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Introduction

Aging and death do seem to be what Nature has
planned for us. But what if we have other plans?

- Bernard Strehler

This section consists of a series of scientific essays on the biology of aging, also called
biogerontology. They provide an overview of the science, methods, challenges and discoveries from
research on aging and offer a summary of our current understanding of human aging. Although essays
for the non-specialist are available elsewhere on senescence.info, I tried to make this section generally
accessible to anyone with some basic background in biology, including undergraduates. Some essays
are more detailed than others, however, and there is the occasional discussion that can be quite
technical. A glossary is available to help readers. Since these essays review the most important aspects
of the biology of aging, they could also be useful for researchers. (I use them myself as a reference
and recommend them to my students.) These essays were also the basis of a review of mine that
serves as an introduction to the biology of aging and may be useful to readers seeking a briefer
overview of gerontology (de Magalhaes, 2011). A few individual essays have also served as basis for
my own publications and obviously inform and are informed extensively by my papers.

I start this section with some definitions of basic terms and concepts and an overview of what is
human aging, which I recommend that you read in order to better understand the other essays. In fact,
the essays follow a logical sequence which I recommend that you follow, particularly if you are
unfamiliar with the biology of aging. Of course, many readers access just one essay of interest, and
cross-links between essays help readers navigate through different topics. Still, readers familiar with
general observations related to the model systems used in aging research and the genetics of aging will
find it easier to understand the entire section, so I recommend at least reading those two essays--plus
the basic definitions--if you are unfamiliar with the field.

Some of these essays are based on my academic publications. I tend to cite my papers often for the
simple reason that I am more familiar with them, but I try to provide a general perspective on various
findings and theories even if I do not agree with them. Further references (about 1,000 of them) are
cited in the bibliography in case you want further details concerning the experiments described or
ideas presented.
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1. What Is Aging?

In this essay I attempt to define aging. The different components of human aging are succinctly
reviewed and several other key concepts in gerontology are defined.

Sections

Demographic Measurements of Aging
Pathological and Physiological Age-Related Changes

Basic Definitions in Gerontology

Keywords: ageing, aging traits, biomarkers, demography, older people

Although everyone is familiar with aging, defining it is not so straightforward. Aging can simply refer
to the passage of time and can even have a positive connotation as in "aging wine." In the context of
senescence.info, and unless otherwise noted, the term "aging" refers to the biological process of
growing older in a deleterious sense, what some authors call "senescence" (Williams, 1957; Comfort,
1964; Finch, 1990). (Personally, I actually prefer the term "senescence." If this were an academic
book, I would be tempted to use the term "senescence." Being a website with visitors from various
backgrounds, I think the term "aging" is more accessible; "senescence" now also frequently refers to
cellular senescence.) Aging is one of the most complex biological processes, whose definition is
intrinsically related to its phenotype, as developed below.

Demographic Measurements of Aging

Aging has been defined as the collection of changes that render human beings progressively more
likely to die (Medawar, 1952). Indeed, one hallmark of aging in humans and in many other species is
an age-related increase in mortality rates shortly after maturity (Fig. 1).
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Figure 1: Mortality rates, expressed in deaths per 100,000 people, as a function of age for the 2002
US population. The black line represents the Gompertz function extrapolated from the mortality rates
after maturity. Source: CDC/NCHS, National Vital Statistics System, Mortality.




Mathematically, aging can be quantified from mortality curves such as that in Figure 1. There are
several mathematical functions that can be used (Wilson, 1994; Strehler, 1999, pp. 103-124). The
simplest, most widely used method is based on the Gompertz function (Finch, 1990, pp. 13-22;
Strehler, 1999, pp. 111-113):

m(t) = AeCt

Being m(t) the mortality rate as a function of time or age (t); A is the extrapolated constant to birth
or maturity, and G is the exponential (Gompertz) mortality rate coefficient. From Figure 1 it is
possible then to estimate the Gompertz equation by performing a simple regression analysis after
maturity: m(t) = 8.84e%0890¢ with r? = 0.997. From this equation--or even sometimes from the
mortality plot--we can derive the initial mortality rate (IMR), which is the mortality rate independent
of aging, often calculated from the mortality rate prior to its exponential increase with age; in this
case, IMR = 0.0002/year since that is the mortality rate at ages 10-20. Another important variable
derived from the Gompertz equation is the mortality rate doubling time (MRDT) given by MRDT =
0.693/G (Finch, 1990, pp. 22-24). Hence, MRDT = 0.693/0.0800 = 8.66 years. In fact, human
populations tend to have a MRDT around 8 years. This means that after our sexual peak, at roughly
age 30, our chances of dying double approximately every 8 years.

Demographic measurements of aging, such as the MRDT, may then serve as estimates of the rate of
aging. Changes in the MRDT are expected to reflect changes in the rate of aging, but the same is not
true for the IMR (Finch, 1990; Finch and Pike, 1996; de Magalhaes et al., 2005). For example, the life
expectancy at birth increased considerably in the past 100 year. In the US, it jumped from 47.3 years
in 1900 to 77.3 years in 2002 (National Center for Health Statistics, Data Warehouse on Trends in
Health and Aging). Nonetheless, the rate of aging and the MRDT are thought to have remained
unaltered for thousands of years (Finch, 1990; Hayflick, 1994). What happened last century was that
the IMR, which is not affected by the aging rate, was lowered due to breakthroughs in different areas,
such as in the war against infectious diseases, thus lowering mortality rates across the entire lifespan
and increasing the life expectancy. Because the increase in life expectancy was due to changes in the
IMR independent of changes in aging rates is also the reason why the average lifespan of humans may
be reaching a plateau. The only way to considerably increase human longevity in the future is to retard
the aging process itself (Olshansky et al., 1990; Butler et al., 2008).

The way changes in the IMR and in the MRDT affect lifespan yet only changes in the MRDT reflect
changes in aging rates means that changes in lifespan, for example due to feeding animals a particular
anti-aging drug, may not reflect changes in the rate of aging. This is a crucial concept to correctly
interpret experimental results in gerontology. For experiments in, for instance, animal models to be
relevant to aging it is therefore imperative to discriminate between interventions affecting the aging
process (i.e., the MRDT) and interventions affecting health (i.e., the IMR), as argued by many others
(Hayflick, 2000; Pletcher et al., 2000). To determine whether rate of aging is affected one tool
researchers have at their disposal is then calculating the MRDT and IMR (Pletcher et al., 2000; de
Magalhaes et al., 2005). Indeed, such demographic measurements have been employed to determine
whether genetic and dietary manipulations of lifespan in rodents modified or not the aging process (de
Magalhaes et al., 2005). Moreover, and being the IMR independent of aging, the conditions by which
aging is studied should be ideal environmental conditions in order to minimize the IMR and allow us
to better focus on the aging process (Strehler, 1986). Lastly, demographic measurements are also
useful for comparisons between species, as further discussed elsewhere.

It is common knowledge that women have a longer life expectancy than men. Pre-menopausal
hormonal protection might contribute to this. Women have a lower IMR than men but the MRDT is
similar for men and women'. This indicates that women do not age slower than men. Rather, women

! Although there are published papers on this, | actually made the calculations based on mortality data for the US
population (Hayflick, 1994, pp. 73-76).



appear better protected against many major diseases at all ages (Austad, 2000). Men are the sicker sex
(Zuk, 2009). Interestingly, there is some anecdotal evidence that, after menopause, women may suffer
more from aging than men. Eunuchs also appear to live slightly longer than men (Hamilton and
Mestler, 1969); a reduction in IMR due to hormonal alterations may be at the origin of this
phenomenon (Grossman, 1984).

As mentioned above, human mortality rates begin to climb exponentially after about age 30. One
peculiar phenomenon, however, is that this rate of increase of mortality actually levels off after about
age 65 (Vaupel et al., 1998), and this has been reported in other species too. This is probably due,
however, to statistics and heterogeneity--e.g., if a population is made up of two sub-populations with
different rates of aging eventually only slower aging individuals will remain--rather than any
unknown biological process (Vaupel et al., 1979; Partridge and Mangel, 1999; Rossolini and
Piantanelli, 2001).

Pathological and Physiological Age-Related Changes

Aging can also be defined as a progressive functional decline, or a gradual deterioration of
physiological function with age, including a decrease in fecundity (Partridge and Mangel, 1999), or
the intrinsic, inevitable, and irreversible age-related process of loss of viability and increase in
vulnerability (Comfort, 1964). Clearly, human aging is associated with a wide range of physiological
changes that not only make us more susceptible to death but limit our normal functions and render us
more susceptible to a number of diseases. The purpose of senescence.info is not to describe all age-
related changes and pathologies typical of old age, as there are excellent resources on the topic (Craik
and Salthouse, 1992; Spence, 1995; Timiras, 2002), including our lab's Digital Ageing Atlas.
Nonetheless, a brief inspection of the most important physiological changes that occur with age and
the pathological consequences of these changes is useful to understand aging.

In humans, albeit some functions like hearing and flexibility begin to deteriorate early in life (Bowen
and Atwood, 2004), most of our body's functional decline tends to begin after the sexual peak, roughly
at age 19. Contrary to demographic measurements of aging that show mortality rates increasing
exponentially, the human functional decline tends to be linear (Strehler, 1999). Succinctly, aging is
characterized by changes in appearance, such as a gradual reduction in height and weight loss due to
loss of muscle and bone mass, a lower metabolic rate, longer reaction times, declines in certain
memory functions, declines in sexual activity--and menopause in women--, a functional decline in
audition, olfaction, and vision, declines in kidney, pulmonary, and immune functions, declines in
exercise performance, and multiple endocrine changes (Craik and Salthouse, 1992; Hayflick, 1994,
pp. 137-186; Spence, 1995). Although the immune system deteriorates with age, called
immunosenescence, a major hallmark of aging is an increase in inflammation levels, reflected in
higher levels of circulating proinflammatory cytokines and that may contribute to several age-related
disorders such as Alzheimer's disease, atherosclerosis and arthritis (Franceschi et al., 2000;
Bruunsgaard et al., 2001). Some age-related changes, such as presbyopia, also called farsightedness,
which is caused by the continuous growth of the eyes' lenses and appears to be universal of human
aging (Finch, 1990, pp. 158-159; Hayflick, 1994, p. 179), and menopause, are inevitable yet the
incidence of most age-related changes vary considerably between individuals.

The phenotype of human aging is one in which practically any system, tissue or organ can fail
(Austad, 1997a; Strehler, 1999). This indicates an intrinsic phenomenon affecting the whole organism
and leading to the "weakest link" failing, resulting in death. Interestingly, studies in
supercentenarians--i.e., people over 110 years of age--suggest that these individuals age uniformly. In
other words, one thing that makes supercentenarians unique is the fact they do not have one
debilitating organ or system that results in death; they do not have a "weakest link." Supercentenarians
are nonetheless extremely frail and debilitated, showing multiple pathologies (Coles, 2004). Likewise,
one "autopsy study" in centenarians revealed that all, even those described as healthy before death,
had an acute organic failure causing death. These results also suggest that the idea that people can die
of "old age" is incorrect (Berzlanovich et al., 2005).
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Clearly, the incidence of a number of pathologies increases with age (Fig. 2). These include type 2
diabetes, heart disease, cancer, arthritis, and kidney disease. Also note how the incidence of some
pathologies, like sinusitis, remains relatively constant with age, while the incidence of others, like
asthma, even decline. Therefore, it is important to stress that aging is not merely a collection of
diseases. With age we become more susceptible to certain diseases, but as described above we also
become more likely to die, frailer, and endure a number of physiological changes, not all of which
lead to pathology.
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Figure 2: Prevalence of selected chronic conditions, expressed in percentages, as a function of age
for the US population (2002-2003 dataset). All forms of cancer and heart disease are featured.
Source: National Center for Health Statistics, Data Warehouse on Trends in Health and Aging.
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Figure 3: Death by underlying or multiple cause, expressed in rates per 100,000 people, as a function
of age for the 2001 US population aged 85 and older. Source: National Center for Health Statistics,
Data Warehouse on Trends in Health and Aging.




45-54 years Over 85 years
% of % of
Cause of death Incidence ° Incidence °
deaths deaths
Diseases of the heart 92.8 21.66% 5607.5 37.48%
Malignant neoplasm 126.3 29.48% 1747 11.68%
Cerebrovascular diseases 15.1 3.52% 1485.2 9.93%
Parkinson's disease 0.1 0.02% 1312.8 8.77%
Alzheimer's disease 0.2 0.05% 703.2 4.70%
Pneumonia 4.6 1.07% 676.5 4.52%
Chronic lower respiratory
. 8.5 1.98% 638.2 4.27%
diseases
Diabetes mellitus 13.6 3.17% 318.6 2.13%
Certain infectious and
L 22.9 5.35% 243.8 1.63%
parasitic diseases
Atherosclerosis 0.5 0.12% 177.3 1.19%
Others 143.8 33.57% 2050.9 13.71%

Table 1: Death by underlying or multiple cause, expressed in rates per 100,000 people or in
percentage of the total deaths, for the 2001 US population in two age groups: 45-54 years and 85
years of age and older. Source: National Center for Health Statistics, Data Warehouse on Trends in
Health and Aging.

Figure 3 shows the most important causes of death in the elderly. Not surprisingly, heart diseases are
the number one cause of death in people aged 85 and older, followed by cancer, cerebrovascular
diseases, Parkinson's and Alzheimer's diseases, pneumonia, and chronic lower respiratory diseases.
While diseases like cancer and heart diseases are major causes of death at all ages, other diseases, like
Parkinson's and Alzheimer's, only become significant at old age (Table 1). Lastly, it is important to
note that an understanding of the physiology and pathology of aging is important to assess the
relevance of model organisms for the study of human aging, as mentioned elsewhere.

Despite all the physiological and pathological changes, there is still no accurate way to quantify how
aged someone is. Despite decades of research, and even though it is clear that different people age at
different paces, the most accurate method to determine the biological age of someone is still
chronological age. This is a major problem for studying aging and there have been ongoing efforts to
determine a better way to quantify aging for years (reviewed in Balin, 1994).
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Basic Definitions in Gerontology

Given the description of the human aging phenotype detailed above, I will define the basic terms that
are used in senescence.info. To sum it up, aging is a complex process composed of several features:

1) an exponential increase in mortality with age;
2) physiological changes that typically lead to a functional decline with age;
3) increased susceptibility to certain diseases with age.

So, I define aging as a progressive deterioration of physiological function, an intrinsic age-related
process of loss of viability and increase in vulnerability.

Gerontology is the branch of biomedical sciences that studies aging. In senescence.info, gerontology
normally refers to the study of the biological process of aging, not its medical consequences.
Generally, I use geriatrics to refer specifically to the medical study of diseases and problems of the
elderly. Technically, gerontology includes both the biological and the medical branches of the study of
aging, but since senescence.info is written in the context of the biology of aging, gerontology usually
refers to the study of the biological aspects of aging, unless otherwise specified. Biogerontology refers
specifically to the biological study of aging and is also used, usually interchangeably, with
gerontology.

Life expectancy is how long, on average, an organism can be expected to live. Longevity is the period
of time an organism is expected to live under ideal circumstances. Lifespan is defined as the period of
time in which the life events of a species or sub-species (e.g., a strain or population) typically occur.
Lifespan and longevity can sometimes be used interchangeably, though they have slightly different
meanings. For humans, lifespan and longevity are about the same in industrial nations, but when
studying species in the wild, one can expect that lifespan will be lower than longevity since feral
conditions are certainly not ideal for assessing longevity. For most purposes, life expectancy, average
longevity, and average lifespan have the same meaning. Maximum longevity and maximum lifespan
are the maximum amount of time animals of a given species or sub-species can live--typically, the
record longevity for that species. The maximum longevity of humans is 122 years, recorded by the
late Jeanne Calment (Allard et al., 1998).

For a quick reference on terms and definitions, you may always consult the glossary.



2. Some Animals Age, Others May Not

Previously, I described the major features of the human aging process. In the amazing biodiversity of
our planet, however, we can find diverse forms of aging, many of which are fascinating. In this essay I
describe the aging phenotypes observed in an array of species and how these compare to human aging.
By studying the aging process of other animals and comparing the way different species age, it may be
possible to gather clues about the human aging process and how to delay it, as further detailed
elsewhere.

Sections

Primordial Life Forms

Plants (kingdom: Plantae)

Fungus (kingdom: Fungi)

Animals (kingdom: Animalia or Metazoa)
Chordates (phylum: Chordata)

Mammals (class: Mammalia)

Keywords: ageing, biogerontology, comparative biology, immortal germplasm, life span, microbes,
nature, phylogeny, vertebrates

This essay follows a phylogenetic perspective, starting in the species most distant from us (Figure 1).
As the we move to species evolutionary and biologically closer to us, I increase the detail in which I
describe them. Many of the species mentioned in this essay are present in our lab's AnAge database,
the benchmark aging and longevity database in animals (de Magalhaes and Costa, 2009), and further
information and quantitative data on the species mentioned below is likely available.

Eubacteria
Life —[— Archaea
T + . PIants
- Eukaryotes -[Metazoa (animals)

Fung|

Figure 1: Simplified tree of the evolution of life on earth. (Adapted from Maddison and Schulz
2004.)

Primordial Life Forms

The species further from us are prokaryotic microorganisms (Maddison and Schulz, 2004). Bacteria,
for instance, are unicellular organisms that reproduce by cell division or fission; normally a mother
cell divides into two equal daughter cells (Brock, 1997). Since we cannot distinguish between
progenitor and offspring it was thought that these organisms do not age. Protected from violent death,
bacteria have until recently been thought to be immortal. However, senescence has been reported in a
bacterium with asymmetric division, Caulobacter crescentus, in the form of a decrease in
reproductive output with age (Ackermann et al., 2003). Escherichia coli cells growth-arrested by
nutrient depletion have also been studied in the context of aging since they lose their ability to recover




and reproduce (reviewed in Nystrom, 2002). Evidence that division in E. coli is functionally
asymmetrical has been suggested as evidence of aging in this species. Briefly, E. coli divides in the
form of a rod and the cell that inherits the oldest end, or pole, exhibits a diminished growth rate,
decreased offspring production, and an increased incidence of death (Stewart et al., 2005). On the
other hand, certain bacteria can form spores and remain in a state of suspended animation for years
with one study reporting the growth of a bacterium with 250 million years (Vreeland et al., 2000).
Nevertheless, and despite the basic cellular functions being the same for all living organisms,
bacteria's constitution and physiology have many differences when compared to human cells--e.g.,
bacteria have circular chromosomes, do not have mitochondria, etc. So while these observations are
intellectually stimulating, their relevance to understanding human aging is somewhat dubious.

When observing eukaryotic species we start to witness sex and its implications: sexual genetic
recombination can be seen as a re-adaptation of the genome to the environment with the exchange of
genetic information being advantageous in terms of increasing diversity. Sex also appears to be related
to the emergence of aging in many evolutionary lineages. Beginning with ciliates, species exist in
which individual cells are "destined to die," a process resembling the programmed death of the
organism that we will also witness ahead in animals. An example is the protozoan Tokophrya
(Karakashian et al., 1984): it reproduces by internal "budding," an asymmetric mitotic division, yet it
is born without any means to dispose of wastes, which makes individual death inevitable. This form of
aging resulting from mechanical limitations in the design of organisms has be called "mechanical
senescence" (Comfort, 1964). In addition, asexually reproducing clones show another form of aging,
called clonal or replicative senescence in that they stop proliferating; interestingly, cells born from
older individuals have shorter lifespans. Paramecium and Tetrahymena are two other well-studied
species in gerontology (Nanney, 1974). They can reproduce asexually for hundreds of generations but
eventually reach clonal extinction--though perhaps not all strains in the case of Tetrahymena. In
Paramecium it has been demonstrated that sex--the two cells fuse, exchange genetic material and then
segregate--can rejuvenate individual cells (Smith-Sonneborn, 1987; Bell, 1988). Finally, numerous
species among ciliates and other protista show no evidence of aging or clonal senescence; examples
are found among the taxa Amoebina, Cryptomonadina, Phytomonadina, Sarcosporidia, and Radiolaria
(Finch, 1990, p. 228). Lacking a sexual phase many species can proliferate with no detectable clonal
senescence.

Plants (kingdom: Plantae)

Defining when life begins and ends is quite easy for us humans. Life begins at birth--or at conception
or when the central nervous system is formed--and ends at brain death. But when life and individuality
begin in other kingdoms is harder to define. When I was younger, and still had free time, I sometimes
did gardening with my mother. As many are aware, for many species of plants if you cut a graft, put it
in water, and then plant it in the soil, you will have a new plant. Similarly, there are species in the
plant kingdom (Plantae) in which trees are generated on the roots of another tree. If we have two trees
connected by the roots in which one of the trees originated from the roots of another, is this the same
tree or are there two trees? And when the first tree dies, is the second tree now another tree or is it still
the same tree? Aging in plants is thus difficult to define. This process of vegetative reproduction can,
in some species, be done (in theory) eternally; grafting is widely used is agriculture and many species-
-tulips (Tulipa clusiana), saffron crocus (Crocus sativa), and banana (Musa sapientum)--are examples
of how it can be done for hundreds if not thousands of years (Cook, 1983; Finch, 1990, p. 229). Cases
of species undergoing clonal reproduction for over 10,000 years have been reported with one species
(Lomatia tasmanica) dated to be at least 43,600 years (reviewed in Munne-Bosch, 2008). Species
exist, however, in which vegetative reproduction shows decreasing vigor with time. For example
sugarcane and citrus show limited clonality in cuttings but other factors besides aging, such as viruses,
can be involved (Finch, 1990, p. 230).

Another unique feature of plants is that, in general and unlike animals, they segregate their germ cells
from the soma shortly before reproduction. In addition, there is an enormous diversity of plants and
many seem capable of living thousands of years. Asexual, agametic reproduction is highly spread

10



among higher and lower plants (Watkinson and White, 1985). Examples include the genera Rubis,
Hieracium, Poa, and Taraxacum (Cook, 1983).

There are also many plant species that show clear signs of senescence. Some, such as bamboo,
reproduce, age, and die at well defined times indicating a pre-programmed mechanism. Bamboo are
then considered semelparous, meaning they reproduce only once, in contrast to iteroparous species
like humans that can reproduce more than once during their lifetime. Also note that semelparous
species can be long-lived. For example, plants of the genus Agave can take 100 years to mature and
then suddenly die, which can also be called "big bang" reproduction (Finch, 1990, p. 101). These
events are hormonally triggered and, for example, depending on the species of bamboo can take
between 7 and 120 years (Janzen, 1976). Many species of plants also show a functional decline with
time, indicating a slow aging rate. Examples are well known in agriculture such as apple, orange, and
other fruit trees. In some cases, such as in citrus, vegetative reproduction by cutting can lead to a sort
of rejuvenation (Finch, 1990, p. 127). Our knowledge of how hormones control these events is limited
but it can be that the hormones produced by roots or growing tips influence the process.

Finally, probably the best described example of a non-aging plant is the bristlecone pine. This tree
grows on high rocky ground practically without predators and has been estimated to live up to 4,713
years. Studies have shown an absence of MRDT and no declines in reproductive output with age
(Lanner and Connor, 2001).

Fungus (kingdom: Fungi)

Saccharomyces cerevisiae is a yeast that reproduces by budding divisions (Jazwinski, 1990). A new
cell forms as a small outgrowth of the mother cell, the bud enlarges and then separates, leaving a scar
behind. Since each cell can only do this process a limited number of times it has been argued that this
is a form of aging. In addition, chronological lifespan can also be quantified and used as an estimate of
aging. A favorite model of researchers, the "aging process" of this yeast has been studied in detail.
One possible cause of senescence might be ribosomal DNA circles (Sinclair and Guarente, 1997;
Sinclair, 2002). Around the middle of the lifespan a circular copy of the rDNA pops out of the genome
and begins replicating, eventually leading to the mother cell's death. Since daughter cells are born
without this rDNA, perhaps that is what makes them young. An alternative hypothesis is a role of the
mitochondrion, the cell's powerhouse, in the aging of S. cerevisiae (Jazwinski, 2005). Another yeast,
S. pombe, reproduces by fission but it shows asymmetrical cell division and replicative senescence
(Barker and Walmsley, 1999). Pseudospora is a filamentous ascomycete that has also been the subject
of gerontological research. Its lifespan is limited and, although the mechanism has not yet been fully
elucidated, it can involve a process involving copper levels that in turn impact on the energy
transduction apparatus of mitochondria as well as reactive oxygen species production (Osiewacz and
Borghouts, 2000). Probably the oldest known fungus is the Armillaria ostoyae. Some authors believe
a giant fungus of this species at the Malheur National Forest (US) can be over 2,400 years and is the
biggest organism on earth (Ferguson et al., 2003).

Animals (kingdom: Animalia or Metazoa)

Like in plants, vegetative propagation may occur among some animals, although usually coupled with
sexual reproduction. Campanularia reproducing asexually have been claimed not to age despite
showing a cycle of growth and involution (Brock and Strehler, 1963). Hydra and Cyanea capillata
have also been claimed by some authors not to show senescence (Brock and Strehler, 1963; Martinez,
1998), despite contrasting opinions of others (Bell, 1988). Sponges and corals are other good
examples of asexual vegetative reproduction leading to long lifespans--over 200 years in the case of
corals and perhaps thousands of years in the case of sponges. Some evidence, however, supports the
idea that corals age (Finch, 1990, p. 233). Still, corals have high infant mortality rates and maybe a
decrease in mortality with age, which makes them a fascinating case (Finch, 1990, p. 242).
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Worms vary much between asexually and sexually reproducing species and many species have
alternating cycles of both--like in certain plants, a process often dependent on diet and temperature.
One flatworm, Stenostomum tenuicauda, produced a calculated number of 1,000 asexual generations
for 11 years and Ctenodrilus monostylos was kept reproducing by fission for 60 years. Asexually
reproducing parasitic worms must have reproduced asexually for decades (Moore, 1981; Finch, 1990,
p. 235). Finally, protochordates also reproduce asexually. Ascidians reproduce by fission or budding
on a regular basis. For example, in Perophora viridis buds originate in certain lymphocytes that are, in
effect, stem cells capable of creating a full organism with heart, neural structures, etc. (Finch, 1990, p.
236).

One of the most widely studied species in the world is the soil nematode Caernohabditis elegans,
composed mostly of post-mitotic cells (Murakami et al., 2000). This species has a very short lifespan--
days to weeks--but it can be radically extended by making the animal enter an alternative
developmental pathway called dauer. This pathway consists of a developmental arrest and is normally
activated when animals are starved or under crowded conditions; it delays development leading to an
increased adult phase (Klass and Hirsh, 1976). Certain genetic interventions can also induce this dauer
phase. In fact, the first gene ever shown to retard aging (age-1) was identified in C. elegans (Johnson,
1990). It is interesting to note the contrast between the short-lived C. elegans and other parasitic
worms like Necator americanus and Ancylostoma duodenale that can live up to 15 years (Finch, 1990,
pp. 215-216). Another nematode worm, Strongyloides ratti, has both a short-lived free-living (~5
days) form and a parasitic form that can live over one year inside a host (Gardner et al., 2006). While
these differences in lifespan are dramatic, I should note that the two forms are quite different
morphologically and physiologically. The ability of a single genome to give rise to two or more
morphologies is called polyphenism.

Figure 2: Red sea urchin (Strongylocentrotus franciscanus), which has been estimated to live up to
200 years and is considered a species with negligible senescence. Source: U.S. Fish and Wildlife
Service.

Rotifers are minute aquatic multicellular organisms that have short lifespans ranging from a few days
to months; males, unlike females, typically lack excretory systems and therefore have even shorter
lifespans (Finch, 1990, p. 72). Again, this can be seen as a form of mechanical senescence.
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One of the animal species with the longest longevity is an invertebrate tubeworm called
Lamellibrachia. In contrast to the rapid growth and much shorter lifespans of similar species living in
habitats richer in nutrients, animals living around hydrocarbon seeps grow very slowly and have
longevities estimated to be between 170 and 250 years (Bergquist et al., 2000). Other long-lived
invertebrate species include the bivalve mollusk ocean quahog (Arctica islandica) that has been
estimated to live up to 400 years (Abele et al., 2008), and the red sea urchin (Strongylocentrotus
franciscanus; Fig. 2) that may live up to 200 years (Ebert and Southon, 2003). These three species
appear not to age and are referred to as species with negligible senescence (Finch, 1990). The AnAge
database includes a list of the longest-lived animals and a list of species with negligible senescence.

In general (but see below), insects are short-lived. Nonetheless, we find a staggering diversity of aging
phenotypes among them. A common mechanical senescence process in insects involves aphagy
(Weismann, 1891), or the inability to ingest a complete meal as an adult, generally related to defective
mouthparts or a defective gut. Numerous examples exist among insects and include animals like
mayflies and species in Ephemeroptera, Neoptera, Coleoptera, etc. (Finch, 1990, pp. 584-585). Many
insects and other members of Arthropoda are therefore semelparous. Insects, of course, have a much
different body plan than ours. For example, the fruit fly Drosophila, a common model of aging, is
mostly composed of post-mitotic tissues and fragile organs, making it susceptible to wear and tear that
affects irreplaceable organs and/or tissues.

No mentioning of insects is complete without ants (Finch, 1990, pp. 67-72). Ants, like many other
social insects such as honey bees, show polyphenism. Not only are ant castes morphologically
different, but ants have two distinct aging phenotypes in workers and queens. What makes them
fascinating is the fact that they all share the same genome and both are probably postmitotic, except
perhaps the gut and sex cells. Queens can live over 15 years, 100 times more than the workers. The
difference between workers and queens is that queens have specialized feeding; for example, larvae
destined to become queens are fed ten times more often. In addition, queens suffer little mechanical
abrasion and are constantly groomed by the workers. Also interesting are the large differences in
lifespan between workers in the same colony depending on seasons. Hormonal levels dependant on
the amount of activity needed by the colony appear to play a role in this. There are also exceptional
cases of worker ants living over 5 years but these are rare. In fact, while workers show a clear
acceleration of mortality, queens die very rapidly after their sperm stocks are exhausted, sometimes
even assassinated by the workers. Therefore, queens may well feature negligible senescence.

Apart from mechanical senescence, other processes can lead to rapid aging and/or sudden death after
reproduction. Hormone-driven processes are common in many lower species. Some octopus species
do not eat after spawning, which is driven by hormones (Wodinsky, 1977). Spiders such as
Frontinella pyramitela have short lifespans and increased feeding leads to increased reproduction and
earlier death (Austad, 1989). On the other end of the lifespan spectrum, female tarantulas can live
more than 25 years without showing clear signs of aging (Finch, 1990, p. 78). Other arthropods with
indefinite lifespan include lobsters, whose molting leads to the replacement of hard tissues avoiding
wear and tear and leading to continual growth (Finch, 1990, p. 215). Among Echinodermata, sea
urchins (as mentioned above) and other starfish are claimed to be able to live more than 40 years,
showing decreasing mortality with size (Finch, 1990, p. 216). In mollusks, certain octopus species
also show no signs of senescence (Arnold and Carlson, 1986).

Chordates (phylum: Chordata)

Moving closer to humans, tunicates are primitive aquatic animals, members of Urochordata. They
have several asexual and sexual reproductive cycles and are typically short-lived (Finch, 1990, p.
236). On the other hand, hagfishes can show continued growth and very slow, if any, senescence as
well as continued de novo oogenesis in adults; their estimated maximum lifespan is about 40 years
(Finch, 1990, pp. 216-217). Despite many body plan similarities with hagfishes, lampreys are a
completely different story. Lampreys are semelparous and show "big bang" reproduction followed by
rapid senescence. In fact, adult lampreys typically do not eat and do not replace their oocytes.
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Jawed fishes are considered the most modern of fishes. Ray-finned fishes such as sturgeons can have
very long lifespans, exceeding a century (Finch, 1990, pp. 216-217). Female sturgeons, however, may
have a finite ovarian oocyte stock (Finch, 1990, pp. 134-135). Teleosts such as rockfishes also live
very long, show no signs of reproductive senescence and grow continuously, albeit slowly (Fig. 3A).
Some rockfishes, such as Sebastes aleutianus have been estimated to live over 200 years and show no
signs of aging (Cailliet et al., 2001). Sharks are often claimed to show no senescence or cancer (Lane
and Comac, 1992), but despite low cancer rates, cancer can appear and females may show
reproductive senescence. On the other end of the spectrum, some fishes have very short lifespans.
Certain annual African fishes such as of the genus Nothobranchius do not commonly live more than
12 weeks even in protected environments and exhibit signs of an extremely fast aging process
(Valdesalici and Cellerino, 2003).

Figure 3: Two fishes with completely different life-history strategies and aging phenotypes. A:
Yellow rockfish (Sebastes reedi), which has been estimated to live nearly a century. B: Sockeye
salmon (Oncorhynchus nerka), which dies shortly after spawning. Source: U.S. Fish and Wildlife

Service.

