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Abstract 4

5

Why we age is an enduring mystery. This manuscript proposes aging is microevolutionarily op- 6
posed, but macroevolutionarily favored. Such a conflict between microevolution and macroevo- 7
lution is highly unusual since traits that are harmful to the organism are usually harmful to the 8
survival of the species. In the case of aging, however, a shorter lifespan makes a species better 9
able to adapt to a changing environment. Conversely, species that age more slowly, and thus 10
live longer, are less adaptable and more likely to go extinct. Drawing on what is known of aging 1
in vertebrates, pathways of aging are identified that agree with this theory. These pathways 12
involve mitochondrial ROS production causing telomeric DNA damage, which leads to cellular 13
senescence, the senescence-associated secretory phenotype, epithelial-mesenchymal transition, 14
thymic involution, and age-related diseases. The resulting framework is capable of explain- 15
ing the seeming intentionality of many age-related diseases, and offers a high level theoretical 16
framework for better understanding them. 17
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Introduction

Many age-related diseases appear to be caused by cellular senescence and immunosenescence. Cel-
lular senescence appears to be activated by telomeric DNA damage, which in turn appears to be
caused by reactive oxygen species (ROS). Immunosenescence at least partially appears to occur
as a result of thymic involution, which appears likely to be caused by the epithelial-mesenchymal
transition (EMT), which appears to be another downstream effect of cellular senescence.

The core idea of this manuscript is that the production of ROS by the mitochondria and its down-
stream effects can be viewed as macroevolutionarily intentional mechanisms to cause the individual
organism to die. A shortened lifespan will reduce the mean time between successive sexual gen-
erations, and thus increase the ability of the population to adapt to a changing environment.
Conversely, populations with long lifespans, and thus long times between generations, are more
likely to become extinct due to their inability to adapt.

Mortality is troubling to some scientists. Evolution appears capable of producing a myriad of
complex organismal forms, but unable to perform the seemingly much simpler task of keeping
them working. The fact that two relatively recently diverged species, such as mice and men, have
such widely different lifespans suggests mortality may be deliberate. But why? And how?

Theories of aging can be divided into two classes. Non-programmed theories of aging, such as
mutation accumulation [1], antagonistic pleiotropy [1], and the disposable soma theory [2] propose
aging is an accidental response that results from limited selective pressure for extending lifespans
in the evolutionary environment. Programmed theories of aging on the other hand propose that
aging is adaptive and that there exist evolutionary pressures in favor of aging. There has been
considerable controversy regarding which of these two classes of theories are correct [3].

Programmed theories of aging hold that while aging and eventual mortality are obviously harmful to
the individual, some greater good comes from aging and mortality. As such they may at first appear
dangerously close to the widely dismissed concept of group selection [4]. Programmed theories of
aging include aging as a method to limit the spread of disease [5], clearing the population to make
space for new progeny that bear useful traits [6], providing some form of advantage to spatially close
kin [7], and enhancing the ability to adapt in a changing environment [8] or enhancing evolvability
[9]. Evolvability encompasses accelerating the rate of adaptation by increasing the number of
sexually produced organisms that can be tested by evolution.

This manuscript presents a programmed theory of aging taken from the vantage point of macroevo-
lution. Evolvability is a somewhat ill-defined theory of the capacity to evolve [10, 11]. The theory
presented here is related to evolvability, but whereas evolvability has been claimed not to involve
species-level selection [9], the present theory wholeheartedly makes this claim. Consistent with
the criticism of programmed aging theories [12], the theory to be developed does not support
the existence and maintenance of aging in a population when analyzed by itself. It is only when
analyzed through the lens of macroevolution with multiple branching populations that exist in
competition, and that are capable of becoming extinct, that aging is maintained. The theory also
does not support aging in asexual populations. This manuscript does not seek to simply present
a plausible programmed theory of aging, but also seeks to present a detailed description of the
approximate inner-workings of the program in vertebrates. This involves elucidating the role of
mitochondrial ROS production in causing telomeric DNA damage, which leads to cellular senes-
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cence, the senescence-associated secretory phenotype, epithelial-mesenchymal transition, thymic
involution, and age-related diseases.

The first part of this manuscript develops evolutionary conflict theory and its implications as an
abstract evolutionary theory. This is followed by an applied examination of the proposed mechanism
of aging in vertebrates. The two sections: why we age, and how we age, buttress each other. Finally,
the discussion section provides an exploration of the implications of the theory for addressing many
age-related diseases.

Evolutionary conflict theory

Mortality

Eukaryotic mortality refers to the existence of an apparent intrinsic limit to which a eukaryotic
organism can live, before death occurs. Death occurs even though resources are plentiful and
predation is minimal. The intrinsic limit may be measured in terms of time, aggregate metabolic
inputs, or some other organismal process. The intrinsic limit will be referred to as the maximum
lifespan of the organism, to distinguish it from the typically observed lifespan which might occur
when resources are limited or predation is frequent. Here an organism that only dies as a result
of extrinsic evolutionarily unavoidable misfortune is not considered to be mortal. Evolutionary
conflict theory seeks to explain why eukaryotes are mortal.

Frequent sex increases the ability to adapt to a changing environment

Contemplating asexual and sexual reproduction by species with large genomes, such as eukaryotes,
the advantage of sex to the species is two-fold. First, in a changing environment, sex allows the
combination of advantageous alleles that were originally created by spontaneous mutation. Second,
sex acts to reduce the mutational load; the build up of deleterious alleles created by spontaneous
mutation. The shorter the generation time, the greater should be the ability to adapt to a changing
environment. Competition between species means the environment is nearly always changing, even
when the overall outcome is a stable balance between species.

Generation time creates an upper bound on the pre-post-reproductive time

Generation time and life expectancy are linked. In particular, a specific finite time between sexual
generations implies an upper bound on life expectancy, excluding post-reproductive life expectancy.
This is derived mathematically in Appendix A. A requirement for a short generation time results
in a short lifespan, excluding any post-reproductive lifespan.
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Microevolution and macroevolution

Microevolution is the change in allele frequencies over time within a population by mutation,
selection, gene flow, and genetic drift. It typically occurs over time frames of, say, less than a million
years. Macroevolution is the change in species and higher order taxonomic groups. It typically
occurs over time frames of, say, millions of years. The creation of distinct species, speciation, is
a macroevolutionary process made up of multiple microevolutionary mutations whose cumulative
effect is to render different populations reproductively incompatible.

From a microevolutionary perspective, the longer the reproductive lifespan, the more offspring
are possible. Thus the nuclear and mitochondrial genomes can be expected to evolve to support
increasingly long reproductive lifespans, and hence longer and longer maximum lifespans.

From a macroevolutionary perspective, the longer the mean time between successive generations
of the species, the less adaptable the species will be to a changing environment. Conversely, the
shorter the generation time, the more frequently genetic recombination occurs, and the greater
the advantage to the species from sex. Other things being equal, this means species with short
generation times fitter than competing species with long generation times. Thus macroevolution
favors a shorter generation time.

A more complete analysis of the macroevolutionary situation would need to take into account
changing organism sizes, population sizes, and other factors associated with a change in generation
time. The net effect though is to reduce the odds of a species with a longer generation time
surviving.

There will be a macroevolutionary species specific optimal generation time. This length of time
relates to how quickly organisms can produce successful offspring, as well as the loss in adaptability
that comes with a longer generation time.

Macroevolution favors a specific finite generation time. The simplest way of achieving this is through
mortality once that time has been reached. Keeping organisms around for a while after the optimal
generation time is reached, but rendering them infertile, is only of interest to the extent it benefits
future generations. Consequently, not just the generation time, or even the pre-post-reproductive
time, but also the lifespan effectively favored by macroevolution, is finite.

In summary, microevolution strives for near immortality at a cost to the species, while macroevo-
lution favors a specific finite maximum lifespan.

The evolution of maximum lifespans

How do species and maximum lifespans evolve if macroevolution favors a shorter maximum lifespan,
but all it is being given to work with by microevolution is longer maximum lifespans?

The precise genetic basis of speciation appears to be somewhat of a mystery, but it is empirically
known to occur over relatively short time frames. For instance, the mean duration of speciation
for primates has been estimated to be 0.6 million years [13].
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Simple maximum lifespan extending mutations fix rapidly

The microevolutionary mutation and fixation of beneficial alleles that extend maximum lifespan
occurs rapidly. Consequently we can expect most species to be close to a microevolutionary local
maximum. There are almost no simple point mutations or allele frequency changes that will
significantly increase lifespan in the evolutionary environment. This is evaluated mathematically
in Appendix A.

More complex maximum lifespan extending mutations fix infrequently

Despite a paucity of genes for which simple mutations might extend maximum lifespan, there are
likely to be multiple genes for which more complex mutations might extend maximum lifespan.
Such mutations might require two or more point mutations occurring at different sites on the same
or different genes. This is evaluated mathematically in Appendix A.

Maximum lifespan extension is selected against by macroevolution

Speciation is fast, but the evolution of more complex maximum lifespan extending mutations ap-
pears to be relatively slow. Consequently, by the time a species lineage has evolved a new maximum
lifespan extending function, there will be multiple similar species that have radiated off from the
lineage that do not possess the same or any other maximum lifespan extending function. These
species will have a shorter generation time, and thus be better able to adapt to a changing envi-
ronment. Assuming that these similar species that do not possess the maximum lifespan extension
exist in competition with the species bearing the maximum lifespan extension, the non-maximum-
lifespan extension bearing species will usually be favored by macroevolution. The species bearing
the maximum lifespan extending function will be more likely to go extinct.

In the scenario just considered, macroevolutionary pressure limiting the extension of maximum
lifespan was brought about by closely related species that radiated from the original species. More
generally, such pressure might be brought about by more distantly related species occupying niches
that overlap with that of the species in question.

A recurring debate in evolutionary biology is whether macroevolution is simply repeated rounds of
microevolution [14]. Evolutionary conflict theory implies there is more to macroevolution than can
be explained by microevolution. Microevolution is unable to explain the persistence of organismal
mortality that results from the competition between species. Evolution can only be understood
by including species level macroevolution as part of the picture. On the other hand, evolutionary
conflict theory doesn’t provide support for evolution occurring at taxonomic levels above the species
level.

Successful species come from a long line of failures to live longer

The success of a species is tightly bound up with how rapidly it can engage in genetic recombination.
Species that fail to evolve to live longer have a shorter generation time and thus an evolutionary
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advantage over similar species that do evolve to live longer.

Microevolution is trying to extend species maximum lifespans, but macroevolution keeps pushing it
back to its least successful attempt. Successful organisms might come from a long line of successful
organisms, but successful species usually come from a long line of failures; failures to live longer
that is.

Species that have little need to evolve live longer

Species that have little need to evolve to maintain their position in the environment, might be
expected to evolve to live longer. This appears to agree with observation.

The Greenland shark has a lifespan of at least 272 years, the longest of any known vertebrate
[15]. The Greenland shark is an apex predator that feeds opportunistically at least in part by
scavenging [16, 17]. There may thus be little need for the Greenland shark to evolve. It has no
predators, and its prey are often dead or weak. It is also worth noting, the Greenland shark has a
very low metabolic rate per unit mass [18]. The significance of this will become apparent once the
mechanisms of aging are discussed.

One common reason species need to evolve is as a result of inter-species competition. If a species
faces little competition, microevolutionary mutations that increase maximum lifespan will accu-
mulate. On the other hand, the more intense the competition between species, the closer to the
species preferred length of time to live species should be found. Anecdotally, consider the long
lifespan of the Galdpagos tortoise, which probably faces little interspecies competition. Similarly,
the naked mole-rat occupies a relatively unique ecological niche, subterranean burrows in the Horn
of Africa that often have little oxygen, and it exhibits a very long lifespan for its size [19]. The
salamander Proteus anguinus is found exclusively underwater in European caves, has an average
weight of only 17g, and yet it can live for more than 100 years [20]. And finally, the bristlecone
pine, Pinus longaeva, generally grows in harsh environments where most other plants are unable
to grow, and it appears to have the longest lifespan of all known non-clonal organisms [21].

Similar arguments apply to clades of species. When many species occupy the same niche or over-
lapping niches, competition between them is likely to keep lifespans in check. Conversely, if the
species occupy a relatively unique niche, they are likely to be subject to less macroevolutionary
pressure on maximum lifespan. This might go some way towards explaining the relatively long
lifespans of bats [22], tortoises [23], turtles [24], and salamanders [20].

