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Abstract
Currently, geriatric medicine consists mainly of palliative treatment of the disorders that
characterize senile decay. This is perfectly compatible with the prevailing view that aging is
the inevitable result of multiple degenerative processes that cannot be treated effectively as
they are, in themselves, inevitable and irreversible.
This interpretation of aging clashes with a mass of data and arguments that, conversely,
indicate that aging is a specific physiological function, favoured by supra-individual natural
selection, and is genetically determined and modulated. According to this concept, it is
possible to modify, or even reverse, aging by influencing its primary mechanisms. This is
diametrically opposed to the current interventions used in geriatric medicine, which act only
on the effects of such mechanisms.
The goal of complete control of the aging process may appear Utopian; however, it is quite
rational and feasible if we consider the already proven reversibility of aging at the cellular
level and in some in vivo models. The method of achieving this objective by no means is to
counter the countless changes that characterize aging. On the contrary, the method is to
control the telomere-subtelomere-telomerase system, which appears to be the general
determining factor and regulator of aging. This system can apparently be controlled by
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modifying telomerase activity, or even, as suggested recently, in combination with
techniques that alter telomere and subtelomere structure.
In the first instance, these interventions must predominantly address the control of some
manifestations of aging, such as Alzheimer’s disease, Parkinson’s disease and age-related
macular degeneration, which are particularly devastating in terms of patient suffering and
the associated economic burden. Effective treatments for these diseases represent a pivotal
challenge facing a revolution in geriatric medicine, which is now both feasible and essential.
The implications of such a revolution will lead to developments that will extend well beyond
the boundaries of geriatric medicine.
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Introduction
It is impossible to discuss geriatric medicine, i.e., the prevention and care of the manifestations
of senile decay, without precise scientific knowledge of the aging process. First, a clear definition
of aging that does not contain, clearly or covertly, pre-conceived ideas about its primary causes is
indispensable.
A neutral definition of aging is: “increasing mortality [i.e., fitness decline] with increasing
chronological age in populations in the wild” [1], which may be well summed up as “actuarial
senescence” [2], if the necessary specification “in the wild” is added.
Definitions of aging include: “a persistent decline in the age-specific fitness components of an
organism due to internal physiological deterioration” [3], “progressive loss of function
accompanied by decreasing fertility and increasing mortality with advancing age” [4], and “agedependent decline in physiological function, demographically manifest as decreased survival and
fecundity with increasing age” [5]. These definitions are also acceptable if “evident physiological
degeneration” is not considered a synonym of “increasing mortality”, as an increased death rate
may also occur with a slight reduction in fitness without any evident physiological degeneration.
This question is not trivial. Indeed, if, under natural conditions, rare individuals with overt
physiological alterations are sought, i.e., in a condition definable as a “state of senility” [6], aging
will be a rarity in the wild (“aging is extremely difficult to observe in the natural habitats of most
organisms” [3]). In this sense, aging would be irrelevant in natural selection [4].
In 1957, Williams wrote: “Comfort is severely critical of Weissmann’s theory [who proposed
that senescence was favoured by natural selection], and offers in its place the theory that
senescence is selectively irrelevant. He argues (e.g., 1956: 39) that senescence is outside the
developmental program that concerns natural selection, since almost no wild organisms ever
attain the senile stage. I believe that this theory is incorrect. Its fallacy lies in the confusion of the
process of senescence with the state of senility ... No one would consider a man in his thirties
senile, yet according to athletic records and life tables, senescence is rampant during this decade.”
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[6] This is a longstanding and important error. Indeed, a recent review has documented evidence
of aging, defined as increasing mortality with chronological age in populations in the wild, in 175
species [7]. Moreover, the existence of species with evident aging under natural conditions,
including humans [8], has been known for a long time [1,9,10]. Thus, aging cannot be considered
irrelevant in natural selection.
Many theories have been proposed to explain the causes of aging [11–13]. These theories can
be divided into two opposing categories of interpretations [14,15] and, in the sense proposed by
Kuhn [16], are worthy of being defined as paradigms for their diversity and the importance of their
implications.
The “non-programmed aging” paradigm maintains that: (i) aging is harmful to the individual
and so is unlikely to be favoured by natural selection (“any hypothetical ‘accelerated ageing gene’
would be disadvantageous 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 selection advantage.” [4]); (ii) aging is the effect of
many inevitable damaging factors that, for various reasons, natural selection may counter only
partially [4]. Within this paradigm, the mechanisms of natural selection are disregarded or scarcely
considered in older theories [11], while some more recent theories are based on the hypothesis
that the damaging factors are insufficiently opposed by natural selection because: (i) in the wild,
there are few “old” individuals and so natural selection against aging is weak (mutation
accumulation hypothesis) [17,18]; (ii) there are genes with pleiotropic effects, i.e., advantageous
in the young and deleterious in “older” individuals (antagonistic pleiotropy hypothesis) [3,6]; and
(iii) there are limits determined by other physiological necessities (disposable soma hypothesis)
[19,20]. For this paradigm, aging is a useful term used only to summarize many distinct
phenomena and is not a unitary phenomenon. Therefore, as this is now the prevailing paradigm,
in the current international classifications of diseases (ICD9 [21] and ICD10 [22]), there is no
distinct code for aging and, so, the World Health Organization cannot provide statistics for aging as
a cause of death [23].
In contrast, the “programmed aging” paradigm maintains that aging is a physiological
phenomenon, i.e., something genetically determined and regulated that is favoured by supraindividual natural selection [15]. According to this hypothesis, aging is certainly harmful to the
individual but, in principle, a gene that is detrimental to the individual may be favoured by natural
selection at a supra-individual level. This is widely accepted for the many types of phenoptosis
(“programmed death of an organism” [24]), which form a large category of well-known
phenomena [9], although without a unifying definition until recently [25]. Within the programmed
aging paradigm, there is an interpretation of aging proposed in terms of supra-individual selection.
This interpretation explains aging as a beneficial phenomenon in populations spatially separated in
demes, and in conditions of K-selection [26] because it accelerates the spread of any gene within
the population. This was described by a kin selection mechanism [1] or using population models
[27–29]. When the hypothesized conditions that favour aging are absent, the existence of nonaging species is expected. Indeed, the existence of species that show no age-related decline in
fitness is well-known; these are defined tentatively as species with “negligible senescence” [9].
According to this paradigm, aging is a distinct phenomenon, the sole origin of which is concealed
by its countless manifestations as well as the various manifestations of a disease (e.g., diabetes)
might conceal its oneness.
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These concepts are illustrated in Figure 1.

