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New elements in modern biological
theories of aging
ABSTRACT
Generally and simply speaking, when human individuals think of how their bodies are aging, probably

Kazimierz Kochman, Prof. emeritus
Division of Biological Sciences,
Polish Academy of Sciences
7A Krepowieckiego 146
01–456 Warszawa, Poland

the most visible changes come first to their minds. One can notice more grey hair or the skin does not
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seem as smooth as it used to be. These are just external signs of a series of processes going on within
our cells and bodily systems that together constitute normal aging. Aging (also called senescence) is an
age-dependent decline in physiological function, demographically manifesting as decreased survival and
fecundity with increasing age. Aging is also commonly defined as the accumulation of diverse deleterious
changes occurring in cells and tissues with advancing age that are responsible for the increased risk of
and deep insights for the understanding of age-related physiological changes.
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disease and death. The principal theories of aging are all specific of a distinct cause of aging, giving useful
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Generally and simply speaking, when human individuals think of how their bodies are aging, probably
the most visible changes come first to their minds. One
can notice more grey hair, or the skin does not seem as
smooth as it used to be. These are just external signs
of a series of processes going on within our cells and
bodily systems that together constitute normal aging.
Aging (also called senescence) is an age-dependent
decline in physiological function, demographically
manifesting as decreased survival and fecundity with
increasing age. Aging is also commonly defined as the
accumulation of diverse deleterious changes occurring
in cells and tissues with advancing age that are responsible for the increased risk of disease and death. The
principal theories of aging are all specific of a distinct
cause of aging, giving useful and deep insights for the
understanding of age-related physiological changes. However, a complete view of them is necessary
when discussing a process which is still obscure in
some of its aspects. In this context, the search for a particular cause of aging has recently been replaced by the
view of aging as an extremely complex, multi-factorial
process. For this reason, the different theories of aging
should be considered as complementary of others in
the explanation of some or all the mechanisms of the

normal aging process. Thus far, there is no strong and
convincing evidence showing the administration of existing “anti-aging” remedies can slow aging or increase
longevity in humans. Nevertheless, several studies on
animal models have evidenced that aging rates and
life expectancy can be modified. The recent reviews
confirming such idea [1–4] give an excellent overlook of
the most important and generally accepted theories of
aging, providing current evidence of the many scientific
trials aimed at modifying the aging process.
Despite the recent advances in molecular biology
and genetics, the great mysteries that control human
lifespan are waiting for delineation. Many theories,
which are divided into two main categories: programmed and error theories, have been proposed to
explain the process of aging, but none of them is fully
satisfactory. These theories often interact mutually in
a complex way.
While this is certainly one of the obligatory experiences all humans have in common, scientists in the
research institutes worldwide judge aging is actually
one of the nature’s least understood processes.
It was suggested that the future precise research in
biogerontology, such as the studies on the control of
protein synthesis, validation of biomarkers of aging and
understanding the biochemistry of longevity, should be
conducted with the utilization of new and precise tools
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of molecular and genomic technology. Molecular biolo
gists must put their experiments into an evolutionary
framework having in view the aging process. Evolutionary biologists should adopt their tools of molecular
biology. The time is suitable for a synthesis of molecular
biogerontology and evolutionary biology of aging.
New theories enable us to make theoretical predictions, showing the paths which can be tested in
experimental laboratory and field conditions. A better
understanding and further precise testing the existing
and new theories may contribute to the promotion of
successful aging.

Theories of aging
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Several theories of aging were created to explain the
process of aging, however, none of them appears to be
fully satisfactory [5]. The traditional aging theories hold
that aging is not an adaptation or generally genetically
programmed. Modern biological theories of aging in
humans can be placed within two main categories:
programmed and damage (error) theories. The programmed theories imply that aging follows a biological
timetable, perhaps a continuation of the one that regulates childhood growth and development. This regulation would depend on changes in gene expression that
affect the systems responsible for maintenance, repair
and defense responses. The damage or error theories
emphasize environmental assaults on living organisms
that induce cumulative damage at different levels of the
organization of organisms as the cause of aging.

