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Fig. 1 | Ways in which exercise might beneficially affect neurogenesis, learning, memory , mood and depression-like 
symptoms. a | The myokine cathepsin B is released by skeletal muscle during exercise and might influence neurogenesis, 
learning, memory and mood. AMP-activated protein kinase (AMPK) activation elicits cathepsin B secretion in skeletal muscle 
cells. Running increases cathepsin B levels in mouse gastrocnemius muscle, and exercise leads to an increase in levels of the 
O[QMKPG�ECVJGRUKP�$�KP�VJG�RNCUOC�QH�OKEG��TJGUWU�OCECSWGU�CPF�JWOCPU��+P|XKXQ�UVWFKGU�RTQXKFGF�GXKFGPEG�VJCV��KP�OKEG��
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cathepsin B increased both mRNA and protein levels of brain-derived neurotrophic factor (BDNF) as well as doublecortin. 
These factors are known to be important for neuronal migration and neurogenesis and thereby affect learning, memory and 
mood. b | FNDC5, a membrane protein that is cleaved and secreted into the circulation as the myokine irisin during exercise, 
might influence BDNF and influence neurogenesis, learning, memory and mood. Exercise in mice and humans induces an 
upregulation of PGC1α in skeletal muscle. In mice, PGC1α expression in muscle stimulates an increase in the expression  
of FNDC5. Exercise also leads to a PGC1α-dependent elevation of FNDC5 in the hippocampus of mice. Peripheral delivery of 
FNDC5 to the liver via adenoviral vectors, resulting in elevated blood levels of irisin, induces expression of BDNF in the 
hippocampus, suggesting that irisin passes through the blood–brain barrier and induces BDNF expression in the brain, which 
will lead to enhanced learning, memory and mood. c | High levels of the neurotoxic kynurenine (KYN) are associated with 
depression. Exercise enhances the PGC1α-dependent muscular expression of the enzyme kynurenine aminotransferase (KAT), 
which converts neurotoxic KYN into neuroprotective kynurenic acid (KYNA), thereby reducing depression-like symptoms. In 
contrast to KYN, KYNA is not able to pass through the blood–brain barrier. The imbalance between the neuroprotective KYNA 
and the neurotoxic KYN metabolites has been proposed to be critical for the development of depression.
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Major mechanistic insights of longevity and
increased lifespan

Several putative mechanisms are suggested to be involved in
the aging process. These are especially: dysregulated cellular
energy sensing and growth pathways, including AMPK
(AMP-activated protein kinase), SIRT1 (sirtuin), mTOR
(mammalian target of rapamycin), and insulin/IGF-1 (insu-
lin-like growth factor-1), impaired autophagy, epigenetic
modifications, chronic low-grade inflammation and cellular
senescence (“inflammageing”), oxidative stress, and telomere
attrition (Kennedy et al. 2014; Lopez-Otin et al. 2013; Ma
and Gladyshev 2017; Newgard and Sharpless 2013).

Most of these pathways can be affected by special diets,
foods, nutrients (Figure 1), or also drugs, such as metformin
(Piskovatska et al. 2019). This chapter summarizes some of
these major mechanistic pathways, which have been repeat-
edly related to lifespan extension in primarily model organ-
isms, including rodents.

mTOR

mTOR, the “mammalian target of rapamycin”, is a serine/
threonine protein kinase which is involved in regulating cel-
lular growth, proliferation, protein synthesis, transcription,
and survival (Hay and Sonenberg 2004; Tokunaga, Yoshino,
and Yonezawa 2004), and which also participates in autoph-
agy (Salminen and Kaarniranta 2009). In several studies, in
key model organisms, it has been shown that the mTOR
pathway is related to lifespan and healthspan and reduced
mTOR signaling through genetic or pharmacological inter-
ventions results in lifespan extension in yeast, worms, flies,
and mice (Blagosklonny 2010; Johnson,Rabinovitch, and
Kaeberlein 2013; Weichhart 2018).

IGF-1

IGF-1 is an anabolic hormone mainly produced in the liver
and also locally expressed in peripheral tissues (Maggio
et al. 2013). IGF-1 is under the control of growth hormone
(GH) from the pituitary and secretion of GH/IGF-1 is
essential for normal growth in children and for the main-
tenance of anabolic processes in adults. The activity of
IGF-1 is influenced by six binding proteins (IGFBP), which
also have independent biological actions (Haywood
et al. 2019).

Although IGF-1 signaling is essential, various studies in
invertebrate and vertebrate animal models have shown that
a reduction in IGF-1 levels or IGF-1 action can exert life-
span-extending effects (Junnila et al. 2013; Lapierre and
Hansen 2012; Vitale et al. 2019; Yuan et al. 2009).

