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Abstract The existence of maximum human life-

span remains a puzzle in aging research. Maximum
human lifespan is believed to be around 125 years,

whereas current demographic trends seem to show no

limitation. To reconcile this contrast, the estimation
of maximum human lifespan requires an adequate

mathematical model. However, sparse data of avail-
able old-age mortality pattern make the estimation

impossible. Here we suggest an extended Weibull

model for the estimation using a proper mathematical
method based on survival probability pattern. We find

a tendency that survival probability is maximized in

modern human survival curves. Based on such
tendency, we develop an estimation method for

maximum human lifespan and indeed obtain about

126 years from periodic life tables for Swedish
female between 1950 and 2005. Despite uncertainty

from available mortality data, our approach may offer

quantitative biodemographic opportunities linking
aging and survival kinetics.

Keywords Human aging ! Extended Weibull
model ! Maximum human lifespan

Introduction

A long-standing question in human aging—how long

can humans live?—remains to be resolved in inter-

disciplinary aging researches (Vaupel et al. 1998;
Wilmoth et al. 2000). This question has always been

a subject of great interest and debate (Yashin and
Iachine 1995; Kirkwood and Austad 2000; Olshansky

et al. 2001, 2005; Vaupel et al. 2003; Abbott 2004;

Couzin 2005; Partridge and Hall 2007). The maxi-
mum lifespan (called x), which is defined as the

maximum observed lifespan of a species, is deter-

mined mainly by biological factors. The maximum
human lifespan is generally postulated to be around

125 years (Hayflick 2000; Takahashi et al. 2000;

Lucke and Hall 2005), while the observed oldest ages
at death and the life expectancy are increasing today

(Oeppen and Vaupel 2002). The postulated x value is

slightly larger than the world record of the oldest-
lived person, Jeanne Calment, who lived to the ripe

old age of 122.5 years (Robine and Allard 1998). The

recent increase in the numbers of old people in
developed countries is believed to originate from a

variety of factors such as hygiene and biomedicine

(Vaupel et al. 1998; Wilmoth et al. 2000; Hayflick
2000; Crimmins and Finch 2005).

The biological approach for the x value by use of

brain weight and/or body weight has a low accuracy
about 25% in estimation (Cutler 1975; Allman et al.

1993). Instead, scientists have long searched for a

better estimation method for the x value by
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Evidence for a limit to human lifespan
Xiao Dong1*, Brandon Milholland1* & Jan Vijg1,2

Driven by technological progress, human life expectancy has 
increased greatly since the nineteenth century. Demographic 
evidence has revealed an ongoing reduction in old-age mortality and 
a rise of the maximum age at death, which may gradually extend 
human longevity1,2. Together with observations that lifespan in 
various animal species is flexible and can be increased by genetic or 
pharmaceutical intervention, these results have led to suggestions 
that longevity may not be subject to strict, species-specific genetic 
constraints. Here, by analysing global demographic data, we show 
that improvements in survival with age tend to decline after age 100, 
and that the age at death of the world’s oldest person has not increased 
since the 1990s. Our results strongly suggest that the maximum 
lifespan of humans is fixed and subject to natural constraints.

Maximum lifespan is, in contrast to average lifespan, generally 
assumed to be a stable characteristic of a species3. For humans, the 
 maximum reported age at death is generally set at 122 years, the 
age at death of Jeanne Calment, still the oldest documented human 
 individual who ever lived4. However, some evidence suggests that 
 maximum lifespan is not fixed. Studies in model organisms have shown 
that maximum lifespan is flexible and can be affected by genetic and 
 pharmacological interventions5. In Sweden, based on a long series 
of reliable information on the upper limits of human lifespan, the 

 maximum reported age at death was found to have risen from about  
101 years during the 1860s to about 108 years during the 1990s6. 
According to the authors, this finding refutes the common assertion 
that human lifespan is fixed and unchanging over time6. Indeed, the 
most  convincing argument that the maximum lifespan of humans is not 
fixed is the ongoing increase in life expectancy in most countries over 
the course of the last century1,2. Figure 1a shows this increase for France, 
a country with high-quality mortality data, but very  similar patterns 
were found for most other developed nations (Extended Data Fig. 1). 
Hence, the possibility has been considered that mortality may decline 
further, breaking any pre-conceived boundaries of human lifespan1,7.

