., 2011a).
Moreover, in old mice, AICAR administration elevates expres-
sion of genes important for energy metabolism in both muscle
and the hippocampus. In addition, synaptic plasticity genes in the
hippocampus are enriched, and spatial memory in the Morris
water maze (Morris et al., 1982) is enhanced by AICAR in aged
female mice (Kobilo et al., 2014).

The above studies suggest that brain plasticity is maintained
throughout the lifespan and that it can be enhanced by exercise
and other interventions that activate AMPK. An important struc-
tural process therein is the genesis of new neurons in the dentate
gyrus (DG) of the hippocampus in the adult brain (Taupin,
2007). Running increases new DG neuron number in rodents

Figure 1. Exercise and IER/fasting exert complex integrated adaptive responses in the brain and peripheral tissues involved in energy metabolism. As described in the text, both exercise and IER
enhance neuroplasticity and resistance of the brain to injury and disease. Some of the effects of exercise and IER on peripheral organs are mediated by the brain, including increased parasympathetic
regulation of heart rate and increased insulin sensitivity of liver and muscle cells. In turn, peripheral tissues may respond to exercise and IER by producing factors that bolster neuronal bioenergetics
and brain function. Examples include the following: mobilization of fatty acids in adipose cells and production of ketone bodies in the liver; production of muscle-derived neuroactive factors, such
as irisin; and production of as yet unidentified neuroprotective “preconditioning factors” (Dezfulian et al., 2013). Suppression of local inflammation in tissues throughout the body and the nervous
system likely contributes to prevention and reversal of many different chronic disease processes.

15140 • J. Neurosci., November 12, 2014 • 34(46):15139 –15149 van Praag et al. • Exercise, Energy Intake, Glucose Homeostasis, and Brain
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Restoring Defective Intercellular Communication
There are several possibilities for restoring defective intercellular
communication underlying aging processes, including genetic,
nutritional, or pharmacological interventions that may improve
the cell-cell communication properties that are lost with aging
(Freije and López-Otı́n, 2012; Rando and Chang, 2012). Of spe-
cial interest in this regard are the DR approaches to extend
healthy lifespan (Piper et al., 2011; Sanchez-Roman et al.,
2012) and the rejuvenation strategies based on the use of
blood-borne systemic factors identified in parabiosis experi-
ments (Conboy et al., 2005; Loffredo et al., 2013; Villeda et al.,
2011). Moreover, the long-term administration of anti-inflamma-
tory agents such as aspirin may increase longevity in mice and
healthy aging in humans (Rothwell et al., 2011; Strong et al.,
2008). Additionally, given that the gut microbiome shapes the
function of the host immune system and exerts systemic meta-
bolic effects, it appears possible to extend lifespan by manipu-
lating the composition and functionality of the complex and
dynamic intestinal bacterial ecosystem of the human body
(Claesson et al., 2012; Ottaviani et al., 2011).
Overview
There is compelling evidence that aging is not an exclusively cell-
biological phenomenon and that it is coupled to a general alter-
ation in intercellular communication, offering opportunities to

modulate aging at this level. Excitingly, proof of principle exists
for rejuvenation through blood-borne systemic factors (Conboy
et al., 2005; Loffredo et al., 2013; Villeda et al., 2011).

Conclusions and Perspectives
A global view of the nine candidate hallmarks of aging enumer-
ated in this Review suggests three categories: primary hall-
marks, antagonistic hallmarks, and integrative hallmarks
(Figure 6). The common characteristic of the primary hallmarks
is the fact that they are all unequivocally negative. This is the
case with DNA damage, including chromosomal aneuploidies;
mitochondrial DNA mutations; and telomere loss, epigenetic
drift, and defective proteostasis. In contrast to the primary hall-
marks, antagonistic hallmarks have opposite effects depending
on their intensity. At low levels, they mediate beneficial effects,
but at high levels, they become deleterious. This is the case for
senescence, which protects the organism from cancer but
which, in excess, can promote aging. Similarly, ROS mediate
cell signaling and survival but, at chronic high levels, can pro-
duce cellular damage; likewise, optimal nutrient sensing and
anabolism are obviously important for survival but, in excess
and during time, can become pathological. These hallmarks
can be viewed as being designed for protecting the organism
from damage or from nutrient scarcity. But when they are

Figure 7. Interventions that Might Extend Human Healthspan
The nine hallmarks of aging are shown together with those therapeutic strategies for which there is proof of principle in mice.

1208 Cell 153, June 6, 2013 ª2013 Elsevier Inc.
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within infection and sepsis. In this setting, it appears that the pre-
vention of the cysteinyl-LT’s deleterious effects on the vascula-
ture (and hence host haemodynamics) assumes primacy as
the main cause of benefit in 5-LOX antagonism (or deletion). In
contrast, selective LTB4 inhibition prior to and post cecal ligation
and puncture (CLP) in a model of sepsis appears to have little
effect on vascular tone and permeability, but might have blunted
the innate immune response (specifically neutrophil trafficking),
exacerbating the infective insult (Lämmermann et al., 2013;
Rios-Santos et al., 2003). Hence the 5-LOX-derived mediators
play critical roles in the physiologic response of the host to
infection.
The complex interplay between AA-derived LM in systemic

inflammation has also been highlighted in recent results showing
that flavocoxid, a dual cyclooxygenase (COX)-2 and 5-LOX in-
hibitor, reduces the expression of NF-kB, COX-2, and 5-LOX
with improved survival in a murine-CLP model (Bitto et al.,
2012). Plasma IL-10 and counterintuitively LXA4 concentrations
were increased while TNF-a, IL-6, LTB4, and PGE2 were
decreased. The authors suggest that LXA4 is biosynthesized in
mice via another biosynthetic route, for example, initiation via
the combined mouse lipoxygenase that carries both 12-LOX

and 15-LOX activities in murine systems (a type of 15-LOX found
in humans) when both COX and 5-LOX are inhibited.Whether the
improvement in outcome is due to enhanced proresolution
effects driven by increased LXA4, decreased cytokine storm
(TNF-a and IL-6), augmentation of the immune response via
reducing PGE2 and 5-LOX-derived LTs (discussed below), se-
lective shunting of AA down the COX or LOX pathways (Chen
et al., 1994), or a combination of all the above is unclear.
Both biologically active ATL and aspirin-triggered resolvins

