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Summary. Biogerontology is the study of the biological basis of ageing and age-related diseases. The phenom-

enon and the process of ageing are well understood in evolutionary and biological terms; and a conceptual

framework has been established within which general principles of ageing and longevity can be formulated.

The phenotype of ageing in terms of progressive loss of physical function and fitness is best seen during the

period of survival after the evolution-determined essential lifespan (ELS) of a species. However, the ageing

phenotype is highly heterogenous and individualistic at all levels from the whole body to the molecular one.

Most significantly, the process and the progression of ageing are not determined by any specific gerontogenes.

Ageing is the result of imperfect maintenance and repair systems that allow a progressive shrinkage of the

homeodynamic space of an individual. The challenge is to develop and apply wholistic approaches to the

complex trait of ageing for maintaining and/or improving health. One such approach is that of mild stress-

induced physiological hormesis by physical, mental and nutritional hormetins. Biogerontological research

offers numerous opportunities for developing evidence-based novel biomedical technologies for maintaining

and improving health, for preventing the onset of age-related diseases, and for extending the health-span.

(www.actabiomedica.it)
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Introduction

Biological ageing is no longer a mysterious, un-
understood and unresolved problem in biology (1, 2);
and the science of biological ageing — biogerontology
— is firmly rooted in its data-driven conceptual frame-
work. The three pillars of biogerontology’s foundation
are:

* In the continuum of life, ageing starts after the
end of the natural lifespan of a species, termed
‘essential lifespan’ (ELS), and is characterized by
a progressive loss of physical function and fit-
ness that culminates in death of an individual
(3-5).

* There is neither a rigid programme nor any ger-
ontogenes that have evolved with the specific

role of causing ageing and death of an individual
(6-8).

* The progression, rate and phenotype of ageing
is different in different species, in individuals
within a species, in organs and tissues within an
organism, in cell types within a tissue, in sub-
cellular compartments within a cell type, and in
macromolecules within a cell (7, 9, 10).

Thus biological ageing is an emergent, epigenetic

and a meta-phenomenon, which is not controlled by a
single mechanism or a central regulator. Individually
no tissue, organ or system becomes functionally totally
exhausted until the death of a very old organism, it
is the dynamic interaction and interdependence at all
biological levels that determines the quality and the
duration of life of an individual. Longevity-correlation
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analyses performed on the data for the lifespan vari-
ance among siblings, and monozygotic and dizygotic
twins indicates that the contribution of genes to the
lifespan of an individual is about 25% (11). This means
that non-genetic, epigenetic and environmental fac-
tors have more than 75% influence in determining the
length of lifespan of an individual. This also implies
that ageing, health-span and lifespan are not pre-de-
termined and can be modulated.

The aim of this article is to take status of the bi-
ogerontological understanding of ageing and longevi-
ty, and to address the remaining research questions and
challenges, along with the ongoing efforts and future
opportunities for ageing interventions.

Evolutionary understanding of life and death

Sooner or later, all individuals die out even
though the apparent immortality of a population or
of the germ line may overshadow the mortality of its
individual members. In nature, a vast variety in strate-
gies for survival can be encountered and the spiral of
life and death has innumerable variations. Rates of
degenerative changes fall into three main categories
— rapid, negligible and gradual, and these can explain
most types of life histories that culminate in the death
of an individual (12). The third category, found most
commonly in animals, involves the growth and devel-
opment of the organisms to adulthood and a period of
reproduction followed by gradual and progressive age-
ing and senescence leading to death. Generally, species
with repetitively reproducing (iteroparous) life histo-
ries experience ageing after completing a period of re-
productive fitness. It is in this category of organisms,
which includes human beings, that the phenomenon
of progressive, intrinsic, and impairing ageing (13) is
best manifested during the limited lifespan of the or-
ganism; and it is this kind of ageing which is the main
focus of biogerontological studies.

Previously, it was generally believed that there is
a species-specific maximum lifespan. However, this
belief has frequently been challenged on the basis of
both demographic-statistical analyses and experimen-
tal studies with very large cohorts of insect populations
(14-16). In the case of human beings too, attempts at

estimating the upper limits to human lifespan have
failed to reach any definite conclusion (17-21). There
are several genetic and non-genetic correlates of hu-
man lifespan, including parental and grand-parental
lifespan, age of parents at the time of birth, reproduc-
tive history, marital and educational status, and other
factors (22). Therefore, a concept such as “species-spe-
cific maximum lifespan” is of not much value when no
reliable estimate of maximum achievable lifespan by an
individual can be made.

Another way of talking about the lifespan is in
terms of evolution. The evolutionary forces of natu-
ral selection have resulted in evolving mechanisms of
maintenance that operate in concert with the complete
structural (anatomical) and functional (physiological)
design of the organism and assure certain period of
survival of the body until reproduction. This duration
has been termed “essential lifespan”, (ELS) of a species
(3). ELS can be considered as the natural lifespan of a
species as “required” by evolution, and is distinct (and
usually several-fold shorter) from the average lifespan
for a cohort, and from the maximum lifespan observed
for a single member of a species. For example, ELS for
human species is considered to be about 50 years (23),
whereas the average lifespan in economically devel-
oped countries is already between 80 and 85 years, and
the maximum lifespan for a human being, recorded so
far, is 122 years, 5 months and 14 days (24).

The studies discussed above show precisely that,
whereas no absolute limit to longevity can be inferred
from the data, there is still a practical limit to lifespan,
and no fly could realistically attain longevity charac-
teristics comparable to, say, those of mouse or man.
Furthermore, such a measure of the practical limit
makes room for the possibility of alteration in maxi-
mum achievable lifespan with changing conditions of
life, which, in the case of human beings, include social,
psychological and cultural elements.

Genetics and epigenetics of ageing

In the context of evolution, it is incorrect to as-
sume that ageing and limited lifespan of an individual
had some purpose or adaptive significance in terms
of being advantageous for the species. In natural wild
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populations the probability of death by accidental
causes, including disease and predation, is so high that
there is never a significant number of long-lived indi-
viduals left that might require special mechanisms to
terminate life for the sake of newly born individuals.
Even if there were any life-terminating mechanisms
that operated after a long period of survival, these
would not be capable of resisting the spontaneous ori-
gin and evolution of non-ageing and immortal “mu-
tants”, which in a given population would soon take
over (25).

