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Summary
e Aging demographics, increasing penetration of diseases of aging, and the heightening expense of high technology
health-care interventions are creating exploding costs that are becoming economically unsustainable.
Evolutionary theory suggests that aging is the fading out of adaptation once reproductive competence is achieved, and
reflects the lack of selection for a sustained post-reproductive adaptation.
e |f extrinsic mortality is high in the natural environment, selection effects are less likely to promote organism
maintenance for extended periods. Alternatively, aging is simply change of the organism over time, and is primarily
under the control of the hypothalamic pituitary gonadotropin axis. Although traditionally viewed as opposing theories,
these may be simply different perspectives on the same process.
Cellular and molecular theories attribute aging to a genetically modulated process, a consequence of “wearand-tear’ or
a combination of both types of processes.
e Aging is probably a complex and recursive network of many changes.
e Molecular and cellular models of aging include: nuclear and mitochondrial and even ribosomal DNA damage, including
genomic instability, loss of epigenetic regulation, and mitochrondrial DNA deletion.
e Oxidative stress (OS) and associated mitochondrial dysfunction and decline
e |nflammation which is progressively disinhibited (‘inflammaging’)
e Glycation
e Declining autophagy
e Dysregulation of apoptosis
e Sarcopenia
e Cellular senescence
Calorie or dietary restriction (CR/DR) has been shown to have positive effects in most but not all species on longevity
and aging.
e A network of interacting molecular pathways has been implicated in CR physiology. Sirtuins, a class of transcription
factors, are thought to play an important role in cell signaling and aging, in concert with mTOR, AMPK, PGC-1a, and
insulin signaling pathways.
The target of rapamycin (TOR) signaling network influences growth, proliferation, and lifespan. Rapamycin, an
immunosuppressive macrolide, inhibits mammalian target of rapamycin (mTOR) and has been shown to increase lifespan.
e CR mimetics are substances that potentially mimic the molecular effects and physiology of CR. Resveratrol is the most
well known CR mimetic but only extends lifespan in obese animals.
e Genetic manipulation of growth hormone, IGF-1, and insulin signaling pathways may mimic CR effects.
e |ifestyle factors such as sleep, diet, exercise, and social support may affect a shared set of cellular and molecular
pathways.
e Exercise: elicits an acute anti-inflammatory response and inhibits production of proinflammatory cytokines.
Protective against disease associated with low grade systemic inflammation.
e QObesity: abdominal fat may contribute to the disinhibition of inflammation.
e Polyphenols, often regarded as antioxidants, affect cell physiology and cell signaling in a wide variety of ways that are
probably far more critical to their effects in mammalian physiology beyond any putative free radical scavenging.
Healthy lifestyle practices match those of ancestral hunter gatherers (HGs), suggesting that diseases of aging may be
potentated by a mismatch between our genes and the modern environment.
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Do not go gentle into that good night,

Old age should burn and rave at close of day;

Rage, rage against the dying of the light.
Dylan Thomas

Aging is arguably the most familiar

yet least-well understood aspect of human biology.
Murgatroyd, Wu, Bockmuhl, and Spengler (2009)

Old age is no place for sissies.
Bette Davis

Dedication: To my Dad, Richard F. Watt, who believed that the best scholarship and the best social values would

eventually reveal each other.

Introduction

Aging, now the focus of a rapidly expanding, if still
immature, biological science, remains one of the most
fundamental yet mysterious aspects of biology. The sci-
ence of aging has explored the cellular and molecular
basis of aging largely in three target organisms with fully
sequenced genomes and short lifespans (yeast, round-
worms, and fruit flies), as well as an increasing number
of in vivo studies in mammalian animal models. Evidence
argues that multiple pathways modulating aging in these
three target organisms are well conserved in mammals,
primates, and humans, although perhaps with additional
modifications. The science of aging has made progress in
describing and analyzing several critical phenotypes or
components of aging, including sarcopenia, glycation,
inflammation and oxidative stress (OS), endocrine dys-
crasia, apoptosis, telomere loss and cellular senescence,
genomic damage and instability, mitochondrial dysfunc-
tion and decline, and increasing junk protein and declin-
ing autophagy (removal of damaged or “junk” proteins).
Although the relationships among these various aspects
of aging remain incompletely mapped, evidence increas-
ingly indicates that they are deeply interactive, perhaps
reflecting the many linked “faces” or facets of aging.
Increasing evidence links most, if not all, of these pro-
cesses to the major diseases of aging and most neurode-
generative disorders.

Evolutionary perspectives argue that aging must be a
process against which natural selection operates mini-
mally, in a postreproductive animal. In other words, basic
selection processes ensure that enough members of the
species (absent predation or other accidental death) sur-
vive to a period of maximum reproductive competence
(otherwise, a species would not exist), but selection does
not and indeed cannot ensure longevity much past a peak
reproductive period. Aging is the result of this relative absence
of selection for an extended postreproductive adaptation. In this
sense, evolution “does not care too much about aging”,
although partial exceptions to this principle in humans

may exist due to the likely contribution of tribal elders to
an extended “group fitness,” possibly helping to explain
why humans are longer lived than almost all other mam-
mals. Such evolutionary perspectives also suggest that
aging (and its deceleration) is likely to be highly polygen-
etic and not easily radically modified, arguing strongly
against any wild optimism about improvements to maxi-
mum human lifespan beyond its documented maxima
(about 120 years). Current thinking also suggests that
aging clearly reflects an “antagonistic pleiotropy”—genes
beneficial to and even critically necessary for growth and
reproduction “backfire” in older animals and contribute
to aging, in part through “unexpected” interactions.
However, aging research has extensively probed highly
conserved protective effects associated with dietary or
calorie restriction (DR/CR), the gold standard in terms
of a basic environmental manipulation that slows aging
in virtually every species in which it has been closely
studied, from yeast to mammals. CR/DR functions as a
global metabolic “reprogramming” for most organisms,
reflecting a shift of biological priorities from growth and
reproduction toward stasis and conservation. CR physiol-
ogy was presumably selected by allowing organisms to
survive in times of nutrient shortage and then resume the
critical business of growth and procreation when again in
environments more supportive of fecundity. CR extends
lifespan and reduces penetration of the diseases of aging
significantly, if not dramatically, in almost every species
in which it has been studied, but does not appear to be a
viable health-care strategy for the vast majority of individ-
uals (due to the intrinsic stresses of chronic hunger). CR
mimetics (substances offering at least some of the physiol-
ogy of CR without the stress of chronic hunger) may offer
some or many of the benefits of CR, protective effects of
enormous relevance to Western societies as they undergo
progressive demographic shifts in the direction of a larger
percentage of elderly citizens than at any point in human
history, with an impending tsunami of diseases of aging.
However, clinical and long-term data on CR mimetics is
badly lacking beyond animal models, where they show
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impressive protective effects. CR mimetics are currently
being studied in multiple diseases of aging, including
cancer, heart disease, Alzheimer’s disease (AD), diabetes,
and several others.

Last but not least, accumulating evidence also indicates
that Western lifestyles and an associated pandemic of
obesity, reflecting a radical departure from our evolution-
ary environment, will expose us to increased penetration
by the diseases of aging, despite (or perhaps because of)
increasing life expectancy. These multifactorial lifestyle
changes (poorer sleep, little exercise, complex dietary
shifts, increased social isolation) may increase many of
the phenotypes or components of aging, including OS,
inflammation, glycation, insulin resistance, telomere
loss, disordered cell cycling and aberrant growth signals,
increased junk proteins, and DNA damage. Fundamental
shifts in health-care strategy and priorities will be needed
in the coming decades, away from high-technology inter-
ventions aimed at an advanced disease of aging (often
one at which little real prevention was ever aimed) and
toward a reprioritizing of meaningful prevention via
substantive lifestyle modifications. Such a shift in health-
care priorities is likely to be politically contentious, but
the current (and unsustainable) escalation of health-care
spending will eventually force basic changes in both
health-care policy and clinical practice. The science of
aging may eventually heuristically integrate much of our
currently fragmented approach to the diseases of aging
and thus merits much more attention and review not only
in medical school curriculums, but also in basic biomedi-
cal research initiatives.

Aging and mortality

All complex organisms age and eventually die!, with
highly variable limits to their typical lifespans, a variabil-
ity still poorly understood. The outer biological limit to
the human lifespan is generally thought to be approxi-
mately 120 years. The oldest carefully verified human
known was Jeanne Calment of France (1875-1997), who
died at age 122 years, 164 days (Robine and Allard, 1995).
As far as we know, we are the only species with a vivid
awareness of and preoccupation with our own mortal-
ity (and perhaps, at other times, an equally great denial).
Cultures from the earliest recorded history have been pre-
occupied with themes of dying and immortality, along
with whether it would be possible to escape death or find
a true “fountain of youth.” Wishes for and even expec-
tations of immortality are a powerful driver in many

! Only in organisms in which there is no real distinction between
soma and germ line (such as hydra and most bacteria) is aging
absent.

organized religions and spiritual traditions. Yet despite
such perennial and fundamental human wishes, no way
of truly preventing aging or achieving any version of bio-
logical immortality has ever been achieved in human his-
tory. Aging and our eventual demise from it both seem
as unavoidable as the next sunrise. Benjamin Franklin is
credited with the famous quote, “The only thing certain
in life are death and taxes.” More humorous perspectives
on these existential challenges include George Bernard
Shaw’s lament that youth was a wonderful thing and a
shame that it had to be wasted on the young. When I was
too young to fully appreciate the humor, my own father,
who passed away during the writing of this chapter at the
age of 93, offered, “Aging is vastly overrated, but most of
the time, it beats the alternative.” But ultimately, aging is
no joking matter, exposing humans to slow and inevitable
degradation of virtually every organ system, progressive
disability, and eventual outright physiological failure of
one sort or another, with inevitably fatal consequences.
Yet if we did not age and die, humans and their progeny
would quickly overrun the planet and totally exhaust
its ecology and resources, causing mass extinctions not
only for many other species, but potentially for our own
as well. Thus, any true “fountain of youth” for humans
might prove to be a seductive but ultimately deadly
Faustian bargain. Yet who does not want more life, par-
ticularly if in decent health and with preserved functional
capacities? Such primordial motivation and longing was
surely captured in Dylan Thomas’s haunting poem “Do
Not Go Gentle into That Good Night,” tapping universal
sentiments in the face of aging and mortality.

In this context, one might ask why a chapter on the
biology of aging appears in a textbook of geriatric neurol-
ogy. Trivially, the obvious answer is that aging has every-
thing to do with all things geriatric. However, less trivi-
ally and less obviously, one might argue that an under-
standing of the basic biology of aging could function as
a “touchstone” or integrative “hub” around which much
of the science of geriatric neurology might eventually be
organized. Central questions here could include: What is
aging? What drives the progressive deterioration of the
human organism over time? Why does it lead to what
have been called the “diseases of aging?” These diseases
would include not just classic neurodegenerative disor-
ders (most paradigmatically, AD, but also Parkinson’s
disease (PD), frontotemporal dementias, and motor neu-
ron diseases—all core clinical concerns for geriatric neu-
rologists, neuropsychologists, and psychiatrists), but also
coronary artery and cerebrovascular disease, other forms
of age-related vascular disease, diabetes, cancers, macu-
lar degeneration and glaucoma, arthritis, failing immu-
nocompetence, and perhaps many, if not most, forms of
end-stage organ disease.

Additional central questions potentially addressed by
the science of aging include the following: what can we
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do about slowing aging and extending the lifespan or,
for that matter, protecting ourselves from the diseases of
aging? Exactly how does aging lead to the various dis-
eases of aging, and what determines which disease of
aging an individual gets? Does someone truly die just
from “old age,” or do we die of a disease of aging? What
are the core biological processes responsible for aging?
Are these a few biological processes or many dozens?
What are the potential relationships (interactions) among
various core processes implicated in aging? What is the
relationship between aging in the brain and aging of the
body in general? Can the brain be differentially protected
from aging and age-related diseases? Would a slowing of
aging itself potentially delimit the penetration by the dis-
eases of aging in some or even all individuals? How radi-
cally? Is it possible to substantially slow aging, or perhaps
even to arrest it? Even more radically, could aging ever be
substantially reversed? Many of these questions do not
have well-validated scientific answers yet. Most of these
questions could be considered central biological ques-
tions for all the health-care disciplines and also questions
around which there is now a rich and emerging, if still
fundamentally young and incomplete, science of aging.

Implications of an aging demographic
in Western societies for priorities in
health care: prevention versus high-
technology medicine

Unfortunately, very little of an emerging science of aging
has trickled down into the health-care system and into
the awareness of most health-care professionals, where
a largely fragmented approach to the diseases of aging
predominates theory, clinical research, and treatment. In
addition, almost none of it seems to inform the way our
health-care system currently works. Substantive preven-
tion in relationship to the diseases of aging (let alone any
concerted focus on potentially slowing aging) garners
little substantive attention or meaningful share of fiscal
resources; instead high-technology intervention, often
aimed at an advanced disease of aging (at which little, if
any, prevention was typically ever aimed), consumes an
enormous fraction of medical resources and costs (Conrad,
2009). Recent estimates are that no more than 5% of health
care is spent on prevention, broadly defined, whereas
75-85% is spent on an established illness, typically a dis-
ease of aging (Centers for Disease Control and Prevention
(CDCQ), 2010). In 2010, at least $55 billion was spent on the
last 2 months of life, and an enormous fraction of total
medical costs was spent on end-of-life care (Social Security
Advisory Board (SSAB), 2009), often with little evidence
that this considerable expenditure improves the qual-
ity of life (and may even cause it to deteriorate, in some
instances). If one were to extrapolate our current (average)

end-of-life care costs to the baby boomers (a demographic
of roughly 60 million people), this could potentially yield
a total price tag of about $6 trillion for end-of-life care
for the baby boomer generation. Obviously, these trends
are unsustainable, but there is little evidence of progress
toward addressing, let alone reversing, them.

The emerging and expanding science of the biology of
aging, as a vigorous area of scientific inquiry, takes place at a
time when the demographics of Western societies are tilting
toward an increasingly high percentage of elderly citizens.
At the beginning of the twentieth century, when life expec-
tancy was about 47 years in the United States, until today,
there has been a roughly 30-year increase in life expectation
at birth (Minino et al., 2002). Roughly 25 years of this 30-year
gain in lifespan can be attributed to one primary factor: less-
ening the impact from early mortality due to infectious dis-
eases in children and young adults, in the context of better
hygiene and the creation of effective antibiotics and vaccines
(CDC, 1999). This has yielded a situation in which many
Western societies are now for the first time in human his-
tory facing the prospect of having more people over the age
of 60 than under the age of 15. Although currently roughly
13% of the United States is over the age of 65, within the next
20 years, this percentage is expected to increase by more
than half again, to roughly 20%. By the end of the century,
a whole one-third of the world’s population will be over the
age of 60 (Lutz et al., 2008). These demographic shifts will
centrally include a huge increase in the very old in the com-
ing four decades. In 2010, more than an estimated 5.5 million
Americans were 85 years or older; by the year 2050, that num-
ber is expected to almost quadruple to 19 million. Currently,
the number of centenarians in this country (Americans 100
years and older) is estimated at roughly 80,000, but by 2050,
there will be more than 500,000 Americans aged 100 years
or older. This is unprecedented in human history. However,
these significant increases in lifespan have not been accom-
panied by concomitant increases in “healthspan,” or in our
ability to substantially prevent (or successfully treat and
delimit) the disabling illnesses of later life, the major diseases
of aging (centrally including diabetes, cardiovascular dis-
ease, stroke, AD, and cancers), which remain largely refrac-
tory to amelioration. Some evidence (summarized later in
this chapter) argues that these diseases may be largely of
Western civilization (primarily due to modern lifestyles) and
relatively rare in elders from hunter gatherer (HG) societies,
compared to Western societies, even when the younger mor-
tality of HGs is taken into account (Eaton et al., 1988 a,b).

The impact of these large demographic shifts and the
associated increased penetration of diseases of aging on
health-care economics, combined with the increasing
costs of technology-driven health-care interventions, is
quietly anticipated to be fiscally catastrophic, involving a
steady annual escalation of health-care costs to unsustain-
able levels (US Government Accountability Office, 2007;
Conrad, 2009). The impact on health-care economics of an
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aging demographic, combined with an increasing empha-
sis on high technology, is increasingly penetrant and,
frankly, worrisome, particularly in terms of its impact on
health-care economics in this country. In 2010, health-care
expenditures in the United States were approximately
18% of the gross domestic product (GDP), almost twice
as much, in terms of percentage of GDP, as in any other
Western society. Even just within the next several years,
at a current rate of increase of between 4% and 8% a year
(rates of increase moderated more by the recent recession
than by changing practice), by 2018-2019, roughly 20%
(31 in every $5) of the US GDP could be spent on health-
care expenses, an unprecedented fraction of our national
wealth and resources. The health-care expense as a pro-
portion of GDP is projected (without substantive changes
in practice trends or chronic illnesses) to rise to 28% in
2030 (more than $1 in every $4) and to 34% by 2040 (more
than $1 in every $3; Council of Economic Advisers (CEA),
2009). These are frightening statistics, suggesting that the
current rate of escalation in health-care expenditures is
totally unsustainable. However, the demographic shifts
toward an aging population are only one contributing fac-
tor in these accelerating expenditures and are paired with
the escalating cost of first-line drugs and high-technology
interventions and the high overhead associated with the
burgeoning health-care and health-insurance bureaucracy
itself (CEA, 2009). Evidence suggests that as much as three-
quarters of the increasing costs are due to factors other than
an aging demographic (CEA, 2009). Despite these enormous
and escalating financial outlays in health care, the overall
health may be actually declining in the United States, as
measured by several indices. Currently, the United States
rank around 50th in life expectancy, while other indices,
such as infant mortality, are also worrisome and rank 46th,
behind all of Western Europe and Canada (CIA Factbook).

Reflecting the major disease of aging with special rele-
vance for this textbook, costs for AD in 2010 were roughly
$170 billion in the United States alone (not counting an
additional roughly $140 billion in unpaid caretaker costs,
suggesting a real cost of over $300 billion in 2010 alone)
(Alzheimer’s Association, 2010).

These total costs of AD (assuming that current costs
continue and no cure or highly effective treatment is
found) are expected to potentially reach $2 trillion per
year in the United States alone by 2050, with 65 million
expected to suffer from the disease in 20 years worldwide,
at a cost of many trillions of dollars (Olshansky et al.,
2006). As the baby boomers enter the decades of greatest
risk for cancers, heart disease, stroke, arthritis, AD, macu-
lar degeneration, and other diseases of aging, evidence
indicates that the health-care system (as it is currently
structured) will eventually undergo a slowly progressive
but fundamental collapse in the context of these unsus-
tainable cost escalations. Meaningful strategic options to
prevent this fiscal implosion have not yet been developed.

In addition to its financial impact on health-care eco-
nomics, aging in the Western societies is anticipated to
have a more generalized and severely deleterious impact
on Western economies, as an increasing percentage of
retired elderly severely strain basic social safety net and
entitlement programs such as Medicare and Social Security,
deteriorate tax and revenue margins, and stretch virtually
every societal resource (McKinsey Global Institute, 2008).
In this context, scientific work on the biology of aging, par-
ticularly if it might reduce or substantially delay penetra-
tion by the diseases of aging into an aging population and
extend “healthspan” (as distinct from lifespan), appears
vitally relevant, if not badly needed. Despite these consid-
erations, the funding of research into all aspects of aging and
age-related disease garners only 11% of the $31 billion NIH
budget (Freudenheim 2010), and research into CR, our
only well-replicated lifestyle intervention to slow aging
and reduce diseases of aging, garners less than 1/100th of
1% of all biomedical research monies (Guarente, 2003).

Historical and basic evolutionary
perspectives on aging

Aging appears somehow woven into the very fabric of life
itself; a still controversial question is whether this is acci-
dental (in a sense, evolution did not worry much about
aging, as postreproductive deterioration in a complex bio-
logical system is inevitable) or whether aging is selected
(as nearly immortal organisms would destroy their envi-
ronment and thus render themselves extinct). These may
not be mutually exclusive perspectives. Aging is difficult
to define and has no single pathognomonic biomarker,
but to paraphrase a famous quote about obscenity, “You'll
know it when you see it.” Aging can be defined operation-
ally as a progressive and time-dependent “loss of fitness”
that begins to manifest itself after the organism attains its
maximum reproductive competence (Vijg, 2009) but aging
could also be seen as simply the change of the organism
over time (Bowen and Atwood, 2004). Although this
seems to conflate development with aging, it has other
theoretical advantages (see discussion of endocrine dys-
crasia). Aging consists of a composite of characteristic
and often readily recognizable phenotypic changes and
can be defined statistically as a point at which normal or
expectable development shows an increasing probability
of death from all-cause mortality (excepting traumatic
injury, starvation, poisoning, or other accidental death)
with increasing chronological age of the organism. Intrin-
sic to aging is that its characteristic phenotypic changes
are progressive and affect virtually every aspect of physi-
ology and every organ of the body, from the skin, to car-
diac and muscle tissues, to the brain. Ontologically, aging
may reflect “entropy’s revenge,” as fundamental aspects
of life organization become increasingly disorganized,
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presumably due to a complex composite of processes
(Hayflick, 2007). Modern biological thought holds it axi-
omatic that purposeful genetic programs drive all bio-
logical processes occurring from the beginning of life to
reproductive maturity. However, after reproductive com-
petence is attained, current thinking is still divided on the
question of whether aging is a continuation of some col-
lection of genetic programs or whether it is the result of
the accumulation of random, irreparable losses in cellular
organization. Again, these may not be mutually exclusive.
References to aging abound in the earliest human cul-
tures” writings and records, suggesting that humans have
been keenly aware of aging for millennia. The Bible refers
to aging and death as “the wages of sin,” at best, a colorful
metaphor and, of course, totally scientifically inadequate.
However, a modern biology of aging suggests that the
metaphor of aging as a “wage” is both appropriate and
heuristic: aging may readily reflect the “wages” of growth,
metabolism, and reproduction (excess junk proteins, OS,
glycation of proteins, and damage to both mitochondrial
and nuclear DNA) and also to the “wages” of organism
defense and repair (also known as inflammation).
Additionally, one must accept evolutionary principles
as fundamental here and grounding any discussion of
biological phenomenon, suggesting that aging must, in a
direct sense, reflect a relative absence of selection against aging
itself. However, what this might mean is not clear. Initial
evolutionary theories of aging hypothesized that aging
was “programmed” to limit the population size (immortal
organisms would destroy their environment and render
themselves quickly extinct) and/or to accelerate an adap-
tive turnover of generations, thereby possibly enhancing
adaptation to shifting environments. However, this argu-
ment has modest evidence for it, at best, as senescence
typically contributes minimally to mortality in the wild
(Kirkwood and Austad, 2000). Instead, mortality in wild
populations (as opposed to that seen in protected popula-
tions) is mostly due to extrinsic factors, such as infection,
predation, and starvation, and occurs mainly in younger
animals (Charlesworth, 1994). As a general rule, many, if
not most, wild animals simply do not live long enough to
grow old, again due to these extrinsic factors and not to
aging. In this sense, natural selection has a limited opportunity
to exert any direct influence over the processes of aging. Even in
species in which aging and senescence do make some con-
tribution to mortality in the wild (for example, in larger
mammals and some birds), any hypothetical “aging gene”
would be clearly deleterious; thus, it is highly unlikely
that it would be selected (Kirkwood and Austad, 2000).
Indeed, the relative rarity of aged animals in the wild is
an important clue about how fundamental evolutionary
processes relate to aging. With extrinsic factors being the
primary causes of mortality, there is invariably a progres-
sive weakening in the force of selection with increasing
age (Kirkwood and Austad, 2000). By the time an animal

in the wild reaches an age at which the percentage of a
given population surviving has declined to very low lev-
els, the force of selection is likely far too weakened (if not
almost nonexistent, given the low probability of reproduc-
tive success in an aged animal) to effectively weed out the
accumulation of genes with “late-acting” deleterious (in
other words, pro-aging) effects. This constitutes a “selec-
tion gap” that allows any alleles with late deleterious (pro-
aging) effects to accumulate over many generations, with
little or no intrinsic “countermechanism” (referred to as
the mutation accumulation theory of aging). A prediction
emerging from this theory is that because the negative
alleles are basically unselected mutations, there might be
considerable heterogeneity in their distribution within a
population of individuals. There is some evidence both
for and against this (Kirkwood and Austad, 2000).