As shown by data from the Human Mortality Database8, many 
of the historical gains in life expectancy have been attributed to a 
 reduction in early-life mortality. More recent data, however, show  
evidence for a decline in late-life mortality, with the fraction of each 
birth cohort reaching old age increasing with calendar year. In France, 
the  number of individuals per 100,000 surviving to old age (70 and up) 
has increased since 1900 (Fig. 1b), which points towards a  continuing 
increase in human life expectancy. This pattern is very  similar across 
the other 40 countries and territories included in the  database 
(Extended Data Figs 2, 3). However, the rate of improvement in  survival 
peaks and then declines for very old age levels (Fig. 1c), which points 
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Figure 1 | Trends in life expectancy and late-life survival. a, Life 
expectancy at birth for the population in each given year. Life expectancy 
in France has increased over the course of the 20th and early 21st 
centuries. b, Regressions of the fraction of people surviving to old age 
demonstrate that survival has increased since 1900, but the rate of 
increase appears to be slower for ages over 100. c, Plotting the rate of 

change (coefficients resulting from regression of log-transformed data) 
reveals that gains in survival peak around 100 years of age and then 
rapidly decline. d, Relationship between calendar year and the age that 
experiences the most rapid gains in survival over the past 100 years. The 
age with most rapid gains has increased over the century, but its rise has 
been slowing and it appears to have reached a plateau.
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expectancy at birth for the population in each given year. Life expectancy 
in France has increased over the course of the 20th and early 21st 
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experiences the most rapid gains in survival over the past 100 years. The 
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been slowing and it appears to have reached a plateau.
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Abstract The existence of maximum human life-

span remains a puzzle in aging research. Maximum
human lifespan is believed to be around 125 years,

whereas current demographic trends seem to show no

limitation. To reconcile this contrast, the estimation
of maximum human lifespan requires an adequate

mathematical model. However, sparse data of avail-
able old-age mortality pattern make the estimation

impossible. Here we suggest an extended Weibull

model for the estimation using a proper mathematical
method based on survival probability pattern. We find

a tendency that survival probability is maximized in

modern human survival curves. Based on such
tendency, we develop an estimation method for

maximum human lifespan and indeed obtain about

126 years from periodic life tables for Swedish
female between 1950 and 2005. Despite uncertainty

from available mortality data, our approach may offer

quantitative biodemographic opportunities linking
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A long-standing question in human aging—how long

can humans live?—remains to be resolved in inter-

disciplinary aging researches (Vaupel et al. 1998;
Wilmoth et al. 2000). This question has always been

a subject of great interest and debate (Yashin and
Iachine 1995; Kirkwood and Austad 2000; Olshansky

et al. 2001, 2005; Vaupel et al. 2003; Abbott 2004;

Couzin 2005; Partridge and Hall 2007). The maxi-
mum lifespan (called x), which is defined as the

maximum observed lifespan of a species, is deter-

mined mainly by biological factors. The maximum
human lifespan is generally postulated to be around

125 years (Hayflick 2000; Takahashi et al. 2000;

Lucke and Hall 2005), while the observed oldest ages
at death and the life expectancy are increasing today

(Oeppen and Vaupel 2002). The postulated x value is

slightly larger than the world record of the oldest-
lived person, Jeanne Calment, who lived to the ripe

old age of 122.5 years (Robine and Allard 1998). The

recent increase in the numbers of old people in
developed countries is believed to originate from a

variety of factors such as hygiene and biomedicine

(Vaupel et al. 1998; Wilmoth et al. 2000; Hayflick
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The biological approach for the x value by use of

brain weight and/or body weight has a low accuracy
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NON È SOLO QUESTIONE DI ANNI

"Così poi Eos dai fiori d'oro rapì Titone,
della vostra stirpe, simile agli immortali;
e si avviò per chiedere a Zeus dalle nere nubi
che egli fosse immortale e vivesse in eterno;
a lei Zeus assentì con un cenno ed esaudì il suo desiderio.
Stolta, e non pensò nella sua mente, Eos veneranda,
a chiedere la giovinezza e tener lontana la vecchiaia 
rovinosa."
OMERO, Inno ad Afrodite, vv. 218-276, in Inni omerici, a cura di F. Càssola, Milano, Fondazione Lorenzo 
Valla/Arnoldo Mondadori, 1991
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Ruggero Bacone, inglese, filosofo naturale del 13° secolo tentò degli 
approcci Alchemici per perseguire la ricerca della giovinezza eterna.