A famous fish in gerontology is the salmon (Fig. 3B), a teleost, and its rapid senescence following
reproduction is a landmark phenomenon. Typically salmon are born in rivers and lakes, migrate to the
ocean until returning to spawn in fresh water and die shortly after. During the reproductive period, a
hormonal cascade causes animals to stop eating, develop various pathologies, and eventually die
(Finch, 1990, pp. 83-90). Castrated fish can live twice as long but eventually show the usual
hormonal-based changes (Robertson, 1961). One fascinating facet of salmon senescence is that the
salmon has a particular mussel parasite that can extend the salmon's lifespan by affecting the

14



hormonal program of accelerated senescence (Ziuganov, 2005). Another remarkable observation is
that in some normally semelparous species of salmon also exhibit iteroparous life histories; male jacks
and parr mature early and parr can survive reproduction and mate again (Unwin et al., 1999).

Certain salmoniforms show conditional semelparity. The steelhead trout Oncorhynchus mykiss is a
good example; just like typical salmons, these animals have to spawn in rivers, but some animals are
able to return to the sea and that way can survive to reproduce another year (Finch, 1990, p. 92).
Another interesting case is the plaice (Pleuronectes platessa), a flounder-like fish; the female
continually grows and shows no signs of aging while the male ages and dies (Bidder, 1932; Finch,
1990, p. 240). In fact, partly based on this species, Bidder proposed that cessation of growth leads to
the onset of aging. Despite being true for many species, exceptions exist. A major open question is
whether growth cessation is caused by hormonal changes or by intrinsic cellular limitations.

Ending the marine examples I want to mention a phenomenon quite common among fishes, which is
also observed in many invertebrates like certain insects, including flies and worms typically used in
aging research. The walleye (Stizostedion vitreum) is a fish found in North American freshwaters.
Depending on the temperature of its environment, its lifespan can increase five-fold while also
delaying maturation and overall development (Gosden, 1996, p. 107; Mangel and Abrahams, 2001). A
delayed maturity and increased lifespan as a result of a lower ambient temperature is common in many
ectotherms (see below).

: 340 m.y.
Gnathostomata
Amphibians

-[ Other Reptiles
Birds

Figure 4: Simplified tree of the evolution of mammals and closely related taxa. Most modern fishes
are in Gnathostomata with the exception of sarcopterygian fishes, which are not shown. (Adapted
from de Magalhaes and Toussaint, 2002; Maddison and Schulz, 2004.)

Approaching mammals (Fig. 4), amphibians have no reported cases of "big bang" reproduction,
though some species are short-lived showing signs of gradual aging (Kara, 1994; Smirina, 1994).
Overall, and although there are not many detailed studies of aging in amphibians, amphibians appear
to be longer lived than mammals of the same size. In fact, aging's incidence and intensity appear to be
lower in amphibians when compared to mammals (Finch, 1990, pp. 219-221; de Magalhaes and
Toussaint, 2002). Studies in amphibians have reported possible negligible senescence in frogs (Brocas
and Verzar, 1961; Plytycz et al., 1995a) and toads (Plytycz and Bigaj, 1993; Plytycz et al., 1995b), but
this has not been proven. Like for many other species, temperature is a major factor in determining
life history traits. Typically, animals in northern or mountain regions tend to live longer and, usually,
mature later, though hibernation could be a factor too (Smirina, 1994). Reports of some age-related
declines have been observed in small species such as frogs (Perez-Campo et al., 1993), Rana
temporaria (Plytycz et al., 1995a), and the tiger salamander (Townes-Anderson et al., 1998). Other
salamanders such as Andrias japonicus live at least 55 years and show no reproductive senescence or
decrease in fitness with age. Bullfrogs (Rana catesbeiana) show an increase in fitness with age as
older females prefer older and larger males. The longevity record for the class belongs to the olm, a
blind subterranean animal that has been predicted to live over 100 years and may be a case of
negligible senescence (Voituron et al., 2011). A laboratory favorite is Xenopus laevis: it lives over 15
years and shows few signs of senescence. Oogonial proliferation in amphibians occurs after maturity
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but there are no reports at advanced ages. Nonetheless, it is possible that some amphibian species
feature negligible senescence including neurogenesis and oogenesis in adulthood. Teeth in amphibians
are polyphyodont, meaning animals develop several sets of teeth successively throughout life
(reviewed in Kara, 1994).

Like amphibians, reptiles not show "big bang" reproduction (reviewed in Patnaik, 1994), and tend to
show a lower incidence and intensity of aging than most mammals (Finch, 1990, pp. 219-221; de
Magalhaes and Toussaint, 2002). Some reptilian species show signs of aging comparable to what is
observed in mammals (Majhi et al., 2000; Jena et al., 2002; Olsson and Shine, 2002). Unlike some
animals, like many fishes, that grow continuously throughout their lives, reptiles tend to grow slower
at older ages, in both short- and long-lived species. Like amphibians, most reptiles feature
polyphyodonty (Patnaik, 1994). Several species of reptiles, particularly turtles, appear to feature
negligible senescence and very long lifespans. Blanding's turtle (Emydoidea blandingii) has been
shown to increase survival and reproductive output over a 75-year period (Congdon et al., 2001), and
similar results have been reported for the eastern box turtle (Terrapene carolina; Fig. 5A; Miller,
2001). Marion's tortoise (Geochelone gigantia) is claimed to have lifespans over 150 years, which is
uncertain but possible since some captive turtles live up to 70 years. An increase in mortality was
found in wild Geochelone but extrinsic factors might be involved. The Galapagos tortoise
(Geochelone nigra) also appears to be long-lived with a possible record longevity of 177 years (Fig.
5B). Some snakes might also escape senescence; many species actually lay more eggs as they increase
in size with age; for instance, Natrix maura ceases to grow but animals can live beyond that point with
no detectable increases in mortality. Despite some species having a sexual peak, reproductive
senescence has not been convincingly reported in reptilians, though further studies are necessary. For
example, alligators have been reported to exhibit some evidence of reproductive senescence but the
results are inconclusive (Finch, 1990, pp. 144-145). Oogenesis in adulthood has been reported for

some species yet again further studies of reproduction across the lifespan are necessary. Although the
evidence is limited, it appears that reptilians and amphibians show a less intense aging phenotype than
mammals with many species failing to show a characteristic maximum lifespan.

Figure 5: Two examples of long-lived turtles that show no signs of aging. A: Eastern box turtle,
which can live up to 138 years. B: Galapagos tortoise, which can live up to 177 years. Sources: Ryan
Hagerty (A) and Paul Guther (B), U.S. Fish and Wildlife Service.

Evolving, as mammals, from reptiles (Fig. 4), birds are another taxon whose aging phenotype is worth
appreciating (Finch, 1990, pp. 144-150). Like amphibians and reptiles, birds are not known to exhibit
rapid senescence or semelparity. Certain species show a definitive trend of accelerating mortality with
age, being gallinaceous birds (order: Galliformes) the most extreme example (Ottinger, 2001). Other
species, however, show very slow increases in mortality with age and some long-lived species show
an increase in parenting success with age. Species with very long lifespans and little signs of
reproductive senescence are common: the Andean condor (Vultur gryphus) is capable of living up to
75 years and is one the longest lived birds; no senescence has been reported but detailed studies are
lacking. Other species such as Fulmarus glacialis and Sterna paradisaea also show little signs
senescence (Gosden, 1996, pp. 55-56). From mathematical calculations it has been proposed that these
long-lived birds must show some mortality increase, apart perhaps from condors. Parrots and
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cockatoos (order: Psittaciformes) are also known to be long-lived with anecdotal reports of animals
living over 100 years, though detailed studies are lacking. Comparing birds with mammals, some
authors suggest that birds age slower than mammals (Holmes and Austad, 1995; Holmes et al., 2001;
Holmes and Ottinger, 2003). Nonetheless, there are no verified reports of birds with negligible
senescence or animals living over 100 years. Birds do not have continuous growth.

Before moving to mammals there is just one last group of species worth mentioning. These are species
with a clearly defined finite lifespan but that might not age at all (Finch, 1990, pp. 222-226). Species
with a very high IMR are expected to be short-lived, yet senescence might not necessarily occur. (A
high extrinsic mortality--i.e., high IMR--is expected to lead to the evolution of aging, but this may not
be an universal rule.) Exemplifying, in certain fishes, such as Cynolebia or Nothobranchius, adults die
soon after spawning in the wild but their lifespan can be increased several fold in the laboratory where
a gradual increase in mortality is witnessed. So, species might exist in which the high mortality masks
an absence of senescence. Chiton tuberculatus is a marine mollusk that is an excellent case of what I
call ecological senescence: at age four animals show a large increase in mortality but this increase
appears to derive from continual growth and the subsequent need to find new habitats where animals
are more exposed to predation. Phenomena along these lines may cause increased mortality rates in
other species with negligible senescence but continual growth. One last example is the saguaro cactus
(Cereus giganteus); it shows a MRDT of 18 years but this is probably due to extrinsic factors such as
accumulation of exogenous damage. Species showing no senescence and continuous growth might
also be affected by ecological senescence; increasing size might lead, for example, to changes in diet
that cause an increase in mortality.

Mammals (class: Mammalia)

One of the few reported mammalian species with "big bang" reproduction and semelparity is a
marsupial called Antechinus stuartii, a type Australian mouse (Finch, 1990, pp. 95-98; Gosden, 1996,
pp. 13-30). During the annual mating season, males become "intoxicated" with sex hormones. They
have such an increased libido that they are unable to eat and eventually die of sexual stress. The
endocrine changes even affect the immune system so that more energy is available for reproduction.
Just like in the salmon, castrating the males also increases their lifespan by two to three-fold. Other
small mammals such as the well-known lemmings also show seasonal population crashes or, as in
voles (Microtus townsendii), high mortality in the spring, probably dependant on food resources yet
these are not considered semelparous.

\

Figure 6: The little brown bat (Myotis lucifugus), despite its small size--they weight about 10 grams-
-can live up to 34 years. Source: Don Pfritzer, U.S. Fish and Wildlife Service.

Placental mammals, known as eutherians, show a large diversity in average and maximum lifespan
(Finch, 1990, pp. 122-123). Some rodents, such as Mus musculus or Rattus norvegicus have short
lifespans rarely exceeding 4 years. In contrast, the longest-lived rodent is the naked mole-rat with a
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record longevity of 28 years and is also fascinating in being exceptionally resistant to cancer
(Buffenstein, 2005 & 2008). There are no recorded species of mammals with negligible senescence
and it is unlikely that any exist. So far, all studied mammals featured reproductive senescence (Cohen
2004), an increased mortality with age, and evidence of functional decline with age. The longest-lived
mammal known is the bowhead whale; an individual with 211 years was reported in one study
(George et al., 1999). Cetaceans, in general, appear to be long-lived with several anecdotal claims of
animals living over 100 years. Elephants also show long lifespans and might live over 70 years (Finch,
1990, p. 152). Finally, bats are one interesting order of species (Chiroptera) for, despite their small
size, they can live over 30 years and have a low MRDT (Fig. 6; Jurgens and Prothero, 1987; Austad
and Fischer, 1991).

Apart humans, other primates can be long-lived, though none are as long-lived as we are. Rhesus
monkeys (Macaca mulata) can live over 35 years and 25/30 year-old animals tend to display the age-
related patterns found in a 50/60 year-old human. Interestingly, rhesus monkeys have a MRDT
similar, if not superior, to that of humans, showing that MRDT values are not perfect estimates of the
rate of physiological aging. Chimpanzees (Pan troglodytes), our closest relatives, can live over 60
years and, although their aging process has not been studied in detail, they show age-related changes
typical of humans at considerably earlier ages. Their MRDT is about 8 years, so is about the same as
humans (Hill et al., 2001). It could be that chimpanzees age at the same pace as humans but the onset
of aging occurs sooner in them (de Magalhaes, 2006). As for humans (Homo sapiens), our MRDT is
about 8 years and our maximum lifespan is 122 years, as detailed elsewhere. On the other hand, some
primates can be shorter-lived and exhibit a fast rate of aging--though not as fast as rodents. These tend
to be species more distant from humans, as primates biologically and evolutionary closer to humans
tend to be long-lived since it is thought that longevity increased in the lineage leading to humans
(Cutler, 1979). Examples of short-lived primates include marmosets (genus Callithrix), dwarf and
mouse lemurs (genera Cheirogaleus and Microcebus), tarsiers (genus Tarsius), and animals of the
Galagonidae family (Austad, 1997¢). These animals tend not to live more than 20 years, show age-
related changes in their second decade of life, and have short life cycles attaining sexual maturity in
less than 2-3 years (Bons et al., 1992; Austad, 1997c; Harada et al., 1999).

A well-documented mechanical senescence process in mammals is tooth erosion (Finch, 1990, pp.
196-202), which is a major problem for several species such as hippopotamus, horses, elephants, etc.
Long-lived species evolved creative mechanisms to cope with this. For instance, elephants have up to
six sets of molars. Still, and although the Nabarlek (Petrogale concinna) could be an exception,
mammals are not known to be polyphyodont.

One of the most interesting features of mammalian aging is that its phenotype is similar in most
species (Finch, 1990, p. 619; Miller, 1999). Female reproductive senescence at mid-life, osteoporosis,
arthritis, vascular lesions, cataracts, etc. are quite common among well-studied mammals. Despite
some exceptions, such as certain marsupials like Antechinus, the pathophysiology of aging is
remarkably similar in mammals which has implications for our understanding of genetic mechanisms
of aging, as discussed elsewhere.
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2.1 Comparative Biology of Aging

The reasons for some animals being long-lived
and others short-lived, and, in a word, causes of
the length and brevity of life call for
investigation.

- Aristotle, 350 BC

After witnessing the amazing diversity of aging phenotypes and lifespans found in Nature, a key
question is whether there are any trends in the way animal age. In this essay, I briefly examine the
main factors associated with longevity in animals. Some of the trends observed can inform our
knowledge of aging mechanisms. Recent advances in genomics and how these may contribute to
unravel the biodiversity of aging are also discussed below.

Keywords: ageing, allometric scaling, allometry of life, evolutionary genomics, life span

Why cannot a mouse live more than 5 years while humans and whales can live over 100? Why do
some animals appear not to suffer from aging? In the end, why do different species age at different
paces? Many researchers have asked these questions (Austad, 1997a & 2005; Warner et al., 2002; de
Magalhaes, 2003). So far, and even though this topic will be discussed in other essays, including at the
genetic level, the answer has eluded us. Nonetheless, there some general trends have been reported
and some factors shown to correlate with maximum lifespan.

As mentioned before, quantifying aging is a difficult, controversial task. Quantifying the rate of aging
for a given species can be done through the MRDT, but there are some caveats: MRDT calculations
are available for only a fraction of species and, as shown before, are not perfect estimates of rate of
aging. Consequently, most researchers use maximum lifespan (fmax) as an estimate of rate of aging. It
has been argued that tmax represents the genetic potential for longevity of each species and is related
to a species' rate of aging (Cutler, 1979; Allman et al., 1993; Finch and Pike, 1996). Even though there
are potential problems in using tmax to estimate rate of aging, such as biases caused by different in
sample sizes, tmax remains the best and most widely available measurement to quantify rate of aging

(de Magalhaes, 2006).

One factor that correlates with maximum lifespan is body size. Clearly, the typical adult body mass
for a species correlates with tmax (Fig. 1). In other words, larger animals live, on average, longer than
smaller animals, as shown and debated by a large number of authors (Calder, 1984; Schmidt-Nielsen,
1984; Promislow, 1993; Austad, 2005; de Magalhaes et al., 2007a). The logarithmic relation between
tmax and body mass (M), also called the allometry of lifespan, has been the subject of intense scrutiny.
From Figure 1, we can obtain the equation: tmax = 5.58M%'*® with r? = 0.340. The squared
Pearson correlation coefficient () suggests that body mass explains 58% of the variation in tmax.
Clearly, there are many exceptions to this correlation. One exception are bats that live a lot longer
than expected for their body size (Austad and Fischer, 1991; Austad, 2005; de Magalhaes et al.,
2007a). Likewise, when compared to mammals, birds live longer than expected for their body size.

19



1000 -

100 - ::8’0% o€ .o © eo

tmax (yrs)

10 y = 5.58x"14
5 o r? =0.340
o
1 8°® . . . .
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10

M (g)

Figure 1: Correlation between maximum lifespan (tmax) and typical adult body mass (M) using all
species (N =1,701) present in AnAge build 8. Plotted on a logarithmic scale.

At present, the simplest and most likely explanation for the allometry of lifespan is related to
ecological constraints: smaller animals tend to be more prone to predation and thus are expected to
have higher extrinsic mortality rates, a shorter tmax, and a faster aging process--as debated ahead in
more detail. For example, the ability to fly gives most birds and bats the capacity to evade predators.
Consequently, it seems that body mass is a determinant of ecological opportunities and habitat that
impacts on mortality, which consequently influences the evolution of longevity and aging (Stearns,
1992). To date, there is no evidence to suggest that some unknown physiological affects aging in a
way proportional to body mass.

Experimentally, the impact of body mass on tmax is relevant because it can bias comparative studies
of aging (Promislow, 1993; Speakman, 2005). Researchers trying to identify factors that correlate with
tmax must eliminate the effects of body mass from their calculations, which can be done with certain
statistical procedures. In fact, body mass appears to correlate with many life history events besides
maximum lifespan: gestation period, time to maturity, etc. Therefore, researchers studying whether a
given factor correlates with tmax or not must play close attention to the impact of body size. As 1
discuss in the context of theories of aging, this has not always been done, however, sometimes
resulting in erroneous interpretations of experimental results.

Brain mass also correlates with tmax, even after correcting for the biases caused by body mass. This is
particularly true in primates (Allman et al., 1993). The way brain mass appears to be a better predictor
of longevity than body mass is probably due to less variation in brain mass (Lindstedt and Calder,
1981). Therefore, even though it can be argued that this relationship shows the influence of the brain
on longevity, it does not prove that the causes of aging are located in the brain. In fact, the size of
other organs also correlate with tmax, in some cases more strongly than brain size (Austad and
Fischer, 1992). Besides, ecological explanations are also possible in that maybe animals with bigger
brains are better at escaping predators for a number of reasons.

Even though bigger species tend to be longer-lived than smaller ones, it is interesting to note that there
are a number of cases in which smaller animals within a given species live longer in captivity. These
include mice, rats, horses, and dogs (Miller, 1999; Miller et al., 2002a; Rollo, 2002). For example, it is
well-known that smaller breeds of dogs live longer. Interestingly, it has been argued that "little
people" may also be longer-lived (Krzisnik et al., 1999). Therefore, it appears that while on one hand
bigger species tend to be longer-lived, within a given species smaller individuals--in protected
environments--tend to live longer. The possible physiological and genetic reasons for the latter
phenomenon and implications for our understanding of aging are debated in another essay.
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Another relationship long studied in gerontology is Kleiber's rule that relates maximum lifespan with
metabolic rate (Kleiber, 1975; Gosden, 1996, pp. 103-110). (Kleiber's rule actually originates in a
theory of aging called the "rate of living theory," which is discussed in more detail elsewhere.) It can
be argued, for instance, that reptilians and amphibians live longer because they have decreased
metabolic rates since they are cold-blooded animals. Similarly, if the metabolic rate, the rate at which
reactions occur in cells is higher in, for instance, mice than in humans then maybe that is why mice
live less than humans (Prinzinger, 2005).

Despite its intuitive nature, there is no evidence that metabolic rates influence aging in endotherms
like birds and mammals. First of all, there are gross exceptions: bats and birds live longer than what
would be expected for their metabolic rates. In addition, marsupials live less than eutherians and yet
have lower body temperatures, which implies a lower metabolic rate (Austad, 1997a, pp. 88-90).
Another problem is related to body size. Metabolic rates are often estimated by measuring oxygen
consumption at rest. Clearly, an elephant will breath in more oxygen than a mouse, so it is necessary
to correct for body mass. Failure to do so will result in oxygen consumption being associated with
tmax incorrectly--i.e., due to its relation to body mass which in turn correlates with tmax. When the
effect of body mass is correctly eliminated from metabolic rates metabolic rates do not appear to
correlate with tmax. In fact, recent results suggest that metabolic rates are not associated with tmax in
mammals or birds after correcting for the effects of body mass using the most state-of-the-art
statistical methods (de Magalhaes et al., 2007a). The exact methodology of these calculations can be
attacked--e.g., because to the way metabolic rates are corrected for body mass or even the way tmax
records are obtained. Nonetheless, there are no results in which metabolic rates are correctly adjusted
for body mass that show a correlation between metabolic rates and maximum lifespan in mammals or
birds. Kleiber's rule is thus mostly discarded now.

Partly related to metabolic rates, a point of debate is whether hibernating species live longer than non-
hibernating species. So far the results are mixed, but some results suggest hibernating animals may
live longer (see, for instance, Lyman et al., 1981; Brunet-Rossinni and Austad, 2004; Turbill et al.,
2011), which could suggest that a period of metabolic torpor could increase lifespan. On the other
hand, it can be argued that spending a fraction of the year in hiding, during which time mortality is
presumably low, contributes to the observed longer lifespan in hibernating animals.

Growth and development are two other factors that correlate with tmax. Independently of body mass,
age at sexual maturity correlates with average and maximum adult lifespan in many taxa, including in
mammals (Charnov, 1993; Prothero, 1993; de Magalhaes et al., 2007a). In other words, the longer it
takes for a given mammal to reach sexual maturity, the longer it will live afterwards. There are some
exceptions, however, such as the male Anthechinus which is mentioned elsewhere. One hypothesis is
that there is a mechanistic link between pace of development and pace of aging, as discussed in
another essay. It is also worth mentioning that each organism's body-plan is largely determined by its
genetic program, and the body-plan can have a powerful influence on longevity, as shown by aphagy
in some insects or the semelparity of species like the salmon. Different species could well be
influenced by development in different ways: the relation (adult phase)/(total lifespan) shows a wide
variation, which is in accordance with the several aging phenotypes found in nature. So development
and its consequential body-plan can influence aging to different degrees. The body-plan of mammals,
for instance, may place indirect constraints on adult life but this could be regarded as a by-product of
development. That said, age at maturity correlates strongly with tmax in mammals which hints that
common regulatory mechanisms could be involved (de Magalhaes et al., 2007a). Though not as
strongly, growth rates also correlate negatively with tmax; in other words, species that grow slower
tend to live longer (de Magalhaes et al., 2007a). Likewise, growth rates correlate negatively with
demographic rate of aging--not MRDT but a similar parameter estimated from the Weibull model
(Ricklefs, 2010). On the other hand, for evolutionary reasons, development can be timed similarly to
aging even if the relation between development and aging in mammals is indirect and minimal
(Miller, 1999). Therefore, the causes for the relationship between developmental time and longevity
remain a subject of debate, though it is clear that there is a strong correlation between them.
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Recently, the declining costs of DNA sequencing have led to increasingly more powerful approaches
in comparative genomics (reviewed in de Magalhaes et al., 2010). Sequencing the genome of an
organism is no longer a large-scale endeavour and the genomes of hundreds of species are currently
being sequenced. This is exemplified in the sequencing of the long-lived naked mole-rat (Kim et al.
2011). The transcriptome (i.e., RNA) can also be sequenced in a cost-effective fashion to obtain, for
example, measures of gene expression levels. Again using the naked mole-rat as an example,
transcriptome sequencing revealed that genes associated with oxidoreduction and mitochondria were
expressed at higher levels in naked mole-rats when compared to mice, which may contribute to the
naked mole-rat's longevity (Yu et al., 2011). The availability of multiple mammalian genomes also
opens the door to try to identify gene features associated with longevity. For example, methionine
residues in mitochondrially encoded proteins appear to be enriched in short-lived species (Aledo et al.
2011) and cysteine residues appear to be depleted (Moosmann and Behl, 2008). Comparisons between
nuclear genomes across species with different lifespans can also focus on identifying genes with
patterns of evolution associated with longevity (de Magalhaes and Church, 2007). One genome-wide
scan for genes associated with the evolution of longevity in mammals found evidence that proteins
involved in protein degradation, a process associated with aging, are under selection in lineages where
longevity increased (Li_and de Magalhaes, 2012). Given the explosion of genomic data, these
approaches are bound to become more powerful and reveal specific genes and patterns associated with
longevity. To facilitate comparative studies of aging, including in genomics, our lab has developed the
AnAge database which features thousands of longevity records for animals (reviewed in de Magalhaes
et al., 2009b). As discussed elsewhere, I think this shift from comparing physiological traits into
digital biology will have a major impact in furthering our knowledge of mechanisms of aging.
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3. The Evolutionary Theory of Aging

Senescence has no function--it is the subversion
of function.

- Alex Comfort

Because aging increases an organism's vulnerability and ultimately leads to its death, as detailed
before, it is apparently in contradiction with Darwin's evolutionary theory. After all, how could
evolution favor a process that, as happens in most animals, gradually increases mortality and
decreases reproductive capacity? How could genes that cause aging evolve? This essay presents and
discusses the most important evolutionary models for how aging may have evolved.

Sections

Classical Evolutionary Theories of Aging
Life History Theory

Empirical Evidence For and Against the Evolutionary Theory of Aging
The Unique Evolution of Mammalian Aging
A Few Reading Suggestions on Evolutionary Biology

Keywords: ageing, biogerontology, evolutionary biology, genetic dustbin, genotype, immortal
germplasm

Classical Evolutionary Theories of Aging

Although the oldest written argument on the evolution of aging is the work of Russel Wallace
(reviewed in Rose, 1991), the problem of how aging evolved was first debated by August Weismann
(Weismann, 1891). Weismann's initial hypothesis was that aging evolved to the advantage of the
species (e.g., by replacing worn out individuals with younger ones), not the individual, a theory
known as group selection. Later, Weismann dropped this concept and instead suggested that aging
evolved because organisms that segregate germ and soma must invest additional resources to
reproduce instead of maintaining the soma, and this renunciation of the soma results in aging.
Weismann's ideas were later comprised by Thomas Kirkwood to become the disposable soma theory,
which states that organisms must reach a balance between the resources they invest in soma
maintenance and reproduction (Kirkwood, 1977). The disposable soma theory predicts that aging
occurs due to the accumulation of damage during life and that multiple defensive or repair
mechanisms contribute to aging (Kirkwood and Austad, 2000). But the two key concepts that mark
the evolutionary theory of aging came before that.

Drawing on the theories from Weismann and others, like evolutionary biologists Fisher and Haldane,
Peter Medawar developed one of such key ideas. The basic observation is that the force of natural
selection declines with age (Medawar, 1952). Since all organisms eventually die of diseases,
accidents, predation, etc., genes--or gene variants called alleles--beneficial early in life are favored by
natural selection over genes beneficial late in life. Exemplifying, imagine a species with an average
longevity of 2 years (Fig. 1). There is little evolutionary advantage in having beneficial genes at age
10 because only a small fraction (+/- 3%) of the population will reach that age. On the contrary, genes
that are beneficial at age 1 will be strongly selected for by evolution. Following the same reasoning, a
gene that kills organisms at age 20 will have little impact on organisms bearing it since very few (+/-
0.08%) will reach such advanced ages and therefore such gene will likely not be eliminated by natural
selection. In other words, the greatest contribution to create a new generation comes from young, not
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old organisms and so the power of natural selection fades with age, making it possible for hazardous
late-acting genes to exist (reviewed in Hamilton, 1966; Rose, 1991; Charlesworth, 1993 & 2000).
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Figure 1: Survival curve showing the percentage of organisms alive at a given age for a hypothetical
population assuming a constant mortality rate across the entire lifespan--i.e., no aging.

Another important work was the antagonistic pleiotropy model of George Williams. Since natural
selection is weaker at later ages, as demonstrated by Medawar, then perhaps some genes are beneficial
at earlier ages but harmful at later ages. Such genes with opposite effects are called pleiotropic genes
(Williams, 1957). For example, and using the population of Figure 1, a gene that increases survival to
reproductive age or reproductive output will be favored by natural selection, even if it decreases the
changes of dying at age, say, 10. Hence, harmful late-acting genes can remain in a population if they
have a benefitial effect early in life--e.g., by increasing fitness at early ages or increasing reproductive
success. One example are the costly sexual ornaments of male birds that are crucial to attract females,
and hence pass one's genes to the next generation, but can be considered handicaps--e.g., male
peacocks are limited in their movements which can hinder their ability to escape predators (Zahavi
1975). Together with Hamilton's mathematical models (Hamilton, 1966), the above models make up
the classical evolutionary theory of aging.

Therefore, the evolutionary theory of aging proposes two models for how aging can evolve. One
derives from Medawar's ideas in which genetic drift and mutation accumulation lead to the loss of
late-acting beneficial genes or to the appearance of late-acting harmful genes. In Williams's model,
aging evolves due to the pleiotropic effect of some genes that are beneficial early in life and then
harmful at later ages. At present, both theories are widely accepted and they are not mutually
exclusive (Gavrilov and Gavrilova, 2002). Some results conducted in Drosophila, a fruit fly widely
used in aging studies, hint that Medawar's theory of mutation accumulation might be more prevalent
over Williams's antagonistic pleiotropy hypothesis (Charlesworth and Hughes, 1996; Hughes et al.,
2002), but conflicting results exit (Rose et al., 2002).

Life History Theory

The evolutionary theory of aging is actually part of a broader theoretical framework called life history
theory. Life history studies the changes organisms undergo from conception to death, but focuses
particularly on the schedule of reproduction and survival (Stearns, 1992; Charnov, 1993). One life
history model useful for gerontologists is the concept of r and K selection that was formally proposed
by Robert MacArthur and Edward Wilson (MacArthur and Wilson, 1967; Pianka, 1970; Austad
1997b). Even though the r and K selection model is widely recognized as a simplification, it can be
useful to interpret certain life history events. In brief, r-selection is the density-independent
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component of natural selection, which in practice refers to reproductive rate, while K-selection is
density dependent, referring to the biggest population resources can sustain. Organisms in hazardous
environments will maximize reproduction and thus be r-selected while organisms in non-hazardous
environments will maximize their performance under crowded conditions and thus be K-selected.
Therefore, r-selection will favor rapid development, small body sizes, and a short lifespan while K-
selection will favor delayed development, larger body sizes, and a longer lifespan (Austad, 1997b).
For instance, humans, whales, or elephants are K-selected while mice and voles are r-selected. If we
consider the wide range of lifespans among animals (including mammals), as well as factors
correlating with longevity, r and K selection provide a useful model to begin understanding such
variation.

Empirical Evidence For and Against the Evolutionary Theory of Aging

The evolutionary theory of aging is supported by abundant experimental evidence (reviewed in Rose,
1991). In two classical experiments, researchers were able to delay aging in Drosophila by only
allowing older flies to reproduce (Luckinbill and Clare, 1985; Rose, 1989 & 1991). This way, the
force of natural selection would no longer decrease with age and, as predicted by the theory, lifespan
was extended and aging delayed. A more recent experiment revealed that selection for longevity also
affected reproductive effort, supporting the antagonistic pleiotropy theory (Hunt et al.. 2006). Also in
accordance with the theory, Steven Austad observed that opossums, a North American marsupial,
living in a predator-free island reproduced later than animals of the same species on the more
hazardous mainland. As determined by collagen elasticity, these animals appeared to age slower than
the continental opossum (Austad, 1988; Austad, 1997a). Overall, for the majority of species studied,
the classical models of Medawar and Williams based on the fading force of natural selection appear to
explain the observations. As detailed below, however, there are some exceptions.

One extreme example among life history strategies are animals that reproduce only once, as
mentioned earlier. Semelparous species appear to fit life history theory as examples of ecological
adaptation to certain life history conditions. For example, if due to high extrinsic mortality attaining
reproductive maturity is unusually difficult and not likely to be repeated more than once (Austad
1997a, p. 117). Another scenario is one in which mortality is significantly lower in juveniles than in
adults--e.g., due to different habitats or predators--and so evolution will favor organisms that spend
most of their lifespan as juveniles. An example of the latter is Dolania americana, a mayfly with a
lifespan of 2 years in which the adult stage lasts ~2 hours (McKinney and McNamara, 1991, pp. 194-
196). On the other hand, there is evidence that some cases of semelparity might be a result of group
selection. The idea that aging evolved for a purpose goes against classical evolutionary models of
aging, but perhaps some cases could be considered as such (reviewed in Bowles, 2000; Goldsmith,
2004; Longo et al., 2005). For instance, adult moths mimic the movements of the juvenile forms
presumably to attract predators and there are a few documented cases of insects in which the offspring
eats its mother (Hayflick, 1994, pp. 26 & 215). Therefore, while evidence of group selection is largely
absent for most species, such as mammals, we cannot dismiss it from playing a role in the evolution of
aging of a subset of short-lived species.