Figure 1 Interpretation of aging according to the non-programmed aging paradigm (on
the left) and the programmed aging paradigm (on the right).
The main difference between the two paradigms can be summarized as follows:
- The “non-programmed aging” paradigm is based on aging being caused by several harmful
factors. Therefore, this paradigm is not based on the existence of genetically determined
and regulated mechanisms that cause aging and: “... had aging evolved in a non-adaptive
way, it would have been impossible to provide justification for any well-defined program”
[30]. Indeed, such mechanisms, if any exist, would prove that the paradigm is false. However,
if this paradigm is true, any action against aging should attempt to minimize the effects and
consequences of unavoidable damaging factors.
- In contrast, the “programmed aging” paradigm implies the existence of these mechanisms,
and their absence would demonstrate that the paradigm is false. However, if this paradigm
is true, any action against aging should be aimed at modulating or blocking the
aforementioned mechanisms.
This difference is clearly essential to the determination of possible actions aimed at countering
aging. Therefore, further elucidation of the mechanisms proposed by the programmed aging
thesis is well within the objectives of this review. However, other issues that are not directly
relevant to this goal will be omitted. In particular, we will not debate the evidence and arguments
in support of the programmed aging thesis and/or against the opposite view, as this has been
discussed elsewhere [15]. Neither will be discussed the phylogeny of aging [13], while the pathology
of aging, which is outlined elsewhere [31–33], will be described summarily where necessary.
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The immediate objection to this approach is that the choice to follow only the programmed
aging paradigm is questionable and biased. However, the answer is simple and straightforward: in
this review, the aforementioned paradigm is considered as a working hypothesis, while in many
other reports the opposite view is accepted, implicitly or explicitly, as a working hypothesis. In
accordance with good scientific practice and beyond the theoretical arguments and the evidence
accumulated so far, the results of these evaluations will reveal the most useful working hypothesis.
Aging Machinery: The Telomere Theory
Although other descriptions have been proposed for the mechanism of aging (e.g., [34–38]),
here, we consider and describe the essentials of only the most homogeneous theory that is
supported by evidence; for brevity this will be defined as “telomere theory”. References to other
reviews [32,33,39,40] will be made to provide a more detailed description and a more extensive
list of the reports on which it is based.
The Telomere-Subtelomere-Telomerase System
At each end of the chromosomal DNA molecule, there is a region with a repetitive sequence
called the telomere. This sequence, which is TTAGGG in humans and other mammals [41], is highly
conserved and is present in many phylogenetically distant species [42].
Between the telomere and the main part of the DNA molecule, there is another region, the
subtelomere (functionally defined below), with an “unusual structure: patchworks of blocks that
are duplicated” [43]. “A common feature associated with subtelomeric regions in different
eukaryotes is the presence of long arrays of tandemly repeated satellite sequences.” [44].
The telomere is covered by a heterochromatin hood [39] (Figure 2).

Figure 2 Schematic representation of the structures of the telomere, its
heterochromatin hood, and the subtelomere.
With each replication, a small part of the telomere is left unduplicated by the DNA polymerase
[45,46]. As excessive shortening of the telomere would jeopardize cell vitality, the existence of an
enzyme with the capacity to restore the unduplicated part was predicted [47]. This enzyme,
telomerase, was identified in 1985 [48], thus explaining the capacity of stem and germ line cells to
duplicate numerous or even unlimited times. Later, telomerase activity was shown to be
repressed by specific regulatory proteins [49]. Moreover, there is an age-related progressive
shortening of telomeres in many cell types [50] and an association between telomere length of an
individual and its life expectancy has been identified in animal species studied under natural
conditions [51–53]. This explained the limits of cell duplication capacities demonstrated both in
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vitro [54–58] and in vivo [59], as well as the inverse relationship between duplication capacities
and age among different individuals [60], and the direct relationship between duplication capacity
and longevity among different species [61].
However, studies of cultured cells that had undergone an equal number of previous
replications showed that cell duplication ceased at a random time, but with an increasing
probability related to telomere shortening. This caused a progressive decrease in the average
duplication capacity of the culture as a whole, but without a concomitant inability of individual
cells to duplicate after a certain number of replications [62,63]. This phenomenon was later
explained [64] by the observation that the telomere is “capped” by the heterochromatin hood but,
at some times, the hood is temporarily detached and the telomere is “uncapped” for a period
related to telomere shortening. In this phase, the cell is vulnerable to the triggering of “cell
senescence”, which is a “fundamental cellular program” [65] that blocks the cell replication
capacity (“replicative senescence”). Moreover, even when the telomere is minimally shortened,
there is a short “uncapped” phase and so, a small probability of triggering cell senescence.
Another phenomenon occurs as a consequence of telomere shortening. When the telomere
shortens, the heterochromatin hood slides over the subtelomere and this determines the
transcriptional silencing of the subtelomere covered region [39]. This silencing effect, known as
the “telomere position effect” [66] and defined also as “gradual senescence” [13], determines an
altered functioning of genes “over long distances” in the chromosome [67]. Moreover, there is an
effect on many cell functions, including cellular secretions (e.g., collagen, elastin, etc.), leading to
alterations in the intercellular matrix, inflammation and damage to other cells [39]. Gradual
senescence allows a functional definition of the subtelomere as follows: one end is where the
telomere begins (junction subtelomere-telomere), while the other end is the farthest subtelomere
section repressed by the greatest sliding of the telomere hood [40].
These phenomena indicate that the subtelomere has important regulatory functions on: (i)
many cell functions; and (ii) the “capped”/“uncapped” alternation, i.e., on the probability of
triggering the cell senescence program. This is compatible with the presence of repeated
sequences in the subtelomere, and the hypothesis that these sequences perform the
aforementioned regulatory functions, which are progressively silenced by the sliding of the
telomere hood (Figure 3).

