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ABSTRACT

Aging is considered to be a progressive decline in an organism’s functioning over time and is almost universal throughout the living world.
Currently, many different aging mechanisms have been reported at all levels of biological organization, with a variety of biochemical,
metabolic, and genetic pathways involved. Some of these mechanisms are common across species, and others work different, but each of them
is constitutive. This review describes the common characteristics of the aging processes, which are consistent changes over time that involve
either the accumulation or depletion of particular system components. These accumulations and depletions may result from imperfect
homeostasis, which is the incomplete compensation of a particular biological process with another process evolved to compensate it. In
accordance with disposable-soma theory, this imperfection in homeostasis may originate as a function of cell differentiation as early as in
yeasts. It may result either from antagonistic pleiotropy mechanisms, or be simply negligible as a subject of natural selection if an adverse
effect of the accumulation phenotypically manifests in organism’s post-reproductive age. If this phenomenon holds true for many different
functions it would lead to the occurrence of a wide variety of aging mechanisms, some of which are common among species, while others
unique, because aging is the inherent property of most biological processes that have not yet evolved to be perfectly in balance. Examples of
imperfect homeostasis mechanisms of aging, the ways in which germ line escapes from them, and the possibilities of anti-aging treatment are

discussed in this review. J. Cell. Biochem. 113: 388-396, 2012.
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|\ /I ultiple pathways are known to be involved in the aging

of organisms. A massive accumulation of genomic and
functional data has expanded the number of known aging
mechanisms revealing more and more biological processes that
affect aging rates and lifespans [Troen, 2003]; see also Bostock et al.
[2009] and Cluett and Melzer [2009] for reviews and de Magalhies
et al. [2009] and Wieser et al. [2011] for bioinformatics resources
across different species. Because of this complexity, there is still
no universal model has been developed to describe how multiple
functions of almost any eukaryotic organism ubiquitously diminish
over time. Some mechanisms and pathways that affect aging in one
species are less relevant in others, indicating that it is represented by
a set of different processes rather than by one common mechanism.
However, what is common for all aging mechanisms is the fact
that some quantitative change occurs over time that involves either
progressive accumulation or loss of some biological structure or
system components. One may hypothesize that such accumulations
or losses may result from an incomplete balance between biological
processes such that one process is not perfectly compensated for by
another. This failure to compensate may be defined as imperfect or
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near-perfect homeostasis because the deviations from ideal
compensation can be relatively small, and are normally enough
to allow an organism to live out its lifespan.

Indeed, the achievement of perfect balance for an entire
biological system including all of its processes, if it were possible,
would require high energy expenditures and become problematic
for the formation of complex and specialized structures. Presum-
ably, the difficulty of achieving the perfect balance should be
proportional to the complexity of the system and the need of its
different components to perform specialized functions, in accor-
dance with the recently proposed concept of aging as a price of
complexity [Kiss et al., 2009]. Accordingly, most prokaryotes and
some simple eukaryotes (e.g., euglena, hydra, and some sea urchins)
show fewer signs of aging [Martinez, 1998; Ebert, 2008; Goto and
Beneragama, 2010], indicating that they are able to achieve better
homeostasis and that aging phenomenon develops later in
evolution. It is possible that those primitive organisms achieve
their homeostatic perfection because they avoid any situations that
are difficult to balance. Also, unicellular organisms are subjects
of a quick clonal selection filtering out every genome that is not
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supportive of perfect homeostasis. In multicellular systems, the
disadvantageous genomes are filtered out, but every genome that is
able to provide selective advantage is also filtered out to protect
against clonal growth. The remaining systems achieved a near-
perfect balance, and even a slight but consistent homeostatic
shift toward one side would be negligible early in life (or may be
advantageous), but critical over a long period of time, which is con-
sistent with the theory of antagonistic pleiotropy [Williams, 1957].

For this reason, evolution headed toward dividing every species
into two lineages: the complex, specialized, multicellular, and
mortal soma and the simple, primitive, clonal, but basically
immortal germline that evades the aging rule as was brilliantly
proposed more than a century ago by Dr. August Weismann and was
applied to create one of the first explanation of aging known as the
“disposable soma” theory by Dr. Thomas Kirkwood [Kirkwood,
1977; Kirkwood, 2005]. The purpose of this review is to summarize
the known mechanisms of near-perfect homeostasis with regard to
aging and to discuss the ways in which germ line/ embryonic stem
cells succeed in achieving a better balance.

This section includes some examples of aging mechanisms that
result from incomplete homeostasis.

LOSS OF TELOMERES

Loss of telomeres may be the classical example of incomplete
homeostasis. It is currently well known that the ends of
chromosomes, called telomeres, become shorter with every cell
division and finally cause cell cycle exit after a certain number of
replications. This phenomenon arises because of the physical
structure of the DNA replication complex, which is not able to
replicate the terminus of one strand of the DNA helix. This was first
theoretically predicted by Dr. Alexey Olovnikov [Olovnikov, 1971]
and by Dr. James Watson [Watson, 1972]. Alexey Olovnikov also
predicted that telomere shortening may be responsible for the cell
division limit (Hayflick limit) that is observed during culturing and
may be related to organismal aging [Olovnikov, 1973]. Further, he
hypothesized that a specialized enzyme that is called telomerase
exists to build up telomeres in germline cells and to make them
divide indefinitely [Olovnikov, 1971].

Currently, it is generally accepted that telomerase is expressed
in somatic cells (mostly in adult stem cells), although on a lower
level than in germline. This somatic expression is not enough to
compensate for telomere loss, and telomeres are consumed slightly
more quickly than they are generated by the enzyme. As a result,
telomere shortening is observed over time in somatic cells, which
finally causes growth arrest and senescence [Herbig et al., 2004;
Jacobs and de Lange, 2004]. The rate of telomeric DNA loss is found
to be either consistent throughout the life of an organism [Vaziri
et al., 1993; Aikata et al., 2000] or higher in an early life when
most active replication occurs [Frenck et al., 1998; Baerlocher
et al., 2003; Hall et al., 2004], depending on the species and cell
type studied. This example of incomplete homeostasis results from

the internal guard against clonal growth, that is required in
multicellular organisms. When the somatic expression of telomerase
is artificially enhanced in mice, early death has been observed
to occur due to tumor formation [Gonzalez-Suarez et al., 2002],
indicating that the shift in telomeric homeostasis automatically
dysregulates the process of anti-cancer protection and ultimately
decreases the lifespan of an organism.

This question was brilliantly addressed in the recent work by Drs.
Montecino Serrano and Maria Blasco [Tomés-Loba et al., 2008],
aiming to improve both telomere and anti-cancer homeostasis.
By concomitantly elevating the expression of telomerase and two
tumor suppressor genes, p16 and p53, in mouse epidermal tissues
(Super-Tert-Super-p53-Super-p16 mice), they achieved postponed
aging in these tissues and prolonged lifespan of the animals. Species
specificity remains an interesting issue in these experiments because
telomeric attrition was not thought to be a problem in mice until
recently. Unlike humans and some other higher primates, in which
telomere shortening clearly contributes to aging phenotypes and
losses of regenerative abilities in a majority of tissues, mice have
longer telomeres, and knocking out telomerase leads to preliminary
aging phenotype only after ~3-4 generations [Herrera et al., 1999;
Rudolph et al., 1999]. The main cause of death in mice is the
formation of tumors, indicating that anti-tumor homeostasis plays a
rate-limiting role in the aging of this species and manifests earlier
than the imperfection in telomere homeostasis. However, in a
strengthened tumor-suppressive background, it is possible that
telomeric homeostasis becomes rate-limiting.

