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Abstract—A much debated question is whether aging is the cumulative consequence of degenerative factors insufficiently
opposed by natural selection, or, on the contrary, an ordered process, genetically determined and regulated, modeled by
natural selection, and for which the definition of phenoptotic phenomenon would be entirely appropriate. In this review,
theoretical arguments and empirical data about the two hypotheses are exposed, with more evidence in support of the thesis
of aging as a form of phenoptosis. However, as the thesis of aging as an adaptive and programmed phenomenon necessarily
requires the existence of specific mechanisms that determine to age, such as the subtelomere—telomere theory proposed for
this purpose, the evidence supporting the mechanisms described by this theory is reported. In particular, it is highlighted
that the recent interpretation of the role of TERRA sequences in the context of subtelomere—telomere theory is a funda-
mental point in supporting the hypothesized mechanisms. Furthermore, some characteristics of the mechanisms proposed
by the theory, such as epigenetic modifications in aging, gradual cell senescence, cell senescence, limits in cell duplications,
and fixed size of the telomeric heterochromatin hood, are exposed in their compatibility with both the thesis of aging as
phenoptotic phenomenon and the opposite thesis. In short, aging as a form of phenoptosis appears a scientifically sound
hypothesis while the opposite thesis should clarify the meaning of various phenomena that appear to invalidate it.
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INTRODUCTION

It has been 25 years since the neologism and concept
of phenoptosis as “programmed death of an organism”
was defined and proposed [1, 2]. Subsequently: (i) the
aging manifested by individuals of our and many other
species, precisely described as “increasing mortality with
increasing chronological age in populations in the wild”
[3], has been indicated as a form of “slow phenopto-

* To whom correspondence should be addressed.

sis” [4]; (ii) the definition of phenoptosis was extended:
“Phenoptosis is the death of an individual caused by its
own actions or by actions of close relatives (siblicide; in
particular, the parent-caused death of an offspring or fil-
ial infanticide) and not caused primarily by accidents or
diseases or external factors, which is determined, regu-
lated or influenced by genes favored by natural selection”
[5]; (iii) it was underlined how this type of phenomenon
is very widespread in nature [5, 6].

The concept of phenoptosis allows to embrace with
a single term a series of very heterogeneous phenomena
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in which, in countless species, an individual dies or ex-
poses itself to the risk of dying in well-defined phases of
his life cycle or on particular occasions [5, 7].

Phenoptotic phenomena imply two general com-
mon features:

— Natural selection, at a strictly individual level,
cannot explain genes that favor characteristics for which
the individual dies or reduces his chances of survival.
Consequently, any type of phenoptosis must be deter-
mined by natural selection acting at a supra-individual
level,

— Phenoptotic phenomena must be caused by par-
ticular mechanisms determined and regulated by specific
genes whose existence is allowed by the afore-mentioned
supra-individual selective mechanisms.

The concept of phenoptosis appears in contrast with
Darwin’s ideas if limited to the expression “survival of
the fittest,” which is in the title of the fifth edition of his
book [8]. Without further clarification, it excludes the
possibility that natural selection could favor anything
that kills or damages the individual. However, it is im-
portant to remember that Darwin did not exclude the
possibility that natural selection could favor characters
harmful to the individual: “A tribe including many mem-
bers who... were always ready to aid one another, and to
sacrifice themselves for the common good, would be vic-
torious over most other tribes; and this would be natural
selection” [9], p. 500. Therefore, it would be unfair to
believe that the concept of phenoptosis is incompatible
with Darwin’s ideas or is an overcoming of them. It is
more accurate to conceive the category of phenoptotic
phenomena as something underestimated in the past, not
described as a set of phenomena that could be enclosed
under a single term, and perhaps unduly conceived as a
series of rare and curious exceptions to the queen’s rule
of the “survival of the fittest.”

However, as shown in the discussion of the pres-
ent work, the concept of phenoptosis must overcome
deep-rooted preconceived ideas that are proved to be
groundless by both theoretical arguments and empirical
evidence.

The idea of aging as a programmed phenomenon is
sometimes described as untenable, unsupported by evi-
dence and with strong arguments against it. For instance,
“le]volutionary considerations suggest aging is caused
not by active gene programming but by evolved limita-
tions in somatic maintenance, resulting in a build-up
of damage... there is scant evidence for the existence of
such a program, and there are powerful arguments why it
should not exist” [10].

On the contrary, the topic of this article is wheth-
er aging can be correctly defined as a form of phenop-
tosis, that is to say, whether it is well-grounded to con-
ceive of aging as an adaptive phenomenon favored by
natural selection, determined and regulated by specific
mechanisms.
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In particular, Part I of the “Discussion” section an-
alyzes: (i) whether it is correct to accept some arguments
commonly proposed against the idea of aging as an adap-
tive and programmed phenomenon; (ii) the plausibility
of some arguments and facts in support of the opposite
idea of aging as a non-adaptive and non-programmed
phenomenon.

Afterwards, Part II debates the existence or non-ex-
istence of specific mechanisms that determine aging,
which are indispensable in the case of aging as a phenop-
totic phenomenon and unjustifiable in the opposite case.

DISCUSSION

Part I. Arguments and evidence about the two opposite
interpretations of aging.

A. Popular arguments against the hypothesis of aging
as an adaptive phenomenon. There are three arguments
often proposed as preliminary objections against the pos-
sibility of aging as an adaptive phenomenon, which is an
essential condition to propose aging as a type of phenop-
tosis. However, these arguments are contradicted by the
evidence and do not appear sustainable:

A. 1. Aging as a universal and inevitable phenomenon.
A popular idea is that aging is a universal and so inevita-
ble phenomenon for any species (e.g.: “Unlike any dis-
ease, age changes... occur in every multicellular animal
that reaches a fixed size at reproductive maturity... oc-
cur in virtually all animate and inanimate matter” [11]).
According to this conception, it is certainly possible to
age at a more or less rapid pace but non-aging species
do not exist. Consequently, since aging is a universal and
completely natural phenomenon, it does not require par-
ticular justifications.

This conception is completely disproved by the evi-
dence. In this regard, it is sufficient to read what is de-
scribed in a well-known authoritative treatise [7], and the
arguments worked out in an article dedicated to phenop-
tosis [5] and in Chapter 2 of a recent book [6]. In short,
limiting ourselves to multicellular species and a few cate-
gories of examples, a large number of species show, as their
normal term of life, clearly phenoptotic phenomena oth-
er than aging as defined above [3]. Many species, both in
the animal and in the vegetable kingdom, reproduce only
once and then die (semelparity). Many plants and insects
have annual cycles that end with the death and are clear-
ly genetically determined. As an extreme example, many
insect species do not feed in the adult stage or even have
defective nutrition systems that do not allow feeding (aph-
agy). These cases are described in Finch’s treatise, in the
chapter titled “Rapid Senescence and Sudden Death” [7].

However, the term “senescence” used for the above-
said species could lead to some confusion with the case of
the species where the increase in mortality is gradual, de-
scribed as “Gradual Senescence with Definite Lifespan”
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[7], and that fall within the aforementioned definition of
aging.

Another possible misunderstanding is that “Rap-
id Senescence and Sudden Death” necessarily involves a
short life span, which is not at all true: “Various species
of the thick-stemmed bamboos (Phyllostachys) have pro-
longed phases of vegetative growth that last for many years
or decades (7, 30, 60, or 120 years) according to the spe-
cies, before suddenly flowering and dying...” [7], p. 101.

However, all these cases of “Rapid Senescence”
are clearly genetically determined and therefore pro-
grammed and fall within the definition of phenoptosis.

Some species do not die from phenoptosis and, on
the contrary, do not show any detectable functional de-
cline with age (“Negligible Senescence” [7]). More pre-
cisely, it is better to say that for many species there is no
age-related mortality increase at ages existing in the wild.
For some species, especially those where an increase in
size leads to greater resistance to predation, an age-related
reduction in mortality is observed (called “negative senes-
cence” [12], which is a potentially misleading definition).