In contrast to the adaptive theories of the evolu-
tion of ageing and lifespan, the non-adaptive theories
state that ageing occurs either because natural selec-
tion is insufficient to prevent it, owing to its post-re-
productive nature, or that senescence is a by-product
of the expression of genes with early beneficial traits
but deleterious and pleiotropic effects at later stages.
Two major schools of thought (whose ideas are not
mutually exclusive) in the non-adaptive theories of
the evolution of ageing and lifespan are represented
by antagonistic pleiotropy theory (26) and the dispos-
able soma theory based on the Weismann’s distinction
between the soma and the germ line (27). According
to these theories, evolutionary forces have optimised
conditions for efficient and successful reproduction ei-
ther by (i) selecting for “good” early genes that later
have “bad” effects, or (ii) selecting for efficient main-
tenance and repair of the germ cells at the cost of so-
matic maintenance.

As regards the nature of genes involved in de-
termining or regulating ageing and lifespan, a lot of
effort has been put in to discover such genes, termed
gerontogenes (28). Although evolutionary theories of
ageing and longevity discount the notions of an adap-
tive nature of ageing and the diversity of the forms and
variations in which age-related alterations are mani-
fested suggest that the progression of ageing is neither
programmed nor deterministic, there appears to be a
genetic component of some kind. The role of genes in
ageing is indicated by: (1) an apparent limit to lifes-
pan within a species (19, 29); (2) some heritability of
lifespan as evident from studies on twins (30); (3) hu-
man genetic mutants of premature ageing syndromes
(31, 32); and (4) some gene association with extreme
longevity (33).

The paradoxical situation of the genetic aspects of
ageing and longevity on one hand, and the stochastic
nature of the progression of the ageing phenotype on
the other, can be resolved by developing radically novel
views about the nature of gerontogenes. The proposed
term gerontogenes does not refer to any real genes,
which have evolved specifically to cause ageing; and
that is why the modified term “virtual gerontogenes”
is more appropriate, and it reflects the altered state of
other genes, giving the appearance of being the genes
for ageing (6). This notion of virtual genes also applies
to several so-called disease-causing genes. For exam-
ple, the Werner gene, which is considered to “cause”
the premature ageing syndrome, is in reality a DNA
helicase gene whose normal role in DNA replica-
tion and repair prevents the emergence of Werner’s
syndrome, and it is only when this gene is altered by
mutation that the disease phenotype emerges (34).
The same applies to most of the so-called oncogenes,
which are cancer-causing only when they are mutated
and cannot perform their normal function (35).

Two kinds of gene action are postulated to be re-
sponsible for the emergence of the ageing phenotype.
The first considers the role of late-acting mutations,
which are already present at the time of fertilization
and birth, and show their deleterious effects after the
period of growth, development and maturation (36,
37). The second category of gene action is referred to
as the antagonistic pleiotropic genes, which involves
genes selected for some beneficial effects during early
development but which have harmful effects in post-
reproductive life when they escape the force of natural
selection (25). In both cases, these genes were not se-
lected as the real genes that cause ageing, but mani-
fest themselves as virtual gerontogenes owing to their
eventual involvement in the progression of age-related
changes (8).

There is a large body of evidence showing that
the maintenance and repair pathways are one of the
main determinants of ELS. Such evidence comes from
comparative studies performed on species with widely
varying lifespans, and from experiments performed to
slow down ageing and prolong the lifespan. Such genes
are referred to as the longevity assurance genes (LAG)
or vitagenes that determine the ELS of a species (38).
These longevity assurance genetic pathways include
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the efficiency of deoxyribonucleic acid (DNA) repair
(39, 40), the fidelity of genetic information transfer
(41), the efficiency of protein degradation (42), the ex-
tent of cellular responsiveness to stress (43), and the
capacity to protect from damage induced by free radi-
cals and oxidation (44).

The diversity of the genes associated with ageing
and longevity of different organisms indicates that at
the molecular level there are no universal pathways af-
fecting ageing and longevity. Whereas the genes in-
volved in repair and maintenance pathways may be
important from an evolutionary point of view as the
longevity assurance genes, each species may also have
additional gerontogenic pathways which influence its
ageing phenotype. Such genetic pathways have been
termed as public and private pathways, respectively
(45).

In addition to the genetic aspects of ageing and
longevity, there is a lot of interest in unraveling the
epigenetic aspects of ageing (46, 47). This is because
although genes are the foundation of life, genes in
themselves are non-functional entities. It is the wide
variety of gene products, including coding and non-
coding RNAs, proteins and other macromolecules,
which constitute the biochemical and biophysical mi-
lieu for life to exist. Epigenetics is the most commonly
used broad term to explain the consequences of the
intracellular and extracellular milieu, which establish
and influence the structural and functional stability of
genes. These epigenetic effects and alterations general-
ly remain uninherited from one generation to the next,
but have strong deterministic effects on the health,
survival and ageing of the individual.

Various intracellular epigenetic markers include
methylated cytosines, oxidatively modified nucleo-
tides, alternatively spliced RNAs, and post-transla-
tionally modified proteins, including protein folding
(48). The full spectrum of epigenetics of ageing is yet
to be unraveled and at present it is one of the most at-
tractive and challenging areas of research in biogeron-
tology (49-51). A major reason for the apparent diffi-
culties in fully understanding the epigenetics of ageing
is the existence of several orders higher complexity
and diversity of the constituting components, such as
physical, chemical, biological and environmental fac-
tors, including psychological factors in human beings.

Furthermore, a lot of epigenetic modifications can oc-
cur and even become reversed on a daily basis depend-
ing on several lifestyle factors (52, 53).

Ageing as the shrinkage of the homeodynamic space

Living systems have the intrinsic ability to re-
spond, to counteract and to adapt to the external and
internal sources of disturbance. This is what makes
them different from the inorganic and non-living sys-
tems. The traditional conceptual model to describe this
ability is homeostasis, which, however, is not totally
correct. The main reason for the incompleteness of the
homeostasis model is its notion of “stability through
constancy”, which does not take into account the dy-
namic nature of information and interaction networks
that underlie the complexity of the biological systems.
Instead of homeostasis, the term homeodynamics en-
compasses the fact that, unlike machines, the internal
milieu of biological systems is not permanently fixed,
is not at equilibrium, and is a dynamic regulation and
interaction among various levels of organization (54).

