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Abstract

Numerous theories have been posited to
explain the nature and causes of aging. They fall into
two broad categories. “Evolutionary theories” of aging
primarily explain why aging happens but do not
concern themselves with the molecular mechanism(s)
that drive the process. They all rest on the basis that the
force of natural selection declines with age.
“Mechanistic theories”, on the other hand, are interested
in the molecular mechanism(s) that drive the process.
They can, in turn, be divided into theories that propose
that aging is “programmed” and “damage
accumulation” theories that propose aging to be caused
by specific molecular changes occurring over time.
There are now dozens of theories of aging to explain
this inevitable fact of being human. In this article, I will
elaborate on the most important of them, including their
classification. The better understanding of aging and its
attendant theories will be helpful in guiding research
and in devising improved treatments for age-related

conditions.
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AP: Antagonistic pleiotropy; HD: Huntington's
disease; HSC: Hematopoietic Stem Cells; MA:
Mutations accumulation; mtDNA: mitochondrial DNA,;
MLOY: Mosaic Loss of Chromosome Y; OS: Oxidative
Stress; PARP: Poly ADP Ribose Polymerase; PEGB:
Programmed, Error, Genetic, Biological; PMSS:
Pleiotropy, Mutations, Shadow, Somatic; ROS:
Reactive Oxygen Species; SD: Somatic Disposal; SS:
Selection Shadow; WD: Wilson's disease.

Antagonistic pleiotropy; autophagy; cellular aging
theory; damage accumulation theories; evolutionary
theories; glycation; glycoxidation; mechanistic theories;
molecular aging theory; mutations accumulation;
programmed theories; selective shadow; somatic

disposal; system aging theory; wear-and-tear.
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Gerontology, the study of aging, is a relatively new
science that has made incredible progress over the last
30 years. In the past, scientists looked for a single
theory that explained aging but have realized that aging
is a complex interaction of genetics, chemistry,
physiology, and behavior. As a result, numerous
theories have been posited to explain the nature and
causes of aging. They fall into two broad categories:
Evolutionary and mechanistic. “Evolutionary theories”
of aging primarily explain why aging happens but do
not concern themselves with the molecular
mechanism(s) that drive the process. They all rest on
the basis that the force of natural selection declines with
age. “Mechanistic theories”, on the other hand, are
interested in the molecular mechanism(s) that drive the
process; they can, in turn, be divided into theories that
propose that aging is “programmed” and “damage
accumulation” theories that propose aging to be caused
by specific molecular changes occurring over time.
There are now dozens of theories of aging to explain
this inevitable fact of being human with the most

important of them elaborated upon in this article.

Introduction

August Weismann was the first to publish seminal
works on early evolutionary theories of aging. In 1881,
he offered an explanation of senescence in terms of
evolution by natural selection. Thus, in his 1881 lecture
titted “The Duration of Life”, he proposed that
longevity was programmed according to “the need of
the species” (Weismann 1891, p. 9). He rejected the
idea that an organism’s longevity was determined
merely by its physiological ‘“construction”, arguing
instead that evolution could shape longevity according
to the dictates of natural selection, as he then

understood them.

The need for death was an important theme in

Weismann’s work. He explained that, if not killed by
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accident, an individual would experience injuries over
time. A limited ability to heal such injuries would result
in older individuals having lower Darwinian fitness
than younger individuals. Older individuals would
therefore take limited resources that could be better
allocated to younger individuals, thus creating a
selective advantage (at the level of the population or

group) for dying at old ages.

Weismann proposed limits to somatic cell replication as
a mechanism for this inability to heal. In his own
language, “when one or more individuals have provided
a sufficient number of successors, they themselves as
consumers of nourishment in a constantly increasing
degree are an injury to those successors . . . natural

selection therefore will weed them out”.

Further, in his essays “Life and Death” and “On
Heredity”, Weismann suggested that once a selective
advantage for death had been established, there would
be no barrier to selection for any advantageous traits
that might trade-off against immortality. The forgoing
of immortality might make additional resources
available to reproductive cells. He attributed this
evolutionary loss of immortality to “panmixia”. The
central idea of Weismann’s theory is that characters
useless to an organism escape the action of natural
selection and therefore disappear. In reappraising this
theory and its emphasis on the preeminent role that
selection plays in the evolution of senescence,
Kirkwood and Cremer (1982) assessed the research in
the field of aging from an evolutionary and cellular
standpoint. They believed that Weismann’s theory and

113

thoughts were “... more extensive in their scope and
more pertinent to current research than is generally
recognized” (p. 101). Weismann’s panmixia theory
seems to be an anticipation of modern thinking about

the evolution of aging.

Evolutionary theories

Evolutionary biology offers a coherent and
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experimentally supported theory for biological aging.

Over the last forty years, this field has developed
important empirical foundations. The longest standing
data pertaining to the evolutionary biology of aging

naturally are its comparative biology component and its

manipulation using experimental evolution. In a later

article in this series (Article 1V), I will touch on the
quantitative genetics of aging and will consider research
on the cessation of aging, a recently uncovered

phenomenon of great interest from an evolutionary

standpoint.

Evolutionary theories

Antagonistic pleiotropy
(Peter Medawar and
George C. Williams)
Mutations accumulation
(J.B.S. Haldane and

Peter Medawar)

Selective shadow
(J.B.S. Haldane,

W. D. Hamilton, and
Peter Medawar)

Somatic disposal
(Thomas Kirkwood)

Principles

o Aging is the result of the declining
force of natural selection with age.

o Aging is the necessary result of
constitutional mutations accumulated
in the germ line over evolutionary
time that reduce fitness late in life.

o Based on the presumption that
selection of an individual generally
decreases once they essentially pass
the sexual mature phase, forming a
shadow without the account of sexual
fitness.

o Aging occurs due to a strategy in
which “an individual only invests in
maintenance of the soma for as long
as it has a realistic chance of
survival”.
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Evolutionary theories were first proposed in the late
1940s. We can distinguish therein the following four
concepts (acronym: PMSS for Pleiotropy, Mutations,
Shadow, Somatic) (see Table 1):

» Antagonistic pleiotropy,
» Mutations accumulation,
» Selective shadow, and
» Somatic disposal.

Features

o Not sufficient to explain aging.

o0 A prevailing theory by default but
not well verified.

o Not sufficient to explain aging.

o In the case where they are only
expressed later in life, harmful
mutations are likely to  be
unknowingly passed on to future
generations.

o Mutations would accumulate due to
genetic drift and lead to the evolution
of aging.