Therefore, excluding all the cases mentioned so far,
the evidence shows that only a limited number of species
show aging as defined above [3]. In other words, if we
consider all species, aging is not a universal phenomenon
but a rather rare phenomenon. The fact that our species
and the animal species that are familiar to us show the
phenomenon of aging is the likely origin of the miscon-
ception regarding the universality of aging.

A different concept is the inevitability of death for
the individuals of any species. For example, in the case of
a species with “negligible senescence,” a constant mor-
tality rate at any age does not exclude the risk of death
at any age and that all the individuals of that species will
die. Furthermore, for such a species it is not possible to
exclude that, in artificial conditions, at ages that do not
exist in nature there is an increase in mortality in relation
to age, because phenomena in any way harmful only at
ages non-existent in the wild cannot be countered by nat-
ural selection [3].

A.2. Aging as a phenomenon of no selective impor-
tance. Some studies stated as clear evidence that aging
has little or no importance for mortality in the wild and
therefore cannot have importance for natural selection.

For example: “Ageing rarely if ever occurs in feral
animals because it is unusual for them to live long enough
to experience the phenomenon. The same observation
can be made for prehistoric humans. Natural selection
could not select for a process like ageing when few, if any,
animals ever lived long enough to participate in the selec-
tion process” [11]; “... there is scant evidence that senes-
cence contributes significantly to mortality in the wild...
As a rule, wild animals simply do not live long enough
to grow old. Therefore, natural selection has limited op-
portunity to exert a direct influence over the process of
senescence” [13].

LIBERTINI et al.

In clear contrast to this opinion, there is ample doc-
umentation of an age-related increase in mortality in
populations in the wild and of the fact that this mortality
increase significantly contributes to the reduction of the
average life span [14, 15].

In particular, in the second study it is stated that:
“The recent emergence of long-term field studies pres-
ents irrefutable evidence that senescence is commonly
detected in nature. We found such evidence in 175 differ-
ent animal species from 340 separate studies” [15].

Furthermore, in the analysis of the life tables of
some species, it was highlighted as early as 1988 that the
average life span was halved by this increase in mortali-
ty (i.e., aging) and that, moreover, excluding individuals
who died before reaching maturity, the average duration
of subsequent life span was reduced of two thirds [3].

Therefore, for the species whose individuals age, as
age-related mortality increase exists in the wild and sig-
nificantly modifies the mean duration of life, aging can-
not be at all without selective importance.

A different concept is that individuals in an ad-
vanced stage of aging (for example, a centenarian for the
human species) are not present in natural conditions.
While this is true, it does not contradict the well-docu-
mented fact that the mortality increase in relation to age
(which means an age-related decline of functions) is well
detectable in natural conditions and that, consequently,
at the ages in which the mortality increase exceeds a crit-
ical level, survival becomes impossible and no individu-
als of those ages are found.

It is necessary to avoid “the confusion of the pro-
cess of senescence with the state of senility” [16], i.e., it
is necessary the distinction between age-related decline
in survival capacities (i.e., aging) and the ages in which
the impairment of the biological decline severely im-
pairs survival capacities. Moreover, the period in which
the mortality increases and before the state of senility is
certainly subject to natural selection. This was well ex-
pressed by Williams: “No one would consider a man in
his thirties senile, yet, according to athletic records and
life tables, senescence is rampant during this decade.
Surely this part of the human life-cycle concerns natural
selection” [16].

A.3. Aging as a non-adaptive phenomenon because
not justifiable in terms of individual selection. The main
argument against the possibility of aging as an adaptive
phenomenon is that a gene that causes aging is certain-
ly harmful to the individual and so a gene of this kind
cannot be favored by natural selection: “... any hypo-
thetical ‘accelerated ageing gene’ would be disadvan-
tageous to the individual. It is therefore difficult to see
how genes for accelerated ageing could be maintained
in stable equilibrium, as individuals in whom the
genes were inactivated by mutation would enjoy a se-
lection advantage” [13]; “The anomalous nature of
ageing as a putative adaptation is that it is bad for the
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individual in which the process is exhibited. An ani-
mal that grows to maturity and thereafter reproduc-
es indefinitely has, other things being equal, a greater
Darwinian fitness than one that grows to maturity and
then survives and reproduces for only a fixed period
of time” [17].

The frequency variation, between one generation
and the next, of a gene C, acting on the individual I (A.),
may be expressed by the formula (1):

A, xS P, (1

where: S is the advantage or disadvantage (i.e.,
greater or smaller fitness) for I caused by C; P is the re-
sidual reproductive capacity of I at the age when C acts.

If the value of .S is negative, A, will be negative, i.c.,
the frequency of C will decrease. Consequently, accord-
ing to this formula, any gene harmful to the individual
in which it acts would be eliminated by natural selection
and so aging-causing genes and any phenoptotic phe-
nomena cannot be adaptive.

Let us now consider the supra-individual selection
mechanism known as kin selection and based on inclu-
sive fitness [18, 19]. This selective mechanism considers
both the individual I, in which the gene C is present and
acts and other n individuals genetically related to I (I,
I;...) for which the action of C has any consequence for
their survival capacity. In this case, A, is described by the
formula (2):

Acc D (ScPery), )

where: S, = advantage or disadvantage for the individual
I, deriving from the action of C; P, = reproductive value
of I, at the age when C acts; r, = coefficient of relation-
ship between I, and I,.

If the value of the summation is positive, gene C
is favored by natural selection and this can also occur in
the case in which S, is negative (that is, in the case that C
is disadvantageous for the individual I, in which it acts).

It should be noted that if C acts only on I, the for-
mula (2) becomes (1). Therefore, selection at the indi-
vidual level is only a particular case of a more general
way of describing natural selection; and the two formulas
do not represent alternative theories.

Moreover, as discussed in [6], §2.2 Supra-individual
selection, particular cases of group selection can be de-
scribed in terms of inclusive fitness by appropriate trans-
formations of (2), and particular population models also
allow to explain the existence of genes that are harmful to
the individual in which they act. An important deduction
is that it is wrong to exclude a priori the possibility that
genes harmful to the individual in which they act (e.g.,
genes determining aging or, in general, phenoptotic phe-
nomena), are favored by natural selection.
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B. Weaknesses of the theories maintaining the hy-
pothesis of aging as a non-adaptive phenomenon. Disre-
garding the validity of the three aforementioned argu-
ments against the possibility that aging is an adaptive
phenomenon, there are three traditional theories that
somehow try to consider the mechanisms of selection to
justify aging and a varied set of theories explaining ag-
ing as the gradual accumulation of the effects of harmful
agents of various types:

B.1. Mutation Accumulation theory [20, 21]. This
theory starts from the fact that over the course of life
the number of surviving individuals decreases and there-
fore a harmful gene that acts at older ages (let’s call it
“t-gene” for brevity) is removed by natural selection
more weakly than an equivalent gene acting at younger
ages. Consequently, the noxious genes acting at greater
ages, by the accumulation of their harmful effects, pro-
gressively causes the general age-related impairment de-
fined as aging.

Already in 1988 [3], a simple mathematical model
was proposed to verify if a strong load of t-genes could
cause a progressive age-related increase in mortality, i.e.,
if it could determine a life table similar to that of an ag-
ing species. The model, proposed again in other works
(e.g. [6, 22]) and never invalidated by other authors,
demonstrated that t-genes do not give rise to life tables
of the aforementioned type and that therefore t-genes are
not a plausible cause of aging.

However, even accepting that mutation accumula-
tion theory is an admissible hypothesis, it should explain
the diversity of aging rates among the various species.
It is certainly quite weak to postulate that in species with
a lower aging rate the number and effects of t-genes are
smaller and that in species with “negligible senescence”
t-genes are insufficient to cause detectable aging.

Furthermore, there is another implicit postulate in
mutation accumulation theory, namely that the frequen-
cy of mutations not eliminated by specific mechanisms
cannot be further restrained by natural selection. In con-
tradiction with this thesis:

— There is an inverse correlation between lifespan
and somatic mutation rates per year [23] (clearly, con-
sidering only the mutations not eliminated by specific
mechanisms). Without this inverse relationship, animals
with greater longevity should have more cells with a crit-
ical level of cancer-causing mutations [24]. In fact, this
demonstrates that natural selection is perfectly capable
of developing efficient mechanisms to restrain mutations
and consequently it appears unfounded to argue that ag-
ing is somehow caused by the accumulation of mutations
that natural selection cannot oppose.