The property of homeodynamics of the living sys-
tems is based in a wide range of maintenance and repair
systems (MARS) at all levels of organization. Some
of the main MARS are: nuclear and mitochondrial
DNA repair; anti-oxidative enzymes and free radi-
cal scavengers; degradation of damaged DNA, RNA,

proteins and other organelles; apoptosis; detoxifica-

tion of harmful chemicals and metabolites; Immune
responses; wound healing and tissue regeneration, and
other higher order processes such as thermal regula-

tion, neuroendocrine balance, and circadian rhythms.
All these processes involve hundreds of survival-

assurance genes whose products and their interactions
give rise to a “homeodynamic space”, which is the ulti-
mate determinant of an individual’s chance and ability
to survive and maintain a health (9, 55). Ageing, age-
related diseases and eventual death are the result of a
failure of homeodynamics. This fact is also reflected in
the definition of ageing as a progressive shrinkage of
the homeodynamic space (9, 55).

At the molecular level, the theories of the mecha-
nisms of ageing are mostly centered on the occurrence
and accumulation of molecular damage (55-57). Some
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other views, such as continuous growth leading to a
kind of quasi-programme of ageing (58), and entropy
are also put forward (59). An age-related increase in
the levels of damage in various macromolecules, in-
cluding DNA, RNA, proteins, carbohydrates and li-
pids is well established (9, 55, 60). Therefore, the oc-
currence and accumulation of molecular damage as
the basis of age-related failure of homeodynamics is
considered as a unified explanation for biological age-
ing (55, 57).

The biological consequences of increased levels of
molecular damage are wide ranging (57), and include
altered gene expression, genomic instability, muta-
tions, molecular heterogeneity, loss of cell division po-
tential, cell death, impaired intercellular communica-
tion, tissue disorganization, organ dysfunctions, and
increased vulnerability to stress and other sources of
disturbance (57). What is not clear at present is the
relationship between the extent of a molecular dam-
age and its physiological and functional consequences.
How much damage a cell, tissue and an organism tol-
erate or compensate without becoming harmful; and
how much damage a system needs to repair or remove
in order to regain health, functionality and extended
heal-span, are the two most challenging basic ques-
tions to be resolved in molecular biogerontology.

Interventional approaches and opportunities

Biogerontolology has revealed that ageing is an
emergent phenotype due to the failure of homeody-
namics and not due to the action of any life-limiting
and death-causing mechanisms. Therefore, this under-
standing should transform our approach towards age-
ing interventions from being “anti-ageing” in the sense
of reversion and rejuvenation, to maintaining health,
preventing age-related diseases and achieving “healthy
ageing”. However, such a shift towards ageing inter-
ventions is yet to happen universally.

One of the most prevalent biomedical approach-
es to ageing intervention is what one may call as the
piecemeal remedies. The basic principle behind this
approach is to “fix what is broke”; and this ranges from
cosmetics to the tissue/organ repair or transplantation,
targeted treatments with stem cells, and rejuvenation

with young blood/plasma transfusion (61-63). More
recently, elimination of senescent cells by potential
senolytic compounds is becoming an increasingly ap-
pealing approach (64-67). Although such interven-
tions often have life-saving effects in acute situations,
these benefits are often transient, limited and require
recurring interventions.

The second most common ageing interventional
approach is that of replenishing the loss, tested mostly
in animal model systems. This approach is often based
on the naive understanding that age-related decline
in the levels of enzymes, hormones or other metabo-
lites is always harmful, and that these changes should
be reset to some normal, youthful and healthy levels.
Biogerontological studies have, however, repeatedly
shown that numerous age-induced changes in the im-
mune system, hormone levels and other proteins and
enzymes are the sign of constant remodeling and ad-
aptation for survival and health (68, 69). For exam-
ple, experimental studies on the extension of lifespan
of various model systems by genetic and non-genetic
means clearly show that a reduction in the levels of
various hormones and their intermediates and recep-
tors is almost always a requirement (70). Therefore,
unnecessary supplementation with hormones, antioxi-
dants and other such nutritional replenishments have
little, none or even harmful effects in normal healthy
model systems and in humans (71-74).

Biogerontologists are increasingly realizing that
“single molecule, single target”-oriented approaches
for ageing intervention are severely limited because
these neglect the highly dynamic, interactive and net-
working nature of life. Therefore, whole body level
holistic or more accurately “wholistic”, (in order to
distinguish science-based approaches from the “every-
thing goes” holistic claims) approaches are being test-
ed and developed as promising ageing interventions.
One such wholistic interventionary approach is that of
hormesis that encompasses food, physical activity and
mental engagement, which strengthen the homeody-
namic space (75, 76).

Hormesis in health maintenance and improve-
ment is defined as the life-supporting beneficial effects
resulting from the cellular and organismic responses
to repeated and transient exposure to mild stress (77-
79). Moderate physical exercise is the paradigm for
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stress-induced hormesis, which initially increases the
production of free radicals, acids and aldehydes. Other
stressors that have been reported to modulate ageing
in cells and animals include heat shock, irradiation,
heavy metals, pro-oxidants, acetaldehyde, alcohols, hy-
pergravity, polyphenols, flavonoids, terpinoids, infec-
tions, and dietary restriction, including intermittent
fasting (77-80). An important observation in studies
of hormesis is that a single stressor, such as heat shock
or exercise, can strengthen the overall homeodynamics
and enhance other abilities, such as immune response,
robustness, resilience, cognition and memory, by ini-
tiating a cascade of processes resulting in a biological
amplification and eventual beneficial effects (81-83).

All such conditions, which bring about biologi-
cally beneficial effects by initially causing low level
stress, are termed as hormetins (84-86). Hormetins are
further categorized as: (1) physical hormetins, such as
physical exercise, heat and radiation; (2) biological and
nutritional hormetins, such as micronutrients, phy-
tochemicals in spices and other natural and synthetic
food sources; and (3) psychological or mental horme-
tins, such as increased brain activity through cognitive
games and challenges, including solving puzzles, social
engagement, focused attention and meditation (87-
89).