To sustain immortality, both germ cells and the embryonic stem
(ES) cells they originate from retain high telomerase activity
[Thomson et al., 1998; Wright et al., 2001]. The recent discovery
of the re-programming of normal human fibroblasts to ES-like
primitive states (iPS cells) has shown that these cells acquire
immortality and reactivate telomerase expression in the process of
reprogramming [Takahashi et al., 2007; Marion et al., 2009]. At the
same time, both ES and iPS are capable of unlimited clonal growth
and form teratomas when introduced to the body. Most prokaryotes,
with a few exceptions, avoid telomere problems due to their circular
genomes.

ACCUMULATION OF DAMAGED STRUCTURES

The accumulation of mutations in the genome, in addition to the
accumulation of damaged proteins and other biological structures
was shown to take place almost ubiquitously in different organisms
over a period of time (see Sinclair and Oberdoerffer [2009],
Bogenhagen [2010], and Mpoller et al. [2010] for recent reviews).
Accumulation of damage has long been proposed to be an aging
mechanisms in a popular aging theory known as “Error’s
Catastrophe” [Orgel, 1963]. Damage to biological systems as to
any other system is caused by variety of interfering factors,
environmental as well as intrinsic. In biological systems, damage
normally occurs due to oxidative stress, natural radioactivity and
toxins, errors in nuclear and mitochondrial DNA replication and
transcription and protein misfolding. If this damage occurs even
slightly faster than is corrected by reparation systems, it will have an
impact on the functioning of the organism (including the repair
system itself), causing the state of “Catastrophe of errors.” The most
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prominent phenotypic effect of mutations accumulation is signifi-
cant increase in tumor formation after certain age, which manifests
earlier in mice than in humans, as mentioned above.

Damage is a stochastic process, and the capacity of repair systems
to maintain homeostasis is limited in somatic cells. There may be
two explanations as to how germline and simple organisms survive
this deterioration. One is that they develop much more efficient
repair systems than the somatic cells at the cost of a lack of
specialized (“‘social”) functions. For example, there are evidences
that ES cells are more resistant to genotoxic stress than somatic cells
[Vinoth et al., 2008]. Another possibility is that a perfect repair
homeostasis mechanisms have not yet been developed in nature,
and germline/bacteria are accumulating the “garbage” at approxi-
mately same rate as other somatic cells. Nevertheless, on unicellular
stage cells with the damaged structures are quickly filtered out
by natural selection and replaced by the clonal outgrowth of
their healthy counterparts, which is prohibited within multicellular
structures because of their strict limitations on clonal growth.

ACCUMULATION OF SENESCENT CELLS

Senescence is a special cellular state that is characterized by
irreversible cell cycle arrest, an enlarged morphology, slow
metabolism and the expression of several markers (beta-galactosi-
dase, senescence-associated heterochromatin foci, telomere dys-
function-induced foci, etc.). Senescence predominantly results from
the derepression of p16INK/p14(19)ARF locus, likely through the
deactivation of BMI1 polycomb repressor [Bracken et al., 2007],
which is triggered by several factors, such as telomere attrition,
accumulation of mutations, oxidative, and other types of damage
(see Jeyapalan and Sedivy [2008] and Beltrami et al. [2011] for
reviews). In addition, senescence was found to be triggered by p21
tumor suppressor [Herbig et al., 2004]. It has been shown that
senescent cells accumulate in many tissues with age [Dimri et al.,
1995; Ressler et al., 2006], and are gradually increasing in number
throughout the lifespan of an organism starting from an early age
[Jeyapalan et al., 2007; Wang et al., 2009]. Although they occupy
some space in tissues, they are not yet known to perform any
specialized functions. Along with apoptosis, senescence is one of the
most powerful mechanisms of anti-cancer protection. Cells from
p16/p19 knock-out mice are not able to go to senescence, and, like
telomerase knock-ins, these mice die early from multiple tumors
[Serrano et al., 1996].

The fact that senescent cells accumulate over time indicates
that the formation of senescent cells prevails over the process of
their slow death, although a mechanism of active senescent cells
removal from the body is not yet precisely known and is an
intriguing biological problem.

In ES cells and iPS cells p16/p19 locus is stably repressed through
epigenetic mechanisms [Li et al., 2009]; therefore they do not
go through senescence [Evans and Kaufman, 1981; Thomson et al.,
1998].

LOSS OF FUNCTIONAL ADULT STEM CELLS

Unlike any other physical objects, living bodies have developed the
unique ability to regenerate and self-renew almost all of their
structures. The regeneration and self-renewal of all the different

tissues in multicellular organisms occur through their re-population
by adult stem cells. These cells usually retain some degree of
pluripotency, although pre-committed to one particular lineage
or to the several lineages. They are slow to divide, and a pool of
them resides in a particular space, called a niche, within every
tissue structure. They can self-renew through the cells division to
produce other stem cells, and some of their progenies commit and
differentiate to certain cell types.

It has been observed that the abilities of tissues to regenerate and
self-renew gradually decline with age. Moreover, they are almost
completely lost with advanced age. For some cell lineages, the
exhaustion of adult stem cell pools over time has been clearly
shown, for example, for melanocyte stem cells of hair follicles,
causing graying of hair [Nishimura et al., 2005] and for
mesenchymal stem cells of bone marrow [Bellantuono et al.,
2009]. For other tissues, however, stem cells do not change or even
increase in number, but rather their ability to divide and to respond
to differentiation stimuli decreases dramatically (see Geiger and
Rudolph [2009] for a review of hematopoetic stem cells). The
characteristics of hematopoetic stem cell pool exhaustion, however,
vary between mouse strains with different genetic backgrounds.
The third category of stem cells is able to divide and differentiate
normally, but the cells do no receive adequate stimuli from their
microenvironment, and therefore, remain quiescent; for example,
muscle satellite cells [Conboy et al., 2005].

The exhaustion of functional stem cell pools over time results
from a combination of several accumulation and depletion
mechanisms. Some of them have already been listed above, such
as all dividing cells in the body are subject to telomere attrition
(recently reviewed in Flores and Blasco [2010] in relation to adult
stem cells), mutations accumulation and senescence (recently
reviewed in Beltrami et al. [2011]). In addition, there are changes
in external signaling cues from other cells and gradual biochemical
and physical changes in the niche in which stem cells reside.
Another reason that adult stem cells diminish in number over time
may be due to slightly shifted self-renewal homeostasis (determined
by both cell and niche). If stem cells of particular tissue tend to
differentiate at a slightly, but consistently faster rate than they self-
renew, this difference will become apparent over a long period of
time and cause the depletion of the entire tissue. The delicate balance
between stem cells self-renewal and differentiation is regulated at
several levels by signaling molecules of the niche microenviron-
ment, classic examples of which are Notch and Wnt signals, as well
as by special mechanisms of asymmetric cell division [Sawa, 2010;
Charville and Rando, 2011; Williams et al., 2011]. However, because
100% accuracy is not possible for homeostasis, and deviations do
occur, it would likely be dangerous for an organism if adult stem
cells self-renew at a slightly faster rate than that at which they
differentiate. Therefore, the imperfection in adult stem cell self-
renewal homeostasis could be another powerful mechanism of anti-
cancer protection.