The immune system is programmed to decline
over time, which leads to an increased vulnerability to
infectious diseases and thus aging and death. It is well
documented that the effectiveness of the immune system peaks at puberty and gradually declines thereafter
with advance in age.
For example, as one grows older, antibodies lose
their effectiveness and fewer new diseases can be
combated effectively by the body, which causes cellular stress and eventual death [9]. Indeed, unregulated
immune response has been linked to cardiovascular
disease, inflammation, Alzheimer’s disease (AD) and
cancer. Although direct causal relationship has not been
established for all these detrimental outcomes, the immune system has been at least indirectly implicated [10].
The damage (error) theory includes: 1) wear and tear
theory and 2) rate-of-living theory. The first one implies
that cells and tissues have vital parts that wear out which
results in aging. Like the components of an aging car,
parts of the body eventually wear out from repeated use,
killing them and then the body. Even though the wear
and tear theory of aging was first introduced by Weismann, a German biologist, in 1882, it sounds perfectly
reasonable to many people even today, because this
is what happens to most familiar things around them.
The second theory holds that the greater the organism’s rate of oxygen basal metabolism, the shorter its
lifespan [11]. The rate-of-living theory of aging, however
helpful, is not completely adequate in explaining the
maximum lifespan [12]. Rollo proposes a modified
version of Pearl’s rate-of-living theory emphasizing the
hard-wired antagonism of growth (TOR) and stress
resistance (FOXO) [13].

Biological clocks act through hormones to control
the pace of aging. Recent studies confirm that aging is
hormonally regulated and that insulin/IGF-1 signaling
(IIS) pathway, conserved during evolution, plays a key
role in the hormonal regulation of aging. Van Heemst,

Cross-linking theory

The cross-linking theory of aging was proposed by
Bjorksten in 1942 [14]. According to this theory, the
accumulation of cross-linked proteins damages cells
and tissues, slowing down bodily processes resulting in
aging. Recent studies show that cross-linking reactions
are involved in the age related changes in the studied
proteins [15].
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Endocrine theory
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The programmed theory has three sub-categories:
1) Programmed Longevity. Aging is the result of a sequential switching on and off of certain genes, with senescence
being defined as the time when age-associated deficits
are manifested [5]. Weismann came to an idea that there
is a limitation on the number of divisions that somatic
cells might undergo in the course of individual life and
this number, like the lifespan of individual generations
of cells, is already determined in the embryonic cell [6].
Weismann contributed to the first evolutionary theory of
aging which drew attention of other researchers. On the
basis of theoretical inspiration alone, he rightly predicted
the existence of a cell division limit [6, 7].
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Programmed theory of aging

in his publication, described and discussed the potential mechanism underlying interconnection of IIS and
aging process [8].

Free radicals theory

This theory of aging was first proposed by Gersch
mann in 1954 but was precisely formulated by Harman
[16] who hypothesized that a single common process,
modifiable by the genetic and environmental factors, in
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which the accumulation of endogenous free radicals
generated in cells could be responsible for aging and
death of all living beings [16, 17].
This theory was then revised in 1972 when mitochondria were identified as responsible for the initiation
of the most of the free radical reactions related to the
aging process. It was postulated that the lifespan is
determined by the rate of free radical damage to the
mitochondria [18].
The increasing age-related oxidative stress is a consequence of the imbalance between the free radical
production and antioxidant defenses with a higher
production of these radicals [19].
Harman [18] suggests that superoxide and other
free radicals cause damage to the macromolecular
components of the cell, giving rise to damaged cells,
and consequently organs, which eventually stop functioning. The macromolecules such as nucleic acids,
lipids, sugars, and proteins are all potential targets to
free radical attack. Nucleic acids can get additional base
or sugar group; break in a single and double strand
fashion in the backbone and afterwards can cross link
to other molecules. The body is armed in some natural
antioxidants such as enzymes, which help to curb the
dangerous built-up of these free radicals, without which
cellular death rates would be greatly increased, and
subsequent life expectancies would decrease. This theory has been bolstered by experiments in which rodents
fed antioxidants achieved greater average longevity.
All organisms live in an environment that contains reactive oxygen species. Mitochondrial respiration, the basis
of energy production in all eukaryotes, generates reactive
oxygen species by leaking intermediates from the electron
transport chain [20]. The universal nature of oxidative free
radicals, and possibly of the free radical theory of aging,
is suggested by the presence of superoxide dismutase in
all aerobic organisms and responsible for scavenging superoxide anions [20]. Moreover, cellular oxidative damage
is indiscriminate. It has been shown that oxidative modifications occur in DNA, protein and lipid molecules [21].
Elevated levels of both oxidant-damaged DNA and protein
have been found in aged organisms [22, 23].
However, at present there are some experimental
findings which are not consistent with this early proposal. Afanas’ev [24] suggested that reactive oxygen
species (ROS) signaling is probably the most important
enzyme/gene pathway responsible for the development
of the of cell senescence and aging of the organism
and that ROS signaling might be considered as further
development of the free radical theory of aging [24].
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repaired, some accumulate, as DNA polymerases
and other repair mechanisms cannot correct defects
as fast as they are apparently produced. In particular,
there is evidence for DNA damage accumulation in
non-dividing cells of mammals. Genetic mutations occur
and accumulate with increasing age, causing cells to
deteriorate and malfunction. Damage to mitochondrial
DNA might lead to mitochondrial dysfunction. Therefore,
aging results from damage to the genetic integrity of
the body cells.
In the 1930s, it was found that restricting calories
can extend the lifespan in laboratory animals [25]. Many
studies were performed to try to elucidate the underlying
mechanisms. However, our knowledge remained limited at the genetic and molecular levels until 1990 [26].
Recently, Schulz et al. have provided evidence that this
effect is due to an increased formation of free radicals
within the mitochondria causing a secondary induction of increased antioxidant defense capacity [27].
Shimokawa and Trindade have analyzed the new results
on restricting calories-related genes or molecules in the
rodent models, their importance in understanding of
this process, with the particular attention on the roles
of forkhead box O transcription factors, AMP-activated
protein kinase, and sirtuins (specially SIRT1) in the
effects of restricting calories in rodents [26].
Some neurological diseases are considered to be
at high risk with increasing age, for example, AD, which
is diagnosed in people over 65 years of age. The discovery of molecular basis of the processes involved in
their pathology or creating and studying aging model
systems may help our better understanding of the aging
processing. At the early stages, the most commonly
recognized symptom of AD is inability to acquire new
memories. Recent studies show that endogenous neural stem cells, in the hippocampus of an adult brain, are
involved in memory function [28]. Consistently, neural
stem cell function in the hippocampus decreases with
increased aging [4], but the reasons are still unclear.