It should also be pointed out that several so-called
anti-oxidants, including numerous plant components,
some vitamins, and micronutrients are actually stress-
inducing hormetins, and that their biological effects
as being antioxidative are not due to the compounds
themselves being direct antioxidants (90-97). Dis-
covering novel hormetins as modulators of ageing
and longevity is a promising area of research offering
numerous opportunities in the aesthetic-, healthcare-
and food-industry (98, 99).

Another experimental ageing interventional ap-
proach being tested is that of so-called gene therapy.
One of the earlier experimental studies demonstrated
that an induced mutation in a single gene increased the
lifespan of the nematode C. e/egans (100, 101). Since
then hundreds of putative gerontogenes or longevity
genes have been reported in C. elegans, Drosophila and
rodents, which when mutated result in the extension
of average and maximum lifespan of the organism.
The methods used for the identification of such genes

include induction of mutations and deletions by ir-
radiation and chemical mutagens, alterations in gene
expression by knockout, homologus recombination, or
by gene addition, and reduction in gene expression by
RNAi-induced abrogation of translation (for the lat-
est information on such genes, refer to various online
databases, such as: http://genomics.senescence.info/
genes/) (33).

It is important to realize that in almost all such
cases longevity extension had occurred when one or
multiple interventions resulted in the reduction or to-
tal inhibition of the activity of one or more genes. Sim-
ilarly, there are other examples which show that several
mutant mice strains with defects in growth hormone
(GH) pathways including deficiencies of GH levels
and GH receptor have extended lifespans (102-104).
Application of RNAi technology, together with the
role of circulating, and small noncoding RNAs, has
turther identified numerous genes whose normal levels
of activities are lifespan restricting, and can be a target
for gene therapy.

Studies have also been performed in which the
effects of adding one or multiple copies of genes, that
leads to the increased expression of their gene products,
has resulted in the extension of lifespan. Some such
transgenic manipulations in model systems include
the addition of gene(s) for one of the protein elonga-
tion factors (105), antioxidant genes superoxide dis-
mutase and catalase (106-109) sirtuin (110), forkhead
trascription factor FOXO (111), heat shock proteins
(112-114) heat shock factor, (115, 116), protein repair
methyltransferase (117), and klotho, which is an in-
hibitor of insulin and IGF1 signalling (118). Although
theses studies have demonstrated longevity-extending
effects of various genes in controlled laboratory condi-
tions, there is very little information available on the
basic process of ageing in terms of the rate and extent
of occurrence and accumulation of macromolecular
damage and its physiological consequences in these
animals. There is also little information available as
to what is the physiological price paid for inactivating
such genes whose normal function is a part of the gen-
eral metabolism and signaling (119, 120). For example,
laboratory-protected longevity mutants in C. elegans
have reduced Darwinian fitness when competing with
the wild type worms under nutritionally challenging
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conditions (121-123). Similarly, extension of murine
lifespan by the addition of Z/otho gene induces insulin
resistance and disruption of insulin/IGF-1 signalling
pathway (119, 120, 124, 125).

Another system in which genetic interventions
have been tried as ageing interventions is the Hay-
flick system of limited proliferative lifespan of normal
diploid differentiated cells in culture (126). Almost all
the genetic interventions by transient or permanent
transfection and ectopic expression of various genes
on this model system have focused on extending the
replicative lifespan of cells by bypassing the cell cy-
cle check-points (127-129). One of the most widely
used genetic interventions in extending the replicative
lifespan of normal cells has been the ectopic expres-
sion of telomerase in a wide variety of cells (130, 131).
However, continuous proliferation by such genetically
modified non-ageing cells often leads to their genomic
instability, transformation and cancer-forming activity
(132, 133). In the case of animals, whereas telomerase
negative mice show reduced lifespan and some other
abnormalities after six-generations (134), overexpres-
sion of telomerase in the skin increases myc-induced
hyperplasia (135) without any extension of lifespan.

In the case of humans, although several single
gene mutations are known which lead to accelerated
ageing and significantly reduced lifespan (32, 136),
no gene mutations have yet been identified which in-
crease the human lifespan. A strategy that has been
used extensively to identify potential longevity genes is
by gene-association analysis of genetic polymorphisms
with human longevity (137). The full list of genes as-
sociated with human longevity, generally identified by
both single nucleotide polymorphism (SNP) analysis
or by genome wide association studies (GWAS) can
be retrieved from http://genomics.senescence.info/
genes/. To what extent this information can be used to
develop gene-based ageing interventions in humans is
not yet clear.

Some future scenarios for ageing interventions
include intelligent redesigning either by the so-called
strategies for engineered negligible senescence (SENS)
(138), or by post-humanistic or trans-humanistic en-
hancements through robots and cyborgs combining
both organic and biomechatronic body parts (139).
Such interventions, if successful, raise several ethi-

cal issues such as the social and environmental con-
sequences of extreme longevity, and the basic under-
standing of what it means to be human (140, 141)

Conclusions

According to the principles of ageing and lon-
gevity discussed above occurrence of biological age-
ing is inevitable owing to the imperfections of survival
mechanisms. Whereas optimal treatment of each and
every disease, irrespective of age, is a social and moral
necessity, maintaining health and improving the qual-
ity of human life in old age require a shift in approach
from ageing as a disease to ageing as a life condition
that can be modulated. Ageing must be approached as
a stage in life history of an individual, which is served
best by biomedical, technological and social interven-
tions, which could diminish the severity of age-related
frailty, along with a possible extension of health-span.

Biogerontologists are beginning to narrow down
the potential ageing pathways, including insulin/IGF-
1 growth axis, mTOR activity, and stress resistance,
which could be amenable to manipulation (33, 142).
There is evidence that those and other metabolic path-
ways can be effectively modulated by life-style altera-
tions, such as intermittent food restriction, exercise
and nutritional and pharmacological interventions
(74). However, one major challenge still is to translate
the information gathered from studies performed on
experimental model systems of insects, nematodes, ro-
dents and others to human beings.

