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People worldwide are living longer.
At global level, the share of 80+ people rose from 0.6% in 1950 (15 million) to 

around 1.6% (110 million) in 2011, and it is expected to reach 4% (400 million) by 
2050. The global population is projected to be 3.7 times bigger in 2050 than in 
1950, but the number of 60+ people will increase by 10%, while the number of 80+ 
people will increase by 26%. The increase in lifespan does not coincide with the 
increase in health-span, i.e. the period of life free from serious chronic diseases and 
disability.

Improving the quality of life of oldest is becoming a priority due to the continu-
ous increase in the number of this population who is at risk of frailty. This makes the 
studies of the processes involved in longevity of great importance.

Most biomedical researches are “negative biology”, because the study of the 
disease is its central heart, focusing on the causes of the diseases. On the contrary, a 
different approach is possible, called “positive biology”. Instead of placing diseases 
at the centre of research, positive biology searches, for understanding the causes of 
positive phenotypes, to explain the biological mechanisms of health and well-being. 
This means understanding why some individuals, namely the centenarians, have 
escaped neonatal mortality, infectious diseases in the pre-antibiotic era and the fatal 
outcomes of age-related diseases, thus living more than 100 years. The knowledge 
born from this approach could allow modulating the ageing rate by providing valu-
able information on lifestyle to achieve healthy ageing.

Furthermore, the study of centenarians could provide important indications on 
how to build drugs that can slow or delay ageing, with benefits for those who are 
more vulnerable to disease and disability. The identification of the factors that pre-
dispose to a long and healthy life is therefore of enormous interest for translational 
medicine.

It is known that the longevity phenotype is the result of a positive combination 
between genetic, epigenetic, stochastic and lifestyle factors. So, the analysis of all 
the known parameters that can influence these single elements, or their interaction, 
can give new possible information to delineate a sort of longevity signature.
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In the different chapters of this book (see in Contents), a detailed analysis of the 
mechanisms involved in achieving longevity is performed. The role of chance, 
genetics, epigenetics, sex/gender, education and socio-economic level, social sup-
port and stress management, diet and nutrition, microbiota and pathogen burden, 
physical activity, immuno-inflammatory responses and oxidative stress are depicted.

Palermo, Italy� Calogero Caruso
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1Chance and Causality in Ageing 
and Longevity

Giulia Accardi, Anna Aiello, Sonya Vasto, 
and Calogero Caruso

1.1	 �Introduction

Longevity is not a matter of genes.
This is the message that appeared last year in all the newspapers of the world, 

according to a study due to a joint venture between the statisticians of Ancestry and 
Calico Life Sciences that has dissected the genealogical trees of 400 million indi-
viduals, tracing back generations, and including dates of birth, death, places, and 
family ties. The genes would have little to do with longevity: in a percentage per-
haps even less than 10% [1]. However, this extensive study has analysed the influ-
ence of genetics in terms of lifespan, but not in terms of longevity.

Longevity may be defined in relative and absolute terms [2]. Longevity, indeed, 
may be considered a concept country/population specific, since different popula-
tions/countries show great variability of their life expectancy, represented by the age 
reached by 50% of a given population, owing to historical, anthropological, and 
socio-economic differences. In “absolute” terms, instead, longevity is defined 
according to the maximum lifespan attained and scientifically validated by human 
beings on the Earth (Chap. 4). The threshold of exceptional longevity is regarded 
the canonical age of 100.
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Demographic evidences revealed a continuing decrease in the mortality rate in 
old age and an increase in the maximum age at death, which could gradually extend 
human longevity. Human longevity, therefore, might not be subject to strict con-
straints. However, analysing the global demographic data, Dong et  al. [3] have 
shown that improvements in survival with age tend to decrease after age 100 and 
that the age at death of the oldest person in the world has not increased since the 
1990s (Chap. 4). In a recent study, analysing data on all Italians aged 105 and older 
between 2009 and 2015 (born in 1896–1910), Barbi et al. [4] have provided the best 
evidence to date for the existence of extreme-age mortality plateaus. These studies 
suggest that the maximum duration of human life is fixed and subject to natural 
constraints.

There is no doubt that human beings are the result of their genes, but they would 
not be the same without the experiences that they have had since in the mother’s 
womb. As an example, the month of birth, a proxy for early-life environmental 
influences (i.e. epigenetics), affects the possibility of achieving age 100 [5]. On the 
other hand, each individual would not be the same if he was born in another part of 
the world.

Both immunological repertoire and the architecture of brain, which influence 
survival, are also linked to many small causal events. These are examples of the 
effect of chance [6]. Chance is just that the random occurrence, i.e. an event happen-
ing not according to a plan, that surrounds everybody. Chance is the product of 
entropy, i.e. the natural tendency of the universe to move towards disorder. It is a 
major player in all kinds of life, animal, and vegetal. Of course, it is a matter of 
choice as everyone manages the various things that chance throws at everybody. It 
is sometimes possible to modify the probabilities of a random event. As an example, 
if individuals never buy a lottery ticket, then it is not possible for them to win a lot-
tery. If they buy a ticket, there is a chance they could (https://www.enotes.com/
homework-help/what-role-does-fate-chance-play-ones-life-407539).

In biology, chance can be defined as the occurrence of events in the absence of 
any obvious intentional cause. It must be distinguished from life circumstances, 
events, or facts that cause or help to cause something to happen, e.g. the death in war 
of a potential centenarian [6].

To ask if longevity depends on the environment or genetics is legitimate but 
oversimplified. Answering means to consider everything is important, luck 
(chance and life circumstances), lifestyle (nutrition, physical activity, and envi-
ronmental exposures, all also affecting epigenetics), life experiences (pathogen 
burden, stress management and social support, education), and biology, with sex 
and DNA (genetics and epigenetics) in the front row [6–8]. Some of these are 
effects of a cause.

Causality is what connects one process, the cause, with another process or 
state, the effect, where the cause is completely or partly responsible for the effect, 
and the effect is completely or partly dependent on the cause. In biology, a process 
has many causes, the causal factors for it, and all lie in the past. In turn, an effect 
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can be a causal factor for many other effects (https://en.wikipedia.org/wiki/
Causality). To establish functional causality, three criteria must be met: (1) a 
strong association between the two factors studied must be demonstrated; (2) 
there must be a plausible mechanism to explain the cause and effect relationship; 
(3) other obvious competing explanations about the observed association should 
be excluded [9].

The exhausting research of a way to achieve longevity and well-being has always 
been a constant in human history. Nowadays, reaching the age of 80+ is a common 
goal, but this was a privilege up to 100 years ago [10]. Throughout history, the path 
leading to longevity was full of different obstacles but always marked by causality 
and chance.

In this chapter, the role of chance and causality in achieving longevity is dis-
cussed. The genetic and epigenetic causes of longevity are described in Chaps. 6 
and 7, respectively. Some aspects of lifestyle involved in longevity, i.e. diet and 
nutrition are illustrated in Chaps. 5, 10, and 11, whereas in this chapter the role of 
nutrient-sensing pathways (NSPs) and their modulation are discussed. The role of 
physical activity in attainment of longevity is mentioned in Chap. 4 and examined 
in depth in this chapter. Some phenotypic aspects including stress management and 
social support are defined in Chaps. 2, 3, and 8 and further analysed in this chapter. 
Lastly, in this chapter are discussed the roles played by education, sex, and immune-
inflammatory responses, encompassing oxidative stress to environmental agents, 
including pathogen load (the role of microbiota is studied in Chap. 9).

In this book, indeed, studies on different aspects of centenarians are extensively 
reported. Centenarians show relatively good health, being able to perform their rou-
tine daily life and to escape or delay age-related diseases. As discussed by Caruso 
et al. [7], the aim is to understand, through a “positive biology” approach, how to 
prevent, reduce, or delay elderly frailty and disability. Rather than making diseases 
the central focus of studies, “positive biology” seeks to understand the causes of 
positive phenotypes, trying to explain the biological mechanisms of health and 
well-being [11].

1.2	 �Role of Chance in Ageing and Longevity

Several centuries ago, Democritus said that everything that exists in the universe is 
the result of chance and necessity (http://www.normalesup.org/~adanchin/cause-
ries/Atomists.html#N1). Then, Epicurus tried to visualize the chance by stating that, 
from time to time, the normally straight paths of the atoms of the universe bend 
slightly and the atoms wander. If we consider mispairing during DNA replication, 
perhaps it was not very far from what happens [12].

As discussed by Monod [13], the alterations in DNA are accidental and happen 
at random. Since they represent the only possible source of modification of the 
genetic text, which in turn is the sole depository of the hereditary structures of the 
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organism, it necessarily follows that the only chance is the origin of every novelty, 
of every creation both in the biosphere and in the soma.

In fact, living beings are characterized by the ability to transmit their genetic 
structure to subsequent generations. From the moment in which the change in the 
DNA structure has occurred, it will be automatically and faithfully replicated and 
translated. The same occurs in the soma, from stem cells to somatic cells. Out of the 
realm of pure chance, it enters that of necessity, of the most inexorable 
determinations.

Random processes play a role in physiological and pathological events, along-
side genetics, epigenetics, lifestyle, and environment. Intrinsic randomness in bio-
logical occurrences contributes to the individuality of living organisms, since it 
influences phenotypic variability. They are subject to nature laws and genetic pro-
grams where both Brownian random motion, i.e. the disordered motion of particles 
suspended in fluids resulting from their collision with the fast-moving water mole-
cules in the fluid, and crossing over contribute to leaving space for the chance [14].

There is increasing evidence of the intrinsic random nature of gene expression 
and macromolecular biosynthesis, since many genes are transcribed to minimal 
amounts of mRNA per cell, which can cause large fluctuations in biosynthesis. 
Genomic instability is another important source of intrinsic variability, as shown in 
aged mice, which have a mutation frequency up to 104 per gene per cell. Somatic 
mutations are random events since they result from mispairing, originating from the 
equilibrium that exists in solution between tautomeric forms of the purine and 
pyrimidine bases. Epimutations may also occur through random changes of DNA 
methylation patterns, affecting gene expression [14, 15].

Therefore, genetically identical cells exposed to the same environmental condi-
tions can show significant variation in molecular content and marked differences in 
phenotypic characteristics. This variability can provide the flexibility needed by 
cells to adapt to fluctuating environments or respond to sudden stresses. It is a 
mechanism by which population heterogeneity can be established during cellular 
differentiation and development. How cells adopt a particular fate is usually thought 
of as being deterministic, and in the large majority of cases, it is. In some cases, 
however, cells choose one or another pathway of differentiation randomly, without 
apparent regard to environment or history. However, certain developmental deci-
sions are imposed on systems otherwise intrinsically random. Nature knows how to 
make deterministic decisions, but, in contrast to Einstein’s view of the universe, 
nature also knows how to leave certain decisions to a roll of the dice when it is to 
her advantage [16, 17].

The role of chance in ageing and longevity is clearly demonstrated by experi-
mental studies conducted on inbred mice. They have the same genome as well as the 
same housing conditions, but show different lifespan, up to 50% higher, contrary to 
expectations. This proves that in living organisms there is a component of continu-
ous random microvariations, due to the events reported above. These, accumulating 
over time, amplify the differences between individuals, manifesting in a striking 
way in older ages [15].

G. Accardi et al.
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1.3	 �Socio-economic Development and Life Expectancy: 
Causal Role of Education

In the Western world, environmental improvements beginning in the 1900s are 
thought to have extended the average lifespan dramatically, and, later, the number 
of centenarians, due to significantly greater availability of food and clean water, 
better housing and living conditions, reduced exposure to infectious diseases, and 
access to medical care (https://ghr.nlm.nih.gov/primer/traits/longevity). Health and 
life expectancy are considered, in fact, closely associated with socio-economic 
development. Better nutrition and greater availability of health care associated with 
higher income have been widely regarded as primary determinants of decreasing 
historical and contemporary mortality. In many of the studies of this issue, the 
assumption that income is the most important driver of mortality decline has been 
an unquestioned starting point.

A very different picture was drawn by other studies that pointed out the role of 
education. Thereafter, the question of the causal nature of the effects of education 
and income on health has attracted much controversy.

Recently, Lutz and Kebede [9] have addressed the hypothesis that the apparent 
statistical association between income and health could in fact be a largely spurious 
association resulting from the fact that improving educational attainment is a key 
determinant of both better health and rising incomes.

To this end, they verified both theories by analysing data on 174 countries, col-
lected between 1970 and 2015. They compared information on life expectancy with 
those on education and per capita income and noted that although there was a cor-
relation between the life expectancy and both factors, i.e. higher salary and better 
education, the relationship between longer life and education was more linear and 
constant. A more complete education is a good predictive factor of a longer exis-
tence, and this, scientists assume, is because a more solid culture leads to healthier 
choices of life, e.g. in nutrition or disease prevention. The correlation between 
wealth and longevity, that exists, even if less clear, is perhaps caused by the fact that 
a better education also gives access to higher and better-paid jobs, and therefore to 
greater possibilities of medical care and better nutrition. However, money would not 
be the ultimate cause of long-living people.

1.4	 �Role of Sex and Gender in Ageing and Longevity

In Western countries, women live 5–6 years more than men do. Furthermore, 85% 
of women are over 100 years old (Table 1.1). Although this gender difference has 
been accepted as normal, it is a relatively recent demographic phenomenon due to 
the reduction of infections and to the increase in the adult mortality rate attributed 
to cancer and cardiovascular disease. In particular, heart disease is the main condi-
tion associated with the increase in excess male mortality, making the strongest 
contributions in the birth cohorts of 1900–1935 [18].

1  Chance and Causality in Ageing and Longevity
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It is debated whether women live longer than men do for reasons of gender or 
sex, i.e. for cultural or biological differences. However, given that the females live 
longer than males in other animal species, this phenomenon cannot be attributed 
solely to cultural behaviour, but must be due, at least in part, to biological causes, 
such as the different production of hormones or the presence of the two X chromo-
somes. As an example, testosterone decreases levels of high density lipoproteins 
and increases levels of low density ones (LDL), while oestrogens have an opposite 
effect with beneficial effects on the risk of cardiovascular disease. Another possi-
bility is that women, due to the menstrual cycle, have a relative lack of iron com-
pared to men for about 30–40 years. Iron is a crucial catalyst for the mitochondrial 
production of free radicals as an effect of metabolism. Probably a reduction in 
available iron leads to a lower production of free radicals. Diets rich in iron have, 
in fact, been associated with a considerably greater risk of heart disease. A relative 
iron deficiency protects against bacterial infections. On the other hand, oestrogens, 
by interacting with their receptors, mediate cytoprotective effects against reactive 
oxygen species (ROS), enhancing the levels of different mitochondrial antioxidant 
enzymes. Mitochondria of the cells of female individuals produce less ROS than 
those of the cells of male individuals. It follows that women compared with men 
are suffering from cardiovascular diseases such as heart attack or stroke, about 
10 years later [19–21].

In addition, the control of immune-inflammatory responses plays a key role in 
successful ageing, and women have a more powerful immune response and better 
control of inflammatory responses [21, 22].

Testosterone, on the other hand, can lead to aggressive behaviour and a lifestyle 
at risk such as dangerous driving, alcohol abuse, and use of weapons: all behaviours 
that can increase the mortality rate. Not only biology, therefore, but also social fac-
tors contribute to longevity. Women tend to perform quieter activities within the 
family and with less professional activities and lifestyle for their health: they smoke 
less, they eat less, they cope better with stress, and they take better care of their body 

Table 1.1  List of the ten countries with the highest life expectancy (https://en.m.wikipedia.org/
wiki/List_of_countries_by_life_expectancy)

Men Women
Country Life expectancy (years) Country Life expectancy (years)
Iceland 81.2 Japan 87.0
Switzerland 80.7 Spain 85.1
Australia 80.5 Switzerland 85.1
Israel 80.2 Singapore 85.1
Singapore 80.2 Italy 85.0
New Zealand 80.2 France 84.9
Italy 80.2 Australia 84.6
Japan 80.0 Korea 84.6
Sweden 80.0 Luxembourg 84.1
Luxembourg 79.7 Portugal 84.0

World life expectancy is 76.0

G. Accardi et al.
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and their health. All these are gender differences, socially constructed sex, i.e. the 
characteristics that society outlines as masculine or feminine. As such, they are 
valid in today’s older generations, but not in the future ones, since today’s girls tend 
to copy many deleterious aspects of male culture (aggression, alcoholism, and 
smoking) [21].

1.5	 �Inflamm-ageing and Oxidative Stress as Causal Factors 
of Ageing

As defined, ageing is characterized by the breakdown of a self-organizing system 
and the reduced ability to adapt to the environment [2]. This goes hand in hand 
with the growth of a low level of chronic inflammation state noted as “inflamm-
ageing” [23].

Most explanations of the increase in life expectancy at older ages over history 
emphasize the importance of medical and public health factors of a particular his-
torical period. However, as discussed in Sect. 1.3, according to Lutz and Kebede [9], 
the role of education in this dramatic increase of life expectancy seems to be 
prominent.

On the other hand, the reduction in lifetime exposure to infectious diseases and 
other sources of inflammation has also made an important contribution to the his-
torical decline in old-age mortality. Analysis of birth cohorts across the lifespan 
since 1751 in Sweden reveals strong associations between early-age mortality and 
subsequent mortality in the same cohorts. Decreased inflammation during early life 
has led directly to a decrease in morbidity and mortality resulting from chronic 
conditions in old age. This hypothesis is supported by researches linking individual 
exposure to past infection, i.e. to pathogen burden, to levels of chronic inflamma-
tion, and to increased risk of heart attack, stroke, and cancer [24].

The most important link between the pathogen burden and inflammation is rep-
resented by Toll-like receptor (TLR) proteins. These proteins play key roles in 
immune responses against infections. In general, TLRs can recognize structurally 
conserved pathogen-associated molecular pattern molecules (PAMPs), which are 
derived from invading bacteria or virus. Recognition of PAMPs by TLR-expressing 
cells results in acute responses necessary to clear the pathogens in the host. However, 
TLRs are also involved in the pathogenesis of autoimmune, chronic inflammatory, 
and infectious diseases. Recently, evidence linking TLR4 with the pathophysiology 
of age-related chronic diseases (i.e. cardiovascular diseases, neurodegenerative dis-
eases, cancer) has been presented. It is noteworthy that inflammation is the common 
and pivotal background shared by these pathological conditions. Evidence dis-
cussed in that paper indicates the involvement of genetic TLR4 polymorphisms in 
the susceptibility to those age-related diseases, since TLR4-mediated inflammation 
from bacterial and viral infection or other endogenous molecules can influence the 
development of these diseases. Given the complex inheritance patterns of these 
polygenetic traits, the impact of any single allele on the trait under study is obvi-
ously modest [25].

1  Chance and Causality in Ageing and Longevity
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Inflamm-ageing is an important risk factor for both morbidity and mortality in 
the elderly that makes them more vulnerable to above reported age-associated dis-
eases. Inflammation is not per se a negative phenomenon. In fact, in response to cell 
injury elicited by trauma or infection the inflammatory response sets in, constituting 
a complex network of molecular and cellular interactions directed to facilitate a 
return to physiological homeostasis and tissue repair. If tissue health is not restored 
or the inflammatory trigger is not cleared, acute inflammation may become a chronic 
condition that continuously damages the surrounding tissues. The collateral damage 
caused by this type of inflammation usually accumulates slowly, sometimes asymp-
tomatically for years but can eventually lead to severe tissue deterioration [26]. 
Indeed, according to the theory of antagonistic pleiotropy, in early life, when natural 
selection is strong, the inflammation should be beneficial. It becomes dangerous 
during ageing when selection is weak [27].

As reported in the Encyclopedia of Immunobiology [22], in aged people, several 
changes of both innate and acquired immunity have been described and viewed as 
deleterious, hence the term immunosenescence (Chap. 3). It is linked not only to the 
functional decline associated with the passage of time but also to antigen burden to 
which an individual has been exposed during lifetime. The elderly immune system 
is characterized by continuous reshaping and shrinkage of the immune repertoire by 
persistent antigenic challenges. These changes lead to a poor response to newly 
encountered microbial antigens, including vaccines, as well as to a shift of the 
immune system towards an inflammatory, autoimmune, Th2 profile (i.e. humoral 
immune response) [23].

The long-life chronic antigenic stress, determining a progressive activation of 
macrophages, contributes to the inflammatory status observed in the elderly. This 
chronic state of low-grade inflammation, inflamm-ageing, is characterized by 
increased levels of pro-inflammatory cytokines and acute phase proteins, which 
increase is a worse prognostic factor for all causes of death. This inflamm-ageing 
state is implicated in the pathogenesis of age-related inflammatory diseases [23].

In a large study performed by Arai et al. [28], centenarians with the lowest levels 
of markers of chronic inflammation were able to maintain good cognition and inde-
pendence for the longest periods. Those with less inflammation also experienced the 
greatest longevity. Inflammation was a strong predictor of cognitive capacity in 
semi-supercentenarians (>105 years). The offspring of centenarians tended to have 
lower markers of chronic inflammation, meaning your chances of living a long, 
healthy life are to some extent familial (Chap. 3). This indicates that someone who 
will (probably) become a centenarian is able to keep inflammation down for longer. 
In addition, Storci et  al. [29] have reported on the anti-inflammatory molecular 
make-up of centenarians’ fibroblasts, low levels of interleukin (IL)-6, type 1 inter-
feron β, and pro-inflammatory microRNAs.

Oxidative stress plays an important role in determining and maintaining the 
observed low-grade inflammation, which, in turn, contributes to oxidative stress 
[30, 31].

The use of oxygen by the mitochondria of the aerobic cells generates potentially 
deleterious reactive oxygen metabolites, which increase with ageing and are 

G. Accardi et al.
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negatively associated with life expectancy of organisms [32]. The hypothesis that 
age-associated functional losses are also due to the accumulation of ROS and nitro-
gen species gave rise to the oxidative stress theory of ageing. This postulates that a 
slow accumulation of oxidative damage to macromolecules like DNA, proteins, and 
lipids causes age-associated reductions in physiologic functions [33].

The oxidative stress is determined by an imbalance between pro-oxidant and 
anti-oxidant factors that gets out of control in favour of the pro-oxidants. It results 
in macromolecular damage and is considered one of the major causal factors of 
cellular senescence [34], as well as telomere shortening [35]. The levels of the 
enzymes involved in the clearance of the free radicals in the cytosol, like superox-
ide dismutase, catalase, and glutathione peroxidase, are decreased in ageing cells 
and contribute to the increased cellular oxidative stress. Moreover, manganese 
superoxide dismutase, an antioxidant enzyme located in the mitochondria, which 
protects macrophages from apoptosis induced by oxidized LDL, is also decreased 
in ageing [36].

The oxidative damage produced by free radicals promotes the inflammatory state 
by two major pathways: the TLRs and the inflammasome [37, 38].

In this case, TLRs seem to be activated by damage-associated molecular pattern 
molecules released during conditions of oxidative stress [37].

Oxidative stress can induce an inflammatory response also through inflamma-
some activation. The inflammasome is a cytosolic multiprotein complex that cleaves 
pro-IL-1 and pro-IL-18 into active cytokines, immediately after the assembly with 
caspase 1. Several inflammasome complexes exist and, among them, the Nalp3 
inflammasome has been recently shown to be directly activated by the presence of 
sustained amounts of ROS [39].

The oxidative burst associated with immune-inflammatory responses upregu-
lates the formation of ROS and the overall oxidative stress response. Overproduced 
free radicals will create a circular loop of TLR and Nalp3 activation [39].

Therefore, ageing is associated with an increase in plasma concentrations of fast-
ing free radicals. It is due to a raise in pro-oxidant factors and to a decline in antioxi-
dant mechanisms [40]. However, this does not occur in the best model of successful 
ageing, the healthy centenarians. In several centenarian groups, from different geo-
graphical areas, some indices of oxidative stress (i.e. lipid peroxides, oxidized/
reduced glutathione ratio) were lower than in aged subjects [41]. In a study with 32 
healthy centenarians, they were characterized by the highest levels of vitamins A 
and E, well known as antioxidant vitamins, whereas the activities of both plasma 
and red blood cell superoxide dismutase, which increased with age, decreased in 
centenarians. It is clear that healthy centenarians show a particular profile in which 
high levels of vitamin A and vitamin E seem to be important in their extreme lon-
gevity [42]. From a study conducted on 153 centenarians from different geographic 
areas, it again emerged that the plasma concentration of vitamins E and A resulted 
greater in centenarians than in aged subjects. However, the centenarians from 
Sardinia had vitamin A and E levels not significantly different from those of younger 
subjects of the same geographical area. Thus, in Sardinian centenarians probably 
other factors play a more important role [43].

1  Chance and Causality in Ageing and Longevity



10

In addition to immunosenescence, pathogen burden, and oxidative stress, a wide 
range of different stimuli contribute to provoking and/or modulating inflamm-
ageing (Sect. 1.7, Chaps. 5, 9, and 11) [23, 44–47].

However, from discussed data, it is clear that the control of inflammation and 
oxidative stress may enhance the possibility of becoming centenarians.

1.6	 �The (De)regulation of Nutrient-Sensing Pathways 
in Ageing and Longevity

Healthy dietary habits and physical activity (Sect. 1.7) are the most important modi-
fiable factors that can affect the achievement of a healthy ageing phenotype [48].

Since many years, interventions that try to slow the rate of ageing and increase 
lifespan have interested many scientists [49]. With the aim to develop preventive 
and therapeutic measures, it was important to start managing the daily habits. 
Nutrition is, probably, the most important one. Indeed, healthy nutrition plays a 
significant role in delaying and reducing the risk of developing age-related diseases, 
and represents an integrative and tangible approach [46].

Several studies have suggested that both in animal models and humans, dietary 
intervention can prevent or decrease various age-related diseases, by positively reg-
ulating some ageing processes through modulation of the nutrient-sensing pathways 
(NSPs). The NSPs are a signalling cascade activated by the level of nutrients, such 
as carbohydrates or protein (or amino acids), that trigger signals. This results in a 
downstream activation of genes involved in ageing process. The more representative 
links to longevity, both in humans and in model organisms, are the insulin/insulin-
like growth factor-1 (IGF-1), the mammalian target of rapamycin (mTOR), and the 
sirtuin (SIRT) pathways. From yeast to human, they are genetically conserved 
although the molecular complexity varies among them (Fig. 1.1) [46].

The insulin/IGF-1 signalling cascade starts from the binding of insulin or IGF-1 
to the insulin/IGF-1 receptor (IGF-1R) that triggers many molecular events, such as 
the activation of the phosphoinositide-3-kinase. It leads to the activation of protein-
kinase B that can stimulate the nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-κB) signalling, involved in the modulation of immune-inflammatory 
responses [50, 51]. The translocation of NF-κB to the nucleus and its binding to the 
DNA provoke the transcription of a number of genes, including pro-inflammatory 
mediators, but also anti-inflammatory cytokines [46, 51, 52].

The modulation of this pathway, possibly due to a low glycaemic and protein 
intake and, also maybe, to the action of some antioxidant and anti-inflammatory 
molecules, could lower insulin/IGF-1 signal and stimulate the action of different 
transcription factors (TFs) [46, 53].

Glucose and growth hormone (GH) influence insulin and IGF-1 levels, respec-
tively. During fasting, both GH and insulin decrease with a consequent reduction in 
IGF-1 circulating levels as shown in several model organisms [54]. Paradoxically, 
GH and IGF-1 levels decrease during normal ageing [55]. It is a common char-
acteristic of both physiological and accelerated ageing, while a constitutive 
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downregulation of insulin/IGF-1 pathway extends longevity. These apparently 
contradictory observations could be explained by a model according to which the 
down-modulation of insulin/IGF-1 reflects a teleonomic response to minimize cell 
growth and metabolism in the context of systemic damage [56].

Forkhead box O 3A (FOXO3A), extensively studied for its role in longevity 
(Chap. 6), is one of the TFs upregulated as a result of downregulation of the insulin/
IGF-1 pathway. It is involved in the transcription of molecules that take part in cel-
lular homeostasis. The gene encoding this protein belongs to the FOXO family 
genes that have a typical DNA-binding forkhead box domain. It is one of the ortho-
logues of DAF-16 in Caenorhabditis elegans, a TF involved in stress resistance and 
longevity [46, 57, 58].

FOXO3A interacts with sirtuins (SIRTs), considered anti-ageing molecules in 
model organisms. The sirtuins pathway is another related and interconnected 
nutrient-sensing system. They act in the opposite direction to insulin/IGF-1, indeed 
their activation signals are scarcity and catabolism, by detecting high NAD+ levels 
[59]. Accordingly, their upregulation favours healthy ageing. The sirtuins belong to 
a well-known family of nicotine adenine dinucleotide (NAD+)-dependent enzymes, 
initially described as transcription-silencing histone deacetylases in yeast. In mam-
mals, there are seven yeast homolog sirtuins (SIRT1–SIRT7) that exhibit differen-
tially subcellular localization, substrate affinity, and activity. In particular, SIRT1 

GH/GLUCOSE

Insulin/IGF-1

PI3K

Akt

FOXO3A mTOR

Dietary
interventions

Longevity

Ageing

AMPK SIRT1

Aminoacids

Fig. 1.1  A schematic overview of nutrient-sensing pathways and their effects on ageing and lon-
gevity (see the text for explanation). Abbreviations: GH growth hormone, IGF-1 insulin growth 
factor-1, PI3K phosphatidylinositol 3-kinase, Akt protein kinase B, AMPK AMP-activated protein 
kinase C, SIRT1 sirtuin 1, mTOR mammalian target of rapamycin, FOXO3A Forkhead box O 3A
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deacetylates FOXO3A, modulating its response to oxidative stress [60]. It also has 
a protective role in endothelial function, preventing cardiovascular diseases. 
Similarly, SIRT3 is implicated in metabolism and mitochondrial function, including 
ROS detoxification. On the contrary, the overexpression of SIRT7 is observed 
mainly in cancer cells, while its depletion contributes to the prevention of ageing. 
SIRT6 has been identified as a critical regulator of transcription, genome stability, 
telomere integrity, DNA repair, and metabolic homeostasis, with an important effect 
on the ageing process. SIRT2, especially active in the cytoplasm, has anti-
inflammatory effects, inactivating NF-κB [61].

Downstream of IGF-1R there is mTOR pathway, composed of mTOR complex 
1 (mTORC1) and mTOR complex 2. mTORC1 is activated by high amino acid 
concentrations, and insulin and IGF-1 levels. It regulates growth, metabolism, and 
stress response through the regulation of transcription, translation, and autophagy, a 
cytoprotective process [62]. This is a self-degradative process, important for the 
balance of sources of energy in development and in the response to nutrient stress. 
It, in case of reduction, promotes inflamm-ageing and unhealthy ageing [63]. Its 
inhibition by the 5′ AMP-activated protein kinase, a key sensor of the cellular 
energy state, activated by low levels of ATP, causes stress resistance and reduced 
age-related inflammatory status by the NF-κB pathway [62].

Thus, intense anabolic activity, signalled through the insulin/IGF-1 or the 
mTORC1 pathways, accelerates ageing and increases the risk of morbidity and 
mortality. In fact, the activation of these metabolic pathways is characterized by 
inflammation and mitochondrial dysfunction, with an increase of oxidative stress 
and a reduction of autophagy. Through the downregulation of IGF-1 and mTOR 
cascade or the upregulation of sirtuins, it is possible to extend lifespan in various 
model organisms, including mammals. These effects are also obtained by the pres-
ence of specific single-nucleotide polymorphisms in genes encoding proteins 
involved in NSPs, such as IGF-1 receptor (IGF-1R) and FOXO3A [58, 64, 65].

In model organisms and humans, the possibility to modulate ageing, with a non-
invasive method, has been identified in some dietary interventions. Although the 
complex relationship between nutrition, the ageing process, and healthy ageing is 
not completely understood in humans, specific dietary changes, such as dietary 
restriction, the reduction of glycaemic and protein intake or the elimination of trans 
and saturated fats, the increased intake of omega-3, vitamins, micronutrients, and 
antioxidants, can help to minimize the inflamm-ageing. Similarly, appropriate 
intake of specific foods, the so-called functional foods or nutraceuticals, may confer 
health benefits, influencing the maintenance of immune homeostasis, and contribut-
ing, directly, to the reduction of inflammation and metabolic disorders [46, 66].

The crucial role of NSPs in attainment of longevity is clearly demonstrated by 
genetics and model animals.

There are many possible candidate genes for human longevity; however, of the 
many genes tested, only APOE and FOXO3 survived to association in independent 
populations. Several studies have noted specific FOXO3 SNPs associated with 
human longevity, in particular with FOXO3A rs2802292 G-allele (G>T). It is con-
ceivable to speculate that hyper- or hypo-activation of this signalling pathway, due 
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to genetic mutations that under- or overexpress regulative molecules, lead to differ-
ent expression of homeostatic genes [64, 65].

As discussed in the Encyclopedia of Gerontology and Population Aging [67], the 
dietary restriction, defined as “dietary regimen in which specific food groups or 
micronutrients are reduced or removed from the diet”, was first shown about 
80 years ago to extend lifespan in rats [67, 68]. Caloric restriction (CR), the reduc-
tion of total calories intake by 20–40% without malnutrition, is the most well-known 
defined dietary intervention to delay ageing in model organisms. From yeast to pri-
mates, the effects of CR on health-span have been confirmed, suggesting a highly 
conserved role of some common ageing pathways [67, 69, 70]. In all models, the 
deprivation of specific nutrients is associated with the downregulation of NSPs [67, 
71] and increased lifespan. A controlled randomized study on non-obese individuals 
reported that a 2-year 25% CR is feasible for humans and provides health benefits, 
such as decrease in inflammatory markers and cardio-metabolic risk factors [67, 
72]. However, CR and other dietary interventions are not always applicable. 
Alternative approaches may be a close adherence to the Mediterranean or the Asiatic 
diet, which also includes healthy lifestyle. These diets reduce the risk of ageing-
related diseases, promoting healthy ageing and longevity, delivering refined carbo-
hydrates and amino acids in a pro-ageing way, and reducing NSPs, extending 
healthy lifespan [67].

1.7	 �Physical Activity and Longevity

Interaction with the environment remains crucial in the attainment of longevity as 
evidenced by the inverse relationship between mortality and a good level of physical 
activity, also at old age [73].

Being physically active, that does not mean to practise sport hard, but a lower 
and constant level of fitness seems to be associated with a higher life expectancy. 
Many studies evidence a reduction of mortality and a favourable effect on risk fac-
tors for mortality such as hypertension, high blood glucose and lipid levels, or 
hyperinsulinaemia in physically active people compared with that in inactive per-
sons [74, 75]. A systematic review reported an increase of life expectancy by 0.4–
6.9  years in people physically active, analysing the data extracted by 13 studies 
describing eight different cohorts [76].

The effect of constant and moderate exercise is observed both at systemic and 
cellular levels. For a comprehensive review of the effect of physical activity on sys-
temic aspect of ageing, see Table 1.2.

At the cellular level, all the nine hallmarks of ageing [77] are influenced [78, 79]. 
Indeed, as proven by studies on model organisms, exercise confers genomic stabil-
ity, favouring DNA repair, and NF-kB and peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha signalling as well as reducing the number of DNA 
adducts [80–82]. Physical activity reduces the level of oxidative stress, and this 
could be an explanation of the known reduced telomere attrition in active people 
[83]. It can modulate DNA methylation, hence activating genes that encode 

1  Chance and Causality in Ageing and Longevity



14

telomere-stabilizing proteins and telomerase [84]. In addition, the methylation sta-
tus of insulin signalling pathway genes in skeletal muscle after aerobic exercise 
seems to be different as well as that of genes involved in pro-inflammatory mecha-
nisms, such as the caspase gene. This can contribute to modulation of age-related 
inflammatory status by physical activity [85, 86].

Physical exercise is also able to reduce loss of proteostasis, inducing autophagy, 
hence avoiding or decreasing the accumulation of protein debris [87]. Well known is 
the effect on glucose-sensing somatotrophic axis but evidences have demonstrated 
also an effect on all nutrient-sensing pathways. In particular, in this context, the mod-
ulation of this signalling is inverse to the one increasing longevity through dietary 
restriction. Indeed, the activation of these pathways by resistance exercise seems to 
be associated to the prevention of age-related sarcopenia by muscle protein synthesis 
[88]. Also, the three integrative hallmarks, cellular senescence, stem cell exhaustion, 
and altered intercellular communication, culprits of ageing phenotype, are influenced 
by physical exercise, as proven by human and model organism studies although it is 
not clear which are the molecular events directly correlated [78, 79].

Concerning the role anti-inflammatory of physical exercise, the association 
among exercise and pro- and anti-inflammatory responses is supported by many 
studies, although the limit between local and systemic inflammation, between pro-
tection and damage, is not well defined. The release of IL-6 has been demonstrated 
and correlates with stress hormone response, in particular in endurance exercise. 
Furthermore, IL-6 leads to neutrophil activation and trigger of anti-inflammatory 
mediators, such as IL-1ra and IL-10. Probably, the type of effect depends on the 
intensity of exercise, other than on the intake of energy and on the systemic status 
of subjects [89].