Some evidence supporting the depletion mechanism may include
the fairly consistent decline in the regenerative abilities of many
tissues during an organism'’s lifespan, starting from early childhood.
Also, it has been observed that in advanced age some people have
experienced reopening of burn scars that had been completely
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healed, which may indicate more rapid stem cells exhaustion in
previously injured sites of the body [Holavanahalli et al., 2010].

Therefore, the type and speed of stem cells exhaustion are highly
species- and tissue-specific, and even mouse-strain specific; in each
particular case, they are determined by different, earliest manifest-
ing and worst-balanced, and therefore rate-limiting biological
process.

The problem of progressive loss of functional stem cells does not
exist in bacteria, ES, and iPS cells by definition.

ACCUMULATION OF ALTERNATIVELY SPLICED LAMIN A

Premature aging syndromes, or progerias, are powerful tools in the
study of aging. Usually rare diseases, they show how single gene
mutation can cause aging phenotypes to appear significantly earlier
in life. One example is Hutchinson-Gilford progeria syndrome,
which is characterized by multiple aging symptoms that start to
develop as early as at two years of age; these people rarely survive to
the age of thirteen.

The Progeria Research Foundation was established by Dr. Leslie
Gordon to find the cause of disease of her own son, a single
nucleotide mutation in the Lamin A gene [Eriksson et al., 2003].
Continued research in collaboration with Dr. Francis Collins has
shown that this synonymous mutation increases the efficiency of an
alternative splicing site, producing a different variant of pre-Lamin
A protein, which they named Progerin. When farnesylated, it
accumulates in the nuclear lamina but cannot be properly cleaved
by specific proteases and significantly disrupts the nuclear
architecture [Capell et al., 2005].

Interestingly, the use of alternative splicing site and the
accumulation of Progerin in the nuclear lamina over time was
recently found to occur in many tissues, indicating that it may be
one of the normal mechanisms of aging [Scaffidi and Misteli, 2006;
McClintock et al., 2007]. Although, the physiological role of the
alternative form of lamin is not yet clear, its accumulation
represents another example of the homeostasis failure to remove
it from the membrane or degrade it in a timely manner.

It is known that naturally immortal organisms and cells
(e.g., germ, ES, and iPS cells) do not produce Lamin A and therefore
avoid this problem. Instead, they use Lamin B, which undergoes a
more balanced metabolism [Constantinescu et al., 2006].

ACCUMULATION OF AMYLOID AND TAU: PROTEOSTASIS
Alzheimer’s disease is a fatal, degenerative brain disorder that is
characterized by progressive dementia followed by the significant
impairment of brain functions based on neuronal loss in the cerebral
cortex. Along with some other forms of dementia, Alzheimer’s
disease is an age-related disorder. With the exception of a few
genetic forms, it manifests late in life with the number of affected
individuals dramatically increasing with age; one-fourth of the
human population over the age of 75 and one-third of the
population over 80 are affected, according to the Alzheimer’s Drug
Discovery Foundation. Therefore, Alzheimer’s disease is a part of
physiological aging.

The primary cause of the disease is thought to be the
accumulation of two neurotoxic protein deposits: extracellular
plaques consisting of amyloid (AB) peptides and intracellular

tangles composed of hyperphosphorylated tau protein. There is no
consensus regarding the reasons for AR and tau accumulation in the
brain over time, but they may share common mechanisms with other
aging processes. For example, there may be a slightly faster
synthesis of the involved proteins as compared to their clearance
throughout life, accumulation of mutations and oxidative damage
in AB and tau pathways, but it is also very likely to be due to the
malfunction of cells responsible for protein clearance homeostasis,
such as the glia cells and neurons. This malfunction, in its turn,
may result from the exhaustion of the neuronal stem cell population
that is responsible for the replacement of aging brain cells. Such
a possibility, largely unexplored until now, may have been
demonstrated by the transplantation of exogenous neuronal stem
cells in an animal model of Alzheimer’s disease.

Alzheimer’s disease is specific to mammals with highly developed
brains, such as humans, other primates, cats and dogs. In simpler
animals, such as rodents, there are no signs of spontaneous
Alzheimer’s disease. Therefore, poor amyloid and tau homeostasis
may likely be the consequences of the additional layer of complexity
that gives an advantage in the form of high intelligence. The
neurons of slow-aging/immortal organisms (e.g., hydra) do not
express amyloid peptides, and neither bacteria, germ, ES nor iPS
cells contain these specialized proteins.

Alzheimer’s disease is an example of a more extensive problem
that is known as inefficient proteostasis, which is a significant
component of aging. Other age-related disorders result from the
accumulation of particular proteins; for example, alpha-synuclein
in Parkinson’s disease (see Balch et al. [2008] and Douglas and
Dillin [2010] for recent reviews on aging-related proteostasis).

ACCUMULATION OF MOBILE GENETIC ELEMENTS:
THE FORGOTTEN HYPOTHESIS
Some of the recent discoveries in the aging field are somewhat
reminiscent of a forgotten hypothesis from the mid-1980s regarding
the activation and accumulation of transposons. Such accumulation
with age was demonstrated in some works and not supported in
others [Gaubatz and Flores, 1990; Murray, 1990]. Twenty years later,
Dr. David Sinclair at MIT researched extrachromosomal elements
that play critical roles in the aging process in yeast. As mentioned
earlier, yeasts were some of the first organisms that are separated
into immortal germ cells and aging somatic cells. In yeasts, cell
division is asymmetric and produces a slowly aging mother cell
representing the soma, which is capable of a limited number of
further divisions, and a young daughter cell that divides
indefinitely. The yeast histone deacetylase Sir2 maintains the
particular repression status of the repetitive ribosomal RNA locus.
This ribosomal locus produces circular DNA elements through the
amplification of its genes. These elements usually do not recombine
back into the genome but have their own replication origins and
therefore are able to multiply and exist independently, similar to
transposons. By maintaining the preferential distribution to the
mother cell, these circular elements slowly but consistently
accumulate and eventually cause the mother cell’s functions to
deteriorate [Sinclair and Guarente, 1997].

The discovery of this mechanism leads to two interesting
possibilities. One is that primary differentiation may originate (as a
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way of performing specialized functions) along with and tightly
linked to the process of getting rid of any structures and functions
that are problematic to regulate by simply relocating them to the
mortal soma: for example, damaged structures [Aguilaniu et al.,
2003]. The second assumption is that similar DNA elements may be
produced with age in other species from repetitive sequences,
transposons, endogenous retroviruses, and other regions of the
genome. Although the accumulation of transposons with age has
not been proven, the large-scale and powerful system of anti-
transposon protection is expressed preferentially in germline cells. It
consists of more than a million unique small RNA species called
piRNA [Aravin et al., 2006; Berninger et al., 2011; Gan et al., 2011],
which is of a higher complexity level than the entire protein-coding
genome. The only one yet proven function of piRNA is the silencing
of mobile genetic elements [Malone and Hannon, 2009; Siomi et al.,
2011]. Existing in a wide variety of different organisms and pending
future discoveries, the piRNA system appears to be a candidate for
one of the mechanisms of germline immortality.

