












not result in a significantly greater increase in lifespan
(10–18%) than that obtained in middle-aged mice
(Miller et al., 2011).

Rapamycin has serious side effects, particularly as an
immunosuppressor, and thus it is not suitable as an
antiaging drug. As in sirtuins, however, these studies
highlight the road from basic discovery on the biology of
aging to antiaging interventions. Further studies of the
TOR pathway and of repressors more specific of its
downstream signaling pathway are ongoing. Whether
rapamycin produces a change in another parameter re-
lated to energy uptake or utilization is unknown, and
determining which of its effects modulate lifespan is an
important unsolved question. Like resveratrol, TOR has
attracted considerable attention from the pharmaceuti-
cal industry, particularly in the context of cancer (Meric-
Bernstam and Gonzalez-Angulo, 2009).

Other candidate CR mimetics are also being explored,
including 2-deoxyglucose and the diabetes drug met-
formin, which inhibit glycolysis, and many others are in
the pipeline (Ingram et al., 2006; Ingram and Roth,
2011). Metformin, which activates the nutrient and en-
ergy sensor AMP-activated protein kinase (AMPK) pre-
viously associated with lifespan and CR in worms (Ke-
nyon, 2010) extends lifespan of murine disease models
(Anisimov et al., 2008), yet failed to extend the lifespan
of normal rats (Smith et al., 2010). One study reported
that metformin slightly increased lifespan in female
mice but decreased lifespan in male mice (Anisimov et
al., 2010). Another recent study suggested beneficial ef-
fects of metformin in a mouse model of Alzheimer’s disease
independent of AMPK activation (Kickstein et al., 2010).
For some aging-related pathways, therapies may focus on
specific diseases or even on cosmetic applications.

Knowledge of genetic and molecular pathways related
to aging and its modulation can also be translated into
predictions on health effects of dietary components
(Müller and Kersten, 2003). Therefore, in addition to
pharmaceuticals, another marketplace for basic aging
research involves supplements, which avoids the need
for clinical trials. Indeed, companies are now focusing on
nutritional supplements that target genes/pathways in-
volved in aging. One example is Genescient (http://www.
genescient.com/), a biotechnology company; its strategy
involves choosing supplements that affect pathways
that may be important in long-lived flies as assayed from
gene expression analyses (Rose et al., 2010).

V. Functional Genomics of Aging, Target
Prioritization, and Future Prospects

The ability to modulate SIRT1 and the recent findings
from rapamycin offer a glimpse of what can be achieved
by focusing on aging-related genes. A single gene that
regulates aging can have a profound impact on health
and several age-related diseases. Given how CR delays
the onset of multiple age-related diseases, such as type 2

diabetes and cancer, manipulation of CR pathways
might have applications at least in disease prevention
and possibly even in a clinical setting. However, in ad-
dition to sirtuins and TOR, there are already hundreds
of genes associated with aging and CR in model organ-
isms, and this provides an excellent opportunity for tar-
get discovery (Fig. 2). Besides, we have only begun to
study the genetics of aging and thus such genes repre-
sent only the “tip of the iceberg.” Therefore, there is a
huge potential to discover new therapeutic targets
among aging-related genes and those that regulate the
effects of diet on lifespan.

A. Functional Genomics of Aging and Longevity

In addition to genetic manipulation experiments to
identify genes of interest, another approach involves
identifying genes specifically up-regulated or down-reg-
ulated in a particular experimental setting. One study
found longevity effects when genes differentially ex-
pressed in long-lived worms were mutated (Murphy et
al., 2003). Likewise, another study associated the up-
regulation of one gene, the eukaryotic translation initi-
ation factor 4E binding protein (4E-BP), with CR effects
in mitochondrial activity and life-extension in flies (Zid
et al., 2009), although it should be noted that null mu-
tations of 4E-BP decrease lifespan in normal flies (Tett-
weiler et al., 2005). Another study in flies focused on the
temporal transcriptional responses caused by feeding
and identified nutrient-responsive genes, many of which
under the control of the forkhead box transcription fac-
tor dFOXO (Gershman et al., 2007). We have analyzed
aging gene expression data to identify common molecu-