Studies exploring mechanisms of aging have always
been particularly directed on DNA. In mammalian cells,
mitochondria and the nucleus are the only organelles
that possess DNA. In mammalian cells, the physiolo
gical integrity of the cell is strongly linked to the integrity
of genome.
The mitochondrial DNA is present in only 1% to 3%
of total genomic material in animal cells but its importance to cellular physiology is much greater than what
can be estimated from its size alone. Mitochondrial
DNA, in close proximity to the places of oxygen radical production and unprotected by histones that are
associated with nuclear DNA, is a sensitive target for
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DNA damages occur continuously in the cells of
living organisms. While most of these damages are
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Somatic DNA damage theory

Mitochondrial theory of aging
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oxygen radical attack. It was estimated that the level
of oxidized bases in mitochondrial DNA is 1- to 20-fold
higher than that in nuclear DNA [29, 30]. Mitochondria
encode polypeptides of the electron transfer chain as
well as components required for their synthesis. For
this reason, any coding mutations in mitochondrial DNA
will affect the entire electron transfer chain, potentially
altering both the assembly and function of the products
of numerous nuclear genes in electron transfer chain
complexes. Finally, defects in the electron transfer chain
can have pleiotropic effects because it is affecting the
entire cellular energetics [31].
It was demonstrated that longevity is more strongly associated with age of maternal death than that of
paternal death, suggesting that mitochondrial DNA
inheritance may play an important role in determining
longevity [32]. In spite of the fact that it is still not well
established [33], several studies demonstrate that longevity is associated with specific mitochondrial DNA
polymorphisms [34–36].
The mitochondrial DNA mutations accumulate
progressively during life and are directly responsible
for a measurable deficiency in cellular oxidative phosphorylation activity, leading to an enhanced reactive
oxygen species production. Supporting the primary
importance of mitochondria in the aging process and
in determining longevity, it has been documented that
several mutagenic chemicals tend to preferentially
damage mitochondrial DNA. It can be hypothesized that
a life-long exposure to these environmental toxins may
lead to a preferential accumulation of the mitochondrial
DNA damage and accelerate aging [1].
Although mild amounts of oxidative damage, such
as that experienced during exercise training [37], may
actually be the stimulus for physiological mitochondrial
biogenesis, more severe, more extensive, or more prolonged oxidative damage is clearly toxic [38].
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some, insuring that cells can continue to reproduce and
promote the survival of the species. But most adult cells
lack this capacity. When the telomeres reach a critical
length, the cell stops replicating at an appreciable rate,
and so, it dies off, which eventually leads to the death
of the entire organism. Telomerase cannot completely
prevent telomere shortening after extensive stem cell
division either, providing a putative mechanism for the
timely limit of the history of stem cells replication and
subsequent progressive decay in the maintenance of
organ homeostasis at old ages [39, 42]. A recent study
shows that telomeres shorten with age in neural stem
cells of the hippocampus and that telomerase-deficient
mice exhibit reduced neurogenesis as well as impaired
neuronal differentiation and neuritogenesis [43]. These
findings indicate the link among brain aging, neural
stem cells and neurological diseases [44].
Another important aspect of this problem is telomere
quality, as different from telomere length. Telomeres are
the weak link in DNA. They are readily damaged and
must be repaired, yet they lack the repair efficiency of
other DNA. This results in the accumulation of partially
damaged and poorly functioning telomeres of lower
quality, regardless of their length.