(Serhan, 2007) trigger resolution (Figures 1 and 3) by inhibiting
leukocyte trafficking in a NO-dependent manner in both murine
(Paul-Clark et al., 2004) and human inflammation (Morris et al.,
2009) and by downregulating extracellular release of superoxide
in neutrophils along with macrophage inflammatory peptide 2
and IL-1b production (Serhan, 2007). The importance of ATL
and LXA4 has previously been demonstrated in severe inflamma-
tion: the absence of LXA4 leading to unbridled inflammation and
elevated mortality in animal models of infection due to DC
hypersensitivity. Along these lines, certain parasites can
stimulate supraphysiologic amounts of LXA4 as part of their
highly evolved mechanism to evade the host response (Bannen-
berg et al., 2004; Serhan, 2007). Indeed, administration of

Figure 3. SPM Actions and Target Cell Type
Shown are the defining actions of SPM in the innate response of interest in immunology and the actions to stimulate termination and resolution. The precursor
essential polyunsaturated fatty acids (AA, EPA, DHA) are converted by leukocytes to separate chemically distinct families of mediators that stimulate active
resolution responses of isolated cell types and tissues in vivo in animal models. Some of the specific target cell types and representative potent actions of the
SPM members from each family of related structures are listed. All of these actions of SPMs are stereoselective and in the picogram-nanogram range potency.
See Serhan and Chiang (2013) and text for further details.
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in health promotion is considered less promising in the disease
state. Conventional physical examination methods that utilize
disease biomarkers are ineffectual in distinguishing the pre-
disease state from the disease state. Therefore, to maintain
human health, it is important to develop a method for
assessing the transition from the healthy to the pre-disease
state, which signifies a deterioration in health. To that end, it
is considered that the health maintenance system, which
should decline in advance of disease commencement, is useful
for assessing health and can be utilized for health promotion.
Autophagy is an intracellular protein degradation system in-
volved in maintaining health, preventing disease, and extend-
ing lifespan. Additionally, it is considered an attractive target
system for improving health through food.

The present paper focuses on autophagy and reviews recent
research on the link between autophagy and food; it can be

considered a starting point for examining the utility and issues
of autophagy in extending health span using functional food.

Autophagy in Disease Prevention
and Longevity

Autophagy is associated with various diseases such as neuro-
degenerative diseases, tumor development, metabolic dis-
eases, heart diseases, and muscular atrophy. Because autoph-
agy is driven by autophagy-related (Atg) genes, analysis of
Atg gene–deficient mice has revealed the physiological and
pathological roles of autophagy [2–8]. Thus far, over 30 types
of systemic Atg-deficient mouse models and over 150 types of
tissue-specific Atg-deficient mouse models have been devel-
oped [9]. Almost all organs and tissues have been analyzed for

Fig. 1 Application of autophagy for health promotion. A Autophagic activity in the transition from health to disease. B Molecular mechanism of
autophagy induction and degradation. C Control of autophagy by food ingredients

336 Curr Pharmacol Rep (2020) 6:335–345
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Conclusions and future perspectives
Mounting evidence from studies using laboratory animals, human 
tissues and related clinical trials supports the concept that (1) there 
is an age-dependent decline in autophagy, (2) autophagy is a cru-
cial determinant of cellular health and organismal longevity and (3) 
impairment or imbalance in autophagy promotes pathological aging 
and disease. Given the broad spectrum of unique properties associ-
ated with autophagy, we propose that ‘compromised autophagy’ is a 
central feature of normal aging. Although the relationship between 
autophagy and aging is often described as ‘decreased autophagy is 
detrimental’ and ‘increased autophagy is beneficial’, this may be too 
simplistic a picture. Instead, long-term health benefits will likely 
arise from achieving the right balance of autophagy, which itself will 
depend on tissue and organismal age. For example, in C. elegans, 
impairing autophagy early in life has a negative effect on longevity, 
whereas knockdown of a specific subset of autophagy genes in adult-
hood may have beneficial effects on lifespan59. Similarly, increased 
autophagy through a hypermorphic allele of atg-5 has differential 
effects on polyglutamine aggregation in the muscles and neurons 
of C. elegans211. In flies, a mild increase in autophagy extends lifes-
pan, whereas strongly increasing autophagy shortens lifespan212. It 
should also be noted that autophagy induction may also result in 
unwanted effects, such as multiple senescence pathologies59 and 
resistance to cancer therapy (reviewed in ref. 213). Collectively, these 
observations suggest that the level of and balance among the differ-
ent forms of autophagy in each tissue are highly specified for each 
stage of life, and an understanding of this will be crucial for healthy 
aging. Thus, while different types of autophagy may influence aging 
to different extents, a central goal for promoting health will be to 
find approaches that can fine-tune autophagy to the right levels, at 
the right time and in the right tissues, to enhance health (Fig. 4). To 
achieve this, it will be critical to develop novel interventions that 
allow for controlled delivery of autophagy modulators into specific 
tissues or cell types at precise stages of life. Such therapeutic strate-
gies could then be administered chronically, acutely or in a pulsed 
fashion as and when required. Additionally, it may be necessary to 
specifically induce either general or selective autophagy to provide 
overall long-term health benefits66. For example, premature aging 
diseases such as ataxia telangiectasia, xeroderma pigmentosum 
group A and Cockayne syndrome exhibit increased general autoph-
agy but impaired mitophagy; therefore, specifically stimulating  

mitophagy, rather than general autophagy, would be the most effi-
cient way to counteract pathological features while avoiding detri-
mental side effects66.