0 Most mutation accumulations are
deleterious, and just a few are
beneficial.

o If a beneficial or deleterious
mutation occurs only after an
individual's reproductive phase, it will
not affect fitness, which therefore
cannot be selected against.

0 One opposing argument is based on
the effect of calorie restriction, which
lengthens life. However, dietary
restriction has not been shown to
increase lifetime reproductive success
(fitness).

Table 1: Principles and features of modern evolutionary theories
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Antagonistic Pleiotropy (AP)

Nearly forty years after Weismann's death, Medawar
argued that aging, at least in sexually reproducing
organisms with a difference between the soma and the
germ line, is a result of the declining force of natural
selection with age. He also proposed that aging was the
necessary  result of  constitutional = mutations
accumulated in the germ line over evolutionary time
that reduce fitness late in life. However, Medawar's
concepts by themselves are not sufficient to explain
aging. Indeed, why do genetic variants with adverse
effects late in life emerge, leading to symptoms of
senescence at ages frequently reached (an illustration of
“antagonistic pleiotropy”, i.e., when the same gene
variant controls a phenotypic trait with beneficial

effects at an early age and adverse effects later)?

Medawar's theory was critiqued and later further
developed by George C. Williams in 1957 who noted
that senescence may be causing many deaths even if
animals are not dying of old age. He began his
hypothesis with the idea that aging can cause earlier
senescence due to the competitive nature of life. Even a
small amount of aging can be fatal, hence, natural
selection does indeed care and aging is not cost-free. He
eventually proposed his own hypothesis called
“antagonistic pleiotropy”. Pleiotropy, alone means one
mutation that causes multiple effects on phenotype.
Antagonistic pleiotropy, on the other hand, deals with
one gene that creates two traits with one being
beneficial and the other detrimental. In essence, this
refers to genes that offer benefits early in life, but later
accumulate a cost. In other words, antagonistic
pleiotropy is when the resultant relationship between
two traits is negative: One phenotypic trait positively
affects current reproduction at the expense of later
accelerated senescence, growth, and maintenance.
Antagonistic pleiotropy is permanent unless a mutation

that modifies the effects of the primary locus occurs.

Now, a single gene may affect multiple traits. Williams

J Neurol Psychol Res, an open access Journal

Page |4

suggested that some traits that increase fitness early in
life may also have negative effects later in life. But,
because many more individuals are alive at young ages
than at old ages, even small positive effects early can be
strongly selected for, and large negative effects later
may be very weakly selected against. He further
suggested the following example: Perhaps a gene codes
for calcium deposition in bones, which promotes
juvenile survival and will therefore be favored by
natural selection; however, this same gene promotes
calcium deposition in the arteries, causing negative
atherosclerotic effects in old age. Thus, harmful
biological changes in old age may result from selection
for pleiotropic genes that are beneficial early in life but
harmful later on. In this case, selection pressure is
relatively high when Fisher's reproductive value is high
and relatively low when Fisher's reproductive value is

low.

Although antagonistic pleiotropy is a prevailing theory
today, this is largely by default as it has not been well
verified. Research has shown that this is not true for all
genes and it may be thought of as partial validation of
the theory. It also cuts the core premise that genetic

trade-offs are the root cause of aging.

In breeding experiments, Michael R. Rose selected fruit
flies for long lifespan. Based on antagonistic pleiotropy,
he expected that this would surely reduce their fertility.
His team found that they were able to breed flies that
lived more than twice as long as the flies they started
with but, to their surprise, the long-lived, inbred flies
actually laid more eggs than the short-lived flies. This
was another setback for the pleiotropy theory though
Rose maintains his observation may be an experimental

artifact.
Mutations accumulation (MA)
Accumulation theories of aging suggest that aging is the

bodily decline that results from an accumulation of

elements, whether introduced into the body from the
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environment or resulting from cell metabolism. The
first modern theory of mammal aging was formulated
by Peter Medawar in 1952 as an evolutionary
explanation for biological aging and the associated
decline in fitness that accompanies it. It was formed in
the previous decade with J. B. S. Haldane and his

“selective shadow concept” (see below).

A few studies in Drosophila have shown that the age of
expression of novel deleterious mutations defines the
effects they contribute on mortality. Overall, however;
although their frequency increases, their effects and
variation decreases with age. The theory explains that,
in the case where harmful mutations are only expressed
later in life, when reproduction has ceased and future
survival is increasingly unlikely, these mutations are
likely to be wunknowingly passed on to future
generations. In this situation the force of natural
selection will be weak and insufficient to consistently
eliminate the mutations. Medawar posited that over
time these mutations would accumulate due to genetic
drift and will lead to the evolution of what is now

referred to as aging.

However, there is no theory that explains how these
deleterious mutations affect fitness at different ages and
the evolution of senescence. Their idea was that aging
was a matter of neglect as nature is a highly competitive
place. Almost all animals die in the wild from predators,
disease, or accidents, which lower the average age of
death. Therefore, there is not much reason why the body
should remain fit for the long haul because selection
pressure is low for traits that would maintain viability
past the time when most animals would have died
anyway. Metabolic diseases come along due to the low
demand for physical activity in modern civilization
compared to times where humans had to forage in the

wild for survival.
Mutations happen, and they are completely random

with respect to a need in the environment and fitness.

They can either be:
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* Beneficial: in which case they increase an organism's
fitness,

* Neutral: in which case they do not affect an
organism's fitness, or

* Deleterious: where they negatively affect an

organism's fitness.

Previous experiments have shown that most mutation
accumulations are deleterious, and just a few are
beneficial. Mutations of genes that interact with one
another during the developmental process create
biological and, thus, phenotypical diversities. Mutations
are genetic information that is expressed among
organisms via gene expression (the translation of
genetic information into a phenotypic character).
Evolution is the change in a heritable trait in a
population across generations since mutations generate
variations in the heritable traits; they are considered the
raw material for evolution. Therefore, beneficial
mutation accumulations during the developmental
processes could generate more phenotypic variations,
which increases their gene frequency and affect the

capacity of phenotypic evolution.