ACCUMULATION OF LIPOFUSCIN: ALL THE REST?
Brown granules accumulate in the cytoplasm of a wide variety of
human and animal tissues over time and consist of a heterogeneous
material called lipofuscin, or age pigment. Lipofuscin was found to
accumulate in the heart and skeletal muscles, brain, thyroid gland,
retina, liver, kidney, adrenals, erythrocytes, skin, and gastrointesti-
nal tract (see reviews of Porta [2002] and Jung et al. [2007]). The
accumulation in the skin accounts for some of the senile pigment
deposits along with those formed by melanocytes. Two major
chemical components of lipofuscin are lipids and proteins [Hendley
et al., 1963; Taubold, 1975], but some sugars and many metals, such
as aluminum, iron, copper, zinc, and mercury, also accumulate in
lipofuscin granules [Dalefield et al., 1994; Jolly et al., 1995]. Protein
composition of lipofuscin vary among tissues with the prevalence
of tissue-specific species. Lipofuscin is typically considered to be a
product of mitochondria-stimulated lipid peroxidation and protein
oxidative damage that fails to be resolved by lysosomes; however,
there is evidence that significant portions of the pigments are not
chemically related to the oxidative damage [Jolly et al., 2002].
Lipofuscin accumulates gradually during an individual’s lifetime; a
linear accumulation throughout life that starts in infancy was shown
in human [Benavides et al., 2002] and rat brains [Sharma et al.,
1993] and cardiac myocytes [Schmucker and Sachs, 2002], while in
equine thyroid glands, faster rates were observed within the first few
years after birth followed by a slowing of the process [Dalefield et al.,
1994]. Slightly higher rates of formation of multiple metabolic
products as compared to their clearance in combination with
oxidative damage may cause their aggregation into lipofuscin
granules. Furthermore, some lipofuscin components are considered
to be non-degradable and therefore can only accumulate, such as
the end product of the retinoic acid metabolic pathway, A2E
[Sparrow et al., 2008]. Lipofuscin is especially enriched in tissue-
specific molecules: for example, the retinol light cycle metabolites
in retina cells [Eldred and Lasky, 1993; Sakai et al., 1996; Parish
et al., 1998].

Several examples of adverse effects of lipofuscin on tissue
functions have been described in the literature. Retinal lipofuscin

accumulation is associated with age-related macular degeneration
[Solbach et al., 1997; Holz et al., 2001; Hwang et al., 2006], while
lipofuscin accumulation in the brain is associated with neurode-
generative disorders, such as Alzheimer’s disease [Mountjoy et al.,
2005].

There is no evidence to date of lipofuscin accumulation in
bacteria, ES or iPS cells, suggesting that it is a product of tissue-
specific components for which optimal catabolic pathways have
not yet evolved.

It is well accepted that many genes that are responsible for energy
metabolism are linked to aging rates. These genes include members
of the insulin and insulin-like growth factor pathways, IGFR and its
regulator Clotho, downstream signal messengers and transcription
factors (Daf2 and Daf16 in Drosophila, etc.). Insulin signaling is
proportional to general metabolism and cell growth rates and
to lifespan in a wide variety of model species (i.e., C. elegans,
Drosophila, mouse, and human). To a lesser extent, this is also
related to other processes of growth and metabolism and their
related pathways and genes, such as growth hormone signaling,
sirtuins, and Indy. At the same time, caloric restriction is well known
to increase life expectancy.

Because energy metabolism sets up the overall speed of biological
processes, it may also determine the speed of those that are subject to
imperfect homeostasis that are either already discovered (some of
them listed above) or yet unknown. Potentially, the number of
unbalanced processes in somatic cells can be unlimited because any
accumulations of phenotypically manifesting deviations beyond the
reproductive age are not subject to natural selection; moreover,
those which theoretically should appear beyond the current
maximum lifespan could no be identified yet.

REVERSION TO THE PRIMARY STATE: TREATMENT PERSPECTIVES
AND ALTERNATIVES

To address the question of whether aging therapy is realistic, one
may ask first if the aging process is principally reversible. The
possibility of somatic cell nucleus reversion to a primitive germline
state was originally shown as early as the 1950s in the famous,
cutting-edge experiments for cloning the frog by somatic cells
nucleus transfer to oocyte [Gurdon et al., 1958]. Beginning with the
cloning of the sheep Dolly in 1996 [Campbell et al., 1996], a
complete series of cloning experiments using different species was
conducted, including some animals that were dead [Lanza et al.,
2000a] and extinct [Folch et al., 2009]. Dr. Robert Lanza was also the
first to show a reversal of aging processes on the molecular level by
somatic cell nuclear transfer [Lanza et al., 2000b]. Finally, the
principles were proved by the reprogramming of human and mouse
adult fibroblasts into ES-like (iPS) cells in the laboratory of
Dr. Shinya Yamanaka [Takahashi and Yamanaka, 2006; Takahashi
et al., 2007]. These experiments revealed the key mechanism
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involved in the reversal of the states of somatic cells by select
transcription factors through the rewriting of the overall epigenetic
signature of the genome [Maherali et al., 2007; Wernig et al., 2007].
The strategy of producing autologous stem cells from a patient’s
own body may have tremendous therapeutic potential due to its
ability to aviod all immunological problems, and therefore it has
been widely popular in the stem cell field. However, the efficiency of
such reprogramming significantly decreases with age of a donor
organism [Li et al., 2009]. Recently, the laboratories of Drs. Konrad
Hochedlinger and Manuel Serrano/Maria Blasco simultaneously
found that senescence is a major obstacle to the reprogramming
process, and deficiency in Cdkn2b (p16/p19) increases reprogram-
ming efficiency significantly [Li et al., 2009; Utikal et al., 2009]. It
was also found that the de novo epigenetic repression of the p16/p19
locus is required and rate-limiting for the entire reprogramming
process [Li et al., 2009].

Therefore, in the process of reprogramming, somatic cells
reactivate telomerase expression [Takahashi et al., 2007; Marion
et al., 2009], rebuild telomeres [Suhr et al.,, 2009], repair
aging mitochondria [Suhr et al., 2010], reactivate the second
X-chromosome in females [Maherali et al.,, 2007], reload entire
epigenetic programs [Mikkelsen et al., 2008], and under some poorly
defined circumstances, even repress active p16/p19 [Li et al., 2009].
As aresult, they regain their abilities of unlimited clonal growth and
clonal selection. Not surprisingly, along with the acquisition of this
ability, iPS cells, similar to ES and germ cells, acquire tumorigenicity
and form teratomas when injected into the body [Takahashi and
Yamanaka, 2006; Takahashi et al., 2007]. To eliminate this problem,
similar to ES therapy, iPS cells must be thoroughly differentiated
into the necessary cell type and meticulously characterized before
transplantation. They can also be differentiated into adult stem cells
(mesenchymal stem cells, neuronal stem cells, etc.), similar to ES
cells. However, both ES- and iPS-derived adult stem cells retain the
ability to form teratomas in vivo in the majority of cases, which
results from the fairly small percentage of cells that remain
undifferentiated in the stem cell population. Different approaches
have recently emerged to solve this problem. One is to filter out
remaining multipotent cells by some *stemness”” marker expression
(e.g., Sox1, Nanog, Tra-1), either by fluorescent cell sorting or laser-
assisted photoablation [Chung et al., 2006; Terstegge et al., 2010].
These procedures require either the preliminary integration of
fluorescent reporters or efficient immunorecognition. Alternatively,
culturing under certain conditions may allow for the acquisition of
cleaner adult stem cells similar to that which is shown for ES cell-
derived neuronal stem cells [Bajpai et al., 2009; Koch et al., 2009].
Although challenging, such techniques are currently feasible to
develop.