There are many outstanding questions related to autophagy in 
aging that need to be addressed. For example, what are the intri-
cate mechanisms that orchestrate distinct autophagic pathways? 
How is autophagy spatially and temporally regulated, and how 
does disruption of this regulation suppress or promote disease? 
Are some aspects of autophagy more important in an age- and/or 
tissue-dependent manner? What are the determining factors that 
dictate the route of degradation, via the UPS or autophagy? How are 
clearance mechanisms balanced with synthesis and folding through 
the proteostasis network? What are the thresholds of life-beneficial 
and life-detrimental autophagy? In line with the traditional Chinese 
yin–yang philosophy, autophagy must be balanced, as diminished 
autophagy results in the accumulation of toxic subcellular compo-
nents while excessive autophagy can lead to organ atrophy and other 
detrimental effects14,37,59,69,212. Furthermore, compensatory responses 
between proteolytic systems (for example, between autophagy and 
the UPS214) have a critical role in determining the onset and rate of 
age-related tissue deterioration and should be considered in future 
experimental designs and data interpretation. Finally, are there any 
conditions or diseases where we should be cautious about inducing 
autophagy, in that protection against one form of pathology may 
increase the risk for another? For example, pancreatic cancer cells 
may hijack autophagy processes to obtain nutrients for growth; 
hence, in this condition, autophagy inhibition in combination with 
cancer chemotherapies may inhibit pancreatic cancer growth215,216. 
Addressing these questions will facilitate understanding of the aging 
process and, more importantly, enable identification of novel tar-
gets that may be manipulated for therapeutic intervention in age-
associated diseases.
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across all tissues examined17. Furthermore, the accumulation of 
uncleared autophagosomes during aging may exacerbate neuro-
nal dysfunction that contributes to age-related disease in worms18. 
The reasons for this age-dependent autophagy impairment remain 
unclear, but may involve reduced expression of genes important 
for autophagosome–lysosome fusion, such as lysosome-associated 
membrane protein 2 (LAMP2A), which decrease with age19. In mice, 

an age-dependent decrease in autophagosome numbers has recently 
been reported, as might be predicted by the age-related decline in 
ATG expression in humans20.

Although the relationship between autophagy and human aging 
remains complex, studies in model systems support a critical role 
for autophagy in longevity and geroprotection. A link between 
autophagy and longevity emerged from C. elegans demonstrating  

FIP200ATG13

ULK1/2

ATG14

VPS34Beclin-1

ATG7

Sirtuin-1

mLST8

mTOR RAPTOR

mTORC1
FOXO3a

TSC1 TSC2

PI3K/AKT

TFEB

Caloric restriction

Metformin Spermidine

Rapamycin

EP300

RTK IGFR

AMPK

IGF-1Nutrients

?

Pre-autophagosomal
structure

ATG4

ATG5
ATG12

ATG16

ATG3

LC3
I

LC3

LC3
II

LC3
II

LC3
II

LC3
II

LC3
II

Isolation
membrane

LC3 conjugation and
membrane modification

Autophagosome

Resveratrol

Growth factor receptorGrowth factors and nutrients

Caloric restriction mimetic Nutrient status sensor

Transcriptional regulator Core autophagy machinery

Fig. 1 | Signalling pathways that regulate autophagy and lifespan. Signals are integrated by core autophagy machinery, hierarchically controlling  
discrete steps within the autophagy trafficking pathway. Nucleation of the pre-autophagosomal structure (PAS), the first step in the autophagy pathway, 
is regulated by the ULK1/2–ATG13–FIP200 kinase complex. Nutrients and growth factors (IGF-1) trigger signalling through receptor tyrosine kinases 
(RTKs), such as the insulin growth factor receptor (IGFR), to downstream effectors, including PI3K/AKT and TSC1/2. Ultimately, these signals converge on 
mTORC1 (mTOR, RAPTOR and mLST8) and AMPK, which coordinately modify the ULK complex to affect its functions in PAS formation. Caloric restriction, 
rapamycin and metformin impact signalling through the mTOR–AMPK axis to activate ULK1/2 and promote early steps in the autophagy pathway.  
PAS is subsequently modified by a complex of Beclin-1, ATG14 and VPS34, to form the isolation membrane, expansion of which is associated with two 
ubiquitin-like reactions involving ATG7, ATG5, ATG12, ATG16 and ATG3, ultimately conjugating phosphatidylethanolamine (PE) to LC3. The activity of the 
LC3 conjugation machinery is controlled by the transcription factors TFEB and FOXO3a, which regulate expression of ATGs, and through post-transcriptional 
acetylation of core autophagy proteins involving the deacetylase Sirtuin-1 and acetyltransferase EP300. Caloric restriction, resveratrol and spermidine 
affect transcriptional and acetylation-dependent regulation of the LC3 conjugation machinery to activate autophagy. LC3–PE conjugation targets LC3 to 
autophagosomal membranes where it is required for membrane expansion and cargo sequestration. Finally, the autophagosome is sealed and sequestered 
cargo is delivered to the lysosome through autophagosome–lysosome fusion. Arrows indicate activating signals, whereas blunt-end lines represent 
inhibitory signals. Dashed lines with question marks indicate signals that may be inferred from experimental data, but not formally demonstrated.
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Nevertheless, cellular senescence may exert beneficial effects that 
delay disease. Senescent cells accumulate in the kidney, renal tubule 
and interstitium during the aging process and in response to acute 
injury131. Although the elimination of senescent cells from the kidney 
attenuated aging glomerulosclerosis120, mice with proximal tubules 
lacking Atg5 demonstrate impaired senescence associated with ele-
vated renal cell death132,133. The geroprotective functions of autophagy 
in the kidney are further supported by studies in Becn1F121A/F1201A mice, 
which showed reductions in age-related renal damage and fibrosis20.