Another challenge for biogerontologists trying
to develop effective means of ageing intervention is
to come out of the reductionistic mode of doing ex-
periments. The history of ageing intervention research
has shown that taking this or that single compound
of natural or synthetic origin, force-feeding it to some
experimental model system, and analysing one or few
molecular targets has, so far, not lead to any really use-
ful practical interventions for human beings. The three
pillars of health — food, physical activity, and mental
and social engagement — require a change in the way
biogerontologists design and perform experiments.
And most importantly, biogerontologists also need to
be clear as to what is the ultimate aim of such research:
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is it to eliminate ageing and death for ever, and should
we do that?

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Holliday R. Aging is no longer an unsolved problem in biol-
ogy. Ann NY Acad Sci 2006; 1067: 1-9.

Hayflick L. Biological aging is no longer an unsolved prob-
lem. Ann NY Acad Sci 2007; 1100: 1-13.

Rattan SIS. Biogerontology: the next step. Ann NY Acad
Sci 2000; 908: 282-290.

. Rattan SIS. Ageing, gerontogenes, and hormesis. Ind ] Exp

Biol 2000; 38: 1-5.

. Rattan SIS, Clark BFC. Understanding and modulating

ageing. IUBMB Life 2005; 57: 297-304.

. Rattan SIS. Gerontogenes: real or virtual? FASEB ] 1995;

9: 284-286.

. Finch CE, Kirkwood TBL. Chance, Development, and Ag-

ing. 2000, New York: Oxford Univ. Press.

. Holliday R, Rattan SIS. Longevity mutants do not estab-

lish any “new science” of ageing. Biogerontology 2010; 11:
507-511.

. Rattan SIS. Biogerontology: from here to where? The Lord

Cohen Medal Lecture-2011. Biogerontology 2012; 13: 83-
91.

Rattan SIS. Molecular and cellular basis of aging., in Mo-
lecular Basis of Nutrition and Aging, Malavolta M, Moc-
chegiani E, Editors. 2016, Elsevier Academic Press: Lon-
don. p. 3-9.

Herskind AMM, Holm NV, Serensen TIA, Harvald B,
Vaupel JW. The heritability of human longevity: a popu-
lation-based study of 2872 Danish twin pairs born 1870-
1900. Hum Genet 1996; 97: 319-323.

Finch CE. Longevity, Senescence, and the Genome. 1990,
Chicago: The University of Chicago Press.

Strehler BL. Ageing: concepts and theories., in Lectures
on Gerontology., Viidik A, Editor. 1982, Academic Press:
London. p. 1-57.

Gavrilov LA, Gavrilova NS. The Biology of Life Span: A
Quantitative Approach. 1991, New York: Harwood Aca-
demic Publ.

Carey JR, Liedo P, Orozco D, Vaupel JW. Slowing of mor-
tality rates at older ages in large medfly cohorts. Science
1992; 258: 457-461.

Curtsinger JW, Fukui HH, Townsend DR, Vaupel JW.
Demography of genotypes: failure of the limited life-span
paradigm in Drosophila melanogaster. Science 1992; 258:
461-463.

Olshansky SJ, Carnes BA, Cassel C. In search of Methuse-
lah: estimating the upper limits to human longevity. Science
1990; 250: 634-640.

Wilmoth JR. Demography of longevity: past, present, and
future trends. Exp Gerontol 2000; 35: 1111-1129.

Dong X, Milholland B, Vijg J. Evidence for a limit to hu-
man lifespan. Nature, 2016; 538: 257-259.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Rozing MP, Kirkwood TBL, Westendorp RG]J. Is there
evidence for a limit to human lifespan? Nature 2017; 546:
E11-E12.

Marck A, Antero J, Berthelot G, et al. Are We Reaching the
Limits of Homo sapiens? Front Physiol 2017; 8: 812.
Gavrilov LA, Gavrilova NS. New Developments in the Bi-
odemography of Aging and Longevity. Gerontology 2014;
61:364-371.

Carnes BA, Witten TM. How long must humans live? J
Gerontol Bio Sci 2014; 69: 965-970.

Robine JM, Allard M. The oldest human. Science 1998;
279: 1834-1835.

Kirkwood TBL, Rose MR. Evolution of senescence: late
survival sacrificed for reproduction. Phil Trans R Soc Lond
B, 1991; 332:

Rose MR. Evolutionary Biology of Aging. 1991, New York:
Oxford University Press. 220.

Kirkwood TBL. Biological origins of ageing., in Oxford
Textbook of Geriatric Medicine. Evans JG, Williams TF,
Editors. 1992, Oxford University Press: Oxford. p. 35-40.
Rattan SIS. Beyond the present crisis in gerontology. Bi-
oEssays 1985; 2: 226-228.

Carnes BA, Olshansky SJ, Grahn D. Biological evidence
for limits to the duration of life. Biogerontology 2003; 4:
31-45.

Tan Q, Christiansen L, Thomassen M, Kruse TA, Chris-
tensen K. Twins for epigenetic studies of human aging and
development. Ageing Res Rev 2013; 12: 182-187.

Kipling D, Davis T, Ostler EL, Faragher RG. What can pr-
ogeroid syndromes tell us aout human aging? Science 2004;
305: 1426-1431.

Martin GM, Bergman A, Barzilai N. Genetic determinants
of human health span and life span. PLoS Genet 2007; 3:
el25.

de Magalhaes JP. Why genes extending lifespan in model
organisms have not been consistently associated with hu-
man longevity and what it means to translation research.
Cell Cycle 2014; 13: 2671-2673.

Goldstein S, Murano S, Shmookler-Reis R]. Werner syn-
drome: a molecular genetic hypothesis. ] Gerontol 1990; 45:
B3-8.

Tacutu R, Budovsky A, Yanai H, Fraifeld VE. Molecular
links between cellular senescence, longevity and age-related
diseases - a systems biology perspective. Aging (Albany
NY) 2011;3: 1178-1191.

Partridge L. Evolutionary theories of ageing applied to
long-lived organisms. Exp Gerontol 2001; 36: 641-650.

de Magalhaes JP. Programmatic features of aging originat-
ing in development: aging mechanisms beyond molecular
damage? FASEB ] 2012; 26: 4821-4826.

Rattan SIS. The science of healthy aging: genes, milieu, and
chance. Ann N'Y Acad Sci, 2007; 1114: 1-10.