Species along a lineage will tend to exhibit increasing lifespans

It might at first appear as if species only ever evolve longer maximum lifespans as there isn’t any
microevolutionary pressure to evolve a shorter maximum lifespan. This isn’t fully true. If lifespan is
determined based on aggregate metabolic inputs, then it is possible for a shorter maximum lifespan
to evolve in terms of time, if it goes hand-in-hand with an increase in metabolism. For instance
there would likely be an increase in metabolism per unit mass if a species of dinosaur evolved into
shorter lived warm-blooded birds.
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Another example in which shorter maximum lifespans may evolve is if the species in question
experiences a temporary bout of heavy predation over an evolutionary time period. Predation
can prevent maximum lifespans from being obtained, permitting genes contributing to maximum
lifespan to be lost, and thus resulting in a smaller maximum lifespan once predation levels fall.

For the most part though, species appear likely to develop longer and longer maximum lifespans,
then to go extinct as a result of being outcompeted by other relatively unrelated and faster evolving
species with shorter maximum lifespans. This might even go some way towards explaining how
mammals could have ended up replacing large, and thus slowly evolving, dinosaurs.

The trend in maximum lifespans may help explain Cope’s rule. Cope’s rule is the claim that species
within a lineage tend to evolve larger body sizes over time [25]. If species tend to evolve longer
maximum lifespans, then all that is required is for there to be a link between maximum lifespan
and body size, for Cope’s rule to be valid. Such a link appears highly likely.

Aging

Aging is a process of declining ability to respond to stress over time, and an increase in the
probability of death.

Almost all eukaryotic organisms appear to age, while under suitable conditions symmetrically
dividing prokaryotic populations must be immortal [26, 27]. It seems reasonable to hypothesize
that the primary purpose of aging is to cause organism death as a means of increasing the ability
of the species to adapt.

Some support for the hypothesis that aging exists to increase the ability of the species to adapt
is given by age-related disease susceptibility getting reset concurrently with the process of genetic
recombination, which is the very process that increases adaptability, rather than in response to
some other biological event. Further evidence will be provided in the section dealing with aging in
vertebrates,

The duality hypothesis

If genes that caused aging only caused aging they would be selected against by microevolution, but
if such genes also played some separate and important life giving role, they need not be. We should
thus expect aging-related genes to be pleiotropic; also exhibiting some beneficial function from a
microevolutionary perspective.

Duality hypothesis: Aging-related genes will also exhibit some vital life-enhancing function.

The duality hypothesis applies to both nuclear and mitochondrial genes.

An overview of the operation of the duality hypothesis is given in Table 1. Genes for each aging-
related function also appear to play an important life-enhancing role.
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Table 1: Overview of the operation of the duality hypothesis. Aging-related genes also exhibit
life-enhancing functions.

Genes Aging-related function Life-enhancing function
electron transport produce ROS produce H™ gradient
chain ROS related

double-strand persistent telomeric DNA damage DSB repair

break response signaling in senescence
senescence related multicellular organismal development

organismal death and wound healing [28, 29]

thymus related thymic involution T cell maturation

apoptosis related unicellular organismal death many and various [30]
epithelial-mesenchymal promotes cancer, fibrosis, organismal development

transition related and thymic involution and wound healing

Aging-related genes:

e Have an aging-related function that is selected for by macroevolution over macroevolutionary
time frames.

e The aging-related function would be selected against by microevolution if microevolution was
able to operate over macroevolutionary time frames.

e Pleiotropically selected for by microevolution over microevolutionary time frames.

The difficulty of combating aging

Corollary to the duality hypothesis: Anti-aging interventions based on existing genes can
often be expected to exhibit reduced biological fitness in the evolutionary environment.

If the existing gene is aging-related the corollary follows from the duality hypothesis, as attempts
to down-modulate the gene will also down-modulate its life-enhancing function. If the existing
gene is not aging-related then it purely has a life-enhancing function, and the cumulative effects
of microevolution can commonly be expected to have already modulated its expression to a near
optimal level.
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The corollary to the duality hypothesis suggests that interventions intended to extend maximum
lifespan that are based on existing genes will have to tread carefully so as to not interfere with any
life-enhancing function.

An approach to aging that may be able to avoid these problems is gene therapy. The targeted
manipulation of anti-aging genes may be possible in a way that doesn’t affect their vital life-
enhancing function. Such successful manipulations are likely to require multiple mutations rather
than involving a single point mutation.

Understanding the complexity of the aging-related pathways

Microevolution can be expected to develop genes and proteins to oppose aging and death, while,
within limits, macroevolutionary species level selection will seek to promote it. What we may be
left with is a large number of only partially successful attempts to limit aging. This may explain the
seeming complexity of many of the aging-related pathways. For instance, the apoptotic pathway
probably involves the concerted effects of close to 100 proteins. The aging-related pathways are the
microevolutionarily hard to repair mechanisms of organismal death.

Further, the duality hypothesis suggests there will be some difficulty in properly determining the
aging-related pathways. Each gene can be expected to have both life-enhancing and maximum
lifespan reducing functions. Aging-related pathways will be hidden within normal life-enhancing
genes.

Finally, evolution dictates that other genes will evolve to oppose the functioning of the age-related
pathways, making them very difficult to discern.

The complexity of the aging-related pathways seems abundantly clear, yet it appears to be rarely
commented on.

Aging in vertebrates

In many respects, this subsection appears to apply more broadly, but will be focused on the mech-
anisms of aging in vertebrates. Aging in vertebrates is incompletely understood, and some of the
finer details of what follows may be incorrect.

The occurrence of aging, or senescence, in natural vertebrate populations is widespread [31].

The proposed mechanism of aging in vertebrates is shown in Figure 1. This figure will be examined
in detail later. At a high level, cellular demands for energy result in electron transport chain
activity. As a byproduct this results in the production of ROS. Cumulative cellular lifetime ROS
levels are converted into telomeric DNA damage. Once telomeric DNA damage exceeds a threshold,
cellular senescence ensues. If the senescent load exceeds the capacity of the immune system to clear,
death of the organismal will occur. And the capacity of the immune system to remove senescent
cells declines over time due to thymic involution.

The proposed mechanism of aging in vertebrates aligns with evolutionary conflict theory. The path-
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Electron transport chain activity

Proliferation
without

Mitochondrial ROS
telomerase

Telomeric DNA damage '

Cellular senescence

Immune
surveillance

Infectious Neuro-
Atherosclerosis Osteoarthritis disease degenerative Diabetes
susceptability

diseases

Figure 1: Proposed mechanism of aging in vertebrates. Cellular demands for energy from mito-
chondria result in the production of ROS. Lifetime ROS exposure causes telomeric DNA damage,
which leads to senescence, the senescence-associated secretory phenotype, epithelial-mesenchymal
transition, thymic involution, and age-related diseases. Dashed lines are largely hypothetical.
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way from electron transport chain activity to cellular senescence and organismal death represents
a mechanism whereby the organism’s maximum lifespan is finite when measured in terms of energy
consumption. This finiteness is in accordance with the needs of macroevolution.

It is challenging to imagine that eukaryotic mortality could have evolved from eukaryotic immor-
tality. This runs counter to microevolution. It seems much more likely that eukaryotic mortality
has always existed, and evolution has acted primarily to increase maximum lifespans.

Sex, mortality, and the presence of mitochondria, all seem to have emerged simultaneously as
fundamental aspects of the eukaryotic cell. It is reasonable to hypothesize that the mitochondria
were partially toxic to the cell, bringing about mortality, but that this mortality could be rescued
through sex. The toxicity of the mitochondria is a result of the ROS they produce, and this
mechanism of mortality seems to have been preserved across all mitochondria bearing eukaryotes.
This places mitochondrial ROS produced by the electron transport chain at the beginning of the
mechanisms of aging.

The channeling of ROS into telomeric damage and cellular senescence represents evolutionary re-
finements to the mechanisms of aging. Cellular senescence, or something like it, in which the aged
cell doesn’t die but nearby cells do, is necessary to bring about mortality in multicellular organisms.

Surveillance of senescent cells by the cellular branch of the adaptive immune system represents an
evolutionary addition present in vertebrates that extends maximum lifespan. Within limits this
maximum lifespan extension was probably not selected against by macroevolution because of the
concomitant increase in fitness resulting from the ability of the adaptive immune system to combat
infectious diseases. The extent to which macroevolution allows this maximum lifespan extension
to develop is determined by the occurrence of thymic involution.

To fully understand the proposed mechanism of aging in vertebrates, it is necessary to first briefly
review ROS, cellular senescence, immunosenescence, and EMT.

Reactive oxygen species

The mitochondrion is a major source of reactive oxygen species (ROS). Complexes I and IIT of the
electron transport chain both leak superoxide (O2°*™), with roughly 0.2-2.0% of all oxygen consumed
by the mitochondria ending up as O2*~ [32]. Complex I leaks towards the mitochondrial matrix,
while complex III leaks towards both the matrix and the intermembrane space [32]. O2*~ gets
converted into the more stable ROS hydrogen peroxide (H2O2) by superoxide dismutase (SOD).
Hy04 is stable by itself, but in the presence of ferrous iron ions (Fe?t) it undergoes the Fenton
reaction, producing an extremely reactive hydroxyl radical (HO®), a hydroxide ion (OH™), and
ferric iron ions (Fe3t) [33]. As the name suggests, ROS are highly reactive, and unless neutralized
by antioxidants, can cause damage to the nucleic acids, proteins, and lipids that make up the cell
[34]. Cellular membranes are largely permeable to HoOq [35, 36, 37] with a permeability coefficient
of 2x107% m s=! at 37°C [38], and weakly permeable to O2°*~ [37] with a permeability coefficient
2x107? m s~! at 37°C [39].

In mammals mitochondrial ROS production is known to increase with age [40].

Despite billions of years of evolution, harmful ROS production by the mitochondria has never been
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eliminated. This is consistent with the possibility that ROS production is a macroevolutionarily
intentional mechanism of bringing about mortality.

SOD converts O2°~ into Oy and HoO4. Eukaryotes contain several forms of SOD.

Peroxidases break down HoOs9 to water and oxygen. Three common peroxidases are peroxiredoxins
(Prxs), glutathione peroxidase (GPx), and catalase. Catalase has an extremely high turnover rate.
In most eukaryotes catalase is only found in peroxisomes, and not in the cytosol. The Ctt-1 gene
of Saccharomyces cerevisiae and the ctl-1 gene of Caenorhabditis elegans are two exceptions. The
frequent lack of a cytosolic catalase may be the result of HyO9 being used to signal the passage of
time against the species maximum lifespan.

Consistent with ROS being the evolutionary mechanism through which lifespan is controlled, com-
parisons between different species have generally shown a negative correlation between ROS levels
and lifespan [41, 42].

Within individual species the overexpression of antioxidant enzymes is generally associated with an
increase in lifespan [43] [41][Table 4]. Similarly the deletion of genes coding for antioxidant enzymes
generally results in a decrease in lifespan [41][Table 5]. Exposure to antioxidants compounds also
often increases lifespan [41][Table 6]. These effects are however by no means universal. Contradict-
ing the theory being developed, mild exposure to ROS generating compounds can increase lifespan
[41][Table 7]. Similarly mutations that increase ROS production can sometimes increase lifespan
[41][Table 8]. This is known as hormesis. The reason for this lack of universality regarding the
effects of antioxidants and ROS may be because the details of what is happening matter. The be-
havior of HoO is different from that of free radicals, and ROS are also used by the cell as signaling
molecules and for the killing of bacteria [44, 45]. The discrepancy in the behavior of antioxidants
is explored further and resolved in the section on antioxidants in Appendix E.

In humans, various mitochondrial haplogroups have been correlated with longevity [46, 47]. It might
be argued that this association could simply be the result of correlations between the mitochondrial
and nuclear genomes [46]. However, by transplanting different mitochondrial genomes into the same
cell line, some of these longevity associated haplogroups have been found to produce less ROS [47].
This suggests that reduced mitochondrial ROS could be the cause of the mitochondrial haplogroup
associated longevity.