A substantial modification of this basic idea is found
in the notion of aging as “antagonistic pleiotropy”
(Williams, 1957), that evolution would favor genes that
have good effects early in development (for example,
genes promoting growth and fecundity) even if these
genes had clearly bad effects at later stages of life. A criti-
cal and heuristic modification of this basic idea has been
provided by Bowen and Atwood (2004), who suggest
that alterations in the hypothalamic—pituitary—gonadal
(HPG) axis, characterized by increasing gonadotropins
and declining sex steroids create aging and by implication
its diseases, a process which is “paradoxically” under the
control of the very same hormonal systems that regulate
growth and reproduction (see Section “Endocrine Dys-
crasia”). In this sense, a small but reproductively signifi-
cant benefit early in life derived from particular genes or
alleles would easily outweigh (in terms of selection effect)
later deleterious effects, even if those later effects guar-
anteed eventual senescence and death, especially if those
genes promote growth and reproduction. Aging is thus
not the “wages of sin” but the wages of growth, repro-
duction, and metabolism. Of course, this suggests that
aging expresses intrinsic trade-offs, a theme also echoed
in the widely quoted “disposable soma” theory of aging
(Kirkwood, 1977) which suggests a balance of allocation
of metabolic resources between somatic maintenance
and reproduction. Effective maintenance of the organism
is required only for as long as it might typically survive
in the wild. For example, because roughly 90% of wild
mice die in their first year of life, biological programming
for metabolically expensive body maintenance programs
beyond this age benefits only 10% of the total population,
at most (Phelan and Austad, 1989). Given that a primary
cause for early mortality in wild mice is excessive cold
(Berry and Bronson, 1992), the disposable soma theory
suggests that mice would not benefit from developing
body maintenance and repair programs that would slow
aging nearly as much as investing metabolic resources
into thermogenesis and thermoregulatory mechanisms.
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Thus, longevity may be determined in large part by the
level of “extrinsic” mortality in the natural environmental
niche (Kirkwood and Austad, 2000). If this level is high
(life expectancy thus is quite short), there is little chance
that the force of selection would create a high level of
protracted and successful somatic maintenance; the
more critical issue is making sure that organisms either
reproduce quickly before extrinsic mortality takes its
toll or have high fecundity and reproduction rates to
ensure that early mortality for many members of a spe-
cies does not eliminate reproduction for all members of
a species (rendering them extinct). On the other hand, if
“extrinsic” mortality is relatively low over long periods of
time, selection effects might well direct greater resources
toward building and maintaining a more durable organ-
ism, by modulating genes that might otherwise contrib-
ute to rapid aging. If this set of assumptions is correct, one
would predict that, in organisms in relatively safe envi-
ronments (those with low extrinsic mortality), aging will
evolve to be more retarded, while it would be predicted
to be more rapid in hazardous environments (slowed
aging in these environments would make little difference
to procreative success and species survival)—and these
predictions are generally well supported (Kirkwood and
Austad, 2000). Additionally, evolutionary developments
that reduce extrinsic mortality (for example, wings or
other adaptations to reduce vulnerability to predation,
highly protective armor (such as shells), or large brains
(enabling transition from prey species to top preda-
tor status) are linked to increased longevity (as seen in
birds, turtles, and humans), although mechanisms for
this increased longevity are still debated and remain to
be conclusively outlined (see Bowen and Atwood, 2004).

However, disposable soma theory has been criticized
(Blagosklonny, 2010b) as failing to account for many
aspects of aging, most particularly the greater longevity
of women and the role of specific genetic pathways (such
as mammalian target of rapamycin (mTOR),-see later sec-
tions on mTOR) that may heavily modulate aging. Aging
is increasingly thought to be not preprogrammed, but
more likely the result of a relative absence of selection for
“perfect” maintenance of the organism, past the period of
reproductive competence. Another way of putting this is
that aging is simply the “fading out of adaptation,” after
achieving the age of reproductive success and moving
into the postreproductive age (Rose, 2009). In other words,
there is no basis for evolution to have selected against
aging and for much better body maintenance, as these
issues would escape selection, unless there was a specific
selection pressure toward this. An example of a basic selec-
tion pressure that could reduce aging significantly might
be progressively delayed reproduction (procreating at slightly
later and later ages), which has been shown in animal
models to result in significant enhancement of longevity,
in complete concert with basic evolutionary principles

(Teotdnio et al., 2009). In animal models of aging, this is
referred to as “experimental evolution” (Bennett, 2003).
Intriguingly, experimental work with delayed reproduc-
tion has successfully developed longer lived species (for
example, long-lived Drosophila, or fruit flies), but with the
cost of depression of early life fecundity, suggesting again
intrinsic trade-offs between slowed aging and growth and
reproduction (Sgro and Partridge, 1999). However, there
is expert opinion (Johnson, Sinclair, and Guarente, 1999)
that there could well be selection to slow the pace of aging,
as such organisms could potentially have a more pro-
tracted period of reproductive fitness, conferring an adap-
tive advantage. Slower aging also appears intrinsically
related to later age of reproductive fitness (Bowen and
Atwood, 2004). Additionally, in hominid lines, evolution-
ary perspectives indicate that the existence of tribal elders,
with greater accumulated wisdom and experience, would
have improved evolutionary fitness for their tribal groups,
despite being largely past a reproductive age, suggesting
another potential selection mechanism driving “antiag-
ing” (“group fitness” or “inclusive fitness” in highly social
species such as hominids; Carey, 2003).

Basic cellular and molecular theories of aging probably
come in two fundamental forms: (1) aging as a genetically
modulated process (under the control of discrete genes
and molecular pathways—but not “preprogrammed”); (2)
aging as an “error” or stochastic or “wear-and-tear” pro-
cess (the best known of these being the oxidative damage/
stress theory). Neither “pure” type of theory is fully able
to explain all aspects of aging, suggesting that aging is
“quasiprogrammed” (Blagosklonny, 2009) and perhaps
related to both growth programs (which are continued
past the period of peak reproductive competence, as an
example of antagonistic pleiotropy) and stochastic cellu-
lar damage/wear and tear aspects (such as emerging from
disinhibited inflammation). CR, as the only conserved
antiaging physiology yet discovered (see the later sections
on CR and CR mimetics) may impact both of these (reduc-
ing growth programs and also attenuating factors such as
OS and inflammation that may drive stochastic damage).
Again, one has to assume that these issues do not contra-
dict or replace a basic evolutionary perspective (in which
aging reflects a relative absence of selection against wear
and tear, stochastic damage, or failure of inhibition of
many genes/pathways that might accelerate or drive age-
related decline). Kirkwood and Austad (2000) summarize
these considerations for an evolutionary genetics of aging
as three basic predictions (p. 236).

1 Specific genes selected to promote ageing are unlikely
to exist.

2 Aging is not programmed but results largely from ac-
cumulation of somatic damage, owing to limited invest-
ments in maintenance and repair. Longevity is thus regu-
lated by genes controlling levels of activities such as DNA
repair and antioxidant defense.
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3 In addition, there may be adverse gene actions at older
ages arising either from purely deleterious genes that es-
cape the force of natural selection or from pleiotropic genes
that trade benefit at an early age against harm at older ages.
Thus, aging could reflect the species-variable interac-
tions and intrinsic “tug-of-war” between deleterious and
degrading changes (and the declining influence of selec-
tion/adaptation in a postreproductive animal), with many
of these pro-aging factors intrinsic to growth, reproduction,
metabolism, inflammation, and other aspects of physiol-
ogy (“antagonistic pleiotropy”), versus various (and pre-
sumably selected) counterbalanced repair, protection, and
maintenance programs. Of course, if aging itself potentially
deteriorates those counterbalanced cellular repair and main-
tenance programs, this suggests that aging is a losing tug-
of-war between forces of cellular protection and forces of
cellular degradation, and that (as the tug-of-war metaphor
suggests), as one side loses, it may lose at an accelerating
rate. There is indeed some evidence, although it is hardly
conclusive, that aging may actually accelerate (Guarente,
2003). Few elderly would find this possibility surprising.
Cellular and molecular aspects of aging that might map
onto these various considerations about the evolutionary
basis for aging suggest a dizzying composite of pheno-
typic changes, including changes in mitochondrial, nuclear,
and ribosomal DNA; subsequent genomic and chromatin
changes and instability; increasing levels of OS (including
pleiotropic and differential expression of OS on membranes
and lipids, proteins, and nucleic acids, particularly mito-
chondrial); increasing systemic inflammation (“inflammag-
ing”), paradoxically concomitant with declining immuno-
competence; increasing glycation of proteins (and increasing
amounts of advanced glycation end products (AGEs), which
potentiate inflammation); increasing cellular senescence and
loss of telomeres; dysregulation of apoptosis (programmed
cell death is over- or under-recruited); and increasing junk
proteins, combined with impaired protein turnover and
declining removal of damaged (and glycated) proteins
(declining “autophagy”). Last but certainly not least, even
our stem cells age and reach senescence, preventing rejuve-
nation of many organ systems and structures. A clear sense
of what are leading versus trailing edges in this process (in
other words, clearly distinguished “causes” vs “effects”)
are still unclear and biology is clearly a place where causes
become effects and effects become causes. However, there is
evidence for each of these various aspects of cellular change
as direct contributors to all the manifestations of aging, includ-
ing evidence linking virtually all of these processes (“phenotypes of
aging”) to all the diseases of aging. Like many aspects of biolog-
ical regulation, and indeed life itself, recursive interactions
among these various processes may be essential; in other
words, the many mechanisms of aging may be highly inter-
active, suggesting that there cannot be a single pathway into
aging (see the discussion of the network of molecular path-
ways in CR effects), and that instead aging probably reflects a

complex and recursive network of (still incompletely understood)
changes. This is consistent with the severe limitations of all
“linear causality” models in biological systems, where cau-
sality is intrinsically more recursive, circular, and multifacto-
rial (Freeman, 2000). As critical examples of this principle of
reciprocal interaction, inflammation and OS are increasingly
linked and seen as mutually reinforcing (Jesmin et al., 2010),
OS is thought to drive DNA damage (both mitochondrial
and nuclear), glycation promotes inflammation, and declin-
ing removal of junk (including glycated) proteins may be
related to increased OS (Kurz, Terman, and Brunk, 2007) and
mitochondrial decline, while senescence promotes inflam-
mation, as does endocrine decline, as does increasing junk
protein while chronic inflammation and OS contribute to
senescence. All of these phenotypes may thus be interlinked
aspects of declining biological organization and increasing
entropy, as basic phenotypes of aging with positive feedback
loops between these phenotypes; new interactions seem to
be emerging regularly in research into aging and its dis-
eases. Such interaction may explain how processes involved
in a modest departure from an ideal youthful physiology
gives rise to a process that, over time, deterministically kills
the organism without exception. Aging in other words may
emerge from a deadly ‘recursion matrix’ of these interactive
phenotypes. This is consistent with overwhelming evidence
that nothing in biology truly emerges from single factors,
but from the concerted crosstalk and feedback between mul-
tiple partners. At the same time, several molecular pathways
(such as mTOR, and many molecular and cell-signaling
pathways with which mTOR interacts) may be particularly
critical to aging and the modulation of age-related change.
At the end of this chapter, we also summarize evidence that
lifestyle factors modulate risk for diseases of aging (and per-
haps aging itself), possibly accelerating or retarding it at least
to some degree. We also examine the difference between the
current Western technological environment and our original
evolutionary environment, in terms of the impact that mul-
tiple lifestyle variables may have on the cellular mechanisms
and the physiology of aging and the diseases of aging.

Basic molecular and cellular
perspectives on aging: phenotypes of

aging

Although popular conceptions of the molecular basis of
aging center around reactive oxygen species (ROS), hard
evidence for this as the prime driver of aging is actually
very mixed, and increasing evidence argues against it,
as least as the central process driving aging. However,
OS may interact with many of the other phenotypes of
aging, particularly inflammation, as well as disinhibited
growth factors/programs, suggesting that a softer form
of OS theory (that ROS may contribute to aging) may still
be valid.
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Oxidative stress and associated mitochondrial
perspectives

Abasic assumption about aging is that it must have a funda-
mental cellular basis, and cellular and molecular perspectives
on aging have dominated the scientific landscape of aging
research and theory. The oldest and most widely quoted
molecular theory about aging was provided by Harman,
1956, who postulated that oxidizing “free radicals” dam-
aged and degraded cells over time, causing aging. Harman's
early work on radiation with experimental animals demon-
strated that aging had important similarities to the afteref-
fects of massive exposure to radiation, particularly cancer,
inflammation, apoptosis, and other tissue changes not dis-
similar to classic phenotypes of aging in older animals and
humans. Harman’s hypothesis emerged from his familiar-
ity with work on radiation exposure and early findings that
large doses of ionizing radiation generated enormous quan-
tities of free radicals. Harman subsequently published what
may be the first dietary antioxidant study (1957), studying
the effects of dietary 2-mercaptoethylamine, the most potent
radioprotective compound known at the time, and demon-
strating a modest 20% increase in average lifespan, although
the mechanism of action of this compound is still debated.
In 1972, Harman published an important extension to the
free radical theory, suggesting that the mitochondria were
the primary source for OS, as well as the primary site for
oxidative damage, and that the mitochondria therefore rep-
resented a kind of “biological clock” that he argued deter-
mined maximum lifespan. He concluded that his inability to
extend maximum lifespan with dietary supplements must
derive from the fact that most exogenous antioxidants do
not get into the mitochondria. He hypothesized that OS in
the mitochondria (vs its endogenous antioxidant defenses)
set an outer limit on a given species longevity. Some work
has suggested that OS is mostly generated by mitochondrial
complex 1 (Mozaffari et al., 2011).

This led to a second “vicious circle hypothesis” about OS
in relation to the mitochondria: that OS caused deterioration
in mitochondrial antioxidant defense systems and mito-
chondrial function in general, leading to more OS and, in
turn, driving more damage and increasing age-related dete-
rioration. Although this is clearly the most widely quoted
and accepted molecular theory of aging, particularly in the
popular media and product advertising, the most compre-
hensive and wide-ranging review of this theory to date (Van
Remmen, Lustgarten, and Muller, 2011) concludes that hard
support for it is actually quite mixed. Therefore, the authors
conclude that this theory remains unproven (but also not
clearly falsified either), at least in the original “hard” form
of the hypothesis (that OS in the mitochondria was the
driver of aging. It has also been known for some time that
OS markers increase with aging, although debate still rages
about how much of this is cause or effect of aging (Sohal
and Weindruch, 1996). There are many data points both for
and against the oxidative-stress-in-the-mitochondria theory

of aging, which might readily lead even the advanced stu-
dent of aging to a sense of confusion and frustration. On the
other hand, a softer form of the hypothesis—that OS in the
mitochondria may significantly contribute to aging—may be bet-
ter supported, particularly in view of the interaction between ROS
and other molecular pathways that clearly have been shown to con-
tribute to aging, and to the diseases of aging, such as inflammatory
signaling, and growth signaling (see Blagosklonny, 2008) (see
Section “Mammalian target of rapamycin”).

Much experimental work to test the basic hypothesis has
focused on genetic manipulations of antioxidant enzyme
systems in short-lived species. Support for the hypothesis
can be drawn from the results of knockouts of superox-
ide dismutase (SOD) 2 (Perez et al., 2009) and glutathione
peroxidase 4 (Ran et al., 2007), both of which show lethal
effects. Other primary data points in favor of the hypoth-
esis emerge from work correlating species longevity with
lowered rates of mitochondrial DNA mutation (Sanz et al.,
2006) and with other experimental manipulations of OS and
mitochondrial function (Hagen et al., 1999). Additionally,
longer lived rodents (white-footed mouse (Peromyscus leuco-
pus)) exhibit lower levels of ROS (superoxide and hydrogen
peroxide), compared to the shorter lived house mouse (Mus
musculus), and show higher cellular concentrations of some
antioxidant enzymes (catalase and glutathione peroxidase)
and lowered markers for protein oxidative damage (Sohal
et al., 1993). Schriner et al. (2005) generated transgenic mice
that overexpressed human catalase localized to peroxisome,
nucleus, or mitochondria (MCAT). Median and maximum
lifespans were maximally increased (averages of 5 months
and 5.5 months, respectively) in the MCAT group. Cardiac
pathology and cataract development were both delayed,
markers for oxidative damage were reduced, peroxide pro-
duction was attenuated, and mitochondrial DNA deletions
(perhaps the most serious form of mitochondrial damage)
were also reduced. These results offer strong support for the
free radical theory of aging and also argue that the mito-
chondria are indeed the most biologically relevant source of
these free radicals. In general, there is also broad, although
occasionally inconsistent, correlation among OS in the mito-
chondria, rates of mitochondrial DNA damage, and longev-
ity (Sanz et al., 2006;Barja and Herrero, 2000).

However, there is equally compelling data against this
classic hypothesis. The naked mole rat (NMR) demonstrates
an unusual phenotype of significantly delayed aging and
the longest lifespan of any rodent (about 30 years), five times
the expected lifespan based on body size, and exceptional
cancer resistance, despite elevated markers for OS and short
telomeres (Buffenstein et al., 2011). Additionally, the lack
of a significant lifespan decrease or accelerated aging phe-
notypes in SOD 27* mice (missing one copy of the gene),
despite evidence for increased OS (Mansouri et al., 2006),
and increased mitochondrial DNA damage (Osterod et al.,
2001) are data points against this classic theory. Further com-
plicating the picture is the evidence that although oxidation
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of mitochondrial DNA is elevated in SOD 27+ mice, mito-
chondrial DNA deletions (thought to reflect the most serious
form of mitochondrial DNA damage) are not increased (Lin
et al., 2001). This suggests that this particular partial knock-
out model may not adequately probe the question of the
relationship between mitochondrial OS and longevity.
Other animal models demonstrate that increased expres-
sion of the major antioxidant enzymes involved in protec-
tion from mitochondrial OS, including upregulation of
the two isoforms of SOD (MnSOD and Cu/ZnSOD) and
catalase, individually or in various combinations, does not
extend maximum lifespan in mouse models (see Van Rem-
men, Lustgarten, and Muller, 2011 for detailed review).
Mice with genetically reduced individual components
of the antioxidant defense system have also been exten-
sively studied, including knockouts of two isoforms of
SOD (MnSOD and Cu/ZnSOD), glutathione peroxidases
(Gpx-1, Gpx-2, and Gpx-4), catalase, thioredoxin, and per-
oxiredoxin. Complete ablation of individual components
of antioxidant defense can often be embryonically lethal
(specifically, homozygous knockout of thioredoxin 2, glu-
tathione peroxidase 4, or MnSOD), but simply a loss of
one allele (generating about 50% loss in activity) in hetero-
zygous knockout mouse models (SOD1*~, SOD2*", and
Gpx4*") does not result in reduced lifespan (Van Remmen,
Lustgarten, and Muller, 2011). Lastly, recent work shows
that combining a heterozygous knockout of MnSOD and
homozygous glutathione peroxidase 1 knockout clearly
results in increased OS, indexed through several clas-
sic markers (both protein carbonyls and oxidized nucleic
acids), but not in a decrease in lifespan (Zhang et al., 2009).
At face value, such negative results might suggest that
the “hard” form of the mitochondrial OS hypothesis (OS
is the primary driver of aging and mortality) is not well
supported. However, some very recent work argues that
antioxidant defense in the mitochondria involves factors
beyond these classic antioxidant enzyme systems and
requires activation of one of the seven sirtuins (SIRT3),
which promotes acetylation of antioxidant enzymes, sig-
nificantly enhancing their effectiveness. Hafner et al. (2010)
show that SIRT3/~ knockout mice show accelerated aging
phenotypes, including classical mitochondrial swelling.
Although earlier work on OS and CR emphasized the role
of SIRT1 and its homologs (Sinclair, 2005), recent work
has demonstrated that SIRT3 appears essential for CR-
mediated reduction in OS (Qiu et al., 2010), as homony-
mous knockout of SIRT3 prevents the expected reduction
of OS during CR. SIRT3 reduces OS by increasing activity
of SOD2 through deacetylation (Tao et al., 2010; Qiu et al.,
2010). In addition to regulating SOD2, SIRT3 reduces OS
by modulating the activity of isocitrate dehydrogenase 2
(IDH2), a mitochondrial enzyme generating nicotinamide
adenine dinucleotide phosphate (part of antioxidant
defense in the MITO; Someya et al., 2010). Thus, there may
be many players in the defense against OS in the MITO,

arguing that a comprehensive test of the OS hypothesis of
aging may be challenging to design and that single or even
combined manipulations of antioxidant enzyme systems
may be insufficient to fully probe Harman’s original and
provocative idea. In general, however, there is increasing
skepticism that the OS emerging from mitochondrial respi-
ration is the driver of aging or any version of a sole “prime
mover” in aging organisms. Additionally, many of the
data points supporting a classic OS hypothesis can poten-
tially be reinterpreted in light of evidence that ROS are a
secondary driver for mTOR (Blagosklonny, 2008) (see Sec-
tion “Mammalian target of rapamycin”); antioxidant inter-
ventions may therefore reduce overall drive or activation
of mTOR (which may slow aging). Additionally, cellular
senescence, another fundamental phenotype of aging, may
be hinged to DNA damage detection (Chen et al., 2007),
damage caused by ROS, suggesting that ROS concepts
have to be seen not as operating in etiological isolation, but
more as interactive with other phenotypes of aging.

