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ABSTRACT: After a long period of collecting empirical data describing the
changes in organisms, organs, tissues, cells, and macromolecules, biogerontological research is now able to develop various possibilities for intervention. Because aging is a stochastic and nondeterministic process characterized by a
progressive failure of maintenance and repair, it is reasoned that genes involved in homeodynamic repair pathways are the most likely candidate gerontogenes. A promising approach for the identification of critical gerontogenic
processes is through the hormesis-like positive effects of mild stress. Stimulation of various repair pathways by mild stress has significant effects on delaying the onset of various age-associated alterations in cells, tissues, and
organisms.

The study of the biological basis of aging, biogerontology, is now ready to take the
next step. After decades of systematic collection of data describing the changes in organisms, organs, tissues, cells and macromolecules, it is clear that although the basic
biochemistry of all living systems is very much alike, there are no universal patterns
of aging and age-related alterations (TABLE 1). Collecting more descriptive data by using more powerful techniques will only strengthen this fact. Most importantly, like any
other mature field of intellectual enquiry, biogerontology is now able to accept such
differences in the progression of aging, which is indicative of the fact that biogerontology is now a mature science. Hence, the practitioners of biogerontology (biogerontologists) do not need to anymore hide their identities behind any other “-logy”!

ESSENTIAL LIFESPAN AND AGING
Aging is a nondeterministic stochastic phenomenon occurring mainly as a result
of the failure of homeodynamics and an organism’s inability to prevent it.1–3 The
evolutionary theories strongly argue against the existence of genes that may have
evolved specifically to cause aging and to determine maximum lifespan of an organism. The genetic regulation of lifespan is primarily in terms of determining what can
be called as the essential lifespan (ELS) of a species, which is the time required to
fulfill the Darwinian purpose of life, that is, successful reproduction and continuaaAddress
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TABLE 1. General observations on the aging phenotype
The phenotype and rate of progression of aging are:
• different in different species;
• different in different individuals;
• different in different organs, systems, and tissues;
• different in different cells;
• different in different organelles; and
• different in different macromolecules.

tion of generations. For example, species undergoing fast maturation and early onset
of reproduction with large reproductive potential generally have a short ELS.4–6 In
contrast, slow maturation, late onset of reproduction, and small reproductive potential of a species is concurrent with its long ELS.4–6 Therefore, from an evolutionary
point of view, the term “maximum lifespan” is meaningless because of the fact that
the extended survival of a small number of individuals to very late ages, as compared
with the majority of the population in the wild, has no significance in the context of
the declining force of natural selection with age.
The genes that do influence longevity are those that have evolved in accordance
with the life history of a species for assuring the ELS. Such genes are termed longevity assurance genes7 or vitagenes8 and are considered to constitute various maintenance and repair pathways, including antioxidative defenses, DNA repair, fidelity
of genetic information transfer, and stress response pathways. There are several examples of genes, particularly in DNA repair and antioxidant pathways, whose activities have been reported to correlate directly with species lifespan.9–11 Further
evidence that the maintenance and repair pathways are the main determinants of longevity comes from experiments performed to retard aging and to increase the
lifespan of organisms.11,12
It is the longevity-assuring vitagenes in the maintenance and repair pathways that
set limits to the ELS of a species and that are integral to an evolutionarily determined
developmental period. Aging, however, is the postdevelopmental and often postreproductive period, observed most commonly in protected environments that permit
the survival of an individual much beyond its ELS. A progressive impairment of
functional ability and increased chances of death generally characterize this extended period of life. Furthermore, the diversity of the forms and variations in which agerelated alterations are manifested underline the fact that the progression of aging is
not programmed or deterministic but is stochastic in nature (TABLE 1). A large body
of descriptive data clearly shows that individually no tissue, organ, or system becomes functionally exhausted, even in very old organisms. Instead, it is their combined interaction and interdependence that determines the survival of the whole. It
has been suggested that age-related alterations observed at all levels of organization
are the sign of continuous remodeling of the body,13 which is a kind of a survival
instinct response for counteracting the ill effects of progressively failing repair and
maintenance processes.
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GERONTOGENES