There is some experimental evidence against the evolutionary theory of aging. Although Medawar
suggested that aging was controlled by a few, key physiological processes (Medawar, 1955), modern
evolutionary theory of aging argues that aging is multifactorial (Rose, 1991; Kirkwood and Austad,
2000). In other words, the evolutionary theory of aging postulates that numerous small-effect genes,
rather than a few strong-effect ones, are involved in aging. Hence, the way single gene knock-outs
have been shown to delay aging in animals, which is detailed elsewhere, was in contradiction with at
least some aspects of the evolutionary theory of aging (reviewed in Johnson, 2002). In addition, some
genetic manipulations appear to delay aging while not affecting reproduction (Dillin et al., 2002;
Marden et al., 2003; Simon et al., 2003), which also contradicts the evolutionary theory of aging.
Eusocial animals like ants that have a single reproductive female also provide evidence against trade-
offs between longevity and reproduction; one study even found that mating increases longevity in ant
queens (Schrempf et al., 2005). Lastly, it was shown in guppies that animals with higher extrinsic
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mortality rates evolved earlier maturity and invested more in reproduction, as expected, but do not
have an earlier onset of demographic or reproductive aging, which contradicts the evolutionary theory
of aging (Reznick et al., 2004). In addition, the classical evolutionary theory of aging does not explain
why aging, a phenotype that escaped natural selection, is so similar among mammals, as described
before.

One of the most intriguing phenotypes in the biology of aging are animals that appear not to age, as
previously discussed. Studies conducted both in captivity and in the wild have shown that several
species of fishes, amphibians, and reptiles, to name only vertebrates, fail to show signs of aging. Of
course, these animals have only been studied for a limited amount of time. Still, it is surprising to find
that, in a 50-year study, female Blanding's turtles increased both survivorship and reproductive output
with age (Congdon et al., 2001). Another 38-year field study suggested that older female Painted
turtles, when compared to younger animals, feature increased reproductive output and offspring
quality while maintaining survivorship (Congdon et al., 2003). Classical evolutionary models of aging
predict that all species eventually age (Hamilton, 1966). It has also been argued that since bacteria
age, all other organisms must age (Stewart et al., 2005). This idea seems a bit counter-intuitive since it
assumes that complex species must age if less complex species age; it seems more logical that highly
complex species have a greater capacity to replace their components, such as cells, and hence avoid
aging. Nonetheless, the observations clearly suggest some species may not age, which is in
contradiction with the evolutionary theory of aging. It is also difficult to reconcile the disposable soma
theory with these observations of increased reproduction and survival with age. Moreover, some have
argued that germ cells in mammals could originate in somatic cell precursors (Bukovsky et al., 2005),
so the soma-germ discrimination may be overly simplistic.

In conclusion, the evolutionary theory of aging offers a theoretical framework that explains many--
perhaps most--observations and remains a major theoretical landmark in gerontology. The theory
offers clues as to the evolutionary mechanisms and the events leading to the evolution of aging, yet it
does not offer a complete picture on the evolution of aging across different species. Moreover, the
evolutionary theory of aging can be harmful by imposing limitations on aging studies (Gavrilov and
Gavrilova, 2002). As it stands, the evolutionary theory of aging cannot be safely used to make
predictions on the biology of aging (Le Bourg, 2001). Evolutionary theories of aging are not
predictive, they are descriptive. For instance, it has been argued that non-aging animals, especially
those that increase size and fertility with age, may be favored by natural selection, thus contradicting
the classical evolutionary theory of aging (Vaupel et al., 2004). In species with a high infant mortality
and long generation times, an adult animal is precious and worth preserving; if reproductive output
increases with age, natural selection will favor preservation rather than immediate reproduction. The
impact of intergenerational transfers--e.g., nurturing--has also been suggested as an important factor
that must be taken into consideration (Lee, 2003). Therefore, new evolutionary models of aging
continue to be proposed and the evolutionary theory of aging will certainly continue to evolve.
Besides, a major open question concerns the precise genetic mechanisms and specific genes
underlying the evolution of aging and species differences in aging, as discussed elsewhere.

The Unique Evolution of Mammalian Aging

Since humans are mammals, of special interest is the evolution of mammalian aging. As mentioned
before, the aging phenotype of mammals has some common features that may be a result of unique
evolutionary events. What follows is a particular model that aims to explain the evolution of aging in
mammals based on the classical evolutionary models of aging.
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Figure 2: Overview of the evolution of mammals and closely-related taxa. Lines are not to scale.
(Adapted from Hedges, 2002; Maddison and Schulz, 2004.) Images source: green tree frog (Jane
Rohling), Western painted turtle (Gary Stolz), ground squirrel (John and Karen Hollingsworth),
humpback whale (Robin Hunter), cheetah (Gary Stolz), U.S. Fish and Wildlife Service.

Mammals evolved from reptiles (Fig. 2), a taxon with many apparently non-aging species (e.g.,
Congdon et al., 2001 & 2003). On the contrary, and as described before, all known mammals age. In
fact, the intensity and incidence of aging appears to be higher in mammals than in reptiles. This is
surprising since mammals can be long-lived. The long lifespan of mammals also suggests the
incidence of aging in mammals is not an accident, as proved by the number of old mammals that can
be found in the wild (Nesse, 1988; Spencer and Promislow, 2002); in particular among long-lived
mammals aging does limit somewhat the natural lives of animals (Turbill and Ruf, 2010). Moreover, a
careful analysis of the aging phenotype of mammals and reptiles reveals an extraordinary contrast
(Table 1). For example, reproductive senescence, in the form of no oocyte regeneration, is thought to
occur in all studied mammals, but not in reptiles. Continuous tooth development is another common
feature of reptiles absent from nearly all mammals. Therefore, some authors have found it bizarre that
all studied mammals feature aging when more primitive species such as fishes and reptiles appear to
avoid it (Hayflick, 1994, p. 23). Others too have wondered why some mammals can be found
senescent in the wild (Finch, 1990).

Mammals Reptiles

Increase in mortality with age No increase in mortality with age
No oocyte regeneration Oocyte regeneration

Limited tissue regeneration Limb regeneration

Two sets of teeth Continuous tooth replacement

Table 1: General observations of the aging phenotype across the Mammalia and Reptilia classes (de
Magalhaes and Toussaint, 2002).

One hypothesis is that the evolution aging in mammals is a unique event shaped by r-selection during
the dinosaur's rule. During the first two thirds of mammalian history, when the dinosaurs and large
reptilians ruled the earth, mammals were small nocturnal animals about the size or even smaller than
modern mice and rats (Rougier and Novacek, 1998). Certainly, these early were on the bottom of the
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food chain, meaning high mortalities that, as predicted by classical evolutionary models of aging,
fostered the evolution of a rapid aging phenotype (Fig. 3). During this period, it is possible that
selection for early reproduction rather than survival shaped mammalian aging whose effects last until
today. In other words, the large evolutionary time as small, short-lived animals allowed aging to
develop an intensity in mammals not seen in reptiles with similar average lifespans or body sizes (de
Magalhaes and Toussaint, 2002).

135 m.y.
320 m.y. 7200m.y." Age of the dinosaurs | 65 m.y. ™
ago ~._ago . ago -
Longlived — small primitive Diversification + Evolution of
reptiles mammals I of mammals longevity

Selection for short generation cycles
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Figure 3: Model for the evolution of mammalian aging (de Magalhaes and Toussaint, 2002).

The process by which this fostering of aging occurred is opened to speculation: it could have been
genetic drift caused by decreased evolutionary pressure at later ages, it could have been mutation
accumulation, it could have been antagonistic pleiotropy, etc. Once the dinosaurs disappeared, ~65
million years ago, mammals took over the world and, in some species such as humans, whales, and
elephants, longevity could evolve. Nonetheless, the consequences of this phenomenon of r-selection
in early mammals are visible in modern mammals (Table 1). This hypothesis explains why reptiles
feature apparently non-aging organisms and some traits associated with long lifespans, such as oocyte
regeneration, that are absent from all studied mammals and why, in contrast, even whales, the longest-
lived mammal, reach menopause and age. Moreover, this model may help explain why mammals lost
part of their tissue regeneration capacity when compared to, for instance, amphibians and reptiles
(Brockes et al., 2001). It also explains why there are so many similarities in the aging process of
mammals since it is postulated that the aging process of mammals has, to some degree, a common
origin. Lastly, it is possible that reptiles feature unique mechanisms to delay aging and age-related
debilitation, which makes reptiles an intriguing model to study aging, as discussed elsewhere.

A Few Reading Suggestions on Evolutionary Biology

Darwin, Charles; "On the Origin of Species" (1859). Make sure you get the first edition as it is
considered the best. There is an online version available at the classics section of the Online Literature

Library.

Dawkins, Richard; "The Blind Watchmaker" (1986).
Dawkins, Richard; "The Selfish Gene" (1989).

Ridley, Matt; "The Red Queen: Sex and the Evolution of Human Nature" (1995).
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4. Human Aging Model Systems

I want to know why we, humans, age and how we can fight and ultimately cure human aging. The
goal of biomedical research is to improve the human condition and great emphasis is placed on
translating findings into human applications. As such, gerontology must be more than curiosity-
driven, even though the use of model organisms is inevitable. In this essay, I present the different
model systems used to study human aging and debate their strengths and pitfalls.

Sections

Studying Human Aging in Humans
Studying Human Aging in Model Organisms
Underrated Models of Aging: Reptiles, Naked Mole-Rats and Whales

Keywords: ageing, biogerontology, insects, Homo sapiens, non-human primates, translational science,
vertebrates

One major difficulty in studying human aging is its duration, particularly because researchers
themselves are aging and have a limited lifespan. Because researchers cannot conduct experiments in
humans in the same way drugs aimed at cancer or AIDS can be tested in clinical trials, most
biogerontologists resort to model systems and then extrapolate data from these different models into
humans. The choice of models, however, is diverse and highly controversial (Gershon and Gershon,
2000b; Partridge and Gems, 2007). The major model systems used to study human aging are: 1)
human cells; 2) unicellular organisms such as the yeast Saccharomyces cerevisiae; 3) the roundworm
Caenorhabditis elegans 4) the fruit fly Drosophila melanogaster 5) rodents such as mice (Mus
musculus) and rats (Rattus norvegicus). The small size and short life cycles of these organisms--even
mice do not commonly live more than 4 years--make them inexpensive subjects for aging studies, and
the ability to genetically manipulate them gives researchers ample opportunities to test their theories
and unravel molecular and genetic mechanisms of aging. Nonetheless, the employment of inadequate
models to study human aging can be catastrophic for research since it can shift the focus of
gerontology to pathways that, even though relevant in a certain model, may be irrelevant in humans.

Studying Human Aging in Humans

Because the human aging process takes decades to develop it is virtually impossible to study it in
vivo. Researchers can describe human aging and investigate age-related pathologies, as mentioned
before. Longitudinal studies follow individuals throughout their lives while cross-sectional studies
compare young and old individuals. Both types of studies are observational, not mechanistic. There
are also genetic studies of longevity in humans (Puca et al., 2001; Perls et al., 2002; Perls 2006), but
as detailed elsewhere longevity is only a proxy for aging and the true relevance of these studies to
understand the human aging process remains to be established.

One major model system of human aging are human cells, which have as major advantage the fact that
researchers can concentrate on human biology. It is reasonable to assume that human aging has a
cellular basis (de Magalhaes, 2004; de Magalhaes and Faragher, 2008). Nonetheless, cellular models
and the methods used to study them have several caveats, and so in vitro results may not be
representative of what happens in vivo (Mondello et al., 1999). Succinctly, the major argument against
cellular models is that most cellular models of aging, such as replicative senescence, are based on
measurements of cell proliferation which are not necessarily a measurement of vitality (Cristofalo
2001). Cancer, for instance, is derived from rapid, uncontrolled cellular proliferation. Other methods
exist to measure aging in cells, such as stress resistance, but the relevance of these methods to
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organismal aging remains to be demonstrated (de Magalhaes, 2004). Cellular models of aging will not
be covered in detail here as they are discussed in detail in another essay.

Studying Human Aging in Model Organisms

Human studies should always be preferred, but model organisms are simply unavoidable in
gerontology. Much of what we know about aging today derives from organisms like yeast, mice, rats,
fruit flies, and roundworms (Fig. 1). These traditional biomedical model organisms benefit from
having widespread resources, reagents and protocols that allow studies to be conducted in a faster and
cheaper way. Scientifically, there are also advantages, such as the possibility of employing large-scale
genetic screens and functional genomics (for a review de Magalhaes, 2009), that are not possible in
humans or in other non-traditional model organisms. To give an example, thousands of genes
(Hamilton et al., 2005) and drugs (Petrascheck et al., 2007) can be screened for effects on worm
lifespan.

The downside of model organisms, of course, is that it is nearly impossible to tell whether an
organism is representative of human aging or not. It has been argued that similar mechanisms operate
across many species (Longo, 1999; Longo and Fabrizio, 2002), while others have proposed that some
aging mechanisms (called "public") are common to all species while others are unique ("private") of
each species (Martin et al., 1996). Since the basic blocks of life are common to most known species,
common pathways might be involved in aging across phylogeny (Tissenbaum and Guarente, 2002).
Could it be that the weakest pathway succumbing to senescence is the same in all organisms? Such
hypothesis is hard to believe based on the huge diversity of aging phenotypes found in Nature, and
certain animals appear to age for different causes than us. For example, the male Australian mouse
(Antechinus stuartii) has a bizarre aging phenotype, as mentioned elsewhere. The rapid death
following reproduction observed in Antechinus and in other species is much different from the gradual
waning of humans and so Antechinus is not a good model of human aging as different mechanisms are
likely involved. The traditional biomedical model organisms (Fig. 1) all exhibit a gradual decline but
the question remains of whether they are accurate paradigms of human aging.

Figure 1: Major model organisms of aging: yeast (top left), roundworms (top right), fruit flies
(bottom left), and mice (bottom, right). The picture of C. elegans is used with permission from the
copyright holders Juergen Berger and Ralf Sommer, Max-Planck-Institute for Developmental
Biology, Tiibingen, Germany. The picture of a fruit fly was taken by André Karwath and the picture
of S. cerevisiae was taken by Maxim Zakhartsev and Doris Petroi, International University Bremen,
Germany.

Even in animals that age gradually there is no a priori reason to expect them to age for the same
causes and mechanisms as humans (Gershon and Gershon, 2000a). One problem is that all models
organisms are considerably shorter-lived than humans and were developed for laboratory research
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based on their high fertility. Not only this means that different evolutionary processes acted on these
organisms and on humans (see Austad, 1997b for arguments), but selection for fertility may have also
selected for short lifespans in laboratory strains that generate biases in aging studies. In other words, it
has been argued that the life-extending gene variants found in these organisms may be simply
restoring lifespan to what is normally found in the wild (Spencer and Promislow, 2002). The fact that
wild-derived mouse strains take longer to reach sexual maturity and live significantly longer than
common laboratory strains supports this view (Miller et al., 2002b). On the other hand, worm strains
(N2) seem to have been adapted to lab conditions (Chen et al., 2006), yet even wild-derived
nematodes are long-lived under CR (Sutphin and Kaeberlein, 2008). Interestingly, CR extends the
maximum lifespan of wild-derived mice but not average lifespan, suggesting that genotype impacts on
CR effects (Harper et al., 2006). A related problem is that laboratory strains are often genetically
homogeneous, which provides more consistent results, but also gives rise to discrepancies between
strains on the effects of genes or interventions on aging (Partridge and Gems, 2007).

Human physiology can be much different than that of model organisms. Clearly, the phenotypes of
aging in yeast and humans are totally unalike (Gershon and Gershon, 2000b). Not even researchers
working on yeast expect yeast aging to be a perfect mirror of human aging (Sinclair, 2002; Jazwinski,
2005), and some of the same criticisms aimed above at human cells can be extrapolated to yeast.
Drosophila and C. elegans are mostly composed of post-mitotic cells, which means that not only they
do not normally have cancer or many other age-related diseases, but it raises doubts on how valid
results obtained in these animals are when extrapolated to humans. It is possible that some general
pathways of aging are conserved between all organisms, as discussed below, but certainly not all age-
related changes overlap. At present, it is impossible to tell for sure if a given model organism is
accurate or how accurate it is. It does appear reasonable to assume that species evolutionary closer to
humans, such as mice, have higher chances of being representative of human biology than
evolutionary distant species such as yeast.

It can be argued that even if the aging process is not the same in distant organisms and humans,
studies in lower life forms can help us understand the dynamics and structure of human aging. If aging
is the corruption of life, then understanding how life itself works may help us understand aging. Much
of what we know about the biochemistry of life--e.g., DNA replication and repair--came from studies
in lower life forms such as bacteria and yeast. Hundreds of genes that modulate aging have been
identified in model organisms (de Magalhaes et al., 2009a), such as in yeast (Jazwinski, 2001), C.
elegans (Johnson, 2002), Drosophila (Tower, 2000), and mice (Liang et al., 2003; Hasty and Vijg,
2004). These findings can serve as the basis for research into mammals and humans (Sinclair, 2002;
Tissenbaum and Guarente, 2002; Butler et al., 2003; Warner, 2003; Liu et al., 2005). Some of these
findings, such as CR and the insulin-signalling pathway (Longo and Fabrizio, 2002; Butler et al.,
2003), appear to be conserved between different species while others have not been demonstrated in
mammals (see below). Therefore, some genes and mechanisms of aging found in model organisms
may turn out to be relevant to humans, though studies on the mechanisms of aging in lower life forms
must be corroborated in mammalian models before extrapolating into human aging. For example,
some pathways and genes may be conserved between invertebrates and humans, but functions may be
different and the higher complexity of mammals means that even if functions are conserved human
pathways will have unique features not present in lower life forms. Gene expression analyses of
longevity-assurance mechanisms in flies, worms and mice reveal some, yet few, overlapping
pathways (McElwee et al., 2007). Similarities in pathways related to aging in different organisms
could also be due to similar selection processes that derive from domestication (Reznick, 2005).
Clearly, explaining human aging based on research in model organisms, even mice, is problematic.

The telomeres, described in more detail elsewhere, are the perfect example of the limitations of model
systems in aging research. Clearly, they are major players in cellular senescence in human cells as
well as other organisms. Telomere dysfunction in S. cerevisiae due to mutations in telomerase, an
enzyme critical for telomere maintenance, leads to senescence (Lundblad and Szostak, 1989; Lowell
and Pillus, 1998). In C. elegans, telomerase defects appear to result in sterility after a certain number
of generations (Ahmed and Hodgkin, 2000), but a role of telomeres in its aging process has not been

31



established. In Drosophila, telomere maintenance does not appear to involve telomerase, though other
proteins involved in telomere maintenance may overlap with those of humans (Cenci et al., 2005).
Telomerase-deficient mice are normal up to four generations and then show some signs of accelerated
aging (Blasco et al., 1997; Rudolph et al., 1999), but telomerase overexpression does not alter aging in
mice (Artandi et al., 2002). On the other hand, telomerase dysfunction in humans causes a disease
called dyskeratosis congenita, which shares some features with the sixth generation telomerase-
deficient mice (Marrone and Mason, 2003). It is therefore nearly impossible to determine the impact
of the telomeres and telomerase in human aging based on model systems. Even between mice and
humans, there are similarities but also differences in the biological outcomes of telomerase deficiency.

Although aging in different mammals is often phenotypically similar, as mentioned before, even
eutherians may have different mechanisms of aging. As argued by others (Reznick, 2005), candidate
genes emerging from a given model organism are an answer, not the one and only answer.
Nonetheless, the bulk of research in mammals is based in short-lived animals like mice and rats whose
evolutionary forces acting on aging may have been different from those acting in humans (Austad
1997b). Besides, there are numerous examples of research in animals, including mammals, being
inadequate to humans (Pound et al., 2004). The phenotypic differences mentioned above between
mice and humans due to telomerase deficiency are a perfect example. As proven time and time again
in other biomedical fields, what occurs in the aging process of other mammals may not be
representative of human biology (reviewed in Davenport, 2003). Therefore, if we base our
understanding of human aging on model organisms, even mammalian models, we must be careful
about extrapolating findings to humans.

Unfortunately, there is no simple solution to the issues mentioned above. Gerontology continues to be
dependent on model systems. While these have provided--and will continue to provide--clues
regarding mechanisms of aging and even targets for drug discovery with potential human applications
(reviewed in de Magalhaes et al., 2012), findings from model organisms must be interpreted with
caution. One of the reasons why the mechanisms responsible for human aging remain largely a
mystery is the lack of unambiguous models where scientists can test their hypotheses and the
controversy relating to the interpretation of findings in current model organisms.

Underrated Models of Aging: Reptiles, Naked Mole-Rats and Whales

One of the problems of research on aging is that it is based on only a handful of models. Definitely,
more models of aging would be invaluable to gerontology, particularly models biologically closer to
humans. For example, employing other primate models in the study of aging could open new
opportunities for research on aging because we are biologically closer to them; some primate species,
such as marmosets, have been shown to age considerably faster than humans (Austad, 1997¢c; Tardif et
al., 2011). It is not simple, however, to develop new models for studying aging or new biomedical
models for that matter. As mentioned above, a variety of resources such as protocols and reagents are
available for traditional biomedical models and developing such resources for a new model organism
costs time and money. It would be worthwhile investment, though, and marmosets for instance are
being developed as a model for aging (Tardif et al., 2011).

Previously, I argued that reptiles, in general, age slower than mammals. Not only reptiles age slower
than size-equivalent mammals, but several reptilian families feature apparently non-aging animals
with traits associated with long lifespans such as continuous tooth replacement. As such, it is possible
that mammals lack certain anti-aging mechanisms that are present in some or all reptiles (de
Magalhaes and Toussaint, 2002). A few studies in reptiles have already began to explore mechanisms
that may contribute to the delayed reptilian aging (see Lutz et al., 2003). For instance, neurogenesis is
predominant in reptiles (Font et al., 2001). Other studies found unique traits in reptiles that could be
useful to humans: crocodiles have been shown to possess novel antimicrobial peptides (Shaharabany
et al., 1999). Clearly, long-lived reptiles are an underestimated model for the study of aging and more
attention should be given to study reptilian aging or the apparent absence of aging of some species.
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Other long-lived animals could be extremely useful models of aging not so much to discover what
causes aging but to investigate how we can fight it. In other words, traditional biomedical models
provide clues about the mechanisms of aging and disease, yet an unexplored paradigm in biomedical
research is the use of disease-resistant organisms to identify genes, mechanisms and processes that
protect against disease. As mentioned before, some amphibians and fishes also feature negligible
senescence (reviewed in Finch, 1990; Cailliet et al., 2001). Since amphibians and fishes are
evolutionary further from us than reptiles, they are not, a priori, better models but can still prove
useful. For example, amphibians can regenerate entire limbs while mammalian tissues, such as
muscle, can only regenerate as isolated entities (reviewed in Brockes et al., 2001; Carlson, 2003).
Lastly, birds too have been proposed as potentially useful models for understanding human aging due
to their slow aging rates when compared to size-equivalent mammals (Holmes and Austad, 1995;
Holmes et al., 2001). With the emerging age of genomics, employing these long-lived species in
studies of aging is becoming a reality (de Magalhaes et al., 2010), for example via bioinformatics
analyses (de Magalhaes and Toussaint, 2004b).

Long-lived mammals, although none avoid aging completely, may also prove extremely useful to
unravel the mechanisms of longevity and healthy aging. In 2007, myself and others proposed the
sequencing of long-lived mammals and specifically of the naked mole-rat (Heterocephalus glaber),
the white-face capuchin monkey (Cebus capucinus) and the bowhead whale (Balaena mysticetus) (de
Magalhaes et al., 2007b). Genome and RNA sequencing of the naked mole-rat has since revealed
insights and candidate genes regarding the evolution of longevity (Kim et al., 2011; Yu et al., 2011).
In particular, it appears that genes associated with oxidoreduction and mitochondria are expressed at
higher levels in the naked mole-rat which might contribute to their long lifespan (Yu et al., 2011).
Naked mole-rats also exhibit an extraordinary resistance to cancer (Buffenstein, 2008), and studies are
beginning to unravel the anti-tumour mechanisms of naked mole-rat cells (Seluanov et al., 2009). For
example, they are more resistant to experimental tumorigenesis with oncogenes (Liang et al., 2010).
As the longest-lived mammal, bowhead whales are equally fascinating and, because of their massive
size, whales must have evolved anti-tumor mechanisms not present in humans (reviewed in Caulin
and Maley, 2011). Though for obvious reasons not easy to study experimentally, bioinformatics and
genomics can provide clues about the genetic and molecular mechanisms that allow whales to live
longer than humans and resist cancer (de Magalhaes et al., 2007b). Cellular studies could also be
useful for studying long-lived species whose study as organisms would be practically impossible
(Austad, 2001).

It may be asked: why learn from species that are behind us in the race for immortality? It has been
proposed that species without detectable senescence can "teach" us much more than species with short
lifespans (Strehler, 1986). Even in species such as whales, elephants or naked mole-rats their
evolution of longevity might have followed different pathways than in humans; studies in these
species can lead to the discovery of new ways to combat against age-related diseases and, crucially, in
the fight against aging itself, the only disease we all suffer from. The current explosion in genomics
also makes large-scale studies possible, including in comparative genomics. Research on several of
these species can then allow hypothesis to be tested in traditional model systems, for example by
creating cell lines or mice with genes from long-lived species that if successful can then be
extrapolated to humans. Ultimately, animal models of resistance to disease and aging may prove
valuable for human disease prevention and aging retardation.
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4.1 Cellular Senescence

Because cells are the fundamental building blocks of our bodies, it is logical to assume that cellular
changes contribute to the aging process. In this essay I review the methods used to study cellular aging
in vitro, in particular replicative senescence, and debate whether these findings could be related to
organismal aging.

Sections

The Hayflick Limit
Biomarkers of Cell Senescence

Stress-Induced Premature Senescence

Senescent Cells, Stress and Organismal Aging
Stem Cells and Germ Cells

Keywords: ageing, cell immortality, cell immortalization, cellular immortality, cytogerontology,
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The Hayflick Limit

In 1961, and in contradiction to what was thought at the time, Leonard Hayflick and Paul Moorhead
discovered that human cells derived from embryonic tissues could only divide a finite number of
times in culture (Hayflick and Moorhead, 1961). They divided the stages of cell culture into Phases I-
III. Phase I is the primary culture, when cells from the explant multiply to cover the surface of the
culture flask--most cell types grow in the lab attached to a solid surface. Phase II represents the period
when cells divide in culture. Briefly, once cells cover a flask's surface, they stop multiplying. For cell
growth to continue, the cells must be subcultivated. To do so, one removes the culture's medium and
adds a digestive enzyme called trypsin that dissolves the substances binding cells together. After
adding growth medium and pipetting one obtains the cells in a homogeneous suspension that are then
divided by two--or more--new flasks. Cells then attach to the new flasks' surface and start dividing
once again until a new subcultivation is required. Most cells divide vigorously and can often be
subcultivated in a matter of a few days. After several months, however, cells start dividing slower,
which marks the beginning of Phase III. Eventually cells stop dividing at all, though they may or may
not die (reviewed in Hayflick, 1985 & 1994). Hayflick and Moorhead noticed that cultures stopped
dividing after an average of 50 cumulative population doublings (CPDs)--splitting one flask of cells
into two new flasks of the same size increases the CPDs by one, splitting by four flasks increases the
CPDs by two and so on. This phenomenon of growth arrest after a period of apparently normal cell
proliferation is known as the Hayflick limit, Phase III phenomenon, or, as it will be called herein,
replicative senescence (RS).

Hayflick and Moorhead worked with fibroblasts, a cell type found in connective tissue widely used in
research, but RS has been found in other cell types: keratinocytes, endothelial cells, lymphocytes,
adrenocortical cells, vascular smooth muscle cells, chondrocytes, etc. In addition, RS is observed in
cells derived from embryonic tissues, in cells from adults of all ages, and in cells taken from many
animals: mice, chickens, Galapagos tortoises, etc. (reviewed in Hayflick, 1994). The number of CPDs
cells undergo in culture varies considerably between cell types and species. Early results suggested a
relation between CPDs cells could endure and the longevity of the species from which the cells were
derived. For example, cells from the Galapagos tortoise, which--as described--can live over a century,
divide about 110 times (Goldstein, 1974), while mouse cells divide roughly 15 times (Stanley et al.,
1975; Rohme, 1981)--but see more recent studies below. In addition, cells taken from patients with
progeroid syndromes such as Werner syndrome (WS)--described elsewhere--endure far fewer CPDs
than normal cells (Salk et al., 1981). Exceptions exist and certain cell lines can divide indefinitely
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without reaching RS. These are said to be "immortal" and include embryonic germ cells and most cell
lines derived from tumors, such as HeLa cells (Brunmark et al., 1986; Chen and Yu, 1994; Pera et al.,
2000). Some types of rat cells have also been claimed as capable of evading RS (Mathon et al., 2001;
Tang et al., 2001), and more recently some mouse cells have been found to be immortal under certain
culture conditions (Parrinello et al., 2003), as detailed below.

Biomarkers of Cell Senescence

The discovery of RS sparked considerable interest and the phenotype of cell senescence in human
fibroblasts has been characterized by a series of features, termed biomarkers d'Adda di Fagagna,
2007). The most obvious biomarker is growth arrest, i.e., cells stop dividing, which can be detected by
different methods. Even vigorously dividing cultures are heterogeneous and contain a percentage of
growth-arrested cells; this percentage progressively increases until all cells in the population are
quiescent, that is, they have stopped dividing (Cristofalo and Sharf, 1973; Smith and Whitney, 1980);
interestingly, the percentage of growth-arrested cells is higher in cells from patients with progeroid
syndromes, such as WS cells, when compared with normal cells at the same CPD (Kill et al., 1994).
Senescent cells are growth arrested in the transition from phase G1 to phase S of the cell cycle
(Sherwood et al., 1988). The growth arrest in RS is irreversible in the sense that growth factors cannot
stimulate the cells to divide (reviewed in Cristofalo and Pignolo, 1993), even though senescent cells
can remain metabolically active for long periods of time (reviewed in Goldstein, 1990).

Another important biomarker is cellular morphology (Fig. 1). While cells age in vitro they endure
progressive morphological changes (e.g., Bayreuther et al., 1988). Briefly, senescent cells are bigger
and a senescent population has more diverse morphotypes than cells at earlier CPDs. In fact, a
confluent senescent culture has a smaller cellular density than a confluent young culture, though this
also occurs because senescent cells are more sensitive to cell-cell contact inhibition.

Figure 1: Normal human fibroblasts (left) and fibroblasts showing a senescent morphology (three
cells on the right). Notice the common elongated morphology of senescent cells.

One widely-used marker of RS is senescence-associated P-galactosidase (SA B-gal) activity. The
enzyme B-galactosidase, a lysosomal hydrolase, is normally active at pH 4, but in senescent cells it
often happens for B-galactosidase to be active at pH 6 which can be detected with a simple
biochemical assay. Both in vitro and in vivo, the percentage of cells positive for SA B-gal increases
with, respectively, CPDs and age (Dimri et al., 1995). Conversely, in immortal cell lines, such as
HeLa tumor cells, the percentage of cells positive for SA B-gal does not correlate with CPDs. The
increase in SA B-gal also correlates with the appearance of the senescent morphotypes (Toussaint et
al., 2000). Lysosomes are organelles that break down cellular junk. Early reports showed that
lysosomes increase in number and size in senescent cells (Robbins et al., 1970; Brunk et al., 1973).
SA B-gal appears to be a result of increased lysosomal activity at a suboptimal pH, which becomes
detectable in senescent cells due to an increase in lysosomal content (Kurz et al., 2000). Other results
also suggest that during in vitro aging increased autophagy--i.e., digestion of the cell's organelles;
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discussed elsewhere--may be associated with an increase of lysosomal mass and SA B-gal (Gerland et
al., 2003).

Normal human cells are diploid, which means they have two copies of each chromosome. With each
subcultivation the percentage of polyploid cells--i.e., with three or more copies of chromosomes--has
been shown to increase (Matsumura, 1980). Deletions in the mitochondrial DNA (mtDNA) have also
been observed both during RS (Dumont et al., 2000a) and during aging in vivo, at least in some
tissues (Corral-Debrinski et al., 1992; Yang et al., 1994; Liu et al., 1998).

The expression levels of several genes change during in vitro cellular aging (reviewed in Cristofalo et
al., 1998a; Campisi and d'Adda di Fagagna, 2007). One important type of gene overexpressed in
senescent cells are inflammatory regulators like interleukin 6 (IL6) (Shelton et al.. 1999; de
Magalhaes et al., 2004); some studies support a role for proinflammatory proteins secreted by
senescent cells in driving senescence, which may lead to positive feedback loops and to senescence
induction in normal cells near senescent cells (Acosta et al., 2008; Kuilman et al., 2008; Freund et al.,
2010). Senescent cells also display an increased activity of metalloproteinases which degrade the
extracellular matrix (reviewed in Campisi, 1999). On the other hand, senescent cells have a decreased
ability to express heat shock proteins (Choi et al., 1990; Bonelli et al., 1999).

Telomeres are non-coding regions at the tips of chromosomes. In vertebrates, they are composed of
repeated sequences of TTAGGG (Moyzis et al., 1988; Meyne et al., 1989). During in vitro aging, the
telomeres shorten gradually in each subcultivation (Harley et al., 1990). The same process might
occur in vivo too (Hastie et al., 1990; Lindsey et al., 1991; Allsopp et al., 1992). Telomere shortening
is the primary cause of RS in human fibroblasts, and given their importance, telomeres and their role
in aging are discussed in detail in another essay.