Al tempo di Bacone si riteneva che i giovani fossero in possesso di una 
maggior quantità di “respiro vitale” e gli uomini anziani speravano di 
assorbirlo con “frequentazioni strette” con donne giovani. 
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Nel 1825 il matematico 
britannico Benjamin Gompertz
osservò che il rischio di morte 
aumenta esponenzialmente 
con il passare degli anni. Per 
l'uomo, raddoppia ogni 8 anni 
dopo i 30 anni. La legge 
sembra valere per tutti i 
mammiferi in età adulta, ma 
non per la talpa nuda: dopo 
aver raggiunto la maturità a 6 
mesi di età, ogni 
Heterocephalus glaber corre 
un rischio di morte giornaliero di 
poco superiore a 1 su 10 mila. 
Questo rischio rimane invariato 
per tutta la durata della vita, e 
anzi sembra diminuire 
leggermente.

Non è solo questione di anni
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Naked mole-rat mortality rates defy
Gompertzian laws by not increasing with
age
J Graham Ruby, Megan Smith, Rochelle Buffenstein*

Calico Life Sciences LLC, South San Francisco, United States

Abstract The longest-lived rodent, the naked mole-rat (Heterocephalus glaber), has a reported
maximum lifespan of >30 years and exhibits delayed and/or attenuated age-associated
physiological declines. We questioned whether these mouse-sized, eusocial rodents conform to
Gompertzian mortality laws by experiencing an exponentially increasing risk of death as they get
older. We compiled and analyzed a large compendium of historical naked mole-rat lifespan data
with >3000 data points. Kaplan-Meier analyses revealed a substantial portion of the population to
have survived at 30 years of age. Moreover, unlike all other mammals studied to date, and
regardless of sex or breeding-status, the age-specific hazard of mortality did not increase with age,
even at ages 25-fold past their time to reproductive maturity. This absence of hazard increase with
age, in defiance of Gompertz’s law, uniquely identifies the naked mole-rat as a non-aging mammal,
confirming its status as an exceptional model for biogerontology.
DOI: https://doi.org/10.7554/eLife.31157.001

Introduction
The longest-lived rodent, the naked mole-rat (Ctenohystrica, Heterocephalus glaber) is recognized

as an animal model of biogerontological interest (Buffenstein, 2005; Austad, 2010; Edrey et al.,

2011; de Magalhães et al., 2007a) with a maximal lifespan of more than 30 years in our captive

care (Lewis and Buffenstein, 2016). This maximum lifespan is five-fold greater than predicted allo-

metrically for a 40 g rodent (Edrey et al., 2011). Even in the wild, naked mole-rats are also consid-

ered to be very long-lived rodents with reports of breeding females remaining 17 years in the same

colony while non-breeders remain 2–3 years (Hochberg et al., 2016). In sharp contrast, other

rodents generally last only a season in the wild, with their young-age deaths attributed to predation,

inclement weather, parasites, pathogens and lack of food resources (Morgen, 2003; David and Jar-

vis, 1985; Boonstra and Krebs, 2012; Krebs et al., 1995; Krebs et al., 1973). Laboratory mice,

cosseted in a protected environment with ad libitum resources, live almost an order of magnitude

longer than their wild counterparts. Nevertheless, these small mammals live only half as long as

expected on the basis on body size and lifespan is limited by age-related, exponentially increasing

intrinsic risk of dying (Miller et al., 2002). Similarly, the difference between captive and wild longev-

ity records for naked mole-rats likely reflects a lower incidence of extrinsic rather than intrinsic mor-

tality in captivity. What determines naked mole-rat lifespans in captivity is currently unknown.
The naked mole-rat is a strictly subterranean, mouse-sized rodent and is one of only two known

eusocial mammals; it lives in large family groups (colonies) of up to 300 individuals (average colony

size = 60). Their underground lifestyle in the arid and semi-arid regions of sub-Saharan Africa poses

numerous ecological and physiological challenges, such as difficulty locating food underground,

impaired heat and gas exchange, low oxygen availability, and exposure to heavy metals and other

chemicals in soil and plant-defense toxins (Buffenstein, 2000). But this milieu also protects against

Ruby et al. eLife 2018;7:e31157. DOI: https://doi.org/10.7554/eLife.31157 1 of 18
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its experimental amelioration should retard the normal aging pro-
cess and hence increase healthy lifespan. This set of ideal requi-
sites is met to varying degrees by the proposed hallmarks, an
aspect that will be discussed in detail for each of them. The
last criterion is the most difficult to achieve, even if restricted
to just one aspect of aging. For this reason, not all of the hall-
marks are fully supported yet by interventions that succeed in
ameliorating aging. This caveat is tempered by the extensive
interconnectedness between the aging hallmarks, implying that
experimental amelioration of one particular hallmark may
impinge on others.