A major practical challenge to test the basic hypoth-
eses of OS perspectives on aging and also explore thera-
peutic implications of this idea has been the question of
how to deliver antioxidants into the mitochondria (as
the primary cellular nexus for OS vs antioxidant protec-
tion). Most organic compounds conventionally regarded
as antioxidants (particularly the so-called “antioxidant”
vitamins A, E, and C) do not get into the mitochondria
in meaningful quantities, nor do others common in the
diet, such as many polyphenols. Work by Skulachev et al.
(2009) however, suggests that one can design molecules
that do materially affect OS (SkQs, in this case, comprising
plastoquinone, an antioxidant moiety, and a penetrating
cation and a decane/pentane link). In vitro work indeed
confirms that SkQ1 accumulates almost exclusively in
mitochondria. In several species of varying phylogenetic
complexity (the fungus Podospora anserina, the crusta-
cean Ceriodaphnia affinis, Drosophila, and mice), SkQ1 pro-
longed lifespan, especially at the early and middle stages
of aging. In mammals, SkQs inhibited development of
age-related diseases and involutional markers (cataracts,
retinopathy, glaucoma, balding, canities, osteoporosis,
involution of the thymus, hypothermia, torpor, peroxida-
tion of lipids and proteins). SkQ1 manifested “a strong
therapeutic action on some already pronounced retinopa-
thies, in particular, congenital retinal dysplasia.” With
eye drops containing 250 nM SkQ1, vision was restored
to 67 of 89 animals (dogs, cats, and horses) that became
blind because of a retinopathy. Moreover, SkQ1 pretreat-
ment of rats significantly decreased hydrogen peroxide
or ischemia-induced arrhythmia of the heart, reducing
the damaged area in myocardial infarction or stroke and
preventing the death of animals from kidney ischemia.
In p53 (-/-) knockout mice, 5 nmol/kg/day of SkQ1
decreased ROS levels in spleen and inhibited lympho-
mas. Thus, such “designer antioxidants” show promise
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in slowing aging and in both preventing and potentially
treating diseases of aging. Intriguingly, of the many com-
mon dietary supplements regarded as “antioxidant” (see
Section “Polyphenols”), only melatonin has evidence for
consistent mitochondrial localization (Srinivasan et al.,
2011), with some evidence suggesting that it may function
as a significant mitochondrial protectant and regulator of
MITO bioenergetic function.

Intriguingly, and underlining the intrinsic connections
among the many biological phenotypes of aging, in recent
years, the OS theory of aging has forged increasing con-
nections to disinhibited inflammation and inflammatory
signaling, with many positive feedback loops between
the two processes, such that neatly separating these two
processes is difficult (see Section “Inflammation”). Recent
work on gene interactions (Jesmin et al., 2010) suggests
that OS is perhaps the critical common denominator
underpinning the intimate associations between obesity,
type II diabetes, and hypertension, and that obesity itself
may increase OS (Fernandez-Sanchez et al., 2011). Evi-
dence also indicates that cancers and AD are hinged to OS,
suggesting that the long-term reduction of OS in aging
may have significant health benefits and may offer protec-
tion against many diseases of aging, even if the hard form
of the OS hypothesis (that ROS are the driver of aging)
is unsupported. Further evidence for critical interactions
among these various phenotypes of aging is suggested in
the landmark study by Sahin et al. (2011) which shows
that telomere dysfunction causes repression of mitochon-
drial biogenesis regulatory enzymes (PGC-1la/PGC-1p)
through activation of p53, leading to increased OS and
impaired mitochondrial biogenesis and bioenergetic
function. Suggesting another dimension to these dynamic
relationships among phenotypes of aging, recent work
has suggested that telomere loss may be directly related
to lifetime inflammation and OS burden, and that rate of
telomere loss in leukocytes predicts cardiovascular mor-
tality in men (Epel et al., 2009).

Inflammation

Increasing evidence argues that aging centrally involves
changes in both innate and adaptive immunity (in the
direction of declining adaptive immunity and compen-
satory upregulation of innate immunity), combined
with increasing systemic inflammation, recently dubbed
“inflammaging” (Franceschi et al., 2007), even in the
absence of obvious pathological consequences or lesions.
While traditional perspectives on inflammation empha-
size acute and local inflammatory processes and the
classic cardinal signs of localized inflammation (rubor et
tumor cum calore et dolore—redness and swelling with heat
and pain) involving many “acute phase” proteins, recent
work on “inflammaging” emphasizes a different side of
inflammation that is more systemic, chronic, and often (at
least initially, if not over the long term) asymptomatic.

Of course, inflammation is also a highly adaptive and
selected process, central to both organism defense and tis-
sue repair; without it, we could not survive long at all, and
it operates at virtually all levels of biological organization,
from the small molecular level all the way to the level of
behavioral organization (see Chapter 21, “Depression in
the Elderly: Interactions with Aging, Stress, Chronic Pain,
Inflammation, and Neurodegenerative Disorders”). Yet it
is centrally implicated in many, if not virtually all, of the
major diseases of aging, particularly atherosclerosis (see
Section “Diseases of Aging with Relevance to Neurol-
ogy”), AD, PD, most cancers, arthritis, and type II diabe-
tes (see Finch, 2011 for a detailed review). This profoundly
Janus-faced nature of inflammation may be one of the
most striking examples of “antagonistic pleiotropy,” sug-
gesting that aging and its acceleration may be at least par-
tially one of the “wages” of successful organism defense
and tissue repair. From the perspective of aging and its
diseases, the immune system may be simultaneously a
best friend and a worst enemy.

Blood levels of proinflammatory cytokines (such as
C-reactive protein and interleukin-6) are now widely
understood to be primary risk factors for vascular disease
and predictors of mortality /morbidity in cardiovascular
events. Underlining intimate relationships between pro-
inflammatory and anti-inflammatory signaling, the adap-
tive up-regulation of IL-6 due to exercise appears critical
to the anti-inflammatory production of IL-10 (Walsh et al.,
2011) and IL-1ra while inhibiting production of a cardinal
proinflammatory cytokine, TNF-a. IL-6 was suggested to
be a “myokine,” defined as a cytokine that is produced
and released by contracting skeletal muscle fibers; it is
responsible for the anti-inflammatory effects of exercise,
part of increasing evidence that systemic inflammatory
signaling and “tone” are highly plastic and perhaps highly
responsive to diet and lifestyle issues (see the last sections
on lifestyle and dietary factors.). Indeed, many if not most
important lifestyle variables appear to modulate systemic
inflammatory tone directly, including classic dietary fac-
tors such as fiber consumption (Galland, 2010), omega-3
intake (Mittal et al., 2010), and polyphenol intake (Zhou
et al., 2011); sleep quality versus sleep deprivation (Moti-
vala, 2011); aerobic exercise (Walsh et al., 2011); and even
social stress (social isolation vs social comfort; Slavich et
al., 2010). This suggests that Western lifestyles (sedentary
and with typical Western diet patterns) may be, in toto,
seriously proinflammatory and may significantly increase
the risk of the diseases of aging most related to chronic
and systemic inflammation (many cancers, cardiovascu-
lar disease, AD and PD, diabetes, and arthritis).

Glycation, advanced glycation end products,
and AGE receptors

Glycation of proteins is a fundamental mechanism in
aging and in the deterioration of both organ structure
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and function, and is probably neglected in many treat-
ments of aging relative to its importance (Semba et al.,
2010; Bengmark, 2007). Glycation appears implicated
in almost every disease of aging, and not simply diabe-
tes, with glycation as a primary contributing cause and
not simply as a secondary effect. Additionally, AGEs
interact with receptors (rAGE) to upregulate inflam-
mation, another primary factor in the biology of aging
(see Section “Inflammation”), potentially contributing
to another critical dimension of aging. The creation of
AGEs involves bonding two or more proteins, a pro-
cess known as “cross-linking,” typically by the creation
of sugar-protein bonds. While some AGEs are rela-
tively short lived and fluctuate in response to diet and
metabolic state, other AGEs are long lived and virtually
impossible for the body to break down. The creation and
accumulation of these AGEs, particularly in essential tis-
sues such as coronary arteries and the brain, can have
serious effects on function and constitute a major risk
factor for a disease of aging in those organs (Semba et al.,
2010). For example, areas of arterial glycation are much
more likely to eventually become regions of atheroscle-
rosis and plaque accumulation, while glycation of CNS
tissue is associated with increasing inflammation and
the classic plaque and tangle pathology of AD (Srikanth
et al., 2011; Lue et al., 2010), with AGEs a major facilitat-
ing cofactor in the creation of both amyloid oligomers
and tangles (Gella and Durany, 2009). On the other hand,
rAGE activation may also increase autophagy as a pro-
tective response, and may reduce apoptosis after oxida-
tive injury (Kang et al., 2011), suggesting yet another
layer of interactions between these phenotypes of aging
(see Sections “Autophagy” and “Apoptosis”).

Glycation of tendons and other connective tissue may
form important foundations for loss of flexibility in aging.
Obviously, diabetes provides a classic model for the accel-
eration of glycation and generates a more rapid accumu-
lation of AGEs, with hemoglobin A1C a direct measure
of glycation of hemoglobin molecules (an example of a
relatively short-lived form of glycation). rAGE receptors
are also implicated in AD as a channel for amyloid oligo-
mers to enter cells where the oligomers potentially wreak
havoc with multiple cellular compartments, particularly
mitochondria and lysosomes (LeFerla, 2008). Glycation
can be inhibited by AGE breakers, which includes the
amino acid I-carnosine, and also blocked by multiple
polyphenols particularly ellagic acid. Green tea extract
(Babu et al., 2008), curcumin (Pari and Murugan, 2007),
and many flavonoids (Urios et al., 2007) have shown at
least some antiglycation functionality, along with alpha
lipoic acid (Thirunavukkarasu et al., 2005). This suggests
that a diet high in polyphenols and relatively low in free
sugars might prevent or reduce long-term glycation of tis-
sues (although this is never been proven in a human clini-
cal assay to our knowledge).

Autophagy

Autophagy is an essential catabolic process through
which existing proteins and other cellular components
are degraded and recycled, supporting the adaptive
function of removal and potential repair of damaged,
dysfunctional, or even toxic proteins and cellular organ-
elles. This function is dependent on “autophagosomes”
(an intracytoplasmic vacuole containing elements of a
cell’s own cytoplasm), typically fused with lysosomes
to facilitate the digestion of target proteins by lysosomal
proteases. Autophagy, like glycation, is perhaps one of
the more neglected critical storylines in aging in many
popular treatments of the subject, and its importance in
aging appears central. Indeed, it appears that aging can
be slowed significantly by simply improving this criti-
cal process—or, alternatively, perhaps aging itself causes
degradation of this process (Madeo et al., 2010). Antiag-
ing effects from improved autophagy are robust (Petro-
vski and Das, 2010) and include lifespan extension. Severe
dysfunction in the various autophagy pathways (typi-
cally caused by mutations) can correspondingly gener-
ate severe progeroid pathology, affecting multiple organ
systems, including muscle, the liver, the immune system,
and the brain. Defects in autophagy have shown acceler-
ated aging phenotypes in classic yeast, worm, and fruit
fly model organisms (primary models for aging in terms
of unraveling its basic cellular and molecular mecha-
nisms). In mammals, autophagy appears essential to life
and survival, as genetic knock-out of proteins required
for the process is lethal, suggesting a basic role in homeo-
stasis and development. More limited knock-out of genes
involved in autophagy in mice results in accelerated aging
phenotypes. While the precise underlying mechanisms
driving autophagy-related pathology remain obscure, the
study of Finkel and colleagues (Wu et al., 2009) suggests
that mitochondrial dysfunction is likely a critical factor.
Underscoring important reciprocal relationships among
the many phenotypes of aging, recent work suggests that
disruption of autophagy may manifest itself physiologi-
cally in terms of mitochondrial dysfunction and increased
OS (Wu et al., 2009).

Growing evidence links declining autophagy to all
the neurodegenerative disorders, with their characteris-
tic protein aggregations (often ubiquitinated, suggesting
that they are being tagged for removal), although patho-
logical changes can result from excessive or disinhibited
as well as deficient autophagy (Cherra and Chu, 2008).
Experimental animals genetically defective in autoph-
agy develop neurodegeneration accompanied by ubig-
uitinated protein aggregates, demonstrating that basic
autophagy function is essential for long-term neuronal
health. Additionally, both age- and disease-associated
(with AD) reductions in the autophagy regulatory protein
beclin 1 have been found in patient brain samples (Cherra
and Chu, 2008), while treatments that promote autophagy
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have been shown to reduce levels of pathological proteins
in several in vivo and in vitro models of neurodegenera-
tion. Rapamycin, lithium, and several polyphenols have
been shown to enhance degradation and also possibly
reduce synthesis of proteins that may contribute to toxic
oligomer formation, as well as larger extracellular aggre-
gates of toxic protein seen in several neurodegenera-
tive diseases. Quercetin, several other polyphenols, and
vitamin D all appear to increase autophagy, suggesting
important but incompletely mapped roles for diet and
lifestyle in modulating this critical aging-related process
(Wang et al., 2010b; Wu et al., 2011). These considerations
suggest that many neurodegenerative disorders (which
are all primary proteinopathies) may have future effec-
tive treatments based at least in part on the improvement
of autophagy function.

Apoptosis

Apoptosis, originally thought to be a deleterious and
primarily negative process, now is appreciated to have a
critical role in adaptation and longevity. Apoptosis must
balance regulation of the potential benefits of eliminating
damaged cells against the pathogenic impact of more mal-
adaptive forms of cell death (such as progressive cell loss
in postmitotic tissues, a major mechanism driving atrophy
in neurodegenerative disorders and contributing to end-
stage organ disease in postmitotic tissues.). Thus, a deli-
cate balance must be struck, and dysfunction in the regu-
lation of programmed cell death can mean that, on one
hand, apoptosis potentially contributes to atrophy and a
senescent cell phenotype, while, on the other, its failure
potentially leads to neoplastic cell proliferation. Apoptosis
is thus an important cellular defense for maintaining both
genetic stability and physiological function. An intrigu-
ing question is whether centenarians may be more or less
prone to apoptosis and whether longevity may slightly
favor an excessive trimming of still possibly viable cells
over allowing an increased percentage of potentially
rogue cells to survive-or the reverse (Monti et al., 2000).
Additional data points underscoring the importance
of a finely tuned apoptosis equation include that cells
that avoid apoptosis, particularly proliferating vascular
smooth muscle cells, participate centrally in atherosclero-
sis. Cancer could be thought of as the paradigmatic failure
of apoptosis, and several lines of evidence suggest that cel-
lular senescence and apoptosis (both of which contribute
to aging) are primary defenses against cancer (Chen et al.,
2007). On the other hand, accelerated apoptosis in post-
mitotic tissues such as the brain clearly contributes to vir-
tually all neurodegenerative disorders. This suggests that
adaptive regulation of apoptosis and its tuning and modu-
lation may be highly protective in relation to the diseases
of aging and, conversely, that disregulated apoptosis may
contribute to both aging and the diseases of aging. Just as
future modulators of autophagy may be treatments for

neurodegenerative diseases, similar prospects may apply
for regulators of apoptosis, although promotion of cancers
and perhaps obesity also would be potential concerns.
However, promoting apoptosis in senescent cells could be
highly desirable and might slow aging significantly (see
discussion in later section on Cellular Senescence).

Sarcopenia

Sarcopenia, the loss of both muscle mass and function,
is a universal feature of aging that has a major impact
on individual health and quality of life, predisposing
people to falls and eventual frailty, also often neglected
in treatments of aging and its phenotypes. Although the
term sarcopenia was first coined in 1989, its etiology is still
incompletely understood and its precise definition is still
debated. It centrally includes losses in muscle fiber quan-
tity and quality, alpha-motor neurons, protein synthesis,
and several anabolic and sex hormones (Waters et al.,
2010). Other factors may include altered basal metabolic
rate, increased protein requirement, and chronic inflam-
mation and OS. These changes lead to decreased overall
physical functioning, increased frailty, falls risk, and, ulti-
mately, the loss of independent living.

Sarcopenia is a critical aging phenotype. All elderly
show evidence of it, particularly after the seventh decade,
with a roughly 40% decline in muscle mass by the age
of 80 (Evans, 1995). Mechanisms leading to this are mul-
tifactorial and include mitochondrial dysfunction and
decline, altered apoptotic and autophagic processes, and
even altered trace metal homeostasis (Marzetti et al.,
2009). Like virtually every other aspect of aging, CR miti-
gates this process in a variety of species studied, again via
pleiotropic effects of CR, including mitochondrial biogen-
esis, reduction of OS, and improved apoptotic regulation
and autophagic processing. To our knowledge, reduction
of sarcopenia has not been demonstrated in humans with
CR mimetics.

Cellular senescence

No discussion of aging would be complete and without at
least a basic review of cellular senescence, first discovered
by Hayflick in vitro (Hayflick, 1965). Evidence argues that
cellular senescence probably evolved as a defense against
cancer and as a response to DNA damage and genomic
instability (Chen et al., 2007), and has to be seen as sit-
ting, like apoptosis, as a critical adaptive checkpoint on all
cell cycling. In this important sense, the cell cycle, apop-
tosis, senescence and carcinogenesis have to be all seen
as intimately related biological processes. Although cel-
lular senescence is popularly understood mechanistically
as driven by a simple loss of telomeres, evidence argues
that like all other phenotypes of aging, its true deriva-
tion is complex and highly multifactorial, and addition-
ally, that loss of telomeres is not simply due to the total
number of replication events, as originally assumed by
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Hayflick. Instead, evidence suggest many factors, partic-
ularly those related to chronic OS, chronic inflammation
and even chronic emotional stress (perhaps as proxy for
inflammation but perhaps reflecting other effects in addi-
tion to this) determine the rate of telomere loss, suggest-
ing a critical role for lifestyle in protecting against loss of
telomeres (Falus et al., 2010). Specifically, recent work has
shown that cumulative inflammatory load, as indexed
by the combination of high levels of IL-6 and TNF-¢, is
associated with increased odds for short telomere length
in leukocytes (O’'Donovan et. al., 2011). Emotional regula-
tion may play an underappreciated role in protection of
telomeres, and consistent with this, lifestyle interventions
that reduce stress, such as mindfulness meditation, have
even been shown to enhance both telomerase (Jacobs
et al., 2011) and preserve telomeres (Epel et al., 2009).
Additionally, recent work makes a principled distinc-
tion between cellular quiescence (cell cycle arrest) and
cellular senescence (Blagosklonny, 2011), with the for-
mer reversible, and paradoxically, with activation of the
progrowth mTOR pathways increasing the likelihood of
senescence, while inhibition of TOR saves cells from this
biological “dead-end” and shifts them into quiescence.
Thus, cell signaling pathways involved in aging also have
a critical role as well, suggesting that conjoined activa-
tion of DNA-damage sensing systems such as p53 and
p21 (which orchestrate blocks on cell cycling) and growth
pathways simultaneously helps to select senescence.
Additionally, and perhaps critically important in many
clinical situations, senescent cells develop a large cell
morphology and become hypersecretory in a proinflam-
matory direction. This is part of the evidence that aging is
a kind of a dysregulated “hyper-functional” state, driven
in part by disinhibited growth signals (mTOR acting as
a central integrator of those signals). As Blagosklonny
states, “cellular functions are tissue-specific: contraction
for smooth muscle cells, secretion of lipoproteins for
hepatocytes, aggregation for platelets, oxidative burst
for neutrophils, bone resorption for osteoclasts and so
on. These hyperfunctions lead to age-related diseases,
such as atherosclerosis, hypertension, macular degen-
eration, increasing the probability of organismal death”
(Blagosklonny, 2011. p 95). Thus, as Blagosklonny notes,
senescence reflects a biological version of cells respond-
ing simultaneously to “pressing the gas pedal” (growth
drive) and “getting on the brakes” at the same time (cell
cycle blocks driven by DNA-damage sensing systems).
Additionally, senescence both promotes inflammation
and is promoted by it, further underscoring recursive
relationships between these phenotypes of aging, and
offering further evidence of the Janus-faced nature of
inflammation, as an example of antagonistic pleiotropy
(Blagosklonny, 2011; Figure 1.1).That removing senescent
cells slows aging in a progeroid mouse model demon-
strates that senescence is not simply an aging phenotype

(an effect or component of aging), but a driver of aging
itself (Baker et al., 2011). This is consistent with much
other evidence that most if not all the phenotypes of aging
reciprocally reinforce one another, consistent with a circular/
recursive causality model of biological causation.

Endocrine dyscrasia

It has been only in the last 10 years or so (since the semi-
nal paper of Bowen and Atwood, 2004) that evidence has
accumulated for a primary role in aging for changes in
the hormonal-reproductive (HPG) axis potentially char-
acterized as an “endocrine dyscrasia”. Although many
are aware of the more famous components of this dys-
crasia (age-related declines in classic sex steroids with
the decline in male testosterone more gradual but start-
ing earlier than the steep menopausal decline of estrogen
and progesterone in females), Bowen and Atwood have
argued persuasively that the less appreciated upregula-
tion of luteinizing hormone and follicle stimulating hor-
mone from the pituitary and the associated increase in
gonadotropin-releasing hormone (GnRH) from the hypo-
thalamus to the pituitary (along with associated down
regulation of inhibins and upregulation of activins—as
peripheral modulators of HPG axis function) may play
a central role in aging and its phenotypes. As Atwood
and Bowen (2011) summarize, this theory is a clear exten-
sion of basic antagonistic pleiotropy concepts of aging:
“hormones that regulate reproduction act in an antago-
nistic pleiotropic manner to control aging via cell cycle
signaling—promoting growth and development early in
life in order to achieve reproduction, but later in life, in a
futile attempt to maintain reproduction, become dysregu-
lated and drive senescence. Since reproduction is the most
important function of an organism from the perspective
of the survival of the species, if reproductive-cell cycle
signaling factors determine the rate of growth, determine
the rate of development, determine the rate of reproduc-
tion, and determine the rate of senescence, then by defini-
tion they determine the rate of aging and thus lifespan.”
(p-100). As support for the theory, HPG axis dysregulation
may be a primary factor in AD, with elevation of luteiniz-
ing hormone and FSH, and decline of sex steroids as etio-
logical, and as contributing to an exaggerated mitogenic
signal that promotes beta-amyloid pathways, hyperphos-
phorylation of tau, synaptic retraction, and drives dys-
functional neurons into the cell cycle and from there into
programmed cell death (Atwood et al., 2005; Casadesus
et al., 2006). Challenges to this novel and heuristic theory
of aging include relatively its undeveloped linkages to
classic mTOR and insulin signaling pathways, as well as
links to other classic aging phenotypes, such as mitochon-
drial decline, OS, and “inflammaging”. However, recent
updates (Atwood and Bowen, 2011) summarize data link-
ing evidence for endocrine dyscrasia with multiple dis-
eases of aging, suggesting that an endocrine dyscrasia
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Figure 1.1 Cell cycle factors related to aging based on the stochastic acceleration hypothesis of Collier, Kanaan & Kordower (2011). A revised
hypothesis of the relationship between aging and Parkinson’s disease (PD) as they affect the biology of midbrain dopamine (DA) neurons.
The hypothesis incorporates evidence that supports the involvement of common cellular mechanisms in dopamine neuron dysfunction

in ageing and degeneration in Parkinson’s disease. (a) The effects of these altered cellular mechanisms as they accumulate during normal
ageing result in Parkinsonian dopamine neuron dysfunction, either very late in life or not at all (shown by the light gray line). However,
when these same cellular mechanisms are accelerated by specific, individually determined factors, Parkinsonism emerges earlier in the
lifespan (shown by the dark gray line). (b) The hypothesis contends that the cellular mechanisms that threaten dopamine neuron function
are identical, but are not linked in an orderly cascade of cause and effect; instead, they can contribute to varying degrees and combine in
patient-specific patterns, thus fulfilling the definition of a stochastic interaction: incorporating elements of randomness with directionality
toward dopamine neuron dysfunction. Light gray double-ended arrows show cellular events in normal ageing. Thicker, dark gray double-
ended arrows show accelerated cellular events in PD. UPS, ubiquitin-proteasome system. Similar mechanisms are implicated in cancer

pathogenesis also. Source: Blagosklonny (2011). Reproduced with permission from US Administration on Aging.

may interdigitate with and generate reciprocal synergies
with many other core phenotypes of aging mentioned in
this chapter, particularly disinhibited particularly inflam-
mation via promotion of TNF-a (Clark and Atwood,
2011). Novel approaches to antiaging therapies from this
theory would centrally include efforts to normalize HPG
axis function, not just through classic supplementation of
sex steroids, but also intercepting other aspects of altered
cell signaling, particularly overactivation of activins and
an undersupply of inhibins, although these two latter
manipulations are currently unavailable and represent
highly appealing targets for future technologies.