Rattan SIS. DNA damage and repair during cellular aging.
Int Rev Cytol 1989; 116: 47-88.

Park SH, Kang HJ, Kim HS, et al. Higher DNA repair

activity is related with longer replicative life span in mam-



Biogerontology

299

malian embryonic fibroblast cells. Biogerontology 2011; 12:
565-579.

41. Kirkwood TBL, Holliday R, Rosenberger RF. Stability of the
cellular translation process. Int Rev Cytol 1984; 92: 93-132.

42. Schmidt M, Finley D. Regulation of proteasome activity in
health and disease. Biochim Biophys Acta 2013;

43. Kapahi P, Boulton ME, Kirkwood TBL. Positive correla-
tion between mammalian life span and cellular resistance to
stress. Free Radic Biol Med 1999; 26: 495-500.

44. Jones DP. Redox theory of aging. Redox Biol 2015; 5: 71-
79.

45. Martin GM. Modalities of gene action predicted by the
classical evolutionary theory of aging. Ann NY Acad Sci
2007; 1100: 14-20.

46.Pal S, Tyler JK. Epigenetics and aging. Sci Adv 2016; 2:
e1600584.

47. Sen P, Shah PP, Nativio R, Berger SL. Epigenetic Mecha-
nisms of Longevity and Aging. Cell 2016; 166: 822-839.
48. Lund AH, van Lohuizen M. Epigenetics and cancer. Genes

& Dev 2004; 18: 2315-2335.

49. Johnson AA, Akman K, Calimport SR, Wuttke D, Stolzing
A, de Magalhaes JP. The role of DNA methylation in ag-
ing, rejuvenation, and age-related disease. Rejuvenation Res
2012; 15: 483-494.

50. Heyn H, Li N, Ferreira HJ, et al. Distinct DNA methyl-
omes of newborns and centenarians. Proc Natl Acad Sci U
S A 2012; 109: 10522-10527.

51. Hannum G, Guinney J, Zhao L, et al. Genome-wide Meth-
ylation Profiles Reveal Quantitative Views of Human Ag-
ing Rates. Mol Cell 2013; 49: 1-9.

52. Gensous N, Bacalini MG, Pirazzini C, et al. The epigenetic
landscape of age-related diseases: the geroscience perspec-
tive. Biogerontology 2017; 18: 549-559.

53. Chaleckis R, Murakami I, Takada J, Kondoh H, Yanagida
M. Individual variability in human blood metabolites identi-
fies age-related differences. Proc Natl Acad Sci USA, 2016;

54. Yates FE. Order and complexity in dynamical systems: ho-
meodynamics as a generalized mechanics for biology. Math
Comput Model 1994; 19: 49-74.

55. Rattan SIS. Theories of biological aging: genes, proteins and
free radicals. Free Rad Res 2006; 40: 1230-1238.

56.Yin D, Chen K. The essential mechanisms of aging: Irrepa-
rable damage accumulation of biochemical side-reactions.
Exp Gerontol 2005; 40: 455-465.

57. Rattan SIS. Increased molecular damage and heterogeneity
as the basis of aging. Biol Chem 2008; 389: 267-272.

58. Blagosklonny MYV. Cell cycle arrest is not yet senescence,
which is not just cell cycle arrest: terminology for TOR-
driven aging. Aging (Albany NY) 2012; 4: 159-165.

59. Hayflick L. Entropy explains aging, genetic determinism
explains longevity, and undefined terminology explains mis-
understanding both. PLoS Genet 2007; 3: €220. .

60. Holliday R. Ageing: the paradox of life. 2007, Dordrecht,
The Netherlands: Springer.

61. Goodell MA, Rando TA. Stem cells and healthy aging. Sci-
ence 2015; 350: 1199-1204.

62. Rebo J, Mehdipour M, Gathwala R, et al. A single hetero-
chronic blood exchange reveals rapid inhibition of multiple
tissues by old blood. Nat Commun 2016; 7: 13363.

63. Castellano JM, Kirby ED, Wyss-Coray T. Blood-Borne Re-
vitalization of the Aged Brain. JAMA Neurol 2015;

64. Naylor RM, Baker DJ, van Deursen JM. Senescent cells: a
novel therapeutic target for aging and age-related diseases.
Clin Pharmacol Ther 2013; 93: 105-116.

65. Cortese FA, Santostasi G. Whole-Body Induced Cell
Turnover: A Proposed Intervention for Age-Related Dam-
age and Associated Pathology. Rejuvenation Res 2016; 19:
322-336.

66.He S, Sharpless NE. Senescence in Health and Disease.
Cell 2017; 169: 1000-1011.

67. de Keizer PL. The Fountain of Youth by Targeting Senes-
cent Cells? Trends Mol Med 2017; 23: 6-17.

68. Davies KJA. Adaptive homeostasis. Mol Aspects Med 2016;

69. Martin P, Kelly N, Kahana B, et al. Defining successful ag-
ing: a tangible or elusive concept? Gerontologist 2015; 55:
14-25.

70. Rattan S, Sharma R, eds. Hormones in ageing and longev-
ity. Healthy Ageing and Longevity, ed. Rattan SIS. Vol. 6.
2017, Springer.

71. Le Bourg E. Antioxidants and aging in human beings., in
Aging Interventions and Therapies., Rattan SIS, Editor.
2005, World Scientific Publishers.: Singapore. p. 85-107.

72. Sadowska-Bartosz I, Bartosz G. Effect of antioxidants sup-
plementation on aging and longevity. Biomed Res Int 2014;
2014: 404680.

73. Conti V, Izzo V, Corbi G, et al. Antioxidant Supplementa-
tion in the Treatment of Aging-Associated Diseases. Front
Pharmacol 2016; 7: 24.

74. Vaiserman AM, Lushchak OV, Koliada AK. Anti-aging
pharmacology: Promises and pitfalls. Ageing Res Rev 2016;
31:9-35.

75. Rattan SIS. Nutrition and food for health and longevity. Int
J Nutr Pharm Neur Dis 2015; 5:45:

76. Rattan S. Anti-,pro- and healthy-ageing. Household and
personal Care Today 2017; 12: 18.

77. Le Bourg E, Rattan SIS, eds. Mild stress and healthy ag-
ing: applying hormesis in aging research and interventions.
2008, Springer: Dordrecht, The Netherlands. 187.