FIG. 2. Overview and overlap of genes related to aging, human lon-
gevity, and CR. Shown are the intersections between human orthologs of
genes identified via genetic manipulation experiments in model organ-
isms (aging-associated), genes that disrupt or cancel life-extending effects
of CR when mutated in model organisms (CR-essential), aging differen-
tially expressed genes in mammals (aging-differential), CR-differentially
expressed genes in mammals (CR-differential) and genes associated with
human longevity in at least one epidemiological study (human longevity-
associated). All data obtained from the GenAge database (http://genomics.
senescence.info/genes/), except for the CR-associated genes, which come
from data sets assembled by the authors from the literature, available on
request.
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lar signatures of mammalian aging. Some of the genes
overexpressed with age seem to be a response to aging,
in that they have been previously found to have protec-
tive functions (de Magalhães et al., 2009b). As such,
these genes may help organisms manage aging and
could be targets for manipulation. Likewise, gene ex-
pression analysis of CR has been conducted to identify
associated genes (Lee et al., 1999, 2000). A number of
molecular signatures have emerged from such studies
that could be useful to identify candidate processes and
pathways that affect aging, biomarkers (see below), and
candidate regulators (Anderson and Weindruch, 2010;
Hong et al., 2010).

Gene expression profiles of aging and CR may serve as
biomarkers for testing drug effects on inducing “youthful
levels” or CR-like gene expression patterns, respectively,
without doing full lifespan experiments (Spindler, 2006).
SIRT1 activators have been evaluated this way by Sir-
tris (Smith et al., 2009). Because some mouse models
respond differently to CR, studies have focused on iden-
tifying differential responses that can be associated with
the mechanisms of CR and/or used as biomarkers
(Bartke et al., 2008). More recent work has also focused
on identifying genes that influence the life-extending
effects of CR by classic genetics using differences in
lifespan in different mouse recombinant inbred strains
(Liao et al., 2010).

In addition to aging- and CR-related genes, another
source of candidate genes and pathways for drug design
are human longevity-associated genes (Barzilai and
Shuldiner, 2001; Browner et al., 2004; Kenyon, 2010).
Dozens of genes have now been associated with human
longevity (de Magalhães et al., 2009a), although only a
handful of genes have been shown to have consistent
effects across populations.

Many longevity-associated genes are related to spe-
cific diseases and have deleterious genotypes for which
incidence decreases with age, resulting in the alterna-
tive allele unrelated to disease to become more prevalent
in older individuals. However, some evidence suggests
that a few longevity-conferring genes, such as the cho-
lesteryl ester transfer protein (CETP), have alleles with
protective effects against diseases (Bergman et al.,
2007). Therefore, extreme longevity is not due simply to
a lack of disease-associated alleles, but some alleles
seem to protect against multiple age-related diseases.
CETP is a promising target for drug discovery because
its alleles have been associated not only with longevity
but also with a lower risk of specific age-related dis-
eases, such as cardiovascular diseases, cognitive decline,
and dementia (including Alzheimer’s disease) (Barzilai
et al., 2003; Sanders et al., 2010). In fact, CETP inhibi-
tors (such as torcetrapib) that can raise HDL cholesterol
have already been developed, and it is hoped these can
be used as preventive therapy for heart disease (Kon-
tush et al., 2008). The identification of drugs that mimic
the effects of longevity genes, and of alleles associated

with exceptional human longevity in particular (e.g.,
centenarians), is thus an appealing area of research.
One current difficulty is that for many of these longevity
genes, we do not know the biochemistry behind the
longevity effects or the functional consequences of the
different alleles; therefore, we do not know whether
we should aim to activate or inhibit these genes. Some
promising candidates have emerged, however.