Genomic Instability
One common denominator of aging is the accumulation of ge-
netic damage throughout life (Moskalev et al., 2012)

(Figure 2A). Moreover, numerous premature aging diseases,
such as Werner syndrome and Bloom syndrome, are the conse-
quence of increased DNA damage accumulation (Burtner and
Kennedy, 2010), though the relevance of these and other proge-
roid syndromes to normal aging remains unresolved due, in part,
to the fact that they recapitulate only some aspects of aging. The
integrity and stability of DNA are continuously challenged by
exogenous physical, chemical, and biological agents, as well
as by endogenous threats, including DNA replication errors,
spontaneous hydrolytic reactions, and reactive oxygen species
(ROS) (Hoeijmakers, 2009). The genetic lesions arising from
extrinsic or intrinsic damages are highly diverse and include
point mutations, translocations, chromosomal gains and losses,
telomere shortening, and gene disruption caused by the integ-
ration of viruses or transposons. To minimize these lesions,

Figure 1. The Hallmarks of Aging
The scheme enumerates the nine hallmarks described in this Review: genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, de-
regulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular communication.

Cell 153, June 6, 2013 ª2013 Elsevier Inc. 1195
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EXPÉRIENCES
ET

CONSIDÉRATIONS

SUR LA GREFFE ANIMALE
le D r Paul BERT,

Licencié ès sciences, membre de la Société de biologie, préparateur du cours
de médecine expérimentaledu collège de France, etc.

L’expression de greffe animale embrasse deux ordres de faits
distincts. Dans le premier, un seul animal est en expérience; les
parties transplantées, comme celles qui sont simplement remises
en place après avoir été complètement séparées, lui appartien-
nent, et les éléments, les humeurs, les tissus constituants de ces
parties sont évidemment identiques avec ses éléments, ses hu-
meurs, ses tissus. Les faits de la deuxième catégorie, au contraire,
supposent la présence de deux animaux, et le transport de l’un à
l’autre des parties qui doivent être greffées. Ils sont donc plus
complexes que les précédents, puisque, à tous les problèmes que
soulèvent ceux-ci, à toutes les difficultés qu’ils présentent, s’ajoute
pour eux la considération de la similitude ou de la différence des
deux animaux sujets de l’expérience.
Il en résulte que, dans une exposition méthodique et didac-

tique de la greffe animale, il conviendrait de commencer par l’é-
tude des faits plus simples, et de tenir compte, en second lieu,
pour chacun d’eux, de la complication zoologique que je viens
d’indiquer.

Mais, le but que je me propose dans le présent article n’est
pas aussi difficile à atteindre ; mon intention est seulement de
porter à la connaissance des lecteurs du Journal d’anatomie et de
physiologie quelques expériences nouvelles touchant ce sujet si
intéressant et encore si peu exploité. Qu’il me soit permis, cepen-
dant, avant d’entrer dans leur narration détaillée, de présenter
quelques réflexions générales.
La gn»#c?la vraie greffeanimale, suppose qu’on a séparé immé-

1864
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INVECCHIAMENTO (SENESCENZA)

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

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

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

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

1208 Cell 153, June 6, 2013 ª2013 Elsevier Inc.

López-Otín et al. Cell 153, 1194–1217,  2013
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Fig. 1 The milestone events for cellular rejuvenation research advances. Starting with the 1934 discovery of the influence of dietary restriction
on lifespan extension, important findings on the subject of cellular rejuvenation are emphasized. More recently, the senolytics development
and reprogramming technology have been widely applied for cellular rejuvenation. rhEGF recombinant human epidermal growth factor,
iPSCs induced pluripotent stem cells, AMPK 5’-AMP-activated protein kinase, NF-κB nuclear factor-κB, STAT3 signal transducer and activator of
transcription 3, mTOR mammalian target of rapamycin. Created with BioRender.com
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ROADBLOCKS AND TARGETS FOR CELLULAR REJUVENATION
Intrinsic barriers limiting cell rejuvenation
Epigenetic alterations and genetic instability. Alterations in
physiological and pathological ageing, are frequently caused by
disruptions in genetic and epigenetic mechanisms. The universal
definition of epigenetics is heritable genomic functionally
modifications without DNA sequence variations. Gene expression
and chromatin structure are connected with the major epigenetic
alterations, which include DNA methylation, histone modifications,
and noncoding RNA regulation. Defective transcriptional and
chromatin networks have highlighted the contribution to cellular
function, stress resistance, and ageing. Thus, epigenetic alterations
and genetic instability might affect all cells and tissues in the anti-
ageing process, but also provide opportunities for the design of
novel rejuvenation treatments (Fig. 2).