Stress-Induced Premature Senescence

Assuming human fibroblasts endure 50 CPDs, 2*° is more than enough cells for several lifetimes
(Hayflick, 1994). However, a number of factors can accelerate and/or trigger cell senescence, one of
which is oxidative stress. Normally, cell culture conditions include 20% oxygen (O,) and these were
the conditions initially used by Hayflick and Moorhead and most subsequent studies. When human
fibroblasts are cultured at 3% O,, which is closer to physiological conditions, they achieve a further 20
CPDs (Chen et al., 1995). Conversely, different types of human cells cultured above 20% O, display a
reduced growth rate and endure fewer CPDs (Horikoshi et al., 1986 & 1991; von Zglinicki et al.,
1995). If O, is above 50%, in fact, it becomes cytotoxic (Horikoshi et al., 1991). The way
subcytotoxic stress can accelerate the appearance of the senescent phenotype in cells has been deemed
as another form of cellular senescence called stress-induced premature senescence (SIPS; see Fig. 2)
(Brack et al., 2000).
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Figure 2: Schematic drawing of SIPS. Source: Ageing and Stress Group, University of Namur,
Belgium.
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Not surprisingly, depending on the dose of stressor used, a cell population will react in different ways.
For instance, a high cytotoxic dosage will cause such an amount of damage that cellular biochemical
activities decrease leading to cellular death by necrosis. The level of damage sustained by cells
determines whether programmed cell death--apoptosis--can unfold or, if the damage is lower,
senescence. Since a cellular population is not homogeneous, the dosage of the stressor will shift the
percentage of cells executing each of the possible programs depending on the amount of stress,
respectively from no stress to high stress: cellular proliferation, senescence, apoptosis, and necrosis
(reviewed in Toussaint et al., 2002a).

In addition to O,, other sources of oxidative damage, such as H,0, and tert-butylhydroperoxide, and
other stressors--e.g., ethanol, ionizing radiations, and mitomycin C--can induce SIPS in many types of
proliferative cells such as lung and skin fibroblasts, endothelial cells, melanocytes, and retinal pigment
epithelial cells (reviewed in Toussaint et al., 2002b; Dierick et al., 2003). The list of stressors that can
cause SIPS is constantly growing. Instead of chronic stress, SIPS can be induced based on a single or
repeated short exposure(s) to stressors. Oncogenes such as ras can also induce senescence (Serrano et
al., 1997). As discussed below, because organisms and cells are constantly being exposed to stressors,
senescent cells in vivo may derive not only from cell divisions but from cells being exposed to stress.

Senescent Cells, Stress and Organismal Aging

The connection between organismal aging and cell senescence remains a subject of controversy, in
spite of decades of study (reviewed in Hayflick, 1994; de Magalhaes, 2004; Campisi, 2005; Campisi
and d'Adda di Fagagna, 2007; Jeyapalan and Sedivy, 2008). Below I present and discuss some of the
key arguments for and against a role of RS and senescent cells in human aging.

At least post partum, there is no relation between the number of CPDs cells can endure and the age of
the donor (Cristofalo et al., 1998b). Chances are previous studies showing otherwise were biased
(Cristofalo, 2001). Likewise, one study in centenarians failed to find differences in the CPDs cells
taken from centenarians could endure when compared to cells from young donors (Tesco et al., 1998).
As mentioned above, cells at birth from patients with certain progeroid syndromes have fewer
divisions than cells from healthy controls. This, however, might be a result of increased cell death or
exit from the cell cycle for reasons unrelated to RS (Johnson et al., 1999). In fact, senescent cells from
patients with Werner's syndrome have different patterns of gene expression (Oshima et al., 1995;
Toda et al., 1998) and biomarkers of senescence (Schulz et al., 1996); similar findings have been
reported in Hutchinson-Gilford progeria (Park et al., 2001). I should also point out that a caveat of
comparing CPDs is that when cell lines are derived from people, the selected cells are those that grow
because people, even very old people, never run out of proliferating cells (Tesco et al., 1998;
Cristofalo, 2001). As such, these studies would not detect, say, differences in the proportion of
proliferating cells.

Although a relation between a species' longevity and the CPDs its cells can endure in vitro exists, it is
debatable if this is related to aging. For one, optimal culture conditions vary from species to species.
As an example, O, partial pressure can affect cellular proliferation and there is evidence that O, limits
the replicative capacity of mouse fibroblasts as these are immortal under low O, (Parrinello et al.
2003). As such, comparisons between different species may be biased due to intra-species differences
in O, sensitivity (Toussaint et al., 2002b). In addition, due to the positive correlation between body
size and longevity--mentioned before--, perhaps cells taken from long-lived animals endure more
CPDs because of differences in size, not due to differences in longevity, as supported by results using
more sophisticated methods (Lorenzini et al., 2005; Seluanov et al., 2008).

Senescent cells and senescence-associated biomarkers can be found in various human tissues in vivo
associated with both aging and pathology (Paradis et al., 2001; Going et al., 2002; Minamino et al.
2003; Campisi, 2005; Jeyapalan and Sedivy, 2008). Interestingly, stress-prone tissues appear to be the
most affected. For example, fibroblasts cultured from distal lower extremities of patients with venous
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reflux, which precedes the development of venous ulcers, display characteristics of senescent cells
(Mendez et al., 1998). Similar results also relate cellular senescence to atherosclerosis (Minamino et
al., 2002) and benign prostatic hyperplasia, a common age-related male pathology (Castro et al.
2003). One study found that the number of senescent fibroblasts increases exponentially with age in
the skin of baboons and senescent cells are >15% of all cells in very old animals (Herbig et al., 2000).
In the mouse liver, one study estimated that over 20% of hepatocytes were potentially senescent
(Panda et al., 2008). Senescent cells have been found in other mouse tissues too, though possibly
through telomere-independent mechanisms (Wang et al., 2009). Markers of cell senescence, such as
pl6INK4a1 which is discussed elsewhere, have been found in mouse brain (Molofsky et al., 2006) and
pancreas (Krishnamurthy et al., 2006), potentially contributing to age-dependent decline in
regeneration.

Because senescent cells can secrete proinflammatory cytokines and other factors that disrupt the tissue
microenvironment, they may contribute to disruption of cell and tissue function. Even a small
percentage of senescent cells, in fact, may interfere with tissue homeostasis and function (Shay and
Wright, 2000). Indeed, some evidence exist that senescent cells contribute to age-related pathologies
such as osteoarthritis (Martin and Buckwalter, 2002; Price et al., 2002) and to skin aging (Giacomoni
et al., 2000). Repeated stimulation of WI-38 human fibroblasts with pro-inflammatory cytokines
interleukin-1 a (IL-1a) or tumor necrosis factor-oa (TNF-a) induces SIPS (Dumont et al., 2000b).
These cytokines' circulating levels increase in vivo (reviewed in Lio et al., 2003), favoring
inflammation and perhaps contributing to SIPS in vivo; senescent cells might then also contribute to
increase inflammatory levels, creating a positive feedback loop.

One high-profile study reported that clearance of senescent cells delays aging-associated disorders in
mice (Baker et al., 2011). It is important to note that this study was conducted in progeroid mice that
exhibit accelerated aging. The animals have a defect in a cell cycle regulator called BubR1 and hence
accumulate more senescent cells, in particular in the tissues the study focused on. So the pathological
mechanisms in these mice may be different than during normal aging. It should also be noted that
clearance of senescent cells did not extend lifespan, which Baker et al. claim is due to their mice mice
dying primarily of heart disease which is not affected by the treatment. Therefore, while the study
provides evidence that senescent cells can cause age-related phenotypes, they seem to only contribute
to a subset of these. As such, whether this treatment will extend lifespan in normal mice is dubious,
but hopefully this will be tested empirically.

Clearly, senescent cells can be found in vivo without telomere shortening (Melk et al., 2003). Since
cells taken from old donors do not endure less CPDs, one hypothesis is that senescent cells in vivo are
not widely caused by shortening telomeres but instead by various stressors and insults. Exemplifying,
studies in centenarians have raised doubts on whether telomere shortening occurs in vivo and whether
senescence-associated genes in vitro are also differentially expressed in vivo (Mondello et al., 1999).
Besides, some data indicate that chronic stressors may accelerate risk of a host of age-related diseases
by prematurely aging the immune response (Kiecolt-Glaser et al., 2003). Lastly, as hinted by the
above mentioned results on the impact of O, in cell proliferation, RS for many cell lines in vitro and in
vivo might instead be better defined as SIPS resulting from oxidative stress.

A relationship appears to exist between stress resistance and aging. In model organisms, extended
longevity is often associated with increased stress resistance (reviewed in Longo, 1999). Concisely,
manipulations in C. elegans that extend longevity show a strong correlation with resistance to stress
(Murakami et al., 2000). In Drosophila too some mutations can increase longevity and augment stress
resistance (Lin et al., 1998). Cell lines from long-lived mouse strains are also stress resistant (Salmon
et al., 2005) and stress resistance in vitro correlates with mammalian longevity, at least for some
stressors (Kapabhi et al., 1999; Harper et al., 2007); similar results have been observed in birds (Harper
et al., 2011). Cells from older individuals are more susceptible to stress and exhibit higher levels of
biomarkers of senescence in general (Dekker et al., 2009). Finally, cells taken from patients with
progeroid syndromes are more susceptible to stress (Gebhart et al., 1988), as not surprisingly are late
passage fibroblasts (Yuan et al., 1996). Of course, it is not known whether these relationships are
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causal or not. Nevertheless, aging and stress resistance appear to be inversely related and so an
association between cellular stress resistance and organismal aging is a possibility.

There is no doubt that changes occur with age at a cellular level. Some genetic interventions
regulating aging appear to influence tissue homeostasis by affecting senescence, cell proliferation, and
cell death (reviewed in de Magalhaes and Faragher, 2008), as detailed in the context of the endocrine
theory of aging. Results from mice suggest that systemic factors can influence aging, but only to some
degree, showing that intrinsic cellular mechanisms likely play a role in aging (Conboy et al., 2005). In
some tissues, such as the immune system, decreased proliferative ability may play a role in age-related
degeneration (reviewed in Effros, 1996). Successive transplants of spleen and bone marrow yielded
far from conclusive results but it appears that a slight decrease in proliferative ability does occur in
vivo in spite the cells having had to divide much more than 50 times (Strehler, 1999, p. 53).
Therefore, mechanisms of aging intrinsic to cells no doubt exist (de Magalhaes, 2004). These may be
related to the senescent phenotype but no doubt other processes too. It was initially reported that cells
from older donors have a slower proliferative capacity (Waters and Walford, 1970; Hayflick, 1994).
This effect, known as the latent period, occurs because fewer cells are in the replication cycle, not
because they take longer to divide (Ponten et al., 1983; Karatza et al., 1984), but it has also been under
attack (Cristofalo et al., 1998b). One study argued that cells ceasing division is not relevant to aging.
Instead, altered gene expression, resulting from quality control defects that allow errors to accumulate
as cells divide, leads to cells with diminished function (Ly et al., 2000).

Overall, it is clear that RS is not a faithful model of aging changes occurring in vivo (Gershon and
Gershon, 2000a for arguments). In fact, RS is likely an anti-cancer mechanism (Wynford-Thomas,
1999), as further debated elsewhere. That is not to say, however, that senescent cells do not play a role
in aging. One hypothesis is that while RS evolved as an anti-cancer mechanism, the accumulation of
senescent cells contributes to aging Sedivy, 2008). While there is little evidence to suggest that cells
running out of divisions are a major factor in aging, it is possible that stress and various insults trigger
cell senescence in vivo. Even a small fraction of senescent cells in organs may impair tissue renewal
and homeostasis, decrease organ function, and contribute to the aging phenotype. Although there is no
evidence that accumulating senescent cells per se are a cause of aging, they may well contribute to
age-related pathologies or at the very least reflect damage to tissues. Because telomere shortening is
the main cause of RS in human fibroblasts, this topic is further debated in context of the role of

telomeres in aging.

Stem Cells and Germ Cells

Stem cells are found in different places throughout the body and participate in tissue homeostasis by
replacing differentiated cells that die; due to their high place in tissues' hierarchy, stem cells are
promising subjects for study in the context of aging. Some human stem cells can express telomerase
(Chiu et al., 1996; Sugihara et al., 1999), indicating that the most actively dividing cell lines in the
body overcome telomere shortening--though somatic stem cells can show senescence in vitro (Smith
and Schofield, 1994) and in vivo (Martin et al., 2000). Interestingly, a correlation between mean
telomeres and age is found in the first two decades for muscle satellite cells--a type of muscle stem
cell--but not afterwards (Decary et al., 1997). Consequently, one hypothesis is that somatic cells can
only divide a limited amount of times but are constantly being replenished by stem cells. Interestingly,
one study found a correlation between stem cell turnover and mice lifespan (de Haan and Van Zant,
1999), meaning that perhaps stem cell senescence influences organismic senescence (Snyder and
Loring, 2005). Mechanisms of stem cell aging are also of great interest and have been linked to
various processes, including DNA damage (Rossi et al., 2007; Freitas and de Magalhaes, 2011) and
telomeres. At present this is only one hypothesis but no doubt unraveling the role of stem cells in
aging is a major avenue for future research. As mentioned elsewhere, stem cells may also have anti-
aging applications.

As previously mentioned, the doctrine of the immortal germplasm claims that germ cells are immortal
and can divide forever (Weismann, 1891; Kirkwood, 1977). A prediction of such hypothesis is that the
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germ cells should have increased stress resistance and repair mechanisms (Kirkwood, 1977).
Experimental evidence, however, is contradictory: the soma of Drosophila has been reported to be
more sensitive to mutagens (Vogel and Zijlstra, 1987); increased DNA repair has been documented in
male mice germ cells (Walter et al., 1994), but using ionizing radiation no difference in sensibility
was found between mice male germ cells and bone marrow (van Loon et al., 1993). It has also been
proposed that meiosis and gametogenesis can have recombinational and other genetic events that
contribute to a rejuvenation not possible in differentiated somatic cells (Medvedev, 1981; Holliday,
1984), yet little or no evidence exists to support such claims. Furthermore, the common notion that
germ cells have improved DNA repair mechanisms and thus avoid aging is itself debatable (reviewed
in Walter et al., 2003).
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4.11 Telomeres and Telomerase

Telomere shortening causes cellular senescence, making it a major candidate mechanism for a role in
aging and a target for anti-aging interventions. In this essay, I review current knowledge on telomere
biology and discuss the possible role of telomeres and telomerase in human aging and in cancer.

Sections

Telomere Shortening As the Timekeeper of Cells
How Telomere Dysfunction Induces Cellular Senescence
Uncapped Telomeres Recognized as DNA Damage

Aging, Cancer, and the Telomeres

Keywords: ageing, biogerontology, cell aging clock, cytogerontology, terminal restriction fragments,
TRF

Telomere Shortening As the Timekeeper of Cells

Early studies by Hermann Muller and Barbara McClintock showed that the ends of chromosomes are
capped by a structure called the telomere to prevent chromosome fusions (Muller, 1938; McClintock,
1941). In the 1970's, as the mechanisms behind DNA replication were becoming better understood, it
became clear that DNA polymerase, the enzyme responsible for DNA replication, could not fully
synthesize the 3' end of linear DNA (Fig. 1). In 1972, James Watson called this the end-replication
problem (Watson, 1972). At about the same time, in a Moscow subway station, Alexey Olovnikov
also recognized Watson's problem in an analogy between the track that represented the DNA and the
train that represented DNA polymerase. Yet Olovnikov went further to propose that the end-
replication problem would result in telomere shortening with each round of replication and that,
because the DNA is replicated during cell division, this mechanism could be the cause of replicative
senescence (RS) (Olovnikov, 1971 & 1973). Soon after, studies by Leonard Hayflick and colleagues
found that the nucleus controls RS (Wright and Hayflick, 1975; Hayflick, 1994).

Olovkikov's model turned out to be incredibly accurate. Telomere shortening is now considered the
main causal mechanism of RS and telomere length is the molecular clock that counts the cumulative
population doublings (CPDs) cells can endure (reviewed in Wright and Shay, 2001). Although it was
previously known that telomere shortening occurs in each subcultivation (Harley et al., 1990), the key
finding relating the telomeres to RS was made in 1998 by scientists from Geron Corporation.
Telomerase is a reverse-transcriptase enzyme that elongates the telomeres and thus corrects the
normal telomere erosion (Greider and Blackburn, 1985). It has two components: an RNA component
(Feng et al., 1995) and a catalytic subunit (Nakamura et al., 1997). Telomerase activity parallels
expression of the catalytic subunit ("TERT) and ectopic hTERT expression is sufficient to restore
telomerase activity in human cells (Counter et al., 1998). Telomerase activity was shown in immortal
cell lines (Counter et al., 1992). But the definitive breakthrough came when it was shown that
expression of hTERT in human cells avoids RS (Bodnar et al., 1998). Human fibroblasts immortalized
with hTERT divide vigorously, do not show increased staining for SA B-gal--a marker of cell
senescence--, and do not show signs of neoplastic transformation (Jiang et al., 1999; Morales et al.,
1999). Even expression of hTERT in late passage fibroblasts appears to reverse the loss of function
characteristic of pre-senescent cells (Funk et al., 2000).

Transient expression of hTERT for 7 CPDs in human fibroblasts elongated the shortest telomeres by
2.5 kilobase pairs (kbp). Afterwards, these cells divided for roughly 50 CPDs with a telomere
shortening of 50 bp per division before reaching RS. These results strongly argued that telomere
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length, not hTERT expression, is the key to bypass RS (Steinert et al., 2000) and established telomere
length as the clock that keeps track of CPDs and gives rise to RS and the Hayflick limit.
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Figure 1: DNA polymerase requires an RNA primer to initiate synthesis in the 5'-3' direction. At the
end of a linear chromosome, DNA polymerase can synthesize the leading strand until the end of the
chromosome. In the lagging strand, however, DNA polymerase's synthesis is based on a series of
fragments, called Okazaki, each requiring an RNA primer. Without DNA to serve as template for a
new primer, the replication machinery is unable to synthesize the sequence complementary to the
final primer event. The result is an end-replication problem in which sequence is lost at each round of
DNA replication.

Telomerase is not the only mechanism capable of elongating the telomeres. There are several
immortal telomerase-negative cell lines with typically a great variety of telomere lengths (e.g., Bryan
et al., 1995). Although the exact mechanisms behind what is called alternative lengthening of
telomeres remain largely unknown, recombinational processes may be involved (McEachern and
Blackburn, 1996; Dunham et al., 2000). Still, either using telomerase or not, all known immortal cell
lines must stabilize their telomeres (reviewed in Colgin and Reddel, 1999; Stewart and Weinberg,
2000). Unicellular eukaryotes must also stabilize their telomeres. For example, defects in telomere
replication have been shown to trigger senescence in yeast (Lundblad and Szostak, 1989) and in the
protozoan Tetrahymena (Yu et al., 1990).

How Telomere Dysfunction Induces Cellular Senescence

Although telomere length regulates RS and can be seen as a mitotic clock, the mechanisms involved
are more complex than they may seem at first. This section and the next provide a fairly detailed and
technical discussed of the molecular mechanisms involved; the final section in this essay discusses the
potential role of telomeres and telomerase in aging and cancer.

Telomere length is neither the only nor the ultimate timekeeper of cells (reviewed in Blackburn
2000). During telomerase-immortalization of human cell lines, several researchers noticed that
immortalized cells had shorter telomeres than growth arrested controls (Ducray et al., 1999; Zhu et al.,
1999). Surprisingly, these immortalized cells featured less chromosome fusions, which are the most
noticeable outcome of short telomeres (Hande et al., 1999). Similarly, it was noticed in yeast that
certain telomerase-negative strains would senesce with longer telomeres than immortal telomerase-
positive strains (Prescott and Blackburn, 1997; Roy et al., 1998). Since telomere length alone could
not explain these observations, other players had to be involved.

Using electron microscopy, it was revealed that telomeres are not linear, but instead appear to form
duplex loops, called t-loops (Fig. 2). Crucial in these loops are the telomeric repeat-binding factors

42



TRF1 (van Steensel and de Lange, 1997) and TRF2 (Smogorzewska et al., 2000). In particular TRF2
can remodel linear telomeric DNA into t-loops (Griffith et al., 1999). Although not completely
understood, the prevailing hypothesis is that these loops stabilize or cap the telomeres. Capping may
protect the telomeres from being recognized as DNA damage. TRF2 protects telomeres (van Steensel
et al., 1998): inhibition of TRF2 induces apoptotic cell death (Karlseder et al., 1999) while
overexpression of TRF2 reduces the senescent checkpoint of cells in terms of telomere length
(Karlseder et al., 2002). These results suggest that telomere capping, not just telomere length, is
crucial in avoiding telomere dysfunction and preventing cell senescence. Results showing that
telomerase disruption can slow cell proliferation and alter the 3' single-stranded telomeric overhang
without telomere shortening support this view (Masutomi et al., 2003). One plausible hypothesis is
that telomere shortening may destabilize or even prevent the capping of telomeres, leading to RS

(Shay. 1999).

Figure 2: Telomeric structure forming a loop that caps the end of telomeres. Rendered using PyMOL.

Whether the end-replication problem alone is responsible for telomere shortening is still under debate.
RS can occur in human fibroblasts--often referred to as human diploid fibroblasts or HDFs--in the
absence of cell division and short telomeres. Cells kept confluent for long periods of time--up to 12
weeks--exit the cell cycle. The small proportion of cells that continue dividing endured fewer CPDs
than normal presumably due to compensatory cycling (Munro et al., 2001). Although quiescent cells
do not appear to lose telomeres (von Zglinicki, 2000), cells endure an accelerated telomere shortening
following extensive periods of confluency (Sitte et al., 1998). One hypothesis is that telomere
dysfunction occurs in confluent cells despite lack of telomere shortening. Therefore, the end-
replication problem as a model to explain telomere shortening may not be entirely correct. Telomeres
end in a single-stranded G-rich 3'-overhang, presumably as a result of C-rich strand degradation
during telomere processing (Wellinger et al., 1996; Makarov et al., 1997). Some results suggest that
erosion of the overhang occurs at cell senescence and is prevented by telomerase expression.
Progressive erosion appears to be a result of cell division and not an effect of RS (Stewart et al.
2003). As such, the exact molecular mechanisms behind telomere shortening and dysfunction remain
undetermined.

Since a normal human diploid cell contains 92 telomeres, another issue is whether it is mean telomere
length or the shortest telomere to trigger RS. Evidence from mice indicates that the shortest telomeres,
not mean telomere length, are responsible for inducing RS (Hemann et al., 2001). Yet one study in
human fibroblasts found that the onset of RS shows a better correlation with mean telomere length
than with the shortest telomere (Martens et al., 2000).
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Uncapped Telomeres Recognized as DNA Damage

Even before hTERT-derived immortalization, it was possible to immortalize human fibroblasts using
viral genes such as the simian virus 40 (SV40) T-antigen, E1A and E1B from adenovirus, or the
human papillomavirus E6 and E7 genes. The E1B and E6 proteins bind and inactivate the tumor
suppressor protein p5S3 while E1A and E7 bind and inactivate the retinoblastoma protein (pRb) (Dyson
et al., 1989; Werness et al., 1990). Immortalization requires E6 and E7 or E1A plus E1B, so both p53
and pRb must be inactive. SV40 immortalization is also dependent on inactivation of both p53 and
pRD (Shay et al., 1991). These findings led to the present concept that two pathways are responsible
for inducing cell senescence (Fig. 3). Confirming these suspicions, inhibition of p53 and pRb by
antisense technology caused cells to endure 50 CPDs more than normal (Hara et al., 1991).

In agreement with its anti-oncogenic profile, pRb is a central regulator of cell cycle progression and
its state of phosphorylation determines cell cycle regulation (Buchkovich et al., 1989; reviewed in
Herwig and Strauss, 1997). Hyperphosphorylated pRb allows the cell cycle to proceed while
hypophosphorylated pRb prevents cell cycle progression. Presumably, pRb operates through
inactivation of the E2F family of transcription factors, responsible for transcription of several genes
involved in G1/S transition and DNA synthesis (Weintraub et al., 1992; Campisi, 1999). Briefly, the
phosphorylation of pRb is dependent on cyclin-dependent kinases (CDKs) that govern the progression
through the various phases of the cell cycle (reviewed in Lees, 1995). Inactivation of the G1 CDKs,
responsible for the phosphorylation of pRb, prevents transition from phase G1 to phase S and blocks
the cell cycle, originating, for example, RS.

Cyclin-dependent kinase inhibitors (CDKIs), as the name implies, inhibit the activity of CDKs. One of
such proteins is p16™**, that disrupts and inhibits the activities of CDK4 and CDKG6, thus preventing
cell cycle progression (Hara et al., 1996). Exogenous expression of p16™<* induces RS in young cells
and in immortal cells without p53 activity (McConnell et al., 1998; Vogt et al., 1998). In addition,
immortalization may also be achieved by disruption of both p16™*** and p53 (Rogan et al., 1995).
pRb is needed for growth suppression mediated by pl16™** (Medema et al.. 1995). These results
suggest that p1 6™ *" acts upstream of pRb in regulating RS.

Another important CDKI is p21VAF!| which also has the ability to block the cell cycle by inhibiting
CDK2, CDK4, and CDK6 and thus preventing pRb phosphorylation (Harper et al., 1993 & 1995).
p21VAF! can induce senescence independently of p16™*** (McConnell et al., 1998; Vogt et al., 1998).
Since p21"VAF! expression levels increase in pre-senescent cells-—-i.e., before p16™*** overexpression--,
p21VAF Jikely triggers senescence before p16™** (Tahara et al., 1995; Alcorta et al., 1996; Wong and
Riabowol, 1996; Dulic et al.. 2000). In contrast, pl6™~* remains overexpressed in senescent cells
while p21™4*! levels wane (Stein and Dulic, 1998).

p21™VAF! s induced by p53 to trigger RS (reviewed in Wang et al., 2003). Briefly, p53 is a

transcription factor capable of acting both as a transcriptional activator and suppressor.
Overexpression of p53 leads to cell cycle arrest or apoptosis (Sugrue et al., 1997). The induction of
p53 by DNA-damaging agents led to the suggestion that p53 is a checkpoint factor that prevents cells
from accumulating mutations by inducing apoptosis or growth arrest (reviewed in Ko and Prives

1996). p53 may help maintain genetic stability (see Linke et al., 2003 for arguments). Increased levels
of p53 have been associated with critically short telomeres (Vaziri and Benchimol, 1996; Gonzalez-
Suarez et al., 2000). Thus p53 is probably responsible for recognizing dysfunctional telomeres--e.g.,
critically short telomeres--as DNA damage and triggering RS. Indeed, activation of p53 occurs as cells
approach senescence (Atadja et al., 1995; Kulju and Lehman, 1995; Bond et al., 1996). Therefore, p53
appears to be the major initiator of senescence, while p16™*** presumably maintains senescence
(Alcorta et al., 1996; Dulic et al., 2000; Serrano and Blasco, 2001; Wang et al., 2003). Another
possibility is that pl6™ * serves as a second barrier to prevent growth of cells with significantly
damaged DNA d'Adda di Fagagna, 2007).
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p16™%* appears to be important in the response to DNA damage (Robles and Adami, 1998; Shapiro

et al., 1998; te Poele et al., 2002) and other stimuli like oncogenic signals (Serrano et al., 1997). The
immortalization of human epithelial cells requires inactivation of p16™~<*--or E7 expression to inhibit
pRb--in addition to hTERT activity (Kiyono et al., 1998). Since under 2% O, epithelial cells can be
immortalized with hTERT activity alone, it appears that stressful culture conditions may activate
p16™%* and induce senescence independently of the telomeres (Ramirez et al., 2001; Rheinwald et
al., 2002). Lastly, p16™* does not appear to be involved in RS of at least some mouse cells
(Smogorzewska and de Lange, 2002), indicating that the regulation of RS and telomere dysfunction in
mouse and human cell lines is different, as suggested by others (Hamad et al., 2002; Kim et al., 2002).
(RS in mouse cells will not be discussed in detail here.)
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Figure 3: Simplistic overview of the signal transduction from critically short telomeres to irreversible
growth arrest at the G1/S transition of the cell cycle. Telomere dysfunction causes an activation of DNA
damage response pathways, such as an activation of p53. p53 in turn activates p21™A"" that blocks the
actions of several CDKs preventing the phosphorylation of pRb. Without hyperphosphorylated pRb
several critical genes in the G1/S transition are not transcribed, blocking the cell cycle. Adapted from (de

Magalhaes, 2004).

Although Figure 3 and the discussion above provide an overview of the current knowledge of cell
cycle regulation, it is likely other players exist. For instance, p53 itself may be upregulated. Although
the issue is controversial, some evidence indicates that the ATM gene, or other players involved in
DNA damage response, may be the "sensor" that detects telomere dysfunction and then regulates p53
(Vaziri et al., 1997; Rouse and Jackson, 2002). Other results suggest that a novel transcriptional
element regulates cyclin D1, and possibly other senescence-associated genes, in senescence cells
(Berardi et al., 2003).
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Immortalization with viral proteins is not as simple as it may seem at first. Infection of human
fibroblasts with viral oncogenes results in an extended replicative lifespan after which cells enter a
stage called crisis (reviewed in Goldstein, 1990; McCormick and Campisi, 1991; Wei and Sedivy,
1999). During crisis, cells proliferate but the proportion of cells entering apoptosis gradually increases
and thus cell numbers eventually diminish (Macera-Bloch et al., 2002). Since both p53 and
pRb/p16™5* pathways are inactive and chromosomal instability and fusions are abundant, crisis is
thought to emerge due to extremely short telomeres. Occasionally, immortal cells emerge from crisis
with stabilized telomeres, normally involving telomerase activation (reviewed in Stewart and
Weinberg, 2000; Mathon and Lloyd, 2001). In a sense, crisis can be seen as the ultimate consequence
of telomere dysfunction since it occurs when the mechanisms that respond to short telomeres, like p53
and pRb, are inactive.

One last point is that even assuming that the p53 and pRb/p16™** pathways explain RS, they do not
entirely explain the gradual aging of cells in culture. One hypothesis is that cell populations become
more heterogeneous as they age. For example, since the percentage of cells actively dividing
decreases with CPD, it is normal that the cell population as a whole ages, without changes other than
more cells entering RS.

Overall, whatever changes occur during telomere dysfunction, the mechanisms triggering growth
arrest appear to involve DNA damage pathways. As such, the most likely explanation is that
dysfunctional telomeres are recognized as DNA damage and repairing the short telomeres leads to
chromosome fusions. Although unidentified genes may also be involved (e.g., Blasco and Hahn, 2003;
Yawata et al., 2003), the most widely accepted hypothesis is that the p53 and pRb/p16™*** pathways
collaborate to stop cellular proliferation derived from telomere shortening in normal human fibroblasts
(Fig. 3). Probably, the p53 pathway involving p21"A*! is activated beforehand, while p16™** prevails
under strong physiological stimuli or stress and to maintain cells growth arrested, a state also called
quiescence.

Aging, Cancer, and the Telomeres

The role of telomeres in RS has led to suggestions that telomerase can be used as an anti-aging
therapy (reviewed in Fossel, 1996; Blasco, 2005; Shawi and Autexier, 2008). As mentioned before,
however, the relation between RS and organismal aging is controversial. Whether telomere shortening
plays a role in human aging is a hotly-debated issue, as reviewed below.

Most, not all, human somatic tissues have no detectable telomerase activity (reviewed in Collins and
Mitchell, 2002). In the bone marrow, hematopoietic cells express telomerase. Telomerase activity is
higher in primitive progenitor cells and then downregulated during proliferation and differentiation
(Chiu et al., 1996). Other reports associate, normally low, levels of telomerase activity with human
stem cells (Sugihara et al., 1999), though probably not mesenchymal stem cells (Zimmermann et al.
2003). Telomerase activity has been detected in some highly proliferating normal human somatic
cells; for instance, in skin cells (Harle-Bachor and Boukamp, 1996; Taylor et al., 1996), immune
system cells (Counter et al., 1995; Morrison et al., 1996), and colorectal tissues (Tahara et al., 1999).
A decline in telomerase activity was reported in blood mononuclear cells with age (Iwama et al.
1998). Human germ cells have been found to express hTERT (Kilian et al., 1997).

