


















be increased. Overall mortality does not seem to be
different (Guevara-Aguirre et al., 2011).

One possibility, as touched upon above, is to conduct
clinical trials for specific age-related diseases to obtain
approval for particular drugs from regulatory agencies
(e.g., U.S. Food and Drug Administration). On the basis
of findings in model organisms, people could engage in
long-term use of approved drugs indicated for specific
diseases. Supplements can also be marketed for long-

term effects, though all these can be seen as backdoor
approaches. In addition, short-term studies in humans
may be feasible for disease, followed by individual anal-
ysis of other age-associated endpoints (Kirkland and
Peterson, 2009). Another potential area to translate
findings from the bench to the bedside is focusing on
dysfunction and frailty in the elderly (Kirkland and Pe-
terson, 2009). This would imply clinical studies in el-
derly patients, which has its own problems (Evans,

FIG. 3. Network of CR-related proteins from yeast. Some proteins, such as Sch9 and Sir2 (indicated by red arrows), have a high number of interacting
partners (hubs), whereas others have no interactions. Such analyses could be used to identify candidate regulatory hubs as well as promising new candidate
genes that interact with known CR-related proteins. Sir2 mammalian homologs are the focus of considerable research (see text), whereas Sch9’s mammalian
homolog AKT2 is important in insulin signaling and glucose transport. Figure created using STRING (http://string-db.org/).
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2011), but established frailty indicators could be used as
endpoints (Kirkland and Peterson, 2009).

Overall, demonstrating that a particular intervention
is affecting human aging, as done in model organisms, is
virtually impossible. Interventions, including drugs,
emerging from basic research on aging will probably
target specific age-related pathological conditions and/or
dysfunction. Subsequent studies of health biomarkers
and multiple age-related diseases may reveal broader
effects. Success in animal models or short-term human
studies may be sufficient to convince potential patients
of the usefulness of particular dietary supplements or
approaches, as exemplified by those voluntarily under-
going CR (http://www.crsociety.org/), which can serve as
basis for further studies (Soare et al., 2011).

D. Future Prospects in Epigenetics and Aging

One field of immense untapped potential is epigenet-
ics. Initially defined by Conrad Waddington as “the in-
teraction of genes with their environment, which bring
the phenotype into being,” epigenetics represents an
extra layer of instructions not encoded in the primary
DNA sequence. The role of this extra layer in the regu-
lation of genome-environment interactions is beginning
to emerge. Epigenetics involve chemical modifications of
DNA nucleotide residues (such as cytosine methylation)
and associated proteins such as histones that alter the
DNA’s structure and function and can activate or re-
press genes (Goldberg et al., 2007).

Epigenetic modifications can be the result of stress or
diet (Mathers, 2006; Fraga and Esteller, 2007; Sedivy et
al., 2008). Although precise targets for epigenetic modi-
fications during aging or CR are unknown, this is an
area with great potential, because epigenetic-driven
changes in gene expression as a result of diet or lifestyle
are thought to contribute to lifelong health (Mathers,
2006). In fact, histone deacetylases, like sirtuins, modify
epigenetic patterns (Fraga and Esteller, 2007).

Merry et al. (2008) showed in rats that dietary sup-
plementation with �-lipoic acid, although by itself un-
able to extend lifespan, allowed animals switched from
CR to ad libitum feeding at 12 months of age to maintain
the survival trajectory and extended longevity charac-
teristic of CR; conversely, animals switching from ad
libitum to CR did not exhibit extended longevity. In
contrast, switching rats not fed lipoic acid between ad
libitum feeding and CR also switched the survival tra-
jectory. These results suggest that supplementation
with lipoic acid induced a “memory effect” on the ani-
mals, locking them into the survival trajectory of the
feeding regimen before the switch (Merry et al., 2008). It
is noteworthy that animals fed lipoic acid and switched
from CR to ad libitum feeding gained weight, just like
animals not fed lipoic acid, and thus it seems that al-
though the longevity effects of CR were preserved, other
effects of CR were not. Because lipoic acid can induce
hyperacetylation of histones and potentially acts as a

histone deacetylase inhibitor, the hypothesis that epige-
netic mechanisms are involved in this memory effect
that specifically influences the life-extending effects of
CR is attractive (Merry et al., 2008), although it is also
possible that changes in energy uptake or utilization
could be involved, and further work is needed to eluci-
date the underlying mechanisms.