— Some studies show that individuals with genet-
ic alterations causing higher mutation rates show no
signs of accelerated aging [25], “which argues against a
straightforward connection between the accumulation of
mutations and aging” [24].
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B.2. Antagonistic Pleiotropy theory [16, 26]. This
theory postulates the existence of genes with beneficial
effects in young or adult ages but harmful in later ages.
As the advantage in early ages outweighs the disadvan-
tage in later ages (also because in these later ages there
are fewer survivors), these pleiotropic genes would be fa-
vored by natural selection and so their cumulative effects
would determine aging.

By implication, this theory also postulates the
non-existence or impossibility of existence of analogous
genes that are advantageous for all ages.

Furthermore, if we want to explain the differences
between the various species in aging rhythms (i.e., the
rates of mortality increase), it appears necessary to postu-
late that the number and effects of the hypothetical genes
with pleiotropic effects are proportional to aging rhythms.

Finally, wanting to explain the species with “negli-
gible senescence,” it appears also necessary to postulate
that in such species the aforementioned hypothetical
genes are so few and with so limited effects as to justify
the non-detectability of senescence.

Unfortunately, apart from a load of postulates that
makes the theory difficult to accept as scientific, there
is no evidence showing the existence of genes with the
aforementioned pleiotropic effects (first postulate) nor
any elements supporting the other postulates highlighted.

B.3. Disposable Soma theory |27, 28]. This theory
postulates that for the organism there are limited resourc-
es, which are not better specified.

Admitting this limit, as the organism must neces-
sarily divide insufficient resources to best meet all needs,
natural selection chooses a compromise between the
need to promote reproductive capacity and that of con-
tinuously repairing physiological systems, i.c., counter-
acting aging. The partial satisfaction of the needs of the
second type progressively compromises the functionality
of the organism, i.c., determines aging.

There are other more or less explicit postulates for
this theory. The first is the existence of an undefined re-
source with limited availability. The second is that the
limitation of the aforementioned resource forces a choice
between reproductive potential and the ability to coun-
teract the decay of functions.

The third is that in the comparison between species,
the limitation of resources varies according to their aging
rates.

The fourth is that such a limitation of resources does
not exist for species with “negligible senescence.”

For this theory, apart from the plurality of postulates
that makes it difficult to accept as scientific, there are
no works showing the existence of the undefined resource
with limited availability or an inverse correlation between
reproductive capacity and aging rates.

Furthermore, the caloric restriction, which presum-
ably would further restrict the hypothetical limited re-
source, should limit the duration of life, but the evidence

LIBERTINI et al.

appears to contrast this prediction (for a discussion
see [6], §4.4.5 Effects of caloric restriction on lifespan).

B.4. Damage Accumulation theories 6, 29]. There
are many factors that have been proposed to cause pro-
gressive damage to organisms and so aging, e.g.: cellu-
lar “wear and tear”; mechanochemical deterioration of
cellular colloids; changes in specified tissues (nervous/
endocrine/vascular/connective); toxic products of intes-
tinal bacteria; accumulation of “metaplasm” or of metab-
olites; the action of gravity; accumulation of heavy water;
increasing entropy; accumulation of chemical alterations
due to DNA transcription errors; deleterious effects of
oxidation; oxidative effects of free radicals on DNA/mi-
tochondria/whole body; age-related inflammatory phe-
nomena; age-related immunological alterations [6, 29].

For some of these theories, the starting point is a
well-known association between older ages and the phe-
nomena proposed as the cause of aging. For example, in-
flammatory phenomena and immunological alterations
are correlated with age and are proposed as a cause of
aging [30, 31]. However, the aforementioned association
does not allow to exclude that the opposite is true, that is,
that aging is the cause of the age-related increase in in-
flammatory phenomena and immunological alterations.

A similar objection can be formulated for the theo-
ries for which aging is caused by oxidation phenomena on
the basis of the known association between aging and the
accumulation of oxidized products. With regard to the
opposite thesis that aging causes the accumulation of ox-
idized substances, it is opportune to report, among other
things, various experimental works in which, by various
manipulations, differentiated cells are brought back to
the condition of embryonic or stem cells in which there
is no accumulation of oxidized substances. For example,
the introduction of four factors (Oct3/4, Sox2, c-Myc,
and KIf4) transforms (i.e., reprograms) adult fibroblasts
into induced pluripotent stem cells which have the cell
marker genes and the growth properties of embryonic
stem cells [32]; in humans, tetraploid cells showing the
functional characteristics of embryonic stem cells were
obtained by fusion of somatic cells with embryonic stem
cells (“Analysis of genome-wide transcriptional activity,
reporter gene activation, allele-specific gene expression,
and DNA methylation showed that the somatic genome
was reprogrammed to an embryonic state” [33]).

In some cases, the proposed association between
aging and a specific cause appears to be contradicted by
the evidence. For example, for the hypothesis that aging
is influenced by a faster metabolism, considering that
the needs of flight require an accelerated metabolism,
this thesis is contradicted by the remarkable longevi-
ty observed among birds in comparison with mammals
(“The maximum life-span in birds... is materially longer
than in mammals of comparable size and activity” [29]).

In general, regarding the causal priority of aging
or, on the contrary, of cell damage of various types,
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it is important to remember what Fossel [34] states on
the basis of the results of many works: “Cells do not se-
nesce because of wear and tear, but because they permit
wear and tear to occur because of an altered pattern of
gene expression.” (p. 53) “...cells do not senesce because
they are damaged, but permit damage because they se-
nesce” (p. 55).

However, in general, the Damage Accumulation
theories do not explain the differences in aging rates
as justified by the hypothesized harmful factor, nor do
they explain the existence of species with “negligible
senescence.”

C. A general argument against non-adaptive theories
of aging and in support of the opposite thesis. A factor
common to all the theories mentioned in the previous
section is that aging is always interpreted as something
contrasted by selection because inevitably harmful. Con-
sistent with these theories, if extrinsic mortality (i.e., the
basic rate of mortality distinct from the increased rate of
mortality due to aging) is high, the strength of natural
selection against natural aging acts less effectively and
so the theoretical prediction is that aging is earlier and
stronger: “The principal determinant in the evolution
of longevity is predicted to be the level of extrinsic mor-
tality. If this level is high, life expectancy in the wild is
short, the force of selection attenuates fast, deleterious
gene effects accumulate at earlier ages, and there is little
selection for a high level of somatic maintenance. Con-
sequently, the organism is predicted to be short lived...
Conversely, if the level of extrinsic mortality is low, se-
lection is predicted to postpone deleterious gene effects
and to direct greater investment in building and main-
taining durable soma” [13].

The first theory that, using a precise theoretical
model, proposed aging as an adaptive phenomenon in
terms of supra-individual selection predicted the ex-
act opposite, namely that, other factors being equal,
with higher levels of extrinsic mortality aging would be
delayed causing greater lifespan and that the opposite
would have occurred with lower levels of extrinsic mor-
tality (“Methuselah effect” [3]) A similar prediction was
proposed in other following theoretical models in which
aging was proposed as an adaptive phenomenon favored
by natural selection at supra-individual level [35-37].
This seemingly paradoxical theoretical prediction can be
explained in non-mathematical terms by a simple rea-
soning. If aging, in terms of natural selection, is positive
under certain ecological conditions, but is restrained by
the disadvantages caused by a shorter lifespan, for a spe-
cies there will be an optimal value of the mean duration
of life where advantages and disadvantages of aging are
in balance. The mean duration of life in a species is the
consequence of the combined action of aging (intrinsic
mortality) and extrinsic mortality. If extrinsic mortality
is higher, intrinsic mortality must be lower to have the
aforementioned optimal life span value. On the contrary,
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if extrinsic mortality is lower, intrinsic mortality must be
higher, that is, faster aging is required, if the aforemen-
tioned optimal value is to be achieved.