78. Mattson MP, Calabrese E, eds. Hormesis - a revolution in
biology, toxicology and medicine. 2010, Springer: New York.

79. Rattan SIS, Le Bourg E, eds. Hormesis in health and dis-
ease. 2014, CRC Press: Boca Raton.

80. Weis S, Rubio I, Ludwig K, Weigel C, Jentho E. Hormesis
and Defense of Infectious Disease. Int ] Mol Sci 2017; 18:

81. Sen CK, Packer L, Hinninen O, eds. Handbook of Oxi-
dants and Antioxidants in Exercise. ist ed. 2000, Elsevier:
Amsterdam, The Netherlands. 1207.

82. Radak Z, Chung HY, Goto S. Exercise and hormesis: oxida-
tive stress-related adaptation for successful aging. Biogeron-
tology 2005; 6: 71-75.

83. Williamson J, Pahor M. Evidence regarding the benefits of
physical exercise. Arch Intern Med, 2010; 170: 124-125.



300

S.I.S. Rattan

84. Rattan SIS, Demirovic D. Hormesis and aging.,in Horme-
sis: a revolution in biology, toxicology and medicine.,
Mattson MP, Calabrese E, Editors. 2009, Springer: New
York. p. 153-175.

85. Rattan SIS, Demirovic D. Hormesis can and does work in
humans. Dose Response 2010; 8: 58-63.

86. Rattan SIS, Demirovic D. Hormesis as a mechanism for
the anti-aging effects of calorie restriction., in Calorie Re-
striction, Aging and Longevity, Everitte AV, Rattan SIS,
Le Couteur DG, de Cabo R, Editors. 2010, Springer:
Dordrecht. p. 233-245.

87. Brewer JA, Worhunsky PD, Gray JR, Tang YY, Weber ],
Kober H. Meditation experience is associated with differ-
ences in default mode network activity and connectivity.
Proc Natl Acad Sci USA 2011; 108: 20254-20259.

88. Stark M. The sandpile model: optimal stress and hormesis.
Dose Response 2012; 10: 66-74.

89. Duraimani S, Schneider RH, Randall OS, et al. Effects of
Lifestyle Modification on Telomerase Gene Expression in
Hypertensive Patients: A Pilot Trial of Stress Reduction
and Health Education Programs in African Americans.
PLoS One 2015; 10: ¢0142689.

90. Panossian A. Understanding adaptogenic activity: specific-
ity of the pharmacological action of adaptogens and other
phytochemicals. Ann N'Y Acad Sci 2017;

91. Qi HY, Li L, Ma H. Cellular stress response mechanisms
as therapeutic targets of ginsenosides. Med Res Rev 2017;
1-30.

92. Linnane AW, Kios M, Vitetta L. Coenzyme Q(10)--its
role as a prooxidant in the formation of superoxide anion/
hydrogen peroxide and the regulation of the metabolome.
Mitochondrion 2007; 7 Suppl: S51-61.

93. Mocchegiani E, Costarelli L, Giacconi R, Piacenza F,
Basso A, Malavolta M. Zinc, metallothioneins and im-
munosenescence: effect of zinc supply as nutrigenomic ap-
proach. Biogerontology 2011; 12: 455-465.

94. Martucci M, Ostan R, Biondi F, et al. Mediterranean diet
and inflammaging within the hormesis paradigm. Nutr
Rev 2017; 75: 442-455.

95.LiYR, LiS§, Lin CC. Effect of resveratrol and pterostilbene
on aging and longevity. Biofactors 2017;

96. Camandola S, Mattson MP. Brain metabolism in health, ag-
ing, and neurodegeneration. EMBO ] 2017; 36: 1474-1492.

97. Pallauf K, Duckstein N, Rimbach G. A literature review
of flavonoids and lifespan in model organisms. Proc Nutr
Soc 2016; 1-18.

98. Rattan SIS. Rationale and methods of discovering horme-
tins as drugs for healthy ageing. Expert Opin Drug Discov
2012; 7: 439-448.

99. Rattan SIS, Kryzch V, Schnebert S, Perrier E, Carine Niz-
ard C. Hormesis-based anti-aging products: a case study of
a novel cosmetic. Dose Response 2013; 11: 99-108.

100. Friedman DB, Johnson TE. Three mutants that extend
both mean and maximum life span of the nematode, Cae-
norhabditis elegans, define the age-1 gene. ] Gerontol
1988; 43: B102-109.

101. Friedman DB, Johnson TE. A mutation in the age-1 gene
in Caenorhabditis elegans lengthens life and reduces her-
maphrodite fertility. Genetics 1988; 118: 75-86.

102. Napoli C, Martin-Padura I, de Nigris F, et al. Deletion
of the p66Shc longevity gene reduces systemic and tissue
oxidative stress, vascular cell apoptosis, and early athero-
genesis in mice fed a high-fat diet. Proc Natl Acad Sci
USA 2003; 100: 2112-2116.

103. Purdom S, Chen QM. Linking oxidative stress and genet-
ics of aging with p66Shc signaling and forkhead trasncrip-
tion factors. Biogerontology 2003; 4: 181-191.

104. Longo VD, Finch C. Evolutionary medicine: from dwarf
model systems to heatlhy centenarians? Science 2003; 299:
1342-1346.

105. Shepherd JCW, Walldorf U, Hug P, Gehring W]. Fruitflies
with additional expression of the elongation factor EF-1a
live longer. Proc Natl Acad Sci USA 1989; 86: 7520-7521.

106. Orr WC, Sohal RS. Extension of life-span by overexpres-
sion of superoxide dismutase and catalase in Drosophila
melanogaster. Science 1994; 263: 1128-1130.

107. Sun J, Molitor J, Tower J. Effects of simultaneous over-
expression of Cu/ZnSOD and MnSOD on Drosophila
melanogaster life sapn. Mech Age Dev 2004; 125: 341-349.

108. Parkes TL, Elia AJ, Dickinson D, Hilliker AJ, Phillips JP,
Boulianne GL. Extension of Drosophila lifespan by over-
expression of human SODI in motorneurons. Nat Genet
1998; 19: 171-174.