Table 1.2  The table reviews the main effects of regular physical activity in the elderly

System Effect
Nervous Increase of neurogenesis

Reduction of neurodegeneration and cognitive alterations
Cardiovascular Reduction of blood pressure

Increase of cardiovascular functions (maximal cardiac output, regional 
blood flow and blood volume, body fluid regulation, endothelial and 
autonomic function, vagal tone and heart rate variability, and cardiac 
preconditioning)

Respiratory Improvement of respiratory function by increasing ventilation and gas 
exchange

Metabolic Raise of the resting metabolic rate, muscle protein synthesis, and fat 
oxidation

Musculoskeletal Increase of muscle function and body composition by improving muscle 
strength and endurance, maintaining or regaining balance, motor control, 
and joint mobility
Decrease of adiposity
Increase of muscle mass
Increase of bone density

Reference in [78]
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All these data have been confirmed highlighting that a period of physical inactiv-
ity is sufficient to significantly increase mortality risk [90].

In this context, the data are not always exhaustive to establish a cause/effect 
relationship. For instance, physical activity decreases the risk of being overweight/
obese, reducing therefore the risk factors for chronic diseases. However, it is equally 
plausible that being overweight/obese limits the ability to engage in physical activ-
ity in the first place [91].

Actually, most of the data show the health-related effects conferred by physical 
activity, such as the improvement of physical function. However, no direct associa-
tion, so the existence of specific claim, exists with lower risk of death in healthy 
individuals compared with control group by randomized controlled trial—the only 
one type of study that can prove the effective causal association [92].

1.8	 �Psychological Stress and Longevity

The interest related to the link between psychological aspect and longevity is rela-
tively new and markedly interesting, although very difficult to measure. Scientific 
explanations exist about psychological implications in longevity although the clear 
molecular explanation is not understood. It seems that meditation positively affects 
some cognitive functions, such as attention and memory, stimulating brain function 
[93, 94].

Meditation is, therefore, one of the activities involving mind and body, with 
interesting consequences on lifespan. Actually, the use of this term is often errone-
ous if we consider the original meaning described in the ancient Vedic texts. 
However, in this context it refers to general practices involving senses, mind, intel-
lect, and emotions, such as contemplation and concentration [95].

It is not only a news that inflammation and stress are strictly related, but it is also 
well known that the pathophysiology of age-related diseases has a proven inflam-
matory base. Meditation helps muscles and nerves relax, so, theoretically, it reduces 
the level of stress. Thanks to the growing body of evidence, we have scientific 
explanation about the association between this activity, regularly performed, and a 
slow rate of ageing. A study conducted in 2016 on a group of subjects performing 
long-term meditation, comparing with a group of healthy, age- and sex-matched, 
no-meditators, demonstrated less local stress (by reduction of flare and so neuro-
genic inflammation) in response to topic application of an irritating agent (capsaicin 
cream) and a better response to externally induced psychological stress, measuring 
lower salivary cortisol levels [96].

Life stress, both perceived stress and chronicity of stress, is also an accelerator of 
telomere shortening, one of the nine hallmarks of ageing [77, 97] (Chap. 8). The 
reduction of both length of telomeres and activity of telomerase is associated with 
age-related disease and shorter lifespan, so it is detrimental for longevity, especially 
at advanced age [97, 98]. Unexpectedly, an increase in telomerase activity due to 
chronic life stress was also demonstrated [99]. This dual response was defined 
“telomerase responsivity” [97] and could be explained as dose-dependent if we 
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considered the intensity and the duration of stressors. Indeed, the sudden increase in 
telomerase activity after an acute stress response that implies the production of a 
huge of cortisol and oxidative stress molecules could be explained as a sort of pro-
tective effect. This was hypothesized highlighting the remarkable increase in telom-
erase activity in lymphocytes of mice stimulated with an antigen or a virus and the 
maintenance of a high activity in memory cells [100]. Therefore, it can be specu-
lated that this is a sort of hormetic response. Hormesis is defined as “an adaptive 
response characterized by biphasic dose–response patterns of generally similar 
quantitative features with respect to amplitude and range of the stimulatory response 
that are either directly induced or the result of compensatory biological processes 
following an initial disruption in homeostasis” [101].

1.9	 �Conclusion

The ageing process is driven by a lifelong accumulation of molecular damage, 
resulting in a gradual increase in the fraction of cells carrying defects. After suffi-
cient time has passed, the increasing levels of these defects interfere with both the 
performance and functional reserves of tissues and organs, resulting in a breakdown 
of self-organizing system and a reduced ability to adapt to the environment. It fol-
lows age-related frailty, disability, and disease. Maintenance mechanisms slow the 
rate of damage accumulation.

Genetics, epigenetics, sex and gender, socio-economic and educational status, 
chance and life circumstances, nutrition and physical activity, stress management 
and social support, pathogen load, all contribute to modulating positively or nega-
tively the maintenance mechanisms. Different combinations of these factors create 
the possibility to avoid age-related pathologies and become centenarian. As an 
example, in case of nutrition, a poor diet containing excess sugar and saturated fats 
contributes directly to the burden of damage with which cells have to deal, whereas 
a Mediterranean-style diet may contribute protective factors such as dietary antioxi-
dants, a reduced amount of animal proteins and a low glycaemic index.

There is no convincing explanation for the cause of death in apparently healthy 
elderly, including centenarians. The expression “dying of old age” reveals our igno-
rance of the biological basis of this death. Certainly, the cessation of the respiratory 
and circulatory functions quickly causes irreversible damage to brain, but this does 
not solve the problem but only moves it. The autopsy examination of a centenarian 
revealed stereotyped biological changes and perhaps even pathological changes that 
were only symptomatic or even asymptomatic in life. To date, we are not able to 
give a definition of “dying of old age” in biological terms. In the absence of an acute 
disease or a devastating chronic disease, the ageing process affects all tissues and 
cells, resulting in a clear progressive change for which the risk of an increased prob-
ability of dying, which defines old age, corresponds to biological and physiological 
variations observable empirically, without any clue about the mechanism (https://
pimm.wordpress.com/2007/02/06/dying-of-old-age-an-unfounded-myth-rando-
paper-box-2/). One can only state that physiological death occurs when the system 
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represented by a living being becomes incapable of keeping itself in a stationary 
state in the inorganic world in which it is immersed. Since the functionality of 
homeostatic mechanisms ultimately depends on systems that are encoded by the 
genetics and modulated by all the factors quoted in the previous paragraphs, it is not 
surprising that different individuals have a different lifespan and some become 
centenarians.
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2Phenotypic Aspects of Longevity

Giulia Accardi, Mattia Emanuela Ligotti, 
and Giuseppina Candore

2.1	 �Introduction

The phenotype is the set of morphofunctional features of an organism. These are 
the result of the interaction between genotype and environment. Classically, lon-
gevity phenotype is considered to be the outcome of a positive combination 
between genetic (25%), epigenetic (25%) and lifestyle factors (50%) that lead an 
organism to reach advanced age. Indeed, the contribution of genetics in human 
longevity is estimated around 25%, but this percentage increases with age. In fact, 
genetics is considered negligible up to the age of 55–60 [1] and varies depending 
on the analysed cohort, from 15% in historic Alpine communities [2] to 33% in 
Swedish twins [3].

The exceptional longevity is a trait running in the family. In addition, its herita-
bility percentages increase with age and depend on sex (up to 33% for women, 48% 
for men) [1, 4].

Thus, ageing is a multifactorial process that results in survival of individuals 
over the average life span characteristic of their population. Concerning the pheno-
type, it is important to distinguish between chronological age (CA) and biological 
age (BA).

The CA is the age of an individual expressed as time that has elapsed since birth. 
Instead, the BA reflects the residual functional capacity of an organism and often 
differs from CA.

This means that faster or slower the ageing process, greater is the distance 
between CA and BA.
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Therefore, one approach to determine if a person is older or younger than 
expected is to make a comparison with general population, using validated param-
eters with known range of values, the so-called biomarkers. These are “biological 
parameters of an organism that either alone or in some multivariate composite will, 
in the absence of disease, better predict functional capability at some late age” (see 
Table 2.1).

So, for the growing number of old people worldwide, the importance to identify 
easy and low-cost biomarkers of ageing is crucial.

Based on the improvements in sanitation, in medical care and in diet behaviours, 
centenarian populations have grown rapidly during the last years. According to 
Bonarini [5], in Italy, there were 0.062/10,000 centenarians in 1901 whereas in 2009 
they were 2.4/10,000. Considering that their younger contemporary subjects are 
exposed to the same environmental conditions, the main survival advantage may be 
probably due to the favourable interaction between genetic background and envi-
ronment, rather than single factors [6].

Worldwide, there are four geographical areas with high rates of centenarians, the 
so-called blue zone (BZ): Ogliastra in Sardinia, Okinawa in Japan, the Nicoya pen-
insula in Costa Rica and the island of Ikaria in Greece. These are defined as a “rather 
limited and homogenous geographical area where the population shares the same 
lifestyle and environment and its longevity has been proved to be exceptionally 
high” [7]. In addition, a fifth zone has been suggested, the Loma Linda town where 
live the Seventh-day Adventists, by National Geographic (https://www.nationalgeo-
graphic.com/travel/happiest-places/blue-zones-california-photos/).

Supercentenarians, i.e. people aged 110 years or above, represent a more selected 
subgroup compared with centenarians, but they are extremely rare (37 validated liv-
ing supercentenarians worldwide, among which 6 Italians, to date) [8], so difficult 
to analyse.

A noteworthy study of 32 US supercentenarians (although no age-validated) 
showed that about 41% needed minimal or no assistance. Moreover, the prevalence 
of cardiovascular diseases (CVDs) and stroke was low among them [9]. This datum 
was confirmed in a study on 12 age-validated Japanese supercentenarians, where it 
was found that 83% of them did not report the most common age-related morbidi-
ties (e.g., CVD, stroke, cancer) up to age 105 [10].

Regarding neurodegenerative diseases, autopsy of four supercentenarians 
showed well-preserved brain with mild neuropathological alterations. Furthermore, 

Table 2.1  Criteria for ageing biomarker by the American Federation for Aging Research (2011)

1 It must predict the rate of ageing. In other words, it would tell exactly where a person is in 
their total life span. It must be a better predictor of life span than chronological age

2 It must monitor a basic process that underlies the ageing process, not the effects of disease
3 It must be able to be tested repeatedly without harming the person. For example, a blood 

test or an imaging technique
4 It must be something that works in humans and in laboratory animals, such as mice. This is 

so that it can be tested in laboratory animals before being validated in humans

G. Accardi et al.

https://www.nationalgeographic.com/travel/happiest-places/blue-zones-california-photos/
https://www.nationalgeographic.com/travel/happiest-places/blue-zones-california-photos/


25

from the analysis of apolipoprotein E (APOE) gene, no ε4 allele was detected [11], 
corroborating the hypothesis that long-living individuals (LLIs), i.e. people belong-
ing to the five percentile of the survival curve, may have some protective genetic 
factors that give them a survival advantage (see Chap. 6).

In this chapter, we will overlook the main phenotypic aspects of longevity, focus-
ing on recent scientific data about LLIs, including centenarians. The aim is to real-
ize, through a positive biology approach, i.e. understanding the causes of centenarian 
positive phenotype, how to prevent and/or postpone age-related diseases.

2.2	 �Haematochemical Values

Haematochemical biomarkers are the easiest and cheapest tools for diagnosis and 
prognosis of many diseases. Periodically, the World Health Organization updates 
the reference range, depending on new studies and findings to classify people as 
healthy or unhealthy. Scientific reports show that some values vary during ageing, 
whereas others do not seem to significantly change [12].

Although, in some cases different range exists depending on age and gender, 
there are no specific parameters for oldest old.

However, scientific reports demonstrate that although the majority of values are 
similar comparing adult and centenarians, some differences exist (e.g., urea nitro-
gen and creatinine increase in centenarians, whereas platelets count, serum protein 
and vitamin B12 and D decrease) [13]. For sure, it is necessary to consider the pres-
ence of inflamm-ageing, the chronic, low-grade, progressive inflammatory status 
affecting old people (see below) that influences haematochemical parameters, 
including erythrocyte sedimentation rate and C-reactive protein (CRP). About lipids 
(triglyceride, total cholesterol, low-density lipoprotein and high-density lipoprotein 
or HDL) exist contrasting results [14]. In the recent survey on Sicilian LLIs (mean 
age 101.3 ± 4.9), preliminary unpublished results suggest no differences concerning 
lipid profile, glucose and insulin levels when compared with young (mean age 
30.7 ± 4.8) individuals, whereas creatinine was increased (Ciaccio, Caldarella and 
Caruso, unpublished observations).

2.3	 �Age-Related Diseases in Centenarians

Centenarians, despite their so advanced age, show relatively good health, postpon-
ing or escaping the major age-related diseases, including CVDs, dementia and 
cancer.

Based on their morbidity profiles, they can be divided into three groups: sur-
vivors (onset of age-related disease before 80th year), delayers (onset of age-
related disease after 80th year) and escapers (without common age-related 
disease before 100th year) [15]. Although the percentages of these groups may 
vary among different cohorts, a common datum is that when compared with 
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their younger contemporary subjects, the centenarians seem to show less severe 
diseases [16].

More recently, centenarians have been divided into low and high performers, 
depending on the ability to avoid or postpone major age-related diseases. The high-
performing centenarians are those free from diseases or with a very late onset of 
diseases. The low-performing (the majority) suffer for these pathologies so they 
need care from relatives or nurse facilities. One possible explanation of this differ-
ence is linked to the different expression of some hallmarks of ageing, in particular 
the telomere length (greater in high-performing) (see Chap. 8) and the level of 
immunosenescence (more pronounced in low-performing) (see Chap. 3) [17]. 
Considering the fast increase of old people worldwide, including the elderly with 
chronic diseases and/or with sensory and cognitive changes, it is not surprising that 
the extraordinary resilience of centenarians has attracted the interest of researchers 
in the last decades.

Literature data from different populations show a broad variation about the prev-
alence of chronic diseases in centenarians, probably due to differences in gender, 
ethnicity, sampling methods and to the lack of an age-matched control group. 
However, there is consensus that centenarians constitute an informative population 
for studying genetic and environmental variables, and their interactions, involved in 
longevity phenotype.

Numerous studies show a close association between advanced age and the patho-
genesis of cancer [18–20] although the major risk of cancer in the elderly is repre-
sented by long-term exposure to relevant carcinogenic factors that lead to an increase 
in the cancer rate with age. Indeed, despite the advances in early detection and in 
treatment, this pathology is one of the most common causes of death in individuals 
older than 65 [21], representing an ever more important public health problem. For 
example, according to the United States Cancer Statistics [22], in 2015, the age-
specific rate of new cancers per 100,000 people increased from 1574 in 65–69 years 
old group to 2200 in 80–84 and decreased to 2020 in over 85.

Several studies have focused attention on the relationship between longevity and 
cancer, analysing nonagenarians and centenarians. In particular, autopsy records 
revealed that centenarians are characterized by a significant delayed age of diagno-
sis of some cancers [23] and a lowest rate of metastasis [24] when compared with 
the elderly. These data were confirmed by an American longitudinal cohort study 
that explored the prevalence for specific types of cancer in nonagenarians and cen-
tenarians. From the analysis of 1143 subjects (90–119 years) compared with sur-
veillance, epidemiology and end results (SEER) data from the National Cancer 
Institute, collecting information from the entire US population, it emerged that 
20.3% (20% female, 22% male) centenarians had a history of non-skin cancer, com-
pared with 34.4% SEER probability of developing non-skin cancer. The most com-
mon cancers in centenarians were prostate (11.7%), breast (8.2%) and colon (5.7%), 
with the mean age at diagnosis of 80.5 years compared with 63.2 years in SEER 
data [25]. Although the prevalence varies with cancer type, some are very rare 
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among centenarians, suggesting that these individuals may have a protective genetic 
advantage to resist or delay cancer development.

One explanation may be related to the different gene dosage of Arf/p53. The 
higher the number of copies of these genes (so higher is the gene product), the 
greater the pro-longevity and anti-ageing effect. They favour longevity and slow 
ageing through protection from DNA damage that leads to a tumour suppressor 
activity and reacting to stressors. Moreover, their increased expression has a role in 
tissue homeostasis and regeneration reducing the exhaustion of the pool of stem 
cells [26].

2.4	 �Oxidative Stress and Inflammation

Changes associated with ageing also affect the immune-inflammatory responses as 
shown by decline in immune function and increase in the systemic pro-inflammatory 
status, i.e. immunosenescence [27]. Immunosenescence is linked not only to the 
functional decline associated with the passage of time but also to antigen burden to 
which an individual has been exposed during lifetime. Therefore, a senescent 
immune system is characterized by continuous reshaping and shrinkage of the 
immune repertoire by persistent antigenic challenges. These changes lead to a poor 
response to newly encountered microbial antigens, including vaccines, as well as to 
a shift of the immune system towards an inflammatory Th2 profile. It is well known 
that the pro-inflammatory status, called inflamm-ageing, is characterized by ele-
vated levels of pro-inflammatory cytokines, such as interleukin (IL)-6, IL-1ß and 
tumor necrosis factor (TNF)-α [27]. This leads to an imbalance between pro- and 
anti-inflammatory status, contributing to the increase in susceptibility of the elderly 
to new infections. However, the mechanisms underlying are not completely under-
stood (for immunophenotype see Chap. 3).

In this context, centenarians show an increase in many inflammatory molecules 
comparing to adults, either pro-inflammatory such as IL-6, IL-18 and IL-15, CRP, 
fibrinogen, serum-amyloid A, Von Willebrand factor, resistin and leukotrienes [14], or 
anti-inflammatory such as adiponectin, transforming growth factor-β1, IL-1 receptor 
antagonist, cortisol and arachidonic acid derivatives, such as hydroxyeicosatetraenoic 
acids and epoxyeicosatrienoicacids [28–30]. The increase in pro-inflammatory cyto-
kines can provide protection to infectious diseases, but also can lead to an inflamma-
tory status, correlated to inflamm-ageing. On the other hand, this condition is 
compensated by a concomitant activation of anti-inflammatory responses as a whole 
working as anti-inflammageing components [31]. This suggests that inflamm-ageing 
is likely an adaptive mechanism that occurs throughout life [32] and may coexist with 
longevity especially if counterbalanced by an anti-inflammatory component.

Other authors, instead, support the oxi-inflammageing theory, according to 
which the oxidative stress is one of the major determinants of low-grade inflamma-
tory status affecting the elderly [33].
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As stated in this theory, mitochondria produce elevated levels of reactive oxygen 
species (ROS), highly reactive molecules that may induce oxidative damage to pro-
teins, lipids and nucleic acids in response to different environmental stimuli, including 
inflammation [34]. The increase of ROS is correlated to damage-associated molecu-
lar pattern (DAMPs) release, endogenous nuclear or cytosolic molecules released 
from injured and dying cells [35]. DAMPs are able to activate inflammasome, as 
NLRP-3, through specific receptors, promoting the production of pro-inflammatory 
cytokines, such as IL-1ß, IL-6 and TNF-α. In turn, these cytokines activate innate 
immune cells, further potentiating ROS production, in a vicious cycle [36].

To maintain ROS levels at low and counteract oxidative stress, cells use various 
antioxidants, including enzymes as superoxide dismutase, catalase and glutathione 
peroxidase, and non-enzymatic molecules as uric acid, ascorbic acid, glutathione, 
Coenzyme Q10 (CoQ10), and nutritional factors, including vitamin C and 
E. However, with ageing oxidative damage accumulation and decrease in the anti-
oxidant ability of the cell occur, resulting in a status of altered homeostasis that 
exacerbates the ageing-associated inflammatory status, through nuclear factor-κB 
activation [36, 37]. This condition of vulnerability exposes the elderly to a high risk 
of disease and ultimately to death [38].

Within this scenario, data from the literature report both increase and decrease of 
oxidative stress in LLIs. In particular, in most studies it was seen that centenarians 
had lower levels of lipid peroxides, markers of oxidative stress, and higher plasma 
levels of vitamin E than elderly controls [39–42], suggesting that they may be 
genetically better equipped to contrast oxidative stress.

However, a recent Japanese study demonstrated that centenarians show a 
decrease in vitamin C and an increase in the oxidized form of CoQ10 when com-
pared with the elderly [43], indicating an increased oxidative stress in these 
individuals.

In order to clarify the role of the oxidative stress in human life-span, Conte and 
co-workers [44] analysed the potential link between plasma levels of mitokines 
(molecules produced in response to mitochondrial stress that mediate a survival 
signal [45]), e.g., fibroblast growth factor 21 and growth differentiation factor 15, 
and functional and biochemical parameters in a cohort of Italian subjects aged from 
21 to 113 years. It was seen that circulating levels of mitokines increased with age 
and they were inversely related to functional and biochemical parameters as hand-
grip strength, HDL cholesterol, triglycerides, body mass index (BMI) and uric acid 
in elderly, and with survival in LLIs.

Furthermore, emerging evidence from studies in animal models has linked a mild 
mitochondrial dysfunction with an increase of life-span, questioning the role of 
oxidative stress in longevity and reinforcing the hypothesis of mitohormesis, a 
response of mitochondria to stresses that activate cytosolic signalling pathways, 
modulating gene expression and leaving the cell less vulnerable to subsequent per-
turbations [46].

These controversial data suggest that ageing is associated with a progressive 
mitochondrial dysfunction due to oxidative stress, and leading to it in a vicious 
cycle, which must be considered in longevity studies.
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In this context, nutrition is an important modulator of stress levels. Hypernutrition 
can augment cell damages caused by oxidative stress, triggering inflammatory intra-
cellular signalling pathways. At the same time, a diet rich in nutraceuticals, as the 
Mediterranean one, is able to stimulate a variety of anti-inflammatory and antioxi-
dant molecular mechanisms, contributing to decrease systemic inflammation and 
oxidative status (see Chaps. 5 and 10). Therefore, the difference in dietary pattern, 
both geographical and historical, could partly explain discrepancies among cente-
narians features worldwide.

2.5	 �Psychological and Cognitive Function

The deterioration of cognitive functions, including memory, comprehension and 
learning capacity, is one of the major consequences of ageing process. Today, 50 
million people live with dementia, and this number is estimated to exponentially 
increase over the next years, predominantly in developing countries [47].

The maintenance of good cognitive function is essential for the quality of life not 
only for the elderly but also for their families that become spectators of the person-
ality and behavioural changes of their relatives. Therefore, it is needed to identify 
protective genetic and environmental factors towards cognitive decline.

Several studies analysed the cognitive status in centenarians and oldest old, but 
the rate of impairment reported in the literature varies widely, ranging from 7% [48] 
to 77.5% [49] of the analysed populations. There are many reasons for this variabil-
ity, some related to sampling method (sample sizes, inclusion and/or exclusion cri-
teria), others related to testing procedures or to individual characteristics (gender, 
ethnicity, education and lifestyle).

The most used test for the assessment of cognitive function is the mini-mental 
state examination (MMSE), which often may not be suitable for oldest old, as it 
requires the ability to write, read and hear [50]. Nevertheless, a percentage of cen-
tenarians, albeit low in some studies, are able to get a good MMSE score, suggest-
ing that the preservation of high cognitive functioning in late life is a complex 
phenomenon influenced by gene–environment interactions. In this context, the 
APOEε4 gene variant has been related to more severe cognitive impairment and to 
development of Alzheimer’s disease [51]. Some studies have proposed education as 
a possible factor able to counteract the negative effect of APOEε4 allele on cogni-
tive decline. For example, Ishioka et al. [52] have found that there was no difference 
between the ε4 carriers and non-carriers among women centenarians with higher 
educational levels.

Another factor that seems to lead to a cognitive decline is the carotid atheroscle-
rosis. Kawasaki et al. [53] have seen that old people, including centenarians, with 
carotid artery plaque had lower MMSE scores compared with those without. Based 
on these data, the authors proposed the prevention of atherosclerosis as a strategy 
that can contribute to the achievement of successful brain ageing.

As well as the evaluation of physical and cognitive functions, the analysis of 
the psychological state, and in particular how they adapt to the physiological 
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age-related changes, is important. In a recent study, the well-being of centenarians 
was compared in two very different cultural contexts, Japan and the United States, 
through the use of Philadelphia Geriatric Center Morale Scale, which allows to 
measure psychological comfort, satisfaction with social relations and attitude 
towards own ageing. From this cross-cultural comparison, it emerged that American 
centenarians had higher levels of satisfaction about social relations and psychologi-
cal comfort but no difference in attitude towards own ageing [54], interpreted as 
cognitive well-being. Regression analyses revealed that only in Japanese centenar-
ians, attitude towards own ageing was strongly influenced by social resources (liv-
ing alone or cohabit). These results can be explained by the different cultural 
traditions of the two countries, which inevitably affect the perception of oneself and 
interpersonal relationships.

2.6	 �Body Composition

The somatotypes are “particular categories of body build, determined on the basis 
of certain physical characteristics. The three basic body types are ectomorph (thin 
physique), endomorph (rounded physique) and mesomorph (athletic physique)” 
[55]. The classification in one of these types can be made by the body composition 
analysis. It is the measurement of the different compartments of the human body 
(fat-free mass, including total or compartmental body water, bone mass, muscle 
mass and fat mass). Although at first sight it could seem to be strictly related to the 
physical condition, in terms of fitness and wellness, in reality, it is a useful tool for 
the evaluation of general health condition, organ function, drug treatment or diag-
nosis of diseases [56]. Nonetheless, it represents the starting point to develop spe-
cific personalized dietary program or age- and sex-matched protocols for 
population.

The limit of this in studies on centenarians is the absence of age-matched refer-
ence range. In fact, for example, if for adults BMI over 24.9 Kg/m2 represents an 
index of overweight, it has been speculated a possible inverse or null relationship 
between overweight and obesity with mortality in old people [57, 58]. The reason 
seems to be associated with the protection by fat accumulation from death called 
obesity paradox that keeps in light the low specificity of BMI for the classification 
of population based on height and weight measures alone [59, 60]. This is particu-
larly true for the elderly that often are characterized by reduction of fat-free mass 
(excluding total body water (TBW) often increased due to extracellular water accu-
mulation for oedema) and redistribution of adipose tissue but with same BMI [61].

A complete analysis of body composition consists of direct and indirect mea-
sures: waist circumference, waist-to-hip ratio and waist-to-height ratio, percentage 
of fat-free mass, fat mass and phase angle (Pa).

The Pa is a vectorial value calculated by medically validated algorithms, result-
ing from two measures: resistance (Rz) and reactance (Xc) of human tissues, strictly 
related to body composition. The Rz is inversely proportional to TBW (the higher 
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the Rz, the lower is TBW). The Xc is in direct proportion with cell density in tis-
sues. So, the Pa could be considered a measure of the quality and integrity of a cell 
and its membrane. Lower is the Pa, higher is the cell damage, in terms of breakdown 
of selective membrane, hence permeability of cell (it was seen that people with low 
Pa have higher Na+/K+ ratio). This consequently means that the higher the Pa value, 
the better the healthy condition [62–64]. Thus, the identification of normal range of 
Pa at different age could be a measurable value of health or diseases, although its 
biological meaning is still not fully clear. At the moment, scientific evidences dem-
onstrated a role in the prognosis of sarcopenia and cachexia [65]. But the reference 
to the normal range of values (mean 6.5°) for the oldest old does not permit a good 
classification of LLI, having a body composition totally different from adult or 
young people.

An on-going study of Sicilian LLIs (mean age of 101.5) is trying to understand 
the differences in body composition between young adult and LLIs to identify pos-
sible new range of values of anthropometric measurements for oldest old. 
Preliminary unpublished results (Accardi, Aiello and Caruso) reported a mean BMI 
for healthy LLIs of 24.35 Kg/m2. The body composition analysis keeps in light a 
general hyperhydration, probably due to widespread oedema possibly linked to 
inflamm-ageing or kidney or heart dysfunction. Moreover, the mean value of Pa in 
these LLIs (3.2°) classifies them as cachectic (Pa 3.5° or lower).

2.7	 �Conclusion

The study of centenarians is an opportunity to understand their “secrets” for the 
achievement of their extreme longevity. The observation of their lifestyle and the 
analysis of their background are really interesting but, in reality, not so useful to 
delineate a unique signature of longevity. This is due to the different interactions 
between genetics and lifestyle and to the fact that every people is a single and not 
replicable individual.

Longevity is the result of genetic and epigenetic make up in combination with 
environmental condition, causality and chance, all the life long, from the life in 
utero. For this reason, it is not possible to make a standardization of the “perfect 
match” to become centenarian. In addition, centenarians are rare, and often, they 
live in big cities so in totally different conditions.

To overcome this problem, it might be more useful to analyse zone with high 
number of LLIs or centenarians, as the BZ where it should be possible to identify 
some common elements to make understandable association with longevity.

Despite these limitations, the observation of longevity phenotype could be an 
opportunity to identify a good strategy to achieve successful ageing and reach 
healthy life span. It is evident that this kind of studies requires a multidisci-
plinary approach, which must also be extended to the psychological aspects of 
ageing, in terms of subjective well-being, i.e. emotional and cognitive valuation 
of one’s life.
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3.1	 �Introduction

The interest in how to age “successfully” and, in particular, the research of determi-
nant factors for growing older in active way and in good health have increased in the 
last decade [1].

The concept of “successful ageing” (SA) has been used by gerontologists since 
the 1980s. Although there is no universally accepted definition of SA, because it 
varies among individuals, the World Health Organization defines it as “the process 
of developing and maintaining the functional ability that enables well-being in older 
age” [2]. Researchers have drawn up some criteria that describe SA [3]; these 
include three main related components: low probability to develop diseases and 
disease-related disabilities, high cognitive and physical functional capacity, and 
active engagement with life. So, SA can be considered more than the absence of 
disease or the maintenance of functional capacities because the combination of 
these components guarantees an active end of life that represents the essential con-
cept of SA [4].

Scientists who study SA have been trying to determine which factors lead to a 
long, healthy life and design strategies that help to maintain health as we age. To do 
this, it is necessary to identify biological and molecular factors able to promote a 
healthy ageing by the deep study of a model.
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Centenarians, i.e., subjects who live 100 or more years in good physical and 
mental conditions, represent the best model of SA [5]. They have reached the 
extreme limits of the lifespan overcoming the main age-related diseases. Several 
studies that define the phenotype of these exceptional subjects were carried on (see 
Chap. 2). However, these individuals have some restrictions due to frailty, which is 
a physiological characteristic of the extreme age, lack of an age-matched control 
group, and limited number of exponents [6].

In order to overcome some of these difficulties, several prototypes to study SA 
were searched. That of centenarian offspring (CO) has always been considered one 
of the best models to analyse healthy ageing and to study its determinants. In addi-
tion, CO are about 20–30 years younger than centenarians, and this facilitates the 
recruitment of their “natural” controls, namely age-matched subjects born from 
non-centenarian people [7].

CO share a familial trait principally influenced by genetic factors and environ-
mental conditions [8]. In this regard, it was demonstrated that centenarians and, in 
general, long-living individuals (LLI) have a greater possibility to have offspring 
who live longer than offspring of non-long-living subjects [9]. In fact, human lon-
gevity seems to cluster in families enriched in long-living parents and ancestors, and 
parents who later will become centenarians likely adopt more healthy choices for 
their children [10]. Additionally, the research suggests that relatives (twin, sibling, 
and offspring) of LLI have a lower risk to experience the main age-related diseases, 
such as cardiovascular diseases (CVD), diabetes, and cancer. This is possibly asso-
ciated with favourable gene equipment, lipid profile, healthy lifestyle, successful 
immunosenescence, among others [11] (see Fig. 3.1).

In this chapter, we summarize the current knowledge about CO phenotype in 
relation to understanding SA. However, it must be admitted that, despite the interest 
of this model to study determinants and trajectories of healthy ageing, a comprehen-
sive and deep characterization of it is still lacking.

3.2	 �Hereditary and Modifiable Factors Influencing 
Longevity in Centenarian Offspring

Longevity and healthy ageing are among the most complex systems studied to date 
by gerontologists. These traits are heterogeneous, genetic [12], and epigenetic, and 
environmental factors contribute in different ways [13]. Nowadays, in adulthood, 
the heritability of age of death is approximately 25% [14], but it can reach even 48% 
in males who achieve exceptional longevity [15]. The remaining part is due to envi-
ronmental exposures, chance, stochastic events, access to healthcare, and lack of 
trivial accidents [13]. Certainly, a very long life (over 95 years) has a strong genetic 
basis, and, indeed, several diseases that lead to death at an early age are due to the 
alteration of known genetic pathways [16–18]. Many of the genetic aspects of lon-
gevity include mutations or polymorphisms, which can occur at different frequen-
cies within a population [19, 20].

A. Aiello et al.



37

Longevity genes affect a vast spectrum of biological functions that improve the 
feature of repair mechanisms, increase the resistance to stressors like virus and 
injury, and can slow the age-related senescent changes in cells and tissues.

These aspects are consistent with the data about CO, who have much less dia-
betes and CVD (see Sect. 3.4.2) than age-matched controls, suggesting that they 
have inherited a set of genes, from long-lived parents, that have protected them 
against age-related pathologies. In contrast, mutations in specific genes reduce 
lifespan by increasing the risk of a single fatal disease or a set of closely related 
diseases [21].

In this regard, many genetic studies, performed by the most advanced technolo-
gies, show contradictory results [20]. Linkage studies in exceptionally long-living 
families support the existence of a longevity locus in chromosome 3; other studies 
showed the existence of different loci likely linked to longevity. Among candidate 
genes assessed for their association with longevity, variants in APOE and FOXO3A 
have been most consistently confirmed, though some other genes have been associ-
ated with longevity phenotypes in some populations but not in others [19] (for the 
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genetics of healthy ageing and longevity, see Chap. 6). In particular, genome-wide 
association scans of centenarians vs. young controls reveal that only APOE achieved 
statistical significance. However, analyses of combinations of single nuclear poly-
morphisms (SNPs) or genes have identified pathways and signatures that converge 
upon biological processes associated with ageing development [14].

Concerning epigenetic factors, i.e., stable hereditary changes in gene expression 
that do not involve modifications in DNA sequence (i.e., a change in phenotype 
without a change in genotype), which, in turn, affect how cells read genes, they play 
an important role in several cellular activities (cellular senescence, tumorigenesis, 
and several age-related diseases) [22, 23]. However, few studies exist on their role 
on human longevity. Only in recent years, epigenomic alterations were increasingly 
recognized as a part of ageing, and they have been associated with the pathologic 
aspects of this phenotype (see Chap. 7).

In general, a significant decrease in global DNA methylation levels was observed 
with age. Gentilini et  al. demonstrated that CO have a better health status, and 
interestingly, age-related loss of DNA methylation was less pronounced [24]. In 
order to test whether families with extreme longevity are epigenetically distinct 
from others, according to an epigenetic biomarker of ageing that is known as “epi-
genetic clock”, some authors analysed DNA methylation levels of peripheral blood 
mononuclear cells from Italian families. These families were formed by semi-
supercentenarians (mean age: 105.6 ± 1.6 years), semi-supercentenarian offspring 
(mean age: 71.8 ± 7.8 years), and age-matched controls (mean age: 69.8 ± 7.2 years). 
They demonstrated that the offspring of semi-supercentenarians have a lower epi-
genetic age than age-matched controls (age difference = 5.1 years, p = 0.00043) 
and that centenarians are younger (8.6 years) than expected based on their chrono-
logical age [25].

Other nongenetic or epigenetic factors, particularly environment and lifestyle, 
affect the development of age-related diseases and the healthy span in the general 
population [26]. The correlation between genetic background and environment in 
determining the individual chance of a delayed or SA is a hot topic in gerontology. 
The exact knowledge of the effects of environment and lifestyle on the basic molec-
ular mechanisms of ageing may be used as preventive measures to increase the 
chance to attain longevity. Among many aspects of environment that can affect the 
maintenance of a healthy ageing phenotype, physical activity and healthy dietary 
habits are the most important modifiable factors [27]. In particular, nutrition is a 
daily process by which living organisms get food to gather energy and nutrients to 
live. Good nutrition plays a significant role in determining the well-being of older 
people and in delaying and reducing the risk of contracting diseases. Nutritionally 
unbalanced diets are often associated with diabetes and with the risks of developing 
coronary heart diseases. It was seen that children who follow a balanced diet with 
lots of fruits and vegetables are likely to continue eating healthily into adulthood. 
On the contrary, parents who eat too much processed food with high levels of salt, 
sugar, and fat tend to pass those habits onto their own children [28].

The maintenance of physical function is a key component of most definitions of 
SA [29]. An interesting study demonstrated that persons with long-lived parents 
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might enjoy a longer life spared from physical functioning decline [30]. These 
results are supported by a previous analysis of three Danish population-based stud-
ies that reported that parental longevity was associated with better physical and 
cognitive function measures in the adult offspring [31].

Concluding, the existence proof of the correlation between “healthy lifestyle and 
environments” comes also from the observation of places, called “Blue Zones”, 
where the population shares a common lifestyle in a common and geographically 
defined environment (see Chap. 4).

3.3	 �Phenotypic Features of Centenarian Offspring

As previously stated, CO represent a suitable model to study some age-dependent phe-
notypic variables potentially involved in the modulation of the lifespan. Indeed, the 
comparison of CO with their controls has already been successfully applied to identify 
biochemical and metabolomics parameters related to exceptional longevity [32–38]. 
However, despite the interest of the CO model to study determinants and trajectories of 
SA, a comprehensive and deep characterization of the CO phenotype is still lacking.

In some cross-sectional and longitudinal studies, it was seen that weight gain, 
increased body mass index (BMI), and obesity contribute to a decline in physical 
and cognitive activities; an increased body fat, particularly visceral fat and high 
BMI (see Chap. 2), has been associated with insulin resistance, higher risk for dia-
betes, cardiovascular disease, hypertension, and metabolic disorders [39–42].