The slowing of aging: dietary or calorie
restriction and lifestyle interventions

Calorie restriction: evolutionary and

animal models

Although the effects of CR on longevity were described
more than 115 years ago (Jones, 1884), and its protection
against the diseases of aging has been appreciated for

almost a century (Rous, 1914), only more recently have
we begin to unravel the molecular mechanisms by which
CR extends lifespan and protects the organism from age-
related change. CR functions as a kind of global meta-
bolic reprogramming for virtually all organisms, extends
lifespan, and reduces penetration of the diseases of aging
significantly, if not dramatically, in most species in which
it has been studied. Although the precise molecular path-
ways and cellular effects of CR are still being studied and
debated, in general, it is viewed as a selected and phy-
logenetically conserved trade-off between reproductive
fecundity and physiological conservation/preservation,
and consistent with ideas in the previous section, results
in a downregulation of the gonadotropic axis (Bowen and
Atwood, 2004). A basic speculation has been that some
version of a basic CR mechanism arose relatively early in
evolution, during common periods of nutrient shortfalls,
to allow organisms to trade off reproduction for conser-
vation (when major energy shortages would have made
reproductive efforts too metabolically costly), allowing
an adaptive shift back to growth and reproduction at a
time when nutritional supplies were more abundant.
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Recent work has confirmed that CR effects are conserved
virtually throughout the entire animal kingdom, starting
with organisms as primitive as yeast and extending into
insects and other invertebrates, lower vertebrates such as
fish, mammals (Fernandes et al., 1976), primates (Lane et
al., 2001; Roth et al., 2001), and even humans (Rochon
et al., 2011), although long-term studies on CR effects in
humans are still lacking. (Short-term studies clearly dem-
onstrate that the basic physiology of CR is well conserved
in humans, but life extension—confirming that aging is
indeed slowed—has not yet been empirically confirmed.
Most researchers, however, anticipate that this will be
eventually demonstrated.)

CR/DR lacks a precise quantitative definition but might
be considered to reflect a roughly 30% reduction in calo-
ries from eating freely until satiation (Richardson, 1985).
CR effects for many species might begin at around a 25%
to 30% reduction and extend to a 50% to 65% reduction, at
which point CR transitions into starvation, a process that
does not demonstrate any of the protective effects of CR
and actively destroys global health. CR also requires that
basic macro- and micronutrients be obtained (vitamins,
minerals, fatty acids, and at least some protein). CR/DR
is probably not a simple “homogeneous” issue, and can
include differential restriction of proteins, carbohydrates,
and fats, with these different forms of DR probably acti-
vating different cellular pathways involved in nutrient
sensing and, therefore, having somewhat different physi-
ological effects. However, protein and amino acid restric-
tion clearly appears to be the more critical component, as
protein restriction without CR elicits a significantly more
robust profile of CR effects (Simpson and Raubenheimer,
2009) than the reverse (CR but without protein restric-
tion; Kim et al., 2010a). Reasons for this may hinge on the
importance of protein restriction for downregulation of
mTOR, which is required for maximal CR benefits (see
Section “Mammalian target of rapamycin”).

Protein restriction may cause downregulation of
growth factors and growth hormones (particularly GH,
but also IGF), as well as provide downstream inhibi-
tion of TOR pathways (Figures 1.2, 1.3 and 1.4), improv-
ing autophagy and decreasing protein synthesis, among
other effects, and may be particularly protective in rela-
tion to carcinogenesis (Anisimov et al., 2010); CR with-
out protein restriction may not be nearly as protective in
relation to cancers (Baur et al., 2006). Carbohydrate and
glucose restriction, on the other hand, may more directly
modulate insulin pathways and their several downstream
targets. Intriguingly, evidence indicates that single amino
acid restriction (specifically limiting dietary methionine
or tryptophan) can yield CR effects (Caro et al., 2009),
with subsequent reduced ROS in the mitochondria, low-
ered insulin and blood sugar levels, improved insulin
sensitivity, and more (in other words, a CR physiology).
This suggests an intriguing and perhaps less burdensome
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Figure 1.2 A simple schematic for the molecular pathway of mTOR
as “antagonistic pleiotropy”-that, in some sense, aging is simply the
flip side of a protracted growth process that is not sufficiently turned
off after a peak reproductive period. Source: Blagosklonny (2009).
Reproduced with permission from US Administration on Aging.

option to classic CR approaches, without at least some
of the aversive effects of classic CR diets (foods high in
methionine include eggs, fish, soy, and many seeds, espe-
cially sesame seeds). CR without protein restriction, on the
other hand, may not produce lifespan extension, probably
because of a blunting of the CR protective effects against
carcinogenesis, as well as perhaps a more limited down-
regulation of IGF (and other growth factors) and lessened
overall inhibition of mTOR (Anisimov et al., 2010; see the
next sections on mTOR).
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Figure 1.3 A simple schematic of some of the cellular pathways
implicated in calorie restriction, aging, and the slowing of aging.
Nutrients, growth factors (GF), and insulin activate the TOR
pathway, which is involved in aging and age-related diseases.
Other genetic factors and environmental factors (such as smoking,
sedentary lifestyles, and obesity) contribute to age-related
diseases. Several potential antiaging modalities (metformin, calorie
restriction, and rapamycin and several polyphenols particularly
resveratrol) all directly or indirectly (via impact on AMP kinase)
inhibit the TOR pathway. Source: Blagosklonny (2009, 2010a).
Reproduced with permission from US Administration on Aging.
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Figure 1.4 A schematic summarizing the hypothesis
for how diet balance might affect lifespan via

the TOR and AMPK signaling pathways. Source:
Simpson and Raubenheimer (2009). Reproduced
with permission from US Administration on Aging.

Calorie restriction: genes and pathways

Many genes and molecular pathways are implicated in CR
effects, consistent with the previous discussion. Indeed,
many researchers and theorists at this point believe that
CR involves a whole family or network of interacting
molecular pathways. These would include insulin signal-
ing 1/2, IGF and other growth factors, PI3 kinase, AKT
(protein kinase B), forkhead transcription factors, PGC1-¢,
AMP kinase, sirtuins, and mTOR (Figures 1.3 and 1.4). This
network of pathways argues against any version of a sin-
gle primary pathway being responsible for CR effects, and
suggests a highly pleiotropic phenotype, consistent with
other evidence that adaptive growth processes must be, by
necessity, sensitive to a host of signals (see Section Mam-
malian Target of Rapamycin). Thus CR as a protective
and antiaging intervention, probably operates through a
network of linked molecular pathways, where recursive
interactions and relationships may be incompletely under-
stood at present. Although a class of transcription factors
called sirtuins, particularly SIRT1, were initially conceptu-
alized as the critical regulators of CR effects (Sinclair, 2005),
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recent work suggests that SIRT1 may operate on and influ-
ence some, but not all, of the CR network, while SIRT3
may also be critical as well. However, research suggests
that CR (if it includes significant protein restriction) down-
regulates mTOR while also upregulating AMPK (Baur,
2006), up-regulates several sirtuins (Sinclair 2005), pro-
motes mitochondrial biogenesis, and significantly reduces
inflammation (Figures 1.3 and 1.4). Effects from inhibition
of TOR are increasingly thought to be critical to mediating
lifespan extension and slowing the aging process with DR.
As a result, this TOR pathway has supplanted the sirtu-
ins as the most studied and most intriguing cell-signaling
group of pathways in aging (and antiaging) science. As
such, it merits a detailed overview.

Mammalian Target of Rapamycin

Target of rapamycin (TOR) belongs to a highly conserved
group of kinases from the PIKK (phosphatidylinositol)
family, increasingly conceptualized as core and essential
integrators of growth signaling. Knockout of mTOR is
consistently embryonically lethal across several species,
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suggesting a strong antagonistic pleiotropy affect for
this particular gene (Blagosklonny, 2010a). Rapamycin,
an immunosuppressive macrolide, was first discovered
as the product of a soil bacteria from Easter Island. It
directly and potently inhibits the activity of TOR (TOR
complex 1 (TORC1), but not until recently did we under-
stand that it also impacts TOR complex 2 (TORC2)).
TOR was first identified in yeast but subsequently has
been found to exist in all eukaryotic organisms. TORC1
(rapamycin sensitive) is thought to be the central element
of the TOR signaling network, monitoring and integrat-
ing a large set of intra- and extracellular processes and
controlling growth, proliferation, and lifespan with a
host of complex downstream effects (Kapahi et al., 2010).
TORC2 is also rapamycin sensitive, but contributes to the
full activation of AKT, an upstream and critical signaler
of TORC1; it also mediates spatial control of cell growth
by regulating the actin cytoskeleton (Hall, 2008) and
disruption of TORC2 by rapalogs appears to drive the
“paradoxical” insulin resistance seen in chronic admin-
istration (Lamming et al., 2012). TOR plays a highly con-
served and central role in coupling nutrient sensing to
growth signals, integrating signals from wnt-f-catenin
signaling pathway (growth factors involved in stem cell
differentiation and regulation), glucose and lipid avail-
ability (signaled by AMP kinase), protein and amino
acids deficiency or availability (growth resources), sig-
nals from multiple other growth factors and hormones,
and even oxygen availability and hypoxia signals to
dynamically determine the envelope of growth versus conser-
vation signaling in the cell. TORC1 is thus thought to act as
a growth “checkpoint” and signal integrator, determin-
ing whether the extra- and intra cellular milieu is favor-
able to growth and, if not, producing effects consistent
with a CR phenotype. TORC1 has many output targets,
altered in either CR or CR mimetic effects from rapamy-
cin, including messenger RNA translation (inhibited
in CR), autophagy (increased in CR), transcription and
ribosome biogenesis (inhibited in CR), proliferation and
growth (inhibited in CR), and several other key cellular
processes, including stress resistance (increased by CR);
for a fine technical review of TOR research, see Kapahi
et al. (2010). Inhibition of mTOR by rapamycin has been
shown experimentally to increase lifespan, even when
given to mice in late middle age (Harrison et al., 2009).
This finding suggests that rapamycin is a more powerful
CR mimetic than resveratrol, which has failed to extend
lifespan outside of obese animals (Baur et al., 2006; Miller
etal., 2011). On the basis of age at 90% mortality, rapamy-
cin led to increased lifespan of 14% for females and 9%
for males. Intriguingly, patterns of mortality and disease
in rapamycin-treated mice did not differ from those of
control mice, suggesting that treatment with rapamycin
globally delays aging and age-related disease in a non-
specific and fairly “even” fashion (Harrison et al., 2009),

arguing for at least some involvement of mTOR in virtu-
ally all age-related disease that might cause or contribute
to mortality (at least in mice). Inhibition of TOR’s major
downstream targets, such as S6K, a kinase involved in
ribosome biogenesis, appears to be important to the pro-
tective (antiaging) effects of TOR inhibition, and a knock-
out of this gene (S6K) also increases lifespan in mice
and, intriguingly, generates activation of AMP kinase;
this suggests dynamic relationships between mTOR
and AMP kinase (Selman et al., 2009) that are probably
incompletely mapped at this time (as two core primary
mediators of CR/DR effects).

Figure 1.4 (from Simpson and Raubenheimer, 2009) sche-
matically summarizes relationships between AMP kinase
and mTOR. These two kinases are increasingly viewed
as possibly integrating much of CR physiology, with an
upregulation of AMP kinase and a downregulation of
mTOR potentially orchestrating the entire range of CR
effects through their conjoint activity. These two kinases are
differentially involved in nutrient sensing, with TOR acti-
vated by high amino acid/glucose ratios (in other words,
plenty of amino acids and proteins to build new tissue, thus
releasing a “go” signal to anabolic processes and growth)
and AMP kinase activated by low amino acid/glucose
ratios. Thus, protein/carbohydrate dietary ratio may influ-
ence differential activation/inhibition of TOR and of AMP
kinase (and these two integrators of CR physiology are also
interactive, with AMP kinase inhibiting mTOR). These dif-
ferential nutrient-sensing systems may help explain why
CR without at least some protein restriction may not be
as effective as a general antiaging strategy (Blagosklonny,
2010a, 2010b), particularly in relation to the prevention of
cancers, because such a diet does not maximally down-
regulate mTOR. Additionally, Figure 1.4 may help explain
why resveratrol by itself (a primary activator of AMP
kinase, but not a primary or direct inhibitor of mTOR) does
not produce a lifespan extension in animal models (outside
of obesity) because it does not inhibit mTOR sufficiently.

Calorie-restriction mimetics

Given the intrinsically stressful and unpleasant nature
of basic CR approaches (for example, CR animals typi-
cally cannot be housed together because they are too
irritable and will fight), most believe that CR is simply
not a viable health-maintenance strategy for most people.
If anything, the recent pandemic of obesity has under-
lined that most individuals, when given ready access to
tasty and addicting high-calorie-density foods, are sim-
ply not going to restrict their calorie intake voluntarily,
regardless of the well-known and widely appreciated
negative consequences. This has led to increasing inter-
est in CR mimetics, defined as any substance that poten-
tially mimics the molecular effects and physiology of CR
(without the stress of making a person hungry much of
the time). There are probably many substances that cause
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mild nausea, visceral upset, or other GI distress and that
subsequently inhibit food intake, but although these can
show CR effects in sustained administration in animal
models, they cannot be considered CR mimetics. Addi-
tionally, drugs that may directly modulate appetite (such
as Rimonabant, an endocannabinoid-1 receptor blocker)
might also show CR effects in sustained administration
by modulating consumption and hunger drive at central
levels, but they also cannot be considered true CR mimet-
ics. One emerging prediction might be that CR mimetics
will occupy an increasingly central role in primary pre-
vention in relation to the diseases of aging in the com-
ing decades, but an enormous amount of basic research
remains to be done before widespread implementation of
CR mimetics would be advisable or feasible; long-term
data in both preclinical and clinical populations also is
lacking (although data collection and trials of CR mimet-
ics are underway in relation to many diseases of aging).
There are actually a number of CR mimetics with accu-
mulating research supporting CR effects, but the most
famous of these is clearly resveratrol, a molecule that
has received enormous research attention in the last 15
years. In addition, metformin is a true CR mimetic (a
drug commonly used to treat type II diabetes and rarely
categorized in conventional medical literature as a CR
mimetic) and 2-deoxyglucose are CR mimetics (2-deoxy-
glucose was actually the first described CR mimetic and
interferes with glycolysis, preventing glucose utilization
by cells even when abundant glucose is available, but it
is cardiotoxic in chronic administration). Fisetin, derived
from Fustet shrubs, is a flavonoid polyphenol that has
also demonstrated CR mimetic effects. Rapamycin (as a
primary inhibitor of TOR) is also a potent CR mimetic; to
date, only rapamycin has demonstrated lifespan extension
when given to older mammals (many CR mimetics have
demonstrated lifespan extension in other target species,
such as yeast, fruit flies, fish, and worms). Other polyphe-
nols (a very large group of compounds found in fruits and
vegetables, totaling perhaps as many as 6000 substances)
may have mild CR effects, particularly quercetin, resve-
ratrol, and its first cousin, pterostilbene (Belinha et al.,
2007). However, single-polyphenol regimens, particularly
resveratrol, have not shown lifespan extension (Pear-
son et al., 2008)?, except in obese animals (protecting mice
from premature mortality and the undesirable physiology
of obesity (Baur et al., 2006) or cases in which resveratrol
was combined with every-other-day dieting (EOD) as a

2 Given that AMP kinase inhibits mTOR, resveratrol might have
some modest indirect effects on this critical pathway. Studies on
resveratrol reviewed in later sections (see the section on CR mimetics)
suggest that mTOR inhibition is likely to be modest, given the
absence of lifespan extension in mammalian animal models, outside
of obese animals, where its AMPK promotion may be protective and
promote similar aging trajectories to non-obese animals.

mild CR alternative (also demonstrated in a mouse model
in Pearson et al., 2008). Although resveratrol was initially
assumed to have its protective effects through SIRT1 acti-
vation, recent work has clarified that AMP kinase is prob-
ably the necessary and sufficient target for the protective
effects of resveratrol (Um et al., 2010). Recent work has
suggested that pterostilbene may be a more effective CR
mimetic, with better bioavailability than resveratrol, and
also a better activator of PPAR-o (Rimando et al., 2005),
with more beneficial effects on lipid profiles, while still
showing extraordinarily low toxicity (Ruiz et al., 2009).
Evidence suggest that resveratrol and its analogs, like
pterostilbene (along with metformin and quercetin, two
other CR mimetics), are probably only partial CR mimet-
ics; even moderately high-dose resveratrol (20-30 mg per
kilogram) does not appear to protect mice against late-
life cancers (particularly a form of virally induced lym-
phoma, a very common cause of death in aged laboratory
mice; Pearson et al., 2008) and does not extend lifespan
outside of obese animals. Intriguingly, a nutraceutical
combination of resveratrol and quercetin appeared to
provide better mimicking of CR physiology than resvera-
trol alone (Barger et al., 2008; although longevity was not
indexed specifically). This suggests that combinations of
partial CR agents may get us closer to mimicking a full CR
physiology than a single compound particularly a com-
bination of rapamycin and an AMPK modulator such as
resveratrol or metformin -- a logical combination that has
yet to be tested, and where AMPK modulation might help
reduce the insulin resistance seen on chronic administra-
tion of rapalogs (associated with its TORC2 disruption).
These considerations (Figure 1.4, by Simpson and
Raubenheimer 2009) suggest that a complete or ideal CR
mimetic might both activate AMP kinase and directly
inhibit mTOR (not simply indirectly through increased
AMPK activity), without toxicities or major side effects, a
design target that no single known compound at this time
yet achieves. Inhibition of mTOR (via rapamycin) has
shown promising protection against diseases of aging in
mammalian animal models (Stanfel et al., 2009). Perhaps
a combination of low-dose rapamycin and resveratrol or
pterostilbene might achieve the desirable targets of mTOR
inhibition and AMPK activation, and thus function as
a full CR/DR mimetic. To prove this in a mouse model,
one would have to show further protective benefits from
those achieved with rapamycin alone if resveratrol or
pterostilbene were added in late middle age. This intrigu-
ing hypothesis has never been probed or tested even in a
mammalian animal model. Full testing of these ideas in
humans appears even further away, underlining an enor-
mous gap between research promise and clinical reality
in this vital area of biological science. Given the potential
impact that a full, robust, and safe CR mimetic could have
on aging and the diseases of aging (particularly the poten-
tial extension of “healthspan”), there is remarkably little
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research into this area, relative to its potential biological
promise. Indeed, conventional medicine still sees CR/DR
and CR mimetics largely as biological “fringe” subjects,
instead of appreciating their potentially enormous pro-
tective functions and central and paradigmatic insights.
Large pharmaceutical firms have just recently begun to
pay more attention to this area of CR and its mimetics
(see the recent GSK acquisition of Sirtris, www.gsk.com/
media/pressreleases /2008 /2008_us_pressrelease_10038
.htm).

Calorie-restriction variants and mutants

There are many ways to generate CR effects, beyond clas-
sic CR approaches. One of the most basic of these is sim-
ply intermittent fasting (which may not result in nearly as
much weight loss as full CR but still activates a CR physiol-
ogy), along with methionine restriction (as noted earlier). In
addition, there is manipulation of growth hormone (such as
growth hormone knockout) and IGF-1 and insulin signal-
ing manipulations (consistent with overwhelming evidence
that insulin-signaling pathways are primary targets for CR
effects; Figures 1.3 and 1.4). A dwarf mouse implement-
ing a growth hormone knockout shows a roughly 60% life
extension (and won a recent Methuselah prize; Bartke and
Brown-Borg, 2004). This animal showed reduced hepatic
synthesis of IGF-1, reduced secretion of insulin, increased
sensitivity to insulin actions, reduced plasma glucose,
reduced generation of ROS markers, upregulated anti-
oxidant defenses, increased resistance to OS, and reduced
oxidative damage, all quite consistent with CR physiol-
ogy. Probably many dozens of genes can be modified to
yield some variation of a CR physiology and at least some
increase in longevity (and therefore slowing of aging), con-
sistent with the evidence that CR/DR activates a complex
and highly interactive network of cell signaling and regula-
tory pathways (Yuan et al., 2011; Lorenz et al., 2009).