Figure 3 Schematic representation of telomere sequences (“r”) with regulatory
functions and of their repression by sliding of the telomere hood.
Page 6/34

OBM Geriatrics 2017; 1(2), doi: 10.21926/obm.geriat.1702002

Absence of Correlation between Longevity and Telomere Length in Germ Line Cells
A simple prediction is that, in different species, longevity should be related to telomere length
in germ line cells (“initial telomere length”) and/or to the intensity of telomerase activity. However,
the following evidence has clearly disproved this prediction:
(i) mice and hamsters have long telomeres but age precociously [68];
(ii) in different rodent species, longevity and telomerase activity are not related [69];
(iii) two Mus musculus strains with different telomere lengths showed the same lifespans and
patterns of the timing of cell senescence [39];
(iv) donor animals and cloned animals derived from the somatic cells of the donors had
different telomere lengths (shorter in the cloned animals), but showed the same
senescence timing [39];
(iv) under protected laboratory conditions, mice with genetically inactivated telomerase
showed impaired fertility and viability only after four to six generations, i.e., when there
was a considerable telomere shortening [70,71]. However, as alterations were found in
early generations in organs with high cell turnover [71,72], it is likely that, in the wild,
fitness would be compromised even in the first generation;
(v) mice had limited longevity, but showed baseline telomerase activity in most somatic cells
[73].
A detailed account of a possible explanation for these phenomena, which are apparently
inconsistent with the telomere theory, has been presented elsewhere [40], and for brevity will not
be repeated here. However, in summary:
(i) the germ cell – in a period definable as the “reset phase” – forms the heterochromatin
hood with a size proportional to the length of the telomere. Regarding longevity, the
absolute “telomere length in this phase is irrelevant” [39], except when telomere length is
below a critical value [39];
(ii) the heterochromatin hood necessarily has a fixed length in all cells of the organism that
are derived by duplication from the germ cell;
(iii) with each duplication, the telomere shortens and the adjacent subtelomeric region is
gradually repressed by sliding of the heterochromatin hood;
(iv) the critical factor is not the absolute initial telomere length, but the “relative” telomere
shortening and therefore, the fraction of the subtelomere that is repressed [39];
(iv) greater telomerase activity would slow down telomere shortening, and thus, result in
slower aging, although this could be balanced, or even tipped in favour of more rapid
aging, by a shorter subtelomere, leading to repression of a greater fraction of the
subtelomere. Under such conditions, it is possible that species exist with longer telomeres
and greater telomerase activity, yet with shorter longevity, as is the case in mice.
It is important to consider the unicellular species yeast (Saccharomyces cerevisiae), which
exhibits some characteristics that may be considered to represent aging. Each yeast cell divides
into two cells, which are defined as “mother” and “daughter” cells. While the cells of the daughter
lineage are identical to the parent cell, replication of the cells of the mother lineage is limited
(approximately 25–35 duplications [74]). In relation to the number of duplications, there are
increasing metabolic alterations [75–79] and growing vulnerability to death by apoptosis and
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replicative senescence [75,76,78,79]. These phenomena easily explain the mortality differences
among individual yeast cells under particular conditions of stress. However, among the cells of the
mother lineage, the mortality rate increases with an exponential dynamic related to the number
of duplications [80]. This characteristic is similar to the age-related increase in mortality, i.e.,
aging, shown by many multicellular species [7,10]. Thus, these phenomena may be considered
within the concept of aging as previously defined [1].
In both mother and daughter lineage cells, telomerase is constitutively active and there is no
telomere shortening with each duplication [81–83]. However, in the cells of the mother lineage,
accumulation of particular molecules (extrachromosomal ribosomal DNA circles [ERCs]) occurs
over the subtelomere [84]) in a manner that is proportional to the number of duplications, and
which alter cell viability progressively [77]. In yeast tlc1Δ mutants, telomerase is inactive and
telomeres shorten with each replication both in mother and daughter lineage cells. Although cells
of the daughter lineage does not undergo the ERC accumulation that occurs in the mother cells,
they do show the same alterations and the same overall expression of genes (i.e., the
transcriptome) as mother lineage cells with the same number of duplications [77]. However, an
interesting analogy must be highlighted: (i) the daughter cells of the normal strains are similar to
those of the germ line of multicellular eukaryotes, i.e., active telomerase, no telomere shortening,
no sliding of the heterochromatin hood over the subtelomere, no repression of the subtelomere,
no alteration of cell functions; while (ii) the daughter cells of tlc1Δ mutants are similar to nongerm line cells of multicellular eukaryotes after some duplication, i.e., reduced or absent
telomerase activity, telomere shortening, sliding of the heterochromatin hood over the
subtelomere, repression of part of the subtelomere, and altered cell functions (Figure 4).

Figure 4 In normal yeast stocks, the condition of daughter cells is similar to that of the
germ line cells of multicellular eukaryotes, while in yeast tlc1Δ mutants, it is similar to
that of the non-germ line cells of multicellular eukaryotes after some duplication.
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Cell Turnover
In the absence of accidental events that cause cell necrosis (trauma, ischaemia, infection, etc.),
in general, cells die by programmed cell death (PCD). Examples of forms of PCD include: (i) the
detachment of cells from the intestine and other internal walls of body cavities; (ii) the
keratinization and detachment of the epidermis and hair cells; (iii) osteocytes eliminated by
osteoclasts; (iv) erythroblasts transformed into erythrocytes and later removed by macrophages;
(v) apoptosis, an orderly process of self-destruction where cell debris are removed and reused
without damage to other cells.
Apoptosis, a phenomenon described for the first time in normal hepatocytes in 1972 [85], is
phylogenetically ancient (e.g., a form of apoptosis is observable in S. cerevisiae [80,86]). Moreover,
disregarding other functions, in vertebrates apoptosis is essential for cell turnover in normal adult
organs [87–89] and is observed for many tissues/organs (e.g., gliocytes [62], liver [90], thyroid [91],
pancreatic β-cells [92], adipocytes [93], skeletal muscle [94,95], bone [96], cartilage [97], kidneys
[98], biliary epithelial cells [99], prostate [100], and lung type II alveolar epithelial cells [101]).
Cell death, caused by apoptosis and other types of PCD, is a continuous process that is balanced
by equivalent production of new cells by duplication of stem cells that are specific for each cell
type. The pace of this continuous cell turnover varies greatly depending on the cell type and tissue
[102]. For example, osteocytes are renewed approximately every 10 years [103] and heart
myocytes have a turnover of approximately 4.5 years [104], while cells of the intestinal epithelium
are renewed every 3–6 days [103]. The total number of cells that die and are replaced is
impressive. It is estimated that, in one year, the turnover is approximately equal to the mass of the
whole organism and that 50–70 billion cells die and are substituted every day [105].
The Atrophic Syndrome
The progressive telomere shortening with each cell duplication determines:
(i)
(ii)

an increase in gradual senescence; and
an increasing probability of the activation of cell senescence (replicative senescence and
gradual senescence in the highest degree).