As with replicative potential, telomere length in vivo is very heterogeneous (Serra and von Zglinicki,
2002; Takubo et al., 2002). Telomere shortening in vivo has been reported in liver cells (Aikata et al.
2000), lymphocytes (Pan et al., 1997), skin cells (Lindsey et al., 1991), blood (Iwama et al., 1998),
and colon mucosa (Hastie et al., 1990). For example, telomere shortening appears to impact on the
function of immune T cells and telomerase activators can restore a more youthful functional profile
(reviewed in Effros, 2009). Other studies found weak correlations between donor age and telomere
length (Allsopp et al., 1992; Kammori et al., 2002; Njajou et al., 2007), while some studies found no
correlation at all (Mondello et al., 1999; Renault et al., 2002; Serra and von Zglinicki, 2002; Takubo et
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al., 2002; Nwosu et al., 2005). Long telomeres have been found in cells from centenarians (Franceschi
et al., 1999). Taken as a whole, these results indicate that telomere length varies widely between
individuals and between different tissues, and that telomere shortening may occur in some tissues in
vivo in association with certain pathologies and with age; this is similar to what is observed for
senescent cells. An association between telomere length and mortality has been reported in people
aged 60 and over (Cawthon et al., 2003), and telomere shortening appears to be accelerated in people
living more stressful lives (Epel et al., 2004). While these results support the idea that telomere
shortening is a marker of stress and age-related pathology, they do not prove that telomere shortening
is a causal factor in aging. Lastly, although telomerase may prevent the accelerated clonal senescence
of Werner's syndrome cells (Wyllie et al., 2000), it does not appear to fully reverse the WS phenotype
(Choi et al., 2001).

No connection appears to exist between mean telomere length of cells and longevity of mammalian
species. Of all studied primates, humans appear to have the shortest telomeres and the longest lifespan
(Kakuo et al., 1999; Steinert et al., 2002). Mice also have long telomeres and feature high telomerase
activity in many organs, in contrast to humans (Prowse and Greider, 1995). Interestingly, inbred mice
have long (Kipling and Cooke, 1990) while wild mice have short telomeres, suggesting telomere
length does not affect organismal longevity (Hemann and Greider, 2000). In rodents, telomerase
activity correlates negatively with lifespan but does not correlate with longevity (Seluanov et al.
2007). The largest comparative study of telomeres and telomerase, involving over 60 mammalian
species, found that smaller, short-lived species tend to have long telomeres and high levels of
telomerase. This suggests that short telomeres and suppression of telomerase are necessary for the
evolution of large body sizes and longevity, presumably by suppressing cancer (Gomes et al., 2011).

Though mean telomere length at birth does not correlate with longevity in birds, rate of telomere
shortening in erythrocytes was reported to inversely correlate with bird longevity. Telomere
shortening in a variety of tissues was also reported to correlate, though to a lesser extent, with
mammalian longevity (Haussmann et al., 2003; Vleck et al., 2003). In fact, a correlation between
erythrocyte longevity and organismal longevity was previously reported, suggesting that cells, in this
case erythrocyte stem cells, from long-lived animals divide fewer times (Rohme, 1981). One study in
rodents, however, failed to find evidence of a correlation between rate of telomere shortening in vitro
and longevity (Seluanov et al., 2008).

Mice overexpressing telomerase have a higher cancer incidence and hence a shorter lifespan (Artandi
et al., 2002). But mice lacking telomerase were viable up to six generations. Telomeres gradually
shortened and cells from animals of generation four displayed aneuploidy and other chromosomal
aberrations. Abnormalities were observed as early as in the third generation and late-generation
animals showed a few signs of accelerated aging (Blasco et al., 1997; Rudolph et al., 1999); it is
controversial whether these animals are aging faster or merely developing a variety of pathologies. All
in all, these results suggest that telomerase activity could be crucial for the normal functioning of
highly proliferative organs in mice (Lee et al., 1998). Nonetheless, telomere length and/or telomerase
activity do not explain why humans age slower than other primates and live so much longer than mice.
They may help explain, however, why mice have a much higher cancer incidence than humans
(Blasco, 2005).

Telomerase expression has been found in lobsters, a species in which aging remains undetected
(Klapper et al., 1998), though it could be due to molting. On the other hand, in the frog Xenopus
laevis, another animal with a slow rate of aging (Brocas and Verzar, 1961), not only a great variation
in telomere length has been observed (Bassham et al., 1998), but telomere length can diminish from
parents to offspring with no detectable consequences and despite telomerase activity in germ cells
(Mantell and Greider, 1994). The way telomere length does not impact on the life history of cloned
animals is also in contradiction with a role of telomeres in aging. For instance, scientists took cells
from a 17-year old bull and allowed them to divide (Kubota et al., 2000); they then used cells at
different stages of their replicative lifespan to create clones and, surprisingly, it appears that the older
cells with shorter telomeres are more efficient for generating clones. It would be interesting to know
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the longevity of these clones as well as that of cloned calves with extended telomeres (Lanza et al.
2000). Overall, maybe telomeres are the cellular clock, but judging from these results telomere length
is not a major determinant of the aging process.

As with RS, telomere shortening appears to be a tumor suppressor mechanism (de Magalhaes, 2004;
Campisi, 2005; Deng et al., 2008). Tumor development is dependent on telomere stabilization,
normally by telomerase (Chen et al., 2000). For example, telomerase activation has been associated
with skin malignancy as a result of exposure to ultraviolet radiation (Ueda et al., 1997). In contrast,
telomerase inhibition can induce senescence in some cancer cells (Shammas et al., 1999). Knocking-
out telomerase in mice through deletion of its RNA component, while not preventing cancer (Blasco
et al., 1997; Rudolph et al., 1999), appears to increase cancer resistance (Gonzalez-Suarez et al., 2000;
Rudolph et al., 2001). On the other hand, telomerase overexpression in mice promoted cancer
development (Gonzalez-Suarez et al., 2001; Artandi et al., 2002). In addition, the connection between
telomere signaling pathways and cancer is obvious (reviewed in Fearon, 1997). The human Li-
Fraumeni syndrome has been associated with mutations in p53 and is characterized by increased
cancer incidence (reviewed in Varley et al., 1997). Human germline mutations in p53 are also
associated with a major cancer risk (Hwang et al., 2003). Retinoblastoma is also recognized as
hereditary cancer (Murphree and Benedict, 1984; Goodrich and Lee, 1993). Germline mutations in
p16™%* have too been implicated in familial melanoma (Hussussian et al., 1994).

More debatable is the role of telomeres in animal aging (de Magalhaes and Toussaint, 2004a). As
mentioned elsewhere, senescent cells likely accumulate in some tissues and may contribute to organ
disfunction yet telomere-independent mechanisms may play a more prominent role. Some genetic
interventions that alter aging appear to influence tissue homeostasis by affecting senescence, cell
proliferation, and cell death, yet such evidence is circumstantial (reviewed in de Magalhaes and
Faragher, 2008). Evidence from genetic manipulation experiments of players involved in telomeric
signal transduction (Fig. 3) is mixed (reviewed in de Magalhaes, 2004). Increasing the dosage in mice
of INK4a/ARF (the gene coding the mouse homolog of p16™**") offers resistance against cancer but
does not affect aging (Matheu et al., 2004). There is some evidence that p53 may influence aging in
mice (Donehower, 2002), as debated elsewhere, but it is not clear the same is true for humans.
Likewise, disruption of p63, a homologue of p53, appears to accelerate aging (Keyes et al., 2005), yet
human defects in p63 do not (Celli et al., 1999). Mouse strains with increased levels of p53 and
INK4a/ARF are long-lived (Matheu et al., 2007), though it is unclear whether their aging process is
altered--as defined before. Arguably the strongest evidence for a role of telomerase in aging comes
from telomerase overexpressing mice also engineered to resist cancer via enhanced expression of p53
and INK4a/ARF as these are long-lived (Tomas-Loba et al., 2008). Even though it is not clear whether
aging is delayed in these animals or the exact mechanisms, these findings do point towards some level
of protection from age-related degeneration via optimization of pathways associated with telomeres
and RS. It should be noted, however, that telomerase may have functions independent of telomere
elongation, such as in protecting mitochondria from stress (Ahmed et al., 2008). Another study
showed that telomerase reactivation reverses degeneration in mice (Jaskelioff et al., 2011). However,
this study was conducted in animals that have no telomerase to begin with and thus develop a number
of pathologies. Benefits from reactivating telomerase in mice that become sick for lack of telomerase
are hardly surprising or noteworthy.

Dyskeratosis congenita is an inherited disease involving skin and bone marrow failure (reviewed in
Marrone and Mason, 2003). It is caused by a mutation in the DKC1 gene. Intriguingly, the protein
encoded by DKC1, dyskerin, is a component of telomerase. Mutations in the RNA component of
telomerase are associated with an autosomal dominant form of dyskeratosis congenita (Vulliamy et
al., 2001). Families with this form of the disease are more severely affected in later generations,
suggesting telomere shortening could be involved. Features of dyskeratosis congenita include bone
marrow failure, which is the most usual cause of death, abnormal skin pigmentation, leukoplakia and
nail dystrophy (Knight et al., 1998). The role of stem cells has also been suggested (Mason, 2003). As
judged from the phenotype of dyskeratosis congenita, telomeres are crucial in rapidly proliferating
tissues but it is unclear whether telomere shortening is involved in human aging.
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In conclusion, it is unquestionable that cellular senescence and telomere biology are important in
cancer and may be suitable to develop anti-cancer treatments (reviewed in Campisi et al., 2001;
Blasco and Hahn, 2003; Hahn, 2003; Lee and Schmitt, 2003; Wang et al., 2003). Whether these can
aid in understanding human aging is unknown. Hopefully readers can make their own mind from the
aforementioned discussion. My personal opinion is that cellular senescence, primarily caused by stress
but to some degree perhaps also by telomere shortening, can contribute to aging and age-related
diseases. Indeed, a genetic variant of telomerase has been associated with longer telomeres and
exceptional human longevity (Atzmon et al., 2010). Having said that, I am not convinced by the
empirical evidence that telomere shortening and cell senescence are causes of aging. They may be
contributors or intermediaries, for example by enhancing the effects of other types of molecular
damage, but I see little evidence that targeting the telomeres and/or telomerase by itself will have
much effect on human aging even if it might be helpful in the case of some specific pathologies. I also
think that cellular studies are crucial to gerontology, yet so much focus on measuring cellular
proliferation does not appear to me to be the best approach, as mentioned before. Other methodologies
are desperately needed to assess the role of cellular changes in organismal aging.
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5. Is Aging Genetic or Is It Wear and Tear?

Aging has been compared to the natural decay of materials and objects. In this essay, I debate the
essence of the aging process and hope to demonstrate that, despite any initial appearances, human
aging is not simply wear and tear. The second law of thermodynamics is not applicable to aging.
Genes can regulate the aging process, even though the environment is also important.

Sections

Aging Is Not Wear and Tear
Multiple versus Unifying Mechanisms of Aging
How Genes Can Regulate the Aging Process

Keywords: ageing, aging genes, biogerontology, genotype, heritability, longevity genes

Aging Is Not Wear and Tear

Tooth erosion is a frequent hallmark of aging among different organisms, particularly in mammals
(Finch, 1990, pp. 196-202). At a first glance, it would appear that tooth erosion, like many other age-
related changes like skin aging, bone aging, etc., is a mere result of wear and tear, similar to the
deterioration of materials and objects. However, to quote George Williams (Williams, 1957): "The
senescence of human teeth consists not of their wearing out but of their lack of replacement when
worn out." The same argument can be made of menopause and female reproductive senescence in
general. In mammals, females reach reproductive senescence ultimately because of their lack of
oogenesis as adults. Hence aging is not merely a consequence of wear and tear, but rather a
consequence of a lack of replacement of the parts. All molecules and cells that compose our body can
individually age, but it is the inefficient or lack of replacement of these building blocks that leads to

aging.

As detailed before, the teeth of sharks also suffer from wear and tear, but they evolved a mechanism to
cope with this problem: they can replace their teeth throughout life, and many other species possess
this ability. In some mammals, like rabbits and many rodents, the teeth grow continuously, as an
attempt to mitigate the increased wear and tear from their food habits that involve chewing, but this is
not a viable long-term solution. Long-lived mammals like elephants have more than the two sets of
teeth. So while wear and tear do contribute to the erosion of individual teeth, the ultimate cause of
tooth erosion is in the genetic program of animals that determines their body plan and its inherited
limitations. From this perspective, aging is ultimately genetic. In fact, through genetic and tissue
engineering scientists are trying to create new teeth in the gums of patients (Chai and Slavkin, 2003).
Moreover, and unlike objects, higher organisms endure an extraordinary period of development in
which their abilities, functions and capacity to maintain homeostasis are greatly increased. To quote
George Williams again: "It is indeed remarkable that after a seemingly miraculous feat of
morphogenesis a complex metazoan should be unable to perform the much simpler task of merely
maintaining what is already formed."

In summary, it is now largely recognized that, contrary to the wear and tear of inanimate objects,
aging in higher organisms is not primarily the result of damage to irreplaceable body parts. Certainly,
molecules and cells can suffer from damage akin to wear and tear. Unlike objects, however, animals
can replace most of their cells and molecules, and often have a high turnover of components exposed
to environmental insults. In other words, complex biological systems are dynamic and have the ability
to repair and regenerate their damaged components. Even for components that cannot be replaced, like
mammalian teeth, their degeneration can be seen not just as mechanical senescence but as limitations
of the genetic program. I should note that there are differences in interpretation of aging changes
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which influence the way different researchers interpret the essence of aging; as discussed elsewhere,
some authors see aging as genetic in nature while others see it as a build-up of damage counteracted
by genetically-regulated mechanisms. Nonetheless, as detailed below, it is clear now that aging has a
strong genetic component and it is not merely wear and tear.

Multiple versus Unifying Mechanisms of Aging

Some have argued that aging has multiple origins and is a mere combination of age-related changes
and diseases each timed by independent clocks (Olson, 1987). For instance, some experts have
defended that aging derives from the failure of multiple maintenance mechanisms and that there is no
basic aging process at all (Holliday, 1995; Peto and Doll, 1997). On the other hand, some defend that
aging is genetically programmed (e.g., Longo et al., 2005). Clearly, some species age due to a precise,
uniform genetic clock (Prinzinger, 2005). Semelparous species such as the salmon are such an
example, as described before. In these organisms, aging and death follow a very specific, well-timed
program analogous to development (Austad, 2004). But humans show a gradual aging process, not
sudden death, so the mechanisms of aging in semelparous species may not be similar to what happens
in humans.

Species (estimated last MRDT in years Observations

common ancestral)

Humans 7.6-8.9

Chimpanzees (5.4 Mya) Similar to humans Our closest relatives, whose
onset of aging occurs
considerably earlier than in
humans

Old world monkeys (23 Mya) 3.5-4.8 (baboons), 15 (rhesus Some primates appear to age

macaques) about twice as fast as humans

Other non-primates like Age considerably faster than

marmosets, tarsiers, and dwarf humans, showing signs of aging

and mouse lemurs (60 Mya) in their second decade of life

Mice and rats (91 Mya) 0.3 Two of the fastest aging
mammals

Some common mammals from 3 (dog), 4 (horse), 1.5 (sheep)

farm to domestic animals (92

Mya)

Long-lived mammals such as 8 (elephants)

elephants and whales (92 Mya)

Slowly aging reptiles (200 Mya) Often no MRDT detected Some reptiles appear not to age

Table 1: Last common ancestral represents estimates--often still under debate--of when a species and
humans split, in millions of years ago (Mya). (See Finch, 1990; Hill et al., 2001; Bronikowski et al.
2002; de Magalhaes and Toussaint, 2002; Hedges. 2002; de Magalhaes. 2006.)

Although the MRDT is only an approximation of the rate of aging, as described before, it varies
widely among similar species (Table 1). Even the pace and/or onset of age-related changes can be
remarkably different between similar species, as described elsewhere. On the other hand, the MRDT
is relatively constant among human populations, even under different environmental conditions
(Finch, 1990). This robustness of the aging process suggests a strong genetic component.
Independently of environmental conditions, a mouse will age 25-30 times faster than a human being.
Why does a mouse age in a few years while humans take over a decade just to reach maturity? The
reasons why species age at different paces must be located in the genome. Even though nutrition and
exercise can make you live longer and attenuate certain age-related diseases, as discussed elsewhere,
you will not be able to live as along as a Galapagos tortoise because humans are genetically
determined to age within a given blueprint. That is not to say that aging evolved for an evolutionary
purpose, a topic debated elsewhere, just like cancer has a strong genetic basis but it did not evolve for
a purpose. What it means is that there are genetic factors determining the pace of aging of different
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species. In other words, aging is programmed in our genes. Possibly, there is a molecular clock--or
processes akin to a clock--regulating the aging process (de Magalhaes, 2003). This is further
supported by the synchronization of life events among mammals (Finch, 1990, pp. 150-202 & 619; de
Magalhaes and Church, 2005). In fact, the aging process of mammals often appears as the same
process only timed at different rates.

Some gerontologists that defend multifactorial causes of aging previously argued against a molecular
clock regulating cellular senescence (e.g., Holliday, 1995). Now we know that indeed such a clock
exists, as detailed in another essay. A complex cascade of events such as cellular senescence can be
regulated by a few genes such as telomerase (Bodnar et al., 1998; Wright and Shay, 2001; de
Magalhaes, 2004), as described elsewhere. While no doubt organismal aging is more complex and
under the regulation of more genes than cellular senescence, the point is that aging is not merely
random deterioration but must entail mechanisms under the regulation of the genome; whether these
mechanisms actively cause aging, like certain mechanisms cause cell senescence, or merely regulate
systems, such as repair processes, that end up modulating aging is discussed elsewhere. Like for other
continuous traits--phenotypes that can be measured on a quantitative scale--, aging is multifactorial in
the sense that it is influenced by many genes interacting with the environment. Indeed, it has been
long acknowledged that extrinsic factors are important in aging (Rowe and Kahn, 1987). What has
surprised scientists in recent years is the extent and number of genes that can influence aging, as
detailed below.

How Genes Can Regulate the Aging Process

The greatest evidence in favor of seeing aging as having a unifying core is the way single genes can
modulate the aging process. According to the GenAge database, hundreds of genes that when
individually manipulated can alter aging and/or lifespan have been identified in model organisms. The
plasticity of lifespans in invertebrates shows how one or a few genes can regulate the entire aging
process (Lin et al., 1998; Vanfleteren and Braeckman, 1999; Benard and Hekimi, 2002; Johnson
2002; Kenyon, 2010). For example, in worms, single gene mutations can extend lifespan by almost
10-fold (Ayyadevara et al., 2008). In mice, there are several examples of single genes that can extend
longevity, in some cases by around 50%, increase the MRDT, and delay the onset of multiple age-
related changes and diseases (Liang et al., 2003; de Magalhaes et al., 2005). These results clearly
argue that genetic mechanisms can, up to a certain degree, regulate aging in mammals. (These genes
and their mechanisms are further detailed elsewhere.) Human studies have shown a significant degree
of heritability of longevity, in particular at later ages (Hjelmborg et al., 2006). Studies in centenarians,
in fact, have shown that the offspring of long-lived parents are protected against age-related diseases
(for example see Atzmon et al., 2004). Genetic variants (alleles) in human homologs of genes shown
to regulate aging in model organisms have also been associated with human longevity (Bonafe et al.
2003; Suh et al., 2008), albeit effects as marked as those observed in model organisms have not been
observed in humans. Lastly, it has been argued that the rapid evolution of longevity in the human
lineage indicates that maybe a small number of genes are able to regulate the pace of aging (Cutler,
1975).

One of the most intriguing phenotypes in the biology of aging is the accelerated aging witnessed in
humans and animals as a result of certain mutations. Progeroid syndromes, as they are called, are rare
genetic diseases that originate a phenotype that resembles accelerated aging. The three most studied
such syndromes are Werner's (WS), Cockayne, and Hutchinson-Gilford's syndrome (Martin, 1978;
Martin and Oshima, 2000). Though patients with Down syndrome or trisomy 21 often also exhibit
progeroid features (Martin, 1978; Raji and Rao, 1998), this disease has not gathered as much attention
from the perspective of aging research as the other three syndromes named above. In particular
patients with WS exhibit striking features resembling accelerated aging and show an early onset--
compared to normal aging--of multiple age-related diseases like diabetes, cataracts, osteoporosis,
baldness, and atherosclerosis (Goto, 1997; Fig. 1). Though differences exist in terms of pathology,
what most markedly distinguishes these syndromes is age of onset with Hutchinson-Gilford's and
Cockayne syndrome almost exclusively affecting children while WS patients normally reach
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adulthood. There are also five reported cases of a neonatal form of progeria called Wiedemann-
Rautenstrauch syndrome, in which babies appear to be born old, but further research is needed to
confirm or dismiss such cases as accelerated aging (Rodriguez et al., 1999; Arboleda et al., 2007).

George Martin suggested that WS mimics about 50% of aging characteristics: early cataracts, old skin,
gray hair, etc., but not brain aging (Martin, 1982; Gosden, 1996, p. 126). This is a high proportion
since it is not clear that these diseases are indeed accelerated aging. Moreover, the WS phenotype
tends to affect tissues where WRN, the gene in which mutations result in WS (Yu et al., 1997), is
expressed (Motonaga et al., 2002), so it makes sense that not all organs display signs of accelerated
aging in WS. Such diseases demonstrate the hierarchical essence of aging in which a single gene can
regulate a vast array of complex age-related changes. (Further details concerning the underlying
molecular mechanisms of these diseases are presented in another essay.)

WS patient age 15 yrs | WS patient age 48 yrs

Figure 1: A Werner syndrome patient. Source: the University of Washington Werner syndrome
Home Page.

One key discovery in the biology of aging was made in 1935, following earlier findings (Osborne et
al., 1917), by veterinary nutritionist Clive McCay and colleagues. As previously mentioned, they
discovered they could slow aging in laboratory rats just by making them eat less calories while
maintaining normal levels of proteins, vitamins, and minerals (McCay et al., 1935). This process
became known as caloric restriction (CR) and appears to work in many animals; it has been
particularly well-studied in mice. From mice, we know that CR not only increases longevity by up to
50% but it also postpones or diminishes the incidence of most age-related diseases, decreases the rate
of aging (de Magalhaes et al., 2005), and delays development (reviewed in Weindruch and Walford,
1988). Doubts have for long existed on whether CR results from some technical artifact. Even so, CR
remains the most impressive way to delay aging in mammals, particularly since it derives from a quite
simple intervention. Like WS, CR demonstrates how it is possible to delay the aging process as a
whole, suggesting that aging has a unifying clock. (The mechanisms of CR are still under debate but
are further discussed in another essay.)
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Recent large-scale gene expression studies have revealed a degree of coordination in age-related
changes in gene expression; in mice different tissues age in a coordinated fashion so that a given
mouse may exhibit rapid aging while another ages slowly across multiple tissues (Zahn et al., 2007).
This suggest the existence of common or synchronizing mechanisms, or at least systemic factors, in
the aging phenotype. On the other hand, individual organs have some unique gene expression changes
with age (Zahn et al., 2007; de Magalhaes et al., 2009b). Besides, only a small percentage of genes
(<5%) are expressed in all tissues (Su et al., 2004) which suggests that aging may have multiple
modulators in individual tissues. For example, even if one particular type of damage (e.g., DNA
damage) is the underlying cause of aging different tissues will respond differently and be affected in
different ways.

Like many others (Miller, 1999), I think there is a fundamental process that gives rise to aging. There
is a uniform, unifying genetic-based core that synchronizes most facets of aging. Nonetheless, it is
plausible--even likely--that some age-related changes and diseases are independent of this core
process; causes of disease and causes of aging can be different. For example, Machado-Joseph is a
neurodegenerative genetic disease with a typical adult onset that results from a single gene defect that
appears to result in a toxic form of the protein (Sequeiros et al., 1994). Similarly, many genes can
influence individual age-related changes (Martin, 1982). Furthermore, there is a great variability in
age-related changes among individuals, suggesting that lifestyle can influence aging to some degree
(Finch, 1990, pp. 317-352). Nonetheless, it is interesting to note that, in worms, retarding aging also
reduces aberrant protein aggregation as observed in neurodegenerative diseases like Alzheimer's
disease (Morley et al., 2002; Cohen et al., 2006). Even for diseases that involve a toxic gain of
function, the length of time until the disease develops often correlates with the organism's lifespan,
possibly because such diseases are rarely the result of a single defect and thus can be influenced by a
number of processes and additional insults (Morimoto, 2006). In conclusion, all the hundreds of genes
identified to regulate aging provide strong evidence that aging has a strong genetic basis and that
indeed a basic aging process exists. There may even be a single mechanistic clock, though this is not
yet proven. Nonetheless, age-related changes in individual organs may be subject to unique
constraints, both environmental and genetic.

Although the broad aim of my work is to unravel the aging process, I believe that focusing on these
fundamental causes of aging, the genetic basis for differences in rate of aging between similar species
and between individuals, is the most appropriate strategy (de Magalhaes, 2003), an idea long defended
by many others (Comfort, 1968). The proportion of diseases that are independent of--or largely
unaffected by--the fundamental cause(s) of aging seem low, but I cannot exclude that the impact of
such fundamental mechanism(s) is overestimated. Besides, no doubt independent causes and risk
factors (including environmental factors) contribute to the development of age-related diseases, even
if influenced by unifying aging mechanisms. Of course, humans do not appear to have death genes
like the salmon, so no doubt many genes interacting with each other are involved in aging; yet
elucidating the genes and mechanisms controlling aging is paramount to develop interventions that
delay aging and ultimately to cure aging. Candidate mechanisms of aging are discussed elsewhere.

As mentioned before, more resources are aimed at trying to cure age-related diseases than aging, or
senescence, itself. This is partly due to the belief that aging is a complex, difficult to understand
process that has eluded generations of gerontologists. Such way of thinking may lead to complacency
and unambitious objectives. On the other hand, if one sees aging as caused by a unifying mechanism
objectives become more ambitious; CR and recent findings in the genetics of aging prove that aging
can be manipulated in model organisms, and the prospects of developing drugs that delay aging is
excellent (de Magalhaes et al., 2012). That said, just because aging has a genetic core does not mean
that curing it will be easy. Naturally occurring genetic variants in mice (and possibly in humans too)
can delay aging, but only to a certain point. Therefore, even when we identify the genetic mechanisms
behind human aging, curing aging will be an Herculean task.
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6. Why Do We Age?

We do not see the world as it is, we see the world
as we are.

- The Talmud

Keywords: ageing, causes of aging, genetics, science of aging, why do people age, why we get old

Over the years, many theories have emerged to explain what process or mechanism drives aging
(reviewed in Medvedev, 1990; Weinert and Timiras, 2003). In fact, almost every important discovery
in molecular or cellular biology has led to a new family of theories of aging. Most theories of aging
have old origins, but the inherent difficulties of studying human aging--such as the lack of adequate
models--make testing these theories a difficult, lengthy, and expensive process. Moreover, interpreting
the results, for example from longevity studies, is frequently controversial; discriminating between
causes and effects of aging is often impossible. That is why, at present, no consensus exists over what
causes aging, what determines rate of aging across mammals, or what changes occur in humans from
age 30 to 70 to increase the chances of dying by over 30-fold. Nevertheless, some theories have
gathered more empirical support than others and this essay aims to present and discuss them. As
always in senescence.info, I try to provide a balanced view, even though I of course give more
emphasis to the most prominent theories. Like in other fields with little empirical evidence and many
conflicting theories, biogerontology is tainted by scientific dogmatism and, even though I have my
own favorite theories of aging, I try to follow an open-minded skepticism regarding this crucial yet
controversial topic (de Magalhaes, 2005a).

Aging is a largely mysterious process. The aging process may derive from changes occurring in
parallel in different tissues due to intrinsic cellular mechanisms or changes in one tissue may be
predominant. Some authors argue that aging is located within one tissue such as the brain (e.g.,
Mattson et al., 2002) while others defend that aging originates in all tissues (e.g., Kowald and
Kirkwood, 1994). Some researchers even argue that one type of cells such as bone marrow stem cells
may be crucial (Geiger and Van Zant, 2002; Van Zant and Liang, 2003). "Big bang" reproduction
demonstrates how one particular system, often the endocrine system, can regulate aging (see Gosden
1996 for arguments). Results from the model system C. elegans indicate that a few lineages in mosaic
organisms confer longevity (Apfeld and Kenyon, 1998; Hsin and Kenyon, 1999; Lin et al., 2001;
Arantes-Oliveira et al., 2002; Patel et al., 2002), perhaps due to endocrine signals (Wolkow et al.
2000; Ch'ng et al., 2008). Neurons and the brain might play a regulatory role in aging (Bauer et al.
2005; Bishop and Guarente, 2007), at least to some degree. Some results from mice also suggest the
existence of systemic factors in aging, but only to some degree (Conboy et al., 2005). On the other
hand, as mentioned previously, it appears that intrinsic changes occur in human cells as we age (de
Magalhaes, 2004). Although this debate has not been settled yet, it appears that intrinsic cellular
mechanisms play a role in aging, though these can be modulated by extracellular factors like
hormones.

There are many types of theories of aging. I could have divided this section in many different ways,
but I think it makes sense to divide it into damage-based and programmed theories of aging. Damage-
based theories, as the name implies, defend that aging results from a continuous process of damage
accumulation originating in by-products of metabolism; in other words, a certain form of damage
accumulates throughout the entire lifespan and causes most aspects of what I previously defined as
aging. Typically, this damage is a by-product of normal cellular processes, or a consequence of
inefficient repair systems. On the other hand, programmed theories of aging argue that aging is not a
result of random or stochastic process but rather driven by genetically regulated processes.
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As argued elsewhere, aging has a strong genetic component. Even damage-based theories of aging
recognize that certain genetic factors, such as defensive or protective genes, play a role in aging
(Kirkwood and Austad, 2000). Likewise, programmed theories of aging recognize that some forms of
damage contribute to aging and that environmental factors influence the outcome of aging to some
degree. So the difference between these two camps lies in the underlying mechanism: damage-based
theories of aging argue that aging is predominantly a result of interactions with the environment (e.g.,
Holliday, 2004) and/or damage from chemical reactions (e.g., Baynes, 2000), while programmed
theories argue that aging is predetermined and occurs on a fixed schedule triggered by genetic
programs. Others have suggested similar segregations of theories of aging (e.g., Cutler, 1979). For
instance, it has been proposed that aging could be: 1) a result of extrinsic or intrinsic factors that cause
an accumulation of damage; or 2) that aging is a result of changes in gene expression that are either
programmed or derived from DNA structural changes (Campisi, 2000). As will become apparent,
however, a certain amount of overlap between theories of aging is possible.

One of the major problems in developing a coherent aging theory is separating causes from effects. As
any statistician will tell you: "Correlation does not mean causation." Just because two processes
parallel each other we cannot imply a causal relation in any direction. Therefore, it is extraordinarily
difficult to predict which, if any, mechanistic theory of aging is correct. One way to infer the impact
on aging of the pathways described here is using a system-level approach. By perturbing each
component of a pathway under study and integrating the observed effects it is possible to discriminate
causes from effects and formulate new hypotheses (de Magalhaes and Toussaint, 2004b). While
interpreting theories of aging I try to follow a system-biology approach based on, if any, published
perturbations of the pathway's components. Perturbations typically refer to genetic manipulations and
more details concerning many of the genes discussed are available at the GenAge database.
Epistemology in the field of aging is crucial and I think genetic manipulations offer ample, usually
unambiguous, evidence with which to understand theories of aging.

Unfortunately, the inevitable conclusion of this section is that the jury is still out regarding
mechanisms of aging. Although the search for a pacemaker of age-related changes continues, the
bottom line is that all proposed mechanisms can be upregulated by some other--unknown or not--
mechanism. The large number of aging theories is proof that our understanding of aging is still far
from perfect; to quote David Rollo: "In any field of science, the true degree of understanding is
inversely proportional to the number of explanatory theories that prevail." Even so, and since there are
more doubts than answers in gerontology, we should not discard these theories easily. Life, and
marveling life and death as we do in gerontology, is a game of probabilities. Some theories have
gathered more evidence than others and hence may be more promising foci for future research and for
developing anti-aging interventions. So please read on the different theories of aging and hopefully
you can conjure better theories or determine ways to better test the current theories experimentally.
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6.1 Damage-Based Theories of Aging

One class of theories of aging is based on the concept that damage, either due to normal toxic by-
products of metabolism or inefficient repair/defensive systems, accumulates throughout the entire
lifespan and causes aging. In this essay, I present and review the most important of these damage-
based theories.

Sections

Orgel's Hypothesis, Protein Damage and Autophagy
Energy Metabolism and Aging

The Free Radical Theory of Aging

The DNA Damage Theory of Aging

Keywords: ageing, anti-oxidants, biogerontology, error catastrophe theory of aging, hypotheses, life
span

The general idea behind damage-based theories of aging is that a slow build-up of damage, perhaps
even from conception (Gavrilov and Gavrilova, 2001), eventually leads to failure of the system which
can be seen as failure of a critical organ like the heart or the whole body. It is useful to point out,
however, that some authors (e.g., Olson, 1987; Holliday, 2004; Kirkwood, 2005) defend that aging is
a result of many forms of damage accumulation, and hence that aging is due to an overlap of the
mechanistic theories of aging described below.