In 2016, Bucci et al. conducted in Italy the first comprehensive investigation of 
the health status of CO compared to age-matched offspring of non-LLI (non-
centenarian offspring, NCO). From this multidisciplinary approach, it emerged that 
CO showed a better physical status and a lower prevalence of pathological condi-
tions than NCO, as reported in previous studies with other populations [43–47].

In addition, they had a higher education level and a lower proportion of married 
individuals than NCO, although no reasoning was provided. They appeared leaner than 
NCO, and indeed, they had lower weight, smaller waist and hip circumferences, and 
lower BMI. However, these anthropometric features show a gender distinction because 
these significant differences were evident only in female groups. Also regarding the 
brawn, CO showed higher scores in the handgrip test compared to controls [47].

In another study, in order to clarify the role of the insulin growth factor (IGF)-1 
system in human lifespan, circulating IGF-1 bioactivity and other parameters of the 
IGF/insulin system were measured in CO and in a properly selected group of 
offspring-matched controls. The IGF-1/insulin pathway is the main focus of the 
ageing and longevity research for the association of its SNPs with SA and longevity. 
In human beings, ageing is associated with lower IGF-1 circulating levels [48], and 
in long-lived people, IGF-1 receptor (IGF-1R) has been correlated with modulation 
of human lifespan through the attenuation of IGF-1 signalling [49]. Both IGF-1 and 
IGF-1R polymorphisms that theoretically can modulate IGF-1 pathway have been 
studied for their correlation with longevity, but evidences to date are not conclusive 
[49–53]. Circulating IGF-1 bioactivity and total IGF-1 were significantly lower in 
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CO than in offspring-matched controls (both p < 0.01) [33]. In the same study, low 
IGF-1 bioactivity in CO was inversely associated with insulin sensitivity, confirm-
ing previous data described in elderly [54–56] and healthy subjects. This relation-
ship remained after corrections for age, gender, and BMI. In addition, centenarians 
showed a twofold higher insulin sensitivity and comparable glucose levels than their 
younger offspring, despite a lower circulating IGF-1 bioactivity [57, 58].

The preservation of cognitive fitness such as a good processing speed, learning, 
and memory is an important goal to SA because fitness significantly affects the 
quality of life. Lifestyle and pharmacological interventions can ameliorate the cog-
nitive function, but literature data indicate the importance of a familial component, 
like inheritance of genetic factors, to protect against cognitive impairment. More 
specifically, CO, especially females, have a higher standardized mini-mental state 
examination scores, a lower risk of Alzheimer’s disease [59], a reduced incidence of 
cognitive decline, and, overall, a significantly better cognitive fitness in comparison 
with age-matched controls [47, 60]. A case–control study was conducted to deter-
mine whether the CO have personality characteristics that are distinct from the gen-
eral population [61]. Because some personality traits have substantial heritable 
components, it was hypothesized that certain personality features may be important 
to reach healthy ageing. CO were characterized by lower neuroticism, and females 
revealed greater agreeableness [62].

The sense of purpose in life, defined as “a feeling of meaning and direction in 
one’s life” [63], has received increasing attention in the last years because of its 
association with positive health outcomes, including healthy cognitive ageing. In 
this context, a recent research found that CO have significantly higher purpose in 
life scores than controls, suggesting that this condition of psychological well-being 
may be contributing to their SA profiles [64]. Therefore, measures of personality 
might be an important phenotype to include in studies that assess genetic and envi-
ronmental influences of longevity and SA.

3.4	 �Age-Related Disease Risk Profile in Centenarian 
Offspring

The increase in human life expectancy, occurred during the last years, is certainly a 
public health success, but it is also the main risk factor for the onset of chronic dis-
eases, including cancer, CVD, and neurodegenerative diseases, which are character-
istic of ageing.

As stated in the previous paragraph, several studies from different populations 
are concordant that the CO show a significantly healthier status, with a reduced 
prevalence of pathological conditions than the elderly, proving that staying rela-
tively healthy is physiologically possible in old age [7].

In this regard, to evaluate the relative incidence of age-related diseases, CO and 
referent cohort subjects (spouses of CO) were enrolled in a longitudinal study in order 
to discern whether the differences in the development of age-related diseases, between 
CO and the control group, persist over the follow-up period or whether the differences 
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disappear as the two groups get older. Questionnaires about sociodemographic factors 
and history of the main age-related diseases were administered to the enrolled sub-
jects. Additionally, participant physician carried out a routine physical examination 
for height, weight, blood pressure, and temperature at a routine examination. It was 
seen that CO were less likely to die during the period of follow-up evaluation than 
were equivalent control group. Moreover, CO had 81% lower odds of mortality during 
the period between the administration of the health questionnaire and the follow-up. 
However, CO and the referent cohort had similar levels of functional decline [65].

Finally, assuming that poor oral health has been associated with age-related dis-
eases, an observational cross-sectional study of centenarians and their offspring was 
conducted in order to clarify if a better oral health is related to longevity and healthy 
span. These subjects were compared with referent cohort participants from the New 
England Centenarian Study [66]. The referent cohort, in comparison to the CO, was 
more likely to be edentulous, less likely to report excellent/very good oral health, 
and less likely to have all or more than half of their own teeth, suggesting that CO 
exhibit better oral health than their respective birth cohorts [66].

3.4.1	 �Inflammatory Status

In a sizable longitudinal study of semi-supercentenarians, conducted by Japanese 
groups, to determine the most important forces of SA at exceptional longevity, data 
from multiple studies were collected concerning haematopoiesis, inflammation, 
lipid, and glucose metabolism, among others. Inflammation (for 10.8%) and cogni-
tion (8.6%) predicted all-cause mortality in very old people better than chronologic 
age or gender. Moreover, the inflammation score was also lower in CO compared 
with age-matched controls. Furthermore, centenarians and their children maintain 
long telomeres despite the fact that telomere length was not considered a predictor 
of SA in semi-supercentenarian and centenarian people [34]. Therefore, the authors 
conclude that inflammation is an important driver of ageing and markers of inflam-
mation predicted possible morbidities. These data confirm the theories that consid-
ered the inflammation one of the main causes of age-related diseases [67].

3.4.2	 �CVD Risk Profile

As regards the cardiovascular field, several studies agree that CO, like their parents, have 
lower prevalence and incidence of hypertension, myocardial infarction, and strokes. A 
growing number of evidence suggests that a combination of genetic factors and lifestyle 
aspects allows centenarians and their offspring to overcome cardiovascular events. The 
importance of genetic contribution is demonstrated by the inheritance of low risk for 
CVD in CO compared with their spouses or with NCO. In the same way, it seems that 
CO delay the onset of CVD with respect to age- and sex-matched control groups [68]. 
In addition, measurements of body fat distribution show a lower prevalence of abdomi-
nal obesity, one of the major risk factors for CVD, in CO than in controls [32].
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As previously stated, the related question about the significant survival advan-
tage in families with exceptional longevity, namely, if it is due to lifestyle and 
dietary patterns, to genetic factors, or both, suggested to perform a survey in the 
Ashkenazi population living in the United States. This study compared CO and 
controls with similar lifestyle (physical activity, smoking, and alcohol use), socio-
economic status, and dietary intake. In line with other studies, CO show a consider-
able reduction in the risk of hypertension, CVD, and stroke, thus highlighting the 
potential contribution of genetics in SA among CO [69].

Nevertheless, in a study conducted in 2016, Italian CO seem to show a worse lipid 
profile than controls, with higher levels of total and LDL cholesterol and lower levels 
of HDL cholesterol, but always within the normal range [47]. This apparent negative 
total/HDL cholesterol ratio can be explained by the fact that a lower number of 
Italian CO recruited, in comparison to their controls, use lipid-lowering drugs.

3.5	 �Other Biomarkers of Successful Ageing in Centenarian 
Offspring

Other possible biomarkers had been proposed by the researches in the last decade.
One of this was the heat shock protein (HSP) 70. This protein protects exposed 

cells from different types of stress. On the contrary, the extracellular variant has 
been shown to have both protective and damaging roles. Some evidences have sug-
gested that the higher circulating levels of HSP70 can predict the future develop-
ment of CVD.  In this regard, Terry et  al. analysed serum level of HSP70  in 
centenarians and their relatives. CO showed approximately tenfold lower levels of 
circulating serum HSP70 compared with spousal controls. The authors hypothe-
sized that circulating HSP70 was correlated with diseases or disorders in which 
there is destruction or a damage to target tissues or organs, including CVD and 
autoimmune disorders [44]. Successively, the same authors suggested that low lev-
els of circulating serum HSP70 could be an indicator of a healthy state and excep-
tional longevity. In order to assess the effect of HSP70 on human longevity, the 
research group conducted a pilot cross-sectional study, recruiting centenarians and 
CO. They analysed two polymorphisms of the HSP70 gene and the related serum 
level and established that no genetic association was found, but centenarians and 
their offspring had low HSP70 serum level than unrelated controls [70].

Researches have focused their attention on the effects of microRNAs (miRNAs) 
on the inflammatory status in ageing process. The role of circulating miRNAs on 
important cellular processes is well understood, but little is known about their expres-
sion throughout the ageing process. In particular, it was seen that miR-21 expression 
was higher in the CVD subjects and lower in the CO compared to that in the age-
matched NCO. The authors suggested that circulating miR-21 might be an inflam-
matory biomarker linking the ageing process to age-related diseases like CVD. Indeed, 
previous findings showed the correlation between the expression of some markers of 
inflammation, such as interleukin-6, tumour necrosis factor-α, and C reactive pro-
tein, and miR-21, and the development of disabilities in older subjects [71].
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Table 3.1 reports an overview of main characteristic features of CO.

3.6	 �Immunophenotype of Centenarian Offspring 
and Successful Immunosenescence

In 1969, Roy Walford published his landmark book, “The Immunologic Theory of 
Aging” [72]. Briefly, he hypothesized that the normal process of ageing in man and 
in all animals is pathogenetically related to faulty immune processes. Therefore, he 
was the first to note and promote the power of modern immunological approaches 
as tools for the analysis of ageing.

In fact, many alterations in innate and acquired immunity have been described in 
the elderly and considered deleterious, hence the term immunosenescence. On the 
other hand, immunosenescence is a complex process involving multiple reorganiza-
tional and developmentally regulated changes, rather than simple unidirectional 
decline of the whole function. However, some immunological parameters are com-
monly notably reduced in the elderly, and reciprocally, good function is strictly 
correlated with health status [73].

As discussed in this book, centenarians show a complex and heterogeneous phe-
notype, which seems to be the result of the capacity to adapt and remodel their body 
in response to stressors that makes them able to delay the ageing process and to 

Table 3.1  Overview of factors associated with successful ageing in CO

Variables Comparison to NCO
Epigenetic factors
DNA 
methylation

Less pronounced age-related loss of DNA methylation

Phenotypic features
Physical status Lower weight, smaller waist and hip circumferences, lower BMI and 

healthier status
Handgrip test Higher scores
IGF-1 
bioactivity

Significantly lower (p < 0.01)

Oral health Excellent/very good
Personality traits Higher purpose in life scores and lower neuroticism
Age-related disease risk profile
Mortality Lower odds (p < 0.01)
Alzheimer’s 
disease

Lower risk

Cognitive 
function

Higher mini-mental state scores, lower incidence of cognitive decline and 
better cognitive fitness

Inflammation Lower score
CVD Lower prevalence and incidence of hypertension, myocardial infarction and 

strokes; lower serum HSP70 levels and miR-21 expression

NCO non-centenarian offspring, BMI body mass index, IGF-1 insulin growth factor-1, CVD car-
diovascular diseases, HSP70 heat shock protein 70, miR-21 microRNA-21, p p-value
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escape the major age-related diseases. Accordingly, centenarian immune system 
shares characteristics both of young and elderly people. Number and function of 
NK cells (particularly, NK CD56dimCD16+ characterized by increased cytotoxic-
ity) are well conserved and comparable with those observed in young, whereas T 
and B cell number and function are similar to those observed in the elderly (although 
T cells show an increasing trend when compared to the elderly) [74–76]. However, 
a limitation of these studies is the lack of appropriate controls. As discussed in this 
chapter, CO have a significant advantage for longer survival and can resolve the 
problems occurring with their parents because they can be compared with an appro-
priate control group, consisting of age-matched elderly people whose parents died 
at an average life expectancy.

Ageing is characterized by the decline or as generally recognized by the remod-
elling of the immune system, with several modifications that include a reduced 
amount of T, B, and NK lymphocytes. In the elderly, a chronic antigenic load causes 
the filling of the immunological space by a population of CD8+ T lymphocytes with 
a late-differentiated phenotype and the shrinkage of the T cell repertoire [77]. 
Indeed, due to lifelong and chronic exposure to pathogens, as in the case of persis-
tent infection, T cells replicate several times and further differentiate in late-
differentiated effector memory CD8+ T cells with features of replicative senescence 
[78, 79], an irreversible growth arrest, becoming significantly less able to commit in 
efficient immune responses. However, senescent T lymphocytes can remain meta-
bolically active for a prolonged period of time and adopt a secretory profile, with 
secretion of pro-inflammatory cytokines resulting in a low-grade chronic inflamma-
tory state known as “inflammaging” which is strongly associated with many age-
related diseases (see above) [80].

The impairment of circulating T cell compartment together with the reduced 
output of newly formed T cells from the thymus in elderly subjects lead to an inad-
equate immune response against newly encountered antigens. The apparently inevi-
table consequence of this complex scenario is the reduction of the availability of the 
elderly to respond to novel antigens and to vaccines, resulting in an increased sus-
ceptibility to infection and development of age-related disorders [81–83].

In these last years, some researchers have speculated about the distinctive immu-
nological profile of offspring enriched for longevity with respect to the immuno-
logical features of coeval elderly. The human cytomegalovirus (HCMV) is one of 
the most common viruses that affect elderly people. Many evidences have shown 
that HCMV infection may influence the T cell subset distribution, having an essen-
tial role in immunosenescence [84, 85]. CMV infection is strongly related to both a 
reduction of naïve (CD45RA+CCR7+CD27+CD28+) CD8+ T cells and a contempo-
rary increase in late-differentiated effector memory (TEM, CD8+CD45RA−CCR7−C
D27−CD28−) and effector memory T cells reexpressing the naïve cell marker 
CD45RA (TEMRA, CD8+CD45RA+CCR7−CD27−CD28−). These parameters are con-
sidered typical of immunosenescence in the elderly. HCMV-seropositive offspring 
of long-lived people do not show the age-associated decrease of naïve T cells. On 
the other hand, memory T cell subsets described above do not increase in offspring 
of long-lived families, different from that observed in age-matched controls.
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It has also been demonstrated that HCMV-seropositive offspring of long-lived 
people have reduced levels of CD8+ T cells expressing CD57 and KLRG1, some-
times referred as “marker of replicative senescence”, when compared with their 
CMV-infected age-matched controls. The reduction of TEM and TEMRA cells with 
features of replicative senescence observed in HCMV-infected offspring could 
explain their high proliferative response against CMV [86].

As previously stated, ageing also has a strong impact on the remodelling of the 
B cell compartment. An evident effect is the significant decrease of circulating B 
cells, mainly due to the reduction of new B cell produced in the bone marrow. 
Furthermore, in the elderly, there is a shift from naïve (IgD, IgM) to memory (IgG, 
IgA) immunoglobulin production, accompanied by the impaired ability to produce 
high-affinity protective antibodies against newly encountered pathogens and vac-
cines. Finally, in elderly subjects, a reduction of naïve B IgD+CD27− cells exists 
along with an increase of a B cell subpopulation with a senescence-associated phe-
notype, IgD−CD27− Double Negative (DN) late memory B cells [87–91].

Concerning the B cell compartment in CO, they do not present the typical naïve-
memory shift observed in the elderly, although they present a reduction in the B cell 
count, typical of old people. Moreover, CO do not show neither the increase of the 
IgD−CD27− DN late memory B cells nor the decrease of IgD+CD27− naïve B cells, 
observed in elderly people, but they look more similar to young people. The failure 
of age-associated increase of DN B cells, as observed in the general elderly popula-
tion, suggests that in CO there is no exhaustion of the B cell compartment. 
Furthermore, the evaluation of CO serum IgM values shows that these values are 
within the range of the levels displayed by young individuals. All [88, 91–93] these 
data suggest a good bone marrow cell reservoir in CO, despite the fact that the abil-
ity of bone marrow to generate B cells is impaired with age.

Therefore, both T [94] and B compartments of CO do not show the typical fea-
ture of immune system ageing, i.e., the shift from naïve to exhausted memory cells, 
but a “younger” immune profile.

See Table 3.2 for the immunological profile overview.

Table 3.2  Cellular age-related modification of T and B cell compartments in centenarian off-
spring compared to the elderly

Cell subset Phenotype
Modification in 
CO

Modification in 
elderly

Naïve T 
CD8+

CD3+/CD8+/CD45RA+/CCR7+/
CD27+/CD28+

Increase Decrease

TEM CD3+/CD8+/CD45RA−/CCR7−/
CD27−/CD28−

Decrease Increase

TEMRA CD3+/CD8+/CD45RA+/CCR7−/
CD27−/CD28−

Decrease Increase

Naïve B CD19+/IgD+/CD27− Increase Decrease

DN B CD19+/IgD−/CD27− Decrease Increase

CO centenarian’s offspring, TEM effector-memory T cell, TEMRA effector memory RA T cell, DN 
double negative
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3.7	 �Conclusion

According to the findings of some studies, CO appear the most promising model for 
research on the determinant factors of longevity and SA because they have a famil-
ial trait. They show a favourable lipid, immunological, and cardiovascular profile, a 
decreased cognitive decline, and a protective genetic background. Moreover, CO 
present an immunological profile comparable for several aspects to that of young 
individuals. They maintain the ability to respond both to new natural infections and 
to vaccination, different from the elderly without centenarian parents and centenar-
ians themselves.

The real strength of the studies that use this model to identify genetic, pheno-
typic, or metabolic strategic variants of healthy ageing is the possibility to compare 
CO with age-matched offspring of non-long-lived individuals, more easily recruited 
and available than centenarian itself.

The approach of this study has allowed and will continue to permit the identifica-
tion of other targets or biomarkers of SA. Furthermore, it might consent to develop 
or identify anti-ageing therapies, modulating ageing rate and developing drugs (i.e., 
antioxidants) or new lifestyle habits (i.e., a healthy diet, caloric uptake reduction, 
use of prebiotics and probiotics, and increased physical exercise), to become older 
in an active and independent way.

In conclusion, the healthcare costs in many countries are very high because of 
the increased number of unhealthy populations and the consequent increase of 
severe age-related disabilities. However, experiments in laboratory organisms have 
shown that ageing is not an immutable process. Indeed, interventions to slow or 
postpone ageing and to increase the expectancy of an active life are available. 
Pharmacological therapy is one of these. Healthy nutrition could be another alterna-
tive, and the study of CO lifestyle can represent the possibility to change, in part, the 
course of the ageing process.

However, a note of caution should be addressed since the number of centenarians 
is also increasing because of improvements in hygienic and sanitary conditions and 
in the quality of nutrition that allow a greater number of older old to become excep-
tional. Thus, the current centenarians and even the future ones, as well as their off-
spring, will be likely much less selected than the centenarians of a decade ago.
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4Individual Longevity Versus Population 
Longevity

Michel Poulain

4.1	 �Introduction

For scientists, centenarians are examples of healthy ageing [1]. Today, we talk about 
longevity for a person who is older than 90 years. However, it is often the canonical 
age of 100 regarded as the threshold of exceptional longevity. Worldwide, the num-
ber of centenarians fluctuates between half a million and a million with five women 
per one man [2]. In the course of the history of humanity, their number has grown 
[3]; however, centenarians have been observed and confirmed only since the eigh-
teenth century when parish registers and subsequently civil registers helped to vali-
date with certainty the age of the people at the time of their death.

4.2	 �Individual Longevity

At a global level, the absolute maximum age was reached by Jeanne Calment who 
died at the grand age of 122 years. Her exceptional age has been often challenged, 
recently, by a Russian researcher [4]. The record for men is attributed to a Japanese 
man, Jeroemon Kimura, born in 1897 and deceased on 12 June 2013, at the vali-
dated age of 116 years and 54 days [5]. The life expectancy has doubled since the 
middle of the nineteenth century in most countries, whereas the maximum age at 
death has progressed more slowly. Geert Adriaan Boomgaard from Groningen died 
in 1899 at the age of 110 [6] and Margaret Neve from Guernsey at the same age in 
1903 [7]. Nowadays, the oldest people on the planet hardly ever reach above 
116 years.
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Lists of the supercentenarians are posted and regularly updated on the Internet by 
the Gerontological Research Group (www.grg.org), and these lists are relayed by 
Wikipedia (https://en.wikipedia.org/wiki/List_of_the_verified_oldest_people). The 
oldest people, deceased or still alive, are ranked by country. Table 4.1 presents the 
list of the world’s oldest elderly, whereas Table 4.2 provides the same list for Italy 
including those who were still alive in January 2019. The validation of age is an 
essential prerequisite for any study on centenarians since, without it, the research 
results are invalid. Demographers insist on a strict validation of age of these excep-
tional people and contribute within the International Database on Longevity by 
establishing strict rules [8].

Age is a well-known concept that is chronologically determined by the time-
lapse in years and sometimes in days spent between the current date and the date of 
birth. Even if some parallel concepts have emerged as the biological age determined 
based on biomarkers or the psychological age estimated based on cognitive aspects, 
the chronological age is the only exact measurement largely used in research inves-
tigations related to ageing. Despite the fact that age is the result of an exact calcula-
tion, some errors exist, mostly due to age exaggeration or administrative errors 
occurring when attributing a specific birth record and birth date to a given person. 
The validation of age is therefore a crucial task when dealing with scientific study 
of the determinants of individual longevity.

4.3	 �The Validation of Age

The validation of the age of alleged centenarians is essential for scientific research 
in demography, genetics, epidemiology and medicine. Exaggeration of age often 
observed in past populations is still commonly observed today in populations 

Table 4.1  List of validated oldest olds worldwide based on Gerontological Research Group 
(www.grg.org) and relayed by Wikipedia (https://en.wikipedia.org/wiki/List_of_the_verified_old-
est_people (accessed on January 2019))

Name Birth date Death date Age Country
1 Jeanne 

Calment
21 February 1875 4 August 1997 122 years, 164 days France

2 Sarah Knauss 24 September 
1880

30 December 
1999

119 years, 97 days USA

3 Nabi Tajima 4 August 1900 21 April 2018 117 years, 260 days Japan
4 Lucy Hannah 16 July 1875 21 March 1993 117 years, 248 days USA
5 Marie-Louise 

Meilleur
29 August 1880 16 April 1998 117 years, 230 days Canada

6 Violet Brown 10 March 1900 15 September 
2017

117 years, 189 days Jamaica

7 Emma Morano 29 November 
1899

15 April 2017 117 years, 137 days Italy

8 Chiyo Miyako 2 May 1901 22 July 2018 117 years, 81 days Japan
9 Misao Okawa 5 March 1898 1 April 2015 117 years, 27 days Japan
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without reliable civil registration [9]. Several researchers have shown that reporting 
untrue age is not rare and generally increases with age. This is more often observed 
in illiterate populations and among males compared with females [10–17].

The basic identification criteria for age validation are those that can be found on 
the birth record: full name (family name and all given names), sex and date and 
place of birth. Consequently, the validation of the age of a person, centenarian or 
not, alive or already dead, consists of checking if a given birth record is accurately 
attributed to a specific person, so that his or her age may be calculated without 
doubt. That is ensured by a reliable administrative and civil registration system, but 
in the case of centenarians, this system would have had to work perfectly for at least 
100 years. In some countries, there are some doubts as to whether the birth registra-
tion system was working correctly in the nineteenth century. This full registration of 
persons was first achieved in Sweden in 1749, in Belgium in 1779, in the UK in 
1837, in Italy in 1866, in Japan in 1872 and in the USA in 1933. Because it takes 
more than 100 years for the persons born (or claiming to be born) to be counted, we 
may consider that the Swedish records achieved accuracy around 1860, at the end 
of the nineteenth century in Belgium, mid-twentieth century in the UK and more 
recently in Italy and Japan, while accuracy has yet to be achieved in the USA.

A detailed procedure of age validation is needed. To perform such exercise, we 
face two different situations depending upon whether the person is still alive or if he 
or she is already dead. If the person is alive, any appropriate administrative source, 
such as a population register, a family book, an identification card or a passport, is 
sufficient to start the age validation process. In no case, a self-declared age can be 
used as a form of proof for the purposes of age validation. If the person is dead, the 
death record should provide all the information needed to make a clear identifica-
tion of the person and ensure the exact linkage with the correct birth record.

In the following paragraphs is presented the summary of the age validation pro-
cedure as discussed by Poulain [8].

If the person is dead, the age validation should prove that there is a perfect and 
unambiguous link between the death and the birth records attributed to this person.

If the person is alive, the age validation should consist of attributing a given birth 
record to a living person based on all elements of identification, which should be 
without ambiguity.

The ideal validation procedure will consist of the following steps (see Box 4.1).

Box 4.1
	1.	 Identification of an alleged centenarian is based on the declaration of age, 

on a newspaper article, on a special investigation carried out place by 
place, or on an available official list of inhabitants or centenarians.

	2.	 If the alleged centenarian is alive, collect all basic information through 
identity cards, passports, family or household books, or records and any 
other pieces of identification that may be available. If the alleged cente-
narian is dead, locate the death record.
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Many researchers may not be enough rigorous when facing the age validation 
problem, and even some of them did not consider age validation as necessary when 
dealing with oldest olds. Researchers should be extremely critical and develop ade-
quate age validation exercises before launching any research project and more spe-
cifically when identifying a population with exceptional longevity.

How to conclude a validation process? According to Thoms [18], when the age 
of a centenarian is being validated, “the proof should be clear, distinct, and beyond 
dispute”. More recently, it has been concluded that it would be more fruitful to dis-
cuss the conditions of falsification than to corroborate what may be a false tenet 
[17]. Like Vincent [19], he does not believe jusqu’à preuve du contraire, and there-
fore supports the strong rules proposed by Thoms [18]. If birth and death certificates 
exist and are consistent, but only a few pieces of evidence of the history and family 
reconstruction are collected, it cannot be concluded with “no doubt at all” that the 
same name in the birth and death records in fact refers to the same person, espe-
cially when information is lacking from a large part of the life of the alleged cente-
narian. All necessary investigations have to be consistent in order to prove validity 
of age. If one important piece of information is missing, there exists no chance to 
proceed to validation with “no doubt at all”; but if one key element is wrong, the 
entire validation process will result negatively. It is definitively easier to prove that 
this person is not a centenarian than the opposite. In fact, the validation will never 
be final while the invalidation is generally final when only one clear grounds for 
invalidation is found. A well-established argument will be sufficient in order to 
invalidate with high probability the age of an alleged centenarian while a large set 
of fully consistent documents are needed in order to conclude with high probability 
that an alleged age has been validated.

4.4	 �Some Examples of (In)validation of the Age of Alleged 
Supercentenarians (Extracted from [8])

	1.	 The validation of the alleged age of Antonio Todde of Sardinia. Antonio Todde 
was declared the oldest documented man on earth in July 2001. Antonio was 
born in Tiana (Nuoro province, Sardinia) on 22 January 1889, and his birth 

	3.	 In both cases, regardless of whether the alleged centenarian is alive or not, 
locate the birth record.

	4.	 Collect all documented life events related to the centenarian, including 
information on marriage(s), characteristics of the spouse and births of all 
children.

	5.	 Finally, collect all data on births, marriages and deaths of the centenari-
an’s parents and brothers and sisters and identify among the newborns of 
the period following the birth of centenarian any other newborns with 
similar names and surnames.

4  Individual Longevity Versus Population Longevity
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record stated that he was the son of Francesco Maria Todde and della sua unione 
con donna non maritata without giving the name of his mother. The missing 
name for the mother was a negative element for the validation of the exceptional 
age of Antonio. Fortunately, the baptism record in the parish register brought the 
missing information and confirmed that Antonio was actually born on 22 January 
1889 and was the son of Francesco and Francesca Angela Deiana. In fact, his 
parents were married according to the church laws but not yet according to the 
civil registration. Their civil marriage was celebrated only on 30 December 1908 
when Antonio was 18 years, and in the marriage record, all brothers and sisters 
were correctly listed with their age. Antonio died in Tiana on 3 January 2002, a 
few days before reaching 113  years, and his death record has been correctly 
linked with his birth record where a marginal note has been added.

	2.	 The invalidation of the alleged age of Damiana Sette of Sardinia. The invalidation of 
the age of Damiana Sette is instructive for showing that inadequate documentation 
allowed her to be considered a supercentenarian when, in fact, she was not. Maria 
Angelica Damiana Sette died in Villagrande at the alleged age of 110 on 25 February 
1985. According to her death record, she was born in Villagrande on 8 August 1874, 
the daughter of Pietro Sette and Monserrata Pirroni. A birth record was found for a 
child named Maria Angelica Damiana Sette born in Villagrande on 8 August 1874, 
daughter of Pietro Sette and Monserrata Pirroni. The death record is wholly compat-
ible with this birth record. In the birth record, a marginal note is found of the 25 
February 1985 death linking by the civil registration officer both events and records. 
Consequently, Damiana Sette was considered a true supercentenarian.

At this stage of the validation process, everything would seem to confirm the 
fact that Damiana Sette did die at the venerable age of 110, information transcribed 
on her gravestone in the Cemetery of Villagrande. However, the meticulous recon-
struction of the family composition of Damiana Sette, based on the civil status 
registers and the anagrafe, allows one to conclude that the person who died in 1985 
was not Maria Angelica Damiana Sette born 8 August 1874 but her younger sister 
called Maria Monserrata Damiana Sette who was born on 5 May 1877. The real 
death record of Maria Angelica Damiana Sette, in this document named Angelica, 
has been found and was dated 10 June 1876 at the age of 22 months. This type of 
error occurs frequently in historical demography when reconstructing family pro-
files that link different data related to births and deaths. This is due to the fact that 
when a child died at a young age, it was customary in some cultures to consider 
that the child with the same sex born immediately after this death in some way will 
replace the deceased. Therefore, the next child was given the same forename or at 
the very least certain identical forenames. This was the case for Maria Angelica 
Damiana Sette who died at the age of 22  months and was “replaced” by her 
younger sister called Maria Monserrata Damiana Sette. This administrative error 
remained until her death, and consequently, the marginal annotation relating to her 
death appeared on the death certificate of her older sister, and given names were 
those of her older sister, although she was usually called Damiana.

	3.	 The validation of alleged age of Johan Riudavets of Menorca. The age of Johan 
Riudavets, the oldest man on earth after the death of Yukichi Chuganji on 28 
September 2003, was easy to validate because administrative pieces fit perfectly 
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with the declared age. Information obtained through direct interviews with 
Johan and his daughter, Francesca, as well as additional documentation show-
ing Johan as head of local youth in 1912 when he was 23 years, are compatible, 
proving the accuracy of the birth record. As observed, Johan’s family is experi-
encing exceptional longevity, a fact that reinforces the accuracy of the age of 
Johan Riudavets who died on 5 March 2004, some months after he celebrated 
his 114th birthday.

	4.	 The Case of Kamato Hongo of Japan. The example of Kamato Hongo is instruc-
tive regarding age validation. Carefully analysed documents related to Kamato 
Hongo revealed an important error. Kamato, reported to be the second daughter 
and fifth child in the family, is transcribed in the fifth position on the Koseki 
Shohon, i.e., the register of family members, births, deaths, adoptions and so on. 
It is essentially a birth, death and marriage certificate combined into one form. 
According to her official date of birth, she should be in fourth position, and her 
older sister was born only 7 months before her. At that stage of the validation, 
strong arguments favour invalidation of her age, but there was one possibility for 
being validated, for example, if Kamato was an adopted child who arrived in the 
family in fifth position when she was already aged more than 3 years. But the 
Koseki does not mention this hypothetical adoption, and moreover, when com-
paring these two life histories of Kamato Hongo, it would sound better if she was 
the last child born around 1893, as the average interval between successive births 
is about 3 years and even more if this is the last child.

The Kamato Hongo life history appears as following according to available 
documents:

Kamato was born in 1887 when her mother was supposed to be aged 43. She had two chil-
dren before marriage when she was 22 and 25 years. She married in 1914 when she was 
27 years, even though she told others that she was not very old when she married. Then she 
had her five other children from age 29 up to 45, and finally, she died at 116 in October 
2003.

However, the following life history definitively sounds more plausible, particu-
larly when we consider that during her interview she and her daughter confirmed 
that Kamato did not marry as late as age 27.

Kamato was born in 1893 when her mother was supposed to be aged 49. She had two chil-
dren before marriage when she was 16 and 19 years. She married in 1914 when she was 
21 years, and the two first children have been recognized at the same time. Then she had her 
other children up to age 39, and finally she died at 110 years in October 2003.

4.5	 �About the Age of the Oldest Person on Earth

Since the beginning of the twentieth century when Margaret Neve took the record 
of oldest validated person from the hands of Geert Boomgaard [6, 7], the oldest 
person on earth has always been a woman as shown on the list of record holder 
presented in Table 4.3 based on the GRG database (http://www.grg.org).

4  Individual Longevity Versus Population Longevity

http://www.grg.org


60

The evolution of the highest age achieved by birth cohort is presented in 
Fig.  4.1. The trend shows a relative statu quo for the generation born before 
1870; thereafter, the increase is evident until 1890 even if we exclude Jeanne 
Calment. Further, the improvement is largely reduced. In fact, more people reach 
the exceptional age of 115 years, but the highest age achieved does not increase 
as well. This observation is confirmed by the relative stability of average age at 
death of the ten oldest women for each birth cohort born between 1894 and 1903 
(Table 4.4).

The role of the size of the population concerned is also important to explain the 
variation of the oldest age achieved between the different countries. As shown in 
Fig. 4.2, for women only, a higher age achieved is observed if the population of 
the country is large. A ten-time larger population means, statistically spoken, 
three more years for the maximum age achieved by the population in a given 
country.

Table 4.3  List of validated oldest persons on earth since the dawn of the twentieth century (http://
www.grg.org, accessed on January 2019)

Name Years Days Born Died
Geert Adriaans Boomgaard 110 135 21 September 1788 3 February 1899
Margaret Ann (Harvey) Neve 110 321 18 May 1792 4 April 1903
Delina (Ecker) Filkins 113 214 4 May 1815 4 December 1928
Fannie Leona Thomas 113 273 24 April 1867 22 January 1981
Augusta Louise (Hoppe) 
Holtz

115 79 3 August 1871 21 October 1986

Jeanne Calment 122 164 21 February 1875 4 August 1997
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Fig. 4.1  Evolution of the oldest woman on earth by birth cohort (1865–1906) (http://www.grg.
org)
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4.6	 �Population Longevity

For a long time, longevity was studied at the individual level separately considering 
the phenomenon of longevity of each centenarian. Once the age validation was posi-
tively performed, researchers focused mainly their efforts on finding the determi-
nants of this individual longevity. The best known studies are as follows: in the 
USA, the Georgia Centenarian Study [20] and the New England Centenarian Survey 
(http://www.bumc.bu.edu/centenarian/); in Northern Europe, the study on centenar-
ians in Sweden [21] and in Denmark [22]; and in Japan, the Okinawa Centenarian 
Study (www.okicent.org) and the Tokyo Centenarian Study (http://cheba.unsw.edu.
au/content/tokyo-centenarian-study). In France, it is worth to mention the IPSEN 
survey that established the characterization of 1000 French centenarians [23]. All 
these research groups collaborate within the International Centenarian Consortium 
and contribute to identifying specific features among centenarians worldwide.

Population longevity is related to a population, whereas individual longevity 
concerns individuals. As for individual longevity, the validation of age is the first 
step when identifying a population experiencing higher longevity. A low life 

Table 4.4  Average age for the ten oldest women worldwide 
by birth cohort (http://www.grg.org, accessed on January 
2019)

Cohorts Average
1894 113.1
1895 114.0
1896 114.6
1897 113.9
1898 114.1
1899 113.8
1900 115.2
1901 114.7
1902 114.1
1903 114.7

R2 = 0.6618

106

108

110

112

114

116

118

120

122

124

4.00 5.00 6.00 7.00 8.00 9.00

Fig. 4.2  The age of the 
oldest woman by country 
as a function of the size of 
its population in decimal 
logarithmic scale (http://
www.grg.org)
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expectancy, a high prevalence of centenarians, the existence of persons alive or dead 
with an exceptional extreme age, a high proportion of illiterates and an unusual age 
and sex structure among centenarians are contextual factors that suggest a low prob-
ability that the stated age of a centenarian is accurate in a given population. This is 
often the case for the remote populations in mountainous regions and on small 
islands. Yet, some populations have been identified where longevity is shared by a 
large portion of their members. When in a given population the proportion of people 
surviving to oldest ages is greater than in neighbouring areas, according to a prede-
termined threshold deviation, it is referred as population longevity.

The reasons why the interest towards the study of long-living populations has 
been so far limited are the following ones: (1) The identification of a long-living 
population and the age validation of its exceptional members are time-consuming, 
and the requested tasks are not easy to fulfil mostly due to the lack of documentary 
evidence. (2) Communities experiencing higher population longevity are often 
small-sized and the oldest old group may consist of a limited number of cases 
increasing the risk of low statistical power in analysis. (3) More generally, the 
search for population longevity determinants requires the mastering of several dis-
ciplines, a relatively complicated task, as specific methods have still to be devel-
oped. A consensus strategy of analysis consistent with data collected in various 
disciplines has not been reached yet.