Inflammation hypothesis of aging

The telomere theory of aging
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It is well-known that telomere maintenance appears
to be essential for the prolonged persistence of the stem
cell function in organs with extensive cell turnover [39].
However, in 1961, Hayflick revolutionized cell biology
when he developed a theory relevant to telomeres
known as the Hayflick Limit, which places the maximum
potential lifespan of humans at 120 years, the time at
which too many cells can no longer replicate and divide
to keep things going. He theorized that the human cells
ability to divide is limited to approximately 50 times,
after which they simply stop dividing [40]. According to
telomere theory, telomeres have experimentally been
shown to shorten with each successive cell division [41].
Certain cells, such as egg and sperm cells, use telomerase to restore telomeres to the end of their chromo-
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The aging process occurs because the changed
energy states of biomolecules render them inactive or
malfunctioning. Identical events also occur before the
aging phenotype appears, but repair and replacement
processes are capable of maintaining the balance in
favor of the functioning molecules. After reproductive
maturation, this balance slowly shifts to the one in
which molecules that lose their biologically active energy states are less likely to be replaced or repaired.
The diminution of repair and replacement capability is
further exacerbated because the enormously complex
biomolecules that compose the repair and replacement
systems also suffer the same fate as their substrate
biomolecules [45].
The importance of the inflammation in the aging process has been recognized only recently [46, 47]. However,
inflammation has been lately more and more often considered as a cornerstone of the mechanisms underlying the
aging process. Inflammation is a complex host’s normal
defense reaction to physiological and non-physiological
stressors. Acute as well as chronic inflammatory responses are constituted by sequential phases, controlled by
hormonal and cellular stimuli [48, 49].

Neuroendocrine theory of aging

A bidirectional communication between the nervous
system and the immune system is generally and widely
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accepted [50]. During the aging process it is possible to
observe a functional decline in the immune and nervous
systems, but also an impaired relationship between
these two very important regulatory systems is evident,
with the resulting loss of homeostasis and much higher
risk of death [51, 52].
The aging is due to changes in neural and endocrine
functions that are substantial for: 1) coordination and
responsiveness of different systems to the external
environment; 2) programming physiological responses
to environmental stimuli; and 3) the maintenance of an
optimal functional status for reproduction and survival.
These changes affect the neurons and hormones
regulating evolutionarily important functions such as
reproduction, growth and development, but also influence the regulation of survival through adaptation to
stress. The lifespan regulated by “biological clocks”
would undergo a continuum of sequential stages
driven by nervous and endocrine signals. Changes of
the biological clock would disrupt the clock and the
corresponding adjustments [21, 53].
Neuroendocrine theory of aging indicates the hypothalamic-pituitary-adrenal (HPA) axis as the primary regulator,
a sort of pacemaker signaling the onset and termination
of each stage of life. The HPA axis controls the functional
adjustments aimed at the preservation and maintenance
of an internal homeostasis despite the continuing changes
in the environment [21]. Therefore, aging can be estimated as the result of a decreased ability to survive stress,
suggesting the close relationship between stress and
longevity [21, 54]. With aging, a reduction in sympathetic
responsiveness is characterized by: 1) a lower number
of catecholamine receptors in peripheral target tissues;
2) a decline of heat shock proteins that increase stress
resistance; and 3) a decreased capability of catecholamines to induce heat shock proteins [1].
The hormones of the adrenal cortex are glucocorticoids, mineralocorticoids and sex hormones. Among
the latter is dehydroepiandrosterone, which has shown
to decrease with aging. With aging and in response to
chronic stress, not only feedback mechanisms may be
altered, but also glucocorticoids themselves become
toxic to neural cells, thus disrupting feedback control
and hormonal cyclicity [21, 55, 56].
Estrogen replacement therapy represents a special
case of hormone replacement therapy and deserves
particular attention because of its long clinical history
and apparent record of success in increasing the quality
of life in postmenopausal women [1].
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in mammals. It is defined by the reduction in caloric
intake while maintaining essential nutrient requirements.
Caloric restriction has been demonstrated through
many years to extend both average and maximal lifespan in many species. Calorie intake restriction is an
important nutritional cause of the increased longevity.
It is unlikely that most people wish to maintain a 30–40%
reduction in food intake necessary for the visible effect.
The search for appropriate CR mimetic substances
which are potent to alter the pathways of energy
metabolism in such a way that mimics the beneficial
health-promoting and anti-aging effects of CR without
the necessity to reduce food intake significantly was
very logical [57].
Many studies and microarray results indicate that
CR acts rapidly to produce a physiological state associated with health and longevity in mammals, including
humans [58, 59]. CR efficacy on humans is based on
abilities to retard biological functional declines and to
deter pathological processes, both of which are the
major targets of oxidative stress. It modulates also the
inflammatory process, a common risk factor for many
chronic diseases [60].
The knowledge of CR effect was for a long time
limited only to the data from the experiments on laboratory animals and was generally not profound at the
genetic and molecular levels. However, the Ristow
group evidenced in 2007, in an elegant way, that this
effect is due to an increased formation of free radicals
within the mitochondria resulting in a secondary induction of an increased antioxidant defense capacity [27].
In their publication, Shimokawa and Trindade presented and made a thorough discussion of the last results
concerning the restricting calories-related genes or
molecules in the rodent models. They particularly
emphasized the roles of forkhead box O transcription
factors, AMP-activated protein kinase, and sirtuins
(particularly SIRT1) in the effects of restricting calories
in rodents [26].
Concluding this very promising aspect concerning
the possibility of increasing human longevity, it seems
clear now that in spite of the abundant results showing
evidently good health benefits and the diminishing of the
aging rate by the use of caloric restriction intervention
in mammalian animal models, it is nearly sure that this
will be lost in the translation to human models [61].
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Caloric restriction is a non-genetic intervention that
has consistently shown to slow the intrinsic rate of aging
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Caloric restriction (CR)