The onset of Huntington's disease (HD) is (on average)
at age 45 and is invariably fatal within 10-20 years.
Haldane wondered why the dominant mutation that
causes this neurological disease remained in the
population, and why natural selection had not
eliminated it. He then assumed that, in human
prehistory, few survived until age 45. Since few were
alive at older ages and their contribution to the next
generation was therefore small relative to the large
cohorts of younger age groups, the force of selection
against such late-acting deleterious mutations was
correspondingly small. Therefore, a genetic load of late-
acting deleterious mutations could be substantial at

mutation—selection balance.
Medawar formalized this observation in his mutation

accumulation theory of aging. "The force of natural

selection weakens with increasing age—even in a
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theoretically immortal population, provided only that it
is exposed to real hazards of mortality. If a genetic
disaster.. happens late enough in individual life, its
consequences may be completely unimportant”. Age-
independent hazards such as predation, disease, and
accidents, called 'extrinsic mortality', mean that even a
population with negligible senescence will have fewer

individuals alive in older age groups.

Selective shadow (SS)

Natural selection can support lethal and harmful alleles
if their effects are felt after reproduction. This concept
came to be known as the “selection (or selective)
shadow” (SS). The SS concept shifted as the conditions
that humans now live in include improved quality of
victuals, living conditions, and improved healthcare
(including modern medicine such as antibiotics and new

medical technology).

SS is one of the evolutionary theories of aging based on
the presumption that selection of an individual
generally decreases once they essentially pass the
sexual mature phase. As a result, this forms a shadow
without the account of sexual fitness, which is no longer
considered as an individual ages. This supports the idea,
first introduced by Medawar and Haldane, that the force
of natural selection declines as a function of age. To

quote W. D. Hamilton (1966):

"The key conceptual insight that allowed
Medawar, Williams, and others to develop the
evolutionary theory of aging is based on the notion that
the force of natural selection, a measure of how
effectively selection acts on survival rate or fecundity as

a function of age, declines with progressive age."”

Medawar developed a model that highlights this,
showing the decrease in the survival rate of a
population as an individual ages, however, the
reproduction rate stays constant. The reproduction

probability typically peaks during sexual maturity and
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decreases as an individual ages, while the rest of the
population decreases with age as they enter the
selection shadow. The model also supports Medawar's
theory that due to dangerous and unpredicted conditions
in the environment (such as diseases, climate changes,
and predators), many individuals die not too long after
sexual maturation. Consequently, the probability of an
individual surviving and suffering from age-related

effects is relatively low.

In the same way, many beneficial mutations are selected
against if they have a positive effect on an individual
later on in life. For instance, if a beneficial or
deleterious mutation occurs only after an individual's
reproductive phase, then, it will not affect fitness, which
therefore cannot be selected against. Subsequently,
these later mutations and effects are considered to be in

the "shadow region" of selection.”

Somatic Disposal (SD)

The somatic mutation theory of aging states that
accumulation of mutations in somatic cells is the
primary cause of aging. A comparison of somatic
mutation rate across several mammal species found that
the total number of accumulated mutations at the end of
lifespan was roughly equal across a broad range of
lifespans. This strong relationship between somatic
mutation rate and lifespan across different mammalian
species suggests that evolution may constrain somatic
mutation rates, perhaps by selection acting on different

DNA repair pathways.

The disposable soma theory of aging was proposed in
1977 by Thomas Kirkwood. It suggests that aging
occurs due to a strategy in which “an individual only
invests in maintenance of the soma for as long as it has
a realistic chance of survival”. In other words, the body
must budget the resources available to it. It uses
resources derived from the environment for
metabolism, reproduction, and repair and maintenance,

and it must compromise when there is a finite supply of
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resources. The theory states that this compromise
causes the body to reallocate energy to the repair
function that causes the body to gradually deteriorate
with age. A species that uses resources more efficiently
will live longer and, therefore, be able to pass on
genetic information to the next generation. The
demands of reproduction are high, so less effort is
invested in repair and maintenance of somatic cells,
compared to germ line cells, in order to focus on

reproduction and species survival.

A caveat to this theory suggests that this reallocation of
energy is based on time instead of limiting resources.
This concept focuses on the evolutionary pressure to
reproduce in a set optimal time period that is dictated by
age and ecological niche. The way that this is successful
is through the allocation of time and energy in damage
repair at the cellular level, resulting in an accumulation
of damage and a decreased lifespan relative to

organisms with longer gestation. This concept stems

Mechanistic theories
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from a comparative analysis of genomic stability in

mammalian cells.

One opposing argument is based on the effect of calorie
restriction, which lengthens life. However, dietary
restriction has not been shown to increase lifetime
reproductive success (fitness), because when food
availability is lower, reproductive output is also lower.
Moreover, calories are not the only resource of possibly
limited supply to an organism that could have an effect

on multiple dimensions of fitness.

Mechanistic theories of aging

The mechanistic theories include (Table 2):
» Systems theories,

» Molecular theories, and

» Cellular theories

Features

Systems theories
(Raymond Pearl and
Max Rubner)

Molecular theories
(Gioacchino Failla,
Le6 Szilard,

Hart, and

Setlow

Cellular theories
(Rebeca Gerschman and
Denham Harman)

J Neurol Psychol Res, an open access Journal

Principles

0 3 concepts: Immunologic,
Neuroendocrinal control mechanisms
alterations, and

Rate-of-living.

o For various types of specific damage
that are by-products of metabolism, a
fast metabolism may reduce lifespan.
o Fast Dbasal metabolic rate
corresponds to short maximum
lifespans.

0 6 concepts: Codon restriction,
Dysdifferentiation,

Error catastrophe,

Gene regulation, Genetic material
(DNA) damage accumulation. and
Somatic mutation.

0 5 concepts: Apoptosis, Free radicals,
Reproductive cell cycle,

Stem cells, and Telomeres.

o Aging is regulated by changes in

o Does not adequately explain the
differences in lifespan either within, or
between, species.

o When correcting for the effects of
body size and phylogeny, the
metabolic rate does not correlate with
longevity in mammals or birds.

o With or without mutations , damage
to macromolecules such as DNA,
RNA, and proteins along with the
deterioration of tissues and organs are
the basis of aging.

o DNA damage-induced epigenetic
alterations appear to be of particular
importance to the aging process.

o Damage to long-lived biopolymers
is in part responsible for aging.

o There is good correlation between
nucleotide excision repair capacity
and life span.

o Once popular, slowing aging using
high doses of antioxidants is
considered harmful.

o Aging is not a matter of the increase
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hormonal signaling over the lifespan.

o The aging process is the result of the
inability of various types of stem cells
to continue to replenish the tissues of
an  organism  with  functional
differentiated  cells capable of
maintaining that tissue's (or organ's)
original function.
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in damage, but a matter of failure to
replace it due to a decreased number
of stem cells.