Lifestyle and dietary factors

There is increasing, if not collectively convincing, evi-
dence that core lifestyle factors such as exercise and diet
(as well as sleep quality and social stress vs social com-
fort) potentially influence many aspects of aging, thus
constituting a complex collection of negative and positive
risk factors for all the diseases of aging. This collection of
lifestyle variables are also presumably interactive with a
small group of known polymorphisms and a likely much
larger group of unmapped polymorphisms that collec-
tively may have a large effect on longevity (Yashin et al.,
2010) and risk for specific diseases of aging. Future map-
ping of those polymorphisms (and their likely complex
interactions with lifestyle variables) may allow much bet-
ter prediction of risk, and eventually allow for more effec-
tive and tailored early interventions, to reduce specific

risk for a particular disease of aging. As but a small exam-
ple of these issues, IL-10 endowment may affect risk for
AD. Although a good night’s sleep, a healthy and more
balanced diet, regular aerobic exercise, and social sup-
port are generally regarded as having nothing to do with
each other biologically, recent work in relationship to all
of these lifestyle factors suggests that they impact a broad
but fundamentally shared set of cellular and molecular
pathways. These shared effect pathways include mul-
tiple if not most aspects of cell signaling (internal cel-
lular regulation): regulation of cell cycling, regulation
of inflammatory, stress, defense and growth pathways,
including mTOR. Although our understanding of diet,
exercise versus sedentary lifestyle, sleep, and stress ver-
sus social comfort is still evolving, evidence suggests that
basic lifestyle factors either promote or inhibit inflamma-
tion, protect insulin sensitivity versus generating insulin
resistance, and create more OS versus protect against it,
while promoting (or inhibiting) autophagy, cellular senes-
cence, and apoptosis in aging, thus modulating virtually
every known phenotype of aging. Additionally and rarely
appreciated within traditional medicine, all the individual
components of so-called healthy lifestyle practices appear to
be part of our ancient evolutionary environment and reflect
HG lifestyle characteristics. This suggests the possibility
of a version of a “unified field theory” in relationship to
long-term health versus chronic disease, and that healthy
living may reduce complex and still poorly understood
“mismatches” between our genome and our current bio-
logical environment in Western societies. In general, such
ideas have little current visibility within conventional
medical circles (although a reprioritizing of prevention is
now being widely emphasized), but a nascent awareness
of these more global biological perspectives on health
versus chronic disease is slowly emerging, energized by
increasing research into lifestyle and its complex biologi-
cal impact.

Exercise

Regular aerobic exercise is widely recognized as an
essential component of a healthy lifestyle, yet fewer than
15% of individuals living in the United States engage
in adequate amounts of aerobic exercise; a majority of
people in the United States are almost completely sed-
entary (Roberts and Barnard, 2005). Sedentary lifestyles
are thought to contribute to risk for all diseases of aging,
particularly cardiovascular disease, metabolic syndrome,
and type II diabetes, especially when combined with a
Western diet. Exercise has an extremely complex biologi-
cal footprint, but among its many effects, exercise offers
protection against all-cause mortality, particularly against
atherosclerosis, DMII, and several but perhaps not all
cancers, notably colon and breast cancer. It also signifi-
cantly reduces frailty and sarcopenia. Regular exercise
appears specifically protective against diseases associated
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with chronic low-grade systemic inflammation (Peterson
and Peterson, 2005), perhaps due the anti-inflammatory
response elicited by an acute bout of exercise, largely
mediated by muscle-derived IL-6. IL-6 stimulates produc-
tion of anti-inflammatory cytokines (such as IL-1ra and
IL-10) and inhibits subsequent (postexercise) production
of the key proinflammatory cytokine TNF-o. In addition,
IL-6 stimulates lipolysis and fat oxidation and metabo-
lism (see Peterson and Peterson, 2005 for a detailed
review). These anti-inflammatory effects also inhibit insu-
lin resistance, which is partly modulated by TNF-o and
by NFx-B/AP-1, transcription factors centrally involved
in inflammatory signaling.

Exercise may also upregulate antioxidant defenses
(Kaliman et al., 2011), while OS actually initially increases
during a bout of exercise, with subsequent upregulation
of endogenous defenses (referred to as mitochondrial
hormesis or “mitohormesis”). Some work on the effects
of exercise calls into question the conventional wisdom
of blocking OS, as evidence suggests that this actually
impairs exercise benefit and even may prevent beneficial
effects of CR (Ristow and Schmeisser, 2011). Exercise may
also increase neurotrophins, improve stress resistance,
improve mood, increase emotional and stress resilience,
and enhance cognitive function and learning (Ratey, 2009),
and consistent with these effects, at least some preventa-
tive/protective effects against most neurodegenerative
disorders, particularly AD, have also been demonstrated.

Obesity

One of the most worrisome public health trends over the
last 20 years has been a steady and dramatic increase in
the prevalence of overweight and obese individuals. Cur-
rent statistics suggest that roughly one-third of the United
States is obese (with a body mass index (BMI), greater
than 30), with another one-third of the population over-
weight (BMI over 25 but less than 30; Wang et al., 2007).
Additionally some evidence suggests that the rate of
obesity is still increasing despite much attention to this
public health issue, and may reach 50% penetration in the
United States by 2025. Equally worrisome is the emerg-
ing evidence that the rates of obesity in the United States
are actually higher in children than in adults, perhaps
due to a highly undesirable combination of increasingly
sedentary gameplay (in which video games have largely
supplanted more physical activity), increasing fast food
consumption, and overconsumption of sugary bever-
ages. Obesity is increasingly appreciated as a risk factor
for virtually every disease of aging, beyond its popular
link to risk for cardiovascular disease. Obesity contributes
significantly to risk for hypertension, dyslipidemia, insu-
lin resistance and type II diabetes, multiple cancers, and
even AD. Evidence suggests that increased abdominal fat
(vs subcutaneous fat) is a more significant risk factor than
generalized obesity, and this relationship is potentiated,

curiously enough, in otherwise leaner subjects (Pischon et
al., 2008), as abdominal fat may have a particularly potent
effect on dysregulation of inflammation (Fontana et al.,
2007) via promotion of proinflammatory cytokines. Aging
itself decreases subcutaneous fat while increasing abdom-
inal fat, and simply reducing abdominal fat surgically has
a prolongevity effect in animal models. Increased visceral
fat is independently associated with all-cause mortality,
insulin resistance and diabetes, cardiovascular disease,
cerebrovascular disease, AD, and disability in the elderly
(Florido et al., 2011). Additionally, there is evidence for
intrinsic relationships between obesity and upregu-
lated inflammation (in part as compensatory and a way
of using more energy) and, on the other hand, CR and
reduced inflammation (Ye and Keller, 2010).

Polyphenols

Although conventionally regarded as “antioxidants”,
polyphenols are an enormous class of substances (con-
stituting perhaps as many as 6000 distinct compounds)
found in plants, principally fruits and vegetables, that
have enormously pleiotropic effects on human and
mammalian physiology. Some of these effects may be
more biologically significant than any direct “free radi-
cal scavenging” done by any polyphenol; they include
many effects on cell signaling, the regulation of growth
factors and apoptosis, the regulation of cell cycling, the
regulation of inflammation, the modulation of many (if
not most) cellular stress pathways, an impact on multiple
transcription factors (including those involved in energy
homeostasis), and (consistent with their conventional
designation) the management of OS (Virgili and Marino,
2008). Many of these effects on aspects of cell signaling
require much lower levels of polyphenol than any direct
free radical scavenging in serum or tissues. Indeed, from
this perspective, polyphenols look less like “antioxidants”
and more like complex cell physiology and cell signaling
modulators. However, it seems unlikely that such a desig-
nation will replace the catchy title of “antioxidant,” even
in the context of increasing evidence that such a title may
be fundamentally if not profoundly misleading. Many;, if
not most, of the phenotypes of aging (OS, mitochondrial
dysfunction, inflammation, and declining autophagy,
among others) appear to be partially modulated by vari-
ous polyphenols. From this perspective, if our ancestors
consumed more plants than we do and did so over tens
of thousands of years (if not much longer), the relative
removal of polyphenols from the human diet (in those
eating minimal fruits and vegetables) would be pre-
dicted to have complex but potentially profound effects
on physiology and on the biological trajectories of aging.
Conversely, those eating a rich variety of plants may be
more protected against accelerated aging and the diseases



24 The Aging Brain in Neurology

of aging. Of these two predictions, the second has been
better studied, and is generally supported, while the first
has some evidence for it as well, but is not well elucidated.

Polyphenols consist of several classes of chemical sub-
stances, including nonflavonoid compounds (such as res-
veratrol, other stilbenes, and curcuminoids), and classic
flavonoids (consisting of two large classes, anthocyanins,
which are colorful and pigmented, and anthoxanthins,
which are colorless). Resveratrol and its first cousin,
pterostilbene, are both naturally occurring phytoalex-
ins produced by plants in response to fungal infection
(phytoalexins are all “plant defense” compounds). Of the
anthoxanthin family, quercetin is one of the best-known
and best-studied members, along with EGCG (a mem-
ber of the catechins family, with catechins constituting
a large group of polyphenols in tea and wine). Dietary
sources for polyphenols include many foods that have
been ancient components of the human diet for many
hundreds and even thousands of years: fruits and their
juices (typically containing both anthocyanins and antho-
xanthins), tea (catechins), coffee (chlorogenic, caffeic and
ferulic acids), red wine (anthocyanins, resveratrol, and
quercetin), vegetables (many anthoxanthins and antho-
cyanins), some cereals, chocolate (multiple flavonoids,
including catechins and proanthocyanidins), and various
legumes, particularly soy (isoflavones) and peanuts.

In this context, there are multiple challenges to any
emerging science that might explain the roles polyphe-
nols could play in health maintenance and the slowing of
at least some aspects of aging and/or age-related disease.
First, there are many thousands of different bioflavonoids
in toto, but only a handful with much in vivo research (res-
veratrol, curcumin, green tea extract, and quercetin are
perhaps best studied). Most of the studies of polyphe-
nols use in vitro approaches; although there are increas-
ing numbers of in vivo studies in animal models, very
few clinical studies have taken place in humans. As an
additional major challenge to potential therapeutic use,
virtually all bioflavonoids have relatively poor bioavail-
ability, which may be part of their extraordinarily non-
toxic biological footprint. Most polyphenols are rapidly
conjugated (typically sulfated and glucuronided), and
variably metabolized, often with an uncertain biological
status of their multiple metabolites. The proper study of
any polyphenol in potentially slowing or preventing any
disease of aging is methodologically challenging and also
expensive (long time frames are needed and it is difficult
to control for many other positive and negative lifestyle
risk factors). With all these scientific and methodologi-
cal challenges, there is little financial incentive to study
polyphenols in humans in relation to the diseases of
aging or aging itself, given the poor return on investment
with inexpensive agents that cannot be patented. This
collection of factors has generated the current situation,
where one finds much promising animal-model data for

multiple polyphenols in relation to a disease of aging, but
a dearth of good human clinical studies. This is chang-
ing slowly, and several polyphenols are in clinical trails
related to several diseases of aging.

One of the few completed studies of a polyphenol in
a human clinical population demonstrated that resvera-
trol is effective at higher doses in treating diabetes (Patel
et al., 2011). Clinical studies are underway related to can-
cer, AD, and heart disease. Curcumin is also being increas-
ingly studied for its anti-inflammatory, antiproliferative,
and antiaging effects. Curcuminoids are thought to affect
many dozens of cellular pathways and, like many poly-
phenols, block NF kappa-B, a transcription factor involved
in the regulation and activation of inflammatory responses
(Aggarwal, 2010). Curcumin is also one of several poly-
phenolic inhibitors of mTOR, a critical nutrient-sensing
and growth factor integrative pathway that is increasingly
implicated as a molecular target of CR; if inhibited, it may
slow aging and also inhibit or delay diseases of aging
(Beevers et al., 2009), but curcumin has notoriously poor
bioavailability and rapid metabolism (Bengmark, 2006).

Diseases of aging (with particular relevance
to neurology)

This list of diseases is truncated due to space consider-
ations, and does not include many important illnesses,
including motor neuron diseases, frontotemporal lobar
degenerative disorders, and various brain cancers.

Cardiovascular disease

Although “cardiovascular disease” technically refers
to any disease that affects the heart or blood vessels, the
term has become increasingly synonymous over the last 20
years with atherosclerosis. This disease of aging is directly
responsible for more deaths than any other in Western
societies, killing twice as many individuals as all cancers
combined and probably more than all the other diseases
of aging put together (Minino et al., 2006). Thus, it clearly
merits a summary review. Evidence argues that lifestyle
and cultural factors have to be considered as primary etio-
logical issues here. As Kones pointedly states “Americans
are under assault by a fierce epidemic of obesity, diabetes,
and cardiovascular disease, of their own doing. Latest data
indicate that 32% of children are overweight or obese, and
fewer than 17% exercise sufficiently. Over 68% of adults
are overweight, 35% are obese, nearly 40% fulfill criteria
for metabolic syndrome, 8-13% have diabetes, 34% have
hypertension, 36% have prehypertension, 29% have predi-
abetes, 15% of the population with either diabetes, hyper-
tension, or dyslipidemia are undiagnosed, 59% engage in
no vigorous activity, and fewer than 5% of the US popula-
tion qualifies for the American Heart Association (AHA)
definition of ideal cardiovascular health. Health, nutrition,
and exercise illiteracy is prevalent, while misinformation
and unrealistic expectations are the norm. Half of American
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adults have at least one cardiovascular risk factor. Up to
65% do not have their conventional risk biomarkers under
control. Of those patients with multiple risk factors, fewer
than 10% have all of them adequately controlled. Even
when patients are treated according to evidence-based pro-
tocols, about 70% of cardiac events remain unaddressed.
Undertreatment is also common. Poor patient adherence,
probably well below 50%, adds further difficulty in reduc-
ing cardiovascular risk. Available data indicate that only a
modest fraction of the total cardiovascular risk burden in
the population is actually now being eliminated. A fresh
view of these issues, a change in current philosophy, lead-
ing to new and different, multimechanistic methods of pre-
vention may be needed. Adherence to published guidelines
will improve substantially outcomes in both primary and
secondary prevention. Primordial prevention, which does
not allow risk values to appear in a population, affords
more complete protection than subsequent partial reversal
of elevated risk factors or biomarkers” (Kones, 2011, p. 61).
Consistent with these statements, recent research dem-
onstrates that the underlying process of atherogenesis is a
complex and long-term process involving many players,
including endothelial cells, cytokines and immunoglobu-
lins, immune cells, growth factors, extracellular matrix
molecules, and lipids, but with a primary role for OS and
inflammation. Atherogenesis requires a cascade of pro-
cesses, starting with a maladaptive, sustained proinflam-
matory reaction to oxidized lipid deposition in the arterial
wall. The initiating event appears to be the deposition of
apoB-containing lipids, typically oxidized low-density
lipoproteins. Oxidation of these lipids dramatically
increases the likelihood that the deposition process will
irritate the vessel, promoting increased proinflammatory
cytokine release; this suggests that plasma redox balance
may be a critical variable (Maharjan et al., 2008). Hyperlip-
idemia is also associated with declining endothelial nitric
oxide synthase (eNOS) and increasing nitroxidative stress
in the endothelium (Heeba et al., 2009). These inflamma-
tory cascades lead to accumulation and swelling in arte-
rial structures, mostly from macrophage cells combined
with lipids (principally, oxidized low-density lipopro-
tein (LDL), VLDL, and other fatty acids), calcium (par-
ticularly in advanced lesions), and a certain amount of
fibrous connective tissue. Glycation of proteins (an intrin-
sic component or phenotype of aging), as well as foreign
antigens, can also promote these fundamental inflamma-
tory changes (Milioti et al., 2008), with regions of more
glycated tissue and AGEs promoting and accelerating the
formation of these plaque structures (Kim et al., 2010b).
These slowly developing structures (atheromatous
plaques) are found at least to some degree in most individu-
als in Western societies, and early asymptomatic stages of this
process are found in many young adults; however, they are
rare in HGs (Eaton et al., 1988 a,b). LDL is the most common
ApoB plasma lipoprotein, but ApoB-containing VLDL,

remnant VLDL (depleted of triglycerides), intermediate-
density lipoprotein (IDL), and LP(a) have also been shown
to be atherogenic, along with ApoB from chylomicron rem-
nants; this suggests that many forms of lipid contribute to
risk. These lesions actually begin in childhood and develop
slowly over many, many decades. The early stages of depo-
sition are called “fatty streaks,” but they are not composed
of adipose cells; instead, they consist of white cells, espe-
cially macrophages, that have taken up oxidized LDL. After
these cells accumulate large amounts of cytoplasmic mem-
branes (and high cholesterol content), they become “foam
cells.” When foam cells undergo apoptosis, the contents
are deposited into the surrounding tissue, attracting more
macrophages and inflammation, and causing a positive and
self-sustaining feedback loop. Upon activation by proin-
flammatory stimuli, macrophages and lymphocytes release
proinflammatory cytokines that stimulate the migration of
smooth muscle cells (SMCs) from the medium of the vessel
wall. SMCs then contribute to more foam cell and fibrous
cap formation, also under the influence of proinflamma-
tory cytokines (for example, IFN-y and TNF-o secreted by
T helper cells, and IL-12 secreted by macrophages and foam
cells; Milioti et al., 2008). Eventually, foam cells die via apop-
tosis, dumping nondegradable cholesterol crystals that form
the lipid core of the plaque structure. Plaque structures can
be either stable or unstable, with vulnerable plaque tending
to be faster growing and with higher macrophage content,
suggesting that autoinflammatory processes not only con-
tribute to the early, more silent stage of the process, but also
drive the deadly late stages of the process well. Recent work
by Wang et al., 2011 suggests a potentially pivotal role by
immunoglobulins (IgE) as a critical player in the activation
of macrophages, and with high correlations between IgE
levels and degree of plaque instability.

Although popularly viewed as a disease of cholesterol
(a perspective that dominated the earlier conceptualiza-
tions of vascular disease in the 1960s and 1970s), increas-
ing scientific opinion favors atherosclerotic vascular
disease as a disease of inflammation and OS. Consistent
with this, increasing evidence shows that statins actu-
ally impact both inflammatory and OS issues (Heeba
et al, 2009), while promoting upregulation of heme
oxygenase (an important antioxidant defense enzyme).
Statins appear to inhibit vascular disease through pleio-
tropic mechanisms, including decreased synthesis of
LDL, increased removal of LDL (through hepatic LDL
receptors), upregulation of eNOS, increased tissue-type
plasminogen activator, and also inhibited endothelin 1,
a potent vasoconstrictor and mitogen. All of these pro-
mote improved endothelial function. Statins also reduce
free radical release, thus inhibiting LDL-C oxidation (Liao
and Laufs, 2005), while increasing endothelial progeni-
tor cells and reducing both the number and activity of
inflammatory cells and cytokines. They also may help
stabilize atherosclerotic plaques, reduce production of
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metalloproteinases, and inhibit platelet adhesion/aggre-
gation (Liao and Laufs, 2005).

Although it is extremely common in Western societies
(at least in some stage, even if clinically silent), extensive
vascular disease is virtually nonexistent in HG groups
(Eaton and Eaton, 2002). This suggests a primary role for
etiology in the Western lifestyle and diet (see later sec-
tions on diet and lifestyle variables), in which multiple,
if not virtually all, components of the Western diet and
lifestyle appear proinflammatory relative to HG lifestyles
(sedentary vs highly aerobically active, altered omega-6/
omega-3 ratios, poorer sleep, greater social isolation,
lower consumption of fiber, lower consumption of pro-
tective polyphenol phytochemicals, and high BMI vs low
BMI in HG groups).

In addition to atherosclerosis (which is clearly the larg-
est problem in pathological vascular aging in Western
cultures), there is also vascular aging independent of ath-
erogenesis. Increasing evidence implicates angiotensin 1I
(Ang II) signaling as central to this process (Wang, Khazan,
and Lakatta 2010). Arterial remodeling and decline in aging
(even without atherosclerosis) is increasingly thought to be
linked to Ang II signaling (Wang, Khazan, and Lakatta,
2010a). Components of Ang II signaling (including sev-
eral reactive oxygen species, multiple growth factors,
matrix metalloproteinases, chemokines, and nicotinamide
adenine dinucleotide phosphate-oxidase) are upregulated
within arterial walls in many species including humans,
during aging. In vivo studies suggest that elevation of Ang
II signaling drives accumulation of AGE (advanced gly-
cated end products, which are themselves proinflamma-
tory), increased collagen, disruption of elastin, and inva-
sive hypertrophy of both smooth muscle and endothelial
cells (Wang, Khazan, and Lakatta 2010a). Obvious clinical
implications are that attenuating Ang II signaling may sig-
nificantly retard this age-associated arterial remodeling,
suggesting important protective effects for ACE inhibitors
and ARB compounds. Intriguingly, multiple polyphenols,
including those in pomegranate juice (rich in tannins and
anthocyanins), appear to inhibit angiotensin signaling (per-
haps in part from nonspecific antioxidant effects, but also
from inhibition of angiotensin-converting enzyme activity)
and may also reduce blood pressure (Stowe, 2011). Ang 1I
also enhances ROS production by activating NAD(P)H oxi-
dase and uncoupling eNOS. Systemic inhibition of Ang II
thus may potentially have CR mimetic (antiaging) effects,
due to its central role in coordination of vascular aging, OS,
and impact on the mitochondria (de Cavanagh, et al., 2011).

These processes driving vascular aging and disease are
of obvious primary relevance to vascular dementias, as
well as to common findings of white matter erosion (typi-
cally referred to as white matter hyperintensities or white
matter ischemic change on MRI and CT scans), sometimes
appearing as a highly comorbid pathology with AD
(Brickman et al., 2009). Indeed, separating amyloid

angiopathy (a frequent vascular concomitant to AD) from
other forms of atherosclerosis is almost impossible within
clinical settings.