Modern evolutionary theories of aging

The evolutionary theory indicates aging as the result
of a decline in force of natural selection. This theory was
first extensively formulated based on the observation of
patients with Huntington’s disease, a dominant lethal
mutation [62].
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Prior to these findings, Darwin explained that a natural selection occurs in organisms dying primarily from
predation and environmental hazards and consequently
evolving a lifespan optimized for their own particular
environment [21].
The process of aging increases vulnerability and
ultimately leads to the death of organisms. This formula
allows us to say that evolutionary theories of aging are
the constructions that try to explain the developmental
program established by biological evolution and the
evolution of aging through the interplay between the
processes of mutation and selection. They are important in estimation of the process of aging patterns and
in that way form a picture which may possibly explain
how longevity is connected with different species. These
formulations enable us to create theoretical predictions
which can be verified in experiments.
Before the theory of evolution, the process of aging
was conceived in a simple way that moving parts wear
out, machines break down and all parts deteriorate in
the course of time. After the formulation of the theory of
evolution, scientists began to wonder why evolution created such complex and well-adapted organisms. They
were so perfect that it permitted them to survive from
the conception to adulthood, but afterwards they fell
into decay and died [2]
The evolutionary theory of aging proposes basically
two models for how aging can evolve. The aforementioned models include: 1) the theory of mutation accumulation and 2) the antagonistic pleiotropy theory.
The theory of mutation accumulation originates
from the ideas of Medawar, in which he arguments that
diminishing selection results in the accumulation of
late-acting harmful genes [63]. The antagonistic pleio
tropy theory created by Williams says that aging evolves
due to the pleiotropic effect of genes that are beneficial
early in life and then harmful at an advanced age.
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The mutation accumulation theory by Medawar
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The problem of how aging evolved was first widely
discussed by Weismann [64] who created the theory
of programmed death. It clearly suggested that aging
evolved to the advantage of the species, but not the individual, and that it is an evolutionary advantage for the
species possessing a limited lifespan. The evolutionary
argument was utilized to propose that older individuals
of a given species are expected to die of old age by
specific death mechanism of natural selection, elaborated by evolution, which means the elimination of the
old part of a population, so it would not compete with
younger generation for food and other resources. One
of the most important proposals of Weismann [65] was
the necessity of successful reproduction in the world
that invariably causes degradation of an individual.
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In order to explain the biological mechanism of his
theory of programmed death, Weismann adapted the
idea that there is a specific maximal number of divisions
that cells might undergo during the individual life and
that this limited number, like the lifespan of thegenerations of cells, is already determined in the embryonic
cell [53]. This surprisingly outstanding theoretical speculation concerning the existence of the cell divisions
limit was confirmed experimentally in 1961 by Hayfick
and Moorhead [40] who found that normal human
embryonic fibroblasts undergo a finite number of cell
divisions, and then they “age” and “die”. In the case
of fibroblasts the limit was about 50 divisions. These
important results were confirmed in many other laboratories which experimented on different cell types and
it is known worldwide as the Hayflick Limit [7].
It should be stressed that Weismann created the first
evolutionary theory of aging. On the basis of theoretical
inspiration alone, he precisely predicted the existence
of the cell division limit.
The substantial observations that the force of natural selection is declining with age, were performed by
Medawar [63]. Because all organisms once die from
different causes such as diseases, accidents or other,
genes beneficial early in life are favored by natural selection over genes beneficial late in life [63]. As a result,
the greatest participation in creating new generations
comes from young organism and only limited one from
old organisms. In that way, the power of natural selection fades with age, making it possible for hazardous
late acting genes to exist [66].
It was documented that if the age at death time was
really determined by accumulation of late-acting deleterious mutations, one would expect this slope to become
steeper with higher parental ages at death [67]. The
analysis of real and accurate genealogical records on
longevity in European royal and noble families indicated
that regression slope for the dependence of offspring
lifespan on parental lifespan increases with parental
lifespan, as predicted by the mutation accumulation
theory [67].
Strehler [68] determined the criteria for the aging
process. It is cumulative, universal, progressive, intrinsic
and detrimental. It is also relevant that the process is
omnipresent. In the predictions of the mutation accumulation theory, mechanisms which limit lifespan fall
into 3 categories: every aging mechanism that causes
a gradual deterioration of cellular and metabolic processes with age by the appearance of cellular and molecular damage late in life (oxidative damage, somatic
DNA mutation, telomere shortening, and others); other
mechanisms that are linked to young adulthood (cell
senescence, caloric restriction and insulin-signaling
pathway regulating caloric and external mechanisms
which are unavoidable consequences of old age, such
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as inflammation response, caused by infection and
pathogenic invasion in old age [69]. Categories 2 and
3 might be similar among the species, the first category
is different among different species [2].
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Charlesworth’s modified mutation accumulation
theory
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The discovery of late-life mortality plateaus, in which
cohort mortality rates appear to plateau or even decrease at later ages, challenged the validity of evolutionary explanations of aging. Therefore, Charlesworth [66]
presented a modified mutation accumulation model in
which mortality plateau is predicted to occur at late age
if alleles affecting fitness do so for more than 1 specific
age range class.
The obtained results point out that Charlesworth’s
modified mutation accumulation theory can both
explain the origin of senescence and predict late-life
mortality plateaus.