0 Aging can occur differently in cells
that have longer lifespans as opposed
to the ones with shorter lifespans.

o Clonal diversity of stem cells that
produce blood cells gets drastically

reduced around age 70 to a faster-
growing few, substantiating a novel
theory of aging which could enable
healthy aging.

Table 2: Principles and features of mechanistic theories

Systems theories
They include three concepts:

» Immunologic,
» Neuroendocrinal control mechanisms
alterations, and

» Rate-of-living (also an error theory).

Immunologic approach
Neuroendocrinal control mechanisms alterations
Rate-of-living

While there may be some validity to the idea that, for
various types of specific damage that are by-products of
metabolism, all other things being equal, a fast
metabolism may reduce lifespan. Actually, one of the
earliest aging theories was the 'rate-of-living hypothesis'
described by Raymond Pearl in 1928 (based on earlier
work by Max Rubner), which states that fast basal
metabolic rate corresponds to short maximum lifespans.
In general, this theory does not adequately explain the
differences in lifespan either within, or between,
species. When correcting for the effects of body size
and phylogeny, it was shown that metabolic rate does

not correlate with longevity in mammals or birds.
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Molecular theories
They include phenomena such as:
Codon restriction,

Dysdifferentiation,

Error catastrophe,

YV V V V

Gene regulation (also a gene expression
theory),

»  Genetic material (DNA) damage accumulation.
and

» Somatic mutation (also a genetic theory).
Codon restriction
Dysdifferentiation
Error catastrophe
Gene regulation
Genetic material (DNA) damage accumulation
DNA damage is distinctly different from mutation,
although both are types of error in DNA. DNA damage
is an abnormal chemical structure in DNA, while a
mutation is a change in the sequence of standard base

pairs. DNA damage has been one of the major causes in

diseases related to aging. The stability of the genome
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defined by the cells machinery of repair, damage
tolerance, and checkpoint pathways counteracts DNA
damage. One hypothesis proposed by physicist
Gioacchino Failla in 1958 is that damage accumulation
to the DNA causes aging. The hypothesis was
developed soon by another physicist Le6 Szilard. This
theory has changed over the years as new research has
discovered new types of DNA damage and mutations,
and several theories of aging argue that DNA damage

with or without mutations causes aging.

The theory that DNA damage is the primary cause of
aging is based, in part, on evidence in human and
mouse that inherited deficiencies in DNA repair genes
often cause accelerated aging. There is also substantial
evidence that DNA damage accumulates with age in
mammalian tissues, such as those of the brain, muscle,
liver, and kidney. One expectation of the theory is that,
among species with differing maximum life spans, the
capacity to repair DNA damage should correlate with

lifespan.

The first experimental test of this idea was by Hart and
Setlow who measured the capacity of cells from seven
different mammalian species to carry out DNA repair.
They found that nucleotide excision repair capability
increased systematically with species longevity. This
correlation was striking and stimulated a series of 11
additional experiments in different laboratories over
succeeding years on the relationship of nucleotide
excision repair and life span in mammalian species (see
the review by Bernstein and Bernstein). In general, the
findings of these studies indicated a good correlation
between nucleotide excision repair capacity and life
span. Further support for the theory that DNA damage
is the primary cause of aging comes from study of Poly
ADP ribose polymerases (PARPs). PARPs are enzymes
that are activated by DNA strand breaks and play a role
in DNA base excision repair. Burkle et al. reviewed
evidence that PARPs, and especially PARP-1, are
involved in maintaining mammalian longevity. The life

span of 13 mammalian species correlated with polyADP

J Neurol Psychol Res, an open access Journal
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ribosylation capability measured in mononuclear cells.
Furthermore, lymphoblastoid cell lines from peripheral
blood lymphocytes of humans over age 100 had a
significantly higher poly ADP-ribosylation capability

than control cell lines from younger individuals.

Evidence for the theory that DNA damage is the
fundamental cause of aging was first reviewed in 1981
and proposed in 2021 as the underlying cause of aging
because of the mechanistic link of DNA damage to
nearly every aspect of the aging phenotype. DNA
damage-induced epigenetic alterations, such as DNA
methylation and many histone modifications, appear to

be of particular importance to the aging process.

With respect to specific types of chemical damage
caused by metabolism, it is suggested that damage to
long-lived biopolymers, such as structural proteins or
DNA, caused by ubiquitous chemical agents in the body
such as oxygen and sugars, is in part responsible for

aging. The damage can include:

. Breakage of biopolymer chains;
. Cross-linking of biopolymers; or
. Chemical attachment of unnatural substituents

(haptens) to biopolymers.

Just like DNA mutation and expression have phenotypic
effects on organisms, DNA damage and mutation
accumulation also have phenotypic consequences in
older humans. Damage to macromolecules such as
DNA, RNA, and proteins along with the deterioration
of tissues and organs are the basis of aging. Species-
specific rates of aging are due to deleterious changes
which manifest after the reproductive phase.
Mitochondrial DNA (mtDNA) regulates cellular
metabolism, apoptosis and oxidative stress control.
Damage to mtDNA is therefore another contributing
factor  to phenotypes related  to aging.
Neurodegeneration and cancer are two factors that
manifest with DNA damage; therefore, we need to

understand the change in the association between DNA
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damage and DNA repair as we age in order to be aware
of age-related diseases and develop lifestyles that could

possibly promote a healthy life span.

The DNA damage theory of aging postulates that DNA
damage is ubiquitous in the biological world and is the
primary cause of aging. The theory is based on the idea
that aging occurs over time due to the damage of the
DNA. As an example, studies of mammalian brain and
muscle have shown that DNA repair capability is
relatively high during early development when cells are
dividing mitotically, but declines substantially as cells

enter the post-mitotic state.

The effect of reducing expression of DNA repair
capability is increased accumulation of DNA damage.
This impairs gene transcription and causes the
progressive loss of cellular and tissue functions that
define aging. As a response to DNA damage, one of the
responses triggered by oxidative stress is the activation
of p53. The p53 protein binds to DNA, then stimulates
the production of p21, which is also known as cyclin-
dependent kinase inhibitor 1. This ensures that the cell
cannot enter the next stage of cell division unless the
DNA damage is repaired. However, the p21 cells can

trigger apoptosis.