Alzheimer’s disease
As the disease of aging with perhaps the greatest relevance
to this textbook, there has been a paradigm shift over the
last 20 years away from the original assumption that AD
has nothing to do with aging. Of course, this could not pos-
sibly have been true, given the simple fact that AD roughly
doubles in incidence every 5 years after the age of 60-65
and that aging remains the greatest risk factor for nonfa-
milial sporadic AD. Recent research suggests that markers
for OS and mitochondrial decline (Pratico, 2010; Aliev et
al., 2010; Mancuso et al., 2007) are elevated even prior to
the appearance of extracellular amyloid deposition, which
takes place in the preclinical stages of the disease. Indeed,
multiple lines of evidence link AD to many, if not virtu-
ally all, of the phenotypes of aging, including inflamma-
tion (Masters and O’Neill, 2011), OS, accumulation and /or
clearance failure of characteristic pathogenic proteins (Bar-
nett and Brewer, 2011), and increasing deleterious synaptic
effects from those proteins and from associated inflamma-
tion (De Strooper, 2010; Mondragon-Rodriguez et al., 2010;
Palop and Mucke, 2010). Recent work has suggested that
pathogenic proteins (such as oligomeric amyloid) are not
being cleared out (Mawuenyega et al., 2010), underlining
an important role for declining autophagy in the etiology.
These considerations suggest that AD is indeed a highly
pleiotropic and complex disease with several stages in
which we may still not understand fully all the critical
factors, or exactly how they interact to create a cascade
with distinct stages, and with different processes and
interactions presumably critical at different stages. What
were originally adaptive mechanisms (such as inflamma-
tion, recruitment of amyloid pathways by various stresses
and neuroplasticity challenge, phosphorylation, apopto-
sis, cell cycling, and so on) may become pathogenic in
the context of chronic synergistic recruitment, biological
stress, and neuroplasticity challenge. This suggests an
image of AD in which a host of individually adaptive and
compensatory mechanisms jointly “conspire” to drive
the brain into a neurodegenerative process (Mondragon-
Rodriguez et al., 2010). Given that these interactions
among a host of individually adaptive processes occur
well past a reproductive period, they would escape vir-
tually any conceivable selection pressure or modification.
In this sense, the vulnerability to AD may reflect a “fault
line” in the human genome consistent with the evolution-
ary perspectives outlined earlier. Thus, AD itself may be
an expression of antagonistic pleiotropy in which genes
and molecular pathways that were adaptive during peri-
ods of youth and fecundity potentially backfire in aging,
particularly when synergistically recruited. Table 1.1
summarizes some, but not all, of the complex interactions
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Table 1.1 Factors contributing to a neurodegenerative mratrix in AD

Biomarker

Produced by

Producing

Clinical/Other correlates

Beta amyloid plaque
(extracellular AB)

Small aggregate amyloid
(oligomeric AB)

Inflammation (INFLAM)
(T innate immunity)

Central insulin resistance
(in CNS)

Oxidative stress (OS),
MITO decline

Excitotoxicity and Ca++
dysfunction

Neurotrophin and neuro-
transmitter depletion

Neurofibrillary tangling
and tau aggregates

Atrophy HC/EC — lateral
temporal — frontal/
parietal

Cognitive loss, especially
STM, then language and
executive function

Aging, 1 clearance, oxidative stress/
inflammation APOE4, altered BBB function?
T gonadotropins (LH/FSH) and declining sex
steroids?

Bly secretases, inflammation, oxidative
stress, | clearance, endocrine dyscrasia?
Plaque?

Amyloid fibrils and oligomers, { ACh, T rAGE
signaling, aging, OS, endocrine dyscrasia?

Inflammation (T NFk-b, AP-1, TNF-a, other
proinflammatory cytokines), chronic stress?

Declining control over OS in aging, AB
oligomers in MITO, metal ions, INFLAM,
advanced glycation end products, junk
protein

Oligomers (AB) in MITO, and at Ca++
channels, T kynurenine (from increased
cytokines)

Oligomers (AB) — receptor internalization,
tau pathology — microtubule dysfunction,
inflammation

Oxidative stress (OS) — T kinases (w/

1 phosphatases), insulin resistance?
Downstream effect of Af oligomers?
Aberrant cell cycling?

Multifactorial, with many factors listed
contributing to synaptic loss and apoptosis

Synaptic loss early, SL plus NL later
(apoptosis)

Inflammation (glial activation),
oxidative stress, more
oligomers?

Synaptic loss and dysfunction,
0OS, inflammation

Synaptic dysfunction,
apoptosis, declining
neurotrophins, OS, TAB?

1 Energy, HC damage, T
kinases (— neurofibrillary
tangles?), declining autophagy?
Synaptic and neural loss,
INFLAM, AB, increased
tangling? aberrant cell cycling
— apoptosis

Synaptic dysfunction,
apoptosis, esp. in HC/EC
regions

ACh loss — T AB, BDNF/ NGF
declines, aberrant cell cycling
and apoptosis

Basal forebrain (ACh) loss, SL,
apoptosis

Proceeds functional declines
(slightly)

Declining fxn, compensatory
neuroplasticity effort?

Subtle regional atrophic changes.
Second biomarker appearing after
OS/MITO decline

Synaptic loss (NMDA, AMPA), loss
of LTR increased LTD

Contributes directly to cognitive
dysfunction via multiple effects

Promotes synaptic dysfunction
and loss; promotes amyloidosis

Appears before plaques/tangling;
membrane OS increases with
disease, but DNA OS markers
do not

Synaptic dysfunction, eventually
SL/NL

Synaptic dysfunction, promotion of
both SL and apoptosis

Tracks atrophic change (SL/NL) and
declining cognitive function closely.
Precursors (PHF) appear long
before beta amyloid deposition
Major biomarker for degenerative
changes in clinical stages of AD

Primary functional measure,
necessary for diagnosis

Source: Adapted from Watt et al. (2012) with permission from Springer.

SL: synaptic loss, NL: neural loss (neuronal cell death), AB: beta-amyloid, BBB fx: Blood Brain Barrier Function, MITO: mitochondria, ACh:
acetylcholine, NGF: nerve growth factor, BDNF: Brain Derived Neurotrophic Factor, rAGE: receptors for advanced glycation end products (which
promote inflammation), HC: hippocampus, EC: entorhinal cortex, apoptosis: programmed cell death, NFk-b: Nuclear Factor Kappa B (transcription
factor involved in inflammatory signaling), AP-1: activator protein 1 (transcription factor involved in inflammatory signaling), Oligomers: several
molecules of beta amyloid stuck together, Kinases: enzymes promoting phosphorylation and tangling, NMDA/AMPA: subtypes of glutamate receptor,
LTP: long-term potentiation, LTD: long-term depression, lateral temporal: lateral temporal lobe, frontal/parietal: frontal and parietal convexity.

between putative etiological factors in AD, emphasizing
an image of the disease as highly multifactorial, but one
in which many primary phenotypes of aging (OS, disor-
dered cell cycling, inflammation, glycation, apoptosis,
mitochondrial decline, accumulation of junk proteins,
and declining autophagy) appear not only contributory,
but also highly interactive, arguing against any version of
a single factor etiology.

Parkinson’s disease

PD and its more aggressive and malignant close relative,
diffuse Lewy body disease (DLBD), are idiopathic neurode-
generative diseases characterized by intraneuronal accumu-
lation of Lewy bodies (aggregates of alpha-synuclein), par-
ticularly in substantia nigra (midbrain dopamine-producing

regions) in classical PD (and much more widely in DLBD).
It is marked by progressive loss of DA cell bodies, deafferen-
tation of basal ganglia, and dysfunction in direct and indi-
rect corticostriatal pathways. Subsequent primary symp-
toms include resting tremor, slowing of movement, rigidity
and gait difficulties, and eventual postural instability. There
is evidence of differential vulnerability to degeneration in
nigral regions, with “ventral tier” neurons more vulner-
able than “dorsal tier,” and with VTA neurons least effected
(Collier et al., 2011), despite the fact that these fields form a
continuous sheet of DA neurons. This differential vulner-
ability is viewed in recent work as multifactorial. In animal
models, it appears linked to several markers, including the
appearance of alpha-synuclein, ubiquitin (as a marker of
proteasome activation), lipofuscin (as a marker of lysosome
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activation), 3-nitrotyrosine (as a marker for nitroxidative
stress), dopamine transporter activation, and markers of
astrocyte and microglial activation (inflammation markers).
Dysfunctional mitochondria and activated microglial cells
are thought to be the primary intracellular source of reac-
tive oxygen species, and lysosome-mediated autophagy
is the primary cellular mechanism for removing defective
mitochondria. The progressive accumulation of lipofuscin
(conventionally regarded as “age pigment”) is thought to
reflect an index of mitochondrial damage and subsequent
lysosomal degradation of defective mitochondria (Terman
et al., 2006). Collier et al. (2011) argue that the etiology of
PD, while still uncertain, may reflect stochastic interactions
among inflammation, OS, declining autophagy, and accu-
mulations of pathogenic junk proteins, producing a “sto-
chastic acceleration hypothesis”. These kinds of basic mod-
els (although omitting inclusion of many other aging phe-
notypes such as glycation, endocrine change, and telomere
loss) (Figure 1.1) may provide a template for unraveling
the etiology of other neurodegenerative disorders, particu-
larly AD, but also the FTD family and some types of cancer,
where the connections to aging and aging phenotypes are
less clearly established. The high percentage of AD pathol-
ogy in patients with DLBD argues also for a fundamental
relationship between AD and PD that is still incompletely
mapped.

Aging processes and the brain:
cognitive changes in aging

Although enormous evidence suggests that aging in the brain
cannot be neatly separated from aging of the whole organ-
ism, at the same time, one has to consider that aging may
be differentially expressed across different organ systems,
and that the brain might be exposed differentially to aging
processes (and perhaps differentially protected as well),
including effects on the brain of pathological forms of aging,
as described in the discussions of AD and PD. Much work
suggests that a variety of neurocognitive functions decline
with aging, even in those without demonstrable neurologi-
cal disease (although the enormous difficulty in removing
preclinical AD completely from one’s aging cohort/control
group, plus the ubiquitous penetration of vascular disease in
Western societies raises serious questions about how many
studies purporting to show age-related cognitive change
may be measuring at least in part prodromal stages of neu-
rological decline from a major disease of aging). In any case,
robust evidence suggests that a host of neurocognitive pro-
cesses decline in aging, including episodic memory, work-
ing memory, spatial memory, processing speed, and even
implicit (skill) learning, along with various motor func-
tions, particularly motor speed and fine motor control (see
Yeoman et al., 2012 for overview). The precise neural bases
for these declines are still open to debate, and although initial

assumptions heavily emphasized age-related neuronal
loss, increasing evidence argues that these neurocognitive
declines are probably pleiotropic in origin, with synaptic loss
possibly more important than actual neuronal loss. This itself
also appears multifactorial, with roles for aminergic and neu-
rotrophin decline, and where increased CNS inflammation
might also play a role, but this has until recently been mini-
mally probed, both in clinical and preclinical approaches
(Cribbs et al., 2012). Loss of the smaller and highly plastic
thin dendritic spines (more than the “fat” mushroom spines
which appear more resistant to aging) appears to be one of
the best candidates for an ultrastructural basis to age-related
cognitive change, at least in relevant animal models (and
thin spines which are more NMDA receptor-dense also
appear more sensitive to deprivation of classic sex steroid
hormones) (Dumitriu et al., 2010). A physiological correlate
to cognitive declines in aging related to declarative (episodic)
memory appears to be the phenomenon of prolonged hyper-
polarization in aged hippocampal neurons, associated with
changes in NMDA, AMPA, calcium channels, and other ion
channels (Yeoman et al., 2012).

Departure from ancient evolutionary
environment: impact on aging processes
and promotion of diseases of aging

Enormous evidence indicates that Western societies involve
diets and lifestyles that are radically different from HG
lifestyles and diets and, indeed, radically different from
the original evolutionary environment in which the entire
hominid line evolved. This may produce an “evolution-
ary discordance” (Konner, 2001) that may have profound
effects on human health and a major influence on the bio-
logical trajectories of human aging. This notion of a radical
departure from an evolutionary environment and a subse-
quent mismatch between our genes and our environment
may provide a unifying context for connecting all increased
risk factors for all the diseases of aging: Humans in modern
technological societies are now living much longer (primar-
ily due to our successful control over predation, starvation,
and infection as primary causes of early mortality for chil-
dren and younger adults). Put differently, all of the so-called
healthy lifestyle practices that have been discovered piecemeal
through many empirical studies (such as a diet high in fruits and
vegetables, healthy omega-3/omega-6 ratios, high intake of fiber,
and regular exercise) all have as a unifying context that they are
components of our original long-term biological environment as
HGs (Eaton and Eaton, 2002). This suggests that healthy life-
style practices reduce or perhaps even virtually eliminate
chronic mismatches between a genome carved in a more
ancient HG environment and our current technological
environment. Unfortunately, adoption of these healthy life-
style practices is far from widespread in the United States or
in other Western societies, and it may be relatively restricted
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to those better educated and those belonging to more fortu-
nate socioeconomic groups (Johannson et al., 1999).

The fundamental hominid diet for probably more than
two million years (preagriculture) was lean protein sources
(game and fish), supplemented by significant quantities of
fruits and vegetables (Cordain et al., 2005). Modern tech-
nological diets are higher in fat (particularly omega-6 fats)
and carbohydrates (largely from grains and other agricul-
tural products) and now contain significant transfats (which
did not exist in our original biological environment); they
also are frequently deficient in fiber and multiple protective
phytochemicals (polyphenols) and possibly low in other
several critical micronutrients, including choline and pho-
spolipids, multiple B vitamins, and several minerals (Eaton
et al., 2007). In addition, vitamin D deficiency is now quite
common (Holick, 2007), while this was probably very rare, if
not nonexistent, in ancient HG societies, in which skin color
seems to have evolved to match latitudes and to balance
vitamin D production with skin protection, given that both
modern sunscreens and indoor living were nonexistent.

The following tables summarize some of these funda-
mental differences between an ancient biological environ-
ment for humans and the current environment, including

Original Evolutionary Environment

work on biomarkers from studies of HG societies (Eaton
and Eaton, 1999; Eaton et al., 2007; Eaton et al., 1998a,b;
Cordain et al., 2005). This evidence for huge biological
environment shifts during a period of minimal genetic
change for humans (the last 10,000 years) suggests a
potential “unified field theory” for the diseases of aging
(and that diseases of aging are largely “diseases of civili-
zation”; Melnik et al., 2011). Ironically, humans have never
lived longer than they are living in modern technological
societies: The average life expectancy at birth within pre-
industrial HG societies was probably roughly 30-35 years
(Konner and Eaton, 2010). However, this significantly
extended lifespan in technological cultures is one in
which penetration by a major disease of aging (excepting
osteoarthritis, which is common in HG groups) appears
more likely, relative to the few elders who existed in HG
societies (Dunn, 1968; Konner and Eaton, 2010). Conclu-
sive data on this question is lacking, however, and recon-
struction of more ancient (Paleolithic) HG lifestyles and
biological state involves extrapolating from the relatively
few HG societies that survived into the twentieth century
(columns adapted from Eaton and Eaton, 1999; Eaton et

al., 2007; Eaton et al., 1998a,b; Cordain et al., 2005).

Modern Technological Environment

Regular aerobic exercise (2-3+ hours per day)
9+ hours sleep (see #1)

Calorie limitations (intermittent CR)
High-phytochemical /polyphenol diets

g bk WO N =

overall fats

High intake of fiber (about 50-100 g per day)

Low sugar/carbs, except fruits/veggies

Intake of K+ > Na+ (K+ >4 gm/d)

Pro-alkaline diet

10 Minimal to no glycated proteins

11 Intimate social groups/tribes

12 Early mortality: infection, starvation, predation, and
intraspecies violence: life expectancy 35-45 years

O 0 3

Omega-6/omega-3 ratio 1:1 to 3:1 with modest intake of

1 Minimal to no aerobic exercise (< 15 min/d)
2 7 hours or less of sleep (see #1)
3 Unlimited calories
4 Low phytochemical/polyphenol diets
5 Omega-6/Omega-3 ratio 10:1 to 20:1 with typically
higher intake of fats
6 Low intake of fiber (< 15 gm/d)
7 High sugar/carbs, not from fruits/veggies
8 Intake of Na+ > K+ (Na+>4 gm/d)
9 Pro-acidic diet
10 Common glycated protein (especially milk products)
11 Social isolation common
12 Death from an advanced disease of aging;: life
expectancy 75-85 years

Biomarkers

Hunter Gatherers

Current Technological Societies

1 BMI 21-24
2 Total cholesterol under 125
3 Blood pressure 100-110/70-75
4 VO2 max good to superior
5 Homocysteine low
6 Vitamin D about 50-100 ng/mL
7 Higher B vitamin/folate levels
8 High insulin sensitivity
9 Fasting plasma leptin 2-4ng/mL
10 Waist/height ratio <45
11 Physical activity >1000 kcal/d

1 About 30% BMI >30, about 30% BMI 25-30
2 Total cholesterol about 200 or higher
3 120/80 (normative), with hypertension common
4 VO2 max fair to poor (sedentary lifestyles)
5 Homocysteine significantly higher
6 Vitamin D deficiency common (10-30 ng/mL)
7 Common B12 and folate deficiencies
8 Variable degrees of insulin resistance
9 Fasting plasma leptin 4-8ng/mL
10 Waist/height ratio 52-56
11 Physical activity about 150-490 kcal/d for most
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Although conclusive data is still lacking, preliminary
evidence suggests that HG societies did not appear to have
nearly the incidence of cancer and heart disease (Eaton and
Eaton, 2002), diabetes (Eaton et al., 2002), or AD (Eaton
and Eaton, 1999) suffered by modern societies, even when
the relative rarity of elder members is taken into account
(Konner and Eaton, 2010). Consistent with these findings
and hypotheses, a paleolithic diet improved diabetic bio-
markers more than the highly touted Mediterranean diet
(Lindeberg et al., 2007) and improved BP and glucose toler-
ance, decreased insulin secretion, increased insulin sensi-
tivity, and improved lipid profiles, all without weight loss
in healthy sedentary humans (Frassetto et al., 2009). Addi-
tional evidence (summarized in Spreadbury, 2012) suggests
the provocative hypothesis that virtually all processed or
“acellular” carbohydrates—which tend to be high-density
carbohydrate foods—(ancient sources of carbohydrates in
fruits and vegetables were low density) contribute directly
to an inflammatory gastrointestinal microbiota which leads
directly to leptin resistance, disordering of fundamental
energy homeostasis through effects on multiple satiety
peptides, and promotion of obesity. Spreadbury further
argues that modern diets are truly distinct from ancient
diets not in relationship to either nutrient density or gly-
cemic index but only around carbohydrate density (Spread-
bury, 2012) due to acellular grain-based foods.

It is difficult to know precisely what the sum total or com-
posite effect of such global and pervasive shifts in our basic
biological environment might be, or what each factor may
contribute to the overall increasing burden of diseases of
aging in Western societies. However, the evidence favors the
hypothesis that these shifts are first of all individually del-
eterious. Therefore, collectively, they are likely to be highly
undesirable and potentially profound. Indeed, there may be
poorly mapped synergisms among these various factors in
promoting diseases of aging, as virtually every one of these
factors—the complex multifactorial dietary shifts, seden-
tary versus aerobic lifestyles, common obesity generated
by these two factors, vitamin D deficiency, low-grade sleep
deprivation, and increased social isolation and stress (vs the
intimate social groups of our ancestors)—uall impact the regu-
lation and management of inflammation (as even psychosocial
isolation and social stress is a proinflammatory event). This
suggests that, collectively, Western lifestyles (when com-
pared to the lifestyles of our HG ancestors) may be hugely
proinflammatory. There is evidence that autoinflammation
involves increased OS (Finch, 2011), drives insulin resis-
tance, and is potentiated by glycation (Semba et al., 2010),
and increases cellular senescence. Such a global view of the
biological environment also suggests strongly that single-
component “fad diet” approaches, such as the elimination
of all fructose, sugar, or carbohydrates, are not likely to be
successful unless combined with a larger group of dietary
and lifestyle changes (although refined carbohydrate reduc-
tion as noted may help with reducing obesity, inflammation,

and pulsatile insulin over-production all of which may be
critical in the Western society burden of diseases of aging).
In any case, this analysis, which suggests a complex and
highly interactive composite of environmental shifts relative
to ancient HG environments that collectively are probably
biologically profound.

Many, if not most, of these lifestyle and dietary factors may
also deteriorate the endogenous management of OS (Kali-
man et al., 2011). Given that autoinflammation creates OS
for “bystander” tissues (Finch, 2011), these lifestyle variables
may impose a double burden: increasing OS while depriv-
ing us of several protective factors (found in our ancient
evolutionary diet and lifestyle) that might ameliorate or pro-
tect against OS. OS, modulated by both diet and exercise, is
also believed to be a primary factor in genetic damage and
genomic instability (Prado et al., 2010), leading potentially
into cancers and the acceleration of cellular senescence, as a
primary defense against cancer (Ogrunc and Fagagna 2011).
Cellular senescence in turn appears to be proinflammatory,
creating a so-called “senescence-associated secretory pheno-
type” (SASP) (Blagosklonny, 2011). Many of these dietary
and lifestyle factors also modulate the glycation of proteins
and the formation of AGEs (particularly diets low in fiber
and polyphenols and high in refined sugars/carbs), with
AGE products a primary regulator and inducer of inflam-
mation. Inflammation itself may promote insulin resistance
and, thus, glycation, suggesting many positive feedback
loops between these classic metabolic and age-related pro-
cesses. Common vitamin D, B12 and folate deficiencies
may contribute to declining autophagy, and also increasing
inflammation (Holick, 2007), promoting cognitive decline in
aging, increased homocysteine (as a marker and proxy for
OS and inflammation), and possibly increased AD (Tangney
et al., 2011). Many lifestyle factors also impinge on the cell
signaling related to endogenous defenses against OS, partic-
ularly exercise, polyphenol intake, inflammatory state, obe-
sity and excessive energy, and insulin resistance. Indeed, the
typical alterations in energy homeostasis in Western diets
and lifestyles, leading to an excess of energy (in turn, lead-
ing to obesity), are a primary activator of mTOR (mTOR, as
a pathway that integrates nutrient signaling and growth fac-
tors), increasingly implicated as a central factor in the regu-
lation and induction of aging (Blagosklonny, 2009, 2010a). In
addition, multiple polyphenols (modestly) and DR, particu-
larly protein restriction, inhibit mTOR. Collectively, these
considerations suggest that Western lifestyles may directly
impact the biology of the diseases of aging (and aging itself)
directly and powerfully in a multitude of undesirable ways.
Thus, although the central prolongevity triumph of Western
civilization and medicine, the prevention and treatment of
bacterial infection, has had a very positive impact on median
survival to old age, Western lifestyles may accelerate aging
and the diseases of aging in a multitude of other ways. Pre-
venting the diseases of aging therefore has to begin with an
appreciation for the central importance of lifestyle change,
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back toward at least some approximation of our evolution-
ary environment.

What constitutes optimal prevention of
the diseases of aging?