The effects of telomere shortening on cell functions and cell turnover include:
(i)

an increase in the number of cells with functions altered in varying degrees by the
gradual senescence;
(ii) an increase in the number of cells in the senescent state, i.e., without replicative capacity
and with gradual senescence in the highest degree;
(iii) a reduction in the number of stem cells that can replicate, and so a reduction in cell
turnover;
(iv) a reduced number of cells (atrophy);
(v) a substitution of lost specific cells with non-specific cells;
(vi) a compensatory hypertrophy of the remaining specific cells;
(vii) alterations in the intercellular fluids and substances;
(viii) alterations in the cells depending on the functionality of the lost cells or of the cells in
gradual senescence;
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(ix)
(x)

greater vulnerability to cancer because of dysfunctional telomere-induced instability [106];
a general decline in the functions of cells/tissues/organs, i.e., progressive fitness decline,
i.e., aging.

This condition has been defined as “atrophic syndrome” [31–33] and describes the progressive
anatomical and functional alterations that characterize aging. The description of the “atrophic
syndrome”, which contrasts with the interpretation of the non-programmed aging paradigm, is
analogous to descriptions expressed by others: “The accumulation of dysfunctional cells, together
with a limited regenerative capacity of tissues, is thought to determine the age-related decline of
body organs ... Dysfunctional cells, usually characterized by the presence of short telomeres ...”
[107].
A schematic representation of atrophic syndrome for cell types that are subject to turnover
(“direct aging”) is shown in Figure 5.

Figure 5 Telomere theory: atrophic syndrome for cell types that are subject to turnover
(“direct aging”).
Cell Turnover and Perennial Cells
The general rule of cell turnover has some important exceptions.
With some exceptions [108,109], central nervous system neurons do not undergo cell turnover.
This is due to the connection of these cells to other neurons in a variable manner via numerous
synapses. It is estimated that there are 1011 neurons connected by 1014 synapses in a human brain
[110], which means that each neuron is connected with an average of 1,000 synapses. The
replacement of these neurons with new elements would require an improbable level of fidelity in
the restoration of the connections of the replaced neurons. Conversely, where this problem does
not exist, neurons do undergo turnover. For example, olfactory receptor cells, which are
specialized neurosensory neurons, receive a molecular signal from the external environment via a
single dendrite, which is then transmitted to other neurons by a single axon [111]; turnover in this
cell type is well-known [112].

Page 10/34

OBM Geriatrics 2017; 1(2), doi: 10.21926/obm.geriat.1702002

However, neurons that do not undergo turnover depend on other cells that are subject to
turnover for their vitality. For example, retinal photoreceptor cells need the macrophagic activity
of retinal pigmented epithelium cells, which are highly differentiated gliocytes that undergo
turnover [113,114]. The decline in these satellite cells determines the accumulation of damaging
substances, such as A2E (a breakdown product derived from vitamin A [115]), photoreceptor
death, and therefore progressive manifestations of age-related macular degeneration (AMD)
[113,116].
The pathogenesis of Alzheimer’s disease (AD) has also been explained by the decline of satellite
glial cells [31,32,39,117,118]. Similar mechanisms have been proposed for Parkinson’s disease (PD)
and senile presbycusis [118].
The crystalline lens, which is a particular case analogous to that of perennial cells, has been
discussed elsewhere [118]. The lens lacks nucleated cells in its core and aspects of its functionality,
including transparency, depend on lens epithelial cells that undergo turnover [58]. The age-related
reduction in the duplication capacity of lens epithelial cells in healthy human subjects is wellknown [58], and “It is apparent in Werner syndrome that the cataracts result from alterations in
the lens epithelial cells” [119].
A schematic representation of atrophic syndrome in cell types and organ parts without
turnover (“indirect aging”) is shown in Table 1 and Figure 6.
Table 1 Atrophic syndrome in cell types and organ parts without turnover (“indirect aging”).
A

B

C

Functional cells or organ part
(without turnover)

Satellite cells of A
(with turnover)

Diseases caused
by the declining turnover of B

SNC neurons

Microglia cells

Alzheimer’s disease

SNC neurons

Astrocytes

Parkinson’s disease

Photoreceptors

Retina pigmented epithelium cells

Age-related macular degeneration

Auditory neurons

Deiter’s cells

Presbycusis

Crystalline lens core

Lens epithelium cells

Cataracts

Figure 6 Telomere theory: atrophic syndrome in cell types and organ parts without
turnover (“indirect aging”).
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A detailed description of atrophic syndrome in each tissue or organ is beyond the scope of this
review. A partial and brief description has been reported elsewhere [31–33] and only a few
concise descriptions will be presented here as examples.
–