Orgel's Hypothesis, Protein Damage and Autophagy

Aging has long been seen as a result of errors of many kind. An early attempt to develop a theory
engulfing the genetic and protein machineries was Orgel's hypothesis (Orgel, 1963). Essentially, his
idea was that errors in transcription from DNA lead to errors in proteins which build-up over time and
cause more errors in transcription, creating an amplifying loop that eventually kills the cell and leads
to aging. Errors in DNA repair would also affect the accuracy of the flow of information in cells
(Orgel, 1973). Indeed, damaged proteins accumulate with age, and enzymes lose catalytic activity
with age (Gershon and Gershon, 1970). This can lead to cellular dysfunction and accumulation of
other forms of damage. On the other hand, Orgel's hypothesis has been regarded as unlikely to be
correct for various reasons: feeding abnormal amino acids to animals to increase the number of errors
in proteins does not result in a shorter lifespan (Strehler, 1999, p. 293); errors in macromolecular
synthesis also do not appear to increase with age (Rabinovitch and Martin, 1982); in vitro aging
cultured fibroblasts do not have increased protein errors (Harley et al., 1980)--and, in fact, cellular
senescence appears to be caused by other mechanisms. Presently, Orgel's hypothesis is largely
discarded.

Even though Orgel's hypothesis failed the test of time, some age-related diseases could be due to
protein defects and accumulating protein errors (e.g., see Lee et al., 2006; Morimoto, 2006) and a role
for protein dysfunction in aging is a possibility. Proteasomes are protein complexes that degrade other
proteins; their expression decreases with age (Lee et al., 1999) and this has been implicated as a factor
contributing to aging (Friguet et al., 2000). Also, the half-life of proteins is longer in older animals
(Eriguet et al., 2000). One study found evidence that proteins involved in protein degradation are
under selection in lineages where longevity increased (Li and de Magalhaes, 2012). Two studies found
evidence that protein stability and protein homeostasis are enhanced in long-lived bats and in the
naked mole-rat when compared to mice (Perez et al., 2009; Salmon et al., 2009), yet another study
found no evidence that protein repair and recycling are correlated with longevity in 15 species of birds
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and mammals (Salway et al., 2011). Therefore, the results are not conclusive but this is an area where
further studies are warranted.

Autophagy is a process by which the cell digests its own organelles and components. Recent studies,
in particular genetic manipulations in model organisms, point towards a role of autophagy in aging
(reviewed in Cuervo et al., 2005; Rubinsztein et al., 2011). In flies, disruption of autophagy shortens
(Juhasz et al., 2007) while enhanced autophagy increase lifespan (Simonsen et al., 2008).
Manipulation of autophagy-related genes has also been associated with longevity in yeast (Tang et al.,
2008). There is in fact evidence that longevity-associated pathways, such as GH/IGF1 that is detailed
elsewhere and TOR (which some anti-aging interventions target), influence autophagy (Toth et al.

2008; Salminen and Kaarniranta, 2009; Kamada et al., 2010; Neufeld, 2010), though the causality of
these links remains to be established since autophagy is related to other processes too. Dysfunction of
autophagy has also been linked to neurodegenerative disorders (Wong and Cuervo, 2010). In mouse
liver, autophagy declines with age and its maintenance through genetic manipulation can improve the
ability of cells to handle protein damage, resulting in lower levels of damaged proteins and improved
organ function (Zhang and Cuervo, 2008). While a lot of works remains to elucidate the role of
autophagy in aging, it does appear that protein homeostasis is important for longevity and its
dysfunction could contribute to aging (Morimoto and Cuervo, 2009).

Energy Metabolism and Aging

In 1908, physiologist Max Rubner discovered a relationship between metabolic rate, body size, and
longevity. In brief, long-lived animal species are on average bigger--as detailed before--and spend
fewer calories per gram of body mass than smaller, short-lived species. The energy consumption
hypothesis states that animals are born with a limited amount of some substance, potential energy, or
physiological capacity and the faster they use it, the faster they will die (Hayflick, 1994). Later, this
hypothesis evolved into the rate of living theory: the faster the metabolic rate, the faster the
biochemical activity, the faster an organism will age. In other words, aging results from the pace at
which life is lived (Pearl, 1928). This hypothesis is in accordance with the life history traits of
mammals in which a long lifespan is associated with delayed development and slow reproductive rates
(reviewed in Austad, 1997a & 1997b).

As previously mentioned, caloric restriction (CR) is one of the most important discoveries in aging
research. Although the mechanisms behind CR remain a subject of discussion (see below), since it
involves a decrease in calories, one hypothesis put forward by George Sacher is that maybe CR works
by delaying metabolic rates, in accordance with the energy consumption hypothesis (reviewed in
Masoro, 2005). Body temperature is crucial to determine metabolic rate since the rate of chemical
reactions rises with temperature. One common feature of animals, such as mice, rats, and monkeys,
under CR is a lower body temperature (Weindruch and Walford, 1988; Ramsey et al., 2000), which is
consistent with the energy consumption hypothesis. On the other hand, some studies in rodents
suggest that CR can extend lifespan without reducing metabolic rate (Masoro 2005). For example,
some evidence indicates that mice under CR burn the same amount of energy as controls, suggesting
they have similar metabolic rates. These studies, however, remain controversial in the way metabolic
rate is normalized to metabolic mass (McCarter and Palmer, 1992). An alternative hypothesis is that
CR shifts metabolic pathways (Duffy et al., 1990). More recent results suggest that previous studies
used unreliable estimates of metabolic mass in their calculations and indeed CR changes metabolic
rates, supporting the rate of living hypothesis (Greenberg and Boozer, 2000), yet the debate has not
been settled.

Several experiments have cast doubts on the energy consumption hypothesis. For instance, rats kept at
lower temperatures eat 44% more than control mice and yet do not age faster (Holloszy and Smith,
1986). In fact, mice with higher metabolic rates may live slightly longer (Speakman et al., 2004).
Mutations in the tau protein in hamsters increase metabolic rates and extends lifespan (Oklejewicz and
Daan, 2002). Lastly, as detailed before, metabolic rates, when correctly normalized for body size, do
not correlate with longevity in mammals (de Magalhaes et al., 2007a). Despite its intuitive concept,
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the rate of living theory is practically dead. Based on observations from CR, it is likely that energy
metabolism plays a role in aging but, as described below, it is not clear how this occurs. One
hypothesis is that energy metabolism is linked to insulin-signaling, as mentioned ahead.

The Free Radical Theory of Aging

Free radicals and oxidants--such as singlet oxygen that is not a free radical--are commonly called
reactive oxygen species (ROS) and are such highly reactive molecules that they can damage all sorts
of cellular components (Fig. 1). ROS can originate from exogenous sources, such as ultraviolet (UV)
and ionizing radiations, and from several intracellular sources. The idea that free radicals are toxic
agents was first suggested by Rebeca Gerschman and colleagues (Gerschman et al., 1954). In 1956,
Denham Harman developed the free radical theory of aging (Harman, 1956; Harman, 1981). Since
oxidative damage of many types accumulate with age (e.g., Ames et al., 1993), the free radical theory
of aging simply argues that aging results from the damage generated by ROS (reviewed in Beckman
and Ames, 1998).

ROS D — Different types oo - DN_A’ etc.

of damage

Figure 1: ROS or reactive oxygen species can be formed by different processes including normal cell
metabolic processes. Due to their high reactivity, ROS can damage other molecules and cell
structures. The free radical theory of aging argues that oxidative damage accumulates with age and
drives the aging process.

To protect against oxidation there are many different types of antioxidants, from vitamins C and E to
enzymes such as superoxide dismutase (SOD), catalase, and glutathione peroxidase. Briefly,
antioxidant enzymes are capable of degrading ROS into inert compounds through a series of chemical
reactions (Ames et al., 1981; Ames et al., 1993). The simple existence of enzymes to prevent damage
by ROS is a strong indicator that ROS are biologically important, dangerous molecules (de Magalhaes
and Church, 2006).

Most experimental evidence in favor of the free radical theory of aging comes from invertebrate
models of aging. Transgenic fruit flies, Drosophila melanogaster, overexpressing the cytoplasmic
form of SOD, called Cu/ZnSOD or SODI, and catalase have a 34% increase in average longevity and
a delayed aging process (Orr and Sohal, 1994). More recent findings, however, suggest that the
influence of SOD1 and catalase in Drosophila aging may had been overestimated because the authors
only took into account short-lived strains (Orr et al., 2003). Overexpressing bovine SOD2, the
mitochondrial form of SOD, also called MnSOD, in Drosophila slightly extends average longevity but
does not delay aging (Fleming et al., 1992). Also in Drosophila, expression of SOD1 in motor neurons
increases longevity by 40% (Parkes et al., 1998) and overexpression in neurons of thioredoxin, a
protein involved in reduction-oxidation (redox) reactions that can act as an antioxidant, increased
lifespan by 15% (Umeda-Kameyama et al., 2007). Certain long-lived strains of both Drosophila
(Rose, 1989; Hari et al., 1998) and the nematode worm Caenorhabditis elegans (Larsen, 1993) have
increased levels of antioxidant enzymes. On the other hand, evidence against the free radical theory
has also emerged from invertebrate models. Briefly, deletion of SOD2 in C. elegans surprisingly
extends lifespan (Van Raamsdonk and Hekimi, 2009), and long-lived ant queens actually have lower
levels of SODI1 (Parker et al., 2004). Overexpression of SOD2 and catalase decreased the
mitochondrial ROS release and increased resistance to oxidative stress in Drosophila yet decreased
lifespan (Bayne et al., 2005).

59



In addition to antioxidants, some enzymes catalyze the repair caused by ROS. One of such enzymes is
methionine sulfoxide reductase A (MSRA), which catalyzes the repair of protein-bound methionine
residues oxidized by ROS. Overexpression of MSRA in the nervous system of Drosophila increases
longevity (Ruan et al., 2002) while mice without MSRA have a decreased longevity of about 40%
(Moskovitz et al., 2001). Whether the aging process is affected remains to be seen (de Magalhaes et
al., 2005), although the results from Drosophila suggest that age-related decline is also delayed by
MSRA overexpression. Another enzyme that repairs oxidative damage is 8-oxo-dGTPase, which
repairs 8-0x0-7,8-dihydroguanine, an abundant and mutagenic form of oxidative DNA damage. But
contrary to the results involving MSRA, when researchers knocked out the gene responsible for 8-
oxo-dGTPase, although the mutated mice had an increased cancer incidence, their aging phenotype
did not appear altered (Tsuzuki et al., 2001).

Targeted mutation of p66™ in mice has been reported to increase longevity by about 30%, inducing
resistance to oxidative damage, and maybe delaying aging (Migliaccio et al., 1999). Although the
exact function of p66™™ remains unclear, some evidence suggests it may be related to intracellular
oxidants and apoptosis (Nemoto and Finkel, 2002; Trinei et al., 2002; Napoli et al., 2003). Also,
transgenic mice overexpressing the human thioredoxin gene featured an increased resistance to
oxidative stress and an extended longevity of 35% (Mitsui et al., 2002). Like p66™, mammalian
thioredoxin regulates the redox content of cells and is thought to have anti-apoptotic effects (Saitoh et
al., 1998; Kwon et al., 2003). More recent results suggest modest effects of thioredoxin
overexpression on the lifespan of male mice and no effects on the lifespan of females (Perez et al.
2011). Neither p66™ nor thioredoxin are "traditional" antioxidants, so these findings could be
unrelated to the free radical theory of aging but rather, for instance, tissue homeostasis. Mice with
extra catalase in their mitochondria lived 18% more than controls and were less likely to develop
cataracts, but they did not appear to age slower and their extended lifespan appeared to derive from a
decrease in cardiac diseases throughout the entire lifespan (Schriner et al., 2005). Lastly, the
phenotype witnessed in a strain called senescence-accelerated mice may be related to free radical
damage (Edamatsu et al., 1995; Mori et al., 1998).

Experiments in feeding mice antioxidants--either a single compound or a combination of compounds--
were able to decrease oxidative damage and increase average longevity but none of them clearly
delayed aging (Harman, 1968; Comfort et al., 1971; Heidrick et al., 1984; Saito et al., 1998; Holloszy,
1998; Quick et al., 2008), while other studies did not conclude that feeding mice antioxidants
increases longevity (e.g., Lipman et al., 1998). Several attempts have been made to overexpress or
knock-out antioxidants in mice, but the results have been largely disappointing (Sohal et al., 2002; de
Magalhaes, 2005a; de Magalhaes and Church, 2006; Lapointe and Hekimi, 2010). Often animals do
not show any differences in their aging phenotype when compared to controls (Reaume et al., 1996;
Ho et al., 1997; Schriner et al., 2000). In one of the most elegant experiments to test the free radical
theory of aging, knockout mice heterozygous for SOD2 showed increased oxidative damage at a
cellular and molecular level but did not show significant changes in longevity or rate of aging (Van
Remmen et al., 2003). Ubiquitous overexpression of SOD1 in mice also failed to increase longevity
(Huang et al., 2000). These results suggest that antioxidant proteins are already optimized in
mammals. Indeed, correlations between rate of aging and antioxidant levels in mammals are, if they
exist, very weak (reviewed in Finch, 1990; Sohal and Weindruch, 1996). Some studies found
correlations between the levels of certain antioxidants and longevity in mammals, but failed to find
any consensus (Tolmasoff et al., 1980; Ames et al., 1981; Cutler, 1985; Sohal et al., 1990). The long-
lived naked mole-rat does not appear to have higher levels of antioxidants when compared to mice
(Andziak et al., 2005). The way antioxidants can increase longevity but do not affect rate of aging
suggests that antioxidants may be healthy but do not affect the aging process, as debated elsewhere.

Although ROS can have several sources, some argue that ROS originating in the cellular metabolism
which takes place in the cell's energy source, the mitochondrion, are the source of damage that drives
aging. Since ROS are a result of cellular metabolism, the free radical theory of aging has been
associated with the rate of living theory (Harman, 1981). One mechanism proposed for CR is that
animals under CR produce less ROS and therefore age slower (Weindruch, 1996; Masoro, 2005), but
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since the rate of living theory seems out-of-favor this perspective will not be further discussed here.
An alternative hypothesis is that the rate of mitochondrial ROS generation, independently of
metabolic rates or antioxidant levels, may act as a longevity determinant (Sohal and Brunk, 1992;
Barja, 2002). Some results suggest that the rate of ROS generated in the mitochondria of post-mitotic
tissues helps explain the differences in lifespan among some animals, particularly among mammals
(Ku et al., 1993; Barja and Herrero, 2000; Sohal et al., 2002; Lambert et al., 2007) and between birds
and mammals (reviewed in Barja, 2002). One pitfall of these studies is that technical limitations exist
in measuring ROS production in isolated mitochondria. For example, none of these studies measures
the levels of hydroxyl radical, the most reactive and destructive of the ROS; often, hydrogen peroxide
and superoxide anion are measured since they can react to give the hydroxyl radical. Even so, such
studies may not be representative of what actually occurs. Moreover, two studies in Drosophila found
that lowering ROS leakage from the mitochondria either did not result in a longer lifespan (Miwa et
al., 2004) or even resulted in a shorter lifespan (Bayne et al., 2005). On the other hand, comparative
genomics studies have revealed several associations between features of mitochondrial DNA
(mtDNA) across species and longevity (de Magalhaes, 2005b; Moosmann and Behl, 2008; Nabholz et
al., 2008; Aledo et al., 2011), suggesting that changes to mitochondrial proteins may be involved in
the evolution of long lifespans, though further studies are necessary to elucidate the mechanisms
involved.

Several pathologies in mice and humans derive from mutations affecting the mitochondrion, which
often involve an increase in ROS leakage from the mitochondrion (Pitkanen and Robinson, 1996;
Wallace, 1999; DiMauro and Schon, 2003). Yet these pathologies do not result in an accelerated aging
phenotype, but frequently result in diseases of the central nervous system (Martin, 1978). One
example is Friedreich's ataxia which appears to result from increased oxidative stress in mitochondria
and does not resemble accelerated aging (Rotig et al., 1997; Wong et al., 1999). Deficiency of the
mitochondrial complex I has been reported in a variety of pathologies such as neurodegenerative
disorders (reviewed in Robinson, 1998). Cytochrome c deficiency has also been associated with
neurodegenerative disorders (reviewed in DiMauro and Schon, 2003) as has selective vitamin E
deficiency (Burck et al., 1981). Rats selected for high oxidative stress develop cataracts from an early
age (Marsili et al., 2004); other pathologies, such as heart changes and brain dysfunctions, have been
described in these animals (Salganik et al., 1994), yet it is unclear whether they can be considered
progeroid. Perhaps ROS are involved in some pathologies involving post-mitotic cells, such as
neurons. Another hypothesis is that mitochondrial diseases affect mainly the central nervous system
due to its high energy usage (Parker, 1990 for arguments). There is some evidence of a mitochondrial
optimization in the human lineage to delay degenerative diseases, but not necessarily aging (de
Magalhaes, 2005b). Interestingly, both Drosophila and C. elegans are mostly composed of post-
mitotic cells, which can explain why results from these invertebrates are more supportive of the free
radical theory of aging than results from mice.

Although it is undeniable that ROS play a role in several pathologies, including age-related
pathologies like cataracts (Wolf et al., 2005), the exact influence of ROS in mammalian aging is
debatable. It is plausible that ROS play a role in age-related degeneration of energy-rich tissues such
as the brain. One study found that superoxide dismutase/catalase mimetics prevented cognitive defects
and oxidative stress in aged mice (Clausen et al., 2010). A similar study found that a SOD mimetic
administered from middle age attenuated oxidative stress, improved cognitive performance, and
extended lifespan by 11% (Quick et al., 2008). In conclusion, there is little direct evidence that ROS
influence mammalian aging except perhaps in specific tissues such as the brain. Lastly, a changing
paradigm is that ROS are not only damaging compounds but crucial in many cellular functions and
thus it is the deregulation of pathways managing ROS that can contribute to aging rather than merely
damage accumulation with age (de Magalhaes and Church, 2006).

The DNA Damage Theory of Aging

The DNA, due to its central role in life, was bound to be implicated in aging. One hypothesis then is
that damage accumulation to the DNA causes aging, as first proposed by Failla in 1958 (Failla, 1958)
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and soon after developed by physicist Leo Szilard (Szilard, 1959). The theory has changed over the
years as new types of DNA damage and mutation are discovered, and several theories of aging argue
that DNA damage and/or mutation accumulation causes aging (reviewed in Gensler and Bernstein,
1981; Vijg and Dolle, 2002; Hoeijmakers, 2009; Freitas and de Magalhaes, 2011). Because DNA
damage is seen as a broader theoretical framework than mutations, and DNA damage can lead to
mutations, the current focus is on DNA damage and thus the theory herein is referred to as DNA
damage theory of aging.

It is well-established that DNA mutations/alterations--many often irreversible--and chromosomal
abnormalities increase with age in mice (Martin et al., 1985; Dolle et al., 1997; Vijg, 2000; Dolle and
Vijg. 2002) and humans (e.g., Esposito et al., 1989; Lu et al., 2004). Experiments in mice also suggest
that DNA damage accumulates with age in some types of stem cells and may contribute to loss of
function with age (Rossi et al., 2007). Long-lived mutant mice and animals under CR seem to have a
lower mutation frequency, at least in some tissues (Garcia et al., 2008). Similarly, longevity of worm
strains correlates with DNA repair capacity (Hyun et al., 2008). It is impossible, however, to tell
whether these changes are effects or causes of aging. Correlations have been found between DNA
repair mechanisms and rate of aging in some mammalian species (Hart and Setlow, 1974; Grube and
Burkle, 1992; Cortopassi and Wang, 1996). In theory, even a slight increase in DNA repair rate over a
large period of time and hundreds of cell divisions will have major consequences and could contribute
to determine rate of aging. On the other hand, it has been argued that such correlations may be an
artifact of long-lived species being on average bigger (Promislow, 1994).

As mentioned elsewhere, progeroid syndromes are rare genetic diseases that appear to be accelerated
aging. Interestingly, the most impressive progeroid syndromes, Werner's, Hutchinson-Gilford's, and
Cockayne syndrome originate in genes that are related to DNA repair/metabolism (Martin and
Oshima, 2000; de Magalhaes, 2005a; Freitas and de Magalhaes, 2011). Werner's syndrome (WS)
originates in a recessive mutation in a gene, WRN, encoding a RecQ helicase (Yu et al., 1996; Gray et
al., 1997). Since WRN is unique among its protein family in also possessing an exonuclease activity
(Huang et al., 1998), it seems to be involved in DNA repair. Although the exact functions of WRN
remain a subject of debate, it is undeniable that WRN plays a role in DNA biology, particularly in
solving unusual DNA structures (reviewed in Shen and Loeb, 2000; Bohr et al., 2002; Fry, 2002). In
fact, cells taken from patients with WS have increased genomic instability (Fukuchi et al., 1989).
Topoisomerases are enzymes that regulate the supercoiling in duplex DNA. WS cells are
hypersensitive to topoisomerase inhibitors (Pichierri et al., 2000). As such, WS is an indicator that
alterations in the DNA over time play a role in aging.

As with WRN, the protein whose mutation causes Hutchinson-Gilford's syndrome is also a nuclear
protein: lamin A/C (Eriksson et al., 2003). Recent results also suggest that some atypical cases of WS
may be derived from mutations in lamin A/C (Chen et al., 2003). The exact functions of lamin A/C
remain unknown, but it appears to be involved in the biology of the inner nuclear membrane. Some
evidence suggests that the DNA machinery is impaired in Hutchinson-Gilford's syndrome (Wang et
al., 1991; Sugita et al., 1995), again suggesting that changes in the DNA are important in these
diseases and, maybe, in normal aging. The protein involved in Cockayne Syndrome Type I
participates in transcription and DNA metabolism (Henning et al., 1995). Other progeroid syndromes
exist, though the classification is subjective. For example, Nijmegen breakage syndrome, which
derives from a mutated DNA double-strand break repair protein (Carney et al., 1998; Matsuura et al.,
1998; Varon et al., 1998), has been considered as progeroid (Martin and Oshima, 2000).

Ample mouse models of accelerated aging have implicated genes involved in DNA repair such as the
mouse homologues of xeroderma pigmentosum, group D (de Boer et al., 2002), ataxia telangiectasia
mutated or ATM (Wong et al., 2003), p53 (Donehower et al., 1992; Donehower, 2002; Tyner et al.,
2002; Cao et al., 2003), and Erccl (Weeda et al., 1997). Thus many progeroid syndromes in mice
involve the DNA machinery (Hasty et al., 2003; de Magalhaes, 2005a). (I should note that most of the
aforementioned genes, as well as other genes implicated in accelerated aging in mice, are described in
the GenAge database.) Taken together, results from progeroid syndromes in mice and man support the
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DNA damage theory of aging. One hypothesis is that DNA damage accumulation with age triggers
cellular signalling pathways, such as apoptosis, that result in a faster depletion of stem cells which in
turn contributes to accelerated aging (Freitas and de Magalhaes, 2011).

In spite of the progeroid syndromes described above, some genetic manipulations in mice have failed
to support the theory. Mice deficient in Pms2, a DNA repair protein, had elevated mutation levels in
multiple tissues yet did not appear to age faster than controls (Narayanan et al., 1997). Embryos of
mice and flies irradiated with x-rays do not age faster (reviewed in Cosgrove et al., 1993; Strehler,
1999), though one report argued that Chernobyl victims do (Polyukhov et al., 2000). Certain
mutations in DNA repair proteins, such as p53 in humans (Varley et al., 1997), despite affecting
longevity and increasing cancer incidence, fail to accelerate aging.

An emerging hypothesis is that only specific types of DNA changes are crucial in aging, which would
explain why mutations in some DNA repair genes affect aging while others do not. One study
systematically analyzed DNA repair genes associated or not with aging and found that genes involved
in non-homologous end joining are more often related to aging (Freitas et al., 2011). Emerging
evidence also suggests that DNA damage that contributes to mutations and/or chromosomal
aberrations increases the risk of cancer while DNA damage that interferes with transcription appears
to contribute to aging possibly via effects on cellular aging and cell signalling (Hoeijmakers, 2009).
Taken together, the results from manipulations of DNA repair pathways in mice suggest that
disruption of specific pathways, such as nucleotide excision repair and non-homologous end joining,
is more strongly associated with premature aging phenotypes and may thus be more important to

aging (Freitas and de Magalhaes, 2011).

If the DNA damage theory of aging is correct, then it should be possible to delay aging in mice by
enhancing or optimizing DNA repair mechanisms. Unfortunately, and in spite of numerous efforts
(reviewed in de Magalhaes, 2005a), this crucial piece of evidence is still lacking. For example, mice
overexpressing a DNA repair gene called MGMT had a lower cancer incidence but did not age slower
(Zhou et al., 2001). Arguably the most compelling evidence comes from mice with extra copies of
tumour suppressors. Mice with extra copies of p53 and INK4a/ARF--whose functions are described
elsewhere--lived 16% longer than controls but it was not clear if aging was delayed (Matheu et al.

2007). Interestingly, overexpressing telomerase in mice with enhanced expression of p53 and
INK4a/ARF, which are cancer-resistant, results in an increase in lifespan up to 40% (Tomas-Loba et
al., 2008). Whether aging is delayed in these animals or even if DNA repair is improved is unclear but
these findings do suggest some level of protection from age-related degeneration via optimization of
pathways associated with cancer and DNA damage responses.

One possibility is that ROS damage to DNA plays a role in aging. Some circumstantial evidence
exists in favor of such hypothesis (Hamilton et al., 2001), yet given the aforementioned concerns
regarding the role of ROS in aging this appears unlikely, except perhaps in specific tissues like the
brain. Even though damage from free radicals to nuclear DNA remains an unproven cause of aging,
since ROS originate in the mitochondrion, and since mitochondria possess their own genome, many
advocates of the free radical theory of aging consider that oxidative damage to mitochondria and to
the mtDNA is more important (Harman, 1972; Linnane et al., 1989; de Grey, 1997; Barja, 2002).
Indeed, some evidence exists that under CR oxidative damage to mtDNA is more important than
oxidative damage to nuclear DNA (reviewed in Barja, 2002). Mutations in mtDNA tend to accumulate
with age in some tissues (Corral-Debrinski et al., 1992; Yang et al., 1994; Tanhauser and Laipis,
1995; Liu et al., 1998), though not necessarily caused by ROS (reviewed in Larsson, 2010). Likewise,
nuclear mutations have been suggested to contribute to mitochondrial dysfunction (Hayashi et al.,
1994). One study found that accumulating mutations to mitochondrial DNA are also unlikely to drive
stem cell aging (Norddahl et al., 2011). At present, and despite contradictory evidence in favor
(Khaidakov et al., 2003 for arguments) and against the theory (Rasmussen et al., 2003 for arguments),
current technology does not appear capable of assessing the true relevance of damage to mtDNA in
aging (Lightowlers et al., 1999; DiMauro et al., 2002).
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Interestingly, disruption of the mitochondrial DNA polymerase resulted in an accelerated aging
phenotype, for the first time directly implicating the mtDNA in aging (Trifunovic et al., 2004). This
appears to be unrelated to oxidative damage, however, and instead result from increased apoptosis and
accumulated mtDNA damage (Kujoth et al., 2005; Trifunovic et al., 2005). On the other hand, a
mitochondrial mutator mouse with much higher mutation frequency than normal mice did not exhibit
signs of accelerated aging, though it also failed to show increased levels of mitochondrial deletions
(Vermulst et al., 2007). Mice with a mutation in a mtDNA helicase accumulate mitochondrial
deletions and develop progressive external ophthalmoplegia, but do not age faster (Tyynismaa et al.,
2005). Mutations in mitochondrial DNA polymerase in humans result in mitochondrial disorders that,
as in the context of the free radical theory of aging, typically affect the nervous system (Van Goethem
et al., 2001; Tang et al., 2011), though other pathologies such as infertility (Rovio et al., 2001) have
also been reported. As such, mtDNA may play a role in age-related diseases and aging (Wallace
1992), though further research remains to confirm such hypothesis and elucidate the exact
mechanisms involved.

Animal cloning involving somatic cells to create new organisms is an interesting technique for
gerontologists (e.g., Lanza et al., 2000; Yang and Tian, 2000). Clones from adult frogs do not show
signs that differentiation affects the genome (Gurdon et al., 1975). Dolly was "created" by transferring
the DNA-containing nucleus of a post-mitotic mammary cell into an egg and from there a whole new
organism was formed. We know Dolly had some genetic (Shiels et al., 1999) and--possibly more
crucially--epigenetic defects (Young et al., 2001), so maybe her arthritis and the pathologies leading
to her death are a result of damage present in the DNA. Nonetheless, she was remarkably "normal,"
having endured a complete developmental process and being fertile (Wilmut et al., 1997). Moreover,
mice have been cloned for six generations without apparent harm (Wakayama et al., 2000). Perhaps
the highly proliferative nature of the embryo can, by recombination, dilute the errors present in the
DNA, but results from cloning experiments suggest that at least some cells in the body do not
accumulate great amounts of DNA damage. It would be interesting to further study the longevity of
cloned animals.

If progeroid syndromes represent a phenotype of accelerated aging then changes in DNA over time
most likely play a role in aging, possibly through effects on cell dysfunction and loss that may involve
stem cells (Freitas and de Magalhaes, 2011). Since many genetic perturbations affecting DNA repair
do not influence aging, it is doubtful overall DNA repair is related to aging or that DNA damage
accumulation alone drives aging. Understanding which aspects, if any, of DNA biology play a role in
aging remains a great challenge in gerontology. Moreover, the next step to give strength to the DNA
damage theory of aging would be to delay aging in mice based on enhanced DNA repair systems, but
that has so far eluded researchers. In conclusion, changes in DNA over time may play an important
role in aging, yet the essence of those changes and the exact mechanisms involved remain to be
determined.
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6.2 Programmed Theories of Aging

In addition to damage-based theories, a second class of theories of aging defends that aging is a
genetically-determined, programmed process. In this essay, I present and review the most important
concepts and theories in this context.

Sections

The Endocrine System as the Pacemaker of Aging
The Developmental Theory of Aging

Keywords: ageing, aging clock, biogerontology, deterministic theories of aging, endocrinology, GHR,
hormone theory of aging, pre-programmed aging

For decades the idea that aging is programmed has been debated, and it was given new impetus by the
extraordinary discoveries in the genetics of aging. The observation that single genes can modulate
longevity and, to some degree, regulate the process of aging in model systems supports the idea that
aging is to some degree programmed. For example, in yeast, transient expression of a single
transcription factor can rejuvenate cells and extend lifespan (Unal et al., 2011). Of course, the same
may not hold true for more complex organisms, like vertebrates, and discussed below are some of the
proposed models of aging based on the concept of programmed aging.

Though there have been arguments in favor of seeing aging as part of an altruistic predetermined plan
that serves a purpose (Longo et al., 2005), the idea that aging evolved for a reason--also known as
group selection--is largely out-of-favor in modern gerontology. As mentioned elsewhere, in the vast
majority of species, aging does not appear to be programmed in the sense that it serves a purpose
(Austad, 2004). Therefore, in this essay, I do not imply any evolutionary purpose for aging; by
programmed I mean in the sense of following a predetermined set of instructions, like in the result of
gene action.

The Endocrine System as the Pacemaker of Aging

The idea that hormonal changes drive aging is decades-old (reviewed in Gosden, 1996). Since the
levels of certain hormones like growth hormone (GH) (Ho et al., 1987) and its downstream target
insulin-like growth factor I (IGF-1) (Hammerman, 1987) decline with age, an old idea is that such
changes cause aging. Because to some degree the brain regulates endocrine changes (e.g., GH
production), a major variant of hormone-based theories of aging is the neuroendocrine theory of aging
that posits that the brain acts as the master clock of each life stage via hormonal changes Timiras,
2003). Given the intuitive nature of such endocrine-based theories, even today many anti-aging
products aim to increase the levels of these hormones in older people. As briefly discussed before and
further detailed below, however, it appears that restoring hormonal levels to youthful levels does not
fight aging and increasing GH and IGF-1 levels may even accelerate the aging process. Still, it is
possible that the endocrine system influences aging, as discussed below.