When searching for the determinants of population longevity, the relevant char-
acteristics or behaviours are those shared by a large part of the population. By con-
sidering these common characteristics, the chance to find more powerful explanatory 
variables is increased as most persons concerned are born and live in the same place. 
Therefore, they are more likely to share the same genetic makeup, early life condi-
tions, as well as traditional behaviours and habits, including the same locally pro-
duced food. Therefore, by identifying areas where people live longer, the search for 
longevity determinants could be improved.

4.7	 �The Blue Zones

Conventionally, the apparent exceptional longevity of a population is inferred from 
the existence of an unusually large proportion of centenarians/nonagenarians. To 
compare longevity levels, the centenarian prevalence (CP), i.e., the ratio between 
the number of living centenarians in a given population and the total resident popu-
lation, is largely used by the scientists as well as by the media. However, the reli-
ability of this indicator deserves critical evaluation, as it is sensitive to a number of 
biases related to existing migration flows and changes in fertility behaviour. For 
example, in case of a population that experienced either a baby boom or a large-
scale immigration flow of young people, the CP will fail to identify remarkable 
survival of persons in old ages, as the proportion of elderly is artificially lowered. 
On the contrary, where the younger population has dropped due to emigration, the 
proportion of elderly may result artificially increased. In such cases, the prevalence 
or proportion of oldest olds is no longer reliable to measure longevity and should 
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not be used for comparison across populations. Nevertheless, CP is still the most 
frequently used indicator by gerontologists as well as by national and regional 
authorities, eager to claim a longevity status for the area of the concerned popula-
tion. Population longevity can only be identified through various indexes that are 
mostly associated with the cohort life tables computed for that population as a 
whole. To compare extreme population longevity between two populations, the best 
indicator is the probability to reach 100 years among the babies born in that given 
population a century before. Nevertheless, the so-called Extreme Longevity Index 
[24] is hard to compute because of the lack of requested data and the disturbing 
effect of migration flows.

Figure 4.3 displays the prevalence of centenarians by region, in Italy, at the 2011 
census. Northern Italy, in particular Liguria, has the highest prevalence of centenar-
ians. This interpretation is biased. Firstly, alongside the last century, the fertility of 
women was systematically lower in Northern Italy compared with Southern Italy 
including both Sardinia and Sicily. Secondly, important differences in the migration 
flows related to young or old people largely affected the reliability of the preva-
lence. Thus, these figures are usually misleading to compare the variation of the 
level of longevity between Italian regions.

If the number of centenarians is reported to the number of newborns in the same 
region a century ago, the disturbing effect of variation in fertility is controlled, but 
still the important differences in migration flows are not considered. In Fig. 4.4, 
Lazio, the most attractive region for migrants, shows a largely higher prevalence, 
whereas the regions of Southern Italy that experienced strong emigration flow, espe-
cially Sicily and Calabria, show an underestimated level of longevity. These two 
comparative exercises aim to demonstrate the difficulties faced when comparing the 
level of longevity between different populations.

Based on the proportion of centenarians enumerated in censuses or mortality 
rates, the first potential longevity areas were identified at the beginning of the 
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Fig. 4.3  Prevalence of centenarians by region of residence in Italy at 2011 census (Available from 
https://www.istat.it/it/censimenti-permanenti/censimenti-precedenti/popolazione-e-abitazioni/
popolazione-2011 (in Italian))
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twentieth century. The US Census Bureau compared the proportion of centenarians 
in different countries and pointed out the exceptional cases of Bolivia with 75 cen-
tenarians per 100,000 in 1900, Bulgaria with 60 in 1905 and the Philippines with 
51 in 1903 [10].

In the January 1973 issue of National Geographic magazine, the physician 
Alexander Leaf gave a detailed account of his journeys to countries of purported 
long-living people: the Hunzas from Pakistan, the Abkhazians from the Soviet 
Union and the Ecuadorians from Vilcabamba. According to Leaf, there were ten 
times more centenarians in these countries than in most Western ones. He pointed 
out that each of these countries was characterised by “poor sanitation, infectious 
diseases, high infant mortality, illiteracy and a lack of modern medical care making 
the inhabitants extreme longevity even more extraordinary” [25]. Some years later, 
Mazess and Forman showed that age exaggeration was predominant in Vilcabamba 
with a large number of the men and women who tended to increase their age to 
improve their social status or to promote local tourism [12]. Later, Leaf acknowl-
edged this conclusion and made a final statement agreeing that no evidence proved 
the unusual ages in the village of Vilcabamba [26]. Moreover, for both Hunzas from 
Pakistan and Abkhazians in Caucasus, there was no documentation validating the 
exceptional alleged age of centenarians.

Since the end of the previous century, demographers have become increasingly 
concerned with the accuracy of longevity claims, given the unprecedented rise in 
very old people in developed countries [9, 17]. An international group of research-
ers developed the International Database on Longevity, aiming to validate cases of 
alleged exceptional longevity around the world. Age misreporting and, more spe-
cifically, age exaggeration must be ruled out [27]. Consequently, more careful 
checks of all documents, interviews and available statistical data have been con-
ducted. This has resulted in a systematic invalidation of all allegedly long-living 
populations worldwide, as most claims of extreme age for their inhabitants appeared 
to be undocumented or exaggerated. Perls et  al. explained, “there are several 
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geographical areas that have claimed inhabitants with extreme longevity”, and 
would be therefore considered as longevity areas, “but after closer examination 
these claims have been found to be false” [28]. He concluded, “such cases of 
extreme longevity required detailed scrutiny because they are so incredibly rare”. 
Young et al. [9] listed various cases of invalidation of extreme ages and false lon-
gevity hot spots.

In addition to the validation rules for individual centenarians, the validation of 
an extreme population longevity requires several specific investigation steps that 
vary depending on the current availability of data sources for each specific popula-
tion. To assess the level of population longevity that is estimated through the aver-
age individual longevity within a given population, data on all births and deaths 
occurring within this population must be collected. The main objectives are to 
ensure a comprehensive collection of birth data a century ago as well as data on 
currently surviving centenarians and data on deaths of centenarians during the last 
decades.

In 1999, following the publication of data showing extreme male longevity in 
Sardinia [29], the scepticism pushed demographers to assess the validity of the 
alleged ages of the oldest olds in Sardinia [30]. Based on a strict validation method, 
the ages of Sardinian centenarians were thoroughly checked and proved correct 
[27]. This validation was based on investigations in the civil registers of births 
from the last two decades of the nineteenth century and the registers of deaths from 
the last two decades of the twentieth century. Considering the marginal annotation 
on death found in the birth registers, all centenarians were identified by place of 
birth.

Surprisingly, the spatial distribution of Sardinian centenarians according to their 
place of birth was far from random. In March 2000, in the course of this validation 
process, an area was identified in the mountains where the proportion of centenari-
ans calculated as previously stated was significantly higher than in the surrounding 
areas (Fig. 4.5a, b) [24]. This area was called the Longevity Blue Zone or shortly 
Blue Zone (BZ). The term BZ was chosen because a blue pen was used in March 
2000 to surround the villages with long-living population on the map of Sardinia. 
Since then, an area where the population characterized by a significantly higher 
level of longevity compared with neighbouring regions is defined as being a BZ, 
provided that the exceptional longevity of people in this population has been fully 
validated. In practice, a BZ is conceptually a rather limited and homogenous geo-
graphical area where the population shares the same lifestyle and environment and 
its longevity has been proved to be exceptionally high [31].

To identify a BZ and to prove the exceptional longevity of its population, it is 
necessary first to validate the individual longevity of people living in the candi-
date area and more precisely to assess accurately the age at death or the extreme 
survival of oldest old. Thereafter, the number of centenarians born in the area 
was reported to the number of newborns in the same area a century earlier. The 
spatial distribution of centenarians by place of birth smoothed by a Gaussian 
method appeared to be fully different from the original one that considered the 
distribution of centenarians by place of residence without considering the 
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variation in the size of the population. The validation process allowed identifying 
an area in the mountainous part of Sardinia with a significantly higher proportion 
of centenarians out of population born in the same place.

The extreme longevity area identified in the mountainous part of Sardinia 
includes a group of 14 villages in the Barbagia and Ogliastra districts, encompass-
ing a population of about 40,000 inhabitants, mainly engaged in pastoral and agri-
cultural activities, and following a relatively traditional lifestyle. This population 
remained isolated for centuries, which contributed to make its gene pool more 
homogeneous and to the preservation of sociocultural and anthropological charac-
teristics throughout its history [32].

In 2004, Dan Buettner, an American journalist, travelled to Sardinia and to 
Okinawa, another BZ [31], and wrote a paper published by National Geographic in 

Fig. 4.5  (a) The spatial 
distribution of surveyed 
centenarians in the AKEA 
project [29]. From [31] 
with permission. (b) The 
first Blue Zone as 
identified thereafter [24]. 
From [31] with permission

a
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November 2005 [33] on these two longevity hot spots. He added the Adventist com-
munity of Loma Linda as example of long-living population on the territory of the 
USA.  Hence, this community cannot be considered as being a BZ sensu stricto 
alongside the concept presented above. Later, following the work initiated by Luis 
Rosero-Bixby [34] in Costa Rica, the Nicoya peninsula was identified as 

b

Fig. 4.5  (continued)
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corresponding to the criteria of BZ and the same was found for the island of Ikaria 
in Greece. On the basis of these scientific investigations, Buettner largely dissemi-
nated the lessons of the BZ [35] and developed public initiatives to transfer these 
lessons to help people to live longer and better in several US communities (see 
www.bluezonesproject.com).

Currently, the populations of each of these four BZ are studied by several 
groups of researchers aiming to trace the determinants of this phenomenon [31]. 
When seeking population longevity determinants, the relevant characteristics or 
behaviours are those shared by a large part of the population. The chance of find-
ing more powerful explanatory variables is increased because many people were 
born and lived in the same place. Thus, they are more likely to share genetic 
makeup. Considering possible explanations, BZ populations live in islands and/or 
mountainous regions; thus, they are geographically and/or historically isolated 
and live in an unpolluted environment. These populations have managed to main-
tain a traditional lifestyle. This implies reduced level of stress, an intense family 
and community support for the elderly and the consumption of locally produced 
food. They are also characterized by an intense physical activity that goes beyond 
80 years; this is in agreement with evidence from studies that support the positive 
association between increased levels of physical activity, exercise participation 
and improved health in older adults [36]. This has probably enhanced the accumu-
lation of factors limiting the conditions that have a negative impact on health in 
Western world. In these populations, the remarkably good state of health during 
ageing could be the result of a delicate balance between the benefits of modernity, 
as the increase in wealth and better medical cares, and those of a traditional life-
style. All these factors could have promoted an ideal environment for the emer-
gence of long-lived phenotypes at the population level. By studying the various 
BZ populations, therefore, identification of the causal factors of longevity might 
be enhanced.

4.8	 �Conclusion

The study of the longevity of the specific populations living in the so-called Blue 
Zones aims at seeking determinants shared by a sizable percentage of people within 
a given population. The determinants of population longevity could be either indi-
vidual characteristics (factors or traits that are associated with individual longevity) 
or contextual factors related to the global environment shared by that population and 
responsible for population longevity. A conventional study centred on individual 
longevity is hardly able to capture these “shared” components peculiar of popula-
tion longevity. The analysis of population longevity should not be viewed as an 
alternative to individual longevity, but it could potentially complement the more 
conventional approaches and facilitate the identification of longevity factors acting 
at the super-individual level.
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5Dietary Inflammatory Index in Ageing 
and Longevity

Luca Falzone, Massimo Libra, and Jerry Polesel

5.1	 �Introduction

Over the last century, several scientific findings in the epidemiological, biochemi-
cal, biological and molecular fields have allowed to identify numerous risk factors 
responsible for the development of various human diseases including metabolic dis-
orders, cardiovascular diseases (CVDs), cancer and chronic degenerative diseases. 
Among these risk factors, a fundamental role is played by ageing, inflammation and 
diet, three interrelated risk factors able to modify the homeostasis of the organism 
leading to the onset of several age-related diseases [1, 2].

Ageing is a natural physiological process due to the loss of cell functions and tis-
sue renewal caused by cell senescence and reduction in the number of stem cells and 
tissue plasticity, respectively [3, 4]. In the last decades, the increase in life expec-
tancy has shown that ageing has led to an increase in the incidence rates of many 
diseases. Behind the increase in the incidence of age-related disorders, there is the 
loss of control mechanisms of different cellular processes including proliferation, 
apoptosis and senescence. In particular, ageing is characterized by the accumulation 
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of genetic mutations mostly due to loss of DNA repair mechanisms, by the loss of 
telomeric sequences, by the inappropriate turnover of proteins, by epigenetic altera-
tions (e.g. altered methylation patterns and de-regulation of microRNAs) and by 
mitochondrial dysfunction [5]. In addition, ageing is associated with alterations of 
inflammatory processes and oxidative stress that determine the increase in molecular 
changes [6]. In particular, the close relationship between inflammation and ageing 
has led the scientific community to define the inflammatory status present in the 
elderly with the term “inflamm-ageing” [7]. Inflamm-ageing is responsible for a con-
stant low-grade chronic and systemic inflammation that deteriorates both cells and 
tissues, leading to the development of age-related pathologies including cancer, 
CVDs and type 2 diabetes (T2DM). All these pathologies share a common inflam-
matory background characterized by high levels of pro-inflammatory cytokines and 
mediators, such as interleukin (IL)-6 and C-reactive protein (CRP) [6].

With ageing, the metabolism of nutrients introduced with diet changes drastically. In 
particular, in recent decades, especially in the most developed countries, there has been 
a drastic increase in the number of overweight and obese people. The major increase 
was mainly observed in the sixth to seventh decades of life, as ageing predisposes to the 
accumulation of visceral fat and consequently to the increase in weight [8]. Through 
biochemical studies, it has been possible to establish that obesity is responsible for a 
mild but chronic inflammation, which represents a constant stress for the body [9].

An excess of macronutrients introduced through the diet determines an increased 
accumulation of body and circulating fatty acids harmful for the organism [10]. 
Consequently, obesity and the excess of circulating fatty acids lead to the stimulation of 
both macrophages and adipocytes with the triggering of different signal transduction 
pathways involved in the pro-inflammatory status [11]. Specifically, in obese subjects, 
there is an evident increase in pro-inflammatory cytokines and a reduction in adiponec-
tin levels that lead to an increase in the production of reactive oxygen species (ROS) and 
a decrease in endothelial nitric oxide [11]. This chronic inflammatory status is called 
metaflammation, defined as “low-grade, chronic inflammation orchestrated by meta-
bolic cells in response to excess nutrients and energy” [12, 13]. Metaflammation is not 
only the result of overweight and obesity, but it also depends on ageing [6]. Both 
metaflammation and inflamm-ageing are responsible for a bivalent cycle where the pro-
inflammatory status induced by metaflammation and inflamm-ageing leads to cellular 
damage and senescence. On the other hand, senescent cells produce several growth fac-
tors, proteases, chemokines and pro-inflammatory cytokines that worsen the chronic 
inflammatory status, creating a vicious circle that, in the long period, determines the 
occurrence of different pathological conditions including age-related diseases [14]. In 
fact, the molecular pathways altered in both diet- and obesity-induced metaflammation 
and inflamm-ageing are signal transduction pathways whose alterations are associated 
with an increased risk of development of age-related diseases [15, 16].

In addition, both ageing and inflammation are sensitive to several environmental 
factors, among which diet represents the most powerful regulating determinant 
[17]. In particular, the diet, especially the individual foods that compose the diet, is 
able to change the body’s response to pro-inflammatory stimuli and to limit or 
change the ageing process [18].

For this purpose, in order to quantify the impact of specific food regimes on the 
inflammatory profile of the individual, a meter of the pro-inflammatory and 
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anti-inflammatory power of foods, called “Dietary Inflammatory Index” (DII), has 
been developed [19].

Foods, through their inflammatory power, are able to modify cellular homeostasis 
and consequently different cellular processes including proliferation, apoptosis and 
senescence. There are numerous studies demonstrating how diet can play a funda-
mental role in ageing and anti-ageing, counteracting the formation of a pro-
inflammatory cellular environment [20]. Indeed, whilst foods with a high inflammatory 
index lead to senescence and oxidative stress harmful to cells, it is true that foods with 
a low inflammatory index and functional foods can reduce oxidative stress thanks to 
antioxidants introduced with the diet, i.e. nutraceuticals (Chap. 11), which are very 
effective in counteracting both ageing and the onset of age-related diseases [21, 22].

More in detail, a diet characterized by foods with a high DII is responsible for the 
production of several cytokines able to negatively stimulate epithelial cells for the 
production of ROS and to induce the activation of the signalling pathway responsible 
for the decision of the cell fate [23, 24]. Moreover, a diet with a high DII triggers the 
production of multiple secreted inflammatory cytokines, their cognate receptors and 
positive-feedback loops with corresponding transcription factors as key mediators of 
cell senescence [25]. All these molecular alterations result in the accumulation of 
DNA damages that, in turn, induce the activation of the NF-κB signalling pathway, 
resulting in the cell cycle arrest and the induction of a senescent phenotype [25, 26].

In the following paragraphs, it is emphasized how the DII has allowed to accurately 
establish the relative risk of developing cardiovascular, metabolic and oncological dis-
eases, taking into consideration not only the inflammatory power of food but also the 
pathogenetic role of ageing in favouring the development of these pathologies. It is also 
be analysed how dietary habits affect ageing and longevity processes of individuals and 
how the DII can be used as a tool to measure the anti-ageing potential of diet.

5.2	 �The Dietary Inflammatory Index

The DII is a literature-derived tool developed to have a comprehensive evaluation of 
the inflammatory potential of diet [19]. The DII has been validated in a variety of 
longitudinal and cross-sectional studies using various inflammatory markers includ-
ing CRP, IL-6 and tumour necrosis factor-α [19, 27, 28].

Briefly, DII is based on a literature review of the association between dietary hab-
its and inflammatory biomarkers, which identified and scored 45 foods or nutrients 
derived from usual diets [19, 29]. An inflammatory effect score was available for 
each food parameter, ranked according to inflammatory potential in anti-inflammatory 
(negative scores) and pro-inflammatory (positive scores) food parameters. Table 5.1 
reports some examples of anti- and pro-inflammatory foods and nutrients included in 
the DII calculation, as originally reported by Shivappa and colleagues [19]. A per-
son’s usual intake of each food parameter is weighted according to its inflammatory 
effect score and then summed to produce the overall DII. DII score increases with 
increasing inflammatory potential of diet, with negative values indicating anti-
inflammatory diets and positive ones indicating pro-inflammatory diets.

Although originally developed to identify the inflammatory potential of diet [9, 
29], the DII has the additional property to indicate a general nutritional quality of diet. 
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Indeed, several studies reported a positive association between anti-inflammatory 
diets and adequate intake of nutrients. Results from the Whitehall II cohort study, a 
cohort study of men and women originally employed by the British civil service in 
London-based offices, showed that people taking anti-inflammatory diets reported 
higher intake of fibres, proteins and polyunsaturated fatty acids and lower intake of 
carbohydrates, fats and fatty acids than people with pro-inflammatory diets [30]. 
Similarly, in the ORISCAV-LUX cohort, a cross-sectional study on the prevalence 
of cardiovascular risk factors among the adult population of Luxembourg, aged 
18–69 years, people taking anti-inflammatory diets reported higher intake of vita-
mins and minerals than those taking pro-inflammatory diets [31]. Further, an asso-
ciation between DII and other indicators of healthy diets has been reported [30, 32]. 
In particular, anti-inflammatory scores have been consistently reported in people 
who follow a Mediterranean Diet, whose beneficial effects on healthy ageing and 
longevity are discussed in Chap. 10 [33–35].

Bearing in mind this second DII property, it is of great interest to understand 
how DII varies across age groups, with a particular focus on the elderly. Figure 5.1 
shows DII scores for Italian men and women enrolled in population-based 
studies [35].

Table 5.1  Food and nutrients included in the calculation of the Dietary Inflammatory Index (DII) 
according to their inflammatory potential

Food parameter Unit of measure Inflammatory effect score
Anti-inflammatory food parameters
Garlic G −0.412
Onion G −0.301
Vitamin B6 Mg −0.365
Polyunsaturated fatty acids G −0.337
Fibre G −0.663

β-Carotene μg −0.584
Folic acid μg −0.190
Magnesium Mg −0.484
Niacin Mg −0.246
Vitamin A RE −0.401
Vitamin C Mg −0.424
Vitamin D μg −0.446
Vitamin E Mg −0.419
Pro-inflammatory food parameters
Energy Kcal 0.180
Carbohydrate G 0.097
Protein G 0.021
Total fat G 0.298
Saturated fat G 0.373
Cholesterol Mg 0.110
Iron Mg 0.032
Vitamin B12 μg 0.106
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Both genders reported anti-inflammatory diets (i.e. negative DII scores), even if 
DII score in men were consistently lower than that in women. The score starts 
increasing from the age of 55 to 59 years, with a similar trend in both men and 
women. Although some differences emerged across geographic areas, the rising 
trend with age in the elderly was consistent [35]. The increase in the inflammatory 
potential of diet with age could have relevant health implication: in addition to its 
impact on several clinical outcomes, it could indicate a general worsening of diet in 
the elderly. An adequate nutritional status is important to prevent frailty in this vul-
nerable population, thereby the DII score could be a useful tool to identify people 
with inadequate diet who could benefit from nutritional intervention [36].

A pro-inflammatory status has been associated with several conditions that could 
affect the quality of life in the elderly, including depression and osteoporosis. In the 
next paragraphs, we focus on the role of DII in metabolic disorders, CVDs and 
cancer, as well as in healthy ageing and longevity.

5.3	 �DII and Metabolic Disorders

The metabolic syndrome is a complex disorder defined as a cluster of at least three 
risk factors among abdominal obesity, glucose intolerance, high blood pressure, 
high triglyceride levels and low high-density lipoprotein cholesterol levels [37]. 
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Current evidence on the association between DII and metabolic syndrome is sum-
marized in Table 5.2.

All studies but one were conducted in middle-aged individuals, reporting incon-
sistent results [44]. Two cohort studies reported a mild positive association, with an 
increased risk of metabolic syndrome in people with pro-inflammatory diets, 
whereas the SUN Project (“Seguimiento Universidad de Navarra” [University of 
Navarra Follow-up] Project is a dynamic prospective cohort study, conducted in 
Spain with university graduates since December 1999) found no association [44–
46]. However, the younger age of patients in the SUN Project could have limited the 
capability to detect the effect of dietary indexes on the incidence of chronic diseases 
that are strongly related to age. Evidence from case–control studies generally indi-
cates the lack of any association between DII and metabolic syndrome. Only one 
Korean case–control study found a significant association in both women 
(RR = 1.67; 95% CI: 1.15–2.44) and men (RR = 1.40; 95% CI: 1.06–1.85) [47]. 
Further, a cross-sectional study in overweight and sedentary individuals indicates a 
positive association between a metabolic syndrome score and pro-inflammatory 
diets [48].

Hyperglycaemia plays an important role in the definition of metabolic syndrome, 
and it has relevant implication on individual health. Generally, pro-inflammatory 
diets are associated with hyperglycaemia [45–47, 49, 50]. In particular, in the 
Mexico City Diabetes Mellitus Survey, a cross-sectional probabilistic population-
based survey, individuals in the highest quintile of DII have a threefold higher risk 
of type 2 diabetes mellitus (95% CI: 1.39–6.58) than people in the lowest DII quin-
tile [51]; this association was much stronger among people aged ≥55  years 
(OR = 9.8; 95% CI: 3.8–25.5) than among younger individuals. This result is in 
agreement with a previous case–control study in Iran, which reported an elevated 
risk of prediabetes (OR = 18.9; 95% CI: 7.0–50.8) in people taking pro-inflammatory 
diets [52]. In addition to the possible enhancement of insulin resistance in pro-
inflammatory diets, elevated DII scores could identify diets rich in foods such as 
refined cereals, soft drinks, and red and processed meat associated with the onset of 
T2DM [51].

Table 5.2  Relative risk (RR) and corresponding 95% confidence interval (CI) of metabolic syn-
drome for the highest versus the lowest category of DII score

Study Study type Country Mean age RR (95% CI)
NHANES [38] Cohort USA 46 years 1.23 (1.07–1.41)
SU.VI.MAX [39] Cohort France 49 years 1.39 (1.01–1.92)
SUN [40] Cohort Spain 35 years 0.86 (0.60–1.23)
KNHANES [28] Case–control Korea 41 years 1.67 (1.15–2.44)a

1.40 (1.06–1.85)b

CUADHS [41] Case–control China 50 years 1.02 (0.75–1.40)
PONS [42] Case–control Poland 56 years 0.96 (0.77–1.19)
BCOPS [43] Case–control USA 42 years 0.87 (0.46–1.63)

aPostmenopausal women
bMen
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5.4	 �DII and Cardiovascular Diseases

The association between DII and CVDs has been investigated in several longitudi-
nal studies on unselected populations (Table 5.3), generally reporting a moderate 
association. People taking pro-inflammatory diets reported an increased risk of 
CVD onset ranging from 3 to 103% compared with those taking anti-inflammatory 
diets. A similar risk was found for CVD mortality, with excess risk among people 
taking pro-inflammatory diets, ranging from 9 to 102%.

A few studies were conducted in the elderly. Only one study was specifically 
focused on women aged 70 years or older (mean age: 75 years) who were origi-
nally enrolled in the Calcium Intake Fracture Outcome Study [40]. Although this 
trial failed to demonstrate an effect of calcium supplementation on carotid ath-
erosclerosis, it provided important information of dietary habits and CVD risk. 
In particular, pro-inflammatory diets were associated with increased mortality for 
atherosclerotic vascular disease (HR = 2.02; 95% CI: 1.30–3.13), ischaemic heart 
disease (HR = 2.51; 95% CI: 1.37–4.62) and possibly with cerebrovascular disease 
(HR = 1.76; 95% confidence interval 0.92–3.40). Three other studies enrolled partic-
ipants with a mean age above 60 years. The PREDIMED Study, a Spanish long-term 
nutritional intervention study aimed at assessing the efficacy of the Mediterranean 
Diet in the primary prevention of cardiovascular disease, was a randomized trial 
enrolling men aged 55–80 years and women aged 60–80 years [39]. After a 5-year 
follow-up, a significant increase in CVD risk of 73% was observed in people fol-
lowing pro-inflammatory diets. This effect was consistent across dietary interven-
tion arms. Two longitudinal studies investigated CVD mortality in women. In the 

Table 5.3  Hazard ratio (HR) and corresponding 95% confidence interval (CI) of cardiovascular 
incidence and mortality for highest versus lowest category of DII score

Cohort Country Mean age Mean follow-up HR (95% CI)
Incidence
MONICA/KORA [44] Germany 55 years 23 years 1.53 (0.93–2.53)
ALSWH [45] Australia 52 years 11 years 1.03 (0.76–1.42)
SU.VI.MAX [46] France 49 years 11 years 1.15 (0.79–1.68)
GOS [47] Australia N.A. 5 years 2.00 (1.01–3.96)
SUN [48] Spain 38 years 9 years 2.03 (1.06–3.88)
PREDIMED [35] Spain 67 years 4 years 1.73 (1.15–2.60)
Mortality
MCCS [16] Australia 55 years 19 years 1.16 (1.01–1.33)
MEC [49] US men 59 years 18 years 1.13 (1.03–1.23)

US women 1.29 (1.17–1.42)
MONICA/KORA [44] Germany 55 years 23 years 1.19 (0.76–1.86)
Whitehall II [12] England N.A. 22 years 1.46 (1.00–2.13)
CIFOS RCT [34] Australia 75 years 13 years 2.02 (1.30–3.13)
NHANES III [50] USA 47 years 14 years 1.46 (1.18–1.81)
IWHS [36] USA 61 years 21 years 1.09 (1.01–1.18)
SMC [37] Sweden 61 years 15 years 1.26 (0.93–1.70)
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Iowa Women’s Health Study designed to examine the effect of host, dietary and life-
style factors on the incidence of cancer among postmenopausal women, a moderate 
association emerged between CVD mortality and DII score after adjustment for 
potential confounders [38]. Conversely, in the participants in the population-based 
Swedish Mammography Cohort, the association between DII and CVD mortality 
was no longer significant after adjustment for overweight/obesity, tobacco smoking 
and alcohol drinking [53].

Studies on different cardiovascular endpoints showed a consistent result. A 
recent meta-analysis of case–control and cohort studies revealed an increased risk 
of myocardial infarction in people with pro-inflammatory diets compared with 
those with anti-inflammatory diets (RR = 1.43; 95% CI: 1.09–1.89) [41]. Although 
not significant, the relative risks in people with elevated DII were still indicative of 
an excess risk for ischaemic/coronary heart disease (RR = 1.18; 95% CI: 0.89–1.58) 
and stroke (RR = 1.10; 95% CI: 0.60–2.00).

In summary, pro-inflammatory diets are associated with CVD incidence and 
mortality in both adults and the elderly. Therefore, the promotion of anti-inflammatory 
diets rich in vegetable, fish and cereals consumption may help to reduce CVD inci-
dence, improving healthy ageing.

5.5	 �DII and Cancer

Several studies have shown that besides the well-known genetic and molecular 
alterations responsible for neoplastic transformation, also microenvironmental per-
turbations of the inflammatory status may lead to the accumulation of genetic dam-
ages responsible for malignant transformation of cells and to tumour progression 
[42, 43, 54]. A pro-inflammatory microenvironment, characterized by high concen-
trations of several pro-inflammatory cytokines and other mediators, is associated 
with an increased risk of tumour onset due to the inflammation-induced cellular 
stress and damages [55, 56].

However, alongside diet, the regulation of the cancer-related inflammatory status 
depends on other factors including ageing and the alteration of the organism redox 
state [18, 57]. Therefore, it is clear how all these factors may contribute to the for-
mation of a more predisposing pro-inflammatory microenvironment and conse-
quently to the development of cancer.

To date, there is a well-established axis among inflammation, diet, ageing and the 
increased risk of cancer, although the molecular basis of this multifactorial interac-
tion has not yet been fully elucidated [58].

In the context of the diet-related pathogenesis of cancer, both quantitative and 
qualitative characteristics of nutrients play key roles in the development of a pro-
inflammatory carcinogenic environment [59, 60]. Diet positively and negatively 
influences the incidence, natural progression and therapeutic response of several 
cancer types through the modulation of chronic inflammation [61, 62]. In particular, 
epidemiological studies demonstrate that certain types of cancers are more sensitive 
to disequilibria in food composition, especially when this imbalance characterizes 
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obese people [63]. To date, among the most common malignancies associated with 
obesity or unhealthy dietary habits, more than 13 different types of cancers includ-
ing cancer of the gallbladder, kidney cancer, liver cancer, breast cancer, ovarian 
cancer and thyroid cancer have been recognized [64].

In addition to overweight and obesity, specific foods and nutrients are now con-
sidered as probable or certain carcinogens for humans. The latest foods included in 
the International Agency for Research on Cancer list as probable and certain car-
cinogens for humans are the red and processed meats, respectively [65]. In devel-
oped countries, the diet is generally rich in red meat, high-fat foods, refined grains 
and complex carbohydrates that promote a pro-inflammatory status [66].

Although in the Western Countries there is the highest percentage of overweight 
and obese people, in some areas, especially in those facing the Mediterranean Sea, 
healthy food styles are widespread, first of all being the Mediterranean diet, charac-
terized by the consumption of high quantities of fruit, vegetables and olive oil [67]. 
The Mediterranean diet plays a protective role against various human diseases 
thanks to the various beneficial nutrients of which it is constituted [68]. One of the 
more important features of the Mediterranean diet is to have a low inflammatory 
index and antioxidant effects [33, 69]. Hence, the adoption of Mediterranean diet 
and healthy dietary habits may reduce the risk of cancer development and together 
the detrimental effects of ageing [70, 71].

Thanks to the use of the DII as a parameter for measuring the inflammatory 
potential of foods, several studies have been conducted to evaluate the role of pro-
inflammatory diets on cancer risk. A recent meta-analysis summarized the current 
evidence based on case–control and cohort study [72]. Overall, a positive associa-
tion between pro-inflammatory diets and overall cancer risk was found, with a 
RR = 1.58 (95% CI: 1.45–1.72) for the highest versus the lowest DII category. This 
overall risk estimate should be considered with caution, since it strongly depends on 
the cancer sites included in the original studies. Although a direct association 
emerged for all cancer sites, the risk magnitude was heterogeneous. Indeed, the 
pooled relative risks were 2.74 for oesophageal cancer, 1.57 for ovarian cancer, 1.45 
for prostate cancer, 1.43 for colorectal cancer, 1.33 for breast cancer and 1.32 for 
renal cancer. The association was not significant for lung cancer (RR = 1.27; 95% 
CI: 0.93–1.72). Subgroup analysis by gender and ethnic group did not substantially 
modify study findings. A dose–response analysis generally showed a rising risk of 
cancer with increase DII score [72].

Considering that both DII score (Fig. 5.1) and overall cancer risk increase with 
age, it is compelling to understand whether their association changes according to 
age [73]. Using data from a series of case–control studies in Italy, Accardi et al. 
estimated the association between DII score and several cancer sites according to 
age groups [35]. The changes in DII scores according to age were similar in cancer 
cases and in cancer-free controls, so that the association between DII and relative 
risk for pro-inflammatory diets versus anti-inflammatory diets remained stable 
across age groups for all considered cancers. Indeed, the relative risk could be con-
sidered a magnifier of the baseline risk. Given the higher cancer incidence in the 
elderly, the impact of DII on absolute cancer risk was much higher among them than 
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among middle-aged people [73]. Therefore, dietary intervention to improve healthy, 
anti-inflammatory diets in the elderly could help in reducing the cancer burden in 
this population.

Besides these epidemiological data, several animal models of cancer have also 
shown that the quantity of nutrients and the fasting and feeding cycles play an 
important role in cancer through their effects towards the immune system and the 
tumour microenvironment [60].

All these data suggest that dietary interventions may contribute to the regulation 
of both chronic low-grade metaflammation and inflamm-ageing. Therefore, diet is 
considered to play a key role not only in the pathogenesis and development of 
tumours but also as a possible therapeutic approach. This is based on the administra-
tion of specific foods or active natural compounds extracted from plants or microor-
ganisms, i.e. nutraceuticals and probiotics, with proven antitumour activity or able 
to enhance the efficacy of the several pharmaceutical cancer treatments [74–77]. 
Finally, to date, diet is also considered a fundamental element in anticancer preven-
tion strategies that promotes the adoption of healthy dietary lifestyles [68].

5.6	 �DII and Longevity

Several aspects may have an impact on healthy ageing, including good physical, 
cognitive and mental functioning. Therefore, conditions and lifestyle factors impact-
ing on overall survival and on the incidence of chronic diseases and functional dis-
abilities may be relevant.

Presently, very few studies have investigated the association between DII and 
healthy ageing using a multidimensional approach. Using data from the SU.VI.
MAX, i.e. French Supplémentation en Vitamines et Minéraux Antioxydants study, 
the authors have prospectively evaluated the health status of almost 2800 partici-
pants (mean age at enrolment: 52 years) after a mean follow-up of 13.3 years [17]. 
Healthy ageing during follow-up was defined considering overall perceived health; 
physical and cognitive functioning; incidence of major chronic diseases; limitation 
in daily activities; depression and health-related limitations in social life. People 
having a pro-inflammatory diet at baseline had 15% lower probability to have 
healthy ageing than people with anti-inflammatory diets. Similarly, the Tsurugaya 
Project, a Japanese prospective study on community-dwelling older individuals 
aged 70 years or older (mean age: 75 years), evaluated the incidence of functional 
disabilities using a composite outcome. In this study, elevated DII was associated 
with a 25% increase in risk of developing disabilities during a maximum follow-up 
of 12 years [78].

Further, a Korean study on community-dwelling individuals aged 70–85 years 
investigated DII in relation to frailty [47]. A frailty index was calculated basing on 
five criteria: weight loss, exhaustion, low physical activity, low walking speed and 
low handgrip strength. A higher mean DII score was reported among frail individu-
als than among non-frail ones, with a 68% increase in the risk of frailty (95% CI: 
1.25–2.17) among elderly with pro-inflammatory diets in comparison with 
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anti-inflammatory diets. A similar association was found in a previous analysis of 
the Osteoarthritis Initiative [79]. In this study, frailty was defined according to the 
presence of at least two out of three of the following conditions: (1) weight loss 
≥5%; (2) inability to carry out chair stand and (3) poor strength. During an 8-year 
follow-up, the incidence of frailty was higher in people taking pro-inflammatory 
diets than in those taking anti-inflammatory diets (HR = 1.37; 95% CI: 1.01–1.89).

Dietary habits may affect longevity through the modification of telomere length, 
which is considered a proxy of biological cell ageing [80] (Chap. 8). Chronic 
inflammation is a mechanism involved in telomere shortening; therefore, anti-
inflammatory diets may contribute in slowing down biological ageing [81].

The association between leukocyte telomere length and inflammatory potential 
of diet was first investigated in the PREDIMED-NAVARRA, that is, in a subset of 
participants from the PREDIMED study recruited at NAVARRA centre [82]. The 
authors assessed the dietary inflammatory potential in 520 patients at high risk for 
CVD who underwent a nutritional intervention based on the Mediterranean diet. At 
study enrolment, the DII score was inversely associated with leukocyte telomere 
length at baseline, with an 80% higher risk of shorter telomere (95% CI: 1.03–3.17) 
in pro-inflammatory than in anti-inflammatory diets. More interestingly, pro-
inflammatory diets were also inversely associated with telomere shortening rate 
after 5 years of follow-up: participants who had the greatest increase in DII had 
almost a twofold higher risk (OR = 1.94; 95% CI: 1.10–3.43) to have the highest 
telomere shortening rate.