In an evolutionary sense, it is meaningless to use the term gerontogenes. For practical purposes, however, it may be appropriate to invoke this term in order to focus
any discussion about the gene-based biochemical processes involved in aging and to
describe genes whose altered activity influences aging and longevity.12,14 Two kinds
of gerontogene action are postulated to be responsible for the emergence of the aging
phenotype. The first considers the role of late-acting mutations that are already
present at the time of fertilization and birth and show their deleterious effects after
the period of growth, development, and maturation. The second category of gene action is referred to as the antagonistic pleiotropy, which involves genes selected for
beneficial effects during early development, but have harmful effects in postreproductive life when they escape the force of natural selection.15–17 In both cases, these
genes were not selected as the real genes to cause aging, but manifest themselves only
as virtual gerontogenes because of their involvement in the progression of aging.8,12
Until now, several putative gerontogenes have been reported for various aging
systems, including yeast, nematodes, insects, and mammals. The molecular identities of some of these genes have been established. In the case of the budding yeast,
the nematode, and the fruitfly, these genes are longevity-determining genes, but the
molecular pathways affected by them have little or no similarity among different organisms. For example, in S. cerevisiae, the functions of the LAG, RAS, uth, and Sir
complex range from being transmembrane proteins to transcriptional silencing of telomeres.7,15,18–22 In C. elgans, the normal functions of various gerontogenes include
PI3-kinase activity, tyrosine kinase receptor activity, transcription factor activity,
and insulin receptor-like activity, and it is only when mutated that a loss or alteration
in the activity of their gene products is associated with increased longevity.23–26
There are several other candidate gerontogenes, such as four clock genes clk-1, clk2, clk-3, and gro-127, and age-228 in C. elegans, discovered for their effects on longevity, but whose molecular identities are yet to be established. In Drosophila, the
methuselah (mth) gene, whose predicted protein sequence has homology to several
GTP-binding protein–coupled receptors, is also associated with increased lifespan
and enhanced resistance to various forms of stress.29 However, in the case of the
mouse klotho gene, which is a membrane protein β-glucosidase,30 and the human
Werner’s gene, which is a DNA helicase,31 the phenotype of premature aging is manifested along with a plethora of diseases.
Additionally, genetic linkage studies for longevity in mice have identified major
histocompatibility complex (MHC) regions,32 and quantitative trait loci (QTL) on
chromosomes 7, 10, 11, 12, 16, 18, and 1933,34 as putative gerontogenes. In human
centenarians, certain alleles of the HLA locus on chromosome 6, different alleles of
ApoE and ApoB, and the DD genotype of angiotensin–converting enzyme (ACE)
have been linked to their long lifespan.32,35,36 The diversity of the genes associated
with aging and longevity of different organisms indicates that whereas the genes involved in repair and maintenance pathways may be important from an evolutionary
point of view (the so-called “public” genes), each species may also have additional
“private”37 gerontogenic pathways that influence its aging phenotype.
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TABLE 2. Major age-related alterations during cellular aging in vitro
Structural changes
Increase in cell size; change of shape from thin, long, and spindle-like to flattened and
irregular; loss of fingerprint-like arrangement in parallel arrays; increased number of
vacuoles and dense lysosomal residual bodies containing UV-fluorescent pigments;
rodlike polymerization of the cytoskeletal actin filaments and disorganized microtubules; and increased level of chromosomal aberrations and multinucleation.
Physiological changes
Reduced response to growth factors and other mitogens; increased sensitivity to toxins,
drugs, irradiation, and other stress; altered calcium flux, pH, viscosity, and membrane
potential; reduced respiration and energy metabolism; and increased duration of G1
phase of the cell cycle.
Biochemical and molecular changes
Decreased activity, specificity, and fidelity of various enzymes; accumulation of posttranslationally modified and inactivated proteins; reduced rates of protein synthesis
and degradation; increased levels of oxidative damage in nuclear and mitochondrial
DNA; reduced levels of methylated cytosines; reduced length of telomeres; and
altered (increased or decreased) expression of several genes.