Therefore, we have two opposite theoretical pre-
dictions in adaptive and non-adaptive theories of aging.
However, in a work based on observations in the wild
[14], the inverse correlation between extrinsic mortality
and aging rhythms was described, in accordance with the
prediction of adaptive theories of aging and in opposition
to what was predicted by the non-adaptive hypotheses of
aging. This was underlined in other papers [6, 38, 39],
but, until today, there is no work proposing an alternative
interpretation of the aforementioned data that could be
compatible with the non-adaptive theories of aging.

Part I1. The existence of aging mechanisms in accor-
dance with the thesis of aging as a programmed phenom-
enon. Modern science is fundamentally and firmly based
on experimental evidence. Even the apparently better the-
oretical arguments and the theories that seem compatible
with the evidence cannot be considered as scientific the-
ories in their own right in absence of clear and indisput-
able experimental proofs and confirmations. Therefore,
although what has been stated up to now could appear to
support the thesis of aging as a programmed phenome-
non (i.e., adaptive and within the concept of phenopto-
sis) against the opposite thesis, the first hypothesis must
be considered of undefined validity without the support
of univocal experimental evidence that confirms it and
at the same time falsifies the opposite thesis of aging as a
non-programmed phenomenon. It should be emphasized
that this concept also applies to the opposite general idea
of aging as a non-adaptive phenomenon and to the various
distinct theories that fall under this thesis, sometimes pre-
sented as a sure valid scientific explanation of ageing (e.g.,
“The three theories [B.1, B.2, and B.3 in Part I] provide
complementary explanations of why ageing occurs” [13]).

In this regard, there is a possible fundamental dis-
criminating element between the theories that interpret
aging as a harmful phenomenon insufficiently opposed
by selection and the opposing theories that interpret ag-
ing as an adaptive phenomenon: for the second thesis,
specific mechanisms, genetically determined and reg-
ulated, which determine and modulate aging, are abso-
lutely necessary.

The hypothetical existence of such mechanisms,
if described, demonstrated and confirmed by valid and
various experiments, would be the indispensable and
fundamental proof for the thesis of aging as an adaptive
phenomenon, i.e., as a particular type of phenoptosis.
In fact, the possible existence of mechanisms that some-
how progressively compromise survival capacities would
be proof of aging as an adaptive and programmed phe-
nomenon. On the contrary, these mechanisms would re-
quire rational and valid justifications if the opposite thesis
of aging as a non-adaptive phenomenon can still be re-
garded as plausible.
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However, it is possible to describe a complex and so-
phisticated mechanism that appears to explain how aging
is determined. This mechanism, described in two recent
works [40, 41], is defined as “subtelomere—telomere the-
ory of aging”. It derives from a previous theory, defined
as “telomere theory of aging”, and is the result of de-
cades of work by many researchers, most of whom were
not in some way conditioned by the desire to describe the
molecular and cellular mechanisms underlying aging as
a programmed phenomenon. Indeed, researchers who
have greatly contributed, and continue to contribute, to
the description of these supposed aging mechanisms are
often supporters of the opposite thesis that maintains the
inexistence of such mechanisms. For example, Leonard
Hayflick, the researcher who first demonstrated the lim-
itations in cellular duplication [42], previously considered
as non-existent but which are fundamental for the mech-
anisms of aging, has also long been a staunch supporter of
the thesis of aging as a non-adaptive phenomenon [11].

In this work, instead of repeating unnecessarily all
that was stated in the two works cited above [40, 41], the
three fundamental phases of the development of the sub-
telomere—telomere theory will be outlined, together with
some main features of the proposed mechanism, in partic-
ular those that appear incompatible with the thesis of aging
as a non-adaptive and non-programmed phenomenon.

Phase 1. Telomere theory. In 1961, a pivotal work
showed that normal non-tumor cells were limited in
their duplication capacities [42]. Regarding this limit,
ten years later Olovnikov observed that DNA duplicat-
ing enzyme did not replicate a small terminal part of the
molecule: so, DNA was shortened at each duplication
and this could be the rational explanation of the limits in
the duplication capacities [43].

Shortly thereafter, the same Author pointed out
that to justify the greater duplication capacities, or the
absence of duplication limits for cell duplication in stem
and germline cells, respectively, an enzyme was needed
to compensate partially or entirely, after the duplication,
for the non-replicated portion of the DNA molecule
[44]. This enzyme (afterwards called telomerase) was
isolated 12 years later [45].

This series of discoveries led to a hypothesis that
seemed to explain aging. The progressive shortening of
the terminal parts of the DNA molecules, the telomeres,
could justify the progressive cellular alterations, includ-
ing the triggering of cell senescence (see below), and
the consequent impairment of the organism in general,
namely aging. However, this theory, which can be de-
fined as “telomere theory of aging”, was contradicted by
some experimental facts:

1) In the comparison between various species, there
was no correlation between telomere length and longev-
ity [46]. As strong example, humans show much shorter
telomeres than mice and hamster but much longer lon-
gevity [47]. Furthermore, between the cells of a cloned
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animal, obtained from the somatic cell of a donor, and
the donor cells, the telomere lengths were different in the
first germ cell of each organism, but the longevity ap-
peared the same [48, 49]. These and other experimen-
tal evidences of the same type (see also [34], pp. 59-61)
were against the plausibility of telomere theory.

2) In cell cultures that divided synchronously, cell
senescence was not triggered when a certain critical
number of duplications was reached (i.e., when a criti-
cal telomere shortening was reached), but appeared as a
phenomenon of progressively increasing probability cor-
related with the shortening of the telomere but not deter-
mined by critical levels of telomere shortening [50].

3) Cells showing no duplication and turnover in the
organism (perennial cells; e.g., most of the neurons),
and so without any telomere shortening, aged as other
cells with turnover.

Consequently, telomere theory appeared not eval-
uable as a valid explanation of aging and could at best
explain some features of this phenomenon.

Phase II. Subtelomere—telomere theory in its first
formulation. An attempt to overcome the deficiencies of
the telomere theory was then proposed by assuming a
fundamental role of the portion of the DNA molecule ad-
jacent to the telomere, namely the subtelomere [34, 51],
and this proposal was defined as the “subtelomere—
telomere theory” [6, 40, 52].

This theory is mainly based on two phenomena:

— In yeast, genes inserted in a subtelomeric position
are repressed under particular conditions [53];

— Also in yeast, which is a unicellular species where
telomerase is always active in wild strains and therefore
the telomere does not shorten at each duplication, each
cell divides into two cells, one called mother cell and
the other daughter cell. In the cells of the mother line,
at each duplication there is an accumulation on the sub-
telomere of particular molecules, extrachromosomal
ribosomal DNA circles (ERCs), with progressive inhi-
bition of the subtelomere determining the inhibition of
numberless cellular functions and an increasing risk of
cell senescence, which in yeast leads to apoptosis, i.e.,
the death of the individual [54]. Furthermore, in yeast
tlc 14 mutants where telomerase is inactive, in the cells
of the daughter line in which there is no accumulation
of ERCs, in correlation with telomere shortening at each
duplication there are cellular alterations indistinguish-
able from those of mother lineage cells [55].

These experimental results, and others not reported
here for the sake of brevity, led to the proposition that
there was “... a heterochromatin ‘hood’ that covers the
telomere and a variable length of the subtelomeric chro-
mosome... As the telomere shortens, the hood slides fur-
ther down the chromosome (the heterochromatin hood
remains invariant in size and simply moves with the
shortening terminus) ...the result is an alteration of tran-
scription from portions of the chromosome immediately
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adjacent to the telomeric complex, usually causing tran-
scriptional silencing, although the control is doubt-
less more complex than merely telomere effect through
propinquity... These silenced genes may in turn modu-
late other, more distant genes (or set of genes). There is
some direct evidence for such modulation in the subtelo-
mere...” [34], p. 50.