Many experiments using different model organisms associate the insulin/insulin-like pathway with
aging (Lin et al., 2000; Clancy et al., 2001; Kenyon, 2010). As mentioned earlier, smaller mice, rats,
horses, and dogs appear to live longer and this could be related to lower levels of IGF-1 (Miller, 1999;
Miller et al., 2002a; Rollo, 2002). Moreover, a number of long-lived genetic mutants have decreased
GH/IGF-1 signaling. Mice homozygous for Pitl have lower GH and IGF-1 levels; they are dwarf, live
about 40% longer with a longer maximum lifespan, and their aging process appears to be delayed
(Flurkey et al., 2001). Mice mutant for Propl, a transcription factor that regulates Pitl, live 50%
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longer (Brown-Borg et al., 1996). Likewise, mice overexpressing bovine growth hormone appear to
age faster (Bartke, 2003). Interestingly, some studies suggest that genetic variants of genes in the
insulin/insulin-like pathway pathway are associated with human longevity (Bonafe et al., 2003; Suh et
al., 2008). Human patients with a mutated Propl might live slightly longer (Bartke et al., 2001a),
though patients with deficiencies in GH and IGF-1 often show signs of early aging even if their
lifespan may actually be increased (Laron, 2005). Besides, some untreated patients with GH
deficiency have a reduced longevity (Besson et al., 2003). Patients with a GH receptor deficiency have
greatly decreased mortality from cancer and type 2 diabetes, though cardiac disease mortality appears
to be increased and overall mortality does not appear to change (Guevara-Aguirre et al., 2011).
Nonetheless, it is clear that neuroendocrine systems can impact on aging and possibly on human aging
as well (Bartke, 2005; de Magalhaes, 2005a). As another example, mutations in the klotho gene,
which acts as a circulating hormone, appear to accelerate the aging process (Kuro-o et al., 1997). In
contrast, overexpression of klotho extend lifespan by about 30%. The functions of klotho are largely
unknown but it could be related to insulin/IGF-1 signaling (Kurosu et al., 2005). (Please consult the
GenAge database for more information on most of the aforementioned genes and others related to the
GH/IGF-1 axis.)

It is interest to note that hormonal changes appear to play a role in CR. CR clearly induces various
hormonal alterations in rodents, such as decreasing plasma levels of insulin (Masoro et al., 1992) and
IGF-1 (Breese et al., 1991); an increase in GH secretory dynamics has also been observed though it
could be a compensatory mechanism (Sonntag et al., 1999). Interestingly, several genes have been
identified in model organisms whose effects appear to mimic CR. The best example is probably the
urokinase-type plasminogen activator. Overexpression of this gene in the brain of mice causes a
decrease in appetite, resulting in a 20% decrease in food consumption and body mass, and a 20%
increase in longevity (Miskin and Masos, 1997). Other genes appear to result in a phenotype similar to
CR, generally by affecting body size, GH and IGF-1, and body temperature (reviewed in Bartke et al.
2001a). The best example is the GH receptor whose disruption in mice interferes with the life-
extending effects of CR (Bonkowski et al., 2006). Some of the genes mentioned above may also
mimic CR to some degree, though by combining CR and mutations in one of these genes--the Propl
gene--, an even greater increase in longevity was observed, suggesting that distinct mechanisms may
be at work (Bartke et al., 2001b). Recent results suggest that although the growth hormone/IGF-1
pathway is involved in CR, other mechanisms might also operate (Shimokawa et al., 2003). Whatever
the exact mechanisms, CR appears to operate through a neuroendocrine signaling cascade of which
the GH/IGF-1 axis is a pivotal, though probably not the only, component (Masoro, 2005). These
results hence link some aspects of energy metabolism to aging via the GH/IGF-1 axis (reviewed in
Tatar et al., 2003; Berner and Stern, 2004; de Magalhaes, 2005a).

The exact mechanisms by which GH, IGF-1 and other hormones impact on aging remain unknown.
Several possibilities exist (reviewed in Berner and Stern, 2004). It has been proposed that the
GH/IGF-1 axis regulates antioxidants (Brown-Borg et al., 2005). Another hypothesis is that since GH
and IGF-1 and mitogens and trigger cell division, lower levels of the GH/IGF-1 axis decrease cellular
replication that may impact on some sort of cellular clock (Sonntag et al., 1999; Bowen and Atwood,
2004; de Magalhaes and Faragher, 2008). Similarly, maybe the GH/IGF-1 axis impacts on cellular
processes like apoptosis and/or stress resistance (Sapolsky et al., 1986). As mentioned below, maybe
hormonal changes regulate aging as indirect consequences of the developmental program. The jury is
still out.

Overall, the GH/IGF-1 axis and associated neuroendocrine mechanisms--some of which are probably
still unknown--appear to influence mammalian aging. How exactly this happens is not known and the
signal transduction involved in the aging effects of the GH/IGF-1 axis remains largely a mystery. It is
clear, however, that early theories defending that hormone changes with age drive aging were
incorrect. If anything, decreasing GH/IGF-1 signalling increases lifespan, not the opposite.
Nonetheless, as argued by others Timiras, 2003), the results implicating neuroendocrine mechanisms
in aging suggest a certain level of coordination of aging changes.
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The Developmental Theory of Aging

As mentioned previously, the dauer pathway in C. elegans is an alternative developmental pathway
that results in a significant life-extension (Klass and Hirsh, 1976). In the dauer pathway, which can be
activated by starvation and hence may be analogous to CR, there is a developmental arrest, which
suggests that, at least in this model system, aging and development are coupled (Johnson et al., 1984).
Further genes influencing lifespan in C. elegans confirm a linkage between the timing of development
and the timing of aging (Lakowski and Hekimi, 1996; Chen et al., 2007). In insects too arrested
development due to environmental factors has been suggested to slow or even stop aging (Tatar and
Yin, 2001). Other examples exist (reviewed in Brakefield et al., 2005): in the marine mollusk
Phestilla sibogae, the length of larval life is determined by a chance encounter with a stimulus that
causes metamorphosis. Interestingly, the duration of post-larval life is unaffected by the length of the
time it takes the larva to metamorphose. In other words, during the developmental hiatus from the
onset of larval metamorphic competence to metamorphosis, aging is suspended (Miller and Hadfield,
1990). Similarly, semelparous species like the salmon, described earlier, clearly argue that
developmental programs can cause aging, or a phenotype resembling aging, and death (de Magalhaes
and Church, 2005). Lastly, as mentioned before, there is a correlation in higher animals, including in
mammals (Fig. 1), between the time it takes to reach sexual maturity and how long, on average, they
live afterwards (Charnov, 1993; de Magalhaes et al., 2007a). This could be due to similar extrinsic
mortality rates acting on animals, however, and may thus be a product of co-evolution rather than a
causal relation.

Reproduction Senescence |

Birth | I\_I:u'im::l
I I lifespan
Humans 13.5 yrs =40 yrs
Monkeys 4.5 yrs =20 yrs
Mice 0.12 yrs =1yr

Figure 1: The life history events of mammals, such as development, reproduction, and aging,
typically occur in proportion to the entire lifespan. (Adapted from de Magalhaes and Sandberg,
2005.)

Of course, invertebrates are distant animal models and these findings may not be representative of
human biology, but they demonstrate how, at least in some species, aging is to a large degree a result
of the genetic program that also controls development. The developmental theory of aging--also called
DevAge--defends that aging is a result of development, that aging and development are regulated by
the same genetic mechanisms and processes (Medvedev, 1990; Kanungo, 1994; Zwaan, 2003; Bowen
and Atwood, 2004; de Magalhaes and Church, 2005). Another way of looking at aging from this
perspective is considering the idea that damage only begins accumulating after developmental
processes are completes and it is this developmentally-triggered damage that causes most aspects of
aging.

Although it can be argued that, in some species, aging is a direct product of evolution, as debated
before, such possibility appears unlikely in higher animals, such as mammals that rear their offspring.
Instead, one idea is that aging is an unintended product of evolution, an unintended product of
selection acting on development. Evolution does not favor long life. Rather, evolution optimizes
developmental mechanisms for reproduction. Once an organism has passed its genes to the next
generation maybe evolution gives up on it and the same genes responsible for the growth and
maturation of that organism will inadvertently end up killing it (de Magalhaes and Church, 2005).
Evolutionary, this can be seen as a form of antagonistic pleiotropy (Williams, 1957), one in which
alleles beneficial early in life are harmful late in life.
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The insulin/insulin-like pathway described above appears to play a role in animals entering or not the
dauer pathway (e.g., Wolkow et al., 2000; Lin et al., 2001). As mentioned above, endocrine regulation
appears to have an effect on aging, while indirectly affecting growth and maturation. The way
neuroendocrine systems limit longevity suggests a link between reproduction and lifespan (Mobbs,
2004). Thus, maybe some hormones like GH and genes involved in insulin-like signaling regulate
growth and development early in life and later contribute to aging (de Magalhaes and Church, 2005).
Neuroendocrine mechanisms controlling development may thus extend after maturation and results in
a regulatory cascade that result in age-related changes (Finch, 1976). Early studies showed that CR
stunted growth and sexual development (McCay et al., 1935), though the extent of which depends on
the severity of the CR used. Interestingly, high nutrition may accelerate maturation and decrease
lifespan in ground squirrels (Harvey and Zammuto, 1985). Therefore, maybe seeing aging as a
consequence of development links the impact of the endocrine system on aging and on CR.

The way mammalian aging is similar in different species, sometimes appearing as the same process
only timed at different paces, has puzzled researchers (Finch, 1990; Miller, 1999). If the timing of
development is linked at a mechanistic and genetic level to the rate of aging in mammals that would
explain the plasticity of the aging process in mammals and how a process escaping natural selection is
so similar among them. Assuming a link between the genetic mechanisms regulating development and
aging would also explain how aging has changed so rapidly in primates (Cutler, 1979; Allman et al.

1993). Hence, one hypothesis is that, probably driven by an extended brain development (Cutler,
1979; Allman et al., 1993; Kaplan and Robson, 2002; Lee, 2003), hominid evolution led to an
extension of development which in turn led to a delay of aging.

While the developmental theory of aging is theoretically sound, it lacks many concrete details for how
developmental mechanisms could influence age-related changes. Some theoretical models exist, like
for brain aging (de Magalhaes and Sandberg, 2005), but many details remain unclear. Also, it is likely
that at least some age-related changes are the result of an accumulation of some toxic by-product of
metabolism, so an overlap between theories of aging may exist. In the end, the developmental theory
of aging argues that the bulk of the aging phenotype is due to the indirect actions of developmental
mechanisms. Further research is necessary to test and elucidate this hypothesis and, more broadly,
unravel the causal mechanisms of aging.
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7 Curing Aging and the Science of Immortality

No problem can stand the assault of sustained
thinking.

- Voltaire

Previously, I argued how real anti-aging medicine does not yet exist. In this speculative essay, I
debate how gerontology may progress with the aim of developing true anti-aging therapies that not
only considerably extend lifespan and delay human aging but may eventually cure aging.

Sections

A Roadmap to Developing a Cure for Aging
Understanding the Process of Aging

Genomics and the Promise of Digital Biology
Fighting Aging: The Road Ahead

The Importance of the Brain in Anti-Aging Research

Keywords: ageing, biogerontology, biomedical gerontology, ending aging, functional genomics,
immortalism, life-extension, neurodegeneration, neuroscience, pharmacogenomics, rejuvenation,
translational science

A Roadmap to Developing a Cure for Aging

As previously mentioned, I care about understanding the aging process for human benefit, to develop
biomedical interventions that can delay aging in people and improve their health. No doubt curing
aging is an Herculean task. The major age-related diseases like cancer, heart disease and
neurodegenerative diseases are still incurable and everyone becomes frail with age. It is possible that
known aging-related genes and life-extending interventions, such as CR, can be used to develop anti-
aging therapies, as debated before. The prospects for drug discovery in the field of aging are
extremely promising (reviewed in de Magalhaes et al., 2012). However, even in the best case scenario
that we can develop therapies that mimic CR and the effects of genes on aging observed in model
organisms, such therapies will not cure aging and will not radically improve our lifespan. For
example, in rodents, extending lifespan is possible up to 50%, as discussed elsewhere, which would be
extraordinary if applicable to humans but still far from an aging cure. Therefore, while we can
manipulate aging in model systems, including mammals, there is still a long road ahead. Driven by
technology, however, we may be on the verge of a biotechnology and medical revolution in which we
shift from observers of Nature to architects. So what scientific approaches are more suited to cure
aging? Is it even possible to cure aging?

Given the complexity of aging, many have questioned whether curing aging is even realistic (Warner
et al., 2005; Olshansky et al., 2006; Holliday, 2009). There is no scientific reason, however, to think
that aging cannot be cured. After all, curing aging does not violate any law of physics. There are even
reasons to be optimistic, like the fact we can reverse some forms of cellular aging in vitro, including in
human cells via telomerase. It is also possible to rejuvenate yeast by expressing one single
transcription factor (Unal et al., 2011). Importantly, some species live much longer than humans do,
and some even appear not to age. If Nature can solve the problem of aging, there is no reason to think
we cannot do the same thing. This is akin to developing heavier than air flying machines which was in
fact partly inspired by birds. As detailed elsewhere, the process of aging is surprisingly plastic and can
be manipulated by genetic and environmental interventions. Stopping or reversing aging is no doubt
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much harder than slowing aging, but it is not impossible. How difficult it is exactly? I am hopeful we
can find out in the coming decades.

Unfortunately, the development of true anti-aging interventions is hindered by the little we know
about the mechanisms of aging. Others have argued that we do not need to learn how a car works in
order to drive it, and so maybe we do not need to learn everything about aging in order to cure it (de
Grey, 2003). As discussed elsewhere, I am less optimistic as I think a better analogy is: when a car
breaks down we need to know a lot about how it works in order to fix it. As detailed below, I think we
need to increase our knowledge not only of aging, but of life itself in order to decisively intervene on
aging. But what exactly do we need to know?

With curing aging as the ultimate goal, and based on the model systems available, I believe there are
three general areas we must tackle:

1. Increase our knowledge of the mechanisms of aging

2. Develop a deeper understanding of biology, and specifically of the machines of life and
their interactions (which can be seen as a broader goal of the above point)

3. Develop new methods to modify biological processes in vivo

Understanding the Process of Aging

Opinions diverge, and many different strategies can be employed to study aging, yet I feel that the two
most important questions in gerontology are: 1) What controls the rate of aging among mammals?
This can refer to genetic differences between individuals (i.e., different people) but the major question
to is: Why does a mouse age 30 times faster than a human being? 2) What changes in a person from
age 30 to age 70 to increase the chance of dying by roughly 30-fold? Addressing these two questions
would give us the basic knowledge to start thinking about therapies against the aging process as a
whole. By knowing which mechanisms control the pace of age-related debilitation we will know
which pathways we need to target to delay aging. Likewise, by identifying the differences between
young and old persons that so markedly increase the mortality we may find mechanisms that we can
target through therapies, even if discriminating between causes and effects of aging will continue to
prove troublesome.

At present, we know very little about both 1) and 2). The little we know about the changes people
endure as they age come from studies at the level of tissues and organs, as described before. That is,
we know of specific age-related changes and functional declines but we do not know why those
happen, what are the underlying mechanisms causing those events or how changes at different
biological levels (i.e., molecular, cellular, tissue, etc.) influence each other. At a cellular and genetic
level, our knowledge of the aging process has grown in recent decades but it still limited and
controversial. For example, our knowledge of the role of cellular changes in aging remains a subject
of controversy. Related to 1) progress has been made in model organisms in understanding the genetic
regulators of aging within species. Hundreds of genes have been shown to modulate aging in model
systems in recent years, though much work remains to understand how they interact with each other,
how they work as a whole to influence the aging phenotype. To facilitate such studies our lab has
developed the GenAge database of aging-related genes (reviewed in de Magalhaes et al., 2009D).
However, the effects of these aging-related genes are modest when compared to species differences in
aging of which we know almost nothing about in terms of mechanisms. Some evidence from
comparative genomics actually suggest that genes regulating aging within species, such as the
GH/IGF-1 axis, are highly evolutionary conserved and are unlikely to determine species in aging (de
Magalhaes and Church, 2007). Not surprisingly, the focus of our lab has been largely on 1) and 2). For
example, to help address 2) we developed the Digital Ageing Atlas. Overall, I think gerontologists
must first begin to answer these questions before we can start devising more powerful anti-aging
therapies (Fig. 1).
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Figure 1: Methodologies for studying human aging. Variation is the basis for studying any
phenomena and aging is no exception. On one hand we may use a comparative biology approach to
understand why different species age at different paces (and to a lesser degree study differences in
longevity between individuals of the same species). In parallel, we may study the changes people, or
animals, endure while they age (de Magalhaes and Toussaint, 2004b). Facilitating such studies are a
variety of high-throughput -omics technologies (reviewed in de Magalhaes, 2009). With next-
generation sequencing we can sequence hundreds of genomes as well as study the expression of
thousands of genes as humans, or animals, age (reviewed in de Magalhaes et al., 2010). Notice how
the area of the circles decreases as we study species progressively more distant to humans, since it is
expected that species evolutionary more distant from humans are less likely to share mechanisms of
aging that are relevant in humans.

One crucial aspect of research on aging, which is sometimes overlooked by researchers including
myself, is that our work should deal with human aging. Aging in model organisms is irrelevant if it is
not applicable to humans. Some mechanisms of aging identified in model organisms may be relevant
to human aging while others may not, but discriminating between the two is often impossible, as
argued elsewhere. As such, and while no doubt model systems will continue to be of paramount
importance for research on aging, it is imperative we keep a skeptical mind when analyzing data from
model organisms, particularly non-mammalian models (de Magalhaes and Toussaint, 2002 & 2004b).
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!

Theraples: small molecules,
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Figure 2: Steps necessary to gain enough information about aging to start developing a cure. On one
hand, we must identify therapeutic targets by studying why we become frailer with age and/or why
we age slower than most other mammals. Then we must develop technologies capable of targeting
the molecules, cells, or tissues necessary to revert aging, as detailed ahead.

71



Once we know more about which mechanisms to target for therapeutic purposes, we can consider the
development of therapies that delay, stop or reverse the aging process (Fig. 2). It may be seen as
speculative to consider such ambitious anti-aging therapies at present, since we know little about what
interventions will be necessary, but a few ideas are given below and elsewhere. I am optimistic that as
researchers address the two questions mentioned above, this will open the door to the development of
true anti-aging therapies capable of radically extending lifespan. As detailed below, however, these
advances must be put in context with other advances in the life sciences.

Genomics and the Promise of Digital Biology

. . . the general who wins a battle makes many
calculations . . .

- SunTzu

One of the major problems of biology is that it is highly unpredictable. For example, the rate of
success of drugs in clinical trials is only 20% (DiMasi et al., 2010). The reason for this is that biology
is intrinsically complex and thus, even with promising pre-clinical results from cells and model
organisms, most drugs tested in humans do not behave the way scientists and clinicians predict--and
often have unpredictable negative side-effects. Likewise, engineering biology, even in lower
organisms, is still very limited, mostly due to our incomplete knowledge of biological systems
(Heinemann and Panke, 2006). Therefore, a much deeper understanding of biology is necessary in
order to develop interventions on aging as well as other diseases and processes. Fortunately, some
emerging technologies may allow us to tackle the complexity of life.

In a sense, the human genome has all the information we need to know about aging, and we may have
the secret of immortality in the genomes of animals that appear not to age. The problem is that the
secret is encrypted and many facets of the genome remain a mystery. For example, at present almost
half of the ~20,000 human genes have been poorly studied. In addition, emerging layers of gene
regulation, like microRNAs, remain largely unexplored. The ongoing genomic revolution and in
particular the development of next-generation sequencing technologies, however, has the promise to
turn biology into a mathematical problem and decipher the human genome (de Magalhaes et al.,
2010). Our capacity to generate data in a genome-wide fashion is increasing at an astonishing pace,
even faster than computers increase in power. This leads to the emerging paradigm of digital biology
in which biological systems are treated as information systems that can be studied by a combination of
bioinformatic and mathematical approaches. Large-scale consortia are surveying phenotypes at a
genome-wide basis and, for example, ongoing efforts aim to develop and characterize mouse mutants
of all protein-coding genes (Collins et al., 2007; Morgan et al., 2010). Other large-scale efforts, such
as ENCODE which aims to identify all functional elements in the human genome (Birney et al.,
2007), will no doubt further our understanding of the genome. These combined efforts hold great
promise to increase our predictive power in medicine and thus lead a more precise targeting of
biological systems to preserve health and fight disease.

I am convinced that genomics and bioinformatics will play a major role in deciphering the process of
aging and perhaps the secret of immortality. Of course that major hurdles will need to be overcome.
The genomes of certain viruses have been sequenced years ago and we still cannot cure the diseases
associated with them, as discussed ahead. Besides, the genetic differences that determine rate of aging
across and within species are likely very subtle. For instance, humans and chimpanzees have about the
same set of genes and it is thought that subtle differences in proteins or in transcriptional regions
determine the differences between chimpanzees and humans (Carroll, 2003; Olson and Varki, 2003;
de Magalhaes and Church, 2007). Consequently, subtle genetic differences are also expected to
determine rate of aging, and finding these in the billions of base pairs that make up a genome will be a
monumental task (de Magalhaes, 2003; de Magalhaes and Toussaint, 2004b). Eventually, however,
the genome holds all answers; all we need to do is generate the data to ask the right questions (Fig. 3).
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Figure 3: If we can understand the genetic factors that determine the rate of aging among similar
species, like primates, then it may be possible to develop interventions that extend the human lifespan
even further. To quote Leslie Orgel: "Evolution is cleverer than you are," so identifying the tricks
evolution uses to extend lifespan may have biomedical applications. Figure rendered using the animal
fonts by Alan Carr.

Fighting Aging: The Road Ahead

By the year 2030, we will have (1) developed a
complete model of all human cell types,
obviating the need for many laboratory
experiments [by doing computer simulations
instead]; (2) lowered the cost of doing a
complete genomic sequence for an human
individual to less than $1,000 each; and (3)
catalogued all the genes involved in aging.
Therefore, human clinical trials to extend
lifespan could already be underway by this date.

- Francis Collins

In silico studies will be one of the major approaches for determining the causes of aging and
developing interventions. Some immortalists argue that the key to solve human aging is in computers
and artificial intelligence, not in biology; i.e., building computers smarter than us capable of solving
the problems we cannot solve. I am not so enthusiastic but agree that solving aging will be partly
based on computational biology (de Magalhaes and Toussaint, 2004b). If genomics and bioinformatics
lead to the deeper understanding of biology described above then we will be able to build computer
models of human cells and better develop interventions. The emerging field of systems biology, which
combines modelling, large-scale -omics technologies, bioinformatics and experiments holds great
promise, even if much work remains to make truly predictive models (Kitano, 2002; de Magalhaes,
2009; Cevenini et al., 2010). Ultimately, the aim is to build models of biological systems, including
aging, that are accurate enough to make predictions about manipulations of components of the system
(e.g., which gene target is more power for drug development), predictions about spatio-temporal
changes in the system and how these can be modulated by drugs and other interventions, etc. At
present, systems and synthetic biology are still at a very early stage and restricted to very simple
models and gene circuits, but when looking decades ahead the potential to model the whole aging
process and identify how it can be retarded, stopped and even reversed certainly exist.

I'll live forever or die trying.
- Anonymous

There is considerable evidence that aging is not irreversible. At the molecular and cellular level this
certainly appears to be the case. In stem cells, self-renewal can be reinstated by suppression of certain
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factors (Wang et al., 2011). The fact a number of aging changes seem to be due to signaling pathways
is encouraging because it means these may be reversible. For example, senescence in T cells appears
to be regulated by signaling pathways that are reversible (Di Mitri et al., 2011). As detailed elsewhere,
with four factors it is possible to rejuvenate cells from centenarians and induce pluripotency (Lapasset
et al., 2011). Similarly, there is evidence that systemic factors are important in aging. Transplanting
young ovaries to old mice slightly extends lifespan (Mason et al., 2009). Both factors intrinsic to cells
and extrinsic factors affect muscle regeneration (Carlson et al., 2008). Blood levels of a chemokine
can also negatively regulate neurogenesis (Villeda et al., 2011). Taken together, this argues that with
the right information aging can be reversed.

No doubt I am optimistic about the prospect of radically increasing our lifespan, but I am also aware
of the numerous problems involved. While I think that there are genetic factors that make up a
unifying core of human aging, it is impossible to say how many genes are involved. The fact that no
human (or mammal) can avoid aging completely or even live much longer (e.g., a human living to 200
years) than average shows that curing aging cannot be achieved by changing one or a few genes. It is
possible that some age-related changes are largely independent of the aging process, as mentioned
elsewhere. Maybe some age-related pathologies are the result of late-acting genes. In fact, if late-
acting deleterious genes do exist, then it is possible that there are deleterious genes affecting humans
after our maximum lifespan--say, after 300 years. These could result in a disease or even in some form
of mechanical senescence. I call these genes whose effects are deleterious after our present maximum
lifespan post-mortem lethal genes (Magalhaes, 1999). Take as an example the diseases that result from
the levels of a given defective protein passing a certain threshold, like mad cow disease or familial
amyloidotic polyneuropathy, which can be the result of a long-term accumulation of a defective
protein or a slow-acting infectious agent. Maybe if we increase our maximum lifespan we will also
increase the number of people affected by this kind of diseases.

Overall, understanding the mechanisms of aging and deciphering the genome will be monumental
tasks. Still, I am confident that we will be able to elucidate all the genetic mechanisms that drive aging
within my own lifetime via the combination of approaches mentioned earlier (Figs. 1 and 2). I am
equally confident that an in-depth characterization of biology will be possible in the coming decades
which will lead to computer models of all the players involved and their interactions which can then
be used to make predictions about interventions. This is why the focus of my lab is on increasing our
knowledge of aging in particular using genomic approaches. A crucial issue, however, is that even if
we can predict which genes to manipulate to avoid aging we will still have to "order" our cells not to
age. This is a key hurdle in my opinion and how to manipulate aging in vivo is the subject of my next

€ssay.

We, alone on earth, can revolt against the selfish
replicators.

- Richard Dawkins
The Importance of the Brain in Anti-Aging Research

One topic I should emphasize is brain aging. Theoretically, the only organ that cannot be replaced is
the brain; lifespan is equivalent to brainspan. Following an earlier discussion, it is open to debate
whether aging is caused by factors that do not have their origin in the brain. Perhaps our brain just
ages because the other organs in the body can no longer support it (but see below). If we could change
the body at regular intervals to keep it always young, it might happen that our brain would never age.
(White et al., 1996). Notice the fact that I call it "body transplants" and not "brain" or "head
transplants" because size does not matter here; the brain is us and can never be changed, yet the body
can, and therefore it is the body that is transplanted. Of course, body transplants, are a difficult,
expensive, even far-fetched technique that at the moment remains in the realms of science fiction.)
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It is also possible, though speculative, that future developments in cybernetics, artificial organs and
therapeutic cloning will make it possible to replace all other organs besides the brain. But even if we
could develop replacement organs for our most vital organs, this appears to be a difficult, dangerous,
and unpredictable approach. Also, many theories center aging on post-mitotic tissues such as neurons,
so the idea that we could avoid brain aging by replacing or rejuvenating the rest of the body may not
be correct. One study found that centenarians, when compared to elderly non-centenarian subjects,
exhibit a lower prevalence of cancer but actually a higher prevalence of cerebro-degenerative
pathologies (Motta et al., 2010). For now, we must focus on trying to discover a way to stop aging in
all the body, having, of course, the brain as top priority. Although intervening in the brain is harder
than in most organs, in part because of the blood-brain barrier, there is some cause for optimism. For
example, in mice transplanted neurons have been shown to reconstitute complex neuronal circuitry
(Czupryn et al., 2011).

Short-term memory loss, personality and cognitive changes with age, dementia, general decline of the
nervous system and senses, and many other changes are likely to occur with aging (Craik and
Salthouse, 1992; Hayflick, 1994, pp. 161-166; Zec, 1995). Until recently, it was thought that neuronal
loss, due to the accumulation of damage--such as oxidative damage--was the main cause of brain
aging. Nowadays, it appears that neurons can remain relatively healthy through life, except in
pathological states (Morrison and Hof, 1997). Some evidence also suggests that neurons can emerge
in adult brains, perhaps originating from neural stem cells (Alvarez-Buylla and Garcia-Verdugo,
2002). The idea of replicating neurons dates back many years; Joseph Altman reported replicating
neurons in rats decades ago (Altman and Das, 1965), and Fernando Nottebohm reported brain
rejuvenation in birds (Nottebohm, 1989). Some evidence suggests that new neurons can appear in
adult monkeys, in an area of the brain called hippocampus which is used for long-term memory
(Gould et al., 1999). Similar results have been reported in humans (Eriksson et al., 1998). Overall,
instead of seeing brain aging as a mere consequence of the death of neurons, it appears that, even
without neuronal death, biochemical and structural changes compromise neuron function (Teter and
Finch, 2004). With age, what changes is the wiring, the complex network of connections between
cells (Gopnik et al., 2000). It has even been suggested that brain aging is an extension of brain
development (de Magalhaes and Sandberg, 2005), in line with a linkage between development and
aging. The debate of whether aging is a result of damage accumulation or of programmed events also
extends to brain aging, though given the relevance of the brain, understanding its mechanisms of
aging are of prime importance.
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7.1 Strategies for Engineered Negligible Senescence

Strategies for Engineered Negligible Senescence or SENS is a proposal by Aubrey de Grey to cure
aging. SENS has gathered widespread media and public attention, yet it has also been vehemently
attacked by a number of experts. This essay briefly presents SENS and the arguments from both sides
on its merits and drawbacks.

Keywords: ageing, biogerontology, biomedical gerontology, ending aging, human regeneration,
immortality, radical life-extension, regenerative medicine, rejuvenation biotechnologies

About 10 years ago, Aubrey de Grey proposed the SENS approach with the goal of curing aging (de
Grey et al., 2002a; de Grey, 2003; de Grey and Rae, 2008). Briefly, his proposal is that even if we do
not know the underlying mechanisms of aging, if we can engineer the reversal of all the major
molecular and cellular changes that occur with age, we will be able to reverse aging and rejuvenate
ourselves. The proposal includes addressing seven forms of molecular or cellular damage, based on
earlier works (Holliday, 1995), that accumulate with age:

e Cellloss, tissue atrophy

e Nuclear [epi]lmutations (only cancer matters)
e Mutant mitochondria

e Death-resistant cells

e Tissue stiffening

e  Extracellular aggregates

e Intracellular aggregates

de Grey then proposes a number of creative solutions to reverse the above forms of damage. The
solutions, however, are based on technologies and therapies that are not yet available or at least not
yet developed to do what is necessary for SENS. These include stem cells to replace old cells, the
application of enzymes--including bacterial enzymes--to degrade certain forms of cellular junk, gene
therapy technologies that allow the incorporation of transgenes with a high efficiency and viability,
and the ablation of old cells.

The idea that curing aging may be possible before we can fully answer the main issues in the field is
original but controversial. de Grey assumes we can understand the changes that occur with age well
enough to develop therapies, even if the causality of these is not yet established. Like previously
discussed, many pharmaceutical interventions work as intended even though we do not know why.
Some anti-aging therapies may follow the same principle: for instance, maybe we do not need to know
the exact functions a given gene shown to retard aging in model systems to develop anti-aging drugs
by targeting that gene, as discussed earlier. Likewise, perhaps we do not need to know the
mechanisms leading to damage in order to repair it to preserve health. SENS, however, promises
radical results: a cure for aging within a relatively short time of a couple of decades. Even though it is
plausible that if the technologies in which SENS is based on--e.g., stem cells, tissue engineering, and
gene therapy--reach a high level of sophistication then anti-aging research will greatly benefit, the
idea that we can cure a complex process like aging without knowing its underlying mechanisms is, of
course, debatable and SENS has been criticized by numerous scientists (Warner et al., 2005; Warner,
2006; Holliday, 2009).

One key criticism of SENS comes from analogies with other medical problems like cancer. Since US
President Nixon declared the war on cancer in 1971, the R&D spending on cancer has been estimated
at $100-$300 billion. Some new treatments have been developed but while overall cancer survival has
increased in recent decades this is mostly due to early detection rather some "magic bullet"
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(Lakdawalla et al., 2010). From a engineer's perspective, however, cancer is a simple problem: all we
need to do to cure it is the ablation of cancer cells. This is similar to the ablation of death-resistant
cells in the SENS proposal. In the case of SENS, de Grey proposes that ablation of cells may be
achieved by making unwanted cells commit suicide or stimulating the immune system to kill them.
The issue then is: if the ablation of unwanted cells were so simple, then why have decades of cancer
research, with way more money than is available to aging research, failed to do so? Essentially the
problem is that developing therapies that destroy harmful cells but not normal cells is technically very
challenging and has not been solved yet in spite of a massive investment and research effort. As a side
note, de Grey's proposal to target cancer actually involves restricting telomere elongation in the whole
body by deleting the genes responsible and then, because telomere elongation is necessary for self-
renewal in some tissues, use cell therapy and tissue engineering to keep organs healthy (de Grey,
2005b).