Cellular senescence

Senescent cells fail to divide, resist apoptosis, and usually exhibit the senescence-associated secre-
tory phenotype (SASP) [48]. The SASP is frequently pro-inflammatory, proapoptotic, and is possi-
bly even capable of inducing senescence in both nearby and distant non-senescent cells [48, 49, 50].
Natural killer cells are often capable of clearing senescent cells [51], as are macrophages [52]. How-
ever, with age, the number of senescent cells is found to accumulate, and this is implicated in
various age-related diseases [53]. Since the SASP is implicated in various age-related diseases, and
senescent cells can induce senescence in other cells while themselves being resistant to apoptosis,
the SASP represents an ideal mechanism to ultimately cause organismal death. The precise chem-
icals that uniquely define the SASP have been difficult to pin down. This is understandable. If the
SASP was well defined, organisms might evolve to resist its effects.
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Cellular senescence has been partitioned into different types [54]. Replicative senescence limits the
number of divisions a cell can make and is linked to mitotic telomere shortening. Oncogene-induced
senescence is in response to non-telomeric DNA damage. Stress-induced senescence is the induction
of senescence in response to chemicals such as HyOs. All three result in growth arrest, the SASP,
and morphological changes. Studies of stress-induced senescence are probably the most relevant
here, as this closely reflects the action of mitochondrial ROS.

Cellular senescence plays a vital role during development where the clearance of the senescent
cells promotes tissue remodeling [28]. Cellular senescence also plays a vital role during tissue
repair following injury [29, 52]. Consistent with the duality hypothesis, this makes it difficult to
evolutionarily disable the harmful effects of senescence.

Immunosenescence

Immunosenescence is the gradual decline in the efficacy of the immune system with age [55]. Mul-
tiple factors contribute to immunosenescence [56]. A major factor is thymic involution [55]. The
thymus is the site of T cell maturation. Thymic involution is the gradual atrophy or shrinking
of the thymus with age. Thymic involution appears to include an increased thymocyte apoptosis
and reduced thymocyte proliferation in the aged thymus [57]. This leads to a reduction in naive
T cell output that likely contributes to immunosenescence [58]. Thymic involution is common to
nearly all organisms possessing a thymus [59], although the selective pressures for thymic involution
appear not well understood. The possibility that thymic involution is intended to cause organism
death and therefore promote frequent genetic recombination doesn’t appear to have been previously
considered.

Another aspect of immunosenescence that may contribute to a reduction in T cell levels is atrophy
and fibrosis of the lymph nodes [60]. This atrophy has been shown to be a barrier to the effectiveness
of thymic rejuvenation [61]. It has been speculated that cellular senescence is involved in this age-
related deterioration of the lymph nodes [62].

Epithelial-mesenchymal transition

The epithelial-mesenchymal transition (EMT) is a process whereby epithelial cells appear to turn
into mesenchymal cells [63]. In doing so they acquire a fibroblast-like morphology, become more
migratory, and exhibit an extra-cellular matrix producing phenotype [64, 63]. EMT occurs during
development, wound healing, and cancer metastasis [63]. EMT plays a key role in fibrotic diseases
[65, 66].

The EMT by thymic epithelial cells produces cells that are described as EMT-derived fibroblasts
[67]. This process appears to be responsible for thymic involution [67].

EMT can be caused by the effects of the SASP on epithelial cells [68, 69].

Interestingly, the pathways of cellular senescence and EMT share some of the same molecular actors
[70].
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Likely decline in clearance of senescent cells by the immune system with age

Natural killer (NK) cells are able to kill other cells and have activating NKG2D receptors, inhibitory
NKG2A receptors, and inhibitory and activating killer-cell immunoglobulin-like receptors (KIRs).
Senescent cells express elevated levels of NKG2D ligands: MHC class I chain-related protein A
(MICA), UL16 binding protein 1 (ULPB1), and UL16 binding protein 2 (ULPB2) [71]. Conse-
quently, many senescent cells are probably capable of being cleared by NK cells. Those that aren’t
cleared display increased levels of the non-classical major histocompatibility complex (MHC) in-
hibitory ligand human leukocyte antigen (HLA) E of NKG2A [72], and/or MHC I inhibitory ligands
HLA-A, HLA-B, and HLA-C for the KIRs [73]. Many of these remaining cells can probably be
cleared by T cells:

e CD8+ cytotoxic T (T¢) cells are suspected of being capable of directly clearing senescent cells
[74]. This requires the presentation of an appropriate peptide by MHC I, which senescent
cells possess [73], a low level of the inhibitory NKG2A receptor on the T¢ cell, which is
the case [72, 75|, and a costimulatory signal, which NKG2D can provide [76]. As for the
appropriateness of the peptides in identifying senescent cells, senescent cells appear to express
some peptides that are not expressed by non-senescent cells [73].

e CD4+ T helper (Ty) cells are known to be capable of responding to oncogene-induced senes-
cence and clearing senescent cells with the assistance of monocytes/macrophages [77].

e Natural killer T (NKT) cells are a specialized type of T cell that have limited T cell diversity
along with features reminiscent of the NK cells of the innate immune system [78]. NKT cells
are capable of, at a minimum, coordinating the removal of senescent cells [79]. NKT cells
mature in the thymus, and lymphotoxin 3 receptor (LTSR) knockout in medullary thymic
epithelial cells (mTECs) reduces both the number of mTECs in the thymus, and the thymus’
production of NKT cells [80, 81]. NKT levels in peripheral blood decline significantly with
age [82].

The ability of T cells to clear senescent cells is consistent with the observed shorter mean lifespan
for athymic mice raised in a germ-free environment [83].

The ability of the immune system to clear senescent cells likely declines with age. One reason for
this is the effect of thymic involution on T cell production by the thymus.

The ability of T cells to clear senescent cells at young ages is likely relative rather than absolute.
This is illustrated by periodontitis. Periodontitis is associated with senescent cells in periodontal
tissue [84]. Signs of periodontal disease exist in 7 year old children, but the incidence of significant
periodontal disease increases greatly around the age of 30-40 [85, 86].

Macrophages in the salamander Notophthalmus viridescens appear able to effectively clear senescent
cells [87]. This is interesting because salamanders also possess extremely long lifespans for their
size [20]. In addition salamanders lack any obvious signs of aging [88].
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Mechanism of aging in vertebrates

The proposed mechanism of aging in vertebrates was shown in Figure 1. The cell’s demand for
energy results in the mitochondrial electron transport chain also producing ROS. The ROS goes on
to cause irreparable telomeric DNA damage. Persistent DNA damage response (DDR) signaling
results in cellular senescence. Mitochondria of senescent cells exhibit a decrease in mitochondrial
membrane potential, and an increase in the production of ROS [89]. This creates a feedback
mechanism strengthening the commitment to senescence.

Cellular senescence involves the production of the SASP. The SASP is implicated in a wide variety of
age-related diseases including atherosclerosis [90], osteoarthritis [91], tumorigenesis [92], Alzheimer’s
disease [93], and possibly diabetes [94, 95]. The SASP builds up over time.

The SASP may be responsible for EMT, which plays a key role in tumorigenesis and fibrotic diseases.
Alternatively, since senescence and EMT share some of the same molecular actors, senescence may
promote EMT in a more tightly linked manner.

In addition to directly causing diseases, EMT appears to cause thymic involution and speculatively,
lymph node atrophy. Both of which lead to a reduction in T cell surveillance by the adaptive immune
system. Thymic involution also results in the production of inflammation causing self-reactive T
cells. The loss of immune surveillance both leads to the failure to clear senescent cells, and is
implicated in many age-related diseases including atherosclerosis [96], susceptibility to infectious
diseases, tumorigenesis [97, 98], and possibly fibrotic diseases [99].

EMT causes the thymus to involute, which impairs the ability of the immune system to clear
senescent cells, causing the senescent load to increase, and further promoting EMT. It is a vicious
cycle, which will eventually result in organismal death.

The role of senescence, immunosenescence, and EMT, in age-related diseases is examined in more
detail in Appendix B.

Moderate doses of certain antioxidants are known to inhibit cellular senescence [100]. Perturbations
of the electron transport chain are known to promote senescence [101]. This is consistent with
mitochondrial ROS leading to senescence.

Detailed, but still simplified, tentative molecular pathways of aging in vertebrates are described in
Appendix C.

The aging brain

Many cells in the body are short lived, and derived from telomerase expressing stem cells [102].
These cells are less likely to undergo cellular senescence. On the other hand neurons and astrocytes
in the brain are very long lived. It is therefore important to understand whether these cells undergo
senescence, and the effects of the SASP on these cells.

Neurons naturally exhibit cell cycle arrest and are capable of exhibiting many other features of
senescence, including production of the SASP [103]. However, because of the blood-brain barrier,
senescent neurons may fortunately not usually be surveilled by T cells [104]. The full effects of
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the SASP on neurons appear unclear. However, the SASP component 1L-6, which is usually pro-
inflammatory [105], has multiple effects on neurons in the brain including promoting neuronal
survival [106].

In vitro, astrocytes have been shown to undergo replicative senescence as well as HyOs induced
senescence. So astrocytes are clearly capable of undergoing senescence. However, astrocytes may
have a trick up their sleeve to reduce the likelihood of becoming senescent. Astrocytes produce
ATP by breaking glucose down to pyruvate by glycolysis as usual. This produces some ATP and
NADH. However, not all of this pyruvate enters the citric acid cycle and oxidative phosphorylation.
Astrocytes ferment some of the pyruvate to lactic acid and consume the NADH [107]. The lactate is
then exported from the astrocyte by monocarboxaylate transporters [108]. These mechanics are well
known, but the fact that this reduces the dependence of astrocytes on ROS producing oxidative
phosphorylation appears to have been overlooked. Consistent with this, proliferating astrocytes
have been shown to barely be affected by the inhibition of electron transport chain complex I or
ATP synthase [109]. Senescent astrocytes have been hypothesized to play a role in Alzheimer’s
and Parkinson’s disease [110]. Thus any reduction in astrocyte oxidative phosphorylation is likely
to be partial, rather than complete. As to the SASP, IL-6 appears to have no effect on astrocyte
morphology [111].

In summary, neurons and astrocytes seem to have found mechanisms to either avoid being cleared
when they become senescent, or delay becoming senescent, as well as avoid some of the ill-effects
of the SASP.

Discussion

As with any scientific theory, the evolutionary conflict theory of aging must be subjected to scrutiny,
and if need be refined, modified, or rejected. Findings that challenge the theory are explored in
Appendix E. So far, plausible alternative explanations exist to these challenges that don’t require
changes to the theory.

Addressing age-related diseases

Today there exist many one-disease-at-a-time approaches for addressing age-related diseases. These
approaches are likely to only be weakly effective. The elimination of all forms of cancer for instance
is only expected to extend lifespan in the U.S. by 3 years [112]. If one age-related disease doesn’t
kill you, another one will.

Proposed multi-disease approaches for addressing age-related diseases are split across the nine
different hallmarks of aging: genomic instability, telomere attrition, epigenetic alterations, loss of
proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication [113]. There isn’t a clear consensus on the
relationship between the different hallmarks of aging, and what causes what.

Age-related diseases and their mechanisms may be divided into three classes. Those that ex-
ist downstream of mitochondrial ROS production; these may be considered fundamental and of
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macroevolutionary origin. Those that exist due to an evolutionary trade-off between the nuclear
genome’s desires for immortality and reproduction; these are probably rare, and may also be con-
sidered fundamental, but of nuclear origin. And those that exist merely because they occurred
infrequently enough in the evolutionary environment to be selected against; these may be consid-
ered as residual. These residual diseases may exert a significant toll if the maximum lifespan for
the species is increasing, or if most of the fundamental diseases have been cured.

If the fundamental macroevolutionary origin age-related diseases were eliminated, and mortality
rates dropped to match those of a U.S. 20 year old in 2019, based on the Social Security Adminis-
tration life tables, the lifespan of men would increase to 927 years, and for women it would increase
to 2,469 years. These lifespans are probably unobtainable due to residual age-related diseases, but
they provide an upper bound on what might be possible. In the short run, extensions to lifespan
are likely to be far more modest. Even a 10 year increase in lifespan might be an ambitious goal.
This is because it isn’t until the final major cause of mortality is eliminated, that lifespans will
really take off.

It must be remembered that humans live much longer than mice. Many of the pathways for
promoting age extension in mice have probably already been found by evolution in humans. This
means many promising interventions in mice will fail when translated into humans.

Other approaches to aging that may initially appear unrelated to the mechanisms proposed here
are worth considering. If the pathway proposed here is correct it should largely be possible to align
the other approaches with this pathway. This is done to good effect in Appendix D.