In short, the subtelomere—telomere theory proposed:

(i) the existence of a telomeric hood with a size de-
fined in the first cell of the organism and modeled on
the length of the telomere and not on the basis of a pre-
defined length;

(ii) the invariance of the size of the hood at each du-
plication;

(iii) that this hood, in many multicellular species
like ours, in relation to the shortening of the telomere at
each duplication (which happens if the telomerase is in-
active), slipped on the subtelomere and progressively in-
hibited more and more particular hypothetical sequenc-
es, defined as “r” sequences. This mechanism was also
valid in the cells of the daughter line in yeast tlc 14 mu-
tants, while in the cells of the mother line of wild strains
the inhibition of the subtelomere was caused by the pro-
gressive accumulation of ERCs;

(iv) that the repression of the hypothetical subtelo-
meric “r” sequences caused a different modulation of oth-
er sequences regulated by them and that this caused a dif-
ferent modulation of many other cellular sequences with
progressive general alteration of the cellular functions;

(v) that among these alterations there was also a
progressive increasing vulnerability to the activation of
cell senescence, a “fundamental cellular program” [56]
characterized by many alterations of cellular functions,
including cellular secretions (senescence-associated se-
cretory phenotype, SASP), which are harmful to oth-
er cells and to the organs and tissues to which the cells
belong [57] and are “associated with inflammation and
malignancy” [58]. It should be noted that, in yeast, cell
senescence induces apoptosis of the cell and so the im-
mediate death of the individual. On the contrary, in spe-
cies with multicellular individuals, cell senescence causes
resistance to apoptosis, but the accumulation of senes-
cent cells reduces the general efficiency of the organism,
causing or aggravating conditions of disease and risk of
death, so much so that the elimination of senescent cells
is a method actively studied to combat various types of
disease and even aging [52].

The subtelomere—telomere theory made it possible
to overcome the first two of the aforementioned objections
for the telomere theory (for the third objection, see below):

— For the first: The hypothesis that the size of the
hood was defined in the first cell of the organism and did
not change when the telomere shortened implied that
telomere length in the first cell was not important while
the subsequent telomere shortening at each duplication
was critical for the efficiency of the cells and so of the
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organism. Therefore, a relationship between initial telo-
mere length and longevity was no longer expected and
this was in agreement with the evidence of no correlation
between these two values.

— For the second: As subtelomere repression was
progressive and from this derived a progressive increas-
ing vulnerability to cell senescence, this explained why
the activation of cell senescence was not conditioned by a
critical telomere length but was related to the progressive
shortening of the telomere.

The subtelomere—telomere theory also gave an
answer to another possible objection. There are many
telomeres in each cell (e.g., for our species, as there are
2 telomeres for each DNA molecule, 2 copies of DNA
molecule for each chromosome, and 23 chromosomes,
therefore: no. of telomeres = 2 X 2 X 23 = 92) and telo-
meres do not have the same initial length (i.e., in the
first cell of the organism) also among chromosomes of
the same cell: “...telomere lengths within the same cell
are heterogeneous and certain chromosome arms typi-
cally have either short or long telomeres” [59]. Further-
more, the telomere length differs between individuals of
the same species and these differences are inherited from
the parents [60].

Any mechanism based on the initial absolute length
of the telomeres would have led to a different regulation
depending on the different lengths and this would have
been a probable source of disharmony. On the contrary,
assuming a hood that in the first cell of the organism
was modeled on the specific length of each telomere,
for telomeres of different length the same shortening (in
terms of lost bp pairs), would have determined the same
degree of subtelomeric repression.

However, the subtelomere—telomere theory, although
it appeared rationally coherent and with predictions in
agreement with the evidence, had a big vulnerable point.
In fact, it hypothesized the existence of particular telo-
meric sequences, the “r” sequences, of which there were
indirect theoretical clues but no direct evidence. Conse-
quently, the theory could be evaluated as possible but was
not proven by direct evidence.

Phase I11. Subtelomere—telomere theory and TERRA
sequences. However, while the “r” sequences were hy-
pothesized without any direct evidence for their exis-
tence, sequences with the characteristics hypothesized
for them were already an active object of study by brilliant
researchers that did not appear in any way to have the
purpose of filling the aforementioned gap in the subtelo-
mere—telomere theory.

As early as 1990, two subtelomeric sequences were
described, named TelBam3.4 and TelSau2.0 [61], with
conserved regions (1.6 kb and 1.3 kb long, respectively)
precisely described in [62].

These sequences, defined as TElomeric Repeat-
containing RNA (TERRA; here, for brevity, also “T-se-
quences”): (i) are not coding for protein production;
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(ii) however, are subject to transcription, producing
RNA sequences (here, for brevity, defined as “T-tran-
scripts™); (iii) have been described for our species, but
also for mouse, Zebrafish, plants and yeast (for the ref-
erences, see [40].

About T-sequences:

— In mammals, the transcription, by the action of
the enzyme RNA polymerase II, starts from a promot-
er in the subtelomeric DNA and proceeds toward the
telomeric repeated motifs including some of them in the
transcription [63-65]. The transcription of T-sequences
starts from subtelomeric promoters located on at least
two-thirds of chromosome ends [62, 66, 67];

— “The first human subtelomeric promoters that
were identified comprise CpG dinucleotide-rich DNA
islands shared among multiple chromosome ends...
These CpG islands are characterized by the presence of
the so-called 61-29-37 repeats located directly upstream
of TERRA Transcription Start Site (TSS) and at ~1 kb
from the telomeric tract...” [68];

— T-sequences are a general feature in eukaryotic
cells and “are emerging as new key players in several im-
portant biological processes” [68]. It has been highlight-
ed that “... TERRA is evolutionarily conserved in verte-
brates” [69] and this implies that they certainly have a
very important function from ancestral times;

— “TERRA read coverage was high within sub-
telomeric regions of nearly all chromosomes (Chr),
most prominently Chr. 2, 9, 13, 18, and the sex chro-
mosomes, with targets being as much as tens of ki-
lobases away from the telomeric repeat... TERRA also
bound within internal chromosomal regions and within
genes, where it favored introns... TERRA binds chro-
matin targets throughout the genome... TERRA binds
both in cis at telomeres and in frans within or near
genes.” [70];

— There are “...significant changes in expression of
TERRA targets relative to non-targets after TERRA de-
pletion..., indicating that TERRA target genes were more
likely to be affected by TERRA depletion... Interesting-
ly, subtelomeric target genes were consistently down-
regulated... Internal target genes could either be up- or
down-regulated... In the mouse ES [embryonic stem] cell
genome, we identified thousands of cis and trans chro-
matin binding sites” [70];

— T-transcripts bind to many loci outside telomeres
where noncoding DNA sequences appear to have import-
ant regulatory functions about gene expression [70, 71];

— “The vast majority of TERRA-binding sites were
found outside of telomeres, mostly in distal intergenic
and intronic regions of the genome where TERRA regu-
lates gene expression” [68].

— Physical exercise was shown to increase TERRA
levels in biopsies of skeletal muscle from healthy young
subjects and this is in accordance with the idea that
physical activity protects against aging [67].

LIBERTINI et al.

About T-sequences and telomere protection:

— in embryonic stem cells of mice, depletion of
T-transcripts is related to reduced telomere protec-
tion [70, 71];

— T-sequences knockdown is related to alterations
in the capping function and a loss of telomeric integrity
was shown after TERRA knockdown [70];

— T-transcripts antagonize ATRX (a particular pro-
tein that is related to alpha thalassemia mental retarda-
tion X-related syndrome) and are important for telomere
protection: “TERRA and ATRX share hundreds of tar-
get genes and are functionally antagonistic at these loci:
Whereas TERRA activates, ATRX represses gene expres-
sion. At telomeres, TERRA competes with telomeric
DNA for ATRX binding, suppresses ATRX localization,
and ensures telomeric stability” [70];

— the inhibition of T-sequences transcription acti-
vates the mechanisms for DNA damage response at telo-
meres [72];

— the deletion of the 20q locus determines a strong
decrease in the TERRA levels and a consequent massive
DNA damage response, which appears to be a “demon-
stration in any organism of the essential role of TERRA
in the maintenance of telomeres” [73].