In the terms of aging therapy, however, the biggest challenge may
be the engraftment of such “young” revertants to the tissues. The
multiple studies have shown that adult stem cells have high
affinities for their niche and easily repopulate damaged tissues to
assist with the repairing. However, the homing of exogenously
introduced adult stem cells to whole, intact and highly structured
tissues remains elusive. Unless a safe and efficient way of replacing
aging and senescent cells with exogenous re-programmed cells is
found, aging therapy will not be possible.

The other direction of whole organs engineering with repro-
grammed cells still remains in the realm of science fiction because of
the strong limitation on angiogenesis in such structures [Mandoli
et al., 2010], although some progress has been made to this end with
the help of ES cells [Lanza et al., 2002]. Along with regenerative
medicine, principally alternative and traditional methods of fighting
aging aim to address every particular imperfect homeostatic issue
separately. Particularly promising in this direction may be to
discover the means of removal of senescent cells [Bennett and Kay,
1981; Rebo et al., 2010], clearing of accumulated proteins [Selkoe,
2011] and lipofuscin [Wu et al, 2011] and the activation of
endogenous stem cell pools. In addition, somewhat risky human
subject trials have been recently launched that aim to slow the aging
process by means of a moderate activation of telomerase [Harley
et al., 2011].

As with any hypothesis, the relevance of near-perfect homeostasis to
aging mechanisms must be experimentally validated over time. If it
holds true, a common trait should be observed for many of the aging
mechanisms, such as occurrence of characteristic accumulation
or loss steadily over the lifespan rather than beginning at a certain
age. From the other hand, the phenotypic manifestation of these
phenomena will rather occur at a certain age when the processes
overcome their threshold beyond the norm of reaction. Although
many aging processes (such as osteoporosis) begin to manifest at a
post-reproductive age, some aging signs manifest long before
menopause. For example, notable decreases in the regeneration
abilities of many tissues and in skin elasticity, the accumulation of
lipofuscin and cell senescence have been already observed in early
childhood or even infancy.

Both the magnitudes of homeostatic deviations and thresholds of
their manifestation may be completely different for different
processes and species, depending on the balance of the entire
system. This is the cause of the entire variety of aging processes,
between species and even between individuals. For those that cannot
yet be determined because of lifespan limitation, we formulated the
aging first-come basis rule: the knowledge of aging processes for
each particular species is limited to those that have the highest
amplitude of homeostatic deviation and more prevalent adverse
effects that manifest earlier and are more detrimental to the lifespan
of a particular species.

Although far from complete coverage, some of the widely known
mechanisms of aging from the point of view of imperfect
homeostasis in somatic cells are described above. It is evident
that many of these homeostatic problems are related to mechanisms
involved in anti-cancer protection or in performing complex
specialized functions in multicellular systems (as in the case of
amyloid accumulation in brain neurons). Some crucial aging-
related mechanisms, such as the involvement of hypothalamic and
pituitary hormones, circadian rhythms, insulin and growth-related
hormones, were not described in this review, although they drive the
timing of biological processes on an organismal level and therefore
the overall speed of aging.
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The proposed mechanism above differs from the accumulation of
errors because an “error” denotes faults in the existing “perfect”
homeostasis mechanism, while such a mechanism has not yet been
evolutionarily developed. Therefore, aging is basically an internal
property of biological processes rather than the stochastic
accumulation of exogenous damage and errors. A mathematical
model for the aging process as a function of multiple homeostatic
deviations may be developed in the future, and computational
approaches to search for optimal solutions may be applied
for modeling perfectly balanced systems with extremely high
complexity levels.

Many biological processes in multicellular organisms possess a one-
directional deviation from homeostasis that causes system compo-
nents to accumulate or be depleted with time. This deviation results
from the social complexity of the multicellular body and the
requirements for protection against clonal growth. Phenotypic
manifestation begins after a certain threshold of accumulation/
depletion and may represent the most generalized mechanism of
aging. In this regard, mechanisms of non-aging in complex,
multicellular biological systems have not yet been evolutionarily
developed.

REFERENCES

Aguilaniu H, Gustafsson L, Rigoulet M, Nystrom T. 2003. Asymmetric
inheritance of oxidatively damaged proteins during cytokinesis. Science
299(5613):1751-1753.

Aikata H, Takaishi H, Kawakami Y, Takahashi S, Kitamoto M, Nakanishi T,
Nakamura Y, Shimamoto F, Kajiyama G, Ide T. 2000. Telomere reduction in
human liver tissues with age and chronic inflammation. Exp Cell Res
256(2):578-582.

Aravin A, Gaidatzis D, Pfeffer S, Lagos-Quintana M, Landgraf P, Iovino N,
Morris P, Brownstein MJ, Kuramochi-Miyagawa S, Nakano T, Chien M, Russo
JJ, Ju J, Sheridan R, Sander C, Zavolan M, Tuschl T. 2006. A novel class of
small RNAs bind to MILI protein in mouse testes. Nature 442(7099):203-207.

Baerlocher GM, Mak J, Roth A, Rice KS, Lansdorp PM. 2003. Telomere
shortening in leukocyte subpopulations from baboons. J Leukoc Biol
73(2):289-296.

Bajpai R, Coppola G, Kaul M, Talantova M, Cimadamore F, Nilbratt M,
Geschwind DH, Lipton SA, Terskikh AV. 2009. Molecular stages of rapid and
uniform neuralization of human embryonic stem cells. Cell Death Differ
16(6):807-825.

Balch WE, Morimoto RI, Dillin A, Kelly JW. 2008. Adapting proteostasis for
disease intervention. Science 319(5865):916-919.

Bellantuono I, Aldahmash A, Kassem M. 2009. Aging of marrow stromal
(skeletal) stem cells and their contribution to age-related bone loss. Biochim
Biophys Acta 1792(4):364-370.

Beltrami AP, Cesselli D, Beltrami CA. 2011. At the stem of youth and health.
Pharmacol Ther 129(1):3-20.

Benavides SH, Monserrat AJ, Farifia S, Porta EA. 2002. Sequential histo-
chemical studies of neuronal lipofuscin in human cerebral cortex from the
first to the ninth decade of life. Arch Gerontol Geriatr 34(3):219-231.
Bennett GD, Kay MM. 1981. Homeostatic removal of senescent murine
erythrocytes by splenic macrophages. Exp Hematol 9(3):297-307.

Berninger P, Jaskiewicz L, Khorshid M, Zavolan M. 2011. Conserved genera-
tion of short products at piRNA loci. BMC Genomics 12:46-56.