Feasible current interventions

The evolutionary conflict theory of aging suggests several possible simple interventions that might
be able to extend lifespan:

e Try to avoid hydrogen peroxide. H2O3 is sometimes used as an antiseptic to treat wounds,
as a mouthwash, or as a tooth whitening agent in toothpaste. The safety of HyOo has been
assessed in long term animal trials, but these appear to have focused on the question of
whether HyO2 is a carcinogen [114], and not whether it plays a broader role of promoting
senescence and reducing lifespan. The role of HoO5 in telomere shortening suggests it is best
avoided where possible.

e Possibly consider a relatively low iron diet. Iron is key to the Fenton reaction that produces the
extremely reactive radical HO® which can cause telomeric damage. To reduce the prevalence
of iron deficiency anemia, many foods are iron fortified. Lower iron intake might help explain
the healthspan and lifespan advantages of a vegetarian diet [115]. Iron is an essential nutrient,
and so consuming a low iron diet shouldn’t be taken to extremes.

e Consider experiencing intermittent hypoxia. As discussed in Appendix D, a lack of oxygen
increases mitochondrial biogenesis which reduces ROS production. One way to achieve in-
termittent hypoxia might be through aerobic exercise. Permanent hypoxia might also be
beneficial for lifespan, such as through living at a higher altitude. This may explain why
amphibians live longer at higher altitudes but not at higher latitudes [116], and why humans
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may exhibit greater longevity at higher altitudes [117]. Unfortunately, permanent hypoxia
appears to be associated with slower cognitive functioning [118], suggesting more research in
this area is first warranted.

e Reduce caloric consumption. As discussed in Appendix D, fewer calories mean less ROS
production. Caloric restriction, or GLP-1 receptor agonists, are likely to increase lifespan.

e Maintain good oral hygiene. Oral bacteria lead to the generation of HoO2 by cells of the
innate immune system [119]. This is harmful to the bacteria, but it is also harmful to the
periodontal tissue where it is hypothesized to cause telomeric DNA damage that leads to
cellular senescence [84]. This may explain why periodontitis appears to be an independent
risk factor for cardiovascular disease, cerebrovascular diseases, certain cancers, diabetes, and
rheumatoid arthritis [120]. In one study the relative risk of all cause mortality for individuals
with periodontitis compared to no periodontal disease was 1.46 [121]. This was after adjusting
for many other demographic, social, and health factors that may have influenced the outcome.

e Breathe clean air. Both air pollution and smoking are associated with an increased prevalence
of age-related diseases [122, 123]. Particulate matter is associated with increased secretion
of HoO9 by mucosa [124]. H2O4 secretion is one of the innate cellular defense mechanisms
of the mucosa [124]. ROS produced by particulate matter has also been identified as a
crucial mediator of particle toxicity [125]. Consistent with the mechanisms of aging elucidated
here, air pollution and smoking are associated with both telomeric shortening [126, 127], and
accelerated thymic involution [128, 129]. Smoking is associated with an increased risk of not
just cancer in general, but lung cancer in particular. Presumably, in addition to their role in
causing telomeric shortening, ROS in the lung microenvironment also causes non-telomeric
DNA damage to proto-oncogenes.

Future interventions

The proposed molecular pathways lead to several predictions. Certain ROS inhibitors, telomere
repair, senolytics, senomorphics, EMT inhibitors, and thymic regeneration may be able to prevent
or delay certain age-related diseases. Hypothesized effects are shown in Table 2. Many anti-aging
interventions appear likely to be most effective when started at an early age. This is because they
only decelerate the rate of incidence of various age-related diseases, rather than reduce their rates. It
may be necessary to combine multiple interventions, such as senolytics and thymic regeneration, for
maximum effect. By the duality hypothesis, all such interventions that are based on existing genes
must be careful not to interfere with any vital life-enhancing role. In addition, the neurodegenerative
diseases and apoptosis of pancreatic 5-cells may be delayed or prevented by anti-apoptotic factors.
Whether these anti-apoptotic factors should be classified as senomorphics isn’t clear.

New molecular entities that don’t bear any resemblance to existing proteins, but appear to have a
beneficial effect on lifespan are highly promising.
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Table 2: Hypothesized effects of different interventions on the rates of incidence of different diseases
with age. Decelerating effects are those for which the rates of increase in disease incidence with age
are reduced. Reducing effects are those for which there is an absolute reduction in the rate of disease
incidence following the intervention. Interventions are assumed not to be capable of reversing
thymic involution. Thymic regeneration is assumed not to have an effect on the functioning of the
immune system due to lymph node atrophy.

Inflammatory Cancer Fibrotic =~ Infectious disease = Neurodegenerative
diseases diseases susceptibility diseases
ROS inhibitors decelerate decelerate  decelerate decelerate decelerate
Telomere repair reduce reduce reduce decelerate reduce
Senolytics reduce reduce reduce decelerate unknown
Senomorphics reduce reduce reduce decelerate no effect
EMT inhibitors decelerate reduce reduce decelerate unknown
Thymic regeneration reduce reduce no effect no effect unknown

Conclusion

For a long time microevolutionary selection has prevented scientists from reaching the conclusion
that age-related diseases are intentional, but if the process is being driven by macroevolution, in-
tentionality suddenly becomes plausible. Scientists might have overlooked the fact that a maximum
lifespan extending gene might benefit the organism, but be harmful to the organism’s descendants
as it implies less genetic recombination is occurring over time. And genetic recombination is key
to maximizing fitness in a changing environment.

Mortality is opposed by microevolution, but favored by macroevolution. This is a highly unusual
situation. It leads to the following predictions: aging-related genes are pleiotropic, simultaneously
exhibiting both aging-related and life-enhancing functions, successful species commonly come from
a long line of failures to live longer; species that have little need to evolve will evolve long lifespans;
and, species along a lineage will tend to exhibit increasing lifespans. These predictions appear to
agree with the available evidence.

Long term, if it was possible to increase human lifespan to say, 150 years, this would, assuming
no change in female reproductive time span, result in a doubling of the planet’s population. This
would have many serious social and environmental implications. Despite this it appears desirable.
Otherwise why else would we today be investing heavily in finding cures to many age-related diseases
through one-disease-at-a-time approaches. It is just that the one-disease-at-a-time approaches are
only likely to be weakly effective, while targeting the core mechanism of aging has the long term
potential to make major gains in healthspan and lifespan.

The evolutionary conflict theory of aging makes an important clinical prediction: certain ROS
inhibitors, telomeric interventions, senescence interventions, EMT inhibitors, and thymic regen-
eration may be capable of preventing, treating, or curing many age-related diseases. The heavy
burden of age-related diseases argues for a Manhattan project-like effort to better understand the
fundamental biology of aging and to invest in the development and clinical trial of drugs and other
interventions so as to delay, prevent, treat, and cure these age-related diseases.

19

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604



Appendices

A: Mathematical support

Generation time creates an upper bound on the pre-post-reproductive time

Consider those organisms of some species that survive to effective sexual maturity. Let T3 be
the mean time from fertilization until birth, 7}, be the mean time from birth to effective sexual
maturity, 7;- be the mean effective reproductive time span, and Ts be the mean time from the end
of the effective reproductive time span until death occurs.

The total life expectancy of organisms that reach effective sexual maturity, T, is given by,

T=T,+T +T,

with the first two terms representing the pre-post reproductive time.

Successful offspring can be expected to be distributed more or less at random over the reproductive
lifetime of an organism. Mathematically then, the mean generation time, g, is given by,

T,
g:Tb—i-Tm—i-?T

If g is finite, the above equation means that Ty, T},, and T, are all bounded from above. Since T,
and T, form the pre-post-reproductive time, this means the pre-post-reproductive time is bounded
from above.

Simple maximum lifespan extending mutations fix rapidly

Imagine the existence of a site that if mutated and fixed would extend the maximum lifespan.
Suppose the heterozygous selection coefficient per generation, s, is 1072. The spontaneous mutation
rate in higher eukaryotes, js, is around 10~8 per base per sexual generation [130]. Let the population
size, N, be 10%. Mutations of a particular genomic base pair in diploids are created at the rate
2N ps. And the probability that the mutation fixes is 2s [131]. So the mean time for a mutation
that is destined to fix to occur, that is the establishment time in generation, 7, is,

1
Te = 48N g

Plugging in the above numbers, results in 2.5x 103 generations for 7e.

Adapting the analysis of an asexual population [132], to a diploid sexual population, the mean time
for a mutation that is destined to fix, to actually fix, 7¢, is roughly,
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2log2Ns
e

Resulting in 2.0x10? generations for Tf.

Both the mutation establishment and fixation times are small. Since the occurrence of new maxi-
mum lifespan extending mutational prospects is likely to be a rare event, this means, there will be
few simple maximum lifespan extending mutational prospects that have not already been found.
Those that do exist will have come into existence recently.

More complex maximum lifespan extending mutations fix infrequently

For the sake of argument, consider a gene for which the combined effect of two particular mutations
would extend maximum lifespan, but either mutation alone is harmful. Quantifying this, suppose
the heterozygous selection coefficients per generation for the single and double mutations, s; and
s9, are —1072 and 10~2, respectively.

Assume the two mutations that need to occur to extend lifespan are nearby, so that the effects
of recombination are negligible. Single mutations of a particular genomic base pair are created at
the rate 2N 5. The mean number of generations that a single mutation will exist is —1/s1. The
chance of the second mutation occurring per generation is us. And the probability that the double
mutation fixes is 2ss.

Then, since we don’t care which order the two mutations occur, there is an additional factor of 2
in the rate, and mean time for a double mutation to occur that will fix, 7o, is given by,

—587

2= 8so N 112

Plugging in the above numbers, results in 1.3x10° generations for 7.

Even if there were 1,000 complex mutational opportunities like this, it seems likely speciation would
occur before any of the more complex mutations had been found.

B: Cellular senescence, immunosenescence, EMT, and age-related
diseases

Many age-related diseases involve senescence, immunosenescence, EMT, or the SASP:

e Cardiovascular disease. Myocardial infarction (heart attack) and stroke are both the result
of atherosclerosis. Age is an independent risk factor for the development of atherosclerosis
and premature biological aging such as in patients with Werner syndrome or Hutchinson
Gilford progeria syndrome accelerates the development of atherosclerosis [133]. The SASP
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is implicated in atherosclerosis [90]. The thymus is also suspected of playing a key role in
atherosclerosis [134].

e Cancer. EMT is key to cancer’s ability to metastasize [135]. Age is a primary risk factor
for most cancers. One model of tumorigenesis holds that the immune system is capable of
resolving many cancers in the young, but that immunosenescence leads to reduced ability
to do so in the elderly [97, 98]. Oncogene-induced senescence is widely considered a tumor
suppressor. However, the SASP can both promote and inhibit tumorigenesis [136, 92]. In
addition senescent cells may be able to escape oncogene-induced senescence leading to tumor
progression [137]. Perhaps senescence in the context of a premalignant lesion should be viewed
as a decision to leave it up to the immune system to decide upon the organism’s fate.

e Alzheimer’s disease. Alzheimer’s disease is a disease of the elderly that results in neuronal
apoptosis. SASP astrocytes may play a role in Alzheimer’s disease [93].

e Diabetes. Insulin promotes the cellular absorption of glucose. Type 2 diabetes involves a
combination of inadequate insulin production by [-cells in the pancreas and cellular insulin
resistance. The production of insulin by S-cells appears to be limited in type 2 diabetes,
at least partially because some [-cells have committed apoptosis [94]. Insulin resistance is
a reduced ability to absorb insulin and use it to take up glucose. Thymic dysfunction due
to aging is hypothesized as a cause of insulin resistance [138]. Senolytics are drugs that
kill senescent cells. Senolytic drugs are known to be able to prevent and alleviate insulin
resistance in mice [95].

e EMT and its endothelial cousin, endothelial-mesenchymal transition, likely play a vital role in
fibrotic diseases including cirrhosis of the liver [139], kidney fibrosis in chronic kidney disease
[140], and cardiac fibrosis in heart failure and other heart diseases [141].

e Infectious diseases. Increased susceptibility and death due to infectious diseases with age
seems likely to be the result of immunosenescence including thymic involution.

The picture that emerges is of many age-related diseases having cellular senescence, immunosenes-
cence, and EMT as common mechanisms, and different age-related diseases merely being different
tissue or organ specific expressions of cellular senescence, immunosenescence, and EMT.