–

–

–

Liver. Liver volume shows an age-related decline, estimated to be approximately 37%
between the ages of 24 and 91 [120], both in absolute values and in proportion to body
weight [121]. In elderly individuals, the size of the remaining hepatocytes increases, while
hepatocyte size declines in liver atrophy caused by starvation [122,123].
Heart. In contrast with long-held and deep-rooted convictions, the heart is a self-renewing
organ. In a normal human heart, approximately 3 million myocytes die by apoptosis each
day and are replaced by cardiac stem cells. In fact: “the entire cell population of the heart
is replaced approximately every 4.5 years … The human heart replaces completely its
myocyte population about 18 time during the course of life, independently from cardiac
diseases.” [104]. Cardiac stem cells allow myocyte turnover and exhibit age-related
telomeric shortening and cell senescence [124–126]. The heart shows an age-related
decline in the number of myocytes and an increase in cell volume per nucleus in the
remaining myocytes [127]. The loss of myocytes causes a decline in cardiac dynamic
capacities and this causes enlargement of the heart, i.e., a morphological hypertrophy,
which conceals the underlying atrophy in the number of contractile cells [128]. “With aging,
there is also a progressive reduction in the number of pacemaker cells in the sinus node,
with 10 percent of the number of cells present at age 20 remaining at age 75. ... Ageassociated left ventricular hypertrophy is caused by an increase in the volume, but not in
the number of cardiac myocytes. Fibroblasts undergo hyperplasia, and collagen is
deposited in the myocardial interstitium.” [128].
Skin. In older individuals, the dermal-epidermal junction, where the stem cells for the
epidermis are located, is flattened. Furthermore, all the components of the derma (dermal
fibroblasts, melanocytes, mast cells, Langerhans cells, eccrine glands, capillaries, Pacinian
and Meissner’s corpuscles, hair, etc.) decrease in number; and nails are reported to grow
more slowly [129].
Endothelium. Endothelial cells show cell turnover and their replacement is ensured by
stem cells known as endothelial progenitor cells (EPCs) and derived from primary stem
cells in the bone-marrow. The number of EPCs decreases with age and due to the effects of
“cardiovascular risk factors” (diabetes, cigarette smoking, hypercholesterolemia,
hypertension, etc.), while the number is increased by statins and other drugs [130]. A
reduced number of EPCs decreases endothelial cell turnover and jeopardizes endothelial
function, which alters blood circulation and causes diseases such as cardiac infarction or
cerebral ischaemia. The decline in EPC number is a reliable cardiovascular risk index,
equivalent to the Framingham risk score [130,131]. In older individuals, excluding the
effects of cardiovascular risk factors, the incidence of diseases caused by altered
endothelial function increases exponentially [132].

Reversibility of the Manifestations of Aging
If aging is caused by the accumulation of inevitable damage of various kinds, as is maintained in
general by the non-programmed aging paradigm, then, in principle it should be, at least in part,
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irreversible. In contrast, if aging is determined by mechanisms that are genetically determined and
modulated, as is maintained by the programmed aging paradigm, then, in principle it could be
regulated or even reversed. There are several examples in clear support of the second hypothesis
and that undermine the opposite hypothesis. These include: (i) in vitro, telomerase activation
cancels the cellular biochemical alterations associated with gradual senescence and cell
senescence [133–137]; (ii) fibroblasts obtained from the skin of young human donors were found
– by the methods used – to be indistinguishable from those obtained from older donors with
reactivated telomerase [138]; (iii) in aged mice in which telomerase was genetically blocked,
telomerase re-activation reversed the manifestations of aging, even those of the nervous system
[139]; and (iv) telomerase re-activation, in 1- and 2-year-old normal mice, delayed the
manifestations of aging and increased the lifespan [140].
The Telomere-Subtelomere-Telomerase System and Cancer
The non-programmed aging paradigm precludes the existence of genetically determined and
modulated mechanisms, which cause progressive fitness decline (i.e., the telomere-subtelomeretelomerase system), since natural selection could not allow their evolution and, if existing, would
eliminate them. In any case, these mechanisms are incompatible with this paradigm [141].
Contrary to these assertions, the evidence for the aforementioned mechanisms appears
indisputable, although their existence is still implicitly disregarded [142], or overtly denied, both in
principle and ignoring precise previous descriptions [31,32]. For instance: “Aging is not and cannot
be, programmed ... Programmed theories neither specify nor predict mechanisms of death” [143];
“... biological aging can be defined as the random, systemic accumulation of dysfunctional
molecules that exceeds repair or replacement capacity ... aging is not a programmed process, it is
not governed directly by genes. On the contrary, aging is a stochastic process” [144].
However, authoritative researchers (who have contributed to the detection of these
mechanisms through remarkable studies) believe that, to justify their existence, there is the
absolute necessity of an important function for these mechanisms that must be distinct from that
of lowering fitness and must overcome, in terms of natural selection, the clear damage caused by
their action. The only proposed explanation that is compatible with the non-programmed aging
paradigm suggests that these mechanisms are a general defence against cancer, since replicative
senescence would diminish or even block cancer proliferation [145,146]. A deadly evolutionary
trade-off between the need for defence against cancer and the manifestations of aging was
therefore hypothesized [147], which was compatible with two old and popular theories
(antagonistic pleiotropy theory [3,6] and disposable soma theory [19,20]).
However, this proposal is untenable as already explained elsewhere [31,40,148,149]. However,
in short, the reasons are as follows:
(i) In yeast, gradual senescence, replicative senescence and vulnerability to apoptosis, caused
by ERC accumulation, which has the same effects of telomere shortening in multicellular
eukaryotes, are well-documented [74,80,150]. However, this does not protect against
cancer, which is impossible in unicellular species, such as yeast.
(ii) Gradual senescence weakens cells and the organism as a whole. Moreover, when cell
senescence is activated, there is also a greater resistance to apoptosis [151]. This is in
contrast to the situation in yeast, in which a greater vulnerability to apoptosis increases
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(iii)

(iv)
(v)

(vi)

the death rate. However, in multicellular eukaryotes, a greater resistance of senescent
cells to apoptosis weakens the organism and so, increases the death rate. Therefore, the
effect is the same in terms of the elimination of aged individuals. These phenomena are
implausible as defences against cancer for two reasons: (a) in mice, selective elimination
of senescent cells leads to an increased lifespan, fewer age-dependent changes, and a
delay in the progression of cancerous diseases [152]; and (b) increasing numbers of cells in
gradual senescence and replicative senescence progressively reduces the efficiency of the
immune system [39], which should increase vulnerability to cancer and its incidence [153].
Animal species that show no age-related decline in fitness (“animals with negligible
senescence” [9]) cannot have any age-related increase in vulnerability to neoplastic
disease, as confirmed by their constant death rates at any age. However, in the wild, old
individuals of these species have the same telomerase activity as young individuals
[154,155].
Shortened telomeres cause DNA instability that increases the probability of cancer
[106,156,157].
A study on a human population in the wild showed that: (a) there was an age-related
increase in mortality that began at age 30 (equivalent to that observed among the general
population [6]); (b) approximately 30% of the population survived to 60 years of age and
20% to 70 years; and (c) no cases of cancer were reported and sporadic deaths due to
cancer were only possible in individuals older than 70 years [8]. It appears illogical that the
mechanisms underlying an age-related increase in mortality beginning at age 30 act as a
defence against a rare disease found in much older individuals [148].
As telomerase activation, a common feature in cancer, occurs as a consequence of cancer
and does not precede disease onset, it cannot be considered to be a causative event and
should be considered only as a characteristic of cancerous cells that exacerbates the
disease [39].