support for antagonistic pleiotropic theory of aging
[71, 72]. Pleiotropic antagonism forms the basis for
the development of many age-related diseases. The
examples of the pleiotropic antagonism mechanism
include, among other, atherosclerosis, benign and malignant prostate hypertrophy, Alzheimer’s disease and
the reciprocal relationship between cellular senescence
and cancer [2, 73].
It is also good to mention here the “paradoxical
antagonistic pleiotropy” which refers to the setting of
bad alleles with deleterious effect early in life but which
have beneficial late effects [74]. One quoted example is
the allele at the plasminogen activator inhibitor-1 locus
which is found augmented in centenarians although,
paradoxically, it is a predictor of recurrent myocardial
infarctions in young people [75].

Antagonistic pleiotropy theory versus mutation
accumulation theory
The main difference between these two theories
is that in the mutation accumulation theory the genes
with negative effects at old age accumulate passively
from one generation to the next, while in the antagonistic pleiotropy theory these genes are actively
kept in the gene pool by selection [76]. It should
be noted that both theories are widely accepted as
applicable. They are also not mutually exclusive and
both evolutionary mechanisms may operate at the
same time [2, 67].
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Williams proposed that some genes are beneficial at
earlier ages but harmful at later ages. The genes with age-related opposite effects are called pleiotropic genes [70].
The theory of antagonistic pleiotropy is based on 2 assumptions. It is assumed that a particular gene may
have an effect not only on one feature but on several
traits of an organism (pleiotropy). The next assumption
is that these pleiotropic effects may affect individual
fitness in antagonistic ways. A gene that increases survival to reproductive age or reproductive output will be
favored by natural selection if it decreases the chances
of dying at age 10 or 20. Thus, harmful late-acting genes
can remain in a population if they have a beneficial effect
early in life such as increasing fitness at early ages or
increasing reproductive success. Williams argues that
natural selection will frequently maximize vigor in youth
at the expense of vigor later and thereby produce a declining vigor during adult life later [70]. Therefore, the
stipulation of the existence of pleiotropic antagonistic
genes could explain the aging process. Such genes will
be maintained in the population due to their positive
impact on reproduction at young age and despite their
negative effects at old, post reproductive age. These
theoretical arguments were proved mathematically later
by Charlesworth [2, 66]. The antagonistic pleiotropic
theory may also explain theidea of reproductive cost
or, more generally, of trade-offs between different traits
of an organism in which reproduction may come with
a cost for species longevity.
However, some experimental findings demonstrated
that the increasing lifespan may exhibit some fitness
cost only in harsh conditions, which provided a limited