Bogenhagen DF. 2010. Does mtDNA nucleoid organization impact aging?
Exp Gerontol 45(7-8):473-477.

Bostock CV, Soiza RL, Whalley LJ. 2009. Genetic determinants of ageing
processes and diseases in later life. Maturitas 62(3):225-229.

Bracken AP, Kleine-Kohlbrecher D, Dietrich N, Pasini D, Gargiulo G,
Beekman C, Theilgaard-Moénch K, Minucci S, Porse BT, Marine JC,
Hansen KH, Helin K. 2007. The polycomb group proteins bind throughout
the INK4A-ARF locus and are disassociated in senescent cells. Genes Dev
21(5):525-530.

Campbell KH, McWhir J, Ritchie WA, Wilmut I. 1996. Sheep cloned by
nuclear transfer from a cultured cell line. Nature 380(6569):64-66.

Capell BC, Erdos MR, Madigan JP, Fiordalisi JJ, Varga R, Conneely KN,
Gordon LB, Der CJ, Cox AD, Collins FS. 2005. Inhibiting farnesylation of
progerin prevents the characteristic nuclear blebbing of Hutchinson-Gilford
progeria syndrome. Proc Natl Acad Sci USA 102(36):12879-12884.

Charville GW, Rando TA. 2011. Stem cell ageing and non-random chromo-
some segregation. Philos Trans R Soc Lond B Biol Sci 366(1561):85-93.

Chung S, Shin BS, Hedlund E, Pruszak J, Ferree A, Kang UJ, Isacson 0O, Kim
KS. 2006. Genetic selection of sox1GFP-expressing neural precursors
removes residual tumorigenic pluripotent stem cells and attenuates tumor
formation after transplantation. J Neurochem 97(5):1467-1480.

Cluett C, Melzer D. 2009. Human genetic variations: Beacons on the path-
ways to successful ageing. Mech Ageing Dev 130(9):553-563.

Conboy IM, Conboy MJ, Wagers AJ, Girma ER, Weissman IL, Rando TA.
2005. Rejuvenation of aged progenitor cells by exposure to a young systemic
environment. Nature 433:760-764.

Constantinescu D, Gray HL, Sammak PJ, Schatten GP, Csoka AB. 2006. Lamin
A/C expression is a marker of mouse and human embryonic stem cell
differentiation. Stem Cells 24(1):177-185.

Dalefield RR, Palmer DN, Jolly RD. 1994. Lipofuscin and abnormalities in
colloid in the equine thyroid gland in relation to age. J Comp Pathol 111(4):
389-399.

de Magalhaes JP, Budovsky A, Lehmann G, Costa J, Li Y, Fraifeld V, Church
GM. 2009. The Human Ageing Genomic Resources: Online databases and
tools for biogerontologists. Aging Cell 8(1):65-72.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE,
Linskens M, Rubelj I, Pereira-Smith O. 1995. A biomarker that identifies
senescent human cells in culture and in aging skin in vivo. Proc Natl Acad Sci
USA 92(20):9363-9367.

Douglas PM, Dillin A. 2010. Protein homeostasis and aging in neurodegen-
eration. J Cell Biol 190(5):719-729.

Ebert TA. 2008. Longevity and lack of senescence in the red sea urchin
Strongylocentrotus franciscanus. Exp Gerontol 43(8):734-738.

Eldred G, Lasky MR. 1993. Retinal age pigments generated by self-assem-
bling lysosomotropic detergent. Nature 361:724-726.

Eriksson M, Brown WT, Gordon LB, Glynn MW, Singer J, Scott L, Erdos MR,
Robbins CM, Moses TY, Berglund P, Dutra A, Pak E, Durkin S, Csoka AB,
Boehnke M, Glover TW, Collins FS. 2003. Recurrent de novo point mutations
in lamin A cause Hutchinson-Gilford progeria syndrome. Nature 423(6937):
293-298.

Evans MJ, Kaufman MH. 1981. Establishment in culture of pluripotential
cells from mouse embryos. Nature 292(5819):154-156.

Flores I, Blasco MA. 2010. The role of telomeres and telomerase in stem cell
aging. FEBS Lett 584(17):3826-3830.

Folch J, Cocero MJ, Chesné P, Alabart JL, Dominguez V, Cognié Y, Roche A,
Fernandez-Arias A, Marti JI, Sanchez P, Echegoyen E, Beckers JF, Bonastre
AS, Vignon X. 2009. First birth of an animal from an extinct subspecies
(Capra pyrenaica pyrenaica) by cloning. Theriogenology 71(6):1026-
1034.

394

AGING AS RESULT OF INCOMPLETE HOMEOSTASIS

JOURNAL OF CELLULAR BIOCHEMISTRY



Frenck RW, Jr., Blackburn EH, Shannon KM. 1998. The rate of telomere
sequence loss in human leukocytes varies with age. Proc Natl Acad Sci USA
95(10):5607-5610.

Gan H, Lin X, Zhang Z, Zhang W, Liao S, Wang L, Han C. 2011. piRNA
profiling during specific stages of mouse spermatogenesis. RNA 17(7):1191-
1203.

Gaubatz JW, Flores SC. 1990. Tissue-specific and age-related variations in
repetitive sequences of mouse extrachromosomal circular DNAs. Mutat Res
237(1):29-36.

Geiger H, Rudolph KL. 2009. Aging in the lympho-hematopoietic stem cell
compartment. Trends Immunol 30(7):360-365.

Gonzalez-Suarez E, Flores JM, Blasco MA. 2002. Cooperation between p53
mutation and high telomerase transgenic expression in spontaneous cancer
development. Mol Cell Biol 22(20):7291-7301.

Goto K, Beneragama CK. 2010. Circadian clocks and antiaging: Do non-
aging microalgae like Euglena reveal anything? Ageing Res Rev 9(2):91-
100.

Gurdon JB, Elsdale TR, Fishberg M. 1958. Sexually mature individuals of
Xenopus laevis from the transplantation of single somatic nuclei. Nature
182(4627):64-65.

Hall ME, Nasir L, Daunt F, Gault EA, Croxall JP, Wanless S, Monaghan P.
2004. Telomere loss in relation to age and early environment in long-lived
birds. Proc Biol Sci 271(1548):1571-1576.

Harley CB, Liu W, Blasco M, Vera E, Andrews WH, Briggs LA, Raffaele JM.
2011. A natural product telomerase activator as part of a health maintenance
program. Rejuvenation Res 14(1):45-56.

Hendley DD, Mildvan AS, Reporter MC, Strehler BL. 1963. The properties of
isolated human cardiac age pigment. II. Chemical and enzymatic properties.
J Gerontol 18:250-259.

Herbig U, Jobling WA, Chen BP, Chen DJ, Sedivy JM. 2004. Telomere
shortening triggers senescence of human cells through a pathway involving
ATM, p53, and p21(CIP1), but not p16(INK4a). Mol Cell 14(4):501-513.
Herrera E, Samper E, Martin-Caballero J, Flores JM, Lee HW, Blasco MA.
1999. Disease states associated with telomerase deficiency appear earlier in
mice with short telomeres. EMBO J 18(11):2950-2960.