C: Simplified tentative molecular pathways of aging in vertebrates

Evolutionarily, it is unclear whether it makes little sense to speak of pathways of aging. The default
outcome for eukaryotes was presumably to die as a result of the toxic effects of ROS. Over time
pathways evolved to extend lifespan. Those that proved too successful resulted in species going
extinct. This left behind residual mechanisms that caused aging and death. It is probably an issue
of semantics whether these should be described as pathways.

Pathways of cell fate in vertebrates

ROS are toxic. However, the mechanism by which ROS prove toxic to the cell has become highly
stylized by evolution. Whether HyOs proves toxic to a particular cell will be highly context depen-
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Figure 2: Pathways of cell fate. Proposed pathways leading from intracellular hydrogen peroxide
and the SASP to cellular EMT, apoptosis, or senescence in vertebrates and possibly other species.

dent, depending upon factors such as the external environment, the internal physiological state of 603
the cell, and the cell type. A proposed molecular pathway leading from intracellular HoOs to cell 604
fate is shown in Figure 2. 695

The two cell fates we are most concerned with are cellular senescence and EMT. As discussed earlier, 696
aging-related diseases largely seem to be a consequence of these two cellular modalities. The role 607
of apoptosis in aging-related diseases is less clear, although arguably apoptosis plays an important s
role in neurodegenerative diseases, the loss of pancreatic S-cells in diabetes, and in sarcopenia. 699

Figure 2 will be explored briefly below, with EMT and cellular senescence, explored in more detail 700
later. 701

EMT related pathways 702

It is hypothesized that HoO2 plays a role in the cytosolic determination of cell fate through the 703
promotion of EMT. This is consistent with the observation that HoOgy can induce EMT [142, 143, 704
144]. 705

The SASP plays a key role in EMT. SASP components such as IL-6 inhibit apoptosis and promote 706
EMT. If IL-6 is part of the macroevolutionary mechanism of EMT induced aging, then perhaps 7oz
transforming growth factor-g (TGF-3) as an early stage SASP component [145], represents a mi- 708
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croevolutionary response to IL-6 induced EMT, attempting to prevent it by instead steering the
cell towards apoptosis.

TGF-8 is known to play a dual role in cancer, preventing uncontrolled cellular proliferation, but at
the same time promoting metastasis. This is known as the TGF-8 paradox. This may be a result
of the EMT requiring both signal transducer and activator of transcription (STAT3) and Smad3/4
signaling. In the absence of IL-6, TGF-8 promotes apoptosis, but in its presence it promotes EMT.

Apoptosis related pathways

H203 is well known as an inducer of apoptosis [146]. During apoptosis HoO9 oxidizes cardiolipin
found in the inner membrane resulting in it releasing bound cytochrome c [147]. Oxidized cardiolipin
also helps open the mitochondrial permeability transition pore in the outer membrane [148, 149,
150]. Opening of the pore leads to a swelling of the mitochondrial matrix, rupturing the outer
mitochondrial membrane, and the release of apoptotic intermembrane proteins into the cytosol,
including cytochrome c [151]. Apoptosis may also be initiated from outside the mitochondria.

Senescence related pathways

As will be explored later, either chronic nuclear HyO4 or proliferation in the absence of telomerase
leads to telomeric damage and a persistent DNA damage response (DDR). The DDR induces
cellular senescence.

The mitochondria of senescent cells display increased HoOg9 production [89], further committing
the cell to senescence.

HIF-1 alpha, NOX4, and the Warburg effect

STAT3 upregulates the transcription factor hypoxia-inducible factor 1-ac (HIF-1a) both transcrip-
tionally and by stabilizing the protein against ubiquitin mediated degradation [152].

HIF-1« functions as a hypoxia sensor, and is responsible for the upregulation of vascular endothelial
growth factor (VEGF) and genes promoting glycolysis when intracellular oxygen is low [153, 154,
155].

HIF-1a upregulates NADPH oxidase 4 (NOX4) [156]. NOX4 converts Og into HoO3 [157]. Thus the
HIF-1a/NOX4/H202/STATS3 circuit appears to provide a positive feedback mechanism for intra-
cellular HoO5 that is governed by the effect of the O concentration on HIF-1a. Speculatively, the
production of HyO4 concurrent with the promotion of glycolysis may be a macroevolutionary mech-
anism to ensure vertebrates can’t avoid the aging effects associated with oxidative phosphorylation
by instead using glycolysis.

Cancer cells frequently rely on glycolysis, even in the presence of oxygen [158]. This is known as
the Warburg effect [158]. Cancer cells frequently display high levels of HIF-1a activation, in part
due to the hypoxia of the tumor microenvironment [159]. NOX4 expression levels are upregulated
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in a wide variety of cancers [160]. In addition cancer cells frequently display high levels of HoO9
[161]. Very speculatively, the occurrence of the Warburg effect, and the activation of the HIF-
1a/NOX4/Ho09/STAT3 circuit in cancer cells could help prevent their apoptosis. Cancer cells
that lack the Warburg effect may be more likely to undergo apoptosis as a result of a relative lack
of STAT3 activation.

Molecular pathways of cellular senescence in vertebrates

A proposed molecular pathway leading from mitochondrial O2*~ production to senescence is shown
in Figure 3 and expanded upon below. The molecular biology of senescence is still being elucidated,
and other plausible pathways exist. This is especially true of the lower portion of the figure which
shows the activation of the senescent phenotype. The complexity of aging-related pathways creates
some difficulty in determining the relevant pathways with certainty.

ROS

As shown at the top of Figure 3, it is proposed that mitochondrially produced O5°*~ gets converted
into the stable ROS HyO9 by SOD. For O2*~ occurring in the intermembrane space, it might first
need to pass through the outer mitochondrial membrane. This would probably be possible because
the outer membrane contains pores with a diameter of 1.2nm [162]. O2*~ could then be converted
to HaOg by the cytosolic SOD, SOD1. For O2*~ directed to the matrix, O2*~ will be converted
to HoO2 by the matrix resident SOD, SOD2. In the matrix, peroxidases may reduce some of the
Hs02 to HoO. HsOs is largely membrane permeable and should over the course of perhaps a few
seconds be capable of migrating to the nucleus [35, 36]. The Fenton reaction then produces the
highly reactive HO® from HyOs.

The Fenton reaction involves the oxidation of Fe?*. In humans, genome wide association studies
have found the heme metabolism pathway is related to lifespan, and that serum iron has been
found to correlate negatively with lifespan [163]. Generally speaking, mild iron deficiency and iron
chelators have been found to increase lifespan in various species, while excess iron has been found

to promote aging [164]. This is understandable if increased iron leads to increases in the production
of HO®.

Interestingly, the Fenton reaction is known to be greatly enhanced in the presence of the DNA se-
quences AGGG and GGGG [165]. AGGG forms part of the telomeric repeat for many multicellular
organisms, with TTAGGG being the sequence for vertebrates [166].

Telomeric damage

As further shown in Figure 3, HO® is capable of producing a range of DNA damage, including
frequently converting guanine, G, into 8-oxoguanine (8-oxo-G) [167]. 8-oxo-G is detected and
removed by the base excision repair (BER) machinery. In BER, 8-oxoguanine glycosylase (OGG1)
removes 8-0xo-G and creates a single strand break (SSB) in the DNA backbone, which is normally
immediately filled with the correct base and ligated [168]. In telomeres the SSB repair steps appear
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Electron transport chain activity
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Figure 3: Pathway of senescence. Proposed molecular pathway leading from mitochondrial super-
oxide production to senescence in vertebrates and possibly other species. The lower portion of the
figure showing the activation of the senescent phenotype is both simplified and not fully understood.
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impaired [169]. This may be due to the action of telomeric repeat-binding factor 2 (TRF2) which
associates with the telomeres [170]. Thus HO® is capable of producing longer lasting SSBs.

Unrepaired telomeric SSBs will lead to telomere shortening when the cell next divides [171]. In
non-proliferating cells, two unrepaired SSBs within approximately 1 or 2 turns of the DNA double
helix (10 to 20 base pairs) located on opposing strands are likely to lead to a double strand break
(DSB) [172, 173], creating telomere shortening.

Telomere shortening will also occur if the cell is dividing in the absence of telomerase. This is due
to the end replication problem. The DNA replication machinery is unable to replicate the last few
bases of a linear chromosome.

The DNA damage response (DDR) might view chromosome ends as DSBs and attempt to randomly
repair them by joining chromosomes together [174]. TRF2 binds to telomeres and usually prevents
the induction of the DDR at chromosome ends [174]. If telomeres shorten sufficiently they become
uncapped, adopting a linear conformation, in which the remaining TRF2 appears sufficient to
prevent end joining, but insufficient to prevent DDR signaling by ataxia telangiectasia mutated
(ATM) [175], leading to persistent ATM DDR signaling by the telomere.

The occurrence of multiple persistent DDR signals from multiple telomeres is sufficient to induce
cellular senescence [176].

Support for persistent ATM DDR signaling by telomeres as the indicator of age for the cell is
provided by a number of observations. Telomeric damage irreparably appears to be evolutionarily
conserved; it occurs in both yeasts and humans [177, 178]. Live-cell imaging experiments show
all persistent DNA damage foci to be associated with telomeres [179]. There is an age-dependent
increase in the number of telomere-associated foci that occurs irrespective of telomere length [179].
Shortened telomeres are associated with aging, as well as mortality risk [113]. Telomere lengths
of mammalian species correlate inversely with their lifespans [180]. Intracellular HoO2 levels are
known to accelerate telomere shortening [181]. Extracellular SOD, SOD3, is known to reduce the
rate of telomere shortening [182]. And all eukaryotes appear to have linear chromosomes with
telomeres rather than circular chromosomes or circular genomes like bacteria and archaea.

ATM

The DSB DDR in the form of persistently phosphorylated ATM appears to be at the hub of the
senescent phenotype. Activated ATM appears to be responsible for cell cycle arrest, the expression
of a number of genes associated with senescence, and the SASP.

Arguing for the model of activated ATM as the cause of senescence, elevated levels of activated ATM
have been found with age in naturally aged and acceleratedly aged mice. and reducing ATM activity
has been found to reduce senescence [183]. Similarly inhibition of ATM has been found to ameliorate
senescence [184]. In this latter result, ATM was hypothesized to phosphorylate a component of an
ATPase responsible for acidification of the lysosome leading to lysosomal dysfunction. Seemingly
contradicting these findings, decreased ATM levels along with reduced p53 activity have been
found in older mice [185]. Similarly, declining levels of ATM have been reported with replicative
passage, knocking down ATM has been reported to accelerate senescence, and activation of ATM
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has been reported as being capable of clearing replicative senescence [186]. Part of the reason for
the seeming discrepancy in these results may be due to the difference between ATM expression
levels and phosphorylated and activated ATM, and the study of replicatively induced as opposed
to DNA-damage-induced or stress-induced senescence.

p53, pl6, p21, and cell cycle arrest

As shown in the lower left part of Figure 3, activated ATM is able to phosphorylate and stabilize
p53, a key regulator of cell fate [187].

Activated ATM is also able to phosphorylate and activate Smurf2 [188]. Smurf2 is a ubiquitin
ligase, and its targets include the transcriptional repressors inhibitor of DNA binding 1 (Id1) and
Yin Yang 1 (YY1) [189, 190]. Idl and YY1 repress the transcription of cyclin-dependent kinase
inhibitor p16 [191]. The pathway from ATM'’s activation to activation of p16 doesn’t appear to be
well studied, and it is possible other pathways exist different from this one.

Supporting a role for pl6, pl6 increases with age, and has even been proposed as a biomarker of
aging [192, 193]. pl6 expression is also significantly elevated in senescent cells [194].

pl6 binds specifically to cyclin dependent kinases (CDKs) 4 and 6 preventing them from phos-
phorylating retinoblastoma protein (Rb) [191]. In its phosphorylated form Rb would have changed
conformational form releasing bound E2F transcription factors [191]. The E2F transcription factors
are responsible for the transcription of the genes necessary for the G1 to S phase transition, or in
the event of prolonged E2F expression, apoptosis [191, 191].