One of the first genes associated with human longev-
ity was apolipoprotein E (APOE), which is involved in
lipid metabolism and cholesterol transport. Variants of
APOE have been associated with age-related diseases
such as cardiac disease and Alzheimer’s disease (Schächter et
al., 1994). APOE has gathered considerable interest be-
cause its polymorphisms are associated with response to
therapy in patients with Alzheimer’s disease (Evans and
McLeod, 2003). Besides, one recent study showed that
APOE isoforms differentially regulate clearance of am-
yloid-� from the brain (Castellano et al., 2011). Conse-
quently, some human longevity genes are already under
the spotlight of academia and industry, and this number
is bound to increase in the near future as high-through-
put sequencing becomes widespread, facilitating ge-
nome-wide association studies of longevity (de Magal-
hães et al., 2010). Moreover, human longevity genes can
give clues as to which pathways are associated with
healthy human aging, which in turn can be targeted by
drugs.

B. Prioritizing Targets for Drug Discovery and
Network Approaches

Genome analyses from CR, aging, and human longev-
ity genes provide biological targets for drug discovery.
Screening natural products, existing drugs, and chemi-
cal libraries for molecules that affect “druggable” targets
associated with aging may lead to compounds of thera-
peutic value. Given the hundreds of genes associated
with aging and CR, however, it is important to identify
the most promising targets. Integrating information
from different datasets can help prioritize candidates
(Fig. 2). It is interesting to note the two genes shown in
model organisms to be related with aging, associated
with human longevity, and essential to CR effects:
IGF1R and FOXO3 (Fig. 2). IGFR1 is part of the insulin/
IGF1/GH pathway, the down-regulation of which has
been associated with life-extension in several model sys-
tems and, as mentioned above, is already a target of
pharmacological interventions. The FOXO transcription
factor FOXO3 is a homolog of dFOXO and of daf-16, in
which mutations suppress the life-extending effects of
daf-2 (Kenyon et al., 1993). FOXO transcription factors
are, in fact, part of the same insulin/IGF1/GH pathway
(Fig. 1) that modulates lifespan across organisms (Ke-
nyon, 2010). A strong association between FOXO3 and
human longevity has been reported (Willcox et al., 2008)
and subsequently validated in other populations (for
review, see Kenyon, 2010). FOXO3 was also associated
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with insulin levels and prevalence of cancer, heart dis-
ease, and type 2 diabetes (Willcox et al., 2008). Further
work is necessary to understand the modulation of
FOXO3 and its molecular mechanisms affecting longev-
ity, but it is a promising target for drug development.

To facilitate target gene prioritization, a number of
additional approaches may be employed. For example, in
silico studies of transcriptional regulation can allow the
identification of upstream regulators (for review, see de
Magalhães et al., 2010). Furthermore, an emerging ap-
proach to study the complex interactions between the
multiple components of biological systems is network
biology (Barabási et al., 2011). Given the complexity of
aging, network approaches may be particularly suited to
identify crucial regulators of its modulation by the en-
vironment. For instance, knowing the protein-protein
interaction network of candidate proteins allows the
identification of hubs, proteins with a large number of
interactions, which tend to be more biologically relevant
(Fig. 3). Together with other biological (e.g., kinases and
receptors are often seen as promising drug targets),
medical, and strategic considerations already used for
target selection in drug discovery (for review, see
Knowles and Gromo, 2003), the integrated knowledge of
aging-related pathways can help identify suitable tar-
gets for drug discovery. In addition, the advent of large-
scale databases of compounds and drugs, such as Drug-
Bank (Wishart et al., 2008), STITCH (Kuhn et al., 2008),
and the Connectivity Map (Lamb et al., 2006), paves the
way to cross-linking longevity/CR-associated genes with
drug databases to identify candidate molecules for ef-
fects on aging.