These results should be considered with caution; although consistent with a ben-
eficial effect of anti-inflammatory diets in slowing down telomere shortening, 
potential selection bias may limit their validity. Indeed, the PREDIMED-NAVARRA 
study was based on a population with several comorbidities (i.e., diabetes, over-
weight/obesity, hypertension and current smoking), which may confound the 
reported association between DII and telomere length. Although no interaction was 
found, there was a tendency for individuals with overweight/obesity or hypertension 
to have shorter telomeres [82].

A subsequent analysis of data from the NHANES study, a programme designed 
to assess the health and nutritional status of children and adults in the United 
States, confirmed an inverse association between DII and telomere length, with 
shorter leukocyte telomeres in people with the most pro-inflammatory DII scores 
[83]. This analysis was conducted on a probabilistic sample of US general popula-
tion of over 7000 individuals aged 18 years or older. Conversely, no such associa-
tion was found in middle-aged Asklepios population, i.e. a community situated on 
both sides of the busy motorway from Brussels to Ghent, with divergent effects in 
men and women [84].

People adherent to Mediterranean diet reported anti-inflammatory scores [34, 
35]; therefore, an indirect support to the association between pro-inflammatory 
diets and telomere shortening may derive from study on Mediterranean diet. 
Although presently scarce, the current evidence confirms an inverse association 
between telomere length and adherence to the Mediterranean diet [85]. This asso-
ciation was not evident for any single Mediterranean diet food, suggesting that the 
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dietary Mediterranean pattern, rather than single foods or nutrients, may be respon-
sible for the beneficial effect on telomere shortening. An Italian study on Caucasian 
elderly reported a similar association between adherence to Mediterranean diet and 
telomere length in people over 70 years of age [86].

Finally, in two large prospective Spanish cohorts, the SUN [87] and PREDIMED 
studies [39], a high inflammatory diet, as measured by the DII, was associated with 
higher all-cause mortality. A diet rich in vegetables, fruits, fish, nuts and legumes 
and low in meats, dairy and baked goods, that is, a higher anti-inflammatory DII, is 
therefore likely to reduce many potential causes of premature death, potentially 
favouring the attainment of longevity [88].

5.7	 �Conclusion

The complexity of the ageing and longevity phenomena and their regulatory ele-
ments is progressively being revealed thanks to the multidisciplinary studies carried 
out in recent years in this field. The predominant role of inflammation in these 
physiological processes has made possible to understand how the accurate regula-
tion of the inflammatory status is responsible for the development of different path-
ological processes, shifting the interest of researchers on the factors able to change 
inflammatory status. As described in this chapter, several studies have shown that 
diet is one of the most effective regulators of inflammatory processes by identifying 
specific pro-inflammatory and anti-inflammatory dietary habits associated with dif-
ferent pathologies or their treatment. An important turning point in the study of 
diet-associated diseases was the definition of the DII, which allows to quantify the 
pro- or anti-inflammatory power of a specific food. After the introduction of the DII, 
it is possible to identify dietary regimens associated with an increased risk of meta-
bolic disorders, CVDs and cancer and reciprocally healthy ageing and longevity. It 
is becoming clear that the comprehensive study of inflammation, diet, ageing and 
longevity and the understanding of the relationships between these four elements 
can provide useful information to predict the risk of occurrence of specific diseases. 
This will be helpful to develop a new preventive and therapeutic approach based on 
the modulation of diet, thereby enhancing the possibility to achieve healthy ageing 
and longevity.
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6Genetic Signatures of Centenarians

Francesco Villa, Anna Ferrario, 
and Annibale Alessandro Puca

6.1	 �Exceptional Longevity Is an Inherited Phenotype

Centenarians are individuals who live almost 50 years more than their cohort; if we 
consider that at the beginning of the twentieth century, life expectancy was around 
50 years [1]. They delay or escape from the diseases of ageing, which are mostly 
cardiovascular. Exceptional longevity is a complex phenotype conditioned by 
many factors that, in some way, perturb organism during the whole life. Physical 
activity, pollution, diet, chronic stress, psychological disorders and smoking are 
the major external factors that influence the ageing process. However, all these 
players act with different impact on different individuals because of the unique 
genetic background that strongly characterizes people’s attitude to live longer and 
healthier. Many studies, indeed, showed that human genome hides the secrets to 
face successfully the age-related diseases or to escape them, living the old age in 
healthy condition. Indeed, one study showed that exceptional longevity phenotype 
runs in family, calculating that the probability to find such clusters by chance is 
less than 1 in a billion [2, 3]. Then, the relative risk of becoming a centenarian for 
a centenarian sibling was several folds higher than that in the general population, 
and the mortality across the different ages was one half. Furthermore, offspring of 
centenarians have reduced mortality and are less exposed to cardiovascular dis-
eases [1, 3].
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6.2	 �Case–Control Candidate Gene Approach

The case–control study is a retrospective analysis that starts from two different 
groups: one with a disease/outcome and one without it. The aim of the study is the 
assessment of the presence of significant difference in the rate of exposure to a given 
risk factor between the two groups.

It was initially adopted to investigate the hypothesis of a possible involvement of 
genes based on the a priori knowledge of their physiological, biological or bio-
chemical function (candidate gene approach).

The complexity of the ageing process is determined by the participation of 
several factors, either external intervention, such as diet and lifestyle that inter-
fere with epigenetic mechanisms, [1] or genetic variations (single nucleotide 
polymorphisms or SNPs, deletions, duplications, etc.) that affect players involved 
in important biological pathways. The candidate gene approach, speculating on 
the involvement of specific genes, aims to identify the possible causative variants 
that impact their function. Examples of this approach is the test of genetic vari-
ants in genes involved in lipid metabolism (apolipoprotein E or APOE, apolipo-
protein B or APOB), insulin signalling (Forkhead box O3A or FOXO3A), 
immunology (Toll-like receptor 4 or TLR4), radical stress buffering (Paraoxonase 
1 or PON1), ion trafficking [4–7]. After many attempts and associations pub-
lished on the many candidate genes tested, only few variants have been consis-
tently associated with exceptional longevity due to inconsistent replication 
observed in independent cohorts. There are a lot of reasons for replication failure 
including lack of statistical power, the generation of false positives due to popu-
lation stratification, differences in adopted criteria for inclusion among studies 
and different genetic background and environmental factors among analysed 
populations [2]. In detail, a result is reliable if supported by an adequate number 
of study participants that is calculated based on the number of hypothesis tested 
and on the frequency of the genetic variant analysed. Indeed, more hypothesis 
and rare variants require larger populations then one hypothesis and a common 
variant [2]. Furthermore, if we compare affected individuals (case) with unaf-
fected individuals (controls) who are not balanced in terms of genetic back-
ground, the observed skewing is probably due to the differences in frequency 
unrelated to the phenotype but depending on the genetic background, the so-
called genetic admixture. This is now clear, thanks to the massive genotyping 
(SNP array and whole genome sequencing) that allows to reduce the genetic 
admixture through a genetic component analysis aimed to exclude possible 
genetic outliers [8]. Another important aspect is the age and gender of the popu-
lations recruited for the study. Some studies adopted very relaxed threshold for 
inclusion criteria, such as age. A 95-year-old male is not equivalent to a 95-year-
old female, being that males live 5 years less than females on average, so age 
inclusion criteria must differ between males and females, especially if relaxed 
threshold is used. The lack of such differentiation has generated different demo-
graphic pressures, i.e., the difficulties encountered during a life that allow some 
to survive if carrier of a protective genetic background, with males more selected 
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by a more severe age cut-off than females if the same age is adopted. Indeed, 
there are gender-specific associations in male, as for FOXO3A in the Southern 
Italian Centenarian Study (SICS) [9]. Finally, the demographic pressure can 
change based on different environments. Let us think about altitude, for example. 
People exposed to altitudes will survive better if carriers of polymorphisms, 
affecting the ability to adapt to low oxygen levels, and this could not be true for 
people who live by the sea. Notably, most of the long-living individuals of the 
SICS, enrolled in the Italian region of Cilento, live on the mountains (personal 
communication by Dr. Giuseppina Arcaro). Another example of the environ-
ment’s importance could be the presence of epidemic infectious diseases, making 
the efficiency of the immunological system crucial for survival. So, comparison 
of different studies is also very challenging, as shown by the different meta-
analyses performed (see below).

Thus, of the many genes tested, only ApoE and FOXO3A survived to association 
in independent populations. ApoE is the principal cholesterol carrier that drives 
lipid transport and injury repair in the brain. The ApoE gene is polymorphic, and the 
study of Garatachea et al. [10], focused on the three most common alleles ε2, ε3, 
and ε4, showed that extreme longevity was negatively associated with ε4 allele car-
riage, while the presence of the ε2/ε3 genotype was positively associated with it. 
ApoE ε4 is correlated with increased risk of developing age-related diseases such as 
cardiovascular disease and Alzheimer’s disease. Indeed, ApoE knockout mice 
develops atherosclerosis if fed with a high-fat diet, further strengthening that genes 
involved in the homeostasis of vascular system could be a potential candidate for 
genetic association studies in exceptional longevity.

The FOXO3A rs2802292 is another variant found associated with exceptional 
longevity across many populations (but not all) though the polymorphism has not a 
clear function. Nevertheless, FOXO3A is part of the longevity pathway IGF1/PI3K/
PDK1/AKT/FOXO and has an important role as ‘gatekeeper’ by balancing the cell 
response to oxidative stress and nutrient availability. The polymorphism may 
improve the ability of FOXO3A in fighting oxidative stress by enhancing its inter-
connections with up- and downstream molecular partners. This axis is conserved 
and associated with longevity in different species from worms to humans [11]. 
Many aspects of cellular homeostasis, survival, proliferation and oxidative stress 
response are regulated by this pathway [12].

Recently, a study conducted in collaboration with University of Palermo and 
Medical University of South Carolina [13] showed that GM3 allotype, that is one of 
the hereditary antigenic determinants expressed on immunoglobulin polypeptide 
heavy chains of IgG1, is overrepresented in a subset of long-living individuals 
(LLIs) enrolled in the SICS, assessing the role of the genetic component of immune 
response players in longevity. The GM3 allotype replaces the lysine of the GM17 
with an arginine in the Constant Heavy 1 (CH1) region. The study was conducted 
using sequencing technology (see below) on a relatively small number of samples, 
and it needs to be replicated, but it is the first report indicating GM allotypes among 
genetic signatures of the centenarian trait. Notably, this locus is not covered by 
commercial SNP arrays (see below).
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6.3	 �Case–Control Studies Without A Priori Hypothesis 
(Non-hypothesis Driven)

An initial use of the case–control study design to interrogate genes without a priori 
hypothesis based on the gene function was run by Geesaman et al. [14] who reported 
a discovery of SNPs in the 4q25 chromosome locus interrogated under a case–con-
trol study design that was a follow-up of the genome-wide linkage scan on more 
than 300 familial extremely long-lived [15]. A haplotype block map (see below) 
was built on the entire region based on the polymorphisms that were found and the 
association study performed on these haplotypes revealed a polymorphism in the 
promoter of microsomal transfer protein (MTP) gene, already described as a gene 
expression modulator, as a modifier of human lifespan. MTP is a lipid transfer pro-
tein required for the assembly and secretion of lipoprotein and is directly involved 
in the packaging of chylomicrons composed of ApoB and triglycerides. MTP is 
involved in a rate-limiting step in lipid metabolism and thus correlated with human 
longevity: coronary artery disease and other vasculopathies are attributed to adverse 
lipid profile and a variant that impacts the function of lipid metabolism could affect 
human lifespan. MTP was not replicated in other studies, but a possible explanation 
was generated by the group of Nir Barzilai, which showed a buffering effect by 
other variants, that is, other polymorphisms could influence the protective effects of 
an allele [16].

Thanks to the availability of platforms able to interrogate hundreds of thousands 
of SNPs by hybridizing genomic DNA on a chip array, association studies could be 
done at the genomic level without peaking a candidate gene. By doing so, case–con-
trol studies at the genome level (genome-wide association studies or GWAS) gener-
ated an enormous amount of data on almost all the variants that characterize almost 
all the human genes. Indeed, it was clear that by analysing a smaller number of 
SNPs, a much broader number of variants are interrogated thanks to the linkage 
disequilibrium, that is, most of the SNPs were inherited together with a small level 
of independence, the haplotype blocks [17, 18]. Thus, millions of SNPs could be 
analysed by interrogating few hundreds of thousands of them across the genome 
and then associated with the phenotype of interest.

While GWAS are hypothesis-free attempts, they generate an enormous number 
of tests, reducing the power of the study and forcing to adopt very low levels of 
threshold of significance (p < 10−8).

GWAS on exceptional longevity produced important discoveries on the role of 
genetic risk factors for diseases of ageing. Indeed, many variations have been identi-
fied, but only few are involved in age-related diseases. The association of APOE that 
emerged from the vast majority of studies is a remarkable example. The analysed 
cohort in replication studies, which are mandatory to confirm or discard a genetic 
association, is not homogeneous, differing in terms of gender and age of the 
individuals.

Among the recent studies, Sebastiani et al. in 2012 published a study run on a 
discovery cohort of more than 800 centenarians and 900 genetically matched con-
trols and two replication cohorts for an additional 300 centenarians and 3200 
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controls. Using a 370k chip of Illumina, Sebastiani and colleagues generated a list 
of SNPs potentially associated with exceptional longevity and used the most infor-
mative SNPs to build signatures that were able to predict the survival and mortality 
of the carriers [19]. In particular, the study revealed the presence of different clus-
ters in populations with similar genetic characteristics. Using a Bayesian classifica-
tion model, that is, a statistical classification based on the Bayes’ theorem that can 
predict the probability that an object belongs to a particular subset, 281 SNPs, of 
which 131 sited in 130 genes, have been identified as potentially associated with 
extreme longevity trait. Only few of them are in genes that have been previously 
associated with longevity in other studies. One of them is Lamin A/C gene (LMNA) 
that is known for its role in Hutchinson-Gilford progeria syndrome (HGPS), which 
causes a severe form of premature ageing due to the intracellular accumulation of 
mutated protein that, in turn, causes DNA damages. In an extensive meta-analysis, 
two SNPs, belonging to a conserved four-SNP haplotype, in LMNA have been asso-
ciated with longevity [20]. The Werner Syndrome RecQ Like Helicase gene (WRN), 
responsible for the atherosclerotic progeroid syndrome with the same name, has 
also been associated with longevity through two common variants, which are able 
to lower the degree of coronary artery occlusion [21]. Moreover, superoxide dis-
mutase 2 (SOD2) has been extensively analysed for its role in oxidative stress regu-
lation and has been associated with longevity in a Danish centenarian cohort [22]. 
The SNP with the highest association p-value was found to be rs2075650  in 
APOE.  The 130 genes have been computationally annotated, and the analysis 
showed that 30 of them are associated with Alzheimer disease (AD), 24 with coro-
nary artery disease (CAD), 42 with dementia and 38 with tauopathies in literature 
[19]. Epidemiologically, these results reflect the fact that in LLIs, these pathologies 
are almost absent and the age of onset is extremely delayed [23].

Villa et al., in 2015, published a concordant association in BPIFB4 (rs2070325) 
in three independent populations of long-living individuals. This SNP was part of a 
4-SNP haplotype that codifies for a Longevity Associated Variant of BPIFB4 (LAV-
BPIFB4), a protein that is able to activate endothelial nitric oxide synthase (eNOS) 
through calcium mobilization, protein kinase C alpha (PKCα) activation and the 
recruitment of heat shock protein (HSP) 90 and 14-3-3 scaffold protein [24–26]. It 
is well known that nitric oxide (NO) plays a fundamental role in healthy ageing of 
endothelium, and its impairment is associated with vessel frailty and ageing [27]. 
Therapy with LAV-BPIFB4 induced a reduction in blood pressure in hypertensive 
rats, a rescue of endothelial dysfunction in old mice and revascularization in a 
murine model of limb ischemia [24]. Furthermore, BPIFB4 is more abundant in sera 
of LLIs as compared to young controls and in healthy LLIs as compared to frail 
ones [28]. This was also true at the mRNA level in mononuclear cells (MNCs) of 
LLIs versus young controls, and the up-regulation was concomitant with CXCR4 
mRNA down-regulation and its activation by membrane recruitment [29]. A rare 
variant (RV) of BPIFB4, on the other hand, induced high blood pressure and endo-
thelial dysfunction in mice, which were associated with high blood pressure in 
patients under therapy. It is plausible that the LAV haplotype, which has been 
selected by evolutionary forces, has been the object of a recombination event 
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generating a chimera with only SNPs in positions 3 and 4 of the haplotype mutated 
generating a disadvantageous haplotype [30]. These results underscore the impor-
tance of functional studies to validate genetic association studies.

6.4	 �Meta-Analysis of GWAS

The need for the adequate statistical power in GWAS brought researchers to create 
models of statistical analyses for combining different studies with the aim to enlarge 
analysed populations. A meta-analysis is not just a sum of samples. Each population 
is characterized by many factors that can include important biases for the final 
results. First, the age of the population: studies include groups of different mean 
ages because of either the characteristic of the population or the selected age cut-off. 
This cut-off is not universally set up because of the complexity of the trait that suf-
fers the influx of many stimuli and can be very different between populations. Some 
studies adopted very relaxed age threshold (>90  years), while others were more 
stringent (>100 years). However, in the last 10 years, the majority of the studies 
used cut-off growing from 90 towards 100 years of age.

Another important issue is the genetic admixture of the populations (see above). 
To evaluate the ethnic homogeneity of the sample populations, in addition to the 
genetic component (GC) analysis that allows excluding the outliers from the study, 
allele and genotype frequencies in the absence of other evolutionary influences must 
be in equilibrium. This equilibrium, called Hardy-Weinberg Equilibrium (HWE), 
must be maintained by populations involved in the meta-analysis.

Starting from the above observations, Sebastiani et al. adopted a very stringent 
threshold for age cut-off criteria of inclusion (<1 percentile of their cohort) for a 
meta-analysis of four GWAS [31]. The results, based on a smaller but older set as 
compared to study cohorts adopted, generated new findings including a rare variant 
in chromosome 4q25 on Elongation Of Long Chain Fatty Acids 6 gene (ELOVL6). 
This is of particular interest due to the linkage results already described and the 
ELOVL6 function in modulating palmitoleic acid levels, which have been found to 
be correlated with longevity from worms to humans [32]. Palmitoleic acid is a 
monounsaturated fatty acid (C16:1) that acts as a lipokine, which is secreted and 
improves resistance to contract diabetes [33].

Recently, a comprehensive meta-analysis on longevity has been performed by 
Sebastiani et al. [34] by assembling a collection of 28,297 subjects from 7 different 
studies on long-living people and healthy ageing (see results of APOE above).

6.5	 �Whole Exome Sequencing (WES) and Whole Genome 
Sequencing (WGS)

The first sequencing technology has been developed by Frederick Sanger in the 
1970s, and for this invention, he deserved his second Nobel Prize in chemistry in 
1980. The Sanger sequencing took few decades to improve accuracy and speed up 
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the process, since the arrival of next-generation sequencing (NGS), a new technol-
ogy that allows to perform parallel sequencing with a high speed and low costs. In 
the last decade, costs for genome sequencing became more and more affordable 
(around 1000$ for an entire genome), and now, it is one of the most used techniques 
for unveiling the secrets of DNA.  Different from genetic arrays, the target of 
sequencing analysis is the entire genome and not specific markers. There are two 
main approaches for the analysis of genetic information: WES and WGS. The WES 
approach consists in the sequencing of all the coding regions of the genome, which 
represent around 2% of the entire genome but contain the bigger amount of vari-
ability influencing gene function and disease. The WGS is comprehensive of all the 
genetic information in DNA, i.e., coding and non-coding regions. The latter are 
becoming more and more important in this kind of research because of the presence 
of regulatory and recombination sites.

The availability of this huge amount of data does not correspond to an easier and 
more efficient way to discover genetic variants associated with the phenotype. 
Especially for complex traits, to reach an adequate statistical power, NGS studies 
need very large populations of cases and controls because of the big number of 
genetic variants and because of the rare variants (see above).

Furthermore, data generated by NGS are very complex, and the amount of infor-
mation for each sample is so large that it is difficult to manage without specialized 
bioinformatics personnel. Today, computer algorithms, web databases and artificial 
intelligence are very important tools for the analysis of the output data and for the 
prediction of the impact of genetic variants.

For the reasons mentioned above, very few association studies based on sequenc-
ing technology have been performed. The need of very large populations pushed 
researchers to use the NGS approach together with other phenotypic data.

However, around the world, centenarian populations took part in different studies 
such as the Genome of the Netherlands project, with 250 nuclear families [35, 36], 
or the SardiNIA project, with 1000 individuals [37–39], or the Wellderly study, 
involving 2000 individuals over 85 years of age [40]. The whole genomes of these 
populations have been sequenced to identify different genetic variants and to build 
databank for inter-population analyses.

More in detail, the first whole genome sequencing study on the genetics of 
human longevity has been performed by Sebastiani et al. [41] and it consists in the 
sequencing of 2 supercentenarians: a male and a female aged more than 114 years 
old. Obviously, no statistics have been performed on a such small number of sam-
ples, but the study gave interesting information about the genome of the two indi-
viduals. The female subject did not show to be a carrier of many common variants 
that have been associated with longevity in previous GWAS: only 5 of 16. Moreover, 
her genome showed to have large areas of homozygosity, probably due to inbreed-
ing events among her ancestors, and this indicated that she selected a non-common 
genetic way to slow ageing. On the contrary, the male centenarian showed a larger 
concordance with GWAS carrying 11 of 16 common age-related variants. The sec-
ond WGS study was carried out by Ye et al. [42] and it consisted in the genome 
sequencing of a pair of twins. This unique study did not identify an association with 
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a particular variant, but highlighted the negative role of somatic variant accumula-
tion during ageing and the ability of the analysed twins in limiting this accumula-
tion. In 2014, Gierman et al. [43] sequenced 17 samples, but the study suffered the 
lack of a proper control population. In 2016, Erikson et al. [40] performed the WGS 
of the above-mentioned Wellderly population, which were mostly elderly individu-
als in good health with an age range of 84.2 ± 9.3 years. In summary, the sequencing 
approach, which is currently developing and improving, found very few and not 
always unitary results, with the association with longevity of a variant of Teashirt 
Zinc Finger Homeobox 3 (TSHZ3) gene in the first cohort analysed by Gierman 
group, and of Collagen Type XXV Alpha 1 Chain (COL25A1) gene in the Wellderly 
population. TSHZ3 is a transcription factor that regulates smooth muscle cell dif-
ferentiation and the inhibition of caspase expression correlated with progression of 
Alzheimer’s disease [44]. COL25A1 encodes a brain-specific membrane-associated 
collagen, and its malfunction can be responsible for Alzheimer amyloid plaque for-
mation [45].

6.6	 �Conclusion

As shown in Fig. 6.1, scientists all over the world have been able to move from 
candidate gene studies based on the previous knowledge of the gene function to 
genome-wide fishing expeditions with the potentiality of finding genes whose func-
tion is unknown. The advancement has been possible thanks to the technological 
progress in terms of genome scan, data storage and statistical analysis. Despite the 
improvement made in controlling for stratification, the differences among studies in 
terms of environment of the population adopted and the criteria of inclusion have 
made difficult the replication of most of the findings. Still, elegant studies have 
made possible the identification of genetic signature that discriminate the morbidity 
and survival of individual carriers.
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7Epigenetics and Ageing

Dina Bellizzi, Francesco Guarasci, Francesca Iannone, 
Giuseppe Passarino, and Giuseppina Rose

7.1	 �DNA Methylation

DNA methylation represents the most prevalent epigenetic modification in all king-
doms of life and comprises a covalent transfer of methyl group to the aromatic ring 
of the DNA nitrogenous base [1–3].

C5-methylcytosine (5-mC) is the canonical methylated base in eukaryotes, 
N6-methyladenosine (m6A) is the dominant modification in bacteria, meanwhile 
N4-methylcytosine (4-mC) is very common in bacteria but absent in mammals. 
Albeit it has also been hypothesized, the presence of 6mA in eukaryotic genomes 
and its minimal levels are detectable only by highly sensitive methods [4–7].

In vertebrates, methylation mostly occurs at the cytosines followed by guanine 
residues (CpG methylation), although recent data report the presence of methylation 
in embryonic stem cells and neurons at sites other than CpGs (non-CpG methyla-
tion), mainly in CpA context, likely regulating cell type-specific functions [8–10].

Notably, methylated CpGs are predominantly located into intergenic and intronic 
CpG-poor regions and repetitive sequences, such as interspersed and tandem 
repeats, most of which are derived from transposable elements. Unmethylated CpG 
dinucleotides are, instead, concentrated in CpG-rich regions, termed CpG islands 
(CGIs),which are, on average, 1000 base pairs long and show an elevated G + C 
base composition and little CpG depletion [11–14]. Approximately, CpG islands 
have been demonstrated to be associated with 70% of the annotated gene promoters, 
including all housekeeping genes, a number of tissue-specific genes and develop-
mental regulator genes [14–20].
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Methylation patterns come from the activity of enzymes belonging to the family 
of DNA methyltransferases (DNMTs), which transfer a methyl group from 
S-adenosyl-l-methionine (SAM) to deoxycytosine. In particular, DNMT1 is 
involved in the maintenance of DNA methylation during cell division by acting on 
hemi-methylated CpG sequences, and DNMT3a and 3b are both responsible of the 
de novo establishment of DNA methylation [21–23].

The dynamic regulation of the genome is determined by the balance between 
the events of DNA methylation and demethylation. The latter process includes 
both the loss of 5mC during the replication (passive demethylation), induced by 
downregulation of DNMT enzymes, inhibition of their activity or decreased levels 
of SAM, and the active removal of 5-mC (active demethylation) resulting in the 
formation of 5-hydroxymethylcytosine (5-hmC), considered to date the sixth base 
of DNA and a novel epigenetic mark [24–27]. Recently, Penn et al. discovered for 
the first time in mouse and frog brain that the presence of 5-hmC has been reported 
in different tissues and cells and considered as an intermediate of the oxidation of 
5-mC by ten-eleven translocation (TET)-family of methyl-cytosine dioxygenases 
[28–35].

The earliest observations of the DNA methylation function date back to trans-
fection experiments and microinjections of methylated sequences, demonstrating 
that it induces gene silencing and that, in cultured cell lines, silent genes can be 
activated following the treatment with the demethylating agent 5-azacytidine 
[36–42].

Genome-wide studies of methylome have highlighted that methylation patterns 
are cell-type specific and that their effects are influenced by the position of methyl-
ated cytosines: if located adjacent to transcription factor binding sites, they block 
initiation, through either recruiting specific factors acting as gene expression repres-
sors or inhibiting the binding of activators, meanwhile in body gene, they may either 
stimulate transcription elongation, thus hypothesizing a their role on splicing, or 
impede the alternative promoters activation [20, 43–48]. Methylation in repeat 
regions such as centromeres is important for chromosomal stability, for example 
chromosome segregation at mitosis, and is also likely involved in the suppression of 
the expression of transposable elements and thus to have a role in genome stability. 
Recently, the role of methylation in altering the activities of enhancers, insulators 
and other regulatory regions has been described. CpG island methylation of the 
transcription start sites is associated with long-term silencing, for example chromo-
some X inactivation, imprinting, genes expressed predominantly in germ cells and 
some tissue-specific genes [14, 49, 50].

Moreover, a more complex epigenetic landscape is emerging, as demonstrated 
by the role played by the mitochondrial genome (mtDNA) in regulating intracellular 
DNA methylation as well as by the evidence reporting that, similar to nuclear 
genome, mtDNA is also subject to CpG, non-CpG methylation and hydroxymethyl-
ation, all events strongly influenced by environmental factors, nutrition and drugs 
[51–55].
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7.2	 �Histone Modifications

In eukaryotes, DNA molecule is structured in chromatin, a higher-order nucleopro-
tein complex where the basic unit is the nucleosome containing 147 base pairs of 
DNA wrapped around an octamer of two of each core histone protein (H2A, H2B, 
H3 and H4). Each nucleosome is linked to the next by small segments of linker 
DNA and the binding of histone H1 to both this linker and each nucleosome stabi-
lizes the polynucleosome fibre [50, 56, 57].

The structure of the chromatin may be altered in its constituents, and this altera-
tion is fundamental in the regulation of gene expression since it determines the 
accessibility and the recruitment of regulatory factors [50, 58–60].

Histones undergo several epigenetic post-translational modifications, also 
referred to as histone marks, including lysine acetylation, methylation, ubiquitina-
tion and sumoylation, arginine methylation, serine and threonine phosphorylation, 
glutamate ADP-ribosylation and proline isomerization [50, 60–62]. The modifica-
tion status of histone is modulated by enzymes with specific catalytic activities: 
histone modifying (writers), which catalyse the transfer of chemical groups to 
amino acid residues on histones, recognition enzymes (readers), which interpret 
modification signals, and de-modifying enzymes (erases), which remove the modi-
fications [63–65].

Histone modifications not only have a functional role by merely being there but, 
by recruiting remodelling ATP-dependent enzymes, regulate chromatin compaction 
and nucleosome dynamics, thereby controlling various DNA-templated processes, 
such as gene transcription, DNA replication, DNA recombination, and DNA repair 
which contribute to basic cellular functions, including cell cycle, cell growth and 
apoptosis [65–68]. Specific histone modification patterns correlate with chromatin 
elements, and maps of the modifications along a chromosome can be predictive of 
both eu- and hetero-chromatin and transcriptional activity. For example, trimethyl-
ated histone 3 on lysine 9 (H3K9) modification appears to localize largely to hetero-
chromatin, whereas acetylated H3K9 and histone 3 on lysine 16 (H3K16) are often 
found within euchromatic sites [62, 69–72].

The most well-characterized histone modifications are acetylation and methyla-
tion. Histone acetylation is considered a central switch that allows interconversion 
between permissive and repressive chromatin domains in terms of transcriptional 
activity through the addition and removal of acetyl groups from acetyl-CoA to 
lysine residues by histone acetyltransferases (HATs), including GNAT (Gcn5-
related N-acetyltransferase) superfamily, MYST (named after its founding members 
monocytic leukaemia zinc-finger [MOZ], Ybf2/Sas3, Sas2 and Tip60), p300/CBP 
(p300/CREB-binding protein) and TFIII C (transcription factor III C) families and 
histone deacetylases (HDACs), such as the Sirtuin family [73–78].

Histone methylation comprises the addition of methyl groups on lysine, cata-
lysed by histone methyltransferases (HMTs), or on arginine residues, catalysed by 
protein arginine methyltransferases (PRMTs), in one of three different forms: 
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mono-, di- or trimethyl for lysines and mono- or dimethyl for arginines [79–82]. 
The methylation of both residues has been described to be associated with gene 
activation, for example histone H3 lysine 4 (H3K4), histone H3 lysine 36 (H3K36), 
histone H3 lysine 79 (H3K79), histone 4 arginine 3 (H4R3), histone 4 arginine 17 
(H3R17) or repression, including histone H3 lysine 9 (H3K9), histone H3 lysine 27 
(H3K27), histone H4 lysine 20 (H4K20), and histone 3 arginine 8 (H3R8) [66, 79, 
83]. Histone demethylases have also been identified, such as LSD1 demethylates 
H3K4 and H3K9 thus repressing the transcription or JHDM family members 
demethylate H3K9 and H3K36 [68, 84–86].

Recent findings showed that a cross-talk between DNA methylation and histone 
modification occurs, mostly mediated by a group of proteins with methyl DNA 
binding activity, including methyl CpG binding protein 2 (MeCP2), methyl-CpG 
binding domain protein 1 and ZBTB 33 (zinc finger and BTB domain containing 
protein 33) which localize to DNA-methylated promoters and recruit a protein com-
plex that contains histone deacetylases (HDACs) and histone methyltransferases. 
For example, the lysine methylation that contributes to reversible regulation of gene 
expression in several cellular processes often contrasts with stable gene inactivation 
by DNA methylation [87–91].

7.3	 �Non-coding RNAs

The last decade has been characterized by a growing interest for non-coding RNAs 
because of their potential role in several biological processes. There are several 
types of non-coding RNAs such as small nuclear RNA (snRNA), long non-coding 
RNA (lncRNA), silencing RNA (siRNA) and microRNA (miRNA) [92].

The latter, in particular, have been extensively studied for their role in regulating 
the expression of a wide array of genes. miRNAs are small non-coding single-
stranded RNAs, approximately 21–25 nucleotides long, highly conserved. They 
may regulate gene expression binding to their complementary messenger RNAs 
(mRNAs) and preventing the production of the corresponding protein.

Two independent groups of researchers, Lee et al. and Wightman et al., first dis-
covered miRNAs in Caenorhabditis elegans in 1993, resulting in significant break-
throughs in genetics research. They observed that lin-4 mRNA was not translated 
into a protein, but it gave rise to two small RNAs, 21 and 61 nucleotides, respec-
tively, long. The 61-nucleotide RNA was the precursor for the shorter one, forming 
a stem-loop structure. Later, they found that the smaller RNA had antisense comple-
mentarity to 3′ UTR of lin-14 mRNA, and this binding led to lin-14 downregulated 
protein, essential for the progression from the first larval stage (L1) to the second 
(L2) in C. elegans [93]. Since then, researchers thought that this kind of regulation 
of gene expression was a characterizing phenomenon of C. elegans, and they con-
tinued detecting other small RNAs, such as let-7, necessary for the development 
from a later stage to adult in C. elegans. Some small RNAs have been found to be 
conserved across species, and therefore, new miRNAs were discovered in different 
organisms.
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Let-7, first revealed in C. elegans, was identified as the first human miRNA by 
an alignment research. In humans, the let-7 family includes nine members, 
encoded by 12 different genomic loci, whose functionality has not been fully 
understood yet [94].

The rapid growth of the miRNA field led to the creation of miRNA registries to 
collect all miRNA sequences, annotation data and predictive information. They 
contain entries of precursor miRNAs and mature miRNA products in different spe-
cies. The experimentally confirmed miRNAs are numbered, preceded by the prefix 
‘miR’ and by three letters indicating the organism (e.g. hsa for Homo sapiens).

miRNA biogenesis is an intricate process, characterized by several steps, that 
involves several protein complexes which regulate the formation of mature miRNA. 
miRNAs are initially transcribed by RNA polymerase II as several hundred nucleo-
tide long primary transcripts (pri-miRNAs) with a 5′ guanosine cap and a 3′ poly-
adenylated tail. The pri-miRNA is then processed into a pre-miRNA (~70- to 
120-nucleotide long) by a multiprotein complex containing a ~160-kDa nuclear 
RNase III enzyme, called Drosha. The pre-miRNA is then exported into the cyto-
plasm by exportin 5 where it is finally processed into a mature duplex (~18- to 
23-nucleotide long) by another RNase III enzyme, Dicer-1. The strands of the 
duplex are then separated: the guide strand results in an unstable base pairing at the 
5′ end, and it associates with Argonaute (AGO) proteins, forming a ribonucleao-
protein complex called RNA-induced silencing complex (RISC). On the contrary, 
the second strand, called the passenger strand, which results in a perfect base pair-
ing, is usually degraded [95]. The guide strand directs the RISC complex to the 
target mRNA through sequence complementarity and causes its translational 
repression. However, in some cases, miRNA biogenesis can be Drosha-complex 
independent such as for pre-miRNA-like hairpins and some small nucleolar RNAs 
(snoRNAs) [96].

miRNAs mediate post-transcriptional control of the expression of their target 
genes by binding to their complementary mRNA. The recognition of the target site 
is mostly determined by the ‘seed region’ (nucleotides 2–8) at the 5′ end of the 
mature miRNA [97]. The main site for miRNA binding is the 3′ UTR of an mRNA: 
mutations in this region render the corresponding mRNA insensitive to miRNA 
regulation. Recent evidence shows that miRNAs can also bind the target sequences 
in 5′ UTR and in the open reading frame [98]. Each miRNA can target a large num-
ber of mRNAs, and one mRNA can be regulated by several miRNAs [97].

Mature miRNAs execute the post-transcriptional repression of their target 
mRNAs in two ways: reducing the translational efficiency or decreasing the mRNA 
levels. High miRNA-mRNA complementarity results in mRNA degradation, while 
less complementarity leads to translational inhibition [99]. Moreover, the binding of 
miRNAs seems to lead a faster deadenylation of mRNAs, accelerating their degra-
dation [100].

In addition to intracellular miRNAs that regulate several functions inside the 
cell, circulating miRNAs have been detected [101]. These extracellular miRNAs are 
present in different biofluids including blood, plasma, serum, saliva, urine and pleu-
ral effusions. In contrast to cellular miRNAs, circulating miRNAs are more stable 
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and contribute to cell–cell communication, regulating important developmental 
mechanisms. One of the responsible pathways for the different expression of circu-
lating miRNAs seems to be the transforming growth factor-beta (TGF-β) signalling 
that acts in modulating miRNA maturation [102]. miRNAs can be transported from 
cell to cell and surprisingly from one generation to the next because they can enter 
the germ line. The first discovered mobile miRNAs were from neurons to the germ 
line in C. elegans [103]. The exact mechanism of release of cellular miRNAs to 
extracellular medium is not deeply known. They can be distributed as free mole-
cules or bound to carriers from donor cells to recipient cells. The carriers of miR-
NAs are high-density lipoproteins (HDL), low-density lipoproteins (LDL), 
ribonucleoproteins and extracellular vesicles (EVs) [101]. Extracellular vesicles 
(EVs) are small membrane vesicles, enriched for proteins, cytokines, mRNAs, lip-
ids, miRNAs and long non-coding RNAs [104]. Many of these circulating miRNAs 
seem to be stored exclusively in the EVs and selectively released. Moreover, the 
expression profile of circulating miRNAs from different biofluids is specific in rela-
tion to different pathophysiological conditions [105].