Histone variants and modification: Histone variants serve as non-
allelic counterparts of canonical histones and are also a common
feature in aged organisms. H2A, H2B, H3, and H4 are four core
histones variants with different propensity to diversity, regulating
specific chromatin regions and gene transcription programs.10

Numerous research on ageing have demonstrated that histone
variations in mammals are associated with a high abundance of
macroH2A, H3.3, and H2A.Z.11 These results all suggested that the
histone variants could be potential biomarkers for the
ageing state.
Histone modifications include acetylation, methylation, phos-

phorylation, ubiquitylation, sumoylation, ADP ribosylation, deimi-
nation, and proline isomerization, depending on the modification
process.12 These alterations occur at many sites and have various
regulatory effects, including DNA repair, DNA replication, tran-
scriptional control, alternative splicing, and chromosome con-
densation. Most prominently, histone methylation and histone
acetylation play crucial roles in epigenetic alterations during
ageing. Transcription is activated by the methylation of H3K4,
H3K36, and H3K79, whereas it is repressed by the methylation of
H3K9, H3K27, and H4K20.13 Furthermore, numerous investigations
have shown that the control of organismal longevity and tissue

ageing involves the manipulation of histone methyltransferases or
demethylases.14 Therefore, various histone modifications might be
important ageing-associated markers with the potential of anti-
ageing drug screening targets.

DNA methylation clock: DNA methylation is widely appreciated
as the reversible and inheritable epigenetic mark of the genome,
participating in gene expression, biological regulation, and
developmental processes in various eukaryotes.15 This common
DNA modification is the synthesis of 5-methylcytosine (5mC),
created when a methyl group is added to cytosine in a context
involving a CpG dinucleotide. Long-term alterations in DNA
methylation can be influenced by early-life environments and
diet, increasing susceptibility to numerous diseases linked to
ageing.16

Recent studies have discovered the mechanisms causing
ageing-related DNA methylation changes and treated DNA
methylation as the most promising biomarker of ageing.17 DNA
methylation can directly facilitate transcriptome alterations in cells
and tissues and also affect histone modification patterns to
regulate gene expression during ageing. Borghesan et al. demon-
strated that DNA methylation signatures were the biomarkers of
healthy liver ageing and hepatocellular carcinoma progression,
and the epigenetic synergism between DNA methylation and
histone variant macroH2A1 could control the cancer cell escape
from drug-induced senescence.18 Hence, controlling the DNA or
histone methylation machinery might contribute to precise drug
delivery. Moreover, certain CpG sites spread across the genome
can be used to identify the mammalian DNA methylomes in order
to determine the organismal biological age.19 DNA methylation-
based ageing provides an appealing method of pathology
prediction due to its continual readout of molecular changes in
development. Many rejuvenation interventions, like calorie
restriction, dwarfism, and rapamycin therapy, have been shown
to slow down the epigenetic clocks and block some ageing-
related changes in DNA methylation.20 Thus, the identification and
confirmation of efficient anti-ageing therapies in humans have
considerable potential in the DNA methylation.

Fig. 2 The epigenetic states of ageing and rejuvenation. Ageing and rejuvenation can be affected by intrinsic epigenetic alterations and
genetic instability, like DNA methylation and chromatin remodeling. Moreover, many extrinsic factors, like microenvironmental cues,
intercellular communication, and systemic factors, can also impact the epigenetic states of ageing and rejuvenation. miRNAs microRNAs,
lncRNAs long noncoding RNAs, ECM extracellular matrix. Created with BioRender.com
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CGA-FSHB Glycoprotein Hormones, 
Alpha Polypeptide FSH

MLN Small peptide hormone that is
secreted by cells of the small intestine to 
regulate gastrointestinal contractions
and motility

GDF15 strong prognostic protein in 
patients with different diseases such as
heart diseases and cancer.
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INVECCHIAMENTO e EPIGENETICA
PRINCIPALI MECCANISMI EPIGENETICI