The characteristics of the T-sequences appear to
correspond precisely to what subtelomere—telomere the-
ory hypothesizes for the “r” sequences. In fact, they:

— are positioned in the subtelomere;

— are inhibited in relation to the shortening of the
telomere with respect to the initial length;

— have transcripts that perform regulatory functions
for other regulatory sequences both adjacent and non-
adjacent in the DNA molecule in which they are present,
but also in other DNA molecules of the same cell;

— influence innumerable cellular functions in vari-
ous ways;

— are essential for telomere stability and therefore
also to reduce the probability of cell senescence activa-
tion;

—are widespread and evolutionarily stable and
therefore surely perform a function of great importance.

In short, the T-sequences are the “r” sequenc-
es transformed from hypothesis into reality. Regarding
the functional significance of the T-sequences, for any
possible explanation alternative to that expressed by the
subtelomere—telomere theory, it would be necessary to
provide a justification of why sequences of such great im-
portance for the functioning of the whole cell are in the
most vulnerable position to inhibition in case of telomere
shortening. On the contrary, for the subtelomere—telo-
mere theory, the T-sequences and the consequences of
their vulnerable position are fundamental part of a gradu-
al mechanism of self-destruction of the organism and are
completely compatible with the hypothesis of aging as a
form of phenoptosis according to the definition proposed
by Skulachev [1].
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EPIGENETIC MODIFICATIONS IN AGING

About epigenetic modifications in aging, there are a
number of facts to consider:

— There is a strong correlation between age and epi-
genetic modifications of DNA, which also depend on the
type of cell and tissue [74, 75]. In particular, among the
age-related epigenetic modifications, cytosine-5 methyl-
ation within CpG dinucleotides, defined as DNA meth-
ylation, is the most studied [76, 77];

— Epigenetic modifications caused by DNA methyl-
ation are practically zero for embryonic cells and for in-
duced pluripotent stem cells (iPSCs), while they grow in
relation to the number of cellular duplications [76, 77].
It should be emphasized that these epigenetic changes
are reversible as shown by the fact that the transforma-
tion of adult somatic cells into iPSCs brings these chang-
es back to values practically equal to zero as for embry-
onic cells [76];

— CpG sequences that show DNA methylation
in relation to age [78-81] are limited to specific DNA
parts, in particular DNA stretches where CpG nucle-
otides are about 1 per 10 bp, defined as CpG islands
(CGlIs). They constitute only 2% of the entire DNA [74],
and often coincide with the transcription start sites of
genes [82]. The methylation of these CGlIs appears cor-
related with the silencing of the promoters present in them
[83], and vice versa the demethylation restores promoter
expression [84];

— Age-related DNA methylation of CGIs in some
cases is hypomethylation and in others hypermethylation
[80, 81, 85, 86];

— For our species, these types of age-related DNA
methylation have been proposed as an indicator for as-
sessing age. The most reliable indicator [76] shows a cor-
relation with age equal to 0.96 and an error of 3.6 years;

— Similar epigenetic modifications are documented
for mammals in general. In a study on 128 mammal spe-
cies (with maximum longevity between 3.8 and 211 years
and an analogous great variety of adult weight) a similar
indicator was proposed with correlation greater than 0.96
and median relative error of less than 3.5% [77];

— In general, CGIs appear evolutionarily conserved
to such an extent as to allow the definition of the afore-
mentioned reliable index that is valid for mammals in
general [77];

— In addition to DNA methylation, there are other
age-related epigenetic changes (e.g., “reduced bulk lev-
els of the core histones, altered patterns of histone post-
translational modifications... replacement of canonical
histones with histone variants, and altered noncoding
RNA expression” [87], histone methylation, nucleosome
remodeling, reduction of heterochromatin, changes in
histone marks [88, 89]). However, with regard to these
epigenetic changes, no reliable indicator has been pro-
posed such as the two mentioned above.
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Regarding the correlation between epigenetic modi-
fications and T-sequences, we have:

— The subtelomeric CGIs “promote transcription of
TERRA molecules.” [62];

— “Subtelomeric DNA methylation is... decreased
in conjunction with telomere shortening in Terc~/-
mice.” [90]

— In mice, subtelomere methylation is related to
telomere shortening [91]. “Furthermore, the abrogation
of master epigenetic regulators, such as histone meth-
yltransferases and DNA methyltransferases, correlates
with loss of telomere-length control, and telomere short-
ening to a critical length affects the epigenetic status of
telomeres and subtelomeres.” [91];

— “Both healthy controls and sarcoidosis patients
showed that long telomeres (>9.4 kb) decrease and short
telomeres (<4.4 kb) increase with aging, accompanying
relative increases of long telomeres with subtelomeric
hypermethylation and short telomeres with subtelomeric
hypomethylation. This suggested that the aging-related
telomere shortening is associated with the surrounding
subtelomeric hypomethylation.” [92]

— In humans, for leukocytes “...shorter telomeres
are associated with decreased methylation levels of mul-
tiple cytosine sites located within 4 Mb of telomeres...
significant enrichment of positively associated methylat-
ed CpG sites in subtelomeric loci (within 4 Mb of the
telomere) (p < 0.01)” [93]. Telomere shortening modi-
fies gene expression and increase gravity and risk of age-
related diseases [93].

This indicates that with longer telomeres there is
greater demethylation of the T-sequences and with shorter
telomeres there is greater methylation of the T-sequenc-
es, which should mean less and greater repression of the
T-sequences, respectively.

As for the effects that T-sequences (presumably
first level regulators) have on other regulatory sequences
(presumably second level regulators), an important clue
is what is reported (i) for the cells in relation to the num-
ber of duplications; and (ii) for the cells in the state of
cell senescence where there should be the maximum re-
pression of the T-sequences:

— For mesenchymal stem cells (MSCs) “expansion
of MSC has a very consistent impact on DNA-methyla-
tion profiles;” “517 CpG sites were consistently differen-
tially methylated in early versus late passages” [94];

— Cell senescence in MSCs is associated with his-
tone marks of aging such as trimethylation at specific
targets and DNA methylation in specific CGIs [94];

— In aged MSCs, in some CpG sites there is hy-
pomethylation and in others hypermethylation: “almost
one third of the CpG sites reveal age-associated changes
on DNA methylation, of which 60% become hypometh-
ylated and 40% hypermethylated upon aging.” [95]

These data indicate that there is a link between re-
pression of T-sequences and a series of epigenetic DNA
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modifications and that so these epigenetic modifica-
tions, certainly age-related, are not primary or correlated
with hypothetical random factors but are secondary to
the activity more or less repressed of the T-sequences.

Consequently, when aging is rightly described as
an epigenetic phenomenon, this should be integrat-
ed by highlighting the dependence of this phenomenon
on the regulation (i.e., the degree of repression) of the
T-sequences.

The fact that aging is an epigenetic phenomenon
should not surprise or lead us to believe that this is an ex-
ception in the general organization of the organism, or worse
still that it is something determined by random factors.

When it was discovered that the synthesis of proteins
depended on specific sections of DNA with protein-
coding capabilities (defined as genes), it was initial-
ly believed that DNA was mainly composed of genes.
The subsequent discovery that a very large part of the
DNA was not protein-coding even led to the belief that
this was “junk” DNA [96]. Subsequently, it was ob-
served that species with enormous difference in the de-
gree of complexity had a similar number of genes (e.g.,
“The scientific community was astonished that the num-
ber of human genes is equal to that of a rather unsophis-
ticated nematode.” [97]) and The Human Genome and
ENCODE Projects showed that “the protein-coding
potential of the mammalian genome is extremely limit-
ed... Although only 2% of the genome is coding, >90% is
transcribed. This transcriptional activity largely produces
long noncoding RNAs (IncRNA), the functions of which
have remained mostly unknown.” [70]

All this implies that most of the “program” that de-
fines the functions and the development of an organism
is not in that small part of the DNA encoding protein
sequences but in the remaining part of the DNA, which
is transcribed but does not encode proteins and which
regulates, through mechanisms of repression/activation,
up-regulation/down-regulation of non-protein-coding
or protein-coding sections of the DNA, every character-
istic of an organism both at the cellular level and in the
development and functioning of the organism.