CELLULAR AGING IN VITRO
An experimental system that has been used extensively for the identification of
genes involved in aging is the so-called Hayflick system of cellular aging in vitro. It
is now well established that normal diploid cells of various kinds and from various
species have a limited proliferative potential in vitro. The ultimate phenotype of the
serially passaged diploid cell is the permanent arrest of late-passage or high population doubling level (PDL) cells in late-G1/S phase boundary of the cell cycle. Most
of the studies on the identification of gerontogenes in this model system have focussed on this endpoint phenotype, also known as replicative senescence. Several
genes have been identified whose products either act as active regulators of cell cycle-arrest or correlate with replicative senescence.38–44 These genes are generally involved in either the activation or the inhibition of the protein phosphorylation and
dephosphorylation cascade involving various transcription factors and cyclin complexes in association with the p53 and Rb genes.45–49 Experimentally induced or
spontaneous immortalization of such cells in vitro and cancer cells in vivo is almost
always accompanied by the deregulation of these genes.
It is important to realize that the irreversible cell cycle–arrest is the ultimate phenotype reached after a long period of active cell proliferation. Furthermore, the replicative senescent phenotype may never be achieved in vivo for many cell types, such
as fibroblasts, epithelial cells, endothelial cells and osteoblasts. Numerous studies
have been performed that show that cellular aging in vitro is accompanied by a whole
range of physiological, metabolic, biochemical, and molecular changes that occur
progressively throughout the replicative lifespan of cells in vitro, culminating in the
cessation of cell proliferation. Some of the major characteristics of cellular aging are
summarized in TABLE 2.
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Progressive accumulation of stochastically occurring damage is the hallmark of
cellular aging in vitro and is the signal for the activation and upregulation of various
genes whose products then act towards arresting and maintaining the senescent cell
in a permanent state of growth arrest.50–52 Experimental induction of damage by free
radicals and excessive loss of telomeres by severe growth arrest results in the premature onset of the senescent phenotype (both in normal and transformed cells) by the
resultant rapid activation of the so-called senescence-specific genes.53,54 Thus the
significance of the cellular aging system in vitro can be best realized as a model to
study progressive accumulation of damage in cells resulting in their physiological
impairment.
CELLULAR RESPONSIVENESS AND HORMESIS
Using the model system of cellular aging, it has been shown that, whereas the cellular response to various growth factors and mitogens is significantly reduced during
aging, their sensitivity to toxins, antibiotics, irradiation, oxidants, and heat shock is
increased.55,56 Furthermore, induction of high levels of stress, particularly oxidative
stress, has been used as a tool to induce replicative senescence or irreversible growth
arrest by increasing the intracellular damage resulting in the upregulation of the socalled senescence-specific genes described above.52 Although such an experimental
approach can facilitate the understanding of the regulation and interactions of various cell cycle-checkpoint genes, this approach has only a limited value in identifying
genes involved in maintaining various pathways of maintenance and repair. Therefore, other experimental strategies are required for identifying gerontogenes that influence the basic process of aging.
It has been suggested that if cells and organisms are exposed to brief periods of
stress so that their stress response–induced gene expression is upregulated and the
related pathways of maintenance and repair are stimulated, one should observe antiaging and longevity-promoting effects. Such a phenomenon, in which stimulatory
responses to low doses of otherwise harmful conditions improve health and enhance
lifespan, is known as hormesis.57–60
Anti-aging and life-prolonging hormesis-like effects of thermal stress have been
reported for Drosophila,61 nematodes,62,63 and yeast.64 In Drosophila, the mild
stress of hypergravity exposure has been shown to delay aging, to increase longevity,
and to increase resistance to heat shock.65 Similarly, low doses of ionizing radiation
have been shown to increase the lifespan of mice66 and may have several beneficial
effects on human health, especially in terms of prevention and treatment of neurodegenerative diseases and cancers.67–69 The beneficial effects of exercise, which stimulates the production of reactive oxygen species,70,71 and the life-extending effects
of calorie restriction have been suggested to work through hormesis.72 In the case of
cellular aging in vitro, repeated low doses of γ- and X-rays have been shown to prolong the cellular lifespan.73–75 Anti-aging effects of repeated mild heat shock on human skin fibroblasts have also been reported.76
Therefore, it may be possible to use the approach of hormesis in order to identify
genes that are important for aging and longevity. For example, if repeated mild heatshock treatment has life-prolonging and anti-aging effects in cells and organisms, it
is likely that the genetic pathways of the heat-shock response are also associated
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with longevity determination. Similarly, other chemical, physical, and biological
treatments can be used to unravel various pathways of maintenance and repair whose
sustained activities improve the physiological performance and survival of cells and
organisms. This will be helpful not only for having a complete understanding of the
mechanistic aspects of the aging process, but also for preventing the onset of various
age-related diseases by maintaining the efficiency of repair processes.
Some of the main targets for prevention of age-related pathology include the following biochemical processes which may be accessible to modulation through
hormesis: (1) the appearance and accumulation of abnormal proteins and proteolytic
products leading to, for example, Alzheimer’s disease; (2) posttranslational modifications and crosslinks between macromolecules, leading to, for example, cataracts
and atherosclerosis; (3) reactive oxygen species-induced mitochondrial defects leading to, for example, Parkinson’s disease, Huntington’s disease, and amyotropic lateral sclerosis; and (4) genomic instability leading to, for example, cancers.
The clinical implications of the hormesis-like stress response in the diagnosis and
treatment of several diseases including arthritis, Duchenne muscular dystrophy, multiple sclerosis, myocardial ischemia, mitochondrial encephalomyopathy, some cancers, and autoimmune diseases such as systemic lupus erythematosis are being
increasingly realized.77 In the case of aging research, although at present there are
only a few studies performed that utilize mild stress as a modulator of aging and longevity, hormesis appears to be the next step and represents a promising experimental
approach in biogerontology.
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