• Metilazione del DNA:
Coinvolge l'aggiunta di gruppi metile (-CH3) a specifiche regioni del DNA.
Solitamente si verifica sulla citosina, creando la 5-metilcitosina.
Può influenzare l'accessibilità del DNA ai fattori di trascrizione e all'apparato trascrizionale.
• Modificazioni degli istoni:
Gli istoni sono proteine attorno alle quali il DNA si avvolge formando la struttura nucleosomale.
Le modificazioni includono metilazione, acetilazione, fosforilazione e ubiquitinazione delle istone.
Queste modificazioni possono influenzare la struttura della cromatina e quindi l'accesso al DNA.
• RNA interference (RNAi):
Coinvolge l'azione di piccoli RNA (come siRNA e miRNA) non codificanti per regolare l'espressione 
genica.
Gli RNAi possono causare silenziamento genico post-trascrizionale bloccando la traduzione o 
promuovendo la degradazione dell'mRNA bersaglio.
• Modificazioni dell'architettura della cromatina:
Questo include cambiamenti nella struttura tridimensionale del DNA all'interno del nucleo.
Ad esempio, la formazione di loop di cromatina o cambiamenti nella posizione dei cromosomi può 
influenzare l'accessibilità del DNA e la sua espressione genica.
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of disease risks attributable to genetics ranged from 3% to

49% with a median of only 19%.60 Twin studies further

suggest that cancer risks attributable to genetic factors may

be approximately 10%.61 Results from over 400 GWAS in-

dicate that the heritability of degenerative diseases is also

typically around 10%.62,63 Hence, environmental factors

are well-established major risk factors for many diseases,

and the necessity for more research and better tools to

determine environmental contributions is vital.

The exposome paradigm was first proposed in 2005 to

raise awareness of the importance of comprehensive expo-

sure assessment in human health research, as a comple-

ment to the large investment in genetic research.64 The

exposome can be defined as an individual’s cumulative

lifetime environmental exposure and related biological

responses. Under the exposome concept, all non-genetic

factors contributing to disease are environmental, includ-

ing air pollutants, chemicals, drugs, radiation, microbiota,

climate and psychosocial stress (Figure 3).65–67 The expo-

some can alter important biological pathways through, for

example, epigenetic mechanisms such as DNA methyla-

tion, histone modifications and non-coding RNA, which

alter the expression of key genes.

Today, rapid advances in omics techniques such as epi-

genomics, transcriptomics, proteomics, metabolomics and

metagenomics and systems biology provide tools to gain

unprecedented insight into human disease. In combination

with genome data, systematic information on the human
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Figure 3 The human exposome. Environmental exposures are major risk factors for human diseases, and only a small proportion of chronic illness

can be attributed to genetic factors alone. Systematic information on the human exposome—the lifetime sum of environmental exposures—is there-

fore important to reduce the overall burden of disease. Humans are continuously exposed to many contaminants and other stressors that can induce

adverse effects, independently or when they interact. For example, the consequences of climate change include adverse health effects through heat-

waves and increased vector-borne infectious outbreaks and the potential to alter environmental concentrations and biological effects of pollutants.

The individual response to current exposures and susceptibility to disease are influenced by genetics, epigenetics, physiology and health status,

which involve changes in biological pathways caused by earlier exposures. Epigenetic mechanisms such as DNA methylation, histone modifications

and non-coding RNA are important pathways for effects of the exposome. The exposures can alter epigenetic modifications and thereby turn on, or

off, genes. Investigating the effects on epigenetic processes by using omics tools can therefore provide evidence of responses to a set of exposures

and improve the understanding of human disease
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TELEROMERE shortening causes:

Dysfunctional cells;
Apoptosis;
Cell senescence;
Death.

telomeri sono formati da ripetizioni TTAGGG in tandem 
del DNA alle estremità dei cromosomi.

Anello protettivo contro la fusione e la degradazione
dei cromosomi.

Factors associated with TELEROMERE shortening:

Oxidative stress 
Inflammation
Psychosocial, environmental, and behavioral 
factors

Starkweather et al., Nurs Res. 2014 ; 63(1): 36–50.

Genetic

Enviroment

I telomeri
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Stile di vita ed aging clocks
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Figure 3. Epigenetic Regulation of the FoxO–Autophagy Axis. (A) FoxOs control autophagy gene expression by regulating chromatin structure [histonemethylation
(Me) via suppression of SKP2 to upregulate CARM1] and microRNA expression. The arrow and inhibitory bar symbols in black indicate active functions, and those in grey
indicate inactive functions. (B) FoxO3 induces autophagy through a mechanism synergizing poly(ADP-ribose)-induced histone modification (PARylation), chromatin

(Figure legend continued at the bottom of the next page.)
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