The progressive decline of stem cells limits tissue regenerative 
responses, a major driver of the aging process134. Studies implicate 
autophagy in stem cell protection from metabolic stress and age-
related impairment of autophagy contributes to progressive loss of 
tissue stem cell activity134. Autophagy supports the maintenance of 
muscle stem cells, called satellite cells135. Aging impedes satellite cell 
autophagy, which correlates with the accumulation of dysfunctional 
mitochondria, senescence and impaired regenerative capacity135. 
Although the mechanisms contributing to impaired autophagy in 
aged satellite cells remain unclear, rapamycin or Atg7 overexpres-
sion restores the function of geriatric satellite cells and promotes 
new muscle fibre formation135. Conversely, Atg7 deletion leads to 
satellite cell loss, with the remaining cells phenotypically resembling 
those in aged mice135. Thus, autophagy is required to prevent muscle 

satellite cell senescence and its progressive failure with age abrogates 
regenerative capacity and promotes sarcopenia.

Hematopoietic stem cells (HSCs) also require autophagy to sus-
tain regenerative capacity; roughly 30% of aged HSCs exhibit high 
levels of autophagy, maintaining a low metabolic state and long‐term 
regeneration potential similar to young HSCs136,137. However, the 
remaining ‘old’ HSCs develop defects in autophagy, which impairs 
self-renewal and regenerative functions137. Atg5 or Atg12 genetic 
ablation in ‘young’ murine HSCs causes the accumulation of mito-
chondria and an activated metabolic state, thereby impairing blood 
system regeneration137. Accordingly, ATG-deficient mice exhibit pre-
mature blood aging, including increased cellularity in the peripheral 
blood, and skewed ratios of circulating myeloid cells, a phenotype 
reminiscent of myeloid‐bias observed in geriatric mice137 (Table 1).

Autophagy modulators to treat age-related disease
The links between impaired autophagy and aging have spurred 
interest in developing agents that enhance autophagic function 
for the treatment of age-related diseases. Broadly, these strategies 
focus on inducing autophagy either through agents that mimic the 
biochemical and physiological effects of CR, so-called CR mimet-
ics (CRMs), or compounds that stimulate autophagy through 
alternative pathways138.

Table 2 | Select compounds that induce autophagy

Agent Developmental status Mechanism of autophagy induction

ABT-199 (also known as Venetoclax) Approved for the treatment of chronic lymphocytic 
leukaemia (CLL)

BH3 mimetic and Beclin-1 activator

ABT-263 (also known as Navitoclax) Phase I/II clinical trials for cancer BH3 mimetic and Beclin-1 activator
ABT-737 In preclinical development BH3 mimetic and Beclin-1 activator
Alvespimycin (also known as 17-DMAG) Discontinued from clinical tests (hepatotoxicity) HSP90 inhibitor and inhibition of Akt/

mTOR/p70S6K signalling?
Beclin-1-derived peptide In preclinical development Beclin-1 activator
Carbamazepine Approved for treatment of seizures and bipolar disorders Reduction in Ins(1,4,5)P3 and inositol 

levels
Clonidine and Rilmenidine Approved for the treatment of hypertension Reduction in cAMP levels
Caloric restriction Not available Multiple
Everolimus (also known as RAD001) Approved for cancer therapy Inhibition of mTORC1
Geldanamycin Discontinued from clinical tests (hepatotoxicity) Inhibition of Akt/mTOR/p70S6K 

signalling?
Hydroxycitrate Nutritional supplement CRM and AMPK activation
Lithium Approved for treatment of bipolar disorders Reduction in Ins(1,4,5)P3 and inositol 

levels
Metformin Approved for type II diabetes CRM and AMPK activation
Perhexiline Approved for angina CRM, AMPK activation and Acetyl-CoA 

reduction
Physical exercise Not available Multiple
Rapamycin (also known as sirolimus) Approved for immunosuppression and cancer therapy Inhibition of mTORC1
Resveratrol Nutritional supplement CRM and SIRT1 activation
Statins Approved for obesity Depletion of geranylgeranyl disphosphate, 