In humans, it was shown that low plasma IGF-1 concen-
trations predict survival in those with exceptional longevity
(Milman et al. 2014). One mechanism discussed might be
related to a lower risk of developing cancers (Pollak 2012).
Also, other studies showed a positive association of a lower
IGF-1 activity with longevity (Vitale et al. 2017). However,
not all studies found this beneficial association with the con-
nection between IGF-1 and longevity in humans being
rather conflicting below the line (Vitale et al. 2017). For
example, in a cohort of 252 centenarians, low IGF-1 and
IGFBP-3 serum concentrations were associated with
increased mortality (Arai et al. 2008). Another study also
showed that healthy centenarians had a plasma IGF-I/
IGFBP-3 molar ratio greater than aged subjects (Paolisso
et al. 1997).

One reason for a protective effect of the GH/IGF-1 sys-
tem might relate to its anabolic activity, especially on muscle
and bone, which appears to be beneficial to the elderly
(Lytras and Tolis 2007).

Figure 1. Major nutritional factors affecting one or more key mechanistic pathways, which have been shown or are suggested to be involved in aging and
longevity in model organisms or humans.
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with the need to survive episodic starvation, have se-
lected a thrifty metabolism.2 Even during these ancestral
times there have been occasional small groups of indi-
viduals who have been rich enough or powerful enough
to live off the hard work of laborers, serfs and slaves. It
is no coincidence that corpulence was almost solely
confined to these groups and that it became seen as an
honorable manifestation of their status and wealth. The
remarkable aspect of the last 50 years is that human
ingenuity has suddenly devised ways of creating a vast
excess of food with minimal input of human physical
labor and at a fraction of its historical price relative to the
average disposable income of the population.3 Further-
more, the carbohydrates and fats are now highly refined,
thus increasing their energy density, decreasing their
satiety index, and reducing the amount of physiologic
work required in digestion and absorption. Other tech-
nological developments in factories and engineering dis-
placed the majority of the population from physically
demanding to sedentary occupations. This move toward

inactivity has been compounded by myriad electronic
power-assisted tools and appliances designed to reduce
energy input into most everyday tasks. It is further
compounded by the highly seductive pastimes of TV
viewing, computer games and the Internet, all of which
conspire to induce sedentary behaviors.

If we stand back from the current obesity pandemic
and view it from an evolutionary perspective it appears
that we are currently passing through a more rapid
challenge to our metabolic make-up than has ever pre-
viously been encountered in man’s history. Like the
anthropometric change in height that occurred over the
past two centuries, the change in girth is probably here to
stay.

This view of obesity is more than simply an esoteric
insight by evolutionary biologists; it provides important
messages for prevention and treatment, and raises further
questions for the future. It highlights the fact that most
modern obesity is a highly predictable biological re-
sponse to our new environmental conditions and is not an

Figure 2. Annual cycles of weight loss and regain in rural Gambian women. Data from 11,000 anthropometric measurements in over
200 women. The severity of each year’s weight loss depends on the adequacy of the previous year’s harvest and varies with climate.

Figure 1. Rapid ecologic change in the late 20th century as the prime cause of obesity.
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Although there is extensive evidence that caloric restriction (CR) extends
lifespan in several species the evidence base for humans is weak. We are 
still at the stage of applying inductive reasoning and of framing hypotheses
to be tested. It is known that a genetic background contributes about 25% 
to the variation in human longevity, but thought unlikely that any genes
conferring longer lifespan have been positively selected to do so.

pilgrims have left descendants since many were carried
away by famine (the relief from which is celebrated to
this day at Thanksgiving). These examples provide only
a glimpse of the likely wider influence of famine on
genetic selection.

(c) Whilst in many respects the human genome has
remained very stable over the 12,000 years since the
dawn of agriculture, we contend that the 600 or so
generations during this time will have been sufficient to
permit significant selection of ‘thrifty genes’ especially
if mediated through effects on reproductive capacity
(see Prentice et al., 2005).

In summary, we concur with Darwin himself in placing
famine among the major drivers of natural selection. In the
concluding remarks to The Origin of Species he noted that
‘The evolution of higher animals directly follows . . . from the
war of nature, from famine and death. . .’ (Darwin, 1989).