Both the p16 protein and the p14ARF protein are encoded by the CDNK2A locus, but use different
open reading frames [195]. This is highly unusual, but is consistent with the duality hypothesis.
Instead of the aging-related function and the life-enhancing function being two different parts of the
one protein, they may be two separate proteins coded for by a common stretch of DNA. Whereas
pl6 appears to lead to cell cycle arrest and senescence, pl4ARF appears to block the degradation
of p53, and the buildup of p53 is known to result in cell cycle arrest or apoptosis [196]. The
mouse equivalent of p14ARF is p19ARF. Having two separate proteins would make the therapeutic
inhibition of p16 much simpler than that of most other aging-related genes. Unfortunately, p16
blocks cell cycle progression rather than say production of the SASP, and so pl9ARF positive p16
knockout mice are tumor prone [197].

In addition, YY1 acts as a negative regulator of p53 [198].

p53 positively regulates transcription of the cyclin-dependent kinase inhibitor p21 [199]. p21 binds
to and non-specifically blocks the activity of CDKs again preventing the G1 to S phase transition
[200].

Thus, activated ATM is able to arrest the cell cycle through multiple means.
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p38 and senescence-associated gene expression

As shown in the lower central part of Figure 3, in addition to arresting the cell cycle, ATM is
also capable of phosphorylating and activating thousand and one amino acid (TAO) kinases [201].
TAO kinases are MAPK kinase kinases (MAP3K), which activate MAPK kinases (MAP2K) ki-
nases, which activate p38 MAPK [202]. Activated p38 is known to both mediate apoptosis and
in specific circumstances cell survival [203]. Activated p38 is also known to cause overexpression
of transforming growth factor-51 (TGF-51) [204]. Osteonectin, apolipoprotein J, and fibronectin
are commonly overexpressed in senescence [205]. TGF-51 appears to cause an increased expression
of mRNA for these three genes, as well for its own receptor [206]. This increased expression is
eliminated by antibody neutralization of TGF-81 or its receptor. Thus activated ATM may be
capable of producing part of the phenotype associated with senescence.

NF-kB, and the SASP

Finally, as shown in the lower rightmost part of Figure 3, the transcription factor nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB) is capable of being activated through
several mechanisms. NF-xB appears responsible for part of the SASP [207].

The first mechanism of activating NF-xB is by cytosolic ATM activating IxkB kinase (IKK), which
then phosphorylates 1B leading to IxB degradation via the ubiquitin-proteasome pathway, freeing
NF-kB from its association with IxB, and allowing NF-£B to enter the nucleus [183].

A second mechanism of NF-xB activation is through the activity of p38 [208].

Taken together these pathways show a route leading from mitochondrial ROS production to cellular
senescence. This provides evidence for the claim that mitochondria ROS enforce mortality, and in
so doing improve the ability of the species to adapt.

Molecular pathways of EMT in vertebrates

A proposed molecular pathway leading from the SASP and cytosolic HoOy to EMT is shown in
Figure 4 and expanded upon below. The figure is a gross simplification of reality. In particular
only the effects of a single inflammatory SASP component (IL-6) and a single anti-inflammatory
SASP component (TGF-j) are shown.

IL-6 and STAT3 related pathways

Cytosolic HyO4 regulates the transcription factor signal transducer and activator of transcription
3 (STAT3) which will dimerize and translocate to the nucleus where it can bind DNA. H2O4 does
this through at least two pathways. PTPs are protein-tyrosine phosphatases. HoO2 oxidizes the
catalytic cysteine residue of SH2 domain-containing PTPs (SHPs) inactivating them [209]. Were
they not deactivated SHP-1 would dephosphorylate STAT3 inactivating it [210]. Second, H2O,
oxidizes peroxiredoxin 2 (Prx2), which goes on to cause disulfide-linked STAT3 oligomers, reducing
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Figure 4: Pathway of EMT. Proposed molecular pathway leading from the SASP and cytosolic
hydrogen peroxide to cellular EMT in vertebrates and possibly other species. The figure is a gross
simplification of reality.
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their transcriptional activity [211, 212]. These two pathways conflict. One increases STAT3 activity,
another reduces it. This conflict is known [213], and is to be expected. Aging-related pathways
are likely to be opposed by other genes. The question is which is the aging-related pathway, and
which is the evolutionary response. On the basis that activated STAT3 promotes EMT [214, 215],
the activation of STAT3 by H2O9 is viewed as the aging-related pathway. This conclusion is by
no means definitive. It is adopted only because it fits with the broader framework of ROS being
harmful to the organism.

Twistl is a transcription factor known to promote EMT [216]. Twistl expression is induced by
STAT3 [217].

Snaill is a transcriptional repressor. Snaill expression is activated by STAT3 [218].

Snaill combines with cofactors Smad3 and Smad4 to form the Snaill-Smad3/4 complex which
represses the expression of E-cadherin [219]. E-cadherin is a key protein for cell-cell adhesion, and
its downregulation is a key step in EMT [219].

In addition to promoting EMT, STAT3 simultaneously suppresses apoptosis by promoting expres-
sion of the anti-apoptotic myeloid cell leukemia 1 (MCL1) and B-cell lymphoma-extra large (Bcl-xL)
[220, 221].

STATS3 can also be activated by exogenous IL-6. IL-6 is a key component of the SASP. IL-6 can
combine with soluble IL-6 receptor (sIL-6R) and bind to glycoprotein 130 (gp130) which is present
on many cell types [222]. Gp130 activates the Janus kinase (JAK) - STAT3 pathway [223].

ILK and Akt related pathways

Akt, aka protein kinase B (PKB), is a kinase that promotes cellular survival. Akt phosphorylates,
and thereby deactivates, Bcl-2 associated agonist of cell death (BAD) thereby inhibiting apoptosis
[224].

Akt also activates the mechanistic target of rapamycin complex 1 (mMTORC1) pathway [225]. STAT3
can be phosphorylated at Ser727 by a number of kinases, including mTORC1, thereby enhancing
STAT3’s activity [226].

Thus IL-6 or Akt activation makes the cell more likely to invoke EMT [227, 228].

One way in which Akt may be activated is by the integrin-linked kinase (ILK). ILK is activated by
the presence of a stiff extracellular environment [229]. Activated ILK phosphorylates and activates
Akt [230]. Thus the presence of a stiff extracellular environment will tend to promote EMT, and
its absence will tend to promote apoptosis.

EMT as a result of ILK signaling is known to occur in cancer metastasis [231].
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Regulation of Akt signaling by PTEN and PI3K

Phosphatase and tensin homolog (PTEN) catalyzes the conversion of phosphatidylinositol (3,4,5)-
trisphosphate (PIP3 to phosphatidylinositol (3,4)-bisphosphate (PIP3) [232]. Since PIP3 activates
Akt [232], PTEN upregulation inhibits Akt.

PTEN is vulnerable to oxidation by HyOq, inactivating it, and agonizing Akt [233]. This represents
a second mechanism whereby HoO2 may activate STATS3.

Phosphoinositide 3-kinases (PI3Ks) catalyze the reverse reaction from that of PTEN, converting
PIP; to PIP3 [234]. As a result PI3K upregulation activates Akt.

One means of activating PI3K is through insulin-like growth factor 1 receptor (IGF-1R) signaling.
Activated IGF-1R recruits insulin receptor substrate (IRS) proteins [235]. This leads to PI3K
activation, and Akt upregulation [235].

The binding of the extracellular hormone insulin-like growth factor 1 (IGF-1) to IGF-1R activates
IGF-1R, and thus upregulates Akt. Since Akt activates STAT3, this suggests IGF-1 is likely to be
pro-EMT and anti-apoptotic. This appears to be the case. IGF-1 is known to promote the EMT
of cancer cells [236, 237, 238], although this effect is by no means universal [239]. Similarly, IGF-1
is known to be anti-apoptotic [240, 241].

The hunger hormone ghrelin stimulates the production of growth hormone (GH) [242], which stim-
ulates the production of IGF-1 [243]. Ghrelin has been associated with cancer cell proliferation,
however the literature on the topic has been described as containing inconsistencies [244]. Ghre-
lin ablation has shown that ghrelin acts to inhibit thymic EMT, although the mechanism doesn’t
appear to be understood [245]. This ability of ghrelin to inhibit EMT is despite the fact that GH
appears to promote EMT [246].

TGF-5 and Smad related pathways

Transforming growth factor-g (TGF-f3) is an early stage SASP component [145]. The binding of
TGF-5 to TGF-S receptors (TGF-SR) causes the phosphorylation of Smad3 which then complexes
with Smad4 and promotes apoptosis [247]. This apoptosis may be the result of Smad3 inducing the
expression of the dual specificity protein phosphatase 4 (DUSP4), which leads to the accumulation
of the pro-apoptotic Bcl-2 interacting mediator of cell death (BIM) [248].

As previously mentioned, Snaill can combine with Smad3 and Smad4 inhibiting the expression of
E-cadherin and other genes, and promote EMT.

Interactions between TGF-3/Smad3 and Akt are complex, and highly dependent on the cellular
environment and state:

e Akt enhances Smad3 activity by phosphorylating it in mesangial cells, by activating ubiquitin
specific protease 4 (USP4) which contributes to the deubiquitination and stabilization of TGF-
BR in breast cancer cells promoting EMT, and by inhibiting the Smad3 polyubiquitination
promoting glycogen synthase kinase-38 (GSK-303) [249].
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e Akt inhibits Smad3 [250, 251, 252, 253]. Inhibition of Akt by Smad3 is known to occur
through Akt binding and sequestering Smad3 in the cytosol in hepatocytes [249].

e TGF- enhances Akt [254]. TGF-f stimulation results in the phosphorylation of Akt at
Ser473 in a Smad independent fashion activating Akt in keratinocytes and mammary epithelial
cells, and by causing the expression of microRNAs that activate PI3K in hepatoma cells
leading to enhanced EMT [249].

e Smad3 inhibits Akt [255].

Only the two interactions that appear relevant to the determination of cell fate, that is the induction
of EMT, are shown in Figure 2.

D: Other approaches to aging

This appendix reviews other approaches to aging, and shows that they can largely be aligned with
the molecular pathway proposed for aging in vertebrates. Multiple mechanisms for some of these
other approaches have been suggested. In reviewing these other approaches proposed mechanisms
that align with the mechanisms proposed in this manuscript are examined.

Senotherapeutics

Senolytic and senomorphic compounds are widely viewed as having much promise as lifespan ex-
tending agents [51].

Interfering with the SASP component interleukin-6 (IL-6) appears highly promising; IL-6 antibody
has been shown to extend the median lifespan of regulatory T cell deficient mice from around 20
to 50 days [256].

Pharmacological inhibition of the EMT promoting SASP component tumor necrosis factor (TNF)
[257] extends lifespan in aging mice [258]. TNF antibodies have also been shown to reverse thymic
involution brought about by a TNF transgene [259].

The promise of senotherapeutics is consistent with the pathways of aging explored here.

Thymic transplantation

Transplantation of thymic tissue from young rats to the ocular anterior chamber of aged rats has
been shown to increase lifespan by 20-25% [260]. In addition, grafting a newborn thymus under the
kidney capsule along with bone marrow transplantation modulates diabetes in a type 2 diabetes
mouse model [261].

The effects of thymic transplantation are consistent with thymic involution being a key mechanism
of aging.
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Thymic regeneration

The treatment of humans with recombinant human growth hormone (rhGH) assists in thymic
regeneration [262]. A 1 year course of treatment of rhGH along with dehydroepiandrosterone
(DHEA) and metformin produced a 1.5 year reduction in apparent epigenetic age at the end of
treatment [262].

Thymic regeneration is consistent with thymic involution being a key mechanism of aging.

Pineal gland transplantation and melatonin

The pineal gland in the brain secretes melatonin into the circulatory system [263]. Melatonin is able
to pass through biological membranes [264]. Melatonin can function as an intracellular antioxidant
[265]. Circulating melatonin is also able to bind melatonin receptors on the surface of some cell
types, while intracellular melatonin is able to bind nuclear melatonin receptors [266]. The thymus
contains melatonin receptors [266]. Melatonin promotes the expression of various intracellular
antioxidants [267].

Like the thymus, the pineal gland involutes with age [268], and circulating melatonin levels decrease
with age [263]. The nighttime administration of melatonin in pineal melatonin producing mice
strains (such as C3H/He and CBA /Ms [269]) may possibly extend lifespan [270, 271]. However these
results are overshadowed by confusion stemming from the fact that many other lab mouse strains
(including C57BL/6, BALB/c, DBA/2, NZB, and Swiss) appear unable to synthesize melatonin
[269, 272, 273]. Pinealectomy is known to lead to rapid involution of the thymus in rats, and this
involution can be prevented by the administration of melatonin [274].