Now, under normal aerobic conditions, approximately
4% of the oxygen metabolized by mitochondria is
converted to superoxide ion, which can subsequently be
converted to hydrogen peroxide, hydroxyl radical and,
eventually, other reactive species including other
peroxides and singlet oxygen, which can, in turn,
generate free radicals capable of damaging structural
proteins and DNA. Certain metal ions found in the
body, such as copper and iron, may participate in the
process. [Note: In Wilson's disease (WD), a hereditary
defect that causes the body to retain copper, some of the
symptoms resemble accelerated senescence.] These
processes termed oxidative stress (OS) are linked to the
potential benefits of dietary polyphenol antioxidants,

for example in coffee and tea. However their typically
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positive effects on lifespans when consumption is
moderate have also been explained by effects on

autophagy, glucose metabolism, and AMPK.

Sugars, such as glucose and fructose, can react with
certain amino acids such as lysine and arginine and
certain DNA bases, such as guanine, to produce sugar
adducts, in a process called glycation. These adducts
can further rearrange to form reactive species, which
can then cross-link the structural proteins or DNA to
similar biopolymers or other biomolecules such as non-
structural proteins. People with diabetes, who have
elevated blood sugar, develop senescence-associated
disorders much earlier than the general population, but
can delay such disorders by rigorous control of their
blood sugar levels. There is evidence that sugar damage
is linked to oxidant damage in a process termed

glycoxidation.

Free radicals can damage proteins, lipids or DNA.
Glycation mainly damages proteins. Damaged proteins
and lipids accumulate in lysosomes as lipofuscin.
Chemical damage to structural proteins can lead to loss
of function; for example, damage to collagen of blood
vessel walls can lead to vessel-wall stiffness and, thus,
hypertension, and vessel wall thickening and reactive
tissue formation (atherosclerosis); similar processes in
the kidney can lead to kidney failure. Damage to
enzymes reduces cellular functionality. Lipid
peroxidation of the inner mitochondrial membrane
reduces the electric potential and the ability to generate
energy. It is probably no accident that nearly all of the
so-called "accelerated aging diseases" are due to

defective DNA repair enzymes.

Lastly, it is believed that the impact of alcohol on aging
can be partly explained by alcohol's activation of the
HPA axis, which stimulates glucocorticoid secretion,

long-term exposure to which produces symptoms of

aging.
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Somatic mutation
Cellular theories
They include these other phenomena:
» Apoptosis,
» Free radicals (also an error theory, and a

biochemical theory),

» Reproductive cell cycle,

Y

Stem cells (also a genetic theory), and

» Telomeres (also a genetic theory).

Apoptosis

Apoptosis (or programmed cell death) is associated
with gradual degradation of the immune system,

skeletal muscle, and aging-associated malfunction.

Free radicals theory

Free radicals are reactive molecules produced by
cellular and environmental processes. They can damage
the elements of the cell such as the cell membrane and
the DNA and cause irreversible damage. The free-
radical theory of aging proposes that this damage
cumulatively degrades the biological function of the

cells and impacts the process of aging.

The idea that free radicals are toxic agents was first
proposed by Rebeca Gerschman and colleagues in
1945, but came to prominence in 1956 when Denham
Harman proposed the free-radical theory of aging. The
theory posits that free radicals produced by dissolved
oxygen, radiation, cellular respiration and other sources
cause damage to the molecular machines in the cell and
gradually wear them down. (this is also known as
oxidative stress). Aging results from the damage
generated by reactive oxygen species (ROS) — the
small, highly reactive, oxygen-containing molecules
that can damage a complex of cellular components such

as fat, proteins, or DNA. They are naturally generated
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in small amounts during the body's metabolic reactions.
These conditions become more common as humans
grow older and include diseases related to aging, such
as dementia, cancer, and heart disease. The amount of
free radicals in the cell can be reduced with help of
antioxidants. But there is a problem that some free
radicals are used by organisms as signal molecules and
a hyperactive general reduction of free radicals causes
more harm than good to the organism. Some time ago,
the idea of slowing aging using antioxidants was very
popular but now high doses of antioxidants are
considered harmful. At present, some scientists try to
invent approaches of local suppression of free radicals
only in certain places of cells. The efficiency of such

approaches remains unclear.

There is substantial evidence to back up this theory. Old
animals have larger amounts of oxidized proteins,

DNA, and lipids than their younger counterparts.

Reproductive-cell cycle theory

It suggests that aging is regulated by changes in

hormonal signaling over the lifespan.

Stem cells theories

Damage and error accumulation in genetic material is
always a problem for systems regardless of age. The
stem cells theory of aging postulates that the aging
process is the result of the inability of various types of
stem cells to continue to replenish the tissues of an
organism with functional differentiated cells capable of
maintaining that tissue's (or organ's) original function.
The number of stem cells in young people is very much
higher than in older people and thus creates a better and
more efficient replacement mechanism in the young
contrary to the old. In other words, aging is not a matter
of the increase in damage, but a matter of failure to
replace it due to a decreased number of stem cells. Stem
cells decrease in number and tend to lose the ability to

differentiate into progenies or lymphoid lineages and
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myeloid lineages.

Maintaining the dynamic balance of stem cells pools
requires several conditions. Balancing proliferation and
quiescence along with homing and self-renewal of
hematopoietic stem cells are favoring elements of stem
cell pool maintenance while differentiation,
mobilization, and senescence are detrimental elements.
These detrimental effects will eventually cause

apoptosis.

There are also several challenges when it comes to the
therapeutic use of stem cells and their ability to
replenish organs and tissues. First, different cells may
have different lifespans even though they originate from
the same stem cells (see T-cells and erythrocytes),
meaning that aging can occur differently in cells that
have longer lifespans as opposed to the ones with
shorter lifespans. Also, continual effort to replace the
somatic cells may cause exhaustion of stem cells. Also

of note:

» Hematopoietic stem cells aging:
Hematopoietic stem cells (HSCs) regenerate
the blood system throughout life and maintain
homeostasis. DNA strand breaks accumulate in
long-term  HSCs  during aging.  This
accumulation is associated with a broad
attenuation of DNA repair and response

pathways that depends on HSC quiescence.

» Hematopoietic stem cells diversity aging: A
study showed that the clonal diversity of stem
cells that produce blood cells gets drastically
reduced around age 70 to a faster-growing few,
substantiating a novel theory of aging which

could enable healthy aging.