7.4	 �Epigenetic Modifications in Ageing

7.4.1	 �DNA Methylation and Ageing

Ageing is a slow and gradual decline process of functional abilities that makes indi-
viduals more susceptible to environmental phenomena and diseases and leads to a 
reduction in the probability of survival and finally to death [106–108].

Ageing affects all living organisms but lifespan is characteristic of each species. 
Moreover, among the various populations and within them, there is a considerable 
variability with regard to the way and the quality of ageing. This heterogeneity has 
largely been described as resulting from a complex interaction among genetics, 
environmental and stochastic factors, and, more recently, epigenetic alterations 
have been included [109, 110]. These alterations, by regulating gene expression, 
influence not only most of hallmarks of ageing (genomic instability, telomere attri-
tion, loss of proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, 
cellular senescence, stem cell exhaustion, altered intercellular communication) but, 
at the same time, themselves because they are subjected to dynamic changes during 
lifetime, a phenomenon described as epigenetic drift [111–113]. During early 
embryogenesis, genomic DNA undergoes reprogramming processes including 
genome-wide demethylation and de novo methylation leading to the re-establishment 
of DNA methylation patterns in the progeny that will be maintained in the somatic 
cells throughout the lifespan. After birth, although global DNA methylation patterns 
are quite stable, stochastic and environmental stimuli (ROS, inflammation, diet) as 
well as the failure of the epigenetic machinery may induce random changes at cer-
tain loci, leading to a loss of phenotypic plasticity among individuals [114–116]. 
Indeed, during each cell division, aberrant DNA methylation patterns accumulate 
over time contributing to epigenetic drift and creating an epigenetic mosaicism that 
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may allow for the selection of biological defects that may lead to cancer and other 
age-related diseases [117]. Support for these evidences comes mainly from studies 
carried out in mono- and di-zygotic twin pairs in which a gradual age-related diver-
gence in epigenetic marks was observed in monozygotics [118–123]. DNA meth-
ylation drift comes from non-directional changes occurring during ageing and 
involves both hypermethylation and hypomethylation events. Recently, Slieker and 
colleagues identified several age-related Variably Methylated Positions (aVMPs) 
exhibiting high variability in their methylation status, which are associated with the 
expression of genes involved in DNA damage and apoptosis [124]. During ageing, 
epigenetic drift also deeply influences the function of aged stem cells by limiting 
their plasticity and their differentiation potential that ultimately results in the 
exhaustion of the stem cell pool and in the selective growth advantage in other stem 
cells, which leads to clonal expansion and local hyperproliferation [113, 125, 126].

Recently, several studies reported the presence of directional and non-stochastic 
changes occurring over time within clusters of consecutive CpG sites throughout 
the whole genome, referred as age-related Differentially Methylated Regions 
(a-DMRs) [113, 127, 128]. Hundreds of hyper- and hypo-methylated a-DMR have 
been identified in multiple tissues and replicated in independent samples. Literature 
data agree to consider them associated with biological mechanisms involved in age-
ing and longevity. Ashapkin et al. assume that most hyper-aDMRs represent epigen-
etic perturbations inherent to ageing per se, while hypo-aDMRs may be correlated 
to modifications associated with both ageing per se and age-dependent modifica-
tions in relative proportions of the blood cell subtypes [129, 130].

Candidate genetic loci undergoing profound epigenetic changes with age and in 
age-related diseases have been progressively characterized. Global genomic DNA 
hypomethylation is especially evident at repetitive sequences, to a greater extent at 
Alu and HERV-K sequences, contributing to the increase of genome instability as 
well as at specific promoter regions of some genes including ITGAL (Integrin 
alpha-L) and IL17RC (Interleukin 17 Receptor C) [131–135]. By whole-genome 
bisulfite sequencing (WGBS), Heyn et al. [136] compared the DNA methylation 
state of more than 90% of all CpGs present in the genome between newborn and 
nonagenarian/centenarian samples. A significant loss of methylated CpGs was 
found in the centenarian versus newborn DNAs. This was observed for all chromo-
somes and concerned all genomic regions such as promoters, exonic, intronic and 
intergenic regions. Most of these changes were focal, and the aged genome was 
consequently less homogeneously methylated with respect to the newborn due to 
the age-dependent epigenetic drift [136].

Besides this extensive hypomethylation, the promoter regions of specific genes 
are subjected to a gradual increase of DNA methylation across lifespan (Table 7.1). 
In most of the cases, the observed hypermethylation was associated with the tran-
scriptional silencing, suggesting that with increasing age, there is an epigenetic 
turning off of these genes.

Epigenome-wide association studies (EWAS) identified the so-called clock 
CpGs, namely a large set of CpG markers whose methylation status is measured in 
order to construct quantitative models effective in predicting the age of cells, tissues 
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Table 7.1  List of genes showing age-related DNA methylation changes in CpG islands located 
within their promoter regions

Function Gene symbol References
Angiogenesis VASH1 Reynolds et al. [218]
Antigen processing 
and presentation

DPB1, DRB1, LAG3, TAP2, PSMB9, 
PSMB8, HLA-E, HLA-F, HLA-B, 
MICB, SLC11A1, HLA-DPA1, 
TAPBP, HLA-DMB

Reynolds et al. [218]

Cell adhesion LAMB1, PCDHA1,2,3,4, PODXL, 
PCDH9, SORBS2

McClay et al. [219]

Development and 
growth

c-Fos, FGF8, FIGN, IGF2, HOXB5, 
B6, B7, B8, MEIS1, MYOD1, 
NKX2-2, TIAL1, UBE2E3

Choi et al. [220]
Issa et al. [221]
Ahuja et al. [222]
Christensen et al. [223]
McClay et al. [219]
Vidal et al. [224]

Genome stability 
and repair

MGMT, MLH1, OGG, hTERT, 
RAD50

Nakagawa et al. [225]
Matsubayashi et al. [226]
Silva et al. [227]
Christensen et al. [223]
Madrigano et al. [228]

Ion channel GRIA2, KCNJ8, RYR2 McClay et al. [219]
Metabolism AGPAT2, ATP13A4, COX7A1, CRAT, 

ECRG4, ELOVL2, EPHX2, GAD2, 
LEP, MGC3207, MGEA5, SLC38A4, 
SLC22A18, SNTG1, STAT5A

Rönn et al. [229]
Bell et al. [129]
Madrigano et al. [228]
McClay et al. [219]
Gentilini et al.

Immune response CD4, INFG, TNFα, NOD2, PTMS Madrigano et al. [228]
McClay et al. [219]

Signal transduction ARL4A, DLC1, GPR128, GRIA2, 
LAG3, MYO3A, PRR5L, PTPRT, 
TFG, TRAF6, TRHDE

Bell et al. [129]
McClay et al. [219]

Stress response HSPA2 McClay et al. [219]
Transcription 
factors

ARID5B, BICC1, ESR1, FOXP1, 
HIPK2, LHX5, MLF2, NFIA, NOD2, 
POU4F3, RARB, TBX4, TBX20, 
TRPS1, WT1, ZBTB1, ZEB2, ZNF827

Gaudet et al. [230]
Christensen et al. [223]
Bell et al. [129]
Reynolds et al. [218]
McClay et al. [219]

Tumour 
suppression

APC, CASP8, CHD1, GSTP1, HIC1, 
LOX, LSAMP, N33, P16INK4A, 
RASSF1, RUNX3, SOCS1, TIG1, 
DAPK1, hMLH1, p16

Ahuja et al. [222]
Fujii et al. [231]
Cody et al. [232]
Dammann et al. [233]
Virmani et al. [234]
Waki et al. [235]
Sutherland et al. [236]
So et al. [237]
Nishida et al. [238]
Yuan et al. [239]
Christensen et al. [223]
McClay et al. [219]
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or organs, referred as epigenetic age or DNAm age. DNAm age not only reflects the 
chronological but also the biological age, and thus, these biomarkers would, on the 
one hand, facilitate the differentiation of individuals who are of the same chrono-
logical age yet have variant ageing rates, and on the other define a panel of measure-
ments for healthy ageing and, even further, predict life span [137–140]. Starting 
from Bocklandt et al., which described the first age estimator model by using DNA 
samples from saliva, a series of epigenetic clocks were developed by analysing 
DNA methylation marks in single and multiple tissues [141]. Currently, Hannum 
and Horvath clocks represent the most robust recognized models, both showing a 
high age correlation (R > 0.9) and low mean error of the age prediction (4.9 and 3.6 
years, respectively). The first model was developed only in blood, while the second 
was designed matching data from 51 healthy tissues, such as blood, cerebellum, 
occipital cortex, buccal, colon, adipose, liver, lung, saliva and cell types, including 
CD4 T and immortalized B cells, which is compatible with different technological 
platforms and used in a wide range of studies [142, 143]. Both the models are also 
able to predict all-cause mortality independent of several risk factors including 
smoking, alcohol use, education, body mass index and comorbidities [144–146]. 
More recently, DNAm age biomarkers which also consider clinical measures of 
physiological dysregulations have been developed. One of these referred as 
DNAmPhenoAge (phenotypic age estimator), constructed by generating a weighted 
average of 10 clinical characteristics, such as albumin, creatinine, glucose and 
C-reactive proteins, and then analysed by regression analysis against DNA methyla-
tion levels in blood, was proved to be effective in predicting mortality, health span 
and disease risk and in various measures of comorbidity [147].

Environmental factors including chemicals, pollutants, diet, drugs, infectious, 
trauma and psycho-social and socio-economic status have been associated with 
DNA methylation changes with ageing [148, 149]. A summary of the above factors 
and their effects are reviewed in Table 7.2. Interestingly, it has emerged that the 
early intrauterine period of life is particularly sensitive to their exposure since DNA 
methylation patterns at DMRs are established before gastrulation. For example, 
energy-rich, protein-deficient, micronutrient-deficient and/or methyl donor-rich 
diets during pregnancy induce modifications of methylation profile in mothers 
which, in turn, can be transmitted to next generation, thus regulating long-term 
metabolic processes in offspring which contribute to age phenotypes and age-related 
diseases [150–152]. An emblematic example of the trans-generational relationship 
between food and epigenetic modifications is represented by The Dutch Hunger 
winter (1944–1945) family studies in which adult health outcomes in relation to 
exposure to famine prior to conception or at specific periods of gestation was anal-
ysed. It emerged that prenatal exposure to the famine is associated with increased 
prevalence of overweight, hypertension and coronary heart disease, meanwhile 
maternal famine exposure around the time of conception has been related to preva-
lence of major affective disorders, antisocial personality disorders, schizophrenia, 
decreased intracranial volume and congenital abnormalities of the central nervous 
system [153, 154].
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Table 7.2  DNA methylation aberrations associated with environmental factors

Environmental factor DNA methylation change Target tissue Reference
Chemicals 
and 
pollutants

Arsenic ↑ Global DNA methylation Human blood Pilsner et al.  [240], 
Majumdar et al. [241]

Differentially methylated 
DNA loci (744) and regions 
(15)

Exposure across 
human 
generations

Guo et al. [242]

579 differentially 
methylated CpG sites

In utero exposed 
newborn blood cord

Kaushal et al. [243]

Cadmium 1945 differentially 
methylated DNA loci, 15 of 
which involving imprinting 
control regions

In utero exposed 
blood cord

Cowley et al.  [244]

↑ ApoE TRL 1215 cells Hirao-Suzuki et al.  
[245]

↓ MGMT; ↓ MT2A and 
DNMT3B in women; ↑ 
LINE-1 in men

Urine and blood 
human samples

Virani et al.  [246]

Chromium ↓ Global DNA methylation Human blood Wang et al.  [247]

↓ MT-TF; ↓ MT-RNR1 Human blood Yang et al.  [248]

↓ Global DNA methylation; 
↑ TP16

Human 
lymphoblastoid 
and lung cell lines

Lou et al.  [249]

Mercury ↑ Ratio of %-5mC to 
%-5hmC

Newborn blood in 
utero exposed

Cardenas et al.  [250]

↓ PON1 In utero exposed 
blood cord

Cardenas et al.  [251]

↓ SEPP1 Human buccal 
mucosa

Goodrich et al. [252]

Lead ↓ 5mC levels at CpG sites; ↑ 
5hmC levels at CpG sites

Human bronchial 
epithelial cells

Zhang et al. [253]

↓ PRMT5 A549 and MCF-7 
cells

Ghosh et al. [254]

↑ XRCC1, ↑ hOGG-1, ↑ 
BRCA1, ↑ XPD

TK6 cells Liu et al. [255]

Air 
pollution

↑ Bdnf Offspring brain of 
early life exposed 
rats

Cheong et al. [256]

13 CpG sites and 69 DMRs Human blood Mostafavi et al. [257]

↑ Global DNA methylation Placenta Maghbooli et al. [258]

↑ Circadian pathway genes Placenta Nawrot et al. [259]

Polycyclic 
aromatic 
hydrocar-
bons

↑ DNA methylation age Human blood Li et al. [260]

↓ LINE Human cord 
blood samples

Lee et al. [261]

↑ CDH1; ↑ HIN1; ↑ RARβ; 
↓ BRCA1

Breast tumour 
tissue

White et al. [262]

↓ LINE Human blood White et al. [263]

Smoke 11 DMRs Human blood Prince et al. [264]
30 DMRs In utero exposed 

cord blood
Witt et al. [265]

↓ Global DNA methylation 
in lung; ↑ IFN-γ ; ↑ Thy-1

In utero and early 
life exposed rats

Cole et al. [266]
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Environmental factor DNA methylation change Target tissue Reference
Diet Calorie 

restriction
Global DNA methylation 
remodelling

Mouse blood of 
different age

Sziráki et al. [267]

↓ CpG islands; ↓ repetitive 
regions; ↑ 5′-UTR, exon 
and 3′-UTR

Aged rat kidney Kim et al. [268]

↓ Global DNA methylation; 
477 DMRs

Mouse placenta Chen et al. [269]

Methyl-
donor diet

DNA methylation changes 
in genes related to growth 
(IGF2), metabolism 
(RXRA) and appetite 
control (LEP)

Buccal cell DNA Pauwels et al. [270]

↑ Global DNA methylation 
and hydroxymethylation

Human blood Pauwels et al. [271]

431,312 DMRs Human blood Kok et al. [272]
Bioactive 
com-
pounds

↓ Tumour suppressor genes 
(p16INK4a, RARβ, MGMT, 
hMLH1)

Human 
oesophageal 
cancer KYSE 510 
cells

Fang et al. [273]

↑ 76 DMRs and ↓ 89 DMRs 
in pregnant women; ↑ 200 
DMRs and ↓ 102 DMRs in 
post-partum mothers

Human blood Anderson et al. [274]

↑ Global DNA methylation; 
↓ LINE-1

Colorectal cancer 
cell line Caco-2

Zappe et al. [275]

High-fat 
diet

↑ Global DNA methylation; Placenta and 
foetal liver

Ramaiyan and 
Talahalli [276]

3966 DMRs, clustered in 
type 2 diabetes mellitus and 
adipocytokine signalling 
pathways

Rat liver Moody et al. [277]

↓ 12,494 DMRs; ↑ 6404 
DMRs

Rat liver Zhang et al. [278]

Table 7.2  (continued)

(continued)
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Environmental factor DNA methylation change Target tissue Reference
Drugs Metham-

phetamine
↑ Circadian clock genes Rat brain Nakatome et al. [279]

↑ α-Synuclein Rat brain Jiang et al. [280]

↑ SINE elements Rat brain Itzhak et al. [281]

↓ GluA1; ↓ GluA2 Rat brain Jayanthi et al. [282]

Cocaine ↑ PPC1 Mouse Anier et al. [283]

↑ PP1Cβ Mouse brain Pol Bodetto et al. 
[284]

↑ Global DNA methylation Rat and mouse 
brain

Tian et al. [285]

↑ Cdkl5 Rat brain Carouge et al. [286]

↓ FosB Mouse brain Ajonijebu et al. [287]

Opioids ↑ OPRM-1; ↑ Sp1 
transcription factor

Human blood, 
sperm

Ebrahimi et al. [288], 
Chorbov et al. [289]

↑ ABCB1, ↑ CYP2D6; ↑ 
OPRM-1

In utero exposed 
human infants

McLaughlin et al 
[290]

↑ POMC Human blood Groh et al. [291]

↑ VEGF-A; ↑ NGF Human blood Groh et al. [292]

Cannabis DMR-associated genes 
involved in glutamatergic 
synaptic regulation

Rat brain Watson et al. [293]

↑ DRD2; ↑ NCAM1 Human blood Gerra et al. [294]

Alcohol PDYN Human brain Taqi et al. [295]
Gender-specific changes in 
MAOA

Human blood Philibert et al. [296]

↑ AVP; ↓ ANP Human blood Glahn et al. [297]

↑ SNCA Human blood Foroud et al. [298]

↓ 5hmC levels Rat models for 
alcoholic liver 
disease (ALD)

Ji et al. [299]

System-wide epigenetic 
changes in genes involved 
in cognition and attention-
related processes

Human prenatal 
alcohol exposure

Frey et al. [300]

59 differentially methylated 
CpG sites; ↓ global DNA 
methylation

Human blood Brückmann et al. 
[301]

↑ PHOX2 A Human blood Weng et al. [302]

↑ NGF Human blood Heberlein et al. [303]

↓GDAP1 Human blood Brückmann et al. 
[304]

↓ DAT Human blood Jasiewicz et al. [305]

Table 7.2  (continued)
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Environmental factor DNA methylation change Target tissue Reference
Infections ↑ CADM1, ↑ MAL, ↑ 

DAPK1
Human cervical 
sample with 
intraepithelial 
neoplasia

Fiano et al. [306]

DMRs in olfactory 
transduction, transport 
regulation, amino acid 
phosphorylation, phosphorus 
and programmed cell death 
genes

HBV-infected 
patients

Jin et al. [307]

↑ Global DNA methylation, 
↑ AURKB; ↑ AURKC; ↑ 
DNMT3B

CD4+ T cells 
infected with 
HIV-1

Nunes et al. [308]

↑ Horvath’s DNA 
methylation age

H. pylori-infected 
human sample

Gao et al. [309]

↓ Global DNA methylation; 
↓ ABCB1

Human blood 
sample from 
malaria subjects

Gupta et al. [310]

Trauma 17 DMRs Human blood from 
post-traumatic 
stress disorder

Mehta et al. [311]

↑ BDNF, ↑ NR3C1, ↑ 
SLC6A4, ↑ MAOB

Human blood 
from MZ twins 
with childhood 
trauma and 
depression

Peng et al. [312]

↑ Hannum’s DNA 
methylation age

Human blood 
from post-
traumatic stress 
disorder

Wolf et al. [313]

↓ DMRs in inflammatory 
genes and in immune and 
gene expression 
regulation‑associated  
pathways

Combined 
bioinformatic 
analysis on 
osteoarthritis 
DNA data

Song et al. [314]

Psicosocial and 
socioeconomic factors

↑ Horvath’s DNA 
methylation age

Human sample 
grouped according 
to range of social 
position

Hughes et al. [315]

↑ SLC6A4 Human sample 
from low 
socio-economic 
status

Swartz et al. [316]

↑ Global DNA methylation Human sample 
from samples with 
asthma and low 
socio-economic 
status

Chan et al. [317]

↑ Sat2; ↑ Alu Adult human 
sample with low 
family income at 
birth

Tehranifar et al. 
[318]

Table 7.2  (continued)
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Lastly, a significant number of reports evidence a correlation between mitochon-
drial DNA methylation with ageing. The first evidence dates to 1983, when a 
decrease of mtDNA methylation was observed in aged cultured fibroblasts [155]. 
More recently, although methylation levels of the mitochondrial D-loop region are 
not associated with ageing, high methylation levels (>10%) of one CpG site located 
within the MT-RNR1 gene were observed more frequent in old women with respect 
to youngers and appeared to be correlated with survival chances [51, 156].

Also, the non-canonical CpG methylation patterns, such as non-CpG and 
hydroxymethylation, are deregulated during ageing, potentially leading to down-
stream changes in transcription and cellular physiological functions. A global non-
CpG methylation decrease with age has been described. 5-hmC content significantly 
decreases in some tissues, including blood and liver, and is negatively correlated 
with ageing, in association with low mRNA expression levels of TET1 and TET3 
[157]. By contrast, mouse cerebellum and hippocampus show an increase of 5-hmC 
levels with ageing which can be prevented by caloric restriction [158, 159]. A 
decrease of mitochondrial DNA levels of 5-hmC during ageing was observed in 
frontal cortex but not in the cerebellum [160]. An increase in 5-hmC signals was 
observed in genes activated in old mice with respect to young ones demonstrating 
that 5-hmC is acquired in developmentally activated genes [158]. Furthermore, age-
related non-overlapping 5-mC and 5-hmC pattern have been observed [161].

7.4.2	 �Histone Modifications and Ageing

Several studies demonstrated that histone modifications exert a pivotal role in influ-
encing the expression of specific genes involved in longevity and in signalling path-
ways that modulate lifespan as well as in the phenotypic heterogeneity that 
characterizes ageing process. Indeed, similar to DNA methylation events, a loss of 
control in histone modifications has been observed with age [162, 163]. The epigen-
etic landscape of histone modifications appears even more complex if one considers 
the heterogeneity of the enzymes involved in these modifications (writers, readers 
and erasers) as well as all proteins, which form complexes with the above enzymes 
and are important for the recruitment of the complexes to specific genomic loci. It 
should not be overlooked, also, that an age-progressive loss of histone biosynthesis, 
with a consequent heterochromatin loss and a genome-wide decrease of nucleo-
some occupancy, is a conserved feature from yeast to humans, the global impact of 
which is to date poorly understood but certainly influences the levels of the modifi-
cations involving histone proteins [164–166].

Changes in the levels of histone mono-, di- and tri-methylation and acethylation 
as well as in the distribution of many histone methylation and acetylation marks and 
in the activity of all the histone-modifying enzymes have been identified in cellular 
and organismal models of ageing differently impacting lifespan, with a general 
effect that is frequently specie- and genomic context-specific [72, 166].

Specific mention should be made of important well-known family of nicotine 
adenine dinucleotide (NAD+)-dependent enzymes, referred to as sirtuins, initially 
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described as transcription-silencing histone deacetylases in yeast and then identified 
in mammals, in which seven sirtuins (SIRT1-7) exhibit differentially subcellular 
localization, substrate affinity and activity. Indeed, next to their role as deacetylases 
of lysine residues, some of mammal sirtuins also have deacylase and O-ADP-
rybosylase activity, and some of them are localized within nucleus such as SIRT1, 6 
and 7, where they target histones, act as transcription regulators and are involved in 
different processes including promotion of genome stability (SIRT6 and SIRT7), 
repair (SIRT7), gluconeogenesis and fatty acid oxidation (SIRT1) and regulation of 
triglyceride synthesis, NF-κB signalling and glucose homeostasis (SIRT6). On the 
contrary, SIRT3, 4 and 5 are active within mitochondria in which they improve the 
efficacy of electron transport chain (SIRT3 and SIRT4), activate the superoxide 
dismutase (SIRT5) and block glutamine entrance to tricarboxylic cycle (SIRT4) 
[167–169].

Knockout and overexpression studies of sirtuin genes widely report that these 
enzymes significantly extend lifespan, supporting the hypothesis that they are con-
served mediators of longevity. This evidence has been developed in parallel with 
those demonstrating that the increase of acetylation levels with age of different his-
tone residues, including histone 4 lysine 16 (H4K16) and H3K9 in worms, histone 
4 lysine 16 (H4K16) in yeast, histone 3 lysine 56 (H3K56) in flies or H3K56 in 
mammals, is caused by a decreased activity of sirtuins [72, 162, 165, 167, 170–176]. 
It follows a heavy impact on chromatin transcription and, finally, in the regulation 
of different processes closely associated with ageing such as DNA repair and 
genome stability regulation, mitochondrial biogenesis, oxidative stress and telo-
mere dysfunction.

Several environmental stimuli exert their effects on lifespan through changes of 
histone modifications. For example, dietary restriction (DR), such as a 30–40% 
reduction in the ad libitum levels of chow intake, widely demonstrated to extend 
lifespan and to delay age-related disease via sirtuin sensors by inducing the expres-
sion levels of SIRT1, SIRT3 and SIRT5 [177–179]. Reciprocally, a high-fat diet in 
mice and obesity in humans lead to the loss of SIRT1 [180–182]. Knocking out the 
mitochondrial SIRT3 prevents the protective effect of the dietary restriction [183]. 
Sirtuins exert their effects through several intracellular substrates with different 
physiological effects, including PPARγ coactivator 1α (PGC-1α), a key regulator of 
mitochondrial biogenesis and respiration, forkhead box protein O1 (FOXO1), a 
transcription factor sensor of the insulin signalling pathway, peroxisome proliferator-
activated receptor alpha (PPARα), a major regulator of lipid metabolism in the liver, 
AMP-activated protein kinase (AMPK), playing a role in cellular energy homeosta-
sis, glycolytic enzymes and one of their key transcriptional inducers, hypoxia-
inducible factor 1-alpha (HIF-1α), considered the main transcriptional regulator of 
cellular and developmental responses to hypoxia [184–191].

Lastly, an interplay between histone modifications and DNA methylation exists 
in ageing. This interplay is mediated by some chromatin readers such as methyl 
CpG-binding protein 2 and methyl CpG, binding domain proteins, which recruit 
DNMTs, HDACs and transcriptional factors in a transcriptional silencing complex. 
An example is provided by the polycomb repressive complex 2 (PRC2), a family of 
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polycomb (Pc) group proteins that plays a role in early embryonic development, 
stem cell differentiation and tumorigenesis.

In this context, SIRT1 is able to deacetylate DNMT1, whereby to high levels of 
SIRT1 expression, corresponding high levels of genomic DNA methylation. It fol-
lows that the decreased activity of SIRT1 can be responsible of the observed global 
loss of DNA methylation with age, thus impacting different intracellular processes 
including maintaining genome stability, apoptosis and DNA repair. Not by chance, 
recently, resveratrol, the best known flavonoid in red grapes and wine associated 
with cardiovascular diseases, has been shown to significantly increase long inter-
spersed element-1 (LINE 1) methylation by modulating SIRT1 and DNMT1 activi-
ties in cellular models of oxidative stress [192].

7.4.3	 �miRNAs and Ageing

The first study, carried out to investigate the role of miRNAs in ageing, was con-
ducted by De Lencastre et al. in C. elegans. Using deep sequencing and considering 
young, middle-aged, wild-type and long-lived daf-2 insulin signalling mutants, they 
identified 11 miRNAs that change with age and share homology with higher eukary-
otes. The expression of some of these identified miRNAs declined with age, and in 
particular, let-7 showed the highest decrease with age. Furthermore, using knockout 
mutants, De Lencastre et al. contributed to define that these 11 miRNAs are not 
simply passive biomarkers but have an active regulatory role in ageing, as changes 
in their expression increase stress resistance and extend lifespan. Deepening the 
knowledge about their targets in the longevity, miRNA-mediated mechanism, insu-
lin/IGF-1 signalling (IIS) and cell-cycle checkpoint pathways resulted as the mainly 
involved processes. The role of some of these detected miRNAs in both develop-
ment and lifespan regulation prompted to investigate whether the influence of miR-
NAs on lifespan is a secondary aspect of their primary function on development. 
Evidence indicated that they regulate ageing independently of development [193].

The model organism C. elegans has also been studied to detect the role of miR-
NAs in the reduction of robustness, typical of ageing. Robustness is the ability to 
tolerate and resist to perturbations that affect the functionality of the system. In this 
regard, miR-34 showed an effect in increasing robustness by targeting the transcrip-
tion factors DAF-16/FOXO. In fact, when upregulated in C. elegans, miR-34 stops 
the development and induces the adaptation to a lower metabolic state in order to 
avoid a stress-related damage, thus increasing robustness [194]. Therefore, by regu-
lating transcriptional mechanisms, miRNAs may also control the reduction of 
robustness in human ageing.

Subsequently, the studies to identify age-related miRNAs have continued across 
different species.

In humans, for instance, the Baltimore Longitudinal Study of Ageing (BLSA) 
has been conducted in order to detect the serum miRNA profile in long-lived patients 
(76–92 years), compared with the short-lived subgroup (58–75 years). This study 
showed that 24 miRNAs were significantly upregulated and 73 were downregulated 
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in the long-lived subgroup. The most upregulated was miR-373-5p, whereas the 
most downregulated was miR-15b-5p [195]. Moreover, a correlation between lifes-
pan and the expression of some miRNAs (miR-211-5p, 374a-5p, 340-3p, 376c-3p, 
5095, 1225-3p) has been observed. Interestingly, among the targets of these miR-
NAs, there are ageing-related genes such as PARP1 (Poly ADP-Ribose Polymerase 
1) involved in the processes of differentiation and proliferation and IGF1R (Insulin-
Like Growth Factor 1 Receptor) and IGF2R (Insulin-Like Growth Factor 2 Receptor) 
involved in cell growth and survival control.

There are also some circulating miRNAs that are differentially expressed in 
human ageing such as miR-15b, miR-26a and miR-301a [102]. Some of these miR-
NAs regulate the expression of genes that are involved in the apoptotic mechanisms. 
For instance, miRNAs with apoptotic targets are miR-26a that binds to BAK1 
(BCL2 Antagonist/Killer 1), miR-24 and miR-181 that bind to BIM (Bcl-2 
Interacting Mediator of Cell Death), miR-23 that targets BID (BH3 Interacting 
Domain Death Agonist), miR-23 that regulates CASP7 (Caspase-7) and NIX/
BNIP3L (NIP3-Like Protein X/BCL2 Interacting Protein 3 Like), miR-30 that binds 
to CASP3 (Caspase-3) and miR-27 that regulates APAF1 (Apoptotic Peptidase 
Activating Factor 1) [196].

Furthermore, several studies have been conducted in order to understand the role 
of miRNAs in inflammation, since it is well known that ageing is characterized by 
a systemic chronic inflammation that favours the manifestation of diseases and dis-
abilities. Evidence showed that this inflammatory state is associated with the upreg-
ulation of some miRNAs, the so-called inflamma-miRs. The inflamma-miRs are 
involved in the responsiveness of neutrophils, macrophages, endothelial and 
immune cells by regulating inflammatory molecules such as Toll-Like Receptor-4 
(let-7), NF-kB (miR-9), and Vascular Cell Adhesion Molecule 1 (miR-126). In par-
ticular, miRNAs involved in toll-like receptor and NF-kB pathways are upregulated 
in order to restrain the excessive inflammatory response [197].

In the past years, several researches have highlighted mitochondria impairment 
during ageing, characterized by autophagy decline, imbalance between mitochondrial 
fusion and fission and accumulation of protein aggregates that lead to dysfunctional 
mitochondria (reviewed in [198]). Therefore, miRNAs that target mitochondrial- or 
nuclear-encoded mitochondrial genes (mitomiRs) have been subjects of studies [197, 
199]. A recent study showed that the mitomiRs miR-146a, miR-34a and miR-181a 
are overexpressed in replicative senescent human endothelial cells (HUVECs) com-
pared with young cells, whereas their target Bcl-2 is downregulated [197]. Bcl-2 has 
anti-apoptotic and anti-oxidant functions, and therefore, its downregulation through 
the action of miRNAs causes increased oxidative stress and impaired functions. In 
addition, in silico analyses show an association between the mitomiR miR-146a, 
CHUK gene of NF-kB pathway and IRS1 of the insulin pathway [197]. In particular, 
some mitomiRs can reduce insulin secretion by targeting genes that encode for mito-
chondrial transporters [200]. Thus, the mitomiRs seem to be involved in NF-kB and 
insulin pathways, as observed for inflamma-miRs.

Parallel to researches focusing on ageing-related genes that are targeted by miR-
NAs, several studies have been carried out in order to evaluate how these miRNAs 
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are influenced by environmental factors. This aspect has been particularly investi-
gated for circulating miRNAs. In this regard, researchers have profiled the expres-
sion of miRNAs in nine male monozygotic twins born between 1917 and 1927. As 
a result, 866 miRNAs have been detected in the plasma samples, and showed to 
have different levels in the two twins. Furthermore, comparing deceased twins with 
their living co-twin brothers, 34 miRNAs was more expressed in deceased twins, 
whereas 30 miRNAs had lower levels [201]. The differences of circulating miRNAs 
in identical twins, demonstrated a crucial role of environmental factors in miRNA-
mediated life expectancy.

Proceeding in the analysis of environmental factors that influence ageing-
related miRNAs, the role of diet has been emphasized. For instance, a study in 
mice has shown that miR-1, a significant miRNA in several age-related diseases, 
can be modulated by diet, since it was downregulated in the adipose tissue of mice 
fed with high-fat diet [202]. In humans, the expression of miR-22-3p in obese 
individuals leads to the downregulation of SIRT1, which modulates the endothe-
lial cellular senescence. The upregulation of SIRT7 has been instead observed in 
slim individuals [203], and miR-19b could be a potential biomarker of polyun-
saturated fatty acid intake, as its circulating levels increase after 8 weeks of fatty 
acid-enriched diet. Interestingly, miR-19b is downregulated in octogenarians, 
while centenarians and young people conserve the same levels of expression, sug-
gesting that miRNAs influenced by diet could be used as biomarkers to predict 
longevity [202].

Regular exercise, as is well known, is one of the most important interventions to 
slow down the ageing process and maintain a longer healthy life. Recent studies 
have shown that exercise plays a role in the modification of miRNA profile. For 
instance, a significant buildup of miR-1, miR-133a, miR-133b and miR-181a caused 
by exercise has been detected in skeletal muscle biopsies taken from aged (70 ± 2 
years) subjects, compared with young (29 ± 2 years) men. Among them, miR-1 
downregulates the expression of the transcription factors Pax3 and Pax7, which are 
expressed during muscle development, in order to maintain the appropriate levels of 
satellite cells in the elderly skeletal muscle, hence contributing to a regular muscle 
growth and regeneration [204].

7.5	 �Epigenetic Modifications in Age-Related Diseases

Considering that epigenetic marks induce profound changes in the gene expression 
and contribute to the cellular and organismal phenotypic plasticity during lifetime, 
it is evident that dysregulations of epigenetic patterns may contribute to age-related 
diseases, including cancer, diabetes, cardiovascular and neurodegenerative diseases. 
Indeed, in all of these diseases, methylome-wide association studies (MWAS) have 
identified characteristic methylome signatures and brought to light as alteration in 
DNA methylation, and histone modifications are hallmarks often coincident with 
those observed in ageing, thus suggesting their importance as molecular marker 
prevention, prognosis and therapeutic approaches. Example of this overlapping 
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come from the observation that DNA hypomethylation, prevalently at repetitive 
DNA elements, locus-specific hypermethylation of tumour suppressor genes (p53, 
p21, p16, TIG1 and RB1), oncogenes (cMYC and TERT), genes involved in type 2 
diabetes (COX7A1, PRDX2, IRS1 and KCNJ11), genes involved in Alzheimer’s dis-
ease (APP, PS1 and BACE1) as well as histone hypo- and hypermethylation and/or 
a-acetylation generally occurring in the above diseases during ageing, thus causing 
aberrant gene expression and change to higher-order chromatin structure. It follows 
that epigenetic-based drugs which reverse aberrant DNA methylation or histone 
profiles through the modulation of DNMTs and histone-modifying enzymes may be 
considered effective in the assessment and development of epigenetic-based treat-
ments [205].