Holavanahalli RK, Helm PA, Kowalske KJ. 2010. Long-term outcomes in
patients surviving large burns: The skin. J Burn Care Res 31(4):631-639.
Holz FG, Bellman C, Staudt S, Schiitt F, Volcker HE. 2001. Fundus auto-
fluorescence and development of geographic atrophy in age-related macular
degeneration. Invest Ophthalmol Vis Sci 42(5):1051-1056.

Hwang JC, Chan JW, Chang S, Smith RT. 2006. Predictive value of fundus
autofluorescence for development of geographic atrophy in age-related
macular degeneration. Invest Ophthalmol Vis Sci 47(6):2655-2661.

Jacobs JJ, de Lange T. 2004. Significant role for p16INK4a in p53-
independent telomere-directed senescence. Curr Biol 14(24):2302-2308.
Jeyapalan JC, Sedivy JM. 2008. Cellular senescence and organismal aging.
Mech Ageing Dev 129(7-8):467-474.

Jeyapalan JC, Ferreira M, Sedivy JM, Herbig U. 2007. Accumulation of
senescent cells in mitotic tissue of aging primates. Mech Ageing Dev
128(1):36-44.

Jolly RD, Douglas BV, Davey PM, Roiri JE. 1995. Lipofuscin in bovine muscle
and brain: A model for studying age pigment. Gerontology 41(Suppl 2):283-
295.

Jolly RD, Palmer DN, Dalefield RR. 2002. The analytical approach to
the nature of lipofuscin (age pigment). Arch Gerontol Geriatr 34(3):205-
217.

Jung T, Bader N, Grune T. 2007. Lipofuscin: Formation, distribution, and
metabolic consequences. Ann N Y Acad Sci 1119:97-111.

Kirkwood TB. 1977. Evolution of ageing. Nature 270(5635):301-304.
Kirkwood TB. 2005. Understanding the odd science of aging. Cell 120(4):
437-447.

Kiss HJ, Mihalik A, Nanasi T, Ory B, Spird Z, Soti C, Csermely P. 2009. Ageing
as a price of cooperation and complexity: Self-organization of complex
systems causes the gradual deterioration of constituent networks. Bioessays
31(6):651-664.

Koch P, Opitz T, Steinbeck JA, Ladewig J, Briistle 0. 2009. A rosette-type,
self-renewing human ES cell-derived neural stem cell with potential for in
vitro instruction and synaptic integration. Proc Natl Acad Sci USA 106(9):
3225-3230.

Lanza RP, Cibelli JB, Diaz F, Moraes CT, Farin PW, Farin CE, Hammer CJ, West
MD, Damiani P. 2000a. Cloning of an endangered species (Bos gaurus) using
interspecies nuclear transfer. Cloning 2(2):79-90.

Lanza RP, Cibelli JB, Blackwell C, Cristofalo VJ, Francis MK, Baerlocher GM,
Mak J, Schertzer M, Chavez EA, Sawyer N, Lansdorp PM, West MD. 2000b.
Extension of cell life-span and telomere length in animals cloned from
senescent somatic cells. Science 288(5466):665-669.

Lanza RP, Chung HY, Yoo JJ, Wettstein PJ, Blackwell C, Borson N, Hofmeister
E, Schuch G, Soker S, Moraes CT, West MD, Atala A. 2002. Generation
of histocompatible tissues using nuclear transplantation. Nat Biotechnol
20(7):689-696.

Li H, Collado M, Villasante A, Strati K, Ortega S, Caflamero M, Blasco MA,
Serrano M. 2009. The Ink4/Arf locus is a barrier for iPS cell reprogramming.
Nature 460(7259):1136-1139.

Mabherali N, Sridharan R, Xie W, Utikal J, Eminli S, Arnold K, Stadtfeld M,
Yachechko R, Tchieu J, Jaenisch R, Plath K, Hochedlinger K. 2007. Directly
reprogrammed fibroblasts show global epigenetic remodeling and wide-
spread tissue contribution. Cell Stem Cell 1(1):55-70.

Malone CD, Hannon GJ. 2009. Molecular evolution of piRNA and transposon
control pathways in Drosophila. Cold Spring Harb Symp Quant Biol 74:225-
234.

Mandoli C, Mecheri B, Forte G, Pagliari F, Pagliari S, Carotenuto F, Fiacca-
vento R, Rinaldi A, Di Nardo P, Licoccia S, Traversa E. 2010. Thick soft tissue
reconstruction on highly perfusive biodegradable scaffolds. Macromol Biosci
10(2):127-138.

Marion RM, Strati K, Li H, Tejera A, Schoeftner S, Ortega S, Serrano M, Blasco
MA. 2009. Telomeres acquire embryonic stem cell characteristics in induced
pluripotent stem cells. Cell Stem Cell 4(2):141-154.

Martinez DE. 1998. Mortality patterns suggest lack of senescence in hydra.
Exp Gerontol 33(3):217-225.

McClintock D, Ratner D, Lokuge M, Owens DM, Gordon LB, Collins FS,
Djabali K. 2007. The mutant form of lamin A that causes Hutchinson-Gilford
progeria is a biomarker of cellular aging in human skin. PLoS ONE 2(12):
€1269-1278.

Mikkelsen TS, Hanna J, Zhang X, Ku M, Wernig M, Schorderet P, Bernstein
BE, Jaenisch R, Lander ES, Meissner A. 2008. Dissecting direct reprogram-
ming through integrative genomic analysis. Nature 454(7200):49-55.

Moller P, Lohr M, Folkmann JK, Mikkelsen L, Loft S. 2010. Aging and
oxidatively damaged nuclear DNA in animal organs. Free Radic Biol Med
48(10):1275-1285.

Mountjoy CQ, Dowson JH, Harrington C, Cairns MR, Wilton-Cox H. 2005.
Characteristics of neuronal lipofuscin in the superior temporal gyrus in
Alzheimer’s disease do not differ from non-diseased controls: A comparison
with disease-related changes in the superior frontal gyrus. Acta Neuropathol
109(5):490-496.

Murray V. 1990. Are transposons a cause of ageing? Mutat Res 237(2):59-63.

Nishimura EK, Granter SR, Fisher DE. 2005. Mechanisms of hair graying:
Incomplete melanocyte stem cell maintenance in the niche. Science
307(5710):720-724.

Olovnikov AM. 1971. Principle of marginotomy in template synthesis of
polynucleotides. Dokl Akad Nauk SSSR 201(6):1496-1499.

Olovnikov AM. 1973. A theory of marginotomy. The incomplete copying of
template margin in enzymic synthesis of polynucleotides and biological
significance of the phenomenon. J Theor Biol 41(1):181-190.

JOURNAL OF CELLULAR BIOCHEMISTRY

395

AGING AS RESULT OF INCOMPLETE HOMEOSTASIS



Orgel LE. 1963. The maintenance of the accuracy of protein synthesis and its
relevance to ageing. Proc Natl Acad Sci USA 49:517-521.

Parish CA, Hashimoto M, Nakanishi K, Dillon J, Sparrow JR. 1998. Isolation
and one-step preparation of A2E and iso-A2E, fluorophores from human
retinal pigment epitheliu. Proc Natl Acad Sci USA 95:14609-14613.

Porta EA. 2002. Pigments in aging: An overview. Ann N Y Acad Sci 959:
57-65.