Therefore: “The hypothesis that telomerase is restricted to achieve a net increase in lifespan via
cancer prevention is certainly false. Were it not for the unthinkability of the alternative –
programmed death – the theory would be dead in the water.” [149]
However, the rejection of the hypothesis that the telomere-subtelomere-telomerase system is
a defence against cancer does not exclude the possibility that aberrant telomerase activation
could be carcinogenic under particular circumstances [158,159].
Pathology of Aging
If aging is a function, alterations in this function, viz. specific diseases, are foreseeable. Indeed,
there are two main categories of diseases that affect aging:
(1) Diseases Caused by Genetic Alterations
These are rare but of great interest in investigations of aging. Two syndromes, dyskeratosis
congenita (DC) [160] and Werner’s syndrome (WS) [119], are particularly interesting in this regard.
The autosomal dominant form of DC is caused by a defect in the gene that encodes the RNA
part of telomerase [161], while the X-linked form of DC shows low levels of telomerase and
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shorter than normal telomeres [162]. “Problems tend to occur in tissues in which cells multiply
rapidly – skin, nails, hair, gut and bone-marrow – with death usually occurring as a result of bonemarrow failure.” [163]
WS is caused by dysfunction in a RecQ family helicase that determines a dysfunction of somatic
cells in the cycling state [164]. In WS, cells show high somatic mutation rates [165] and reduced
replication capacity [60]. This abnormality in DNA metabolism causes an atrophic syndrome in
non-high turnover cells and tissue [119].
The differences between the two syndromes have been carefully outlined [163] and were later
discussed in the context of the programmed aging paradigm [32]. In short, DC and WS can be
considered as two model cases of segmental progeria (i.e., the altered functionality of only a
fraction of cell phenotypes) [39], and it is likely that a non-segmental (i.e., total) progeria is
incompatible with life.
(2) Diseases Caused by Unhealthy Lifestyles
Unhealthy lifestyles (e.g., alcohol abuse, cigarette smoking and eating habits that increase the
risk of hypertension, diabetes mellitus, and obesity) are defined overall as “risk factors”. These
appear to increase the requirement for cell replication and so, accelerate aging. Conversely,
healthy lifestyles and the use of drugs with organ protection qualities (“protective drugs”) are
defined overall as “protective factors”. These appear to reduce the requirement for cell replication
and to counter the accelerating effects of the “risk factors” on the aging process [31]. As a specific
example, we have previously highlighted the existence of an inverse relationship between the
number of EPCs and age and/or “cardiovascular risk factors” (i.e., factors defined previously as risk
factors), while EPC number is increased by statins and other protective drugs [130]. These
relationships are observable for many other manifestations of aging. In Table 2, for brevity, these
relationships are considered in comparison with endothelial dysfunction only for AMD, AD, and PD.
Table 2 Relationships between some aging problems and some “risk factors” or
“protective drugs”.

Problems

Protective
Risk increased (+) or lowered (-) or unaltered (/) by
Cell
effect by:
turnover of
Alcohol
the specific
Obesity/
Alcohol
ACE-i,
Age Diabetes
Hypertension Smoke moderate
Statins
cells
dislipidemia
abuse
sartans
use

Endothelial
dysfunction
AMD
AD
PD
Notes:
(15)
(22)

(1-5)

[175];

Yes

+1

+2

+3

+4

+5

-6

+7

+8

+9

No
No
No

+10
+19
+28

+11
+20
+29

+12
+21
+30

+13
+22
+31

+14
+23
-32

/15
-24
-33

/16
+25
+34

+?17
+26
+35

18

[130,166];

(6)

(16)

(17)

[176];

[179,185,186];

(28)

[193,194];

(36)

[207,208].

(29)

(23)

[167-169];
[177];

(18)

[179,187];

[183,195-197];

(7)

(30)

(24)

[168,169];

(8)

[170,171];

No specific study;
[188,189];

[197-199];

(31)

(25)

(19)

(9)

[178];

[179,188];

[197];

(32)

[200];

(11-14)

[173,174];

[179-183];

(21)

[179,184];

[184,190,191];

(27)

[190-192];

[171];
(26)
(33)

(20)

(10)

+27
+?36

[201];

[172];

(34)

[202];

(35)

[203-206];
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Differences between Non-Programmed and Programmed Aging Paradigms in the Definition of
Aging Problems
According to the “non-programmed aging” paradigm, an elderly individual suffers, to varying
degrees, from many different diseases (these are non-exhaustively summarized in Figures 5 and 6).
Such diseases are caused by various inevitable harmful factors, although some of these factors
may coincide for different diseases. These illnesses are not unique entities and therefore, the term
“aging”, which is commonly used to define them together, must be considered as a lexical
convenience that does not mean a scientific acceptance of their unit. The manifestations of each
of these diseases may be anticipated and exacerbated, to varying degrees, by further damaging
factors (“risk factors”). However, the limitation of these risk factors and specific treatments
(“protective drugs”) may prevent, restrict or neutralize such additional damage. If we exclude any
aggravating factor, these distinct diseases may be cured and counteracted only partially and with
illusory and temporary effects. This is because these diseases are caused by factors that are
intrinsic to organismal physiology, and inevitable and inexorable in their actions. Any treatment
can only be applied to limit the damage suffered by cells and tissues, or, at a later stage, to limit or
compensate for the damage that has occurred. This concept is summarized in Figure 7.