The altered patterns of miRNA expression are also implicated in some age-
related diseases as shown in Table 7.3. miRNAs are mostly involved in biological 

Table 7.3  Effects of miRNAs and their targets in age-related phenotypes

miRNA Target Function Disease Reference
miR-145 ERG, KLF5 Inhibits proliferation 

and induces apoptosis
Downregulated in breast 
cancer
Downregulated in 
atherosclerosis

Croce [319]
Jovanović 
et al. [320]

miR-34 CDK4, CDK6 
CCNE2, 
EZF3, MET

Induces apoptosis Downregulated in breast 
cancer
Upregulated in Alzheimer

Croce [319]
Shah et al. 
[212]

miR-29 TCL1. MCL1, 
DNMT

Induces apoptosis Downregulated in breast 
cancer

Croce [319]

Let-7 RAS, MYC, 
HMGA2

Induces apoptosis Downregulated in breast 
and lung cancer

Croce [319]

miR-155 MAF, SHIP1, 
MEF2A, 
NF-kB, TLR, 
AT1R

Induces cell 
proliferation
Reduces angiotensin 
II activity

Upregulated in breast and 
lung cancer
Upregulated in aged 
muscle
Expressed in 
atherosclerosis plaques

Croce [319]
Jingjing 
et al. [210]
Jovanović 
et al. [320]

miR-
200c

TRKB Induces cell 
proliferation

Upregulated in gastric 
cancer

Macha 
et al. [321]

miR-378 IGF1R Involved in cell 
survival control

Downregulated in colon 
cancer

Macha 
et al. [321]

miRNA-
199a-3p

CD44 Involved in cell 
adhesion and 
migration

Upregulated in gastric 
cancer

Macha 
et al. [321]

miR-21 CDC25A, 
PTEN

Induces cell 
proliferation

Upregulated in 
oesophageal cancer

Macha 
et al. [321]

miR-
146a

SOCS1, TLR4, 
NF-kB

Induces cell growth 
and survival
Reduces the 
expression of IL-1β 
and IL-6

Upregulated in gastric 
cancer
Upregulated in aged 
muscle

Macha 
et al. [321]
Jingjing 
et al. [210]

(continued)
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processes such as cell division, apoptosis, intracellular signalling and cellular 
metabolism; therefore, the early stages of the research about the functions of miR-
NAs in human diseases have been carried out to evaluate their role in cancer. The 
first disclosure was a down-expression of miR-15 and miR-16 among patients 
affected by B-cell chronic lymphocytic leukaemia [206]. Interestingly, previous 
studies have shown that miR-15 targets the integrin gene (ITGB5) that mediates cell 
adhesion and miR-16 binds to ATP5E (ATP Synthase Subunit Epsilon) and IGF-1 
(Insulin-Like Growth Factor 1), suggesting a role in angiogenesis and metabolic 
dysfunction in cancer [207]. Generally, the altered expression of miRNAs in cancer 
occurs as a downregulation or upregulation. Evidence has also shown that some 
miRNAs are differentially expressed during various cancer progression stages, thus 
they are helpful to define diagnoses and for prognosis assessments. miRNAs can act 

Table 7.3  (continued)

miRNA Target Function Disease Reference
miR-
148a

DNMT3B Involved in 
development

Upregulated in gastric 
cancer

Macha 
et al. [321]

miR-1,
miR-
206,
miR-133

MYOD1, 
MYOG, PAX7, 
HDAC4, FGF, 
PITX3, 
LPPR4, 
MYOCD

Induces myotube 
differentiation and 
reinnervation
Induces dopaminergic 
neuron differentiation

Upregulated in injured 
muscle
Downregulated in 
Parkinson
Upregulated in coronary 
artery occlusion

Nakasa 
et al. [214]
Williams 
et al. [322]
Shah et al. 
[212]
Schulte 
et al. [213]

miR-182 FOXO Reduces myofibre 
atrophy

Upregulated in muscle 
atrophy

Hudson 
et al. [323]

miR-30a, 
miR-
26a2

SYNJ2, 
NEGR1

Induces 
neurodegeneration

Upregulated in Parkinson Shinde 
et al. [211]

miR-29a, 
miR-
29b-1 
and 
miR-9

BACE1 Induces the formation 
of senile plaques

Downregulated in 
Alzheimer

Shah et al. 
[212]

miR-
106a and 
miR-
106b

APP Induces the formation 
of amyloid plaques

Downregulated in 
Alzheimer

Shah et al. 
[212]

miR-214 XBP1 Suppresses 
angiogenesis

Upregulated in heart 
dysfunction

Duan et al. 
[215]

miR-223 HMGCS1, 
SCARB1, 
SR-BI, SP3

Coordinates 
cholesterol 
homeostasis

Upregulated in 
hypercholesterolemia

Vickers 
et al. [324]

miR-19a CCND1 Induces cell cycle 
arrest

Upregulated in LS 
disturbed flow

Kumar 
et al. [325]

miR-92a KLF2, KLF4 Induces endothelial 
inflammation

Downregulated in LS and 
upregulated in OS 
disturbed flow

Kumar 
et al. [325]
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as tumour suppressors or oncogenes through a translational and posttranscriptional 
regulation of tumorigenic elements. For instance, the oncogenic miR-125b has high 
levels of expression in pancreatic cancer, and it promotes cell proliferation, inhibit-
ing p53-dependent apoptosis [208]. Thus, these cancer-related miRNAs can be 
employed to improve anticancer therapeutic strategies.

One of the most significant disabilities associated with ageing is sarcopenia. 
Individuals with sarcopenia show loss of muscle mass and function, frequent falls 
and balance problems. miRNAs that operate in muscle mechanisms such as myo-
genesis and muscle homeostasis are termed myomiRs [209]. Some of these miR-
NAs promote the regeneration of injured muscle, and they are upregulated during 
exercise, suggesting the importance of physical activity to prevent sarcopenia. miR-
NAs are also able to modulate the production of proinflammatory cytokines in aged 
muscle. For instance, miR-146a reduces the expression of IL-1β and IL-6 while 
miR-155 reinforces the translation of TNF-α in metabolic syndromes [210]. Based 
on these evidences, the regulation of inflammatory elements through miRNAs can 
drive the future research for diagnosis and treatment of sarcopenia.

In addition, neurodegenerative diseases are spread in elderly population, espe-
cially Parkinson and Alzheimer diseases. Recent studies have suggested that miR-
30a, together with miR-26a2, may contribute to the susceptibility of Parkinson, in 
fact they are highly expressed in the blood cells of patients compared to control 
subjects [211]. Shah and colleagues have reported that miR-133, involved in the 
differentiation of dopaminergic neurons, is downregulated in Parkinson disease 
patients [212]. Interestingly, this miRNA is upregulated in coronary artery occlu-
sion and in injured muscle [213, 214]. The future perspectives may be addressed to 
the better detection of miRNA sets in neurological tissues in order to understand 
their way of action more efficiently.

Moreover, several evidences indicate that altered miRNA functions contribute to 
cardiovascular diseases with a major incidence in aged individuals. For example, 
miR-214 is upregulated in heart dysfunction and hypertrophy, and it attenuates the 
cardiac angiogenesis, by decreasing its target XBP1, a transcription factor of 
unfolded protein response [215]. Some miRNAs have a role in the formation of the 
atherosclerotic plaque; therefore, they can be used for the prediction of atheroscle-
rosis. Myocardial miRNAs are also significant. One specific heart miRNA is miR-1 
that increases 12 hours after coronary artery occlusion; therefore, its level can be 
predictive of myocardium damage [216]. Another miRNA released during myocar-
dial infarction is miR-208, and it seems to have an overlapping time of release with 
troponin [216, 217]. Based on these evidences, miRNAs could be used in addition 
to usual biomarkers in future diagnosis approaches.

In conclusion, to understand the mechanisms underlying epigenetic modifica-
tions, it has been (and will certainly be more and more) important to elucidate how 
environmental and genetic factors do cooperate to determine the ageing process 
and ageing-related phenotypes and diseases. On the other hand, data are accumu-
lating which show that epigenetic modifications may represent important tools to 
monitor the rate and the quality of ageing, or to warn for the onset of age-related 
diseases.
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and Their Impact on Ageing: The Role 
of Telomeres
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8.1	 �Introduction

The ends of the chromosomes in all eukaryotic species have specialized, non-coding 
DNA sequences that, together with associated proteins, are known as telomeres [1]. 
Telomeric DNA comprises simple tandem repeats of guanine-rich sequences, which 
are characterized by the hexanucleotide repeat d(TTAGGG)n in vertebrates. The 
extreme 3′ end of eukaryotic telomeric DNA is single stranded and is typically 
100–200 bases long [2, 3]. At birth, human telomeres are typically 10–15 kilobases 
in length, with substantial inter-individual heterogeneity. On average, human telo-
meres lose 50–100 base pairs per mitotic division, thus limiting the cell’s replicative 
capacity [4]. The limited replicative capacity of normal cells, initially described in 
the 1960s by Leonard Hayflick and thus known as the ‘Hayflick limit’, could be 
explained based on progressive shortening of telomeres observed with every mitotic 
event [5, 6]. The telomere length and cell function can be preserved by the reverse 
transcriptase telomerase. Human telomerase consists of two subunits: an RNA tem-
plate (TERC, telomerase RNA component) and the catalytic subunit (hTERT, 
human telomerase reverse transcriptase), which synthesizes the new telomeric DNA 
from the RNA template [7]. The rate of telomere loss is modifiable by factors other 
than the mitotic replication rate. Particularly, the GGG triplet within the human 
telomere sequence TTAGGG is vulnerable to chemical modification. Due to the 
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content and long stretches of repetitive DNA, it is also thought that telomere 
sequences suffer disproportionately higher rates of damage by oxidative stress than 
non-telomeric sequences. Single-stranded breaks of telomeric DNA, caused either 
directly by reactive oxygen species or indirectly as part of the DNA repair process, 
are not as efficiently repaired. In addition, telomeric DNA appears to be particularly 
sensitive to accumulate 8-hydroxydeoxyguanosine, which is one of the major prod-
ucts of DNA oxidation. The shelterin complex, formed by six telomere-specific 
proteins, shapes and protects chromosome ends. Experimental evidence suggests 
that oxidative damage at telomeres displaces shelterin proteins, which might be 
another mechanism by which oxidative stress leads to telomere dysfunction. 
Telomere shortening may be further increased by chronic low-grade inflammation 
that affects the ageing process [8, 9]. Importantly, the overexpression of inflamma-
tory mediators associated with telomere-driven cellular senescence can limit the 
tissue regenerative capacity, compromise the function of tissue-specific stem and 
progenitor cells and accelerate ageing [9, 10]. Senescent cells have been shown to 
have a distinct secretome profile, known as the senescence-associated secretory 
phenotype (SASP). Cells during this state have the ability to produce cytokines, 
chemokines, growth factors and proteases. Furthermore, telomeric DNA damage 
can lead to activation of a DNA damage response, which enhances nuclear factor 
(NF)-κB transcriptional activity. NF-κB activation is responsible for the SASP and 
can induce (and be activated by) reactive oxygen species generation. Systemic 
exposures that increase levels of oxidative stress and inflammation (e.g. smoking, 
obesity and chronic stress) have been associated with shorter telomere lengths in 
white blood cells [11–13]. On the other hand, it has been hypothesized that healthy 
lifestyle choices (e.g. lower body mass index and physical activity), tobacco absti-
nence, a diet high in fruits and vegetables and meditation promote a more stable 
telomere length, presumably through enhanced antioxidant and anti-inflammatory 
capability [14, 15] (Fig. 8.1). This chapter summarizes the current knowledge of the 

Positive Factors Associated
with Telomere Length

• Healthy Lifestyle Choices
• Physical Activity
• Antioxidant Foods
• Mediterranean Diet
• Meditation 

Negative Factors Associated
with Telomere Length

• High Body Mass Index
• Cigarette Smoking
• Chronic Stress
• Psychological Disorders
• Early Childhood Adversity

Other Factors
Oxidative Stress

and
Inflammation

? Telomere Length

Genetic Susceptibility

AGEING

Fig. 8.1  Environmental factors associated with telomere length maintenance
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association between telomere length and healthy lifestyle choices and suggests that 
these factors may play a role in telomere biology maintenance, thus impacting over-
all health status and longevity.

8.2	 �Associations Between Lifestyle Choices and Telomere 
Length Biology

Several studies have observed that a healthy lifestyle is correlated with longer telo-
meres, likely reflecting protection against age-related diseases. Shorter telomeres 
are associated with decreased life expectancy and increased rates of developing 
age-related chronic diseases. Telomere length is deeply influenced by environmen-
tal factors and stressful conditions throughout an individual’s lifetime. Prospective 
longitudinal studies have shown that environmental stress exposures perturb telo-
mere homeostasis by increasing oxidative stress and inflammation [16]. Given that 
multiple environmental factors affect these processes, the objective of the studies 
reviewed below was to determine the potential relation between environmental/
behavioural aspects and telomere length and thus to examine the importance of 
lifestyle choices in maintaining telomeric stability.

8.2.1	 �Physical Activity

Regular physical activity has been associated with decreased levels of oxidative 
stress and inflammation; it also helps to prevent chronic diseases [17, 18]. Evidence 
from population-based studies on the relation between physical activity and telo-
mere length has been limited and inconsistent, and the potential role of moderate- or 
vigorous-intensity activity, as well as specific types of physical activity, has 
remained unclear [19–21]. Moreover, previous studies have not evaluated the asso-
ciation between sedentary behaviour and telomere length. Obese individuals may 
possess shorter telomeres, and as sedentary lifestyle predicts obesity, sedentary 
behaviours may influence telomere length [22, 23]. The influence of physical activ-
ity, intensity and type of physical activity and sedentary behaviour on telomere 
length was examined in 7813 women of the Nurses’ Health Study [24]. In this large 
cross-sectional analysis, women who were moderately or highly physically active 
were found to have longer telomere length than less active women, after adjustment 
for age and other confounders. This relation remained after additional adjustment 
for body mass index. Although the association was modest, the difference in telo-
mere length corresponded on average to 4.4 years of ageing, comparable to the dif-
ference observed when comparing smokers with non-smokers (4.6  years) [23]. 
Similarly, greater intensity physical activity (i.e. moderate or vigorous) was associ-
ated with longer telomeres independent of body mass index. The longest telomeres 
were found among women who engaged in moderate or vigorous activities 2–4 hours 
per week, an amount corresponding to current US guidelines (2.5  h/week) [25]. 
There was no additional increase in telomere length for most active women 
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compared with those who were moderately active, which suggests that even moder-
ate amounts of activity may influence telomere length. These results extend the lit-
erature by showing, in the largest study to date, that even moderate activity, of either 
moderate or vigorous intensity, may be associated with longer telomeres in middle-
aged and older women. Exercise helps to maintain energy balance and to reduce 
obesity, which may decrease levels of oxidative stress and inflammation [26–28]. 
Although slightly attenuated, associations remained significant after adjustment for 
body mass index, suggesting that the relation between activity and longer telomere 
length may in part be mediated through factors other than body mass. One possibil-
ity is that moderate amounts of regular activity may generate low levels of reactive 
oxygen species that induce adaptive increases in endogenous antioxidant defences, 
while high amounts of activity may generate excess reactive oxygen species that 
counteract these defences [29–32]. Although current evidence for this hypothesis is 
inconsistent, our results and those of others may be consistent with this mechanism 
[33–35]. Activity may also help to prevent insulin resistance, which has been asso-
ciated with increased inflammation, oxidative stress and telomere attrition [36–39]. 
Additionally, activity may help to reduce some negative effects of chronic stress, 
such as telomere shortening [12, 40]. In summary, physical activity, even in moder-
ate amounts, may be associated with longer telomere length in middle-aged and 
older women, providing insight into how regular exercise may benefit health on the 
cellular level.

8.2.2	 �Diet

Although the influence of food on telomere biology remains under investigation, 
several epidemiologic studies and randomized clinical trials have investigated the 
relationship between telomere length and nutrients, foods and dietary patterns. 
Several food compounds such as vitamins, minerals, omega-3 polyunsaturated fatty 
acids, and polyphenols have been shown to reduce oxidative stress and chronic 
inflammation thus affecting telomere length [41].

8.2.2.1	 �Food Compounds
Multivitamin supplements contain large amounts of many vitamins and minerals 
and therefore represent a major source of micronutrient intake. Multivitamin use 
was associated with longer telomeres among 586 women within the Sister Study, a 
prospective cohort of healthy sisters (age 35–74 years) of breast cancer patients. In 
general, the use of multivitamin supplements was associated with longer telomere 
length. Compared with non-users, daily users had on average 5.1% longer telo-
meres. This difference (273 base pairs) corresponds to ≈9.8 years of age-related 
telomere loss, since each year of age was associated with a 28-base pair decrease 
in telomere length [42]. Dietary long-chain polyunsaturated fatty acids display 
anti-inflammatory properties; consequently, their intake is suggested to protect 
against telomere attrition. Importantly, a balance between omega-3 and omega-6 is 
necessary to regulate the synthesis of inflammatory mediators and reduce 
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inflammation. Indeed, a randomized controlled 4-month trial showed that it is not 
omega-3 itself that is important, but rather the ratio between omega-3 and omega-6 
fatty acids, since telomere length increases with decreasing omega-3/omega-6 
plasma ratios [43]. Another group of dietary components that possess antioxidant 
and anti-inflammatory properties are polyphenols. Certain polyphenols are found 
in all plant products (fruit, vegetables, cereals, fruit juices, tea and wine), whereas 
others are specific to particular foods [44, 45]. Preliminary population studies have 
observed that these phytochemicals may positively affect telomere length. Green 
tea and black tea are a rich source of polyphenols such as catechin and epicatechin. 
Elderly Chinese men who are habitual tea drinkers have longer telomeres than their 
counterparts who do not drink tea frequently [46]. Another important naturally 
occurring polyphenol related to telomere length is resveratrol. This compound 
delays senescence and increases telomere length and telomerase activity but does 
not extend lifespan in a rodent model [47]. Also, mice that were fed with diets 
containing curcumin, the active polyphenolic ingredient of the spice turmeric, 
showed decreased DNA damage and longer telomeres than controls [48]. 
Additionally, phytochemicals belonging to different chemical classes than poly-
phenols, particularly carotenoids, have shown positive effects on telomere length. 
For example, in a population of 786 older (mean age 66 years) individuals from 
Australia, higher plasma lutein, zeaxanthin and vitamin C concentration was 
directly correlated to longer telomere [49]. Consistent with these findings, a later 
study reported a significant direct correlation between longer telomere and dietary 
intake of β-carotene [50].

8.2.2.2	 �Mediterranean Diet
The Mediterranean diet has been widely reported to be a model of healthy eating. 
Meta-analyses of the available prospective cohort studies on the association between 
adherence to a Mediterranean diet and the onset of age-associated diseases have 
observed that a greater adherence to a Mediterranean diet is associated with a lower 
risk of all-cause mortality [51, 52]. Given that fruits, vegetables and nuts—key com-
ponents of the Mediterranean diet—have well-known antioxidant and anti-
inflammatory effects and that telomere length is affected by both these processes, it 
follows that adherence to the Mediterranean diet would likely be associated with 
longer telomere length. Preliminary epidemiological studies have recently focussed 
their attention on the link between the Mediterranean diet and telomere length and 
its health impact on the general population [53, 54]. For example, this question was 
addressed in a population of US women within the Nurses’ Health Study cohort, an 
ongoing prospective cohort study of 121,700 nurses enrolled in 1976. Specifically, 
4676 disease-free women from nested case-control studies within the NHS, who 
also completed food frequency questionnaires, were assessed. For comparison, 
other existing dietary patterns (prudent pattern, Western pattern and Alternative 
Healthy Eating Index) were also evaluated [55]. After adjustment for potential con-
founders, greater adherence to the Mediterranean diet by study subjects was associ-
ated with longer telomeres. Using a diet score ranging from 0 to 9 points, each 
1-point change in diet score corresponded on average to 1.5 years of ageing and 
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3-point change to 4.5 years of ageing. These results further support the benefits of 
adherence to the Mediterranean diet for promoting health and longevity.

8.2.3	 �Psychological Stress

An emerging literature implicates psychological distress and mood disorders, both 
highly prevalent in women, as potential paths towards accelerated ageing [56, 57]. 
Prior work identified a relationship between depression and higher levels of inflam-
matory mediators and oxidative stress [58, 59]. Although less is known about its 
link to these mechanistic paths, anxiety could also be a risk factor for accelerated 
morbidity or mortality in ageing. Previous studies have shown that phobic anxiety 
was significantly related to higher levels of inflammatory markers and an elevated 
risk of sudden cardiac death and fatal coronary disease [60, 61].

8.2.3.1	 �Phobic Anxiety
Phobic anxiety is treatable; thus, any potential impact on telomere shortening may 
be prevented through early identification and treatment. In a study of 5243 women 
in the Nurses’ Health Study, high phobic anxiety was significantly associated with 
shorter telomere length; this association was consistent after adjustment for con-
founders such as paternal age-at-birth, smoking, body mass index and physical 
activity [62]. Although the literature is at an early stage, there is biologic plausibility 
to support a connection between anxiety and shorter telomeres, particularly through 
oxidative stress and inflammation. For example, in a study of 362 healthy adults, 
higher tension-anxiety symptom level was correlated with 8-hydroxydeoxyguanosine, 
an oxidative DNA damage marker, [63]. In a previous Nurses’ Health Study, ele-
vated inflammatory markers (tumour necrosis factor-α receptor II, soluble E-selectin 
and soluble intercellular adhesion molecule) were observed among diabetic women 
with the highest phobic anxiety [60]. Similarly, higher scores on the Spielberger 
State-Trait Anxiety Inventory, used to assess levels of state anxiety and trait anxiety, 
were significantly correlated with elevated C-reactive protein, interleukin-6 and 
fibrinogen levels in 853 middle-aged adults [64]. Phobic anxiety is usually the pri-
mary presenting condition and is often comorbid with other mental disorders (e.g. 
depression and substance abuse) [65]. Early intervention may not only mitigate det-
rimental impact on ageing but could also avert further consequences of accelerated 
telomere shortening due to secondary development of other mental disorders or 
serious chronic medical conditions.

8.2.3.2	 �Psychological Stress and Early Adversity
Exposure to adversity and stress has consistently been associated with a range of 
negative health outcomes including psychological disorders, immunologic disor-
ders and cardiovascular disease (CVD). Emerging evidence indicates that early 
childhood may represent a particularly vulnerable time period, as the brain is under-
going rapid neurodevelopmental changes. Although the link between adversity and 
a range of negative outcomes is established, the mechanism of how these early 
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experiences alter biological processes has yet to be fully elucidated. Biomarkers of 
adversity, such as alterations in the hypothalamic-pituitary-adrenal axis and the 
autonomic nervous system, have been identified and offer insight into this process 
at a systems level [66, 67]. Telomere shortening may represent an additional cellular 
level biomarker of adversity. Most recently, psychological stress including a history 
of early maltreatment, mood disorders, self-reported psychological stress and stress 
exposure has been associated with shorter telomere length [68–71]. Several studies 
suggest that acceleration of the cellular ageing process occurs with psychological 
distress, and this may represent one mechanism by which early adversity is trans-
lated into increased morbidity and mortality across health indices. In a study of 
adults with and without anxiety disorders, across both case and control subjects, 
childhood adversity was significantly associated with shorter relative telomere 
length [68]. However, no previous studies have examined whether this association 
can be demonstrated in children. Early childhood likely represents a critical period 
for the interaction between stress, cellular ageing and neurodevelopment for several 
reasons. First, brain development is rapid over the first years of life. Further, early 
childhood is both a period of rapid telomere attrition and the putative time point at 
which an individual’s rate of telomere length attrition is established epigenetically 
[72]. Clarification of a temporal relation between adversity exposure and cellular-
level biological changes would represent a significant advancement for the study of 
early life stress. Children living in institutions represent a well-studied model of 
early adversity. These children receive little attention to their individual needs, are 
exposed to low-quality caregiving and have limited opportunities to form selective 
interpersonal attachments. The detrimental impact of institutionalization across bio-
logical, social, emotional, neurological and cognitive domains has been established 
in multiple studies over the last 50 years [73, 74]. In the Bucharest Early Intervention 
Project, the only longitudinal randomized controlled trial of foster care (compared 
with continued institutional care) ever conducted, children were recruited from one 
of six institutions in Romania and randomly assigned to either the ‘care as usual’ 
group or the ‘foster care’ group arm of the clinical intervention. Children who had 
spent a greater percentage of their early life in institutional care would have signifi-
cantly shorter telomere length than children who had less exposure to institutional 
care. A significant inverse association was detected between the percentage of time 
in institutional care and telomere length in middle childhood. A greater percentage 
of time in the institution at baseline and at 54 months of age was associated with 
shorter telomere length in middle childhood. Romanian children with increased 
early institutional care had shorter telomeres [75]. These findings support data that 
early childhood experiences including abuse, adversity and serious illness are asso-
ciated with shorter relative telomere length in adults.

8.2.4	 �Meditation

Lifestyle behaviours that mitigate the effects of stress may be associated with longer 
telomere length. Previous research suggests a link between behaviours that focus on 
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the well-being of others, for example, volunteering and caregiving, and overall 
health and longevity. Forgiveness of others has also been associated with greater 
longevity. Although the mechanism for this is unclear, the effects may relate to 
reducing low levels of hostility, which is related to medical morbidity and mortality 
[76, 77]. Kindness or Metta meditation (Metta from the Pali language of the 
Buddhist scriptures) is a type of meditation practice that focusses on developing a 
positive intention, unselfish kindness and warmth towards all people. Because 
shorter telomeres are associated with chronic psychological stress and loving-
kindness meditation appears to decrease stress, telomere length was examined in a 
population of meditators. Moreover, it was hypothesized that these subjects would 
have longer telomeres than those of age-, gender-, and education-matched controls. 
The meditators had longer telomere length than controls. Especially among women, 
loving-kindness meditation practitioners had significantly longer telomere length 
than controls, which remained significant even after controlling for body mass index 
and past depression. Furthermore, in gender-stratified analysis, women meditators 
had significantly longer telomeres than gender-matched controls. The association 
between loving-kindness meditation and relative telomere length was stronger in 
women than in men, but the reason for this is not clear. One explanation may be that 
the women who were experienced meditators spent more time practicing meditation 
[78]. The finding of longer telomeres in meditators is consistent with previous work 
that demonstrated an association between meditation and telomerase [79] and sug-
gests the possibility that meditation could have beneficial effects on telomere length, 
a marker of cellular ageing linked to longevity.

8.3	 �Telomeres and Mortality Risk

Although the association between telomere length and mortality remains unclear, 
there is rapidly growing literature exploring whether there is an overall association 
between telomere length and subsequent mortality risk. In population-based pro-
spective studies, it has repeatedly been shown that individuals with short telomeres 
have an increased risk for cardiovascular events, stroke and all-cause mortality [80–
82]. Although several studies reported an association between short telomeres and 
cause-specific mortality or all-cause mortality, there is a substantial variability 
among the findings of these studies. A number of factors may contribute to the 
variation observed in the relationship between telomere length and mortality due to 
the different measurement techniques and the varying age, sex and diet or ethnicity 
of the study participants. Regarding cause-specific mortality and the association 
between CVD and telomere length, numerous studies indicate a modest inverse link 
[83, 84] but are heterogeneous with regard to CVD mortality [85, 86]. The associa-
tions of telomere length with cancer are probably more complex. Although many 
cancer cells express highly active telomerase, their telomeres are shorter than those 
in normal tissue. Indeed, multiple studies have found increased risk of cancer inci-
dence with short telomere length [87–89]. However, more recent studies investigat-
ing cancer-specific associations have also correlated longer telomere length with 
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increased risk of several tumours [90–92]. With regard to all-cause mortality, a 
study by Cawthon et al. reported for the first time that telomere shortening contrib-
uted to all-cause mortality in 143 US subjects aged 60–97 years [93]. Rode et al. 
conducted the largest study so far (n = 64,637) to demonstrate that short telomeres 
were associated with a higher risk of all-cause mortality [94]. More recently, a large 
meta-analysis was conducted to evaluate the association of telomere length with 
all-cause mortality, taking advantage of both previously published results from 
cohort studies of the general population and unpublished original data from the 
Swedish Twin Registry. Interestingly, the magnitude of the association of telomere 
length and all-cause mortality was similar for the youngest groups (<75 years and 
75–80 years) but weaker for the oldest old (over 80 years). Therefore, it seems that 
the oldest old have lower hazard of telomere attrition-associated all-cause mortality 
increment than younger individuals.

8.4	 �Conclusion

Telomeres are repetitive DNA sequences at the ends of eukaryotic chromosomes 
that undergo attrition each time a somatic cell divides. The capping function of 
telomeres protects the physical integrity of chromosomes and prevents the loss of 
genomic DNA. Telomere length is an important factor in the pathobiology of human 
disease. Oxidative stress and inflammation are important modulators of telomere 
loss, and it has been shown that telomere attrition is accelerated by these processes. 
Environmental factors may perturb telomere length homeostasis by increasing the 
levels of oxidative stress and inflammation. Therefore, shorter telomeres may repre-
sent a marker of the cumulative burden of inflammation and oxidative stress. 
Individuals who lead a healthy lifestyle by increasing their physical activity, practic-
ing meditation, adhering to the Mediterranean diet and using multivitamins have 
been shown to have longer telomeres than those who do not adhere to such lifestyle 
behaviours. The studies reviewed here highlight the influence of lifestyle factors on 
telomere biology. Strategic management of these factors may have important impli-
cations for ageing and longevity. Finally, the associations between telomere length, 
age-related disease and mortality should inspire further research to unravel the fac-
tors contributing to the individual differences in telomere length.
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9Gut Microbiota Pattern of Centenarians

Lu Wu, Angelo Zinellu, Luciano Milanesi, Salvatore Rubino, 
David J. Kelvin, and Ciriaco Carru

9.1	 �Introduction

As the global population becomes an ageing population, to prolong a healthy lifes-
pan in the elderly is rapidly becoming a vital challenge for modern medical 
research. Centenarians, an extremely aged population with extended healthy lifes-
pan, have been used as an ideal model to study ageing and longevity [1–4]. The 
rapid growth of the centenarian population around the world is a challenge and a 
burden for the society. Thus, extra concerns are also needed to improve centenarian 
quality of life.

Gut microbiota, dominated by bacteria, not only facilitates the digestion of food 
and the generation of metabolites essential for various functions but also mediates 
the effects of exogenous chemicals that can modulate host activities by gut–brain 
cross-talk [5, 6]. For instance, in the gut, a process modulated by microbiota is 
responsible for most of the production of 5-hydroxytryptamine, which can 
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comprehensively affect host locomotor activation and addictive behaviour [7]. Gut 
microbiota also participates in host immunity and response to infections [8, 9]. Gut 
microbiota shows high diversity and plasticity in response to different environmen-
tal factors such as diet, lifestyle and drugs [10–14]. Throughout life, the gut micro-
biota has co-evolved with the host to adapt; this includes changes in nutrition 
derived from the host diet and immune response sensitivity.

Ageing is characterized by physiological, genomic and metabolic changes, and 
the immune function also declines with ageing [15, 16]. Ageing affects the gut 
microbiota as well [12, 17, 18]. In the elderly, the gut microbiota is closely related 
to host health status [19, 20]. Intriguingly, as a highly dynamic and relative stable 
ecosystem, gut microbiota can be rapidly altered by diet [10, 21, 22]. Gut microbi-
ota not only can be comparatively easily manipulated, such as by diet intervention 
and calorie restriction [23, 24], but also can shape the function of the host immune 
system and exert systemic metabolic effects [25, 26]. Thus, gut microbiota might be 
a contributor for the human longevity and a promising target for diagnostics of the 
health status. Since gut microbiota, composition and function can be modulated, it 
has great promise in promoting healthy ageing.

Many clinical issues accompanying ageing, such as bowel disorders, cardiovas-
cular diseases, constipation and Parkinson’s disease, are also closely correlated to 
perturbations in the composition and function of gut microbiota [27–32]. 
Interestingly, centenarians, as a successful extreme ageing model, can delay or 
escape these age-related diseases; thus, it is critical to gain insight into the gut 
microbiota in centenarians and explore the possible contribution of the gut micro-
biota to ageing and longevity in humans.

In this chapter, we review the possible associations between gut microbiota and 
longevity in humans. We also discuss how the gut microbiota, integrating with the 
host immunity and metabolism, contributes to longevity. In addition, we summarize 
the features of gut microbiota in longevity across populations.

9.2	 �Network of Longevity and Gut Microbiota in Humans

As discussed in Chap. 1, longevity of centenarians is a complex biological pheno-
type, and different factors contribute to this phenotype [24, 33–39]. The longevity 
has also been demonstrated to be associated with defined metabolites such as pri-
mary bile acids, short-chain fatty acids (SCFA) and isocitrate, closely related to gut 
microbiota activities [24, 40, 41]. The human gut microbiota is largely determined 
by environmental factors such as diet and nutrition, but it is also influenced by the 
host genetic factors [10, 11, 13, 14, 42]. Gut microbiota has a fundamental function 
in shaping and training the immunity system [9, 43], and it is also involved in age-
related inflammation [44]. In addition, the gut microbiota-derived metabolites such 
as SCFA, trimethylamine (TMA), secondary bile acids, cholate and indoles can 
modulate the host metabolism and regulate the host immunity and gene expression 
[32, 45–51]. For example, primary bile acids are produced in the liver from choles-
terol and metabolized in the intestine by the gut microbiota into secondary bile 
acids. The microbial modifications of bile acids influence host metabolism through 
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the nuclear farnesoid X receptor and the G-protein-coupled membrane receptor 5 
[49]. Conversely, bile acids can modulate gut microbial composition both directly 
and indirectly through the activation of innate immune genes in the small intestine 
[52]. Besides, previous studies have already identified specific gut microbiota fea-
tures in longevity populations [41, 53–56]. Given the complex interaction between 
human gut microbiota, immunity, metabolism and longevity, the gut microbiota 
interacts with dietary, lifestyle and other environmental factors, as well as with the 
genetic and epigenetic factors of the host. Furthermore, gut microbiota affects other 
longevity contributors such as host metabolism and immunity and forms a complex 
network of contributors to longevity, and it could be regarded as a putative potential 
contributor to human longevity. We summarize the association networks of the gut 
microbiota and longevity in Fig. 9.1.

In animal models, such as Caenorhabditis elegans and turquoise killifish 
(Nothobranchius furzeri), which have a simple gut microbiota and a short and 
easily monitored lifespan, gut microbiota has been proved to influence the host 
longevity [57, 58]. In human beings, the gut microbiota is a highly complicated, 
dynamic and personalized ecosystem [59]. Although the longevity features of gut 
microbiota have been demonstrated, due to the difficulties of longitudinal studies 
to trace the ageing process in humans, identifying the mechanistic contribution of 
gut microbiota to lifespan in humans is intrinsically challenging. There is still no 
direct evidence of causal relationship between gut microbiota and longevity in 

Life Style/
Environmental exposure

Host immunity

Association network of gut microbiota:
1. Largly determinate by diet and nutrition,
 Impacted by life style, environmental
 factor and host genetics.
2. Involved the development and function
 of immunity system and aging related
 Inflammation.
3. Gut microbial metabolites: SCFA, TMA,
 Bile acid, Cholate, Indoles, etc. can
 modulate the host metabolism and
 regulate the host immunity and gene
 expression. Altered gut microbiota can
 cause metabolic disease (T2D,IBD)

Association network of longevity:
1. Gut microbiota in longevity display a
 specific taxonomic and functional
 composition profiles.
2. Longevity associated wit host genomic
 and epigenomic features, such as
 gene: Foxo3, ApoE,etc. and DNA
 Methylation patterns.
3. Longevity is associated with lower
 inflammation and better reserved
 Immune function.
4. Longevity is associated with defined
 metabolites: isocitrate, bile acid, SCFA, etc.

Promoting health and longevity through
gut microbiota:

Intervention of gut microbiota is comparatively
easier: dietary restriction, Feacal microbiota
transplant (FMT), synbiotics.

Genetic/
Epigenetic

Diet/
Nutrition

Host metabolism

Gut microbiotaLongevity

Fig. 9.1  The association networks of longevity in humans. For explanation, see text
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humans. However, as discussed below, a series of breakthrough studies have 
pointed out the possible association between gut microbiota and human 
longevity.

9.3	 �Gut Microbiota, Host Metabolism and Longevity

The association between the distinct metabolomic signatures and human longevity 
has been identified [40, 41, 60]. Human gut microbiota might contribute to longev-
ity by interacting with the host metabolism. For instance, a longitudinal study in a 
big cohort from the USA had found that high concentrations of the citric acid cycle 
intermediate isocitrate and the bile acid taurocholate are negatively associated with 
longevity [60]. Another cross-sectional study in China has found that the centenar-
ians showed a distinct metabolic pattern. Seven characteristic components closely 
related to the centenarians were identified, namely acetic acid, total SCFA, Mn, Co, 
propionic acid, butyric acid and valeric acid. Their concentrations were significantly 
higher in the centenarian group [24]. These longevity-related metabolites are also 
closely related to the gut microbiota. Take SCFAs as an example. SCFAs are the 
principal products of colonic fermentation of dietary fibres by the anaerobic intesti-
nal microbiota. Absorbed by the colonocytes in the gut, they provide around 10% of 
the daily caloric requirements in humans [61, 62]. SCFAs also inhibit stimuli-
induced expression of adhesion molecules and chemokine production and conse-
quently suppress monocyte/macrophage and neutrophil recruitment, suggesting an 
anti-inflammatory action [51]. Moreover, SCFAs are critical modulators of epigen-
etic changes and stimulate the epithelial cells to release molecules to facilitate the 
brain–gut cross-talk [47]. Other gut microbial metabolites such as TMA, ethylphe-
nyl sulphate, indole and propionic acid are also involved in the host health and dis-
ease [8, 63].

9.4	 �Gut Microbiota, Host Immunity and Longevity

Ageing is accompanied by the decline in physiological functions and the increase 
in the incidence of infectious diseases and chronic inflammatory systemic diseases 
[64]. Diseases of inflammatory origin, such as atherosclerosis, cardiovascular dis-
ease, type II diabetes, arthritis, dementia, Alzheimer’s disease, osteoporosis and 
cancer, are widespread in the elderly, delayed or escaped in centenarians [65, 66]. 
Although previous studies have found that centenarians cannot avoid the altera-
tion of the immune system observed in aged people, such as the decrease of CD3+ 
T lymphocytes, helper CD4+ T lymphocytes, cytotoxic T CD8+ lymphocytes 
and CD19+ B lymphocytes [36], some immune parameters are better preserved 
in centenarians than in the elderly. It can be observed by an increase in the num-
ber of cells with markers of NK activity and T lymphocytes able to mediate non-
MHC-restricted cytotoxicity [36, 67] (Chap. 3). Moreover, low levels of interleukin 
(IL)-6 (pro-inflammatory cytokine) and high levels of IL-10, IL1-Ra and TGF-β1 
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(anti-inflammatory) are associated with lower inflammatory status in centenarians 
[37, 39] (Chap. 1). Therefore, the specific characteristics of the immune system in 
centenarians suggest its potential contribution to host longevity and healthy ageing.