Disposable soma theory of Kirkwood and Holliday
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There were attempts to find a more proper name
for the antagonistic pleiotropic theory and to specify in
a more detailed way how one and the same gene could
have both deleterious and beneficial effects. The disposable soma theory, which was proposed by Kirkwood
and Holliday, predicts that aging occurs due to the accumulation or damage during life and that failures of defensive or repair mechanisms contribute to aging [77–79].
It postulated a special class of gene mutations with
antagonistic pleiotropic effects in which hypothetical
mutations save energy for reproduction (positive effect) partially disabling molecular proofreading and
other accuracy promoting devices in somatic cells
(negative effect). The distinction between somatic and
reproductive tissues is therefore important because
the reproductive cell lineage, or germ line, must be
maintained at the level that preserves viability across
the generations, whereas the soma needs only to support the survival of a single generation. Thus, the key
feature of the disposable soma theory is its emphasis
on the optimal balance between somatic maintenance
and repair versus reproduction.
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One of the most intriguing phenotypes in the bio
logy of aging is that there are animals that appear not
to age. In those animals (example: female turtles) both
survivorship and reproductive output may increase with
age [80]. These observations, which suggest some
species may not age, are contradictory to the classical
evolutionary models of aging, which predict that all
species eventually age [81].
Rapid progress in human genomics raises the
perspective of a great increase in our knowledge of the
determinants of human longevity. In the intensive study
in the period of the last 30 years searching for genes that
affect aging in model organisms like yeast, nematode
worms and fruit flies, the scientists identified many genes
that alter the rate of aging. However, no gene abolishing
the aging process altogether has been found [82].
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Recent modifications of evolutionary
theories

Evolutionary theories
in the light of genomic studies
The evolutionary theory of aging offers a theoretical
background helping to interpret many observations. The
theory gives certain indications concerning the evolutionary mechanisms and the results indicating how the
mechanism of evolution of aging is acting. However,
it does not give a complete picture of the mechanism
according to which the evolution of aging takes place
across the particular species. Evolutionary theories of
aging are useful when they give quite new opportunities for
exploratory experiments by suggesting predictions which
are possible to verify, but they should never be utilized to
impose limitations on aging studies [67]. In fact, the evolutionary theories of aging are not complete theories, but
rather a set of ideas that require further precise validation.
The research results will determine through biolo
gical approach the degree to which each theory contributes to the actual process of aging [95].
The conclusion from these experiments is that the
aging process is very different in mice and humans,
which indicates the need for research on human
samples to resolve the aging mechanisms concerning
the human longevity. A small number of age-related
differences in expression are conserved across the
species. These aging mechanisms may be linked
to the paths in young adults or may be necessary
consequences of growing old. Identifications of these
pathways is substantial because they highlight specific
aging mechanisms that can be dissected in model
organisms to elucidate general principles of aging [69].
A very important example of research is the study of the
regulation of aging by IIS in worms, flies, and mice [96–100].
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Recently, theoreticians have refined several aspects
of the evolutionary theory [83, 84]. In contrast to Hamilton’s classical analysis [81, 85], recent analysis of Baudisch shows that the strength of selection does not necessarily always increase with age; it can remain constant
or even increase during adulthood [86], which might
lead to either no, negligible, or “negative” aging [87].
Although the evidence for negligible or negative senescence is scant and aging might be ubiquitous [88],
Baudisch’s work arguments that the evolution of aging
is driven by changes in extrinsic mortality because
such changes affect how rapidly the force of selection
declines with age.
Species or populations facing high extrinsic mortality should age more rapidly than those experiencing
low levels of extrinsic mortality because the strength
of selection declines more rapidly in the former than in
the latter, a prediction experimentally confirmed in fruit
flies by Stearns and coworkers [89]. The theory proposed by Abrams indicates that in density-independent
populations extrinsic mortality does not alter the rate of
aging, whereas under density-dependence the effect
of extrinsic mortality depends on the age-specificity of
demographic changes and on whether density-dependence is mediated by changes in survival or reproduction [90–91]. The investigation suggests that in social
species resource transfer across generations might select for extended post reproductive survival (e.g. menopause) and shape the evolution of aging. Finally,
a model developed by Ackermann and coworkers has