Most approaches outlined thus far rely on manipula-
tion of gene activities by diet or drugs to identify genes
in signaling cascades or pathways associated with aging
or its manipulation. Yet difficulties may surface because
our knowledge of these pathways is still incomplete.
Epigenetic modifications can modify hundreds or thou-
sands of genes, so targeting a given epigenetic protein or
modification may be a more powerful approach, al-
though much work remains for this strategy to be feasi-
ble. Therefore, the case for an epigenetic link between
nutrition and longevity is strong, even if the specific
epigenetic role of nutrients in modulating aging remains
unknown (Niculescu and Lupu, 2011).

VI. Concluding remarks

Aging is the major driving factor of disease in the 21st
century. Manipulation of aging-related genes by diet,
lifestyle, and pharmaceuticals could dramatically im-
prove human health and could be used to develop drugs
against age-related diseases such as cancer, heart dis-
ease, type 2 diabetes, obesity, and neurodegenerative
diseases. The hundreds of aging-related genes and genes
related to CR already identified offer enormous oppor-
tunities for target discovery (Fig. 2). Although aging-
related genes cannot be modified in humans, under-
standing how these can be manipulated by diet or
pharmaceuticals can have a profound impact on health.
In other words, work on the genetics of aging allows the
identification of novel genomic targets for drug develop-
ment, opening the door for aging pharmacogenomics.

Marred by decades of “quackery” (including grafting tes-
ticles from young animals into men), the science of aging
has come a long way in gaining respectability (Stipp, 2010).
Already more than 20 companies worldwide are focusing
specifically on the aging process (http://whoswho.senescence.
info/corp.php), in addition to “big pharma,” with aging-
oriented research and development projects. Although this
number is modest, it shows the growing potential of a field
that is bound to increase. In 2008, GlaxoSmithKline pur-
chased Sirtris for $720 million (Sipp, 2008), a huge amount
for a company with no clinical data; presumably the pur-
chase was based on the extraordinary potential suggested
by a compound capable of delaying aging. Even though
questions have been raised about their efficiency, resvera-
trol and other drugs targeting SIRT1 showcase how a gene
initially identified as a regulator of aging in yeast can be
used as a pharmaceutical target for multiple human dis-
eases. It demonstrates confidence in the field and in the
idea that aging is not immutable. The recent problems
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raised concerning SIRT1 and resveratrol research also
serve as a cautionary tale of the hurdles in translation of
laboratory discoveries to the clinic.

We now know of hundreds of genes that regulate
aging in model organisms, dozens associated with lon-
gevity in humans, and hundreds differentially expressed
with age. This vast amount of information yields in-
creased power for personalized and stratified medicine,
for identifying biomarkers of aging, and for drug devel-
opment to extend lifespan and ameliorate age-related
diseases. Overall, it gives us a blueprint (albeit still
imperfect) of how aging is controlled that we can use to
potentially manipulate the basic aging process, what-
ever its underlying molecular mechanisms may be.
Moreover, our knowledge of nutrient-sensing pathways
that mediate the effects of CR has greatly increased in
recent years, opening new opportunities for drug discov-
ery and ultimately for perhaps developing an antiaging
pill that retards aging with minimal side effects.

In conclusion, we now know of many target genes that
either individually or collectively could be used for
screening molecules (nutritional compounds and drugs)
that may modulate aging. Even if proving that a partic-
ular diet or drug can delay aging is not feasible from a
scientific and regulatory perspective, there is a huge
potential to identify molecules that ameliorate age-re-
lated diseases and/or dysfunction. This represents a tre-
mendous opportunity for companies working in nutri-
tion and pharmacology in a field on an upward
trajectory.
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