Rebo J, Causey K, Zealley B, Webb T, Hamalainen M, Cook B, Schloendorn J.
2010. Whole-animal senescent cytotoxic T cell removal using antibodies
linked to magnetic nanoparticles. Rejuvenation Res 13(2-3):298-300.
Ressler S, Bartkova J, Niederegger H, Bartek J, Scharffetter-Kochanek K,
Jansen-Diirr P, Wlaschek M. 2006. p16INK4A is a robust in vivo biomarker
of cellular aging in human skin. Aging Cell 5(5):379-389.

Rudolph KL, Chang S, Lee HW, Blasco M, Gottlieb GJ, Greider C, DePinho RA.
1999. Longevity, stress response, and cancer in aging telomerase-deficient
mice. Cell 96(5):701-712.

Sakai N, Decatur J, Nakanishi K. 1996. Ocular age pigment A2-E: An
unprecendented pyridinium bisretinoid. J Am Chem Soc 118:1559-1560.
Sawa H. 2010. Specification of neurons through asymmetric cell divisions.
Curr Opin Neurobiol 20(1):44-49.

Scaffidi P, Misteli T. 2006. Lamin A-dependent nuclear defects in human
aging. Science 312(5776):1059-1063.

Schmucker DL, Sachs H. 2002. Quantifying dense bodies and lipofuscin
during aging: A morphologist’s perspective. Arch Gerontol Geriatr 34(3):
249-261.

Selkoe DJ. 2011. Alzheimer’s disease. Cold Spring Harb Perspect Biol 3(7):pii:
a004457.

Serrano M, Lee H, Chin L, Cordon-Cardo C, Beach D, DePinho RA. 1996. Role
of the INK4a locus in tumor suppression and cell mortality. Cell 85(1):27-37.
Sharma D, Maurya AK, Singh R. 1993. Age-related decline in multiple unit
action potentials of CA3 region of rat hippocampus: Correlation with lipid
peroxidation and lipofuscin concentration and the effect of centrophenox-
ine. Neurobiol Aging 14(4):319-330.

Sinclair DA, Guarente L. 1997. Extrachromosomal rDNA circles— A cause of
aging in yeast. Cell 91(7):1033-1042.

Sinclair DA, Oberdoerffer P. 2009. The ageing epigenome: Damaged beyond
repair? Ageing Res Rev 8(3):189-198.

Siomi MC, Sato K, Pezic D, Aravin AA. 2011. PIWI-interacting small RNAs:
The vanguard of genome defence. Nat Rev Mol Cell Biol 12(4):246-258.
Solbach U, Keilhauer C, Knabben H, Wolf S. 1997. Imaging of retinal
autofluorescence in patients with age-related macular degeneration. Retina
17(5):385-389.

Sparrow JR, Kim SR, Cuervo AM, Bandhyopadhyayand U. 2008. A2E, a
pigment of RPE lipofuscin, is generated from the precursor, A2PE by a
lysosomal enzyme activity. Adv Exp Med Biol 613:393-398.

Suhr ST, Chang EA, Rodriguez RM, Wang K, Ross PJ, Beyhan Z, Murthy S,
Cibelli JB. 2009. Telomere dynamics in human cells reprogrammed to
pluripotency. PLoS ONE 4(12):e8124-8123.

Suhr ST, Chang EA, Tjong J, Alcasid N, Perkins GA, Goissis MD, Ellisman MH,
Perez GI, Cibelli JB. 2010. Mitochondrial rejuvenation after induced plur-
ipotency. PLoS ONE 5(11): e14095-14103.

Takahashi K, Yamanaka S. 2006. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
126(4):663-676.

Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, Yama-
naka S. 2007. Induction of pluripotent stem cells from adult human fibro-
blasts by defined factors. Cell 131(5):861-872.

Taubold RD. Studies on chemical nature of lipofuscin (age pigment) isolated
from normal human brain. 1975, 10(7), 383-390.

Terstegge S, Winter F, Rath BH, Laufenberg I, Schwarz C, Leinhaas A, Levold
F, Dolf A, Haupt S, Koch P, Endl E, Briistle O. 2010. Laser-assisted photo-
ablation of human pluripotent stem cells from differentiating cultures. Stem
Cell Rev 6(2):260-269.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ,
Marshall VS, Jones JM. 1998. Embryonic stem cell lines derived from human
blastocysts. Science 282(5391):1145-1147.

Tomas-Loba A, Flores I, Fernandez-Marcos PJ, Cayuela ML, Maraver A,
Tejera A, Borras C, Matheu A, Klatt P, Flores JM, Vifia J, Serrano M, Blasco
MA. 2008. Telomerase reverse transcriptase delays aging in cancer-resistant
mice. Cell 135(4):609-622.

Troen BR. 2003. The biology of aging. Mt Sinai J Med 70(1):3-22.

Utikal J, Polo JM, Stadtfeld M, Maherali N, Kulalert W, Walsh RM, Khalil A,
Rheinwald JG, Hochedlinger K. 2009. Immortalization eliminates a road-
block during cellular reprogramming into iPS cells. Nature 460(7259):1145-
1148.

Vaziri H, Schichter F, Uchida I, Wei L, Zhu X, Effros R, Cohen D, Harley CB.
1993. Loss of telomeric DNA during aging of normal and trisomy 21 human
lymphocytes. Am J Hum Genet 52(4):661-667.

Vinoth KJ, Heng BC, Poonepalli A, Banerjee B, Balakrishnan L, Lu K, Hande
MP, Cao T. 2008. Human embryonic stem cells may display higher resistance
to genotoxic stress as compared to primary explanted somatic cells. Stem
Cells Dev 17(3):599-607.

Wang C, Jurk D, Maddick M, Nelson G, Martin-Ruiz C, von Zglinicki T. 2009.
DNA damage response and cellular senescence in tissues of aging mice.
Aging Cell 8(3):311-323.

Watson J. 1972. Origin of concatemeric T7 DNA. Nat New Biol 239:197-201.

Wernig M, Meissner A, Foreman R, Brambrink T, Ku M, Hochedlinger K,
Bernstein BE, Jaenisch R. 2007. In vitro reprogramming of fibroblasts into a
pluripotent ES-cell-like state. Nature 448(7151):318-324.

Wieser D, Papatheodorou I, Ziehm M, Thornton JM. 2011. Computational
biology for ageing. Philos Trans R Soc Lond B Biol Sci 366(1561):51-63.

Williams GC. 1957. Pleiotropy, natural selection, and the evolution of
senescence. Evolution 11:398-411.

Williams SE, Beronja S, Pasolli HA, Fuchs E. 2011. Asymmetric cell divisions
promote Notch-dependent epidermal differentiation. Nature 470(7334):353-
358.

Wright DL, Jones EL, Mayer JF, Oehninger S, Gibbons WE, Lanzendorf SE.
2001. Characterization of telomerase activity in the human oocyte and
preimplantation embryo. Mol Hum Reprod 7(10):947-955.

Wu Y, Zhou J, Fishkin N, Rittmann BE, Sparrow JR. 2011. Enzymatic
degradation of A2E, a retinal pigment epithelial lipofuscin bisretinoid. J
Am Chem Soc 133(4):849-857.

396

AGING AS RESULT OF INCOMPLETE HOMEOSTASIS

JOURNAL OF CELLULAR BIOCHEMISTRY