The lifespan altering effects of pinealectomy are consistent with the mechanism of thymic involution
in aging. And the lifetime extending effects of melatonin in melatonin producing mouse strains are
consistent with melatonin antagonizing thymic involution.

Aerobic exercise and hypoxia

Aerobic exercise prolongs healthspan and lifespan [275, 276].

Aerobic exercise will likely result in cells in the body being in a state of relative hypoxia. The
shortage of oxygen would cause a decline in the production of ATP, which would lead to a com-
pensating increase in mitochondrial biogenesis. Subsequent to the aerobic exercise, the resulting
increase in mitochondrial content will reduce the flow of electrons through each individual electron
transport chain complex and thereby reduce the production of ROS [277]. Consistent with this
hypoxia is known to cause increased mitochondrial biogenesis [278, 279], and to extend lifespan
[280]. Confirming this, aerobic exercise is known to increase mitochondrial biogenesis [281], and
reduce the production of ROS [276].

The beneficial effects of aerobic exercise are consistent with mitochondrial ROS causing aging.
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Preventing stem cell exhaustion

Loss of stem cells represents one proposed cause of aging [282]. The proposed mechanism involves
the production of ROS by stem cells causing DNA damage and telomere shortening [282]. In
addition, the loss of the stem cell niche provided by progenitor cells is also proposed to lead to
stem cell exhaustion, once again as a result of ROS causing DNA damage and telomere shortening
[282]. This all aligns with the pathways proposed here.

The SASP has complex effects on stem cells. It can both cause differentiation promotion and
differentiation inhibition, depending on the type of stem cell and the SASP factors involved [283].
Whether the SASP can also cause stem cell apoptosis, and thus lead to stem cell exhaustion doesn’t
appear to have been determined.

It is worth pointing out that stem cells usually express telomerase [102]. This casts some doubt on
telomere shortening in stem cells as a cause of stem cell exhaustion. It also means interventions
intended to extend lifespan are unlikely to fail due to the shortening of stem cell telomeres causing
stem cell senescence.

There are some uncertainties, but the possibility of stem cell exhaustion would be consistent with
the ROS — telomeric damage pathway.

Down-regulation of the IGF-1 signaling pathway

Insulin signals to the organism the availability of glucose energy that should be taken up by cells.
Insulin-like growth factor 1 (IGF-1) stimulates cell growth, proliferation, and survival [284]. The
down-regulation of the insulin/IGF-1 signaling pathway has been proposed as an anti-aging inter-
vention [285].

Adaptability of the species will be maximized if organism lifespans are kept short. If the lifespan
is too short however there will be insufficient time for reproduction to occur. If the organismal
environment has little energy, it will take longer for the organism to grow and reproduce, and
it might be expected that there would be a more permissive mandate regarding the maximum
lifespan of the organism. Alternatively, the organism could grow to a smaller size, but a smaller
size increases the risks of predation. If the organism is tricked into believing it is in a low energy
environment, it might be expected to exhibit an increased maximum lifespan. As discussed below,
this appears to be the case: down-regulation of insulin/IGF-1 signaling increases lifespan.

Caenorhabditis elegans has a single insulin/IGF-1 receptor gene, daf-2. daf-2 mutants show in-
creased lifespan [286]. daf-2 mutants exhibit a change in gene expression compared to the wild-type
that is mediated by several transcription factors. This includes daf-16 up-regulation, a forkhead sub-
class O (FOXO) transcription factor [285]. In Drosophila melanogaster inhibition of insulin/IGF-1
signaling or increasing FOXO increases lifespan [285]. In mice there is a negative correlation be-
tween IGF-1 levels and lifespan [285]. Finally, small dogs have a mutation that decreases IGF-1
levels and live longer [285].

Consistent with the evolutionary theory, in an environment of food abundance and scarcity, the
long lived C. elegans mutants are outcompeted by the shorter lived wild type [287].
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Table 3: Relative catalase mRNA levels of daf-2 mutants. N-fold change in catalase mRNA of C.
elegans daf-2 mutants versus control. ® - mapping locus includes both ctl-1 and ctl-2.

Experiment type Experiment id. ctl-1  ctl-3
microchip NCBI GEO DataSets GSE106672 [290] 24 25
RNA-Seq NCBI GEO DataSets GSE111338 1.5 2.8

RNA-Seq NCBI GEO DataSets GSE70117 [291] at 15°C 1.5 1.8
RNA-Seq NCBI GEO DataSets GSE70117 [291] at 25°C 2.9 2.6
RNA-Seq NCBI GEO DataSets GSE67975 [292] 1.6 4.2

A possible mechanism by which daf-2 mutants extend lifespan might be through a reduction in
the level of HoOs. This reduction might occur through the up-regulation of HoOs reducing genes.
Unlike humans, which possess a single catalase that is located in the peroxisome, C. elegans contains
3 catalase genes. ctl-1 is widely considered to be cytosolic [288], although WormBase WS286 lists
its putative location as peroxisomal and mitochondrial [289]. ctl-2 is peroxisomal [288]. ctl-3’s
location is uncharacterized [288], but predicted to be peroxisomal and mitochondrial in WormBase
WS286. Mitochondrial and cytosolic catalases in particular can be expected to reduce cytosolic
H503 levels and reduce telomeric damage. Up-regulation of these catalases in daf-2 mutants has

been confirmed by examining the results from a few gene expression experiments as shown in Table
3.

Seemingly antagonizing these findings, IGF-1 is known to enhance thymopoiesis, primarily through
thymic epithelial cell expansion [293].

Growth hormone (GH) stimulates the production of IGF-1. GH and IGF-1 overexpression correlates
with increased body mass in mice, while GH receptor or IGF-1 deletion reduces body mass in mice
[294]. Ames dwarf mice are GH deficient and have a smaller body mass and longer lifespan than
normal mice [295]. Treatment of Ames dwarf mice with GH during early life increases body mass
and reduces their lifespan [295],

Ames dwarf mice have increased levels of hepatic antioxidants, while mice which overexpress GH
have reduced levels of hepatic catalase and shortened lifespans [296]. Regular mice hepatocytes
treated with growth hormone show a reduced level of catalase activity and other antioxidants [296].

Besides increased antioxidant activity, a second possible explanation for the benefits of down-
regulating the GH/IGF-1 axis comes from the possibility of IGF-1 promoting EMT. This was
illustrated in Figure 4. In support of this, an Ecuadorian population with growth hormone receptor
deficiency, or Laron syndrome, showed a remarkable reduction in the incidence of cancer [297].

Note that the short run and long run effects of GH/IGF-1 appear to oppose each other. In the
short run GH/IGF-1 boosts thymic function [298], which increases organismal survival. In the long
run it may promote EMT, which decreases organismal survival.

It seems plausible that repression of the insulin/IGF-1 axis mechanistically extends lifespan by
increasing antioxidant levels and thus inhibiting mitochondrial ROS production and/or reducing
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EMT. However, interfering with the insulin/IGF-1 axis may only be productive in organisms that
have more food security or experience less predation than existed in the evolutionary environment.

Weight reduction and caloric restriction

Body mass, and in particular adipose tissue mass, appears to be a risk factor for the development
of age-related diseases [299]. Seemingly related to this, caloric restriction is capable of extending
an organism’s lifespan [300]. Similarly, GLP-1 receptor agonists promote satiety, reducing food
intake, which reduces ROS, reducing cellular senescence and aging-related diseases, and increasing
lifespan [301, 302].

Evolutionarily, this may be explained by the same means as down-regulation of the IGF-1 pathway.
An organism that appears to be in a low energy environment should be given longer to carry out
its biological program.

Mechanistically, the result may be direct. Fewer calories consumed, means less energy burned,
means less ROS produced. Furthermore, caloric restriction stimulates ghrelin [303], which may act
to inhibit EMT [245]. The inhibition of EMT is predicted to inhibit thymic involution and cancer,
thus extending lifespan. Consistent with this obesity appears to accelerate thymic involution [304].
Conversely, caloric restriction results in a reduction in age-related thymic involution [305].

The effects of weight and caloric restriction are consistent with the pathways proposed here.

Down-regulation of mTOR

The mammalian target of rapamycin (mTOR) kinase is an energy and nutrient sensor that stimu-
lates growth and blocks autophagy when nutrients are plentiful [285].

The mTOR pathway has invoked considerable interest as a possible aging mechanism [306]. Inhi-
bition of mTOR has been shown to significantly extend lifespan in a number of species [307].

As previously mentioned, mTOR, complex 1 (mTORC1) is one of a number of kinases that can
phosphorylate STAT3, enhancing its activity, and STAT3 promotes EMT.

Inhibition of mTOR down-regulates the production of multiple protein synthesis components, in-
cluding ribosomes, initiation factors, and elongation factors [308]. Thus inhibition of mTOR will
reduce the energy needs of the cell. Reducing the energy needs of the cell should reduce the
amount of oxidative phosphorylation performed by the mitochondria, and hence reduce the pro-
duction of ROS. In addition it has been shown that the inhibition of mTOR increases the translation
of mitochondrial encoded oxidative phosphorylation subunits, which likely leads to few electrons
transiting a given electron transport chain, an oxidized chain, reduced ROS production, and less
ROS-mediated cellular damage [307].

Lifespan extension by mTOR inhibition might be linked to mTOR’s role in promoting STAT3 and
thus EMT, or due to mTOR inhibition functioning as a mitochondrial ROS inhibitor.
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Up-regulation of AMPK

Overexpression of the AMP-activated protein kinase (AMPK) activator aak-2 in C. elegans has
been shown to extend lifespan [309].

AMPK is activated when the AMP to ATP ratio rises [310]. Amongst other things activated AMPK
inhibits mTOR and promotes mitochondrial biogenesis [311, 312]. This mitochondrial biogenesis
includes production of mitochondrially encoded proteins [313].

Both the inhibition of mTOR and increased mitochondrial biogenesis without a concomitant in-
crease in the energy demands of the cell, might be expected to reduce ROS, and by the mechanisms
proposed here extend lifespan.

Up-regulation of sirtuins

Sirtuins are a family of NAD+ dependent deacetylases and ADP-ribosyltransferases [314]. Over-
expression of the sirtuins SIRT1 and SIRT6 has been demonstrated to extend lifespan in various
species [314].

Mice, unlike humans, express telomerase in somatic cells [315]. In mice SIRT1 expression corre-
lates with telomere length and reduces age-related telomere shortening [316]. In humans a single
nucleotide polymorphism in SIRT1 correlates with telomere length and longevity [317].

SIRT1 also deacetylases the autoimmune regulator (AIRE) leading to AIRE’s activation in thymic
mTECs and thus contributing to T cell development [318].

SIRT6 deacetylates histone H3K9 promoting telomere stability by enabling telomere association
with Werner syndrome ATP-dependent helicase (WRN) [319]. Mutations in WRN result in Werner
syndrome, a disease exhibiting premature aging [320]. SIRT6 knockout mice exhibit hypersensitivity
to HaO29 [321]. SIRT6 is also believed to play a role in stimulating DSB repair, with more effective
SIRT6 activity correlating with longer lifespan [322]. Finally, SIRT6 deficiency is associated with
increased NF-xB signaling [323].

In addition, it has been shown that the TEC specific knockout of SIRT6 drastically reduces the
size of the thymic mTEC compartment [324].

In summary, SIRT1 and SIRT6 may extend lifespan by affecting telomere length, assisting in
telomere damage repair processes, and/or possibly contributing to thymic mTEC function and
development.

Antioxidants

As discussed in the body of this manuscript, antioxidants are frequently associated with increased
lifespan. Furthermore, as explored in Appendix E, those cases where antioxidants don’t extend
lifespan appear understandable given the framework that has been developed.
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The effects of antioxidants on lifespan are thus compatible with the mechanisms of aging proposed
here,

Manipulation of redox pathways

Mitochondrial thioredoxin reductase (TrxR) levels are elevated in long lived species of primates,
rodents, and birds [325]. Disruption of Trx or TrxR shortens lifespan, increased Trx or TrxR
expression can extend it, and allelic variation in cytosolic TrxR has been associated with longevity
in humans [326].

NADPH reduces TrxR, which then reduces Trx. The existence of reduced Trx is key to the reduction
of peroxiredoxin (Prx), which enables Prx to reduce HoO to water.