109. Schriner SE, Linford NJ. Extension of mouse lifespan by
overexpression of catalase. Age 2006; 28: 209-218.

110. Rogina B, Helfand SL. Sir2 mediates longevity in the fly
through a pathway related to calorie restrction. Proc Natl
Acad Sci USA 2004; 101: 15998-16003.

111. Giannakou ME, Goss M, Jiinger MA, Hafen E, Leevers
SJ, Partridge L. Long-lived Drosophila with over-ex-
pressed dFOXO in adult fat body. Science 2004; 305: 361.

112. Yokoyama K, Fukumoto K, Murakami T, et al. Extended
longevity of Caenorbabditis elegans by knocking in extra
copies of hsp70F, a homolog of mot-2 (mortalin)/mth-
sp70/Grp75. FEBS Lett 2002; 516: 53-57.

113. Morrow G, Samson M, Michaud S, Tanguay RM. Overex-
pression of the small mitochondrial Hsp22 extends Dros-
ophila life span and increses resistance to oxidative stress.
FASEB ] 2004; online print:

114. Walker GA, Lithgow GJ. Lifespan extension in C. elgans
by a molecular chaperone dependent upon insulin-like sig-
nals. Aging Cell 2003; 2: 131-139.

115. Hsu AL, Murphy CT, Kenyon C. Regulation of aging and
age-related disease by DAF-16 and heat-shock factor. Sci-
ence 2003; 300: 1142-1145.

116. Morley JF, Morimoto RI. Regulation of longevity in Cae-
norhabditis elegans by heat shock factor and molecular
chaperones. Mol Biol Cell 2004; 15: 657-664.

117. Chavous DA, Jackson FR, O'Connr CM. Extension of
Drosophila lifespan by overexpression of a protein repair
methyltransferase. Proc Natl Acad Sci USA 2001; 98:
14814-14818.



Biogerontology

301

118. Kurosu H, Yamamoto M, Clark JD, et al. Suppression of
aging in mice by the hormone klotho. Science 2005; 309:
1829-1833.

119. Rincon M, Muzumdar R, Altmon G, Barzilai N. The para-
dox of the insulin/IGF-1 signaling pathway in longevity.
Mech Age Dev 2004; 125: 397-403.

120. Van Voorhies WA, Curtsinger JW, Rose MR. Do longev-
ity mutants always show trade-offs? Exp Gerontol 2006;
41:1055-1058.

121. Walker D, McColl G, Jenkins NL, Harris J, Lithgow GJ.
Evolution of lifespan in C. elegans. Nature 2000; 405: 296-
297.

122. Chen J, Senturk D, Wang JL, et al. A demographic analysis
of the fitness cost of extended longevity in Caenorhabditis
elegans. ] Gerontol Bio Sci 2007; 62A: 126-135.

123. Van Voorhies WA. Is life span extension in single gene
long-lived Caenorhabditis elegans mutants due to hypo-
metabolism? Exp Gerontol 2003; 38: 615-618.

124. Unger RH. Klotho-induced insulin resistance: a blessing in
disguise? Nat Med 2006; 12: 56-57.

125. Wang Y, Sun Z. Current understanding of klotho. Ageing
Res Rev 2009; 8: 43-51.

126. Rattan SIS, Hayflick L, eds. Cellular Ageing and Replica-
tive Senescence. Healthy Ageing and Longevity, ed. Rat-
tan SIS. Vol. 4. 2016, Springer: Dordrecht.

127. Campisi ], d’Adda di Fagagna F. Cellular senescence: when
bad things happen to good cells. Nat Rev Mol Cell Biol
2007; 8: 729-740.

128. Itahana K, Campisi J, Dimri GP. Mechanisms of cellu-
lar senescence in human and mouse cells. Biogerontology
2004; 5: 1-10.

129. Collado M, Blasco M A, Serrano M. Cellular senescence in
cancer and aging. Cell 2007; 130: 223-233.

130. Simonsen JL, Rosada C, Serakinci N, et al. Telomerase ex-
pression extends the proliferative life-span and maintains
the osteogenic potential of human bone marrow stromal
cells. Nat Biotech 2002; 20: 592-596.

131. Davis T, Kipling D. Telomeres and telomerase biology
in vertebrates: progress towards a non-human model for

replicative senescence and ageing. Biogerontology 2005; 6:
371-385.

132. Wang J, Hannon GJ, Beach DH. Risky immortalization by
telomerase. Nature 2000; 405: 755-756.

133. Serakinci N, Guldberg P, Burns JS, et al. Adult human
mesenchymal stem cell as a target for neoplastic transfor-
mation. Oncogene 2004; 23: 5095-5098.

134. Lansdorp PM. Lessons from mice without telomerase. J
Cell Biol 1997; 139: 309-312.

135. Flores I, Evan G, Blasco MA. Genetic analysis of myc and
telomerase interactions in vivo. Mol Cell Biol 2006; 26:
6130-8.

136. Martin GM. Genetic modulation of senescent phenotypes
in Homo sapiens. Cell 2005; 120: 523-532.

137. Singh R, Kelvraa S, Rattan SIS. Genetics of longevity with
emphasis on the relevance of HSP70 genes. Front Biosci
2007; 12: 4504-4513.

138. de Grey ADN]. Forseeable pharmaceutical reapir of age-
related extracellular damage. Current Drug Targets 2006;
7:1469-1477.

139. Palese E. Robots and cyborgs: to be or to have a body?
Poiesis Prax 2012; 8: 191-196.

140. Chan CC. Humanity 2.0> EMBO Rep 2008; 9: S70-S74.

141. Seppet E, Paasuke M, Conte M, Capri M, Franceschi C.
Ethical aspects of aging research. Biogerontology 2011;
12: 491-502.

142. de Magalhaes JP. The scientific quest for lasting youth:
prospects for curing aging. Rejuvenation Res 2014; 17:
458-467.

Received: 20 March 2018

Accepted: 29 March 2018

Correspondence:

Suresh I.S. Rattan

Laboratory of Cellular Ageing, Department of
Molecular Biology and Genetics, Aarhus University
Gustav Wieds Vej 10 - DK8000 Aarhus — C - Denmark
Tel. +45 28992496

E-mail: rattan@mbg.au.dk