» Hematopoietic mosaic loss of the Y-
chromosome: A 2022 study showed that blood
cells' loss of the Y-chromosome in a subset of

cells, called 'mosaic loss of chromosome Y'
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(mLOY) and reportedly affecting at least 40%
of 70 years-old men to some degree,
contributes to fibrosis, heart risks, and

mortality in a causal way.
Telomeres theory

Telomeres are recurring nucleotide sequences that
protect the ends of chromosomes; they are sensitive to
oxidative stress (OS) and degrade during chromosomal
replication. Telomerase is a ribonucleotide protein that
helps repair and replace degraded telomeres. However,
telomerase fails us as we age; it becomes less able to
repair telomeres, and our whole body starts falling
apart. This means that our cells can no longer divide or
divide with errors, and some believe that this

contributes to the process of aging.

New research has also shown that there is an
association  between telomere shortening and

mitochondrial ~ dysfunction.  Nevertheless, over-
expression of telomerase increases the chances of
cancer. If telomeres stay in repair, there is a greater
chance of longevity, but there is also more cell division
and a greater chance of mutation, which could result in
cancer. Therefore, a long-lived cell is just a time bomb!
Enhancing telomerase activity is, therefore, not a
solution; it only allows the cells to live longer. Naked
mole rats have high telomerase activity, they live
longer, and were thought by some to never get cancer;
and therefore possibly be an exception to this

hypothesis. However, naked mole rats do get cancer.

Classification of the theories of aging

On the basis of Tables 1 and 2, aging theories have been
classified in four -categories: Programmed, Error,
Genetic, and Biological (acronym PEGB), which are
briefly presented in Table 3 below. Any of these theories
is not exclusive and a combination of them may be able

to explain aging in any given aging circumstance.
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A. Programmed theories
(or Phenoptosis or cellular
clock theories)

1. Programmed longevity

2. Endocrine

3. Immunological

B. Error theories
(or “simple deterioration” or
“fundamental limitation”)

1. Wear-and-tear

2. Rate-of-living

3. Cross-linking

4. Free radicals

C. Genetic theories

1. Somatic DNA damage
2. Longevity genes

3. Cell senescence.

4. Telomeres

5. Stem cells

J Neurol Psychol Res, an open access Journal

o Aging is adaptive, normally
invoking selection for
evolvability or group selection.
0 The human body is designed
to age and there is a certain
biological timeline that bodies
follow.

0 Aging is caused by certain
genes switching “on” and “off”
over time.

o Regular changes in hormones
control aging.

o The process of human aging
is a mild and generalized form
of a prolonged autoimmune
phenomenon.

o Aging is caused by
environmental damage to the
body's systems.

o Cells and tissues simply wear
out.

o People (and other living
organisms) have a finite number
of breaths, heartbeats, or other
measures, and will die once
they would have used those up.

o Cross-linking of proteins that
slows down body's processes
and results in aging.

o Aging is due to the DNA
damage of "free radicals" in the
environment causing damage to
cells.

o Genetics plays a major role in
aging.

o Genetic mutations cause cells
to malfunction.

o Specific genes that help a
person live longer.

o Process by which cells
deteriorate over time.

o Structures at the end of DNA
that eventually are depleted.

o Cells that can become any
type of cell in the body.

o Aging is an essential and
innate part of the biology of
humans. It is “programmed”
into our body systems. These
systems change over time, and
these changes cause the
symptoms and signs of aging.

o Longevity genes.

o Hormones.

0 The immune system is
programmed to decline over
time, leaving people more
susceptible to diseases and
aging.

o Damage accumulates over
time.

o Wear and tear.

o The faster an organism uses
oxygen, the shorter it lives.

o Slowing one's metabolism
does not enhance lifespan.

o Cross-linked proteins
accumulate and slow down the
body's processes.

o Cell damage eventually
impairs the cells' function.

o In one animal study, lifespan
was extended by 35%.
o DNA damage

o Longevity genes.

o Cell senescence.

o Depletion results in cells
ceasing to replicate.

o Hold promise to repair
damage caused by aging.
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D. Biochemical theories

1. Free radicals

2. Protein cross-linking

3. DNA repair

4. Heat shock proteins

5. Hormones

o Body is continually
undergoing complex
biochemical reactions.

o Unstable oxygen molecules
that can damage cells.

o Excess sugars in the
bloodstream can cause protein
molecules to literally stick
together.

o Systems in the body that
repair DNA seem to become
less effective in older people.
o Proteins that help cells
survive stress are present in

fewer numbers in older people.
o Hormones change as we age.
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o Some chemical reactions
cause damage and, ultimately,
aging.

o Cell damage eventually
impairs their function.

o Cross-linked proteins
accumulate and slow down the
body's processes.

o Less effective DNA repair
mechanisms.

o Heat shock proteins.

o Cause many shifts in organ
systems and other functions.

Table 3: Principles and features of aging theories

Programmed theories of aging

Programmed theories of aging posit that aging is
adaptive, normally invoking selection for evolvability
or group selection. They assert that the human body is
“designed” to age so that aging is a natural phenomenon
that has been “programmed” into our bodies, following
a certain biological timeline. In effect, we are
“designed” to age! But, casting aside philosophical
or/and religious arguments, all such theories shy away

from identifying the “programmer(s)” or “designer(s)”.

Within such theories, one may distinguish those that
assert that the genetic on-and-off switching over time
causes aging, without specifying the correspondence
between the number and frequency of the switchings
with the corresponding aging parameters. Others argue
that regular changes in hormones control aging. Again,
the identity and number of the effecting hormones and
the degree of control on aging has gone silent. Still
others assert that aging is caused by the time

accumulation of environmental damage to the body's

J Neurol Psychol Res, an open access Journal

systems without elaborating on the nature and types of
damages affecting which body systems and in which

manner has likewise not been discussed.

Programmed maintenance theories

Theories, such as Weismann's "programmed death"
theory, suggest that deterioration and death due to aging
are a purposeful result of an organism's evolved design.
They are referred to as theories of programmed aging or

adaptive aging.

By contrast, the programmed maintenance theory based
on evolvability suggests that the repair mechanisms are
controlled by a common control mechanism capable of
sensing conditions such as calorie restriction, and may
be responsible for lifespan in particular species. In this
theory, the survival techniques are based on control
mechanisms instead of individual maintenance
mechanisms, which are seen in the non-programmed

theory of mammal aging.

A non-programmed theory of mammal aging states that
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different species possess different capabilities for
maintenance and repair. Longer-lived species possess
many mechanisms for offsetting damage due to causes
such as oxidation, telomere shortening, and other
deteriorative processes. Shorter-lived species, having
earlier ages of sexual maturity, have less need for
longevity and, thus, did not evolve or retain the more-
effective repair mechanisms. Damage therefore
accumulates more rapidly, resulting in earlier
manifestations and a shorter lifespan. Since there is a
wide variety of aging manifestations that appear to have
very different causes, it is likely that there are many

different maintenance and repair functions.