The host immune system and the gut microbiota have complex interactions [68]. 
As previously stated, gut microbiota plays a fundamental role in the induction, 
training and function of the host immune system [9, 43]. The dysbiosis of the gut 
microbiota leads to a decrease in the resistance to the colonization of pathogens and 
to an increase in pathological immune responses, hence contributing to the inflam-
matory status [44]. Studies in mice have revealed that the ageing-related inflamma-
tion was mostly induced by the ageing-associated gut microbiota. Thus, to reverse 
these age-related microbiota changes represents a potential strategy for reducing 
age-associated inflammation [69, 70]. In humans, evidence has also shown that the 
ageing process deeply affected the structure of the human gut microbiota [12, 53, 
54], as well as its homeostasis with the host immune system [25, 55]. Due to its 
crucial role in the host immunity, it is possible that the gut microbiota contributes to 
human longevity by its involvement in modulating the host immunity status.

9.5	 �The Features of Gut Microbiota in Longevity

Throughout life, the gut microbiota undergoes a co-evolution with the human host, 
adapting itself to the progressive changes of the host gut environment. Several stud-
ies, performed in different cohorts, have compared the gut microbiota of centenari-
ans with that of young adults and the elderly (Table 9.1) [53–56, 71–73].

The overall structure of gut microbiota in centenarians was evaluated based on 
α- and β-diversity when compared within each cohort. For instance, α-diversity is an 
indicator of the complexity of the gut microbial ecosystem for each individual. Low 
α-diversity of the gut microbiota is associated with fragile and disturbed gut ecosys-
tems [12, 74]. In centenarians, the gut microbiota α-diversity was reported to be 
higher than that observed in the control elderly [53, 54], although not in all the stud-
ies [55, 71]. This indicates that the functional metabolic potential of intestinal 
microbiota in centenarians is diverse from that observed in controls. β-Diversity is 
used to measure the differentiation of gut microbiota among individuals in a “group” 
scale. In centenarians, the gut microbiota β-diversity was reported to be higher than 
that observed in the control elderly [53, 56], although not in all the studies [54, 55]. 
The wide variation within centenarians might be a consequence of different adapta-
tion of gut microbiota to ageing. Overall, the diverse features of gut microbiota 
across populations may be caused by non-standardized recruitment strategies, dif-
ferent genetic background, different diets, different environmental factors, different 
methodologies of processing the samples and data.

Among the observed gut microbiota features in centenarians (Table 9.2), some 
seem universal, such as the lower abundance of Faecalibacterium, a dominant genus 
in gut microbiota, which is widely reported to decline with ageing [20]. Other fea-
tures are unique to defined population; for example, the enrichment of 
Methanobrevibacter in centenarians was detected in a Sardinian (Italy) centenarian 
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cohort but not in other centenarian cohorts [53, 54, 56]. The enrichment of 
Bifidobacterium was also observed in centenarians from Sardinia and in the semi-
supercentenarians (>105  years) from Emilia-Romagna (Italy) but not in other 
cohorts [53]. Akkermansia was found in low abundance in centenarians from 
Sichuan, China, and Sardinia but enriched in the semi-supercentenarians and not in 
the centenarians (100–105  years) from Emilia-Romagna. Overall, independent 
studies on intestinal microbiota in centenarians reveal that the gut microbiota in 
longevity populations has accumulated several sub-dominant species.

The structural variation of the taxonomic composition of gut microbiota in cen-
tenarians corresponds to the metabolic functional differentiation of gut microbiota 
in centenarians compared with that in the elderly. For instance, the proportion of the 
two most abundant phyla in the gut, the Firmicutes/Bacteroidetes proportion (F/B), 
is an important index of the structure of gut microbiota. It has already been found to 
be associated with body mass index, obesity, production of SCFA and ageing [75–
79]. A high F/B ratio might be associated with an increased energy harvest [80]. The 
F/B ratio in Sardinian and Emilia-Romagnan centenarians showed an interesting 
trait: lower than that observed in the elderly group but similar to that observed in 
young people [55]. The low ratio of F/B in centenarians may lead to the decline of 

Table 9.2  Summary of the features of gut microbiota in centenarians compared with control 
groups within each cohort according to different studies

Genus/species that differently distributed a [53] [55] [54] [56] [71]
g_Bifidobacterium ↑ ↓ ↑
g_Bilophila ↑ ↑
g_Escherichia ↑ ↑ ↑ ↑
g_Blautia ↓ ↓ ↑
g_Akkermansia ≈ ≈ ↑ ↓
g_Butyricimonas ↑ ↑ ↑ ↓
g_Christensenella ↑ ↑ ↑
g_Clostridium ↓
g_Lactobacillus ↓
g_Coprococcus ↓ ↓ ↓ ↑ ↓ ↓
g_Desulfovibrio ↑ ↑
g_Dorea ↓
g_Faecalibacterium ↓ ↓ ↓ ↓ ↓ ↓
g_Leuconostoc ↑
g_Methanobrevibacter ↑ ↑
g_Odoribacter ↑ ↓
g_Oscillibacter ↑
g_Parabacteroides ↑ ↑ ↓
g_Pseudomonas ↑ ↑
g_Pyramidobacter ↑
g_Roseburia ↓ ↓ ↓ ↑ ↓
g_Ruminococcus ↓

aAuthor unpublished observations

9  Gut Microbiota Pattern of Centenarians



156

energy harvesting capabilities in centenarians. Centenarians in Sardinia were found 
to have lower gene pathway abundance involved in complex carbohydrate degrada-
tion, which correlates with the significantly lower prevalence of Ruminococcus and 
Faecalibacterium in the gut than that of the young and elderly. Furthermore, in 
centenarians, the enrichment of gene pathways related to the utilization of energy 
by microbes through glycolysis correlated with the enrichment of Enterococcus, 
Lactobacillus and Escherichia [81]. Diminished physical activities and energy 
expenditure are associated with the ageing process and may cause the decline of 
energy requirements for humans [82, 83]. Therefore, overall, the gut microbiota in 
centenarians has the potential to decrease the energy harvest by the host, which 
seems an adaptation to ageing.

9.6	 �Conclusion

As a significant contributor to human health, gut microbiota may play a critical role 
during the ageing process. Using centenarians as an extreme ageing and longevity 
model, studies have identified the centenarian-specific gut microbiota characters. To 
establish the causal relationship between the gut microbiota and longevity, further 
studies based on the animal models are needed to interpret the role of gut microbiota 
in longevity.
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10.1	 �Introduction

Ageing has emerged as one of the major policy issues of our times, since both the 
proportion and the absolute number of older adults are constantly rising worldwide 
[1]. At the same time, it has become increasingly important not only to live longer 
but also to live in good health. In 2016, the Global strategy and action plan on age-
ing and health (2016–2020) was adopted by the World Health Assembly with the 
aim to promote healthy ageing and contribute to achieving the vision that all people 
can live long and healthy lives [2]. Nutrition was identified as one of the key behav-
iours that influence healthy ageing, not only through the prevention of chronic, non-
communicable diseases and age-related conditions, but also through the preservation 
of functional ability and independence. Thus, elucidating the role of nutrition in the 
ageing process is considered very important for the promotion of health and wellbe-
ing in the older age.

Convincing evidence has accumulated over the years that specific foods, food 
groups, as well as dietary patterns are associated with reduced incidence of, and 
mortality from, major chronic diseases and longer survival [3, 4]. Research interest 
on the dietary patterns, more specifically the combinations, quantities and frequency 
with which foods are habitually consumed, has been dictated by the ability of the 
latter to integrate complex or subtle interactive effects of many dietary exposures, to 
accommodate the inter-correlation of nutrients within a diet and to bypass problems 
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created by multiple testing. Furthermore, studying diet by means of dietary pattern 
analysis is an appealing method to assess the influence of the overall diet, which 
most likely possesses synergistic and cumulative effects on health and disease, in 
contrast to individual foods and nutrients, while it offers a more intuitive under-
standing of the findings [3, 5, 6]. Dietary patterns can be defined either in a 
hypothesis-oriented approach (a priori methods), based on the available scientific 
evidence for the relation of specific foods with particular diseases (e.g. Mediterranean 
diet pattern, healthy eating index) or in an exploratory approach (a posteriori meth-
ods) that relies on available empirical data without a priori hypothesis [6]. 
Irrespective of the methodology used, the study of dietary patterns in relation to 
health is now a fundamental step in the process of formulating food-based dietary 
guidelines [7, 8].

The Consortium on Health and Ageing: Network of Cohorts in Europe and the 
United States (CHANCES), a collaborative, large-scale project funded by the 
European Commission and coordinated by Hellenic Health Foundation in Greece, 
provided a unique opportunity to investigate the association between adherence to a 
priori healthy dietary patterns and important health outcomes among elderly popu-
lations. Adherence to the Healthy Diet Indicator (HDI), an index based on World 
Health Organization (WHO) dietary recommendations (issued in 2003) and all-
cause mortality, was tested using harmonized data from 396,391 participants, aged 
60 years and older, from 11 prospective cohorts in Europe and the United States. A 
ten-point increase in the HDI (representing adherence to one additional WHO 
guideline) was associated with a 10% decrease in total mortality for men and women 
combined [9]. These estimates translate to an increased life expectancy of 2 years at 
the age of 60 years and highlight the importance of adhering to a healthy dietary 
pattern even in the older age. Similar associations were observed for cancer inci-
dence, as greater adherence to the World Cancer Research Fund/American Institute 
for Cancer Research (WCRF/AICR) dietary recommendations for the prevention of 
cancer, measured by an appropriate index, was associated with lower risk of cancer 
among 362,114 older adults from seven prospective cohorts, participants in the 
CHANCES project [10].

In the next part of this chapter, we will focus on the impact of Mediterranean diet 
(MD), a well-known a priori healthy dietary pattern, on longevity.

10.2	 �Mediterranean Diet Pattern and Survival

Traditional Mediterranean diet prevailed in the olive tree-growing areas of the 
Mediterranean region up to the early 1960s. It is characterized by high intake of 
vegetables, fruits, legumes and cereals (mainly in unprocessed forms); low intake of 
meat and meat products; low-to-moderate intake of dairy products; moderate-to-
high intake of fish; high intake of unsaturated added lipids, particularly in the form 
of olive oil and modest intake of ethanol, mainly as wine during meals [11].

The beneficial health effects of the traditional Mediterranean diet were first 
pointed out by the classic studies of Ancel Keys [12]. Although these studies were 
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essentially ecological and they invoked assumptions that were not adequately docu-
mented, they did point to an explanation of a paradox: that countries like Greece, 
with unhealthy lifestyles, including high prevalence of smokers and suboptimal 
health care systems, had in the 1960s some of the longest adult life expectancies. 
Almost by exclusion, diet was considered the underlying benefactor for countries 
like Greece, Spain, Italy and France.

An advance in the study of MD was the introduction of a score by Trichopoulou 
and colleagues in the 1990s assessing the degree of adherence to the traditional 
Mediterranean diet [13]. Since then, this score, as well as variants of it proposed by 
other investigators, have been used in numerous epidemiological studies assessing 
adherence to the MD in relation to longevity and incidence of and mortality from 
several major chronic diseases and outcomes [14–22].

With consistency unusual in biomedical research, adherence to MD has been 
inversely associated with total mortality, incidence of and mortality from cardiovas-
cular diseases and malignant neoplasms. These associations were evident among 
populations living in different geographical areas, at different points in time and by 
different investigators using mainly observational [13, 15, 16, 18, 19] but also 
experimental study designs [17, 20, 21, 23].

In the context of the European Prospective Investigation Into Cancer and nutri-
tion (EPIC) study, greater adherence to MD was associated with lower overall can-
cer risk based on a sample of 142,605 men and 335,873 women from 11 European 
countries [24]. The reduction in risk was evident in both Mediterranean and non-
Mediterranean countries, with a somewhat stronger protection among smokers and 
against tobacco-related cancers. It was estimated that 4.7% of cancers among men 
and 2.4% among women would be avoided if study subjects had a greater adherence 
to MD.

In the context of the PREDIMED study, a multicentred randomized trial con-
ducted in Spain, 7447 participants (55–80 years of age, 57% women) at high cardio-
vascular risk were assigned to one of three diets: an MD supplemented with 
extra-virgin olive oil, an MD supplemented with mixed nuts or a control diet (with 
advice to reduce dietary fat) [23]. After a median follow-up of 4.8 years, incidence 
of major cardiovascular events was lower among those assigned to MD supple-
mented with extra-virgin olive oil or nuts, than among those assigned to a reduced-
fat diet.

Reduced incidence of other major chronic diseases with great burden among 
older adults, such as type 2 diabetes mellitus, neurodegenerative diseases such as 
dementia and hip fractures, in relation to higher adherence to MD has also been 
reported [16, 25–27].

In relation to all-cause mortality, the most recent comprehensive meta-analy-
sis of prospective cohort studies, conducted by Eleftheriou and colleagues, quan-
tified the association of adherence to MD, as well as its components, with 
all-cause mortality [18]. Based on 30 studies (with 225,600 deaths) published 
until January 2018, adherence to MD was significantly inversely associated with 
all-cause mortality. More specifically, when comparing the highest to the lowest 
adherence category, as well as per one standard deviation increment in MD scale, 
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there was a 21% [summary relative risk (sRR): 0.79; 95% confidence intervals 
(CIs): 0.77–0.81] and a 8% (sRR: 0.92; 95% CI: 0.90–0.94) decrease in all-cause 
mortality, respectively. With respect to the individual dietary components of MD 
that influence mostly this association, relatively stronger and statistically signifi-
cant inverse associations were highlighted for moderate versus none-to-excessive 
alcohol consumption (sRR: 0.86; 95% CIs: 0.77–0.97) and for above- versus 
below-the-median consumptions of fruits (sRR: 0.88, 95% CIs: 0.83–0.94) and 
vegetables (sRR: 0.94; 95% CI: 0.89–0.98), whereas a positive association was 
apparent for above- versus below-the-median intake of meat (sRR: 1.07; 95% CI: 
1.01–1.13). Another analysis by Trichopoulou and colleagues based on the Greek 
segment of the EPIC study investigated the relative importance of the individual 
components of the MD in generating the inverse association of increased adher-
ence to this diet and overall mortality. The main dietary components of the MD 
which predicted lower total mortality were moderate consumption of ethanol, 
low consumption of meat and meat products, and high consumption of vegeta-
bles, fruits and nuts, olive oil and legumes [28]. On the other hand, it should be 
noted that the reduction in mortality in relation to the MD score was apparent 
even though no strong associations with mortality were evident for each of the 
individual components of the score [13]. Several explanations have been postu-
lated for this consistent observation, such as (a) individual components may have 
small effects that emerge only when the components are integrated into a simple, 
unidimensional score and (b) there may be biological interactions between dif-
ferent components of the MD that could be difficult to detect unless very large 
samples are used.

The plausible biological mechanisms through which MD could exert its ben-
eficial effects to health and promote longevity have been mostly attributed to 
dietary constituents of the key food groups consumed in moderate-to-high 
amounts in MD.

Thus, vitamins, phytochemicals, antioxidants (e.g. vit C, E and A), flavonoids, 
potassium, fibre and folate, minerals and fibre (abundant in plant foods), ethanol 
and polyphenols in wine (the most frequent type of alcoholic drink consumed in the 
traditional MD), oleic acid abundant in olive oil and omega-3 fatty acids abundant 
in fish contribute through anti-inflammatory, antithrombotic, antioxidative and 
antioncogenic pathways and favourable metabolic effects [3, 29]. Additionally, as 
mentioned before, nutrient–nutrient interactions and food synergies between the 
individual components of this pattern consumed as whole foods have shown to 
exist, possibly conferring an advantageous biological activity.

Recently, the underlying mechanisms that may be involved in the inverse asso-
ciation of MD with cardiovascular disease were investigated in Women’s Health 
Study using data from 25,994 women who were followed up for 12  years [22]. 
Higher baseline MD intake was associated with approximately one-fourth relative 
risk reduction in CVD events. The potential mediating effects of approximately 40 
biomarkers were evaluated, among which, biomarkers of inflammation, glucose 
metabolism, insulin resistance and adiposity contributed the most in the observed 
association.
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10.3	 �Mediterranean Diet in the Third Millennium: Just 
Prevention or Even Therapy?

There is accumulating evidence that MD, beyond its role in primary prevention, 
could be beneficial for individuals with already diagnosed chronic diseases, offering 
safe and effective, alternative, non-pharmaceutical therapeutic options that not only 
could provide symptom relief but also could slow the progression of the disease.

Indeed, MD has been linked to reductions in joint inflammation in patients with 
rheumatoid arthritis [30]. Furthermore, data from the Osteoarthritis Initiative indi-
cate that adherence to MD is associated with better quality of life, decreased pain, 
disability and depressive symptoms among individuals with knee osteoarthritis or at 
high risk of developing knee osteoarthritis [31]. A significant improvement in knee 
flexion and hip rotation for those who adhere to MD was also observed in patients 
with osteoarthritis [32].

Greater adherence to the traditional MD has been associated with a significant 
reduction in mortality among individuals diagnosed with coronary heart disease 
[33]. In the context of the Lyon Diet Heart Study, a randomized secondary preven-
tion trial, a Mediterranean-type diet was associated with a reduced rate of recur-
rence after a first myocardial infarction [34]. Findings from another study support 
the hypothesis that a “Mediterranean-like” diet is associated with lower coronary 
artery calcification progression and a lower degree of coronary artery calcification 
in both men and women [35]. Adopting MD has also been associated with improved 
glycaemic control and lower cardiovascular risk in persons with established type 2 
diabetes [36]. Adherence to MD might also be beneficial among cancer survivors. 
Higher adherence to MD was associated with better overall survival in long-term 
colon cancer survivors [37].

Thus, evidence for the therapeutic and prognostic aspects of MD is steadily accu-
mulating, and MD should be studied further for its potential to contribute as an 
alternative, tasty and pleasant option for secondary prevention at an individual and 
population level.

10.4	 �Longevity, Traditional Foods and Sustainable 
Environment in the Mediterranean Diet

In 2010, the Mediterranean diet was inscribed on UNESCO’s Lists of Intangible 
Cultural Heritage. By then, research on diet and health had already provided con-
vincing evidence that a diet that adheres to the principles of the traditional 
Mediterranean diet is associated with longer survival. This could be partly attributed 
to Mediterranean traditional foods on which this diet largely relies. The estimation 
of the micronutrient content of traditional Greek foods in relation to professional 
recommendations showed a rich micronutrient profile [38].

As most traditional Mediterranean foods are plant-based and integrated to the 
local bio-system and economy, they are almost, by definition, environmentally 
friendly or at least minimally disturbing to the ecosystem. This has been 
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demonstrated in several studies, which have indicated that Mediterranean diet has a 
lower environmental impact than other dietary patterns [39].

Thus, there is a need to highlight sustainable food production and consumption 
as interconnected elements, with the purpose of promoting health, as well as pre-
serving the link between local food products, nutrition, food safety, sustainability 
and biodiversity. Of note, non-Mediterranean countries could also incorporate sev-
eral components of the traditional Mediterranean diet in their food system, keeping 
in mind what the traditional Mediterranean diet is and what it is not [40].

Despite being widely documented and acknowledged as a healthy diet, the MD 
is paradoxically becoming less the diet of choice in most Mediterranean countries. 
The erosion of the Mediterranean diet heritage is alarming, as it has undesirable 
impacts not only on health but also on social, cultural, economic and environmental 
trends in the Mediterranean region.

The broader understanding of the many sustainable benefits of the MD can con-
tribute to its revitalization by increasing its current perception from simply a healthy 
diet to a sustainable lifestyle model.

10.5	 �Conclusion

The Mediterranean diet and lifestyle were shaped by climatic conditions, poverty 
and hardship, rather than by intellectual insight or wisdom. Nevertheless, results 
from methodologically superior nutritional investigations have provided a strong 
support to the dramatic ecological evidence represented by the Mediterranean natu-
ral experiment. The current momentum towards the impact of Mediterranean diet on 
longevity has solid biological foundation and does not represent a transient 
fashion.
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11.1	 �Introduction

Ageing is now an international challenge to healthcare systems in developed coun-
tries. It was estimated that, by the year 2050, at least 25% of the population in the 
developed countries will be older than 65 years, with some regions exceeding 40% 
[1]. Although the average lifespan has increased over the past two centuries, the 
number of people living with age-related diseases has also increased [2]. The most 
common age-related diseases are cancers, cardiovascular diseases, diabetes and 
Alzheimer’s and Parkinson’s diseases. The ageing and nutrition research fields have 
undergone dramatic change in the past two decades. A number of dietary interven-
tions have recently been described to extend the lifespan of multiple model organ-
isms and potentially prevent age-related diseases [3]. Lifespan is currently the most 
used measure of ageing; however, healthspan, the functional and disease-free period 
of life, has become the central theme of gerontology and nutrition research [4, 5]. A 
wide array of studies on several organisms including Caenorhabditis elegans, flies, 
mice and humans have shown that bioactive food compounds such as resveratrol or 
spermidine may counteract age-related functional decline of cells and tissues and 
delay the onset of various age-related diseases [6–9]. Bioactive compounds are 
mainly found in plant-based foods. Observational studies have suggested that foods 
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such as fruits and vegetables, nuts, chocolate and fatty fish, as well as beverages 
such as tea, wine and coffee, are associated with a wide range of health benefits 
[10]. Numerous evidence suggests that several plant-based foods may increase cel-
lular resistance to ageing by modulating signalling pathways associated with inflam-
mation, autophagy, and proteotoxic and oxidative stress [11, 12]. More specifically, 
examples of signalling pathways affected by phytochemicals include upregulation 
of antioxidant enzymes, sirtuins, DNA repair efficiency and trophic factor produc-
tion, and inhibition of inflammatory mediators [13–15]. Plant foods contain multi-
ple phytochemicals such as resveratrol (red grapes and peanuts), allicin (garlic), 
lycopene (tomato), isothiocyanates, indole-3-carbinol, sulphoraphane (cruciferous 
vegetables), carotenoids (carrots), ellagic acid (pomegranate), myricetin (cran-
berry), carnosol (rosemary), spermidine (whole grains), genistein and daidzein 
(beans and soy), catechins and epicatechins (cocoa and green tea). These com-
pounds dissuade herbivorous organisms from consuming plants, and therefore, they 
are also defined as “noxious’ agents. In this context, phytochemicals may counter-
act ageing by inducing adaptive (hormetic) stress responses in cells. Hormesis is a 
dose–response phenomenon characterized by a low-dose stimulation and a high-
dose inhibition. This mechanism is involved in the biological amplification of adap-
tive responses and cytoprotective mechanisms. In particular, diets rich in 
phytochemicals can induce a mild adaptive stress response and modulate hormetic 
signalling pathways, leading to the improvement in overall cellular functions and 
performance [16–18]. Although these bioactive compounds may have beneficial 
physiological effects and represent an emerging strategy through which to promote 
healthspan, it is crucial to highlight that they are not considered essential macro- or 
micronutrients. Essential nutrients such as vitamins, minerals and trace elements 
have established dietary intake recommendations and provide energy and cell mate-
rials that regulate metabolism [19]. Recently, various bioactive compounds and/or 
nutrients associated with health-related effects have been named as nutraceuticals. 
This category of nutritional agents can include dietary supplements, functional 
foods and medical foods. The term nutraceutical, a syncretic neologism of the words 
nutrient and pharmaceutical, was originally coined by Stephen DeFelice, who 
defined nutraceuticals as ‘food or part of a food that provides medical or health 
benefits, including the prevention and/or treatment of a disease’ [20]. Here, we pro-
vide an overview of lifespan extension by nutraceuticals in numerous organisms and 
discuss their potential ability to extend healthspan in humans.

11.2	 �Nutraceuticals and Lifespan in Model Organisms

It is well established that life expectancy is a modifiable parameter in experimental 
organisms. Although lifespan extension by nutraceuticals remains under intense 
investigation, several laboratories have investigated the ability of multiple bioactive 
constituents from food to extend the lifespan of animal models (Table 11.1) [35]. 
Resveratrol has been one of the most widely studied molecules in the context of 
ageing research. Numerous studies have established the ability of resveratrol to 
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promote longevity. Resveratrol supplementation increases the mean lifespan of C. 
elegans (flatworm), Drosophila melanogaster (fruit fly) and Saccharomyces cerevi-
siae (yeast) by 18%, 29% and 70%, respectively [21–23]. This natural compound 
also extends the mean lifespan of the common honey bee by up to 33% [24]. In the 
short-lived fish species Nothobranchius furzeri and Nothobranchius guentheri, res-
veratrol extends both median and maximum lifespan and delays age-associated 
decline of locomotor activity [6, 25, 36]. Additionally, resveratrol administration 
reduced the risk of death in mice by 31% due to high-calorie feeding and also 
improved survival in a rat model of hypertension [26, 37]. Flavonoids are polyphe-
nolic compounds and one of the largest groups of phytochemicals found in human 
diets [38]. The flavonoid quercetin prolonged lifespan in C. elegans at concentra-
tions ranging from approximately 70 to 200 μM. Lower or higher concentrations 
determined no changes or decreased lifespan in these model organisms [27]. These 
findings suggest that the determination of optimal dose is a crucial aspect to enhance 
lifespan. Moreover, other flavonoids such as kaempferol, naringenin, myricetin, 
baicalein and silymarin isolated from a wide variety of fruits, vegetables and tea 
increased lifespan in C. elegans [28–30]. Using the flavonoids epicatechin, fisetin 
and epigallocatechin gallate found in cocoa powder and green tea extracts, several 
authors observed an increase in the lifespan of D. melanogaster [27]. To date, six 
mouse studies investigated the influence of flavonoid-containing extracts on lifes-
pan. Two out of six studies testing these extracts observed a lifespan increase in 
supplemented mice. These flavonoid extracts were a triple combination of blue-
berry, green tea and pomegranate powder [27]. Curcumin, a polyphenol found in the 
common spice turmeric, increases the lifespan of yeast, flies and mice. For example, 
C. elegans exposed to 20 μM curcumin lived 39% longer than those supplemented 
with 200 μM [31]. Curcumin also increases lifespan in D. melanogaster, which was 
accompanied by protection against oxidative stress, improvement in  locomotion 
and chemopreventive effects. However, male flies have greater longevity at a higher 
concentration than female flies [32]. Several other polyphenolic compounds pro-
mote longevity, particularly in C. elegans. It was shown that caffeic and rosmarinic 
acids increased lifespan in worms by 8% and 10%, respectively [33, 39]. More 
interestingly, the germ of whole grains contains a polyamine, called spermidine, 
which has been shown to extend lifespan in flies and nematodes. Spermidine is 
known to inhibit histone acetyltransferases, which results in higher resistance to 
oxidative stress, to increase autophagy, as well as reduces inflammation and the 
rates of cell necrosis during ageing [34].

A list of nutraceuticals known to extend lifespan in various species is depicted in 
Table 11.1.

11.2.1	 �Mechanisms Associated with Lifespan Extension by 
Nutraceuticals

We now know that several nutraceuticals may affect ageing-related pathways, 
revealing potential novel interventions that promote healthy ageing and counteract 
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disease processes [40, 41]. For example, polyphenols may act on AMP-activated 
protein kinase (AMPK), which is a crucial regulator of metabolic homeostasis and 
one of the major survival factors in a variety of metabolic stresses [42]. The activity 
of AMPK declines with age and accelerates the ageing process. The mechanism to 
explain the deficiency of AMPK activation associated with ageing is under intensive 
investigation. It seems that there are age-related changes in the function of protein 
phosphatases, which could be involved in the suppression of AMPK activation with 
ageing. Additionally, low-grade inflammation, which is present in aged tissues, may 
be one phenomenon suppressing AMPK signalling. However, AMPK activity can 
be stimulated by energy deficiency (calorie restriction) and several nutritional 
agents including many phytochemicals. Currently, it is known that plant-derived 
compounds stimulate the interaction between AMPK and sterol regulatory element-
binding proteins (SREB). In mammals, this mechanism is crucial to activate AMPK 
and improve healthspan [42]. Additionally, the network of AMPK and its target 
proteins are associated with so-called longevity factors such as sirtuin 1 (SIRT1), 
tumour suppressor p53 (p53) and forkhead box protein O (FoxO). AMPK can acti-
vate all these enzymes, increasing cellular stress resistance [43, 44]. The signalling 
pathway associated with mammalian target of rapamycin (mTOR) is one of the 
best-known pathways leading to autophagy induction. Autophagy permits clearance 
of misfolded proteins and non-functional organelles that accumulate especially in 
post-mitotic cells such as those of the nervous system and of skeletal muscle, thus 
delaying ageing of those tissues. Various polyphenols such as resveratrol, green tea 
catechins, silibinin, quercetin and curcumin were shown to regulate autophagy 
through mTOR [45]. Therefore, autophagy can be an important nutritional target to 
maintain the function of cell and its organelles and recycle defective proteins. 
Interestingly, many of the above-mentioned pathways are directly or indirectly 
associated with mitochondrial biogenesis (sirtuins, AMPK) and mitophagy (mTOR, 
SIRT1), a specialized form of autophagy dedicated to the degradation of damaged 
mitochondria [46, 47]. A recent study on the effects of urolithins, metabolites of 
ellagitannins, which are found in the pomegranate fruit, nuts and berries, suggests a 
crucial role of mitophagy in health and ageing. The authors highlighted the possibil-
ity that mitophagy induction by bioactive food compounds may enhance mitochon-
drial biogenesis and improve healthspan and lifespan [48]. Recent years have seen 
strong interest in nutraceuticals that can stimulate endogenous antioxidant enzymes 
(e.g. superoxide dismutase [SOD], catalase [CAT], glutathione peroxidase [GPx], 
glutathione S-transferase [GST], haeme oxygenase-1 (HO-1), NAD(P)H:quinone 
acceptor oxidoreductase 1 (NQO1) and other stress resistance systems regulated by 
nuclear factor erythroid 2-related factor 2 (Nrf2) signalling. Nrf2 controls the basal 
and induced expression of an array of antioxidant response element–dependent 
genes. It was well established that bioactive food agents such as resveratrol, cur-
cumin and epicatechins promote cell survival by enhancing the activity of Nrf2 and 
the expression of its downstream cytoprotective enzymes [49]. The administration 
of sulphoraphane, which is the main bioactive component of cruciferous vegetables, 
was associated with increased expression of Nrf2 in different experimental condi-
tions [50]. Also, oleuropein and hydroxytyrosol found in virgin olive oil and 
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extra-virgin olive oil have shown cytoprotective activity against oxidation by acti-
vating the Nrf2 pathway [15]. A plethora of studies have demonstrated that there is 
an interplay between the Nrf2 system and the NF-κB signalling network, which is 
the principal pathway involved in the modulation of inflammatory responses. The 
increased activity of NF-κB during ageing is associated with enhanced production 
of pro-inflammatory cytokines. The role of Nrf2 against inflammation has been 
related to its ability to antagonize with NF-κB [51, 52]. Several dietary phytochemi-
cals including anthocyanins and other flavonoids found in berry fruits protect cells 
from pro-oxidant and pro-inflammatory damage through modulation of Nrf2 and 
inhibition of NF-κB pathways [53].

11.3	 �Increasing Healthspan by Nutraceuticals: Challenges 
and Promise

Although nutraceuticals have demonstrated great promise as lifespan extending 
compounds in model organisms, many important questions remain unanswered on 
their impact on healthspan in mammals and humans. Indeed, the main issue is to 
translate findings from model systems to the clinic as well as to the general popula-
tion. The concept of healthspan, as ‘the period of life spent in good health, free from 
the chronic diseases and disabilities of ageing’, is a useful definition that allows us 
to consider it as a quantitative variable, in the same way that we consider lifespan. 
However, healthspan is not an easily quantifiable phenotype [5, 54, 55]. To date, 
there are no metric indices or statistical methods available to measure whether 
healthspan is extended in a significant manner. Additionally, long-term and large-
scale randomized trials in middle-age and elderly subjects are crucial in understand-
ing how nutraceuticals may be involved in healthspan promotion. Unfortunately, it 
would be very difficult to perform these long-term clinical studies due to enormous 
cost and both subjects and researcher compliance. Although randomized nutritional 
trials are critically important to provide more definitive answers on the prevention 
effects of nutraceuticals, population-based observational studies have suggested 
that several dietary patterns characterized by consumption of nutraceuticals are 
associated with healthspan promotion [56, 57].

11.3.1	 �Nutraceutical Diet and Longevity

Residents of Okinawa, Japan; Loma Linda, California and Ikaria, Greece, have 
disease-free longevity and often survive past 90 or even 100 years of age. These 
populations have a preferential attitude towards a plant-based diet. The main char-
acteristics and the health-promoting effects of plant-based diets are depicted in 
Fig. 11.1.

The traditional Okinawan diet provides about 90% of calories from carbohy-
drates, but in the vegetable form, they are low in calories but nutritionally dense, 
particularly with regard to vitamins, minerals and phytochemicals. Okinawans often 
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consumed a sweet potato, known as Ipomoea batatas, which is a potent food source 
of free radical quenchers. This tuber is an excellent source of the antioxidant vita-
min A (mainly in the form of beta-carotene) and a good source of antioxidant vita-
mins C and E, and other anti-inflammatory phytochemicals [56]. In Loma Linda, 
California, there is a community of Seventh Day Adventists. These individuals 
engage healthy lifestyle practices, and they live longer than the rest of the popula-
tion. In particular, their vegetarian diet rich in polyphenols is thought to be one of 
the most likely causes of their extraordinary longevity and well-preserved physio-
logical function. Specific dietary factors that may be involved in their outstanding 
health include a high intake of fruit, vegetables and nuts. In the most recent Adventist 
Health Study, a study of 73,308 California Seventh-Day Adventists, vegetarian 
dietary patterns were associated with lower all-cause mortality and with some 
reductions in cause-specific mortality [58]. The traditional Mediterranean diet con-
sumed in Southern Europe is characterized by plant foods containing multiple phy-
tochemicals with potential health benefits against cancer and other age-related 
diseases. Over the past two decades, the Mediterranean diet was not only associated 
with increased lifespan but also related to a decrease in all-cause mortality. Findings 
from cross-sectional, longitudinal (observational) and intervention studies in 
humans support a significant modulatory effect of Mediterranean diet and its bioac-
tive constituents on ageing process. In particular, a meta-analysis of prospective 
cohort studies showed that a greater adherence to a Mediterranean diet is associated 
with a significant improvement in health status, as seen by a significant reduction in 
overall mortality (9%), mortality from cardiovascular diseases (9%), incidence of or 
mortality from cancer (6%) and incidence of Parkinson’s disease and Alzheimer’s 
disease (13%) [59]. It was observed that people in Ikaria Island, Greece, have one 
of the highest life expectancies in the world. Ikarians are three times more likely to 
reach the age of 90  years than those in the USA.  In this community, long-term 
adherence to the Mediterranean diet was associated with greater longevity [60]. 
Moreover, it seems that even an individual bioactive constituent consumed within a 
diet may be useful in the prevention of age-associated diseases. For example, epide-
miological evidence suggests that a diet rich in cocoa polyphenols reduces cardio-
vascular events in the general population. The Kuna Indians, a population living on 
the island off the Panama coast, have a diet characterized by high intake of 

Mortality risk reduction

Reduce blood pressure

• Low energy-density
• High dietary fiber
• High levels of antioxidant
 phytochemicals
• High levels of
 certain micronutrients
• Appropriate fat composition

Plant-based Diets Improve vascular health

Improve lipid profile

Low glycaemic index

Weight maintenance

Improve gut health

Decrease inflammation

Decrease oxidative stress

Fig. 11.1  Characteristics and health-promoting effects of plant-based diets
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epicatechins from cocoa and a lower blood pressure than other Pan-American popu-
lations. The Kuna Indians have low incidence of heart attack and stroke, but after 
migration to an urban city, they change their diet, and this cardioprotection is lost 
[61]. Polyphenol-rich foods and/or dietary polyphenol intake, particularly catechins 
and epicatechins, are inversely associated with chronic diseases such as cardiovas-
cular and neurodegenerative diseases and some cancers. The findings from the 
Chianti study, a population-based cohort study of older adults living in the Chianti 
region of Tuscany, Italy, have shown that high total urinary polyphenol concentra-
tions, a nutritional biomarker of polyphenol intake, are associated with reduced 
all-cause mortality in an elderly, free-living population. The same study, in older 
adults without dementia, demonstrated that a high intake of these compounds is 
associated with lower risk of cognitive decline over a 3-year period [62, 63].

11.4	 �Conclusion

Findings from preclinical investigations as well as observational studies provide 
evidence of a modulatory effect of diet composition on physiological changes asso-
ciated with ageing. In general, a high intake of fruits, vegetables, whole grains and 
nuts may exert health-enhancing effects and promote preservation of physiological 
function with ageing, enhancing the achievement of longevity. There is a growing 
list of food bioactive constituents, also known as nutraceuticals, proven to extend 
lifespan and healthspan in experimental models. Although there is a tremendous 
amount of work to translate these findings in humans, many nutraceuticals may 
improve ageing phenotype, modulating fundamental mechanisms such as oxidative 
stress, inflammation, mitochondrial dysfunction, cellular senescence, impaired pro-
teostasis, autophagy and telomere attrition. Preliminary observational studies 
involving middle-aged/older humans have reported how bioactive food components 
may preserve function, compress disability and contribute to enhance healthspan. 
However, more epidemiological studies and long-term randomized controlled 
dietary intervention trials with hard clinical endpoints are needed before nutraceuti-
cals can be considered as a feasible option to extend healthspan in humans.
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