Consequently, it is likely that every function of
the cell and of the whole organism is usually obtained
through epigenetic modifications (i.c., regulations) and it
should not surprise that aging is also an effect of epigen-
etic modifications. It should also be noted that defining
aging as an epigenetic phenomenon appears hardly com-
patible with the interpretation of aging as a result of the
casual accumulation of damage of various kinds.

CELL SENESCENCE

A cell in the condition defined as cell senescence is a
cell in which a specific cellular program, a “fundamental
cellular program” [56], has been activated and not a ge-

LIBERTINI et al.

neric way of naming an old cell. Cell senescence is trig-
gered in normal cells by various factors [56], such as telo-
mere shortening [98], and is characterized by:

i) replicative senescence, i.e., blockage of cell repli-
cation capacities [99, 100];

ii) specific alterations of cell functions [100-102],
with big transcriptional modifications (“Senescence-
related chromatin remodelling leads to profound tran-
scriptional changes” [103]);

iii) specific alterations of extracellular secretions
(senescence-associated secretory phenotype, or SASP)
[58, 104];

iv) resistance to apoptosis [102, 105].

By identifying senescent cells with the expression
of pl6'™“2  the absolute number of these cells and their
fraction on the total number of cells increase with age
[106, 107], and their number is clearly related to aging
manifestations and age-related diseases [108, 109].

The selective elimination of senescent cells improves
and reduces manifestations of aging and age-related dis-
eases [109, 110]. So, their selective elimination by appro-
priate drugs or associations of drugs, defined as senolyt-
ics, is an important and actual therapeutic goal [110, 111],
a topic deepened in [52].

It is evident that senescent cells are harmful to the in-
dividual in which they accumulate and strongly contribute
to the manifestations of aging and age-related diseases.
For the subtelomere—telomere theory they constitute a
fundamental part of the damage resulting from telomere
shortening and the consequent subtelomere repression,
which, among other things, increase the probability of ac-
tivation of the cell senescence program. For theories that
interpret aging as a non-adaptive and non-programmed
phenomenon, it is essential to justify cell senescence in a
different way from that of being part of a mechanism of
self-destruction (i.e., aging).

The only alternative explanation proposed for cell
senescence is that this phenomenon, as it would some-
how thwart cell proliferation, would constitute a general
defense against cancer [112, 113]. Moreover, considering
the damage caused by cell senescence, it has been con-
sidered an evolutionary trade-off between its harm and
the necessity of opposing cancerous proliferation, i.e., a
good example of antagonistic pleiotropy [114].

There are many facts and arguments that counter
this proposal (deepened in [52] and [6], §5.4 Limits in
cell duplication capacities and other effects of telomere—
subtelomere—telomerase system explained as a general
defense against cancer), e.g.:

— Cell senescence, as part of the alterations defined
as SASP determine the secretion of “myriad factors as-
sociated with inflammation and malignancy” [58];

— In mice, the selective elimination of senescent cells
determined, in addition to an increased lifespan and fewer
age-dependent alterations, also a delay in the progression
of cancer [107];

BIOCHEMISTRY (Moscow) Vol. 87 Nos. 12-13 2022



IS HUMAN AGING A FORM OF PHENOPTOSIS?

— In humans, various studies have shown a relation
between short telomeres and cancer risk [115, 116];

— In normal mice, induced telomerase expression
delayed aging and increased longevity but did not in-
crease cancer risk [117];

— In yeast, cell senescence causes immediate apop-
tosis, i.e., death [118], and this cannot have any anti-
cancer significance in a single-celled species;

— An accurate review has shown that, for 175 animal
species studied in the wild, there is a progressive age-
related increase in mortality that significantly reduces
the average life span [15]. However, for no species can-
cer mortality is documented to significantly influence a
mortality increase in the wild. It appears illogical to pro-
pose that cell senescence is an effective defense against
cancer as it reduces cell duplication capacities at ages
when the increase in mortality drastically reduces the
number of surviving individuals and cancer still does not
significantly affect this number of survivors. This argu-
ment was already proposed on the basis of data obtained
from the study of a human population in the wild: “This
completely disproves the hypothesis that the reduction
of cell duplication capacities would be a defense against
cancer: it would be like arguing that a defense against a
deadly disease has the effect of mass killing before the
disease begins to kill” [119];

— However, “If cellular senescence is designed to
cut off cancerous cell lines, why would senescent cells
remain alive and toxic? They could, instead, be pro-
grammed to be good citizens and dismantle themselves
via apoptosis to facilitate recycling of proteins and nutri-
ents. The fact that senescent cells emit poisons is com-
pletely consonant with the theory that cellular senes-
cence is a form of programmed organismal death” [120].

In short, cell senescence, an important part of the
mechanisms of aging in the context of subtelomere—
telomere theory and of the general hypothesis of pro-
grammed adaptive aging, finds no justification for accept-
ing the idea that aging is a non-adaptive phenomenon.

GRADUAL CELL SENESCENCE

The subtelomere—telomere theory maintains that
in relation to telomere shortening there is a progressive
inhibition of the subtelomere, i.e., of the T-sequences.
This causes: (i) a progressive increase in the possibility of
activation of cell senescence; and (ii) a progressive alter-
ation of cellular functions, phenomena defined as “grad-
ual cell senescence” that must be distinguished from cell
senescence [121].

There is evidence supporting the existence of grad-
ual cell senescence as a phenomenon distinct from cell
senescence:

— In vitro, mesenchymal stem cells (MSCs) show
gradual changes in mRNA expression with “a consistent
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pattern of alterations in the global gene expression...
These changes are not restricted to later passages, but are
continuously acquired with increasing passages.” [122].
Furthermore, in proportion to the number of duplica-
tions, MSCs show gradual changes in DNA methylation
(hypomethylation in some points and hypermethylation
in others) whose magnitude can be used to calculate the
number of duplications [123-125];

— In a work about the effects of telomere shorten-
ing, the authors state: “Our results demonstrate that the
expression of a subset of subtelomeric genes is dependent
on the length of telomeres and that widespread changes
in gene expression are induced by telomere shortening
long before telomeres become rate-limiting for division
or before short telomeres initiate DNA damage signaling.
These changes include up-regulation and down-regula-
tion of gene expression levels” [126].

The study of gradual cell senescence must avoid the
possible confusion due to the overlap, in a culture, be-
tween the effects of gradual cell senescence in some cells
and those of cell senescence in others. This difficulty is
entirely avoided in cultures of yeast, a unicellular organ-
ism where the cell senescence of an individual leads to
apoptosis, i.e., death [127, 128]. In yeast, in the cells of
the mother line of wild strains (in which telomerase is
always active and therefore the telomeres do not short-
en at each duplication [129]), the repression of the sub-
telomere is caused by the accumulation of ERCs and, in
relation to the number of duplications, increasing func-
tional alterations and susceptibility to cell senescence are
observed [127, 128]. Furthermore, in yeast mutant t/c/A4
strains, in which telomerase is inactive, the telomere
shortens at each duplication, and the repression of the
subtelomere is likely caused by the sliding of the subtelo-
meric hood on the telomere: in the cells of the daughter
line, in which there is no accumulation of ERCs, there
is a transcriptome similar to that of the mother line cells
with an equal number of previous duplications and so
with similar functional alterations [55].

The phenomenon of gradual cell senescence could
be interpreted as an effect of random degenerative fac-
tors completely outside of a hypothetical aging program.
However:

— The functional alterations of MSCs related to the
previous number of duplications can be canceled by re-
programming them to induced pluripotent stem cells
(iPSCs) [130].

— These iPSCs, regardless of the age of the donor
and the source of the cell, showed a rejuvenated profile
[130]. Furthermore, for induced MSCs (iMSCs) “...DNA
methylation, related to age, was completely erased, and
iMSCs reacquired senescence-associated DNA methyla-
tion during culture in vitro” [95].

— It is possible to obtain from iPSCs induced MSCs
with fewer epigenetic changes and better cellular func-
tions [131].
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It should be considered that gradual cell senescence
appears to be the consequence of the repression of partic-
ular sequences, the T-sequences, in a subtelomeric posi-
tion that is critically subject to this repression. As gradual
cell senescence reduces the functional efficiency of the
cell (and of the organism if the cell is part of multicellular
organism), the phenomenon is not justifiable in terms of
individual selection and it seems necessary to hypothesize
its advantage in terms of supra-individual selection in the
context of a more general phenoptotic program.