addressed the origin of aging in the history of life [84].
The results demonstrate that asymmetric cell division
among unicellular organisms can evolve as strategy to
limit cellular damage by distributing damage unequally
and that asymmetry causes the evolution of aging; aging might thus be a fundamental and inevitable property
of cellular life [3].
Recent progress in theoretical aspects of the evolution of aging has been slow and much remains to be
done [84, 92]. For example, there is a great need for
the development of more realistic models which would
study the effects of different types of age-dependent
mutations on aging and how such mutations interact
with the environment and other genes to influence the
evolution of aging [84, 93, 94]. Mutations that affect
aging might produce more complex age-dependent
effects than supposed in the classical theory, with MA
and AP/DS representing extremes along a continuum
of possible mutational effects [3].
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Mutations in C. elegans daf-2 and its Drosophila homolog dInR extend worm and fly lifespan, and impairing the
function of both the insulin receptor and the IGF-1 receptor, promotes longevity in the mouse [96, 101–104].
Remarkably, heterozygous mutations in the IGF-1 receptor confer reduced activity in transformed lymphocytes and are significantly enriched in female centenarians of Ashkenazi Jews, suggesting that IIS might
regulate longevity in humans.
The potential importance of genetic variation in IIS
in affecting human longevity is also underscored by
the finding that polymorphisms in FOXO3A, a human
ortholog of dFOXO/DAF-16, are associated with exceptional longevity in two independent studies [105, 106].
Two excellent comparative studies were performed
providing the novel insights into the problem of public
versus private mechanisms of aging. McElweee et al.
asked whether the downstream mechanisms whereby IIS
regulates lifespan are conserved among species [107].
By comparing transcript profiles in flies, worms, and
mice they found that there is little evidence for conservation at the level of orthologous or paralogous
downstream genes but that two IIS regulated processes
(reduced protein biosynthesis, cellular detoxification)
are conserved across the species [107]. These results
suggest that some of downstream targets of IIS might
be lineage-specific, whereas the pathway might have
conserved effects on aging at the process level [107].
Smith et al. (2008) systematically examined lifespan
phenotypes of single-gene deletions of yeast orthologs
of 216 known C. elegans aging genes and found that
many of these loci are conserved, both in sequence
and function [108]. In particular, among the conserved
ortholog pairs, genes involved in nutrient sensing and
protein translation downstream of TOR signaling were
significantly enriched [108]. The development of appropriate genomic instruments and methods may permit to
define well the aging process by making genome-wide
scans for detection transcriptional differences between
the young and the old organisms, using gene array
technology assessment. Transcriptional profiles for
aging contain quantitative data on age-related changes
in expression, for large parts of genome. Genes that
exhibit age-related differences in transcription in many
species are very interesting as biomarkers of age [2].
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—— the occurrence of stress-resistance of long-lived
mutant worm strains;
—— the existence of single gene mutants which extend
mouse longevity;
—— the role of insulin and insulin-like signals in modulating aging rates in widely separated species
and animals.
These experimental achievements have traced the
path for evolutionary approaches to make an important contribution to the biology of aging and, finally, to
medicine [83]. Many authors have recently underlined
that a great experimental biotechnological approach
in research gave very precise descriptions of the phenotypes of aging and experimental analysis of their
basis [3, 83].
The important participation of biotechnology research, which may significantly help to understand the
evolution of aging better, means the work on control
protein synthesis, validation of biomarkers of aging,
understanding the biochemistry of longevity, comparative biology studies and research in the area of geriatric
pathology. It was found that both the rate of synthesis
and rate of degradation of many proteins is slower in
tissues of old rodents and humans, which extends time
for the occurrence of different protein modifications and
intra-molecular rearrangements that may ultimately lead
to the creation of atypical forms and have pathological
consequences. Similarly, the shortening of telomeres,
the specialized nucleoprotein structures at the end of
chromosomes, can induce changes in expression of
genes the most closest to the telomere, known as the
telomere position effect [2, 3].
Development of functional genomics tools has
made it possible to define the aging process and its
mechanisms by performing genome-wide scans for
transcriptional difference between the young and the
old using gene array technology assessment.

Many problems and answers, concerning basic
and substantial mechanisms and paths according to
which the aging process and the evolution of aging take
place, are still waiting for delineation and better clarification. Evolutionary biologists have to utilize the tools
of molecular biology, while molecular biologists must
put their experiments into the evolutionary research
framework. The present time seems to be most suitable
for the integration of molecular biogerontology and the
evolutionary biology of aging [3].
Finally, we should keep in our minds the important
sentence of Hayflick [109] published in Nature: “If
the main goal of our biomedical research enterprises
is to resolve causes of death, then every old person
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Modern biotechnology noted several very important
discoveries in the field of aging:
—— lifespan extension in rodents by caloric restriction,
provided that protein, vitamin and micronutrients are
sufficiently available to prevent malnutrition;
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Perspectives for research in modern
biotechnology and molecular biology
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becomes a testimony to those successes. Biogerontologists have an obligation to emphasize that
the goal of the research on ageing is not to increase
human longevity regardless of the consequences, but
to increase active longevity free from disability and
functional dependence”.
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