AMPK activation and mTORC1 inhibition
Spermidine Nutritional supplement CRM and EP300 deacetylase inhibitor
Tanespimycin (also known as 17-AAG) Discontinued from clinical tests HSP90 inhibitor and inhibition of Akt/

mTOR/p70S6K signalling?
Temsirolimus (also known as CCI-779) Approved for cancer therapy Inhibition of mTORC1
Torins Experimental agent Inhibition of mTORC1
Trehalose Nutritional supplement, Phase I/II clinical trials for bipolar 

disorder and vascular aging
Glucose transporter inhibition and AMPK 
activation

Trifluoperazine Approved for schizophrenia Dopamine agonist and unknown
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New approaches to treat age-related diseases (e.g., cardiovas-
cular disease) may yield lifespan extension but potentially at 
the cost of extending late-life morbidity1. A major question 

in biology is whether interventions can be devised that enhance 
healthspan in tandem with increasing remaining lifespan so that the 
period of morbidity near the end of life is not increased2. Physical 
dysfunction and incapacity to respond to stresses3,4 become increas-
ingly prevalent toward the end of life5, with up to 45% of people 
over the age of 85 being frail6. This physical dysfunction is asso-
ciated with considerable morbidity, including decreased mobility 
and increased burden of age-related chronic diseases, loss of inde-
pendence, nursing home and hospital admissions, and mortality7. 
The cellular pathogenesis of age-related physical dysfunction has 
not been fully elucidated, and there are currently no root cause–
directed, mechanism-based interventions for improving physical 
function in the elderly available for clinical application. Here we 
report a potential strategy for addressing this need: reducing senes-
cent cell burden.

Cellular senescence is a cell fate involving extensive changes 
in gene expression and proliferative arrest. Senescence can be 
induced by such stresses as DNA damage, telomere shortening, 
oncogenic mutations, metabolic and mitochondrial dysfunction, 
and inflammation8–10. Senescent cell burden increases in multiple 
tissues with aging11, at sites of pathology in multiple chronic dis-
eases, and after radiation or chemotherapy12. Senescent cells can 
secrete a range of proinflammatory cytokines, chemokines, prote-
ases, and other factors; together, these are termed the senescence-
associated secretory phenotype (SASP)13,14, which contributes to 
local and systemic dysfunction with aging and in a number of dis-
eases15–21. A month or more of continuous treatment with Janus 
kinase 1 (JAK1) and JAK2 inhibitors or rapamycin can enhance 
physical function in older mice14,22. However, JAK1 and JAK2 
inhibitors and rapamycin have an extensive range of effects on cel-
lular function. Among these is reduced production of some SASP 
components. We hypothesized, on the basis of these points, that 
senescent cells might potentially contribute to age-related physical 

Senolytics improve physical function and increase 
lifespan in old age
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Physical function declines in old age, portending disability, increased health expenditures, and mortality. Cellular senescence, 
leading to tissue dysfunction, may contribute to these consequences of aging, but whether senescence can directly drive age-
related pathology and be therapeutically targeted is still unclear. Here we demonstrate that transplanting relatively small 
numbers of senescent cells into young mice is sufficient to cause persistent physical dysfunction, as well as to spread cellular 
senescence to host tissues. Transplanting even fewer senescent cells had the same effect in older recipients and was accom-
panied by reduced survival, indicating the potency of senescent cells in shortening health- and lifespan. The senolytic cocktail, 
dasatinib plus quercetin, which causes selective elimination of senescent cells, decreased the number of naturally occurring 
senescent cells and their secretion of frailty-related proinflammatory cytokines in explants of human adipose tissue. Moreover, 
intermittent oral administration of senolytics to both senescent cell–transplanted young mice and naturally aged mice allevi-
ated physical dysfunction and increased post-treatment survival by 36% while reducing mortality hazard to 65%. Our study 
provides proof-of-concept evidence that senescent cells can cause physical dysfunction and decreased survival even in young 
mice, while senolytics can enhance remaining health- and lifespan in old mice.
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effects of AL + Q were more than AL alone regarding both 
BECN1 and LC3B (Fig. 4 A, B, C and D).

Discussion

Osteoporosis is a disease that frails bones and affects 
200 million women worldwide [25]. Controlling osteoporo-
sis is still a challenge that needs further research to establish 
an effective treatment strategy. Ovariectomized rat is the 
most common model which is used to study osteoporosis 

mTOR gene expression

The mRNA levels of mTOR did not change after ovariec-
tomy and treatments (Fig. 3E).

Immunofluorescence assay

The BECN1 and LC3B protein expressions were signifi-
cantly higher in the OVX group than in SH rats. Adminis-
tration of AL + Q and AL alone significantly decreased the 
BECN1 and LC3-B expression (p < 0.05). The improving 

Fig. 1 Stereological parameters 
of the femur in SH, OVX, OVX-
AL, and OVX-AL-Q rats. Data 
are expressed as mean ± SEM. 
Sample size (n = 10). P < 0.05 was 
considered statistically signifi-
cant. Histograms with different 
letters (a, b, or c) are signifi-
cantly different. (a: significant 
difference with b. ac: significant 
difference with b. Histograms 
which share common letters are 
not significantly different). SH: 
sham; OVX: ovariectomized; Al: 
alendronate; Q: quercetin
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Quercetin potentiates the anti-osteoporotic
effects of alendronate through modulation
of autophagy and apoptosis mechanisms in 
ovariectomy-induced bone loss rat model 
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SIRT1-Mediated Autophagy Initiation
In autophagy initiation, SIRT1 regulates TSC2 stability (46)
(Figure 3A). TSC2 suppresses the mTORC1 signaling pathway
by inactivating Ras homolog enriched in brain (Rheb), which
activates mTORC1. Rheb requires the binding of GTP for its
activity to induce mTORC1 activation, while the GTPase-
activating protein (GAP) domain of TSC2 stimulates GTP
hydrolysis (47). Increased TSC2 stability increases GTP
hydrolysis to inactivate Rheb, consequently downregulating the
mTOR signaling process and initiating autophagy process.
Under nutrition deprived condition, TSC2 complex stability is
maintained by preventing ubiquitin-mediated degradation due
to the deacetylase activity of SIRT1 (25, 28).