4. Contemporary implications of biological
adaptations for surviving famine

Table 2 briefly lists the areas of human function through
which energy can be stored in readiness for possible famine,
or spared in times of actual famine. These have been
discussed in greater detail elsewhere (Prentice, 2001;
Prentice et al., 2005). In the current context it is only
pertinent to consider which, if any, may have possible direct
or indirect effects on the rate of ageing and hence might
explain the putative link between CR and longevity.
Although behavioural adaptations may influence lifespan
(for instance, a reduction in physical activity could reduce
exposure to predation, infection or other damaging events
that may ultimately contribute to an earlier death among
more active people), we will concentrate our attention here
on the metabolic issues. These can usefully be separated into
non-reproductive and reproductive. It is worth stressing that
in each of these areas the field remains far from reaching any
consensus.

4.1. Non-reproductive metabolic adaptations

As indicated above and discussed extensively elsewhere
(Dulloo and Jacquet, 2001), metabolic rate can be modestly
down-regulated in times of caloric restriction. In their

seminal studies on starvation Keys et al. (1950) showed that
this was partly caused by a reduction in active tissue mass
(lean body mass) and partly by a reduction in the specific
metabolic rate per unit of the active tissue mass. This has
been repeatedly demonstrated in studies of weight loss in
obese people and can be shown to depend on the extent and
duration of the energy restriction. Except in the most severe
conditions, when significant mass has been lost from the
musculature and vital organs, metabolic rate does not
decline more than about 25% in total (Prentice et al., 1991).
In passing, it can be noted that if individuals are interested in
extending lifespan by CR then it will be almost impossible to
exceed a 25% restriction against their habitual intake at
weight equilibrium without showing continued weight loss.
Even restriction at 15–20% will undoubtedly cause loss of
active tissue unless accompanied by significant reduction in
physical activity.

The precise nature of the metabolic changes that spare
energy remain surprisingly poorly understood. This is
largely because the processes that make up the total cost of
basal metabolism are also imprecisely known. In humans, it
is generally stated that basal metabolic rate is composed of:
protein turnover; energy-requiring membrane pumping
necessary for the maintenance of ionic homeostasis; cell
turnover and repair; the muscular work of respiration and
circulation; the costs of nutrient handling. Under most
conditions, it is assumed that the waste heat occurring as a
by-product of these reactions is sufficient for the main-
tenance of thermoregulation in humans given their large
body size (and hence low surface-area-to-volume ratio) and
their ability to adjust their micro-climate through clothing
and heating. The work of Brand (2000) would indicate that
the costs of quenching the reactive oxygen species (ROS)
that arise from mitochondrial metabolism may also
represent a significant proportion of total basal metabolism
with possible implications for CR and ageing.

Reductions in basal metabolism as a response to CR
might act in either a positive or a negative direction with
respect to optimal cellular maintenance and hence longevity.
On the one hand, and according to the ‘rate of living’ theory
of lifespan (Weinert and Timiras, 2003), reductions in
metabolic activity should be associated with increased
longevity mediated by a reduction in the rate of cell damage,
especially oxidative damage originating from mitochondrial
metabolism. On the other hand, if DNA and protein repair
processes are down-regulated, then there may be a greater

A.M. Prentice /Mechanisms of Ageing and Development 126 (2005) 976–981 979

Table 2

Biological strategies for surviving famine

Metabolic rate ‘Energy sparing’ super-efficient metabolism

Physiological compensation Ability to switch-off non-essential processes
Reproduction Down-regulation of the reproductive axis in both males and females

Food intake Gluttony: tendency to gorge when food is available

Physical activity Slothfulness: tendency to conserve energy through inactivity

Behavioural mechanisms Hoarding, meanness, theft, etc.

Prentice AM. Mech Ageing Dev. 2005 Sep;126(9):976-81
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I meccanismi del digiuno sono ben conservati in 
moltissimi organismi viventi e sono collegati ad 
aspetti di riproduzione, sviluppo, ibernazione, 
estivazione, migrazione e scarsità di cibo o 
comportamenti di pasti molto poco frequenti.

È UNA SFIDA!

E come sfida gli animali hanno messo in campo 
una serie di adattamenti fisiologici, biochimici e 
comportamentali per sopravvivere
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DIGIUNO
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La lunghezza del digiuno determina I suoi effetti metabolici e fisiologici
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Alternate day fasting (ADF)

¯ Body weight and FM
= FFM
¯ tot CHOL, LDL and TGs
= HDL

Whole-day fasting (WDF)

¯ Body weight and FM 
(with CR)

Time-Restricted Eating (TRE)

¯ Body weight and FM
= FFM
¯ tot CHOL, LDL ,TGs and 
insulin
¯ inflammatory markers

Tinsley et al. Nutr Rev. 2015 Oct;73(10):661-74]
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