Error theories of aging

These theories assert that, over time, cells and tissues
simply wear out. One variation of these theories,
discussed above, includes ‘“wear-and-tear theory”,
which asserts that cells and tissues simply wear out. The
manner and duration of the wearing and tearing has
been left aside. In a second variation, called the “rate-
of-living theory”, aging is inversely related to the
organism consumption of oxygen, i.e., the faster an
organism uses oxygen, the shorter it lives. However,
understandably because of the underlying difficulties,
this relationship has not been quantified in terms of the
amount of oxygen available, its rate of consumption,
and the proximate rate of aging. A third variation, called
“cross-linking theory”, posits that cross-linked proteins
accumulate and slow down the body's processes. Again,
the quantification of the number and amount of cross-
links to the number and quality of the affected body
processes has been left aside. A fourth variation named
“free radicals theory” asserts that free radicals in the
environment cause damage to cells, eventually
impairing their function and causing aging. The
quantification of the relationship between the quality
and quantity of identified radicals to the nature and

amount of damage to cells has also been overlooked.
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Genetic theories of aging

Genetics plays a major role in aging. For example, in a
mice experiment, Baker et al. (2018) found that
removing cells containing certain genes from the organs
extended the lifespan of the animals by as much as
35%. Whether a similar effect could be applied to
humans is not known. Variations on this theory are
based on known facts. Thus, in one variation called
“somatic DNA damage theory”, genetic mutations are
known to cause cells to malfunction. While such a
causal effect is known, the nature and number of such
mutations and the correlated cell malfunction(s) have
not been elaborated upon. A second variation, called the
“longevity genes theory”, is based on so-called
“longevity genes”, which are specific genes that help
lengthen lifespan. However, the identity and number of
such genes and the mechanism of their action on aging
remains unclear. A third wvariation, called “cell
senescence theory”, rests on the process of senescence
by which cells deteriorate over time. Again, the
characteristics, properties, and effects of this
phenomenon on aging are not fully understood. The
fourth variation, called “telomeres shortening theory”,
is based on the known effect of telomeres (structures on
the end of genes) shortening on cell replication. Finally,
in a fifth variation, called “stem cells theory”, stem cells
(cells that can become any cell type in the body) hold

promise to repair the damage caused by aging.

Biochemical theories of aging

These theories rest on the known fact that no matter
what genes we may have inherited, our body is
continually undergoing complex biochemical reactions,
some of which causing damage and, ultimately, aging in
the body. The study of these reactions should help
understand how the body changes as it ages. There are
five important concepts in the biochemistry of aging on

which are based various theories of aging. In one, called
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“free radicals theory”, free radicals (unstable oxygen
molecules) can damage cells. Which free radicals, what
mechanism(s) and the extent of the damage caused are
being studied. In a second variation, called “protein
cross-linking theory”, cross-links of proteins produce
excess sugars in the bloodstream that can cause them to
literally stick together leading to aging. The identity,
number and strength of the cross-links, and the
mechanism(s) leading to aging are being researched. In
a third variation, called “DNA repair theory”, the
systems in the body that repair DNA seem to become
less effective with age. However, the particulars of the
several body systems that repair DNA and the
mechanism(s) and effectiveness of their remedial action
need to be further elucidated. In a fourth variation,
called “heat shock proteins theory”, such proteins help
cells survive stress and diminish in numbers with age.
The full identity of such proteins, their number, and
mechanisms of action, and diminution with time require
further investigations. Lastly, in the fifth variation,
called “age-changing hormonal theory”, hormones
cause many shifts in organ systems and other functions.
The identity, number, mechanism(s), and effectiveness

of such proteins need to be further studied.

On damage-related factors

In the above theories, several damage-related factors

have been mentioned. More specifically, these are:
DNA damage theory of aging

DNA damage is thought to be the common basis of both
cancer and aging, and it has been argued that intrinsic
causes of DNA damage are the most important ones. We

can distinguish the following:

. Genetic damage:  Aberrant  structural
alterations of the DNA (that is, DNA damage proper)
cause the cells to stop dividing or induce apoptosis,
often affecting stem cell pools and, therefore, hindering

regeneration.
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. Mutations (I.e., changes in the DNA
sequence): They can cause abnormal gene expression.
However, lifelong studies of mice suggest that most
mutations happen during embryonic and childhood
development when cells divide often, as each cell

division is a chance for errors in DNA replication.

. Epimutations (the methylation of gene
promoter regions or alterations of the DNA scaffolding

which regulate gene expression).

. Genetic instability: With respect to the annual
DNA loss in heart muscles, it is approximately 3.3% in
dogs and 0.6% in humans - numbers that are are close
to the ratio of the maximum longevities of the two
species (20 years vs. 120 years, a 6/1 ratio). The
comparative percentage is also similar between dogs
and humans for yearly DNA loss in the brain and
lymphocytes. As stated by Bernard L. Strehler, "...
genetic damage (particularly gene loss) is almost

certainly (or probably the) central cause of aging".

. Mitochondrial DNA mutations: Mice studies
have shown that increased levels of somatic mtDNA
mutations can directly cause a variety of aging
phenotypes. They can lead to respiratory-chain-
deficient cells and, thence, to apoptosis and cell loss. A
common (perhaps doubtful) assumption is that
mitochondrial mutations and dysfunctions lead to

increased generation of reactive oxygen species (ROS).

. Mitochondrial activity damage: Free radicals
produced by mitochondrial activity damage cellular

components, leading to aging.

. DNA oxidation and calorie restriction:
Caloric restriction reduces 8-OH-dG DNA damage in
organs of aging rats and mice. Thus, reduction of
oxidative DNA damage is associated with a slower rate

of aging and increased lifespan.
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DNA damage causes the cells to stop dividing or
induces apoptosis, often affecting stem cell pools and
therefore hindering regeneration. However, lifelong
studies of mice suggest that most mutations happen
during embryonic and childhood development, when
cells divide often, as each cell division is a chance for
errors in DNA replication. In a 2021 review article, Vijg
stated the following: "Based on an abundance of
evidence, DNA damage is now considered as the single
most important driver of the degenerative processes

that collectively cause aging".