LIMITS IN CELL DUPLICATION
AND ATROPHIC SYNDROME

Somatic cells are largely subject to cell turnover.
In fact, cells that continuously die from necrosis (caused
by traumatic events, infection, or inflammation) and
from apoptosis or other types of programmed cell death
([6], §6.1.2 Alterations of cell turnover), are continuous-
ly replaced. For some cell types the turnover is very slow
(“...bone ...has a turnover time of about ten years in hu-
mans...” [132]; if “dying myocytes were not constantly
replaced, the entire organ would disappear in =4.5 years”
[133]) while for other cell types the turnover is very fast
(e.g., in “the intestinal epithelium ...cells are replaced
every three to six days” [132]).

For some types of cells (most types of neurons, in-
cluding retina photoreceptors) there is no turnover and
they are defined as perennial cells, but they depend
for their vitality on other cells that are subject to turn-
over [134].

One might believe that, in particular for cell types
with fast turnover, the progressive shortening of telo-
meres is the critical element which could be at the basis
of aging. However, some studies have revealed a more
complex situation which is well explainable:

— A review [135] investigated in humans the reduc-
tion of telomere length from newborns to centenarians.
For some tissues with cell types showing no or very low
turnover (e.g., cerebral tissue and cardiac muscle), the
reduction in telomere length, measured in base pairs (bp)
lost per year, was undetectable;

— The same review highlighted that: (i) for some cell
types the reduction of telomere length was critical (e.g., for
hepatocytes there was a shortening rate of 120 bp/year and
the mean telomere length decreased from 13.7 & 2.5 kbp
in newborns to 8.7 = 1.4 in centenarians); and (ii) for
many tissues the reduction rates per year had intermediate
values, mostly within 20-60 bp per year;

— Another study showed that in four types of cells
or tissues with quite different rates of cell turnover (skel-
etal muscle, leukocytes, skin, and subcutaneous fat), the
rates of telomere shortening were similar [136];

— Telomere lengths appeared to be similar in differ-
ent tissues and organs of the human fetus [137];
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— Telomere lengths in stem cells of hematic cell
types showing high turnover are shorter than that of stem
cells of other cell types with low turnover [136].

These results allowed to hypothesize that, in the
growth period, the stem progenitor cells for each cell type
undergo an expansion (i.e., proliferation) that is propor-
tional to the subsequent rhythms of cell turnover (e.g.,
modest proliferation for stem cells of skeletal muscle that
shows slow turnover and massive expansion for stem cells
of hematopoietic cells that show high turnover). Telomere
length of each type of stem cells was reduced in propor-
tion to the degree of expansion, while in later life stages,
telomere lengths were reduced with similar rhythms for
different cell types [136].

Moreover, mesenchymal stem cells, in proportion to
their expansion, i.e., the number of duplications, showed
consistent epigenectic changes [94];

These facts, which certainly involve a set of sophis-
ticated regulations, together with what has been outlined
for cell senescence and gradual cell senescence, allow us
to provide a general interpretation of aging:

— As telomerase in stem cells is not perfectly active
as in embryonic cells, there is always a certain probabil-
ity that a stem cell passes to the condition of cell senes-
cence in which there is the block of duplication capacities
[50]. Consequently, with the progressive reduction of the
number of stem cells capable of duplicating themselves,
the cell renewal capacities are gradually slowed down and
reduced;

— Apart from the decline in cell turnover capacity
due to the reduction of the number of stem cells, for the
various cell types there is a progressive increase in the
number of cells in which (i) for some of them the par-
tial shortening of telomeres causes the alterations of the
gradual cell senescence; and (ii) for others, the activa-
tion of cell senescence determines altered cellular func-
tions and abnormal secretions (SASP), which affect the
functioning of other cells. (For these reasons, the goal of
selectively eliminating cells altered by cell senescence to
counteract some manifestations of aging and age-related
diseases has been proposed and is the subject of multiple
studies [52]);

— As regards perennial cells (most of the neurons,
retina photoreceptors included, and eye lens fibers) they
depend on specialized cells subject to turnover (partic-
ular types of gliocytes including retina pigmented cells,
and lens epithelium cells, respectively). These trophic
cells are subject to the aging phenomena indicated for
other cells with turnover and their decline determines the
aging of perennial cells [134, 138, 139].

These phenomena cause a progressive alteration of
all tissues and organs that has been described as “atro-
phic syndrome” and is characterized by:

“a) reduced mean cell duplication capacity and
slackened cell turnover;

b) reduced number of cells (atrophy);
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¢) substitution of missing specific cells with nonspe-
cific cells;

d) hypertrophy of the remaining specific cells;

e) altered functions of cells with shortened telomeres
or definitively in noncycling state;

f) alterations of the surrounding milieu and of the
cells depending on the functionality of the senescent or
missing cells;

g) vulnerability to cancer because of dysfunctional
telomere-induced instability...” [140].

THE FIXED SIZE OF THE TELOMERIC
HETEROCHROMATIN HOOD

The telomeric heterochromatin hood is discussed
in [41], in particular highlighting the characteristics
required by the subtelomere—telomere theory for the
telomeric hood and its function, its possible structure
(RAPI1, TIN2, TRF1, TRF2, TPP1, and POT1 proteins
that form a chain of shelterin complexes) and the ques-
tions that still need an explanation.

It is important to underline an essential point.
The subtelomere—telomere theory requires that the cap
must have for each telomere a size determined in the first
cell of the organism according to the length of the telo-
mere and that this size must not vary in subsequent cell
duplications even when the telomere is shortened. If the
theory is true, a possible prediction is that the cellu-
lar amount of shelterin proteins should not be related to
the total length of the telomeres but should be constant.
On the contrary, if the size of the hood shrinks, there
should be a reduction in the amount of shelterin proteins
related to the shortening of the telomeres.

However, the abundance and stoichiometry of the
proteins that constitute the shelterin complexes were
shown to be “similar in primary and transformed cells
and... not correlated with telomere length” [141].

CONCLUSION

Among living beings, the term of life is usually de-
termined or influenced by one of various well-known
forms of programmed death [7], subsequently included
under the unifying necessary neologism and concept of
phenoptosis [1].

Exceptions to this rule are organisms that divide
into two completely equal offspring individuals (e.g.,
bacteria) and species that show no increase in age-relat-
ed mortality (species with “Negligible Senescence” [7]).

In this general context, we should not be surprised
that aging, manifested in our species and in many other
species familiar to us, is a further form of phenoptosis.
Moreover, the existence of species with negligible senes-
cence demonstrates that aging is not an obligatory and
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common fate for all species, even when there are related
species where aging is common [7].

The acceptance of the idea that aging can be a form
of phenoptosis immediately leads to the objection of the
need to demonstrate the existence of specific, genetically
determined and modulated mechanisms that cause aging.
The above shows that the existence of such mechanisms
appears sufficiently documented to make this hypothesis
very plausible and worthy of further investigation. Also,
for the opposite thesis that aging is the cumulative pro-
gressive effect of heterogeneous damages, various incon-
sistencies of this thesis and some characteristics of the
phenomena proposed as part of the aging mechanisms
should be justified in a valid way.

However, in general, the resistance to the idea of
aging as an adaptive and programmed phenomenon and
the tenacious defense of the opposite hypothesis, even
underestimating arguments and empirical data that high-
light various inconsistencies, has deeper roots.

Modern biology is firmly based on Darwinism, that
is, evolution by natural selection and all that follows
from it. Darwinism in its original (but not exclusive!)
form proposed by Charles Darwin is based on individ-
ual selection. Theoretical arguments and empirical data
strongly lead us to believe that Darwinism must be ex-
tended to consider also mechanisms of supra-individual
selection, which was not excluded by Darwin himself.

If we accept this idea, overcoming an unduly nar-
rower conception of Darwinism, many things become
more easily explained. In this context, the concept of
phenoptosis, of which aging is a form, appears complete-
ly natural and represents a pivotal signal of innovation in
the context of Darwinism.
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