Advances in the integration of biological (including
aging-related) datasets are paralleled by advances in
data integration and network analyses in nutrition and
pharmacology (Hopkins, 2008). Biological systems are
intrinsically complex; for example, CR signaling in-
volves nonlinear pathways, feedback loops, and compen-
satory mechanisms (Fig. 1). Multitarget drugs and com-
binatorial therapies may therefore be more successful
than single-target drugs. A network-based view of drug
discovery is emerging to account for the complexity of
human biology (Schadt et al., 2009; Erler and Linding,
2010). Network approaches allows drug developers to
take advantage of the large volumes of “-omic” datasets
being generated and exploit, rather than dismiss, the
intricacy of biology, disease, and drug responses to de-
velop new therapies (for review, see Cho et al., 2006;
Schadt et al., 2009). Moreover, focusing on drugs that
target multiple proteins, rather than ligands that act on
individual targets, has advantages in terms of efficacy
and toxicity (Hopkins, 2008). Employing combinations of
compounds to target multiple pathways and avoid com-
pensatory mechanisms is another approach, one already
used in cancer therapies (Meric-Bernstam and Gonza-
lez-Angulo, 2009), and in the context of aging is being
explored by companies such as Genescient.

Current progress in genomics, high-throughput meth-
ods, informatics, and systems biology should help to
develop network approaches that test target combina-
tions resulting in the emerging paradigm of network
pharmacology (Keith et al., 2005; Hopkins, 2008). Sys-
tematic drug-design strategies directed against multiple
targets hold much promise in the field of aging
(Csermely et al., 2005), although challenges remain in
developing accurate computer models of relevant path-
ways and suitable in vitro and in vivo models for testing.
In the same vein, progress in personalized medicine and
in predicting individual responses (e.g., using SNPs) to
the environment (including diet, lifestyle, and drugs),
will be key to maximizing environmental interventions
that improve health and counteract aging. Therefore,
network approaches to both aging and pharmacology are
promising future avenues (Simkó et al., 2009).

C. Translation to Extend Human Healthspan

Although a number of genes and even a few drugs
have emerged as candidates for targeting the aging pro-
cess pharmacologically, several problems are associated
with translation to human aging. In principle, human
clinical trials on aging cannot be performed. One major
problem is that aging cannot be quantified, and even a
trial running for several years would struggle to identify
endpoints. Lifespan or survival could be quantified, as
well as health biomarkers such as low blood pressure,
insulin sensitivity, inflammatory markers, glucose me-
tabolism, etc., but these may or may not reflect altera-
tions in the aging process.

Another issue is whether long-term interventions are
practical in humans (Kirkland and Peterson, 2009). In-
terventions such as CR mimetics may only be effective in
humans if applied for many years, in which case their
safety and side effects would have to be demonstrated.
For example, aspirin has beneficial anti-inflammatory
and antithrombotic properties and can slightly extend
lifespan in male, but not female, mice (Strong et al.,
2008). Human epidemiological studies suggest its long-
term use can reduce the risk of certain types of cancer
and cardiovascular disease (Strong et al., 2008; Rothwell
et al., 2011), yet it also increases risk of gastrointestinal
bleeding (Derry and Loke, 2000). Therefore, it will be
crucial to understand the long-term effects of com-
pounds in trials associated with antiaging drugs.

Many aging-related genes have pleiotropic effects, and
so targeting them may have beneficial effects in one
disease yet may be detrimental for another age-related
disease. As indicated above, the only gene shown to be
essential for CR in mammals is GHR. Mouse knockouts
are also long-lived (Bonkowski et al., 2006). Therefore,
inhibitors of GHR may be used to decrease insulin/
IGF1/GH signaling and may be deemed to be of potential
therapeutic value. Recent data from subjects with GHR
deficiency showed decreased mortality from cancer and
type 2 diabetes, but cardiac disease mortality appears to
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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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