Waste accumulation

A buildup of waste products in cells presumably
interferes with metabolism. For example, a waste
product called lipofuscin is formed by a complex
reaction in cells that binds fat to proteins. Autophagy
induction can enhance the clearance of toxic
intracellular waste associated with neurodegenerative
diseases; it has been comprehensively demonstrated to
improve lifespan in yeast, worms, flies, rodents and
primates. The situation, however, has been complicated
by the identification that autophagy up-regulation can

also occur during aging.

Wear-and-tear

The general idea that changes associated with aging are

the result of chance damage that accumulates over time.
Errors accumulation

This is the idea that aging results from chance events
that escape proof-reading mechanisms, which gradually

damages the genetic code.

Heterochromatin loss

A model of aging.

Cross-linkage

The idea that aging results from the accumulation of
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cross-linked compounds that interfere with normal cell

function.
Free-radicals damage

Free radicals or, more generally, reactive oxygen
species or oxidative stress, create damage that may give
rise to the symptoms of aging. The effect of calorie
restriction may be due to the increased formation of free
radicals within the mitochondria, causing a secondary

induction of increased antioxidant defense capacity.
Mitochondrial activity

Free radicals produced by mitochondrial activity

damage cellular components, leading to aging.
DNA oxidation and calorie restriction

Calorie restriction reduces 8-OH-dG DNA damage in
organs of aging rats and mice. Thus, reduction of
oxidative DNA damage is associated with a slower rate

of aging and increased lifespan.

Conclusions and take-aways

» Aging is a complex interaction of genetics,
chemistry, physiology, and behavior. More
than 30 different theories of aging have been
posited to explain its nature and causes. They
fall into two broad categories: Evolutionary

and mechanistic.

» Evolutionary theories of aging primarily
explain why aging happens, but do not concern
themselves with the molecular mechanism(s)
that drive the process. They all rest on the
basic mechanisms that the force of natural

selection declines with age.

» Mechanistic theories can be divided into
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theories that propose that aging is
“programmed”, and ‘“damage accumulation
theories” that propose aging to be caused by
specific molecular changes occurring over

time.

Evolutionary theories can be explained briefly
by:  Mutations  accumulation,  somatic
disposition, antagonistic pleiotropy, and

selective shadowing.

Systems theories include: Immunologic
approach, rate-of-living (an error theory), and
neuroendocrinal control mechanisms

alterations.

Molecular theories include phenomena such
as: Gene regulation (gene expression), codon
restriction,  error  catastrophe, somatic
mutation, genetic material (DNA) damage

accumulation, and dysdifferentiation.

Cellular theories can be categorized as:
Telomere theory, free radical theory, apoptosis,
stem cell theory, and reproductive cell cycle

theory.

There are now dozens of theories of aging to
explain this inevitable fact of being human.
These have been classified in four categories

(acronym PEGB).

Programmed theories of aging assert that the
human body is “designed” to age so that aging
is a natural phenomenon that has been
“programmed” into our bodies, following a
certain biological timeline. Within such
theories, one may distinguish those that assert
that the genetic on-and-off switching over time
causes aging. Others argue that regular
changes in hormones control aging. Still others

assert that aging is caused by the time
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accumulation of environmental damage to the

body's systems.

Error theories of aging assert that, over time,
cells and tissues simply wear out. Variation of
these theories include: “wear-and-tear theory”
in which cells and tissues simply wear out;
“rate- of-living theory” in which aging is
inversely related to the organism consumption
of oxygen; “cross-linking theory” which posits
that cross-linked proteins accumulate and slow
down the body's processes; and “free radicals
theory” which asserts that free radicals in the
environment cause damage to cells, eventually

impairing their function and causing aging.

Genetics plays a major role in aging.
Variations on this theory include the: “somatic
DNA damage theory” in which genetic
mutations are known to cause the
malfunctioning of cells and subsequently
aging; “longevity genes theory”, based on so-
called “longevity genes”, which are specific
genes that help lengthen lifespan; “cell
senescence theory”, which rests on the process
of senescence by which cells deteriorate over
time and cause aging; “telomeres shortening
theory”, which is based on the known effect of
telomeres shortening on cell replication; and
“stem cells theory”, which holds promise to

repair the damage caused by aging.

Biochemical theories of aging rest on the
known fact that no matter what genes we may
have inherited, our body is continually
undergoing complex biochemical reactions,
some of which causing damage and,
ultimately, aging in the body. There are five
important concepts: “free radicals theory”,
which can damage cells; “protein cross-linking
theory”, which produces excess sugars in the

bloodstream that can cause protein molecules
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to literally stick together leading to aging;
“DNA repair theory” in which the systems in
the body that repair DNA seem to become less
effective with age; ‘“heat shock proteins
theory”, which help cells survive stress and
diminish in numbers with age; and “age-
changing hormonal theory” in which hormones
cause many shifts in organ systems and other

functions.

DNA damage is thought to be the common
basis of both cancer and aging and the most
important cause of aging, including the
following types: Genetic damage in which
aberrant structural alterations of the DNA
cause the cells to stop dividing or induce
apoptosis, often affecting stem cell pools and,
therefore, hindering regeneration; mutations
that can cause abnormal gene expression;
epimutations; genetic instability;
mitochondrial DNA mutations which can lead
to respiratory-chain-deficient cells and, thence,
to apoptosis and cell loss; mitochondrial
activity damage in which the free radicals
produced damage cellular components and
lead to aging; and DNA oxidation and calorie
restriction. DNA damage is now considered as
the single most important driver of the

degenerative processes that collectively cause

aging.

Theories of aging affect efforts to
understand and find treatments for age-related

conditions:

Those who believe in the idea that aging is an
unavoidable side effect of some necessary
function (antagonistic pleiotropy or disposable
soma theories) logically tend to believe that
attempts to delay aging would result in
unacceptable side effects to the necessary

functions. For them, altering aging is therefore
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"impossible" and the study of aging

mechanisms is of only academic interest.

Those believing in default theories of multiple
maintenance mechanisms tend to believe that
ways might be found to enhance the operation
of some of those mechanisms. Perhaps they

can be assisted by antioxidants or other agents.

Lastly, those who believe in programmed
aging suppose that ways might be found to
interfere with the operation of that part of the
aging mechanism which appears to be
common to multiple symptoms, essentially
"slowing down the clock" and delaying
multiple manifestations. Such an effect might
be obtained by fooling a sense function. One
such effort is an attempt to find a "mimetic"
that would "mime" the anti-aging effect of
calorie restriction without having to actually

radically restrict diet.
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