Trx can also be reduced by glutaredoxins, which are reduced by the oxidation of reduced glutathione
(GSH) [326]. GSH is generated by glutathione reductase (GR), which is reduced by NADPH.
Accordingly, acceleratedly aged mice and naturally aged mice and humans show decreasing levels
of the antioxidants GSH and GR with age [327].

Thus by reducing HoO» increases in redox reduction pathways may extend lifespan.

Klotho

The mutation of a-klotho produces an aging phenotype and shortens lifespan [328]. a-klotho
overexpression reduces aging and extends lifespan [328].

a-klotho has multiple effects. One way in which a-klotho may exert its effect is through an an-
tagonistic relationship with insulin/IGF-1 signaling. Overexpression of a-klotho has been shown
to inhibit the insulin/IGF-1 pathways [329]. And in the reverse direction, insulin/IGF-1 signaling
has been shown to down-regulate a-klotho expression [330]. Thus, irrespective of whether a-klotho
regulates or is a consequence of the insulin/IGF-1 signaling pathway, a-klotho levels negatively
correlate with insulin/IGF-1 signaling. Down-regulation of insulin/IGF-1 signaling has previously
been identified as extending lifespan.

Another possible way in which a-klotho may exert its effect is through phosphorylation of FOXO
3 (FOXO03) [331]. This prevents FOXO3 from entering the nucleus where it functions as a tran-
scription factor [331]. In the nucleus FOXO3 would have up-regulated the expression of the SOD
2 (SOD2) gene, whose protein product is found in the mitochondrial matrix [332]. SOD2 con-
verts matrix O9*~ that was leaked by the electron transport chain into HoOo. HoOs is partially
membrane permeable, and so can migrate out of the mitochondrion. Thus a-klotho expression will
reduce SOD2 and the cytoplasmic HoOs concentration.

Thus a-klotho may extend lifespan by down-regulating insulin/IGF-1 signaling, or through reducing
intracellular HoO9 levels, both of which are consistent with the mechanisms proposed here.

39

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185



Modulation of germline signaling

The removal of the germ cells in C. elegans significantly increases lifespan [285]. Castration of
young males is also believed to extend the lifespan of many animals [333]. Countervailing this, the
removal of the ovaries is correlated with increased all cause mortality in women [334].

In the case of C. elegans, germline loss appears to result in a burst of ROS in somatic tissues in
early adulthood [335]. In response to this burst in ROS mitochondrial biogenesis is increased [335].
It is possible, but by no means certain, that this increase in mitochondrial content could lead to
reduced ROS production over the long term, and increased lifespan.

Castration of cattle, rats, guinea-pigs, and rabbits causes persistent growth and retarded atrophy
of the thymus [336, 337]. Consequently the effects of castration on lifespan are likely the result of
improved thymic function.

Women undergo a gradual loss of germ cells as they age. The depletion of germ cells typically
occurs earlier than death, and might represent a mechanism to ensure that resources are directed
to viable offspring. For women, the presence of germ cells might thus cause the nuclear genes of
the organism to seek to resist the aging process.

The lifespan extending effects of the modulation of germline signaling largely agree with the mech-
anisms of aging developed here.

Enhanced autophagy

Elevated levels of autophagy occur in common with multiple lifespan extending interventions: re-
duced insulin/IGF-1 signaling, reduced mTOR signaling, germline removal, caloric restriction, and
reduced mitochondrial respiration [338]. As such, autophagy is hypothesized as a common mecha-
nism of aging, and interventions to enhance autophagy are hypothesized to extend lifespan [338].
Mechanisms have been proposed here whereby each of these interventions may extend lifespan
without having to invoke autophagy as an explanation. These proposed mechanisms might suggest
that the link between autophagy and lifespan may be more correlative than causative.

Autophagy related 5 (ATG5) is a key gene of autophagy. The overexpression of ATGH in mice
enhances autophagy and extends lifespan [339]. ATG5 transgenic mice had the same food intake
per body weight, but weighed slightly less, and so had less food intake overall [339].

The effect of autophagy could thus be correlative, or it could be to reduce the energy needs of the
organism, thereby extending lifespan in a manner similar to caloric restriction.

Parabiosis

Continuous blood exchange between an older and a younger animal, heterochronic parabiosis,
increases the lifespan of the older animal [340], and reduces the lifespan of the younger animal
[341]. mRNA levels of the senescence markers pl6 and p21 and SASP genes are reduced in the
older animal as a result of heterochronic parabiosis [342].
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A possible mechanism for heterochronic parabiosis is through the modulation of one or more en-
docrine factors making up the SASP. Both the SASP factors IL-6 and TNF appear capable of
exerting endocrine effects [343, 344].

Metformin

Metformin is the first line drug for the treatment of type 2 diabetes [345]. Metformin is also
associated with a 30-50% reduction in the risk of cancer among type 2 diabetes patients [346].
Metformin extends lifespan in Caenorhabditis elegans and in some strains of Mus musculus, but
not in Drosophila melanogaster [347]. Metformin is proposed to be tested as a drug to increase
healthy human lifespan in the TAME trial [348].

The precise mechanism by which metformin exerts its lifespan extending effects has not been fully
elucidated.

One of several possibilities by which metformin exerts its lifespan extending effects is it reduces
cytosolic ROS concentrations. Metformin has been shown to inhibit complex I of the electron
transport chain [349, 350]. A reduction in complex I activity should result in a reduction in the
activity of subsequent electron transport chain units, and a reduction in cytosolic ROS. A related
mechanism of action for metformin is through the activation of AMPK which is also hypothesized
here to reduce ROS [351].

A second possibility is that metformin may scavenge HO® [352].

A third possibility is that metformin increases the production of SOD2 [353]. The herbicide
paraquat is an inducer of O2*~. Metformin reduces the effect of paraquat induced ROS and
associated nuclear DNA damage, but not HoO2 induced nuclear DNA damage [354]. This adds
weight to the third possible explanation.

A fourth possible mechanism of action is through the inhibition of thymic involution via metformin’s
effect on TECs [355].

All of these pathways are consistent with the mechanisms of aging proposed here.

Epigenetic reprogramming

The loss of epigenetic information such as DNA and histone methylation and histone acetylation
patterns has been proposed to occur as a part of the aging process [356]. As such, epigenetic
reprogramming may be able to treat certain age-related diseases.

It is possible to construct a pathway from mitochondrial ROS production to the loss of epigenetic
information via the displacement of SIRT1, which plays a role in the histone deacetylation that
maintains epigenetic silencing, and is also involved in DSB repair [357]. ROS are assumed to create
DSBs and the recruitment of SIRT'1 to this damage may prevent it from playing its role in epigenetic
silencing. However these arguments are currently only speculative.

An alternative explanation for the correlation between epigenetic changes and age-related diseases
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is that the SASP affects methylation. The SASP component IL-6 has been reported to reduce the
level of DNA two DNA methylating enzymes, DMNT1 and DNMT3B [358]. While in ulcerative
colitis, IL-6 has been reported to alter the expression of DMNT1 [359]. IL-6 has also been reported
to alter methylation patterns in cancer cells [360, 361], and in B cells from patients with lupus
[362]. Consequently, aging is associated with changes in methylation.

DNA methylation patterns have been used to construct epigenetic clocks for measuring effective
age [363]. One plausible explanation for why these clocks appear to work is if the SASP affects
methylation. In this regard, a DNA methylation machine learning model has been successfully
constructed based on fluctuating IL-6 levels [364].

Age-related changes in methylation are consistent with the evolutionary conflict theory of aging.
However this doesn’t imply that artificial changes to methylation can be expected to affect aging.
On the other hand, it also doesn’t eliminate reprogramming of cells from the arsenal of tools that
might be available to fight aging.

E: Challenges for the theory

At first glance the findings that follow may seem challenging for the evolutionary conflict theory of
aging to explain. Careful consideration however shows they do not oppose the theory.

mtDNA mutator mice

Seemingly opposing the perspective that ROS cause the cell to age, mice with an error-prone version
of the mtDNA polymerase 7 displayed an aged phenotype without an increase of ROS in embryonic
fibroblast cells [365]. It is as if the mtDNA mutations alone are directly responsible for the aged
phenotype, but the natural mtDNA mutation rate appears far too small to have a significant effect
[366]. Looking at various tissues it was subsequently shown that mutator mice do show slightly
elevated HyO9 as they age [367]. It was also shown that age-dependent cardiomyopathy in mutator
mice could be attenuated by mitochondrially targeted catalase [368]. The evidence from mutator
mice is sufficient to cast serious doubt on the theory that ROS induces more ROS damage creating
a vicious cycle, but still leaves open a role for ROS as a residual signaling-like mechanism in aging.

Antioxidants

It has been reported that overexpression of SOD, catalase, and their combination do not extend
lifespan in mice [369]. This is understandable. SOD levels might already be high enough that
nearly all O2*~ gets converted into HoOy. Catalase is peroxisomally targeted, and thus catalase
will have little effect on cytosolic HoO4 levels.

It has also been reported that supplementation with either of the antioxidants vitamin C or vitamin
E reduced lifespan in the short-tailed field vole, Microtus agrestis [370]. Vitamins C and E are
known to scavenge free radicals, not break down HsOs. A lack of effect is thus understandable if
nearly all of the O2*~ gets converted into HoOg prior to vitamin C or E having an impact. The
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negative effect could be a result of the experimental design, in which the control population was
given a small amount of both vitamin C and E, while the test population received a large amount of
vitamin C or E, but none of the other compound. Alternatively, and more speculatively, exogenously
supplied antioxidants might reduce the organisms production of endogenous antioxidants.

Mitochondrial-targeted catalase

It has been reported that, despite increasing lifespan, a mitochondrial-targeted catalase gene does
not inhibit aging-related cellular senescence [371]. Since catalase breaks down HyOg, this would
represent a challenge to the role of HoOs in the mechanisms of the theory. This conclusion was
reached on the basis of two sets of experiments.

In the first set of experiments, the presence of a mitochondrial-targeted catalase gene was found
to have no effect on the emergence of senescence in human fibroblasts. To promote senescence the
fibroblasts were either exposed to ionizing radiation, or ethidium bromide was used to eliminate
mtDNA. The rationale for this being these were two interventions known to both increase mitochon-
drial ROS levels and produce senescence. Mitochondrial HoOs is theorized to lead to senescence, so
a mitochondrial catalase gene should reduce this effect. However, in the case of ionizing radiation it
seems likely that this directly causes DNA damage, including telomeric DNA damage, which causes
senescence, eventually leading to increased ROS production. ROS may be a consequence rather
than the cause of senescence, and so catalase might be expected to have no effect on senescence.
Similarly, it is far from certain that the only relevant effect of eliminating mtDNA is to increase
mitochondrial ROS production, which then promotes senescence. It will also affect the ADP/ATP
and NAD+/NADH ratios both of which are likely to have profound effects on cellular functioning
[372].

In the second set of experiments, gonadal adipose tissue from aged mice with a mitochondrial-
targeted catalase transgene was shown to exhibit the same senescence markers and have similar
SASP factor expression levels as aged mice without the transgene. If the transgene is expressed and
active in gonadal adipose tissue mitochondria at sufficient levels, this would represent a challenge
to the theory. However, this remains to be established. Expression levels of the transgene differ
widely by tissue type and transgene founding organism, presumably reflecting the site of integration
[373][Figure S1]. Expression levels for gonadal adipose tissue have not been established. Similarly,
aggregate catalase activity potential varies widely between different tissue types in the presence
of the transgene; no change for liver and kidney, but a greater than 5-fold increase for heart and
muscle [374]. Consequently, one possible explanation of the observed results is that the transgene
is only weakly expressed in gonadal adipose tissue. A second possible explanation of the results is
that the observed senescence of gonadal adipose tissue is the result of bystander senescence [50].

Lack of DNA damage by mitochondrial hydrogen peroxide

It has been reported that mitochondrially produced HoO2 does not directly cause nuclear DNA
damage, including via the Fenton reaction [375]. This was determined by artificially generating 10-
100 times the normal amount of HoOs in the mitochondria, and failing to observe a DNA damage
response. However, this experiment was only performed for 48 hours in human cell lines. This
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experiment would have provided the equivalent of 20-200 days of normal mitochondrial respiration.
The mechanisms of aging are not expected to operate over such a short time frame in humans.
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