In sum, this large constellation of globally altered lifestyle
variables impacts the fundamental biology of aging and
also modulates the underlying mechanisms directly driv-
ing all the diseases of aging. Jointly, these lifestyle factors,
interacting with our genome (containing many currently
unmapped polymorphisms that presumably directly mod-
ulate aging processes and the vulnerability to diseases of
aging variably across individuals), in concert with multi-
ple lifestyle behaviors, determine what aging trajectories
our systems enter as we get older. These basic interac-
tions between lifestyle (which we can map out) and many
polymorphisms in our genetic endowment (which we can
now map only minimally) determine how much our fun-
damental cellular repair mechanisms and defenses against
cellular damage and aging are supported and enhanced as
much as possible, versus overtaxed and overwhelmed. The
primary and multifactorial mechanisms of aging reviewed
in this chapter appear to lead invariably into the diseases
of aging, if given enough time and enough room to work.
Indeed, the sum total of presence or absence of all the diseases of
aging in an individual may be one of the best ways to globally
index aging itself (Blagosklonny, 2009). Challenges remain
in operationalizing such a definition, of course, given that
practical, cost-effective (and nonintrusive) metrics in rela-
tion to many of the diseases of aging are not yet clinically
available. Unfortunately, the conventional medical per-
spective on diseases of aging in this country is still largely
unaware of evidence that they may reflect common mecha-
nisms operating in different tissues and systems; instead,
conventional medicine mostly approaches each major dis-
ease of aging in a piecemeal and fragmented fashion. This
chapter argues strongly against that traditional approach.
Western lifestyles (consisting of a typical Western diet
pattern and a sedentary lifestyle with poor sleep and
increased social isolation) appear quite undesirable in terms
of aging of the brain and body, deteriorate capacities to deal
with various biological and social stresses, and remove us
from our proper and ancient evolutionary environment. We
have changed remarkably little genetically since our days
as HGs, but our lifestyles have changed dramatically. This
suggests that much of our current difficulties with health
are not due to some exotic collection of esoteric biological
derailments that can only be interpreted and treated by a
“medical-industrial complex” and understood by someone
with a doctoral degree; instead, they are due to a fundamen-
tal, if not profound, mismatch between our genes and our
environment (Stipp, 2011). This suggests that basic health
considerations should focus on approximating that ancient

biological environment as much as possible: regular aero-
bic exercise, large amounts of fruits and vegetables, not too
many calories, minimal processed food and other products
of “food technology” (particularly our highly addicting fast
food), a better omega-6/omega-3 ratio (typically very high
in most Western diets with significant omega-3 deficiency),
reduced social isolation, and improved sleep quality and
quantity. As noted earlier, all these common recommenda-
tions place us closer to our ancient evolutionary environ-
ment and reduce this fundamental and destructive discor-
dance between genes and environment in Western lifestyles.
At this point, there is no cure for virtually any disease
of aging (perhaps excepting some cancers), so meaningful
prevention needs to a genuine priority instead of an after-
thought in our health-care system. We must be willing to
spend money on prevention and to make lifestyle changes
a genuine cultural priority. It is also quite sobering to real-
ize that, even in the context of the best possible preventa-
tive efforts, all one can do is delay the onset of a major disease
of aging: Eventually, we will all succumb to one of these mani-
festations of aging. However, such delay in onset of a major
disease of aging can potentially increase healthspan (even
if major lifespan extension remains elusive) and substan-
tially decrease the burden of diseases of aging in old age,
along with their often punitive impact on quality of life
and personal and societal economics (see Chapter 21).
Prevention, in this context of the many considerations
reviewed in this chapter, thus has to mean much more than
“statins and beta-blockers” (controlling multiple conven-
tional risk biomarkers that clearly have some prognostic
value but may only minimally index our deceptive yet radi-
cal physiological departure from our ancestors). Instead, real
prevention must mean, for the large majority of individuals in
a culture and not simply for a fortunate few, reapproaching our
original evolutionary environment. In simplest terms, as a cul-
ture, these major lifestyle changes must mean that we exer-
cise and sleep significantly more, eat significantly less, and
eat more wisely (consuming more of the “paleolithic” foods
of our ancestors and less the questionable and addictive
products of food technology). In addition, we need to aim
more for quality of social connection than quantity of mate-
rial consumption, as quality and depth of social attachment
is emerging as one of the better predictors of long-term
health (Seeman and Crimmins, 2001; see Chapter 10).
Making these critical changes in priorities and approach,
both individually and in terms of the embedded high-tech
priorities of our health-care systems, is likely to be painful
in many ways, as well as profoundly politically contentious.
However, one cannot envision any viable long-term pre-
scription or big-picture view of biological health that does
not place these simple principles first. Additionally, this
view of health (that it emerges from the basic fit between
genes and environment) places health back into a proper
evolutionary perspective that is badly lacking in many
treatments of diseases of aging. There seems to be little
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sense in the current health-care environment that Darwin’s
central insights (about the match between genetic endow-
ment and environment determining adaptive success) has
any relevance to discussions of basic health or illness. Has
modern medicine abandoned Darwin? A central implicit
myth of the “medical-industrial complex” (implicit in the
sense that it is largely embedded in relentless advertising
and is never explicitly stated) may be that high-tech medi-
cine and first-line drugs are our best defense against the
chronic diseases of aging, a supposition for which there is
very little substantive evidence, and much counterevidence.
An additional option for the future may be the possibility
of a highly effective CR mimetic: perhaps a future version of
resveratrol or rapamycin, some combination of our current
(partial) CR mimetics, or perhaps even a completely new
and different compound yet to be discovered. It seems an
easy prediction that a truly safe and effective CR mimetic
(which, by definition, would give the physiology of CR
without the pain of chronic hunger) that could both slow
aging and substantively delay onset of all the diseases of
aging would be a compound that almost everyone would
readily consider taking and many if not virtually everyone
would find highly attractive. Indeed, if a patentable agent
were proven highly effective and safe, one could easily
predict that it would eventually become the best-selling
prescription medicine of all time. However, such consider-
ations (potential widespread use of CR mimetics) embed
a major conundrum, similar to that posed by the poten-
tial creation of an “exercise pill.” Would individuals with
the option to take a safe and effective CR mimetic still be
adequately motivated to modify problematic lifestyle hab-
its and move closer toward the original evolutionary envi-
ronment of humans, which we believe promotes long-term
health and healthy (or at least healthier) aging? One can
readily appreciate the temptation to continue eating prob-
lematic but tasty foods and remaining overweight and sed-
entary, if one’s anxiety about any potential disease of aging
could be significantly ameliorated by simply taking a pill.
Such a dilemma in many ways goes to the heart of dif-
ficult choices confronting modern technological Homo sapi-
ens in relation to both health care and, more fundamentally,
long-term health. Do we trust in our high technology first and
foremost? Do we place exclusive faith in our technological compe-
tencies, to the exclusion of trusting in biological relationships that
are (at least, in some sense) pretechnological? Or must we place
equal or even greater trust in our basic evolutionary heritage and
our embeddedness in a complex biological matrix and ecology, the
environment that carved our genome? Put in simplest terms, do
we think that health promotion is primarily a technological or a
lifestyle matter? Answers to these questions may determine
a great many things about our long-term health in the com-
ing century and our health-care system. Additionally, these
choices mirror much larger and even more difficult choices
about our basic relationship to a complex biological matrix
(the extended environment), which is clearly showing

the negative impact of human technologies. A tempting
hypothesis is that our disregard of the environment may be
intrinsically hinged to the overvaluation of technology and
the undervaluation of our biological “embeddedness” and
our fundamental evolutionary context; these considerations
were summarized in the previous sections regarding the
basic notion of an evolutionary discordance between our
genes and our current technological environment, diet, and
lifestyles. In simplest terms, overvaluing high-tech medi-
cine over “low-tech” lifestyle change may be a mistake we
are culturally primed to make in how we view health and
how we construct and finance our health-care systems.

Whatever answers we might construct to such ques-
tions, there seems little question that Western societies face
enormous challenges in a tsunami of age-related disease,
in an aging population, at a time when fundamentally
unhealthy lifestyles promoting those very same diseases
of aging are widespread within the United States and in
other Western societies. Health-care professionals of virtu-
ally all disciplinary persuasions need to take responsibility
for educating both patients and the general public about
these issues, as a critical part of reprioritizing genuinely
proactive and early prevention efforts and health mainte-
nance via lifestyle change over much later high-technology
interventions that are proving to be prohibitively costly
while at the same time yielding very uncertain if not mini-
mal benefits in relation to quality of life.

References

Aggarwal, B.B. (2010) Targeting inflammation-induced obesity and
metabolic diseases by curcumin and other nutraceuticals. Annu
Rev Nutr, 30: 173-199.

Aliev, G., Palacios, H.H., Gasimoyv, E., et al. (2010) Oxidative stress
induced mitochondrial failure and vascular hypoperfusion as a
key initiator for the development of Alzheimer disease. Pharma-
ceuticals, 3: 158-187.

Anisimov, V.N., Zabezhinski, M.A., Popovich, I.G., et al. (2010)
Rapamycin extends maximal lifespan in cancer-prone mice. Am
J Pathol, 176 (5): 2092-2097.

Atwood, C.S., and Bowen, R.L. (2011) The reproductive-cell cycle
theory of aging: an update. Exp Gerontol, 46: 100-107.

Atwood, C.S., Meethal, S.V,, Liu, T., et al. (2005) Dysregulation of
the hypothalamic-pituitary-gonadal axis with menopause and
andropause promotes neurodegenerative senescence. | Neuro-
pathol Exp Neurol, 64(2): 93-103.

Alzheimer’s Disease Facts and Figures (2010) www.alz.org/
documents_custom/report_alzfactsfigures2010.pdf

Babu, P.V. and Liu, D. (2008) Green tea catechins and cardiovascu-
lar health: an update. Curr Med Chem, 15 (18): 1840-1850.

Baker, D.J., Wijshake, T., Tchkonia, T., et al. (2011) Clearance of
plélnk4a-positive senescent cells delays ageing-associated dis-
orders. Nature, 479 (7372): 232-236.

Barja, G., and Herrero, A. (2000) Oxidative damage to mitochon-
drial DNA is inversely related to maximum life span in the heart
and brain of mammals. FASEB ], 14 (2): 312-318.



The Biology of Aging: Implications for Diseases of Aging and Health Care in the Twenty-First Century 33

Barger, ].L., Kayo, T., Pugh, T.D,, et al. (2008) Short-term consump-
tion of a resveratrol-containing nutraceutical mixture mimics
gene expression of long-term caloric restriction in mouse heart.
Exp Gerontol, 43 (9): 859-866.

Barnett, A., and Brewer, G.J. (2011) Autophagy in aging and
Alzheimer’s disease: pathologic or protective?. | Alzheimers Dis,
25 (3): 385-392.

Bartke, A., and Brown-Borg, H. (2004) Life extension in the dwarf
mouse. Curr Top Dev Biol, 63: 189-225.

Baur, J.A., Pearson, KJ., Price, N.L., et al. (2006) Resveratrol
improves health and survival of mice on a high-calorie diet.
Nature, 444 (7117): 337-342.

Beevers, C.S., Chen, L., Liu, L., et al. (2009) Curcumin disrupts the
Mammalian target of rapamycin-raptor complex. Cancer Res, 69
(3): 1000-1008.

Belinha, I., Amorim, M.A., Rodrigues, P, et al. (2007) Quercetin
increases oxidative stress resistance and longevity in Saccharo-
myces cerevisiae. | Agric Food Chem, 55 (6): 2446-2451.

Bengmark, S. (2007) Advanced glycation and lipoxidation end
products—amplifiers of inflammation: the role of food. | Parenter
Enteral Nutr, 31 (5): 430-440.

Bengmark, S. (2006) Curcumin, an atoxic antioxidant and natural
NF-xB, COX-2, LOX, and iNOS inhibitor: a shield against acute
and chronic diseases. JPEN | Parenter Enteral Nutr, 30 (1): 45-51.

Bennett, A.F. (2003) Experimental evolution and the Krogh Prin-
ciple: generating biological novelty for functional and genetic
analyses. Physiol Biochem Zool, 76 (1): 1-11.

Berry, R.J., and Bronson, FH. (1992) Life history and bioeconomy of
the house mouse. Biol Rev Camb Philos Soc, 67 (4): 519-550.

Blagosklonny, M.V. (2008) Aging: ROS or TOR? Cell Cycle, 7 (21):
3344-3354.

Blagosklonny, M.V. (2009) Validation of anti-aging drugs by treat-
ing age-related diseases. Aging (Albany NY), 1 (3): 281-288.

Blagosklonny, M.V. (2010a) Why men age faster but reproduce lon-
ger than women: mTOR and evolutionary perspectives. Aging,
2 (5): 265-273.

Blagosklonny, M.V. (2010b) Why the disposable soma theory can-
not explain why women live longer and why we age. Aging, 2
(12): 884-887.

Blagosklonny, MV. (2011) Cell cycle arrest is not senescence. Aging
(Albany NY), 3 (2): 94-101.

Bowen, R.L. and Atwood, C.S. (2004). Living and dying for sex. A
theory of aging based on the modulation of cell cycle signaling
by reproductive hormones. Gerontology, 50 (5): 265-290.

Brickman, A.M., Muraskin, J., and Zimmerman, M.E. (2009) Struc-
tural neuroimaging in Alzheimer’s disease: Do white matter
hyperintensities matter? Dialogues Clin Neurosci, 11 (2): 181-190.

Buffenstein, R., Edrey, Y.H., Hanes, M., et al. (2011) Successful
aging and sustained good health in the naked mole rat: a long-
lived mammalian model for biogerontology and biomedical
research. ILAR ], 52 (1): 41-53.

Carey, J.R. (2003) Life Span: a Conceptual Overview. Population and
Development Review, 29 (S): Life Span: Evolutionary, Ecological,
and Demographic Perspectives: 1-18.

Caro, P, Gomez, ]., Sanchez, I, et al. (2009) Forty percent methio-
nine restriction decreases mitochondrial oxygen radical produc-
tion and leak at complex I during forward electron flow and
lowers oxidative damage to proteins and mitochondrial DNA
in rat kidney and brain mitochondria. Rejuvenation Res, 12 (6):
421-434.

Casadesus, G., Puig, E.R.,, Webber, KM., et al. (2006) Target-
ing gonadotropins: an alternative option for Alzheimer dis-
ease treatment. | Biomed Biotechnol, 2006 (3). doi: 10.1155/
JBB/2006/39508.

Centers for Disease Control and Prevention. (1999) Ten great pub-
lic health achievements—United States, 1900-1999. | Am Med
Assoc, 281 (16): 1481.

Centers for Disease Control and Prevention. (2010) Chronic disease
overview, www.cdc.gov/chronicdisease/overview/index.htm.
(accessed on January 13, 2014)

Charlesworth, B. (1994) Evolution in Age-Structured Populations.
Cambridge: Cambridge University Press.

Chen, ].H, Hales, C.N., and Ozanne, S.E. (2007) DNA damage, cel-
lular senescence and organismal ageing: causal or correlative?
Nucleic Acids Res, 35 (22): 7417-7428

Cherra, S.J., and Chu, C.T. (2008) Autophagy in neuroprotection
and neurodegeneration: a question of balance. Future Neurol, 3
(3): 309-323.

Clark, LA. and Atwood, C.S. (2011) Is TNF a link between aging-
related reproductive endocrine dyscrasia and Alzheimer’s disease?
J Alzheimers Dis, 27 (4): 691-699. doi:10.3233 /JAD-2011-110887

Collier, T.J., Kanaan, N.M., and Kordower, ]. H. (2011) Ageing as a
primary risk factor for Parkinson’s disease: evidence from stud-
ies of non-human primates. Nat Rev Neurosci, 12 (6): 359-366.

Conrad, D.A. (2009) Lessons to apply to national comprehensive
healthcare reform. Am | Manag Care, 15 (10): S306-S321.

Council of Economic Advisers (CEA) (2009). www.whitehouse.
gov/assets/documents/CEA_Health_Care_Report.pdf.
(accessed on January 13, 2014)

Cordain, L., Eaton, S.B., Sebastian A., et al. (2005) Origins and evo-
lution of the Western diet: health implications for the 21st cen-
tury. Am ] Clin Nutr, 81 (2): 341-354.

Cribbs, D.H., Berchtold, N.C., Perreau, V., et al. (2012) Exten-
sive innate immune gene activation accompanies brain aging,
increasing vulnerability to cognitive decline and neurodegen-
eration: a microarray study. | Neuroinflammation, 23 (9): 179.

de Cavanagh, E.M., Inserra, F,, and Ferder, L. (2011) Angiotensin II
blockade: a strategy to slow ageing by protecting mitochondria?
Cardiovasc Res, 89 (1): 31-40.

De Strooper, B. (2010) Proteases and proteolysis in Alzheimer disease:
a multifactorial view on the disease process. Physiol Rev, 90(2): 465.

Dumitriu, D., Hao, J., Hara, Y., et al. (2010) Selective changes in
thin spine density and morphology in monkey prefrontal cortex
correlate with aging-related cognitive impairment. ] Neurosci, 30
(22): 7507-7515.

Dunn, FL. (1968) Epidemiological factors: Health and disease
in hunter gatherers. In: R.B. Lee and I. DeVore (eds), Man-The
Hunter, Chicago: Aldine Press.

Eaton, S. B., Konner, M., and Shostak, M. (1988a) Stone agers in the
fast lane: chronic degenerative disease in evolutionary perspec-
tive. Am | Med, 84 (4): 739-749.

Eaton, S.B., Eaton, S.B. 11, Sinclair, A.J., et al. (1988b) Dietary intake
of long-chain polyunsaturated fatty acids during the paleolithic
period. World Rev Nutr Diet, 83: 12-23.

Eaton, S.B., Cordain, L., and Sebastian, A. (2007) The ancestral bio-
medical environment. In: W.C. Aird (ed), Endothelial Biomedicine,
Cambridge: Cambridge University Press.

Eaton, S.B., Cordain, L., and Lindeberg, S. (2002) Evolutionary
health promotion: a consideration of common counter-argu-
ments. Prev Med, 34 (2): 119-123.



34 The Aging Brain in Neurology

Eaton, S5.B., and Eaton, S.B. III. (2002) Hunter gatherers and human
health. In: R.B. Lee and R. Daly (eds), The Cambridge Encyclopedia
of Hunter Gatherers, Cambridge: Cambridge University Press.

Eaton, S.B. and Eaton S.B. IIL. (1999) The evolutionary context of
chronic degenerative diseases In: C.S., Stephen (ed), Evolution in
Health and Disease, Oxford: Oxford University Press.

Epel, E., Daubenmier, J., Moskowitz, ].T., et al. (2009) Can medita-
tion slow rate of cellular aging? Cognitive stress, mindfulness,
and telomeres. Ann N Y Acad Sci, 1172: 34-53.

Evans, W.J. (1995) What is sarcopenia? | Gerontol A Biol Sci Med Sci,
50 (Spec No): 5-8.

Falus, A., Marton, 1., Borbényi, E., et al. (2010) The 2009 Nobel
Prize in Medicine and its surprising message: lifestyle is asso-
ciated with telomerase activity. Orv Hetil, 151 (24): 965-970.
d0i:10.1556/OH.2010.28899

Fernandes, G., Yunis, E.J., et al. (1976) Influence of diet on survival
of mice. Proc Natl Acad Sci USA, 73 (4): 1279-1283.

Fernandez-Sanchez, A., Madrigal-Santilla, E., Bautista, M., et al.
(2011) Inflammation, oxidative stress, and obesity. Int | Mol Sci,
12 (5): 3117-3132.

Finch, C.E. (2011) Inflammation in aging processes: an integrated
and ecological perspective. In: M. Lustgarten, FL. Muller, and
H. Van Remmen (eds), Handbook of Biology of Aging. Amsterdam:
Elsevier.

Florido, R (2011) adipose tissue in aging. In Handbook of the Biol-
ogy of Aging (Eds Moroso and Austad) Oxford Press pp. 119-141.

Fontana, L., Eagon, ].C., Trujillo, M.E., et al. (2007) Visceral fat adi-
pokine secretion is associated with systemic inflammation in
obese humans. Diabetes, 56 (4): 1010-1013.

Franceschi, C., Capri, M., Monti, D., et al. (2007) Inflammaging and
anti-inflammaging: a systemic perspective on aging and longev-
ity emerged from studies in humans. Mech of Ageing Dev, 128:
92-105.

Frassetto, L.A., Schloetter, M., Mietus-Synder, M., et al. (2009)
Metabolic and physiologic improvements from consuming a
paleolithic, hunter-gatherer type diet. Eur Jour Clin Nutr, 63 (8):
947-955.

Freeman, W.J. (2000) Neurodynamics: An Exploration in Mesoscopic
Brain Dynamics. London: Springer.

Freudenheim, M. (2010) NY Times (Health Section). http://www.
nytimes.com/2010/06/29/health/29geri.html?
pagewanted=all&_r=0

Galland, L. (2010) Diet and inflammation. Nutr Clin Pract, 25 (6):
634-640. d0i:10.1177 /0884533610385703

Gella, A., and Durany, N. (2009) Oxidative stress in Alzheimer dis-
ease. Cell Adh Migr, 3 (1): 88-93.

Guarente, L. (2003) Ageless Quest. Place: Cold Spring Harbor Press.

Hagen, T.M.,, Ingersoll, R.T., Lykkesfeldt, J., et al. (1999) (R)-alpha-
lipoic acid-supplemented old rats have improved mitochondrial
function, decreased oxidative damage, and increased metabolic
rate. FASEB |, 13 (2): 411-418.

Hall, M.N. (2008) mTOR: What does it do? Transplant Proc, 40 (10):
S5-S8.

Harman, D. (1956) Aging: a theory based on free radical and radia-
tion chemistry. | Gerontol, 11 (3): 298-300.

Harman, D. (1957) Aging: a theory based on free radical and radia-
tion chemistry. | Gerontol, 2: 298-300.

Harrison, D.E., Strong, R., Sharp, Z.D., et al. (2009) Rapamycin fed
late in life extends lifespan in genetically heterogeneous mice.
Nature, 460 (7253): 392-395.

Hafner, A.V, Dai, J., Gomes, AP, et al. (2010) Regulation of the
mPTP by SIRT3-mediated deacetylation of CypD at lysine 166
suppresses age-related cardiac hypertrophy. Aging, 2:914-923.

Hayflick, L. (1965) The limited in vitro lifetime of human diploid
cell strains. Exp Cell Res, 37: 614-636.

Hayflick, L. (2007) Entropy explains aging, genetic determinism
explains longevity, and undefined terminology explains misun-
derstanding both. PLoS Genet, 3 (12): 220.

Heeba, G., Moselhy, M.E., Hassan, M., et al. (2009) Anti-atherogenic
effect of statins: Role of nitric oxide, peroxynitrite, and haem
oxygenase-1. Br | Pharmacol, 156 (8): 1256-1266.

Holick, M.E. (2007) Vitamin D deficiency. N Engl | Med, 357 (3):
266-281.

Jacobs, T.L., Epel, E.S., Lin, J., et al. (2011) Intensive meditation
training, immune cell telomerase activity, and psychological
mediators. Psychoneuroendocrinology, 36 (5): 664—681.

Jesmin, J., Rashid, M.S., Jamil, H., et al. (2010) Gene regulatory network
reveals oxidative stress as the underlying molecular mechanism of
type 2 diabetes and hypertension. BMIC Med Genomics, 3 (1): 45.

Johannson, L., Thelle, D.S., Solvoll, K., et al. (1999) Healthy dietary
habits in relation to social determinants and lifestyle factors. Brit
J Nutr, 81: 211-220.

Johnson, EB., Sinclair, D.A., and Guarente, L. (1999) Molecular
biology of aging. Cell, 96 (2): 291-302.

Jones, W. (1884) Longevity in a fasting spider. Science, 3 (48): 4-8.