Figures 7 Traditional interpretation of the diseases that afflict the elderly. The concepts
that underlie the present scheme are obtainable in any traditional textbook of geriatric
medicine (e.g., [209]).
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As an example, with reference to a single disease, Figure 8 illustrates the current approaches to
the interpretation, prevention and care of AD.

Figure 8 Current approaches to the interpretation, prevention and care of Alzheimer’s disease.
Regarding “medical actions B” for AD (see Figure 8), pharmaceutical companies have failed to
identify an agent that will cure or halt the clinical manifestations of AD by the elimination of
β-amyloid and tau protein. In particular, studies of drugs or vaccines targeting the formation and
accumulation of β-amyloid have yielded disappointing results [210]. One study showed that a
vaccine could eliminate β-amyloid plaques and/or avoid their formation, without any positive
clinical effects: “Seven of the eight immunised patients who underwent post-mortem assessment,
including those with virtually complete plaque removal, had severe end stage dementia before
death ... Although immunisation with Abeta(42) resulted in clearance of amyloid plaques in
patients with Alzheimer’s disease, this clearance did not prevent progressive neurodegeneration”
[211]. Another study showed that aducanumab, a fully human monoclonal antibody, was effective
in eliminating β-amyloid plaques, although the clinical results were ambiguous [212].
Regarding “medical actions C”, (i) the neurological symptoms of AD are treated by
acetylcholinesterase inhibitors (e.g., donezepil, galantamine, rivastigmine, and tacrine), N-MethylD-aspartate receptor antagonists (e.g., memantine), and other drugs [213,214]. However, “Current
therapies for Alzheimer’s disease do not modify the course of disease and are not universally
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beneficial.” [213]; and (ii) Treatment of the cognitive alterations associated with AD is
disappointing and, moreover, there is an increased long-term risk of mortality in relation to the
use of antipsychotic drugs [215].
In short, “The only drugs available for Alzheimer’s patients aim to treat symptoms ... They are
marginally effective at best.” [210].
In any case, according to the non-programmed aging paradigm, both the countless diseases,
which in combination, constitute aging and the precocious and/or aggravated forms of the same
diseases caused by unhealthy lifestyles or by genetic alterations, are always considered as
individual diseases; therefore, their treatment is always considered to be a cure.
According to the programmed aging paradigm, the interpretation of the same problems is quite
different. Aging is interpreted as a unique physiological phenomenon that manifests itself in
various ways, depending on: (i) the tissue or organ concerned; (ii) previous life events; and, (iii)
partially, random factors (see the description of the triggering of cell senescence in the section
"The system telomere-subtelomere-telomerase"). Aging is a physiological phenomenon and, if
“disease” is defined as an alteration in the normal conditions, the manifestations of aging cannot
be considered diseases, nor can they be “cured”; their treatment would only be the modification
of a physiological phenomenon. In contrast, if we modify the definition by considering “disease” as
also something that is physiological but causes suffering and/or death, aging can be considered a
disease and becomes the object of treatment. However, this modified definition implies an
evaluation that is ethical, or more generally non-scientific, because by this definition, a possible
treatment that lengthens the life beyond the physiological limits of human would be considered a
medical treatment and not a modification of the natural state.
The cases of genetic abnormalities or unhealthy lifestyles that aggravate and/or accelerate
aging, or one or more of its manifestations, are different. For example, in a centenarian, some
physiological manifestations of aging that may be considered as AD or AMD, etc., are normal, and
cannot be considered diseases based on the usual definition. Conversely, if analogous or
exacerbated symptoms of the same kind occur at a younger age because of genetic abnormalities
or unhealthy lifestyles, they can be considered as diseases in every sense and treated as such. In
this case, therefore, the aforementioned ethical problem does not arise. This is important because,
in the absence of ethical objections, it will be possible to initiate investigation of strategies for the
treatment of such diseases with methods that, when properly developed and tested, may lead to
the slowing or even complete control of aging, actions that are complicated by ethical issues.
According to the programmed aging paradigm and taking into account these considerations, a
scheme for a tissue or organ in which the main cells show turnover, and its failure (“direct aging”)
is presented in Figure 9. A scheme for a tissue or organ in which the main cells do not show
turnover while indispensable satellite cells show turnover, and its failure (“indirect aging”) is
presented in Figure 10. The medical actions A, B and C are the same as for the programmed and
non-programmed aging paradigms. B and C are considered palliative or supplemental both to the
medical actions A, which are important, and to the “medical” actions D that are the primary and
decisive actions. The term “medical” actions D is used instead of medical actions D, because, as
previously stated, they are not medical acts in the strict sense.
However, since the programmed aging paradigm, in its description defined as “telomere
theory”, has been considered the working hypothesis of this review, only “medical” actions D will
be discussed in the next section.
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Figure 9 Telomere theory: a scheme for “direct aging”. Medical actions A are important
and “medical” actions D are essential, while B and C are palliative or supplemental.