Moreover, emerging studies report that under hypoxia
condition SIRT1 regulates the BNIP-3 mediated autophagy
initiation (44) (Figure 3B). SIRT1 deacetylases the nuclear
Forkhead box protein O3 (FOXO3) (48). This deacetylation
leads FOXO3 to bind to BNIP-3 promotor, inducing BNIP-3
expression (48). The BNIP-3 expression then triggers autophagy
by helping the dissociation of Beclin1 from the Bcl-2-Beclin1
complex (49). The released Beclin1 then activates PI3K complex
which is necessary for autophagy initiation.

SIRT1-Mediated Autophagy Elongation
and Maturation
Elongation and maturation stages can be also regulated by the
deacetylase function of SIRT1. Under nutrient rich condition,

acetylation of ATG5, ATG7, and ATG12 by E1A binding protein
p300 acetyltransferase (EP300) inhibits the formation of ATG16-
ATG5-ATG12 complex, preventing autophagosome elongation
(50) (Figure 4A). On the other hand, under nutrient starvation,
SIRT1 facilitates the formation of ATG16-ATG5-ATG12
complex by directly deacetylating ATG5, ATG7, and ATG12,
aiding elongation of the autophagic vesicle (51) (Figure 4B).

SIRT1 also regulates the translocation of nuclear LC3-I to the
cytoplasm that is necessary for the formation of LC3-II which is
inserted to the elongating autophagosome (44, 52) (Figure 4C).
Under nutrient starvation, SIRT1 directly deacetylates nuclear
LC3-I at Lys 49 and Lys 51 (44, 52). The interaction between the
deacetylated LC3-I and DOR protein allows the nuclear export of
LC3-I (44, 52). The deacetylated cytoplasmic LC3-I then
interacts with ATG7, helping LC3-I to conjugate to PE and
form LC3-II that is inserted to the autophagosome membrane for
selective targeting of the cargo (44, 52).

SIRT1-Mediated Autophagy Fusion
and Degradation
The fusion and degradation process of autophagy can also be
mediated by SIRT1 (Figure 5). Specifically, under nutrient
starved condition, deacetylation of FOXO1 by SIRT1 regulates
autophagosome-lysosome fusion by increasing expression of the
Rab7. Rab7 participates in autolysosome formation by
facilitating the trafficking of the mature autophagosome to the
lysosome (45, 53). As most lysosomes are localized in

FIGURE 3 | SIRT1-mediated autophagy initiation regulation. (A) Under starved condition, Deacetylase activity of SIRT1 also increases the stability of TSC2 to
promote GTP hydrolysis of Rheb. Rheb suppression downregulates the mTOR signaling process. (B) Under hypoxia condition, SIRT1 deacetylases FOXO3 to bind
to BNIP-3 promotor and promote BNIP-3 expression.
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accumulation was also described in a study by Wu et al. The use
of icaritin, an osteoinductive agent, attenuated lipid
accumulation with an increase in autophagy flux (62). As
adipocyte lipid accumulation is closely related to obesity, this
suggests that autophagy may participate in regulating obesity
condition by inhibiting lipid accumulation. Similarly, this
association between autophagy and obesity is recently reported
by Nunzio et al. in human studies, where they demonstrated that
obese patients have significantly lower levels of LC3 in compared
to the normal weight (63).

SIRT1 dysregulation in adipose tissue disturbs autophagic
activity to degrade lipid molecules, leading to lipid droplets
accumulation in the adipocytes and contributing to the
development of obesity. The link between SIRT1-mediated
autophagy and obesity was recently demonstrated by a study by
Li et al. in an adipose-specific SIRT1 knockout mice. The SIRT1
knockout mice exhibited an increase in the fat mass and body
weight with an increased exosome, which is due to the defect in
autophagy activity (reduced LC3-II and ATG7 level) (64).
Restoring SIRT1 activity with the SIRT1 activator, SRT1720,
improved autophagy impairment and metabolic abnormality.

Other than changes in the lipid homeostasis, it has been
previously reported that reduced energy expenditure and
locomotor activity are another major influence leading to
obesity (65, 66). In relation to this, Meng and Cai described
that autophagy defects in the hypothalamus plays a role in the
development of obesity through reduced energy expenditure and
locomotor activities. According to their study, high-fed diet mice
with medisobasal hypothalamic region-directed ATG7
knockdown not only developed much more severe obesity but
also showed reduced energy expenditure and locomotor
activities (67). Recent study by Xiao et al. further suggests the
link between autophagy and hypothalamic obesity. High-fed diet
mice with ATG5 knock-out in proopiomelanocortin (POMC)
neurons, which are located at the arcuate nucleus of the
hypothalamus, showed both reduced energy expenditure and
increased fat mass (68). In addition, study by Skobo et al.
suggests that impairment of the autophagic process in skeletal
muscles also reduces locomotor activity thereby reducing energy
expenditure and inducing obesity. Knockdown of Ambra1,

which is an essential component of Beclin1, impaired the
locomotor activity and skeletal muscle development in
Zebrafish (69). Hence, these overall suggest that autophagy
impairment may not only be associated to obesity development
due to changes in lipid homeostasis but also reduced locomotor
activities and energy expenditure.