Kaliman, P, Parrizas, M., Lalanza, J.F,, et al. (2011) Neurophysi-
ological and epigenetic effects of physical exercise on the aging
process. Ageing Res Rev, 20. [Epub ahead of print]

Kang, R, Tang, D., Lotze, M.T., and Zeh, H.J. 3rd. (2011) RAGE
regulates autophagy and apoptosis following oxidative injury.
Autophagy, 7(4):442-444.

Kapahi, P.,, Chen, D., Rogers, A.N., et al. (2010) With TOR, less
is more: a key role for the conserved nutrient-sensing TOR
pathway in aging. Cell Metab, 11 (6): 453-465. doi:10.1016/
j.cmet.2010.05.001

Kim, HJ]J., Vaziri, N.D., Norris, K., et al. (2010a) High-calorie
diet with moderate protein restriction prevents cachexia and
ameliorates oxidative stress, inflammation, and proteinuria in
experimental chronic kidney disease. Clin Exp Nephrol, 14 (6):
536-547.

Kim, J.B., Song, B.W., Park, S., et al. (2010b) Alagebrium chloride,
a novel advanced glycation end-product cross linkage breaker,
inhibits neointimal proliferation in a diabetic rat carotid balloon
injury model. Korean Circ ], 40 (10): 520-526.

Kirkwood, T.B. (1977) Evolution of ageing. Nature, 270: 301-304.

Kirkwood, T.B. and Austad, S.N. (2000) Why do we age? Nature,
408 (6809): 233-238.

Kones, R. (2011) Primary prevention of coronary heart disease:
integration of new data, evolving views, revised goals, and role
of rosuvastatin in management. A comprehensive survey. Drug
Des Devel Ther, 5: 325-380. do0i:10.2147/DDDT.S514934

Konner, M. (2001) Evolution and our environment: will we adapt?
West | Med, 174 (5): 360-361.

Konner, M. and Eaton, S.B. (2010) Paleolithic nutrition: twenty-five
years later. Nutr Clin Pract, 25 (6): 594-602.

Kurz, T., Terman, A., and Brunk, U.T. (2007) Autophagy, ageing,
and apoptosis: the role of oxidative stress and lysosomal iron.
Arch Biochem Biophys, 462 (2): 220-230.

Lane, M.A, Black, A., Handy, A., et al. (2001) Caloric restriction in
primates. Ann NY Acad Sci, 928: 287-295.



The Biology of Aging: Implications for Diseases of Aging and Health Care in the Twenty-First Century 35

Lamming, D.W,, Ye, L., Katajisto, P, et al. (2012) Rapamycin-
induced insulin resistance is mediated by mTORC2 loss and
uncoupled from longevity. Science, 335(6076): 1638-1643.

Lindeberg, S., Jénsson, T., Granfeldt, Y., et al. (2007) A palaeolithic
diet improves glucose tolerance more than a Mediterranean-like
diet in individuals with ischemic heart disease. Diabetologia, 50
(9): 1795-1807.

Lin, M.T. and Beal, T. (2006) Mitochondrial dysfunction and oxida-
tive stress in neurodegenerative diseases. Nature, 443: 787-795.
d0i:10.1038 /nature05292

Lorenz, D.R., Cantor, C.R., and Collins, J.J. (2009) A network biol-
ogy approach to aging in yeast. Proc Natl Acad Sci USA, 106 (4):
1145-1150.

Liao, J.K., and Laufs, U. (2005) Pleiotropic effects of statins. Annu
Rev Pharmacol Toxicol, 45: 89-118.

Lue, L.E, Kuo, Y.M., Beach, T., and Walker, D.G. (2010) Microglia
activation and anti-inflammatory regulation in Alzheimer’s dis-
ease. Mol Neurobiol, 41 (2-3): 115-128.

Lutz, W., Sanderson, W., and Scherbov, S. (2008) The coming accel-
eration of global population ageing. Nature, 451 (7179): 716-719.

Lustgarten, M., Muller, FL., and van Remmen, H. (2011) An
objective appraisal of the free radical theory of aging. In: E.J.
Moroso and S.N. Austad (eds), Handbook of the Biology of Aging,
pp- 177-202. Oxford Press.

Madeo, E, Tavernarakis, N., and Kroemer, G. (2010) Can autoph-
agy promote longevity?. Nat Cell Biol, 12 (9): 842-846.

Mabharjan, B.R,, Jha, J.C., Adhikari, D., et al. (2008) Oxidative stress,
antioxidant status, and lipid profile in ischemic heart disease
patients from western region of Nepal. Nepal Med Coll ], 10 (1):
20-24.

Mancuso, C., Scapagini, G., Curro, D., et al. (2007) Mitochondrial
dysfunction, free radical generation, and cellular stress response
in neurodegenerative disorders Front Biosci, 12: 1107-1123.

Mansouri, A., Muller, EL., Liu, Y., et al. (2006) Alterations in mito-
chondrial function, hydrogen peroxide release and oxidative
damage in mouse hind-limb skeletal muscle during aging. Mech
Ageing Dev, 127 (3): 298-306.

Marzetti, E., Lees, H.A., Wohlgemuth, S.E., and Leeuwenburgh, C.
(2009) Sarcopenia of aging: underlying cellular mechanisms and
protection by calorie restriction. Biofactors, 35 (1): 28-35.

Masters, S.L., and O'Neill, L.A. (2011) Disease-associated amyloid
and misfolded protein aggregates activate the inflammasome.
Trends Mol Med, 17 (5): 276-282.

Mawuenyega, K.G., Sigurdson, W., Ovod, V., etal. (2010) Decreased
clearance of CNS beta-amyloid in Alzheimer’s disease. Science,
330 (6012): 1774.

McKinsey Global Institute. (2008). www.mckinsey.com/mgi/
reports/pdfs/Impact_Aging_Baby_Boomers/MGI_Impact_
Aging_Baby_Boomers_executive_summary.pdf. (accessed on
January 13, 2014)

Melnik, B.C., John, SM., and Schmitz, G. (2011) Over-stimulation
of insulin/IGF-1 signaling by Western diet may promote dis-
eases of civilization: Lessons learnt from Laron syndrome. Nufri-
tion & Metabolism, 8: 41-49.

Milioti, N., Bermudez-Fajardo, A., Penichet, M.L., and Oviedo-
Orta, E. (2008) Antigen-induced immunomodulation in the
pathogenesis of atherosclerosis. Clin Dev Immunol, 2008: 723539.

Miller, R.A., Harrison, D.E., Astle, C.M., et al. (2011) Rapamycin, but
not resveratrol or simvastatin, extends life span of genetically het-
erogeneous mice. | Gerontol A Biol Sci Med Sci, 66 (2): 191-201.

Minino, A.M., Arias, E., Kochanek, K.D., et al. (2002) Deaths: Final
Data for 2000. National Vital Statistics Reports, 50 (15). DHHS Pub-
lication No.(PHS) 2002-1120 PRS 02-0583.

Minino, A.M., Heron, M.P,, and Smith, B.L. (2006) Deaths: prelimi-
nary data for 2004. Natl Vital Stat Rep, 54: 1.

Mittal, A., Ranganath, V., and Nichani, A. (2010) Omega fatty acids
and resolution of inflammation: A new twist in an old tale. |
Indian Soc Periodontol, 14 (1): 3-7.

Mondragon-Rodriguez, S., Basurto-Islas, G., Lee, H.G., et al. (2010)
Causes versus effects: the increasing complexities of Alzheim-
er’s disease pathogenesis. Expert Rev Neurother, 10: 683-691.

Motivala, S.J. (2011) Sleep and inflammation: psychoneuroimmu-
nology in the context of cardiovascular disease. Ann Behav Med,
21. [Epub ahead of print.]

Mozaffari, M.S., Baban, B., Liu, J.Y., et al. (2011) Mitochondrial
complex I and NAD(P)H oxidase are major sources of exacer-
bated oxidative stress in pressure-overloaded ischemic-reper-
fused hearts. Basic Res Cardiol, 106 (2): 287-297.

O’Donovan, A, Pantell, MS, Puterman, E, et al. (2011) Cumulative
inflammatory load is associated with short leukocyte telomere
length in the health, aging and body composition study. Health
aging and body composition study. PLoS One, 6 (5): €19687.

Olshansky, S.J., Perry, D., Miller, R.A., and Butler, R.N. (2006) In
pursuit of the longevity dividend: what should we be doing to
prepare for the unprecedented aging of humanity? The Scientist,
20 (3): 28-36.

Ogrunc, M., and Fagagna, F. (2011) Never-ageing cellular senes-
cence. Eur | Cancer, 47 (11): 1616-1622. [Epub 9 May 2011.]

Osterod M, Hollenbach S, Hengstler JG, Barnes DE, Lindahl T, Epe
B.Age-related and tissue-specific accumulation of oxidative DNA
base damage in 7, 8-dihydro-8-oxoguanine-DNA glycosylase
(Oggl) deficient mice. Carcinogenesis. 2001 Sep; 22(9): 1459-63

Palop JJ, Mucke L. Amyloid-beta-induced neuronal dysfunction
in Alzheimer’s disease: from synapses toward neural networks.
Nat Neurosci. 2010 Jul; 13(7): 812-8.

Pari, L., and Murugan, P. (2007) Influence of tetrahydrocurcumin
on tail tendon collagen contents and its properties in rats with
streptozotocin-nicotinamide-induced type 2 diabetes. Fundam
Clin Pharmacol, 21 (6): 665-671.

Patel, K.R., Scott, E., Brown, V.A,, et al. (2011) Clinical trials of res-
veratrol. Ann N Y Acad Sci, 1215: 161-169.

Pearson KJ, Baur JA, Lewis KN, Peshkin L, Price NL, Labinskyy
N, Swindell WR, Kamara D, Minor RK, Perez E, Jamieson HA,
Zhang Y, Dunn SR, Sharma K, Pleshko N, Woollett LA, Csiszar
A, Ikeno Y, Le Couteur D, Elliott PJ, Becker KG, Navas P, Ingram
DK, Wolf NS, Ungvari Z, Sinclair DA, de Cabo R.Resveratrol
delays age-related deterioration and mimics transcriptional
aspects of dietary restriction without extending life span. Cell
Metab. 2008 Aug;8(2):157-68.

Perez, V.1, Bokov, A., Van Remmen, H., Mele, J., Ran, Q., & Tkeno,
Y., et al. (2009). Is the oxidative stress theory of aging dead?. Bio-
chimica et Biophysica Acta, 1790(10), 1005-1014.

Petersen AM, Pedersen BK. The anti-inflammatory effect of exer-
cise. ] Appl Physiol (1985). 2005 Apr; 98(4): 1154-62.

Petrovski, G., and Das, D.K. (2010) Does autophagy take a front
seat in lifespan extension? | Cell Mol Med, 11: 2543-2551.

Phelan, J.P, and Austad, S.N. (1989) Natural selection, dietary
restriction, and extended longevity. Growth Dev Aging, 53: 4-6.
Pischon T, Boeing H, Hoffmann K, Bergmann M, Schulze MB, Over-

vad K, van der Schouw YT, Spencer E, Moons KG, Tjenneland



36 The Aging Brain in Neurology

A, Halkjaer ], Jensen MK, Stegger ], Clavel-Chapelon F, Boutron-
Ruault MC, Chajes V, Linseisen ], Kaaks R, Trichopoulou A,
Trichopoulos D, Bamia C, Sieri S, Palli D, Tumino R, Vineis P,
Panico S, Peeters PH, May AM, Bueno-de-Mesquita HB, van
Duijnhoven FJ, Hallmans G, Weinehall L

Prado, R.P,, dos Santos, B.E, Pinto, C.L., et al. (2010) Influence of
diet on oxidative DNA damage, uracil misincorporation, and
DNA repair capability. Mutagenesis, 25 (5): 483-487.

Qiu, X., Brown, K., Hirschey, M.D., et al. (2010) Calorie restriction
reduces oxidative stress by SIRT3-mediated SOD2 activation.
Cell Metab, 12: 662—667.

Querfurth, HW and LaFerla, FM Alzheimer’s Disease N Engl |
Med 2010; 362: 329-344.

Ran, Q., Liang, H., Ikeno, Y., et al. (2007) Reduction in glutathione
peroxidase 4 increases life span through increased sensitivity to
apoptosis. | Gerontol Series A Biol Sci Med Sci, 62: 932-942.

Richardson, A. (1985) The effect of age and nutrition on protein
synthesis by cells and tissues from mammals. In: W.R. Wat-
son (ed), Handbook of Nutrition in the Aged, Boca Raton, Fla.:
CRC Press.

Rimando, A.M., Nagmani, R., Feller, D.R., and Yokoyama, W.
(2005) Pterostilbene, a new agonist for the peroxisome prolifer-
ator-activated receptor alpha-isoform, lowers plasma lipopro-
teins and cholesterol in hypercholesterolemic hamsters. | Agric
Food Chem, 53 (9): 3403-3407.

Ristow, M., and Schmeisser, S. (2011) Extending life span by
increasing oxidative stress. Free Radic Biol Med, 51 (2): 327-336.
Roberts, C.K., and Barnard, R.J. (2005) Effects of exercise and diet

on chronic disease, | Appl Physiol, 98 (1): 3-30.

Robine, ].M., and Allard, M. (1995) Validation of the exceptional
longevity case of a 120-year-old woman. Facts and Research in
Gerontology, 6: 363-367.

Rochon, J., Bales, C.W., Ravussin, E., et al. (2011) Design and con-
duct of the CALERIE study: comprehensive assessment of the
long-term effects of reducing intake of energy. ] Gerontol A Biol
Sci Med Sci, 66 (1): 97-108.

Rous, P. (1914) The influence of diet on transplanted and spontane-
ous mouse tumors. | Exp Med, 20: 433—-451.

Roth, G.S., Ingram, D.K., and Lane, M.A. (2001) Caloric restriction
in primates and relevance to humans. Ann N'Y Acad Sci, A28:
305-315.

Ruiz, M.J., Fernandez, M., Pico, Y., et al. (2009) Dietary administra-
tion of high doses of pterostilbene and quercetin to mice is not
toxic. | Agric Food Chem, 57 (8): 3180-3186.

Sahin, E., Colla, S., Liesa, M., et al. (2011) Telomere dysfunction
induces metabolic and mitochondrial compromise. Nature, 470
(7334): 359-365.

Sanz, A., Pamplona, R., and Barja, G. (2006) Is the mitochondrial
free radical theory of aging intact? Antioxid Redox Signal, 8 (3-4):
582-599.

Seeman, T.E., and Crimmins, E. (2001) Social environment effects
on health and aging: integrating epidemiologic and demo-
graphic approaches and perspectives. Ann NY Acad Sci, 954:
88-117.

Selman, C., Tullet, ].M., Wieser, D., et al. (2009) Ribosomal protein
56 kinase 1 signaling regulates mammalian lifespan. Science, 326:
140-144.

Semba, R.D., Nicklett, E.J., and Ferrucci, L. (2010) Does accumula-
tion of advanced glycation end products contribute to the aging
phenotype? | Gerontol A Biol Sci Med Sci, 65 (9): 963-975.

Schriner, S.E., Linford, N.J., Martin, G.M., et al. (2005) Extension of
murine life span by overexpression of catalase targeted to mito-
chondria. Science, 308: 1909-1911.

Simpson, S.J., and Raubenheimer, D. (2009) Macronutrient balance
and lifespan. Aging, 1 (10): 875-880.

Sinclair, D.A. (2005) Toward a unified theory of caloric restriction
and longevity regulation. Mech Ageing Dev, 126 (9): 987-1002.
Someya, S., Yu, W., Hallows, W.C,, et al. (2010) SIRT3 mediates
reduction of oxidative damage and prevention of age-related

hearing loss under caloric restriction. Cell, 143: 802-812.

Skulachev, V.P.,, Anisimov, V.N., Antonenko, Y.N., et al. (2009) An
attempt to prevent senescence: A mitochondrial approach. Bio-
chim Biophys Acta, 1787 (5): 437-461.

Slavich, G.M., Way, B.M., Eisenberger, N.L, and Taylor, S.E. (2010)
Neural sensitivity to social rejection is associated with inflam-
matory responses to social stress. Proc Natl Acad Sci USA, 107
(33): 14817-14822.

Social Security Advisory Board (SSAB). (2009) The Unsustainable
Cost of Healthcare. www.ssab.gov/Documents/TheUnsustaina-
bleCostofHealthCare_graphics.pdf. (accessed on January 13,2014)

Sohal, R.S., and Weindruch, R. (1996) Oxidative stress, caloric
restriction, and aging. Science, 273: 59-63.

Sohal, R.S., Ku, H.H., and Agarwal, S. (1993) Biochemical corre-
lates of longevity in two closely related rodent species. Biochem
Biophys Res Comm, 196: 7-11.

Srikanth, V., Maczurek, A., Phan, T., et al. (2011) Advanced glyca-
tion end products and their receptor RAGE in Alzheimer’s dis-
ease. Neurobiol Aging, 32(5):763-777

Srinivasan, V., Spence, D.W., Pandi-Perumal, S.R., et al. (2011) Mel-
atonin in mitochondrial dysfunction and related disorders. Int |
Alzheimers Dis, 2011: 326320. [Epub 4 May 2011.]

Sgro, C.M., and Partridge, L.A. (1999) Delayed wave of death from
reproduction in Drosophila. Science, 286: 2521-2524.

Stanfel, M.N., Shamieh, L.S., Kaeberlein, M. and Kennedy BK.
(2009) The TOR pathway comes of age. Biochim Biophys Acta,
1790: 1067-1074.

Stipp, D. (2011) Linking nutrition, maturation, and aging: From
thrifty genes to the spendthrift phenotype. Aging, 3 (2): 84-93.
Stowe, C.B. (2011) The effects of pomegranate juice consumption
on blood pressure and cardiovascular health. Complement Ther

Clin Pract, 17 (2): 113-115.

Tangney, C.C., Aggarwal, N.T,, Li, H. et al. (2011) Vitamin B12, cog-
nition, and brain MRI measures: A cross-sectional examination.
Neurology, 77: 1276-1282.

Tao, R., Coleman, M.C., Pennington, J.D., et al. (2010) Sirt3-
mediated deacetylation of evolutionarily conserved lysine 122
regulates MnSOD activity in response to stress. Mol Cell, 40:
893-904.

Teotonio, H., Chelo, I.M., Bradic, M., et al. (2009) Experimental
evolution reveals natural selection on standing genetic variation.
Nat Genet, 41: 251-257.

Terman, A., Gustafsson, B., and Brunk, U.K. (2006) Mitochondrial
damage and intralysosomal degradation in cellular aging. Mol
Aspects Med, 27: 471-482.

Thirunavukkarasu, V., Nandhini, A.T., and Anuradha, C.V. (2005)
Lipoic acid prevents collagen abnormalities in tail tendon of
high-fructose-fed rats. Diabetes Obes Metab, 7 (3): 294-297.

Um, ].H., Park, SJ., Kang, H., et al. (2010) AMP-activated protein
kinase-deficient mice are resistant to the metabolic effects of res-
veratrol. Diabetes, 59 (3): 554-563.



The Biology of Aging: Implications for Diseases of Aging and Health Care in the Twenty-First Century 37

Urios, P., Grigorova-Borsos, A.M., and Sternberg, M. (2007) Flavo-
noids inhibit the formation of the cross-linking AGE pentosidine
in collagen incubated with glucose, according to their structure.
Eur ] Nutr, 46 (3): 139-146.

U.S. Government Accountability Office. Persistent fiscal challenges
will likely emerge within the next decade, July 18, 2007. GAO-07
1080SP. http:/ /www.gao.gov /products/ GAO-07-1080SP

Van Remmen, H., Lustgarten, M., and Muller, E.L. (2011) An objec-
tive appraisal of the free radical theory of aging. In: M. Lustgar-
ten, EL. Muller and H. Van Remmen (eds), Handbook of Biology of
Aging, Amsterdam: Elsevier.

Vijg, J. (2009) SNP’ing for longevity. Aging, 1 (5): 442—443.

Virgili, F.,, and Marino, M. (2008) Regulation of cellular signals from
nutritional molecules: A specific role for phytochemicals, beyond
antioxidant activity. Free Radic Biol Med, 45 (9): 1205-1216.

Walsh, N.P,, Gleeson, M., Shephard, R ., et al. (2011) Position statement.
Part one: Immune function and exercise. Exerc Immunol Rev, 17: 6-63.

Wang, J., Cheng, X., Xiang, M.X,, et al. (2011a) IgE stimulates
human and mouse arterial cell apoptosis and cytokine expres-
sion and promotes atherogenesis in Apoe-/- mice. | Clin Invest.
121 (9): 3564-3577.

Wang, K., Liu, R,, Li, ], et al. (2011b) Quercetin induces protective
autophagy in gastric cancer cells: Involvement of Akt-mTOR-
and hypoxia-induced factor 1o-mediated signaling. Autophagy.
7 (9): 966-978.

Waters, D.L., Baumgartner, RN., Garry, PJ., et al. (2010) Advan-
tages of dietary, exercise-related, and therapeutic interventions
to prevent and treat sarcopenia in adult patients: An update. Clin
Interv Aging, 5: 259-270.

Watt, D.E, Koziol, K., and Budding, D. (2012) Alzheimer’s dis-
ease. Contributed chapter. In: C.A. Noggle and R.S. Dean (eds),
Disorders in Neuropsychiatry, New York, NY: Springer Publishing
Company. In press.

Williams, G.C. (1957) Pleiotropy, natural selection, and the evolu-
tion of senescence. Evolution, 11: 398-411.

Wu, J.J., Quijano, C., Chen, E., et al. (2009) Mitochondrial dys-
function and oxidative stress mediate the physiological
impairment induced by the disruption of autophagy. Aging,
1 (4): 425-437.

Yashin, A.I., Wu, D., Arbeev, K.G., and Ukraintseva, S.V. (2010)
Joint influence of small-effect genetic variants on human longev-
ity. Aging, 2 (9): 612-620.

Ye, J., and Keller, ].N. (2010) Regulation of energy metabolism by
inflammation: A feedback response in obesity and calorie restric-
tion. Aging, 2 (6): 361-368.

Yeoman, M., Scutt, G., and Faragher, R. (2012) Insights into CNS
ageing from animal models of senescence. Nat Rev Neurosci, 13
(6): 435—445.

Yuan, R., Peters, L.L., and Paigen, B. (2011) Mice as a mamma-
lian model for research on the genetics of aging. ILAR |, 52
(1): 4-15.

Zhang, Y., Ikeno, Y., Qi, W., et al. (2009) Mice deficient in both
Mn superoxide dismutase and glutathione peroxidase-1 have
increased oxidative damage and a greater incidence of pathol-
ogy, but no reduction in longevity. | Gerontol A Biol Sci Med Sci,
64 (12): 1212-1220.

Zhou, H., Beevers, C.S., and Huang, S. (2011) The targets of cur-
cumin. Curr Drug Targets, 12 (3): 332-347.