Page 19/34

OBM Geriatrics 2017; 1(2), doi: 10.21926/obm.geriat.1702002

Figure 10 Telomere theory: a scheme for “indirect aging”. Medical actions A are
important and “medical” actions D are essential, while B and C are palliative or
supplemental.
Potential Treatments for Aging
Three main general approaches are considered here.
(1) Drug-induced Telomerase Activation
It is possible that opportune drugs might stimulate or restore telomerase activity resulting in a
reduction in the rate of telomere shortening or even restoration to their initial lengths [216].
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Astragalosides have shown a limited capacity in reactivating telomerase [217,218], although these
agents are quite expensive and their efficacy is unsatisfactory [216].
A more general objection to this approach is that the existence of drugs that are free from
harmful effects and effective in restoration of telomerase activity is not assured in vivo. Research
in this direction would also require large investments, and take time without leading to any
success. Other approaches with a greater chance of success in a reasonable time-frame should
therefore be investigated.
(2) Telomerase Activation by Genetic Methods
One study showed that: “... by using a gene therapy strategy with non-integrative adeno
associated virus (AAV), … re-activation of telomerase in adult or old mice results in delayed aging
and significant lifespan extension in the absence of increased cancer susceptibility. A single
telomerase (TERT) treatment of WT mice with these vectors was sufficient to rescue the agedependent decline and to delay normal mouse physiological aging ... In this experimental setting,
median lifespan was extended by up to 24% in 1-year-old mice, and by 13% in animals of 2 years
of age.” [140].
This type of technique (telomerase activation) could be applied in successive experimental
phases as follows:
(a) treatment of elderly subjects without reproductive capacity and suffering from severe
and/or disabling diseases for which there is no effective cure (e.g., AD, PD and AMD). In
this case, there is no ethical problem, as discussed previously, and a successful outcome
would pave the way for subsequent phases.
(b) Treatment of elderly subjects without reproductive capacity, and suffering from less
disabling diseases or from the aforementioned diseases in a less disabling phase.
(c) Treatment of healthy elderly subjects, also with reproductive capacity, i.e., simple
rejuvenation. In this case, the ethical problem exists and such treatment requires
comprehensive discussion prior to making a decision.
The theoretical limit of this approach is that, even supposing that periodic treatments are
performed, the progressive loss of primary stem cells would not be cancelled by telomerase reactivation (the possible cause of the difference of outcomes in 1- and 2-year-old mice in the study
cited previously [107]). Therefore, aging would continue at a reduced pace that would be inversely
related to the intensity and frequency of telomerase re-activation treatment.
(3) Telomerase Activation by Genetic Methods Associated with Modification of Subtelomeres and
Telomeres
A different method, which would overcome this theoretical limit and amplify the power of
telomerase activation, has already been proposed elsewhere [40], so it will only be described here
in brief. It is necessary to refer to the original work for details and for the significant ethical issues
that the method implies, as it proposes the following genetic changes in germ line cells, i.e., before
the period that has been defined as the “reset phase”:
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(A) elongation of the telomere by adding further TTAGGG sequences;
(B) insertion of a neutral nucleotide sequence (i.e., without any effect on other parts of the
genome) between the subtelomere and the telomere-subtelomere junction (“J”).
The genetic modification obtained by A would allow a greater number of duplications before
the telomere reaches a critical size that would not allow further shortening.
The genetic modification obtained by B would allow a greater number of duplications (i.e., a
greater relative telomere shortening) before the telomere hood begins to repress the regulatory
sequences of the subtelomere.
Actions A and B, combined with periodic telomerase activation treatment, would allow
indefinite extension of life, with a minimal or absent progressive loss of primary stem cells, as long
as the repressive action of the telomere hood is blocked by telomere lengthening before
repression of the regulatory sequences of the subtelomere by the telomere hood is initiated.
These actions are illustrated in Figure 11.

Figure 11 The telomere is elongated before the formation of the telomere hood in the
“reset phase”. The greater length of the telomere allows a greater number of
duplications before the telomere reaches a critical size that does not allow further
shortening. The addition of a neutral sequence between the subtelomere and J allows
a greater number of duplications before the subtelomere begins to be repressed by
the telomere hood.
Two points must be highlighted. First, the methods proposed here require great reliability and
precision, ideally to the level of perfection, of the techniques used for DNA modifications. The best
technique that is currently available, and also in economic terms, is the CRISPR-CAS9 (clustered
regularly interspaced short palindromic repeat–CRISPR-associated nuclease 9) technique [219,220].
This technique has undergone noteworthy recent improvements [221,222], which have overcome
previously known imperfections of the method [223,224]. Second, as explained in a preceding
section, the mother lineage cells of yeast (S. cerevisiae) retain the same telomere length with each
replication, and with no sliding of the telomere hood over the subtelomere, while there is ERC
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accumulation over the subtelomere. This progressively represses the subtelomere, so altering cell
functions and limiting the number of duplications to a maximum of 25–35 [74]. Yeast could be
used as an eukaryotic model to devise simple methods for the insertion of a neutral sequence
between the subtelomere and J and to verify if, as expected, this determines an absence of
progressive alteration in cell functions and an increase in the maximum number of duplications.
Conclusions
Modern geriatric medicine is unable to act on the primary causes of aging and seeks only to
treat the symptoms and complications. It can prolong life, but elderly individuals are disabled
more or less severely in the extra years obtained by this approach. In repeating the radical opinion
of Abbott on the treatment of AD [210], it is possible to say that the only drugs and medical
interventions available to geriatric medicine for senescent patients aim to treat symptoms and are
only marginally effective at best. This indicates that a radical change in geriatric medicine is
necessary to effectively counter the burden of suffering caused by aging.
Regarding the possibility of such a change, it appears feasible to use the programmed aging
paradigm as a working hypothesis in its interpretation defined as “telomere theory”. However, it is
essential to abandon the traditional notion that aging is a maladaptive characteristic that is only
partially rectifiable [225] and to embrace the new notion that aging is “a specific biological
function” [226], which allows a more optimistic approach to possible effective treatment [31,32].
Of course, many will not be convinced by these theories, and perhaps a large majority will
consider the explanations of the concepts presented here to be ill-considered and Utopian.
Perhaps, the current situation is a “cusp of history”, as defined profoundly by Fossel: “Great ideas
pivot on the Janus’d cusp of history: looking forward they are obviously foolish, looking backward
they appear foolishly obvious. We are doubly blind” [39]. However, if these theories are
substantiated, they would constitute a scientific revolution or a paradigm-shift in the sense
defined by Kuhn [16].
Furthermore, if the paradigm-shift offers the potential to apply techniques effectively to
increase the lifespan further or indefinitely, this will represent a seismic change in our civilization
[32]. Thus, it would not be an exaggeration to consider this as a universal and momentous
revolution. As in every revolution, even in the best possible, not everything will change for the
better. The greatest danger is indicated in ancient Greek wisdom. The gods were conceived by the
ancient Greeks as immortal beings and the worst sin was to be guilty of “ύβρις”, which is the
aspiration to reach god-like status with impious unforgivable arrogance and pride. Perhaps the
wisest choice would be abstain from changing anything, but unknown lands are irresistible to
humans. However, the choices presented by the possible options do not fall within the scope of
this review or science overall.
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