SIRT1 dysregulation in hypothalamus and skeletal muscle
may also be associated to the development of obesity. In relation
to the aforementioned link between autophagy impairment in
the hypothalamus and obesity, Cakir et al. demonstrated that
changes in the SIRT1-FOXO1 axis in hypothalamus is also
associated to obesity. Rats with either pharmacological
inhibition or siRNA-mediated knock down of hypothalamic
SIRT1 showed significant increase in body weight and food
intake than control (70). The decreased level of acetylated
FOXO1 suggested that SIRT1 regulates body weight in FOXO1
dependent manner (70). As autophagy is regulated through the
SIRT1-FOXO1 axis and autophagy impairment in hypothalamus
also leads to obesity, this suggests that SIRT1-FOXO1-autophagy
axis in hypothalamus may be also associated to the development
of obesity. Similarly, study by Ryall et al. suggested that decrease
in SIRT1 level in skeletal muscle leads to disruption of muscle
regeneration, development, thereby impairing the motor activity
due to a mechanism that involve a decrease in NAD+ level (71).
Price et al. also reported that increased SIRT1 improves in
mitochondrial function in skeletal muscles through an AMPK
pathway thereby increasing energy expenditure (69, 72). As the
stimulation of AMPK increases autophagy activity, this suggests
a close relationship between SIRT1 and autophagy in skeletal
muscle function and development, consequently improving
skeletal function and energy expenditure to protect
against obesity.

SIRT1-Mediated Autophagy and Type-2
Diabetes Mellitus
Type-2 diabetes mellitus (T2DM) is a condition characterized by
high blood glucose level, insulin resistance, and lack of insulin
secretion. These processes are normally related to impaired
insulin sensitivity and pancreatic b-cell function to produce or
secrete insulin to the blood. Under non-pathological condition,

FIGURE 5 | SIRT1-mediated autophagy fusion regulation. Under nutrient-starved condition, SIRT1 mediates the autophagy and lysosome fusion by deacetylating
FOXO1. The deacetylation of FOXO1 is necessary for the expression of Rab7 that helps to regulate this microtubule-dependent bidirectional transport of the
autophagosome to the lysosome.
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theperinuclear region, autophagosome has to move towards the
perinuclear region to fuse with the lysosome. Rab7 helps to
regulate this microtubule-dependent bidirectional transport by
interacting with LC3 (54).

Dual Interaction Between SIRT1
and Autophagy
Emerging evidences demonstrate the dual interaction between
SIRT1 and autophagy: not only SIRT1 regulates autophagic
activity but also autophagy controls SIRT1 level by lysosomal
degradation (26, 55). Depending on the cell condition,
autophagy may upregulate or downregulate SIRT1 level. A
recent study by Xu et al. suggests that under senescence
condition, SIRT1 is recognized as a nuclear autophagy
substrate (27). Through the direct interaction between LC3
and SIRT1, SIRT1 is transported to the cytoplasm for
lysosomal degradation (26, 27). However, under non-senescent
condition, autophagic activity is necessary in maintaining SIRT1
level. According to the study reported by Chen et al., endothelial
cells treated with chloroquine, which is an autophagy blocker,
showed significant decrease of SIRT1 level (56). Similar results
were observed when the same cells were treated with 3-
methyladenine (3-MA), an inhibitor of PI3K (56).

SIRT1-MEDIATED AUTOPHAGY AND
ENDOCRINE DISORDERS

Autophagy plays essential roles in tissue development and
homeostasis by participating in the turnover of the intracellular
components including lipids, proteins, and organelles (57). On the
other hand, irregular autophagic process hinders the normal
functioning of the metabolic process, leading to the induction of
endocrine disorders (58). Accordingly, emerging evidences suggest
that dysregulation in SIRT1-mediated autophagy is involved in the
onset and development of obesity, type-2 diabetes mellitus, and
diabetic cardiomyopathy.

SIRT1-Mediated Autophagy and Obesity
Obesity is a complex endocrine disorder characterized by an
excessive fat accumulation in adipose tissue of an individual (59).
Autophagy is closely associated to obesity as abnormal changes
in autophagic activity disturbs the normal lipid homeostasis,
contributing to the increased fat content in the adipose tissue
(60). The role of autophagy in obesity is shown in a recent study
by Zhang et al. demonstrating that inhibition of autophagy
through the downregulation of FOXO3 leads to lipid
accumulation in adipocytes of mice (61). The association
between autophagy inhibi t ion and adipocyte l ipid

FIGURE 4 | SIRT1-mediated autophagy elongation and maturation regulation. The BNIP-3 expression then induces autophagy by using its functional BH3 domain
to dissociate Beclin1 from the Bcl-2-Beclin1 complex. (A) Under nutrient rich condition, EP300 acetyltransferase inhibits the elongation of the autophagosome by
acetylating the ATG5, 7, and 12. (B) Under nutrient deprived state, SIRT1 directly deacetylates these ATGs to form ATG 16-5-12 complex that aids in the elongation
of the autophagic vesicle. (C) Under starved condition, SIRT1 directly deacetylates the nuclear LC3-I. The deacetylated LC3-I then interacts with DOR protein and
this interaction between the deacetylated LC3-I and DOR protein allows the nuclear export of LC3-I. The deacetylation of LC3-I also helps LC3-I to interact with
ATG7. Through this interaction, the translocated LC3-I conjugates to PE, forming LC3-II which is inserted to the autophagosome membrane to help selective
targeting of the cargo.
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CONCLUSIONI 1

Se fossimo in grado di fornire a ciascuno la dose giusta di nutrimento ed esercizio fisico, né 
in difetto né in eccesso, avremmo trovato la strada per la salute.

Ippocrate (460-377 a.C.)