It can be argued that we still do not have the necessary technologies to implement SENS or cure
cancer but are now on the verge of developing them. On the other hand, critics of SENS point out that
these engineering achievements are actually very difficult to achieve due to intrinsic problems and
limitations of of biomedical research. There are still few success stories of engineering in biology,
even in lower organisms, in part due to our incomplete knowledge of biological systems (Heinemann
and Panke, 2006). As such, critics of SENS argue that all individual components of the SENS
proposal are exceptionally optimistic (Warner et al., 2005; Holliday, 2009). A related issue is that
interventions in medicine, including stem cell therapies and others that are essential for SENS, are
intrinsically difficult to develop and perfect. As mentioned elsewhere, the rate of success of drugs in
clinical trials is only 20% (DiMasi et al., 2010), which is due to the intrinsic complexity and
unpredictability of biological systems. As such, critics of SENS argue that the chances that each
SENS component will be successful are actually very low and the SENS agenda, to quote a group of
gerontologists who criticized it, "is so far from plausible that it commands no respect at all within the
informed scientific community" (Warner et al., 2005). Indeed, as Warner et al. point out, none of de
Grey's proposals to tackle the seven forms of damage has been shown to extend lifespan even in
simple model organisms. The relevance of these seven types of damage to aging is far from proven
and other processes that are not tackled in SENS may prove important to aging (Warner, 2006). de
Grey responded to the above criticisms (de Grey, 2005¢ & 2006). Briefly, he argues that the effects of
tackling the seven forms of damage can only be correctly evaluated when tested together rather than
individually. de Grey also argues that Warner et al. are being pessimistic about progress of technology
and that indeed relevant technologies for SENS are forthcoming. A final point is that even before
curing aging we may reach a stage, which de Grey calls "anti-aging escape velocity," where
successive medical advances postpone aging faster than time is passing (de Grey et al., 2002b).

Even though SENS is controversial and polarizing, it can be argued it has had positive effects in the
field by fostering discussion of key issues and, given that de Grey is arguably the most famous
gerontologist in the world, raising awareness to research on aging and life-extension. de Grey's
advocacy and optimistic vision is no doubt important to attract and excite young scientists and
students to study aging and try to develop interventions to extend human lifespan. The public interest
generated by SENS can be argued to even influence funding policy and thus have a positive influence
for the field (de Grey, 2005d). Projects originating in SENS, such as the Mprize for longevity or
rejuvenation breakthroughs in mice, also foster development of life-extension therapies. The SENS
foundation also provides funding for a number of high-risk, high-reward technologies and approaches.
Critics of SENS, however, point out that numerous false anti-aging claims throughout the centuries
have given the field a poor reputation and that SENS will further erode the public's confidence in
gerontology; the attention given to the SENS agenda may also divert resources for what they think are
more promising research foci (Warner et al., 2005). Because of its controversial nature, however,
SENS does not at the time of writing receive funding from traditional funding bodies, such as
government agencies and charities, and so it is unclear if indeed SENS is diverting funds from other
researchers or instead generating new sources of funding (e.g., private donations) that would normally
not be available to traditional gerontologists.
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August Weismann wrote: "The complex processes of life can only be followed by degrees, and we can
only hope to solve the great problem by attacking it from all sides." In a field like gerontology where
proven facts are rare, it is important to invest a certain amount of resources in unorthodox practical
research; reasonable ideas that go against some of the most popular theories can also be successful and
History proves it. When Einstein thought and developed his ideas trying to solve the paradoxes
relating light speed and confronting Newton's and Maxwell's laws, he was unaware that others were
thinking about the same problems; this was a blessing, for the others were heading in wrong directions
and could have clouded his thoughts. Therefore, large advances in science and technology are often
due to individuals following what others think is an impossible vision and investing some aging
research funds in risky ideas is clearly important (Strehler, 1986). Even if the components of SENS
are regarded by many--possibly most--scientists as optimistic and by some even as unrealistic,
positive outcomes may emerge from developing such approaches, even if falling short of curing aging.

I discussed above--hopefully in a balanced and objective way--the different arguments, strengths and
weaknesses regarding SENS and hopefully readers can now make up their own decisions about it or
dig deeper into the cited references and the links below. Still, it would be cowardly of me not to
explicitly mention my personal opinion on this issue, and many have asked me about it, so I will make
it clear. I have no doubt that SENS is highly optimistic. Part of the problem is that SENS, like the
proposals of futurist Ray Kurzweil (Kurzweil and Grossman, 2004; Grossman, 2005), depends on
technologies that have not been developed yet and thus may or may not pan out. The unpredictability
of biological systems, in particular, is a key issue to render SENS very optimistic in my eyes. |
personally think that a much deeper understanding of biology, and specifically of the machines of life,
is essential to develop the level of sophistication in biomedical research (including pharmacology,
synthetic biology and regenerative medicine) required for curing aging. Hence, the focus of my work
is not on SENS but on increasing our knowledge of aging and on genomics, as discussed elsewhere. I
also think a better understanding of the mechanisms of aging is important to develop more specific
therapies--the types of damage in SENS are quite broad--that will have a higher chance of success. On
the other hand, and unlike many gerontologists, I aim to cure aging, and not surprisingly I disagree
with the many SENS critics who reject any possibility to prevent aging indefinitely or reverse aging
(Warner et al., 2005). It may be extraordinarily hard to cure aging, but there is no scientific reason to
think it is impossible, as I discuss elsewhere. de Grey has, in fact, tackled one of the major issues in
getting more attention and funding to anti-aging research: he attacked the view that aging is
untreatable. Since I have no doubt that increasing public understanding and support is of prime
importance for us to cure aging, the SENS initiative has, in my opinion, been very positive because of
the momentum it generates, of how it raises awareness and rallies the field. Probably SENS will not
cure aging but it may create the opportunities for others to cure it.

A Few Links on the SENS Debate

The BBC, in 2004, featured two contrasting articles: 'We will be able to live to 1,000' by de Grey, and
'Don't fall for the cult of immortality' by Olshansky.

SENS Foundation; official website of SENS.

Technology Review: Is Defeating Aging Only a Dream?; also known as "SENS Challenge", it
features submissions aimed at disproving SENS as well as de Grey's rebuttals and the remarks of an

independent jury.

78



Godseed

In this essay, I focus on the crucial issue of how to develop therapies to delay and eventually cure
aging in adult human beings after we understand the causes of aging. Imagine that we know all the
genetic and molecular mechanisms of aging, that we address the questions I previously argued as
crucial for the field. Since germ therapy is too late for everyone alive, we have to correct the genotype
of a significant number of our somatic cells or replace them by new ones. This is one of the most
difficult steps in fighting aging and it is worth a more detailed discussion.

Sections

From the Mechanisms of Aging to a Cure
Instructing the Human Body with Drugs

Gene Therapy
Cell Therapy and Stem Cells

Nanotechnology
Godseed: Changing the Soul of Man

Keywords: ageing, biogerontology, elixir of life, elixir vitae, engineered longevity, eternal youth,
fountain of youth, life-extension, regenerative medicine, pharmacogenomics

From the Mechanisms of Aging to a Cure

Although so far the underlying mechanisms of aging remain largely a mystery, as detailed elsewhere,
it is reasonable to expect that we will eventually understand the human aging process. Possibly during
this century, we will know which genes determine rate of aging and we will know what changes occur
in a human being from ages 30 to 70 to increase the chances of dying by over 30-fold. Yet even if
researchers fully unravel the aging process, even if researchers identify the causal molecular and
cellular mechanisms responsible for human aging, such breakthroughs will not necessarily lead to a
cure for aging. After all, HIV was identified as the cause of AIDS roughly 30 years ago and, though
there has been progress and new treatments, we still cannot cure AIDS (Gallo and Montagnier, 2003).
To delay aging, not to mention to stop or reverse the human aging process, will be a monumental task.

A disease, any type of disease, is a time-dependent change in the body that leads to discomfort, pain,
or even death. Therapies aim to delay, stop, or reverse those changes from occurring either by large-
scale interventions, such as surgery, or by transmitting the necessary information to the body. For
example, a bacterial infection may be reversed by penicillin, which can be seen as an information
vector that disrupts the bacterial wall, thus killing the bacteria and reversing the disease state. Though
they have a physical, biochemical basis, most pharmaceutical interventions can be seen as information
vectors transmitting simple instructions that are intended to delay, stop, or reverse the time-dependent
changes related to a given pathology. Not only antibiotics, but painkillers, corticosteroids, anti-
depressants, and a thousand more products fit this description. Yet present therapies transmit
relatively simple instructions: a painkiller may "tell" the brain to reduce its transmission of pain
information and a corticosteroid may "tell" the immune system to diminish its response. Curing aging,
however, will no doubt require the transmission of much larger amounts of information to the body.

Aging is a "sexually transmitted, terminal disease" that can be defined as a number of time-dependent
changes in the body that lead to discomfort, pain, and eventually death. We still do not know whether
aging derives from changes in a specific organ or if there are intrinsic age-related changes in each
tissue that are independent of one another, as discussed elsewhere. Maybe there are organs that age
faster than others or that are more important. For instance, it is clear that aging of the brain must be a
top priority, as debated previously. Nonetheless, it appears that in order to cure aging we will need to
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target multiple types of cells and possibly address different types of molecular damage and
malfunction. That is why, in spite of progress in artificial organs (e.g., Suga et al., 2011), organ
transplants are unlikely to be the solution for aging, and at least not a definitive cure. The future of
medicine is not in large-scale interventions but in smaller, less invasive but more precise therapies.
The solution to aging is not in addressing individual age-related pathologies but rather in information
vectors able to instruct our body to become young again.

To slow, stop, and reverse human aging we will likely require three steps: 1) remove damaged or
inactive molecules and cells; 2) restore function to several molecules and cells by repair or
replacement; 3) modify the genetic program to prevent the aging process from continuing. These
interventions are what we will most likely need to balance the body's chemical reactions and
molecular structural changes that become disrupted as we age. But how can we transmit such massive
amounts of information to our body?

Instructing the Human Body with Drugs

Most pharmaceutical interventions are composed of compounds or biomolecules usually transmitting
a single signal to the body: acetyl-salicylic acid, also known as aspirin, the anti-depressant fluxetine,
hormones like growth hormone, etc. Novel developments in chemical genetics, chemogenomics and
high-throughput screening are allowing the development of small molecules that target specific genes
and pathways, including in the context of aging (de Magalhaes et al., 2012). A number of small
molecules can activate or repress specific proteins (Peterson et al., 2000; Kuruvilla et al., 2002). With
advances in technology it might be possible to develop compounds that target all or at least most
genes in the human genome. If so, this would be a tremendous step in biomedical research in general
and particularly in the development of therapies against disease, such as aging. Nonetheless, the
number of human genome targets of approved drugs is in the hundreds with many drugs having
multiple targets while others have unknown mechanisms of action (Overington et al., 2006). Besides,
certain types of protein may not be amenable to drug development and the recent woes of the
pharmaceutical industry (e.g., Sams-Dodd, 2005) suggest that developing specific drugs targeting
most human genes is unlikely to occur in the foreseeable future.

Another problem with drugs is that the simple instructions these compounds deliver to our cells are
unlikely to be adequate to cure aging. Assuming aging has, to a large degree, a genetic basis, as
debated before, then to cure aging will require technologies that are not yet available. To give an
example, there are dozens of inherited diseases originating in single genes for which there is no cure
simply because we lack the technologies to turn on and off human these proteins in vivo. Since curing
aging will require us to transmit large amounts of information to the body, new technologies will be
necessary. Below, I will first give a brief overview of the most promising technologies to address this
problem: gene therapy and single-gene interventions, cell therapy and stem cells, and nanotechnology.
Afterwards, I will attempt to foresee how we can cure aging based on these technologies and what
breakthroughs are still necessary.

Gene Therapy

Gene therapy has been hailed as a major tool to deliver information, in this case genes, to the human
body (Lyon and Gorner, 1995; Kay, 2011). Although genes can be injected directly into the body
(Symes et al., 1999; Bersell et al., 2009), most gene therapy methods involve the use of a vector for
the specific purpose of inserting DNA into cells. Viruses are the most widely used vector and several
experiments have already shown the power of this technology. In one exciting discovery, virus-
induced expression of IGF-1, a growth factor mentioned in another essay, reversed age-related
changes in the skeletal muscle of mice; increases of almost 30% in strength were observed in treated
old animals when compared to controls (Barton-Davis et al., 1998). If aging may be reversed by the
expression of key genes then gene therapy holds great promise. Neuronal death has also been delayed
by the introduction of a single gene using the herpes virus (Antonawich et al., 1999), reversal of age-
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associated neural atrophy was achieved in monkeys by gene therapy (Smith et al., 1999), and the
phenotype of patients with hemophilia was improved with gene therapy (Nathwani et al., 2011).

Gene therapy is promising but limited in scope due to the inherited "bandwidth" constraints of the
technique. Large-scale genetic engineering is already possible in embryos (Chan et al., 2001) and
maybe our grandchildren will be born without aging. But since germ therapy is too late for anyone
reading these lines, present-day gene therapy has a number of limitations. The main one is that viruses
cannot deliver much genetic information. A typical virus can carry up to a few thousand base pairs
with some viruses being able to in the dozens of thousands base pairs. This pales in comparison to the
three billion base pairs in the human genome, though of course over 90% of the genome is "junk."
Maybe it is possible to use a combination of viruses but there are other problems. Viral vectors can
stably integrate the desired gene into the target cell's genome but the gene's integration may occur at
oncogenes, causing cancer. Efficiency of gene therapy is also low, meaning that only a small
percentage of target cells are usually affected. An immune response against viruses or transgenes may
also occur and is a major problem in gene therapy (reviewed in Kay, 2011). The immune response
could even be fatal as in the famous case of Jesse Gelsinger. At present, virus-based gene therapy does
not appear adequate to cure aging for not only is its safety dubious but its efficiency is low and the
amount of genetic information viruses can carry appears largely insufficient.

In addition to viruses, it has also been proposed that certain bacteria can act as vectors in gene therapy.
The major advantage being that bacteria can transport larger amounts of information and still be able
to change the genome (Theys et al., 2003). As with viral-induced gene therapy, the immune response
is a major problem. Some promising results have emerged from cancer treatments but it is dubious
bacterial-based vectors will become a solution to aging within a near future due to safety concerns.
Non-viral synthetic vectors for targeted gene delivery have also shown promise in targeting cancer
(e.g., Zhou et al., 2011), but much work remains to optimize these vectors for clinical studies and
increase their "bandwidth".

The above examples of gene therapy entail using viral vectors to express certain genes. In parallel,
RNA interference or RNAI can be used to inactivate gene. Tiny double-stranded molecules of RNA
can be designed to block a given target gene (Tuschl, 2002). For example, it has been proposed that
blocking the action of the gene responsible for Huntington's disease may prevent the onset of this
disease. RNAI can thus be seen as another type of information that can be delivered to the body,
though developing suitable delivery methods remains a major hurdle. RNA oligonucleotides can be
injected directly or a vector--often a virus--can be used to transmit the RNA1 to the body (Davidson
and McCray, 2011). Of course there are limitations in the use of RNAi but if specific genes have to be
turned off at specific times to cure aging, RNAi appears a promising solution. For instance, oncogenes
appear to be activated during aging, so it is possible that genes fostering aging, gradually leading to a
decrease in viability, emerge during aging. For these, RNAi and "classical" single-molecule-based
pharmaceutical interventions appear a viable solution (Haseltine, 2004).

Cell Therapy and Stem Cells

Gene therapy and RNAI are limited by their low efficiency and by the low number of genes they can
affect in cells. One way to overcome this limitation is by replacing the cells themselves, a process
known as cell therapy. Cells can be genetically engineered in vitro prior to be used for treatments.
Since there are few theoretical restrictions as to the number of genetic modifications cells can endure
before being injected into the body, cell therapy has a greater "bandwidth." For example, in an
experiment aimed at treating the immunodeficiency disease SCID-X1, cells from the immune system
were extracted from a patient, genetically engineered, and inserted back again with encouraging
results (Cavazzana-Calvo et al., 2000); the same procedure has also been proposed to treat AIDS
(Kohn et al., 1999). A number of technical hurdles remain, though, since creating and engineering
cells for treatments is a complex process that still requires much more research.
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One growing area of great medical potential involves stem cells (Snyder and Loring, 2005). A stem
cell is a sort of "unprogrammed" cell that has the potential to become any type of cell in the organ or
even in the adult body. As detailed elsewhere, aging has been linked to an age-related inability of stem
cells to replenish mature cells and so therapeutic interventions that enhance stem cell functional
capacity might ameliorate the age-associated atrophies of several organ systems (Donehower, 2002).
More importantly, there are now techniques available to create patient-specific undifferentiated stem
cells. With nuclear transfer techniques such as those that created Dolly (Wilmut et al., 1997), it is now
possible to generate embryonic stem cells from an adult (Cibelli et al., 2002; Hwang et al., 2004 &
2005). In theory, it is possible to genetically modify these cells according to needs, differentiate them
into the necessary tissue or organ and then implant them to treat age-related diseases, a procedure
called therapeutic cloning (Cibelli et al., 1998; Lanza et al., 1999). Since these cells are genetically
equal to the patient's there are few or no problems of immune incompatibility. Moreover, to avoid
ethical concerns regarding the use embryonic stem-cell research, one technique called induced
pluripotency (iPS) allows adult cells to be transformed into pluripotent cells using only four defined
factors; in theory such iPS cells can be later derived into any type of tissue (Takahashi and Yamanaka
2006). This revolutionary technique permits the generation of embryonic stem cells from an adult. iPS
appears to rejuvenate cells to some degree (Suhr et al., 2010) and even cells from centenarians appear
to be rejuvenated (Lapasset et al., 2011).

The ability of stem cells to regenerate virtually all types of tissues holds great promise (Krause et al.
2001). In theory, it is possible to create practically all components of a human being in the lab and
then replace the patient's organs and tissues one by one. For example, stem cells have been used with
success against heart disease (Orlic et al., 2001; Bolli et al., 2011) and to repair damage to the brain
(Bjorklund and Lindvall, 2000) and spinal cord (Liu et al., 2000). Blood- and marrow-derived stem
cells have been used successfully in some autoimmune and cardiovascular diseases (Burt et al., 2008).
Besides, stem cells are incredibly versatile: transplantation of mesenchymal stem cells into the bone
marrow shows that they can travel through the body and become bone or muscle cells depending on
the needs (Horwitz et al., 1999). Interestingly, mesenchymal stem cells transplanted from young
donors extends lifespan in mice (Shen et al., 2011). Taken together, these experiments demonstrate
how a small subset of cells can impact on whole organs by fostering regeneration, how a few tiny cells
can transmit massive amounts of information to the human body.

Harvesting and/or preparing stem cells for treatments is complex and much work remains to optimize
protocols and avoid side-effects, so stem cells are not yet suitable for anti-aging treatments. Therefore,
much more research is necessary but the basics for using these techniques are known and we can
expect more practical applications to emerge in a near future. The ability stem cells have to sprout
regeneration, repair tissues, and release tailor-made factors makes them excellent candidates for anti-
aging therapies.

Nanotechnology

An adult human, once a tiny cell, is a self-assembling machine made of trillions of microscopic
components. Roughly, a human being consists of ~7 x 10%” atoms and ~10° different molecular
species, mostly proteins. Genes and proteins can be seen as organic nanostructures working with
molecular precision to form complex components, such as cells. The concept of nanotechnology, first
proposed by Richard Feynman and later developed by the pioneering work of Eric Drexler, is that our
ability to manipulate matter and energy at smaller scales--one billionth of a unit is called a nano--will
increase until we reach and surpass our own biological nanostructures (Drexler, 1986; Wiley, 2005).
One key concept in nanotechnology is the molecular assembler, a machine capable of assembling
other molecules given a set of instructions and the necessary resources. Ribosomes, the sites where
proteins are built based on the instructions of the genes, are the only known molecular assemblers. A
man-made molecular assembler capable of building molecule-scale machines to guide specific
chemical reactions would allow the construction of devices with atomic precision capable of a myriad
of functions.
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In theory, nanostructures can be built to drive chemical reactions capable of reversing aging by
reversing chemical reactions and damage that occur as we age. The goal of nanotech-based therapies
would be to build the necessary nanostructures to reverse age-related changes with the minimal
perturbation. For example, damage to the DNA increases with age. Even though it is debatable
whether this is an effect or a cause of aging, it appears likely that if we could build nanostructures to
reverse these changes it could at least prevent some age-related pathologies like cancer. Cells already
features several of these nanostructures as part of their DNA repair machinery. Enhancing it with
novel nanostructures could thus reverse this form of damage. The applications of nanotechnology are
multiple and it is not possible to describe them all here, but one possible application would be to
design bacteria, viruses, or even stem cells to perform large-scale gene therapy without being attacked
by the immune system. For example, by taking the viral nanostructures for integrating foreign DNA
into host cells and apply them to stem cells (Freitas, 2003). Simple nanofactories have also been
proposed to fight disease (Leduc et al., 2007). One more advanced proposal is the design of nanites,
submicroscopic robots that could fit inside cells and perform medical functions from sensory
functions to killing viruses and even repairing macromolecular damage (Wiley, 2005).

Nanotechnology holds great expectations and promises (Kurzweil and Grossman, 2004). The greatest
problem is that, so far, nanotechnology, at the level described above, is almost exclusively theoretical
without any clinical or medical trials. Even so, nanomachines aimed at correcting molecular defects
for which there is no natural tool--e.g., removal of lipofuscin, also called age-pigment--may be
necessary (Freitas, 1999).

Godseed: Changing the Soul of Man

The godseed will take over the programming of
the DNA.

- David Zindell in "Neverness"

The ultimate aim of research on aging is to create what David Zindell called godseed, a molecular
entity capable of reversing the molecular and cellular changes that occur as we age and capable of
changing the genome of our cells to prevent aging from happening again. Initially, the godseed will
need to transmit a signal to drive regeneration, as happens in some of the apparently non-aging
animals described before. It may even be the case that tissue regeneration will eliminate damaged
molecules and senescent cells while at the same time restoring function. Otherwise the godseed will
have to include ways of eliminating nonfunctional nanostructures and cells while at the same time
restoring youthful vigor. Afterwards, the regenerated tissue will need to be prevented from aging
again, probably by including the necessary instructions in the godseed together with the instructions
ordering regeneration (Fig. 1).

From a technological perspective, the godseed may well entail a combination of the techniques
presented previously: a mix of RNAI to prevent the expression of certain genes and gene therapy
either in vivo or ex vivo to express other types of genes and create the stem cells that will transmit the
massive amounts of information necessary. The goal is to "tell" the body to regenerate. In addition,
even if we do not know in detail how to reverse all age-related changes and pathologies, we may
address specific pathologies through conventional therapies. For instance, to rejuvenate the immune
system we will need to prevent the thymus from degenerating and so specific interventions will be
necessary. Eventually, novel nanostructures may allow us to reverse specific age-related degenerative
changes (Freitas, 1999). Yet we will not need mature nanotechnology for building the godseed. It is
impossible to say if man-built molecular assemblers will emerge in 10, 50, or 500 years from now, so
we should not, and need not, depend upon nanotechnology to cure aging. As such, the core of the
godseed will likely consist of genetically-modified stem cells.
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One specific case is the brain, the source of our consciousness. Again, the primary strategy should be
to foster regeneration and the reversal of age-related changes. Though future technological
developments are hard to predict, it appears dangerous to use viruses or bacteria as vectors for gene
therapy in the brain, so again stem cells hold the greatest promise. Though these have "bandwidth"
limits, non-invasive methods to express exogenous genes in the brain are being developed and may be
useful to express specific critical genes (Shi and Pardridge, 2000). Exosomes vesicles are one
emerging area of research and have already been used to deliver RNAI to the mouse brain (Alvarez-
Erviti et al., 2011).
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Figure 1: A human is aged because of a decrease in the functional capacity of the body plus the
accumulation of damage--though both could be linked. Both these processes occur at a molecular and
cellular level and lead to age-related pathologies either together or independently. To reverse aging,
the godseed will first need to eliminate the damaged structures: RNAi may prevent these from being
produced while nanostructures from drugs to biomolecules may eliminate the damage. For restoring
function the most promising method appears to involve stem cells, which can also contribute to
eliminate damage. Once the body has been rejuvenated it may be necessary to prevent aging from
occurring again. If the genetic program was not changed in the previous phase, then the godseed will
need to modify the genetic program either by gene therapy, stem cells, or even novel nanostructures.
Afterwards, aging is cured.

To design and control the godseed we will need massive information systems: synthetic biology and
whole genome engineering aim to allow us to program cells and genomes as if they were computers
(Hasty et al., 2002). The goal is to convert information into gene networks designed to perform any
task conceivable. Research is already been conducted in how to program stem cells to suit our needs.
As mentioned earlier, several species such as reptiles, lobsters, and birds feature advanced
regenerative capacities and appear not to age. Deriving information from these species to devise ways
to re-built the human genome to avoid aging may be feasible (de Magalhaes and Toussaint, 2004b). In
another example, work is being conducted to attempt to implement the advanced regenerative capacity
of amphibians in mammals (Brockes et al., 2001). Synthetic biology and information systems will be
the "glue" that binds all these fields together and allow us to design, regulate, and apply the godseed.

In a sense, to cure aging we will need to increase the bandwidth with which we send information to
our cells. godseed need not be anything besides present technologies with more powerful and
sophisticated features. If most of these technologies already exist what remains is an engineering
problem of making them work according to our needs. Namely, we must: 1) develop therapies based
on stem cells for tissue regeneration; 2) implement synthetic biology to control stem cells; 3) improve
the safety, efficiency and accuracy of RNAi and gene therapy; 4) learn more about regeneration and
what signals are involved in each tissue. Lastly, to apply whole genome engineering to aging we need
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to know, of course, where to act. That is, what causes aging in humans, what makes us gradually
weaker and more vulnerable, but that is not the subject of this article--it is discussed elsewhere.

The most promising strategy to cure aging is to stimulate the body's own regenerative capacities, to
"tell" the body not to age. As discussed elsewhere, biology is becoming an information science and
intervening in aging is primarily a question of transmitting the right information to the body. godseed
may well be stem cells engineered by synthetic biology and coupled to nanostructures. It may also be
worthwhile to modify stem cells to change the DNA, which may be necessary to avoid aging in non-
dividing tissues. Ironically, we could even make the godseed, or some of its nanostructures, endure
senescence after the body is rejuvenated. Most of the molecular mechanisms for such functions,
although not completely understood, exist. What is necessary is research to solve all the engineering
problems we still face. The godseed is not just a utopia but an achievable goal that we can build within
a, hopefully, reasonable future. We would then become gods of our bodies, making aging a sad past
tale.

Notice: This is an adapted and updated version of a chapter entitled "The Dream of Elixir Vitae" that
appeared in the book The Scientific Conquest of Death: Essays on Infinite Lifespans.
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Glossary

Non-exhaustive list of definitions of terms used in gerontology and in senescence.info.

Aging: a progressive deterioration of physiological function, an intrinsic age-related process of loss of
viability and increase in vulnerability. In humans, aging is characterized by a complex phenotype.

Allele: one of two or more variant forms of a gene.

Aphagy: inability to feed oneself due to anatomical deficiencies, common in the adult phase of some
species of animals.

Apoptosis: programmed cell death.

Antagonistic pleiotropy: theory by George Williams that explains the existence of aging by the
existence of genes beneficial early in life but harmful at later stages.

Autophagy: digestion of the cell's own components; it has been implicated in aging.

Biogerontology: the scientific study of the biological process of aging.

Caloric restriction (CR): diet regime consisting of eating considerably fewer calories that has been
considered as a potential method to delay aging.

Cellular or clonal senescence: see replicative senescence.

Cellular immortality: the ability of certain cell populations, like most cancer cells, to divide
indefinitely in culture.

Demography: the statistical study of populations; human aging is characterized by demographic
aging.

Developmental theory of aging (DevAge): theory arguing that aging is an extension of
developmental mechanisms.

Diphyodont: an animal that develops two successive sets of teeth, common in most mammals.
Diploid: a cell with two sets of chromosomes.

Dyskeratosis congenita: genetic disease caused by defects in the dyskerin protein, one of the
components of telomerase.

Disposable soma theory: theory by Thomas Kirkwood that explains the existence of aging by the
allocation of resources from somatic maintenance to reproduction.

Ectotherm: a cold-blooded animal, such as a reptile, fish, or amphibian, whose body temperature is
mostly determined by the surrounding environment.
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Endocrine system: group of hormone-producing glands and their secretions (hormones); the
endocrine system have been implicated in aging.

Endotherm: a warm-blooded animal, like a bird and mammal, capable of regulating its internal
temperature.

Epigenetics: study of heritable changes in a phenotype that are not due to alterations in the DNA
sequence but rather due to chemical changes of the DNA and associated proteins.

Eutherian: a placental mammal. All mammals are eutherians with the exception of marsupials and
monotremes.

Exonuclease: enzyme that cleaves nucleotides from one end of a strand of nucleic acid.

Free radical theory of aging: theory by Denham Harman that argues that aging is a result of damage
accumulation caused by reactive oxygen species.

Gene: DNA sequence that encodes a protein and represents the basic unit of inheritance.

Genetics: the study of heredity--i.e., the passing of characteristics from one generation to another--
and of variation of inherited characteristics. Aging has a strong genetic component.

Genomics: the study of an organism's genome.

Genome: the full DNA sequence of an organism.

Genotype: genetic makeup of a given organism, usually related to a given characteristic.
Geriatrics: the medical study of diseases and problems of the elderly.

Germ cells: the reproductive cells which contain the genetic material passed on to the offspring.

Gerontology: the scientific study of the aging process and old age. In the context of senescence.info,
gerontology refers to the biological study of aging and old age, also called biogerontology.

Hayflick limit: the inability of cells to replicative indefinitely in culture.
Helicase: an enzyme that unwinds the DNA helix.

IMR: initial mortality rate. The age-independent mortality rate obtained from the Gompertz equation.

Iteroparous: an organism that may reproduce more than once during its lifespan.

Life expectancy: how long, on average, an animal can be expected to live. Can be used
interchangeably with average lifespan and average longevity.

Life history: the changes organisms undergo from conception to death, focusing particularly on the
schedule of reproduction and survival.

Lifespan: the period of time in which the life events of a species or sub-species (e.g., a strain or
population) typically occur. Can sometimes be used interchangeably with longevity even though they
have slightly different meanings.
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Longevity: the period of time an organism is expected to live under ideal circumstances. Can
sometimes be used interchangeably with lifespan even though they have slightly different meanings.

Maximum lifespan (tmax): the maximum period of time organisms of a given species or sub-species
(e.g., a strain or population) can live. Usually refers to the longevity of the longest-lived individual of
a given species or sub-species.

Mechanical senescence: age-related changes that are a consequence of mechanical usage.
Mitochondrion: cellular organelle that produces most of the cell's energy.

MRDT: mortality rate doubling time. The time required for the mortality rate to double. Inferred from
the Gompertz equation.

Mutation: change in the DNA sequence of an organism or cell.

Mutation accumulation theory: theory by Peter Medawar that explains the existence of aging by the
accumulation of mutations with harmful effects at later ages.

Negligible senescence: organisms in which the aging process has not been detected in spite of
detailed studies, as observed in some animals.

Oocyte: a female gametocyte that develops into an ovum after two meiotic divisions.
Oogenesis: formation of new oocytes.

Oxidative stress: damage caused by reactive oxygen species; oxidative stress has been implicated in
aging.

Phenotype: the characteristics of an organism as determined by both genetic makeup and
environmental influences.

Phylogeny: the evolutionary development and history of a species or taxonomic group of species.
Polyphenism: the ability of a single genome to give rise to two or more morphologies.

Polyphyodont: an animal that develops several sets of teeth successively throughout its life, as
observed in many species.

Polyploid: a cell with three or more sets of chromosomes.

Progeria: genetic disease resembling accelerated aging which typically affects children. Also called
Hutchinson-Gilford syndrome.

Progeroid: a phenotype with features resembling accelerated aging.
Quiescent: in cell biology, a quiescent cell is one that is not dividing.
Rate of living theory: theory that argues that lifespan inversely correlates with metabolic rates.

Reactive oxygen species (ROS): any of a number of highly reactive forms of oxygen that are
potential sources of damage; damage caused by ROS has been implicated in aging.
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Replicative senescence: irreversible cessation of cell division of normally proliferating cells. It is also
characterized by various biomarkers and can or not be accompanied by cell death.

Semelparous: organisms that reproduce only once, usually followed by death, as observed in several
animals.

Senescence: the fundamental process of aging or aging itself. Can also refer to cellular aging in some
contexts.

Senescent cell: normally dividing cell that is irreversibly growth arrested and exhibits a number of
other biomarkers associated with cellular senescence.

Soma: the entire body of an organism with exception of the germ cells.

Stem cell: an undifferentiated cell that can divide, differentiate into specialized cells, and can self-
renew to give rise to more stem cells.

Strategies for engineered negligible senescence (SENS): a proposal by Aubrey de Grey that details
how by reversing seven forms of cellular and molecular age-related changes will allow us to cure

aging.

Stress-induced premature senescence (SIPS): irreversible cell cycle arrest and associated cell
phenotypes as the result of subcytotoxic stress.

Supercentenarian: someone 110 years of age or older.
Topoisomerase: an enzyme that regulate the supercoiling structure of the DNA.
Taxon (plural: taxa): a taxonomic group of any rank.

Telomeres: the long end sequences of a DNA strand occurring at the tip of the chromosomes that play
a key role in replicative senescence.

Telomerase: enzyme that adds telomeric sequences to the telomeres and has been associated with
cellular immortality.

Trait: a particular characteristic of an organism that can have different phenotypes.

Werner syndrome (WS): genetic disease resembling accelerated aging; it typically has an adult
onset.
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