• L'attuale stile di vita, pur prolungando l'aspettativa di vita, ha 
influenzato negativamente alcuni aspetti

• Per mantenere un cervello sano è importante mantenere anche 
un corpo efficiente

• TUTTO MUSCOLI E NIENTE CERVELLO È UNA "FAKE NEWS"
• Un approccio attento all'alimentazione (quantitativo e 

qualitativo) è fondamentale per il benessere dell'organismo
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• Il digiuno intermittente  e la caloric reduction si sono dimostrati 
un'arma efficace per il mantenimento della salute fisica e 
cognitiva

• Il digiuno intermittente lavora in sinergia dell'esercizio
• Vi sono alcuni attivi che agiscono migliorando alcuni aspetti 

legati all'invecchiamento e quindi, di fatto, MIGLIORANDO il 
processo di invecchiamento

• Infiammazione, stress ossidativo, riduzione dell'autofagia sono 
alcuni tra gli Hallmarks of aging

• Catechine, Omega 3, Resveratrolo, Quercetina agiscono su 
questi fenomeni

CONCLUSIONI 2
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CONCLUSIONI 3
Differences between sports

The trend of longer survival observed in endurance and mixed-sports athletes is 
not obvious among power/strength athletes

Endurance
athletes

>
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Power/strength
athletes

Non- athletes

Teramoto &  Bungum. J Sci Med Sport. 2010 Jul;13(4):410-6.
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Abstract
Introduction: The current study aimed to find reciprocal ef-
fects between subjective age and functional independence 
during rehabilitation from osteoporotic fractures and stroke 
and whether these effects can be mediated by indicators of 
well-being. Methods: Participants were 194 older adults 
(mean age = 78.32 years, SD = 7.37; 64.8% women) who were 
hospitalized following an osteoporotic fracture or stroke. 
Participants completed measures of subjective age and well-
being (i.e., optimism, self-esteem, and life satisfaction) sev-
eral times during rehabilitation. Functional Independence 
Measure (FIM) was completed by nursing personnel at ad-
mission and at discharge. Results: Younger subjective age at 
admission predicted higher FIM scores at discharge. The re-
verse effect, that is, of FIM scores at admission on subjective 

age at discharge, was nonsignificant. Optimism during hos-
pitalization mediated the effect of subjective age on subse-
quent FIM scores while self-esteem and life satisfaction did 
not. Sensitivity analyses further showed that the effect of 
subjective age on FIM was significant for both fracture and 
stroke patients. Discussion: The findings highlight the effect 
of subjective age on rehabilitation outcomes among osteo-
porotic fractures and stroke patients and suggest several po-
tential mechanisms behind this effect. Rehabilitation out-
comes following osteoporotic fractures or strokes could im-
prove if subjective age and an optimistic outlook are taken 
into consideration. © 2022 The Author(s).
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Introduction

Findings from an abundance of studies have indicated 
that subjective age – the age individuals feel [1] – is a 
stronger predictor of physical and psychological health 

!is is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.

Rehabilitation outcomes following osteoporotic fractures or strokes could improve if subjective
age and an optimistic outlook are taken into consideration



LA VELOCITÀ DELLA TRISTE MIETITRICE…
1600 persone ultrasettantenni 
Misurata la velocità di marcia
Dopo 5 anni
266 deceduti… camminavano a meno di 2,9 Km/h
Di chi camminava a più di 4,9 Km/h non era morto nessuno!

SAPETE A CHE VELOCITÀ CAMMINA LA MORTE…?

A CHE VELOCITÀ DOVETE CAMMINARE PER SFUGGIRLE?
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Abstract
Objective To determine the speed at which the Grim Reaper (or Death)
walks.

Design Population based prospective study.

Setting Older community dwelling men living in Sydney, Australia.

Participants 1705 men aged 70 or more participating in CHAMP
(Concord Health and Ageing in Men Project).

Main outcomemeasuresWalking speed (m/s) and mortality. Receiver
operating characteristics curve analysis was used to calculate the area
under the curve for walking speed and determine the walking speed of
the Grim Reaper. The optimal walking speed was estimated using the
Youden index (sensitivity+specificity−1), a common summary measure
of the receiver operating characteristics curve, and represents the
maximum potential effectiveness of a marker.

Results The mean walking speed was 0.88 (range 0.15-1.60) m/s. The
highest Youden index (0.293) was observed at a walking speed of 0.82
m/s (2 miles (about 3 km) per hour), corresponding to a sensitivity of
63% and a specificity of 70% for mortality. Survival analysis showed that
older men who walked faster than 0.82 m/s were 1.23 times less likely
to die (95% confidence interval 1.10 to 1.37) than those who walked
slower (P=0.0003). A sensitivity of 1.0 was obtained when a walking
speed of 1.36 m/s (3 miles (about 5 km) per hour) or greater was used,

indicating that no men with walking speeds of 1.36 m/s or greater had
contact with Death.

Conclusion The Grim Reaper’s preferred walking speed is 0.82 m/s (2
miles (about 3 km) per hour) under working conditions. As none of the
men in the study with walking speeds of 1.36 m/s (3 miles (about 5 km)
per hour) or greater had contact with Death, this seems to be the Grim
Reaper’s most likely maximum speed; for those wishing to avoid their
allotted fate, this would be the advised walking speed.

Introduction
The Grim Reaper, the personification of death, is a well known
mythological and literary figure.1-4 Reported characteristics
include a black cloak with cowl, a scythe, and cachexia. High
quality scientific research linking the Grim Reaper to mortality
has been scarce, despite extensive anecdotes.
Walking speed is a commonly used objective measure of
physical capability in older people, predicting survival in several
cohort studies.5-7 A recent meta-analysis found that being in the
lowest fourth of walking speed compared with the highest was
associated with a threefold increased risk of mortality.8
Moreover, the association between slow walking speed and
mortality seems consistent across several ethnic groups and
shows a dose-response relation.8 Although the association
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