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Research on the biology of aging has accelerated rapidly in the last two decades. It is now at
the point where translation of the findings into useful approaches to improve the health of the
elderly population seems possible. In trying to fill that gap, a new field termed geroscience
will be articulated here that attempts to identify the biological underpinnings for the age-
dependency of most chronic diseases. Herein, I will review the major conceptual issues
leading to the formulation of geroscience as a field, as well as give examples of current
areas of inquiry in which basic aging biology research could lead to therapeutic approaches
to address age-related chronic diseases, not one at a time, but most of them in unison.

The field of aging biology has exploded in the
last few decades, with the initial focus on

descriptive work that catalogued the myriad
changes that occur during aging, first leading
to a highly mechanistic phase in which the ma-
jor molecular and cellular determinants of the
process were identified, and to the current stage
in which, without neglecting the still very un-
finished mechanistic and discovery work, some
of the findings are poised for possible applica-
tion in humans. An interesting outcome of the
descriptive work was the realization that not all
age-related changes are necessarily bad for the
organism. Although some phenomena appear
indeed to be at least partially responsible for
increasing the risk for age-related disease (e.g.,
the decrease in proteostasis leading to neurode-
generative diseases characterized by accumula-
tion of misfolded proteins), others are neutral

(cosmetic changes like hair graying) and, in fact,
some of the changes appear to be adaptive to
other changes occurring with age and as such,
they might be beneficial to the health of the
organism (changes in some hormones, e.g., such
as possibly testosterone or insulin-like growth
factor [IGF]) (Rincon et al. 2005; Corona et al.
2013; Matsumoto 2013). Other changes are the
result of pathology and are therefore indepen-
dent of the aging process per se, yet they are
difficult to separate in the case of highly preva-
lent diseases and conditions. In that sense, the
definition by Harrison is appropriate: “aging is
what occurs to all individuals of a given species,
while disease occurs to only a proportion of
them” (Flurkey et al. 2007).

Although some fields, such as caloric re-
striction, cell senescence, and the free radic-
al hypothesis, were potent initial drivers of
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research into the biology of aging, the main
transformative research leading to the current
status was the genetic work initially encouraged
by the National Institute of Agings’s (NIA)
Longevity Assurance Genes Initiative (LAG). Al-
though presently we know of several hundred
genes that, when modified, can increase life
span in animal models (Kenyon 2010; genomics
.senescence.info/genes/stats.php), and some var-
iants of these genes have been identified in
long-lived humans (Pawlikowska et al. 2009; Slag-
boom et al. 2011; Wheeler and Kim 2011; Milman
et al. 2014), in the late 1990s there was wide-
spread skepticism that even a single gene would
be found, despite common recognition of the
partially inheritable nature of longevity. The
finding of molecular drivers of the process
brought aging biology research into the main-
stream and has resulted in the current renais-
sance of the field. The historical events leading
to the current state of affairs have been reviewed
previously and will not be repeated here (War-
ner 2005). Rather, I will focus on a discussion of
the origins of geroscience and the importance
of studying aging at the most basic biological
level. I will finish with some reference to the main
current areas of research, as identified during a
recent summit organized by the trans-NIH (Na-
tional Institutes of Health) GeroScience Interest
Group (biomedgerontology.oxfordjournals.org/
content/69/Suppl_1.toc).

Geroscience

The quest for eternal youth is as old as humanity
itself. In fact, we have known for centuries that
life span (and health span) can be extended,
within limits, simply by adopting moderate
changes in lifestyle, including diet and exercise.
Unfortunately, this is easier said than done. Al-
though public policy has shown that it is actu-
ally possible to change most people’s behaviors
when they understand it is in their own interest
(seat belts, smoking, and laying babies in their
backs represent successful recent examples),
reversing behaviors that include both quan-
titatively and qualitatively unhealthful habits
concerning diet and exercise is proving prob-
lematic for most people. For example, we know

that in many laboratory animals, substantially
reducing caloric intake extends life span and
improves health in old age. Yet, few people
would subject themselves to the harshness of
that regime, and the entire area of dietary re-
striction (DR) is more suitable for experimental
investigations than as a practical approach to
human health.

The need to address the issues posed by the
graying of the world’s population is urgent. The
dramatic increase in the proportion of people
aged 65 or older (and the even more dramatic
increase in those 85 and older, including cente-
narians) poses challenges that as a species we are
not yet equipped to handle. Furthermore, nei-
ther our health care systems, nor the economy
or the societal system will be able to sustain this
unprecedented increase in the proportion of el-
ders in the human population (Bhattacharya
et al. 2004). In addition to the obvious need
for more properly trained geriatricians and so-
cial workers, there is also a need to better un-
derstand the biology driving the aging process.
Epidemiological studies suggest that aging
might be the major risk factor for most age-
related chronic diseases (Niccoli and Partridge
2012). Experimental manipulation of the rate
of aging in model organisms has borne that
observation; increasing life span, which is as-
sumed to either delay or slow down the process
of aging, does indeed lead to a delay and soft-
ening of the diseases that normally accompany
old age (Baur et al. 2006; Fernández and Fraga
2011; Wilkinson et al. 2012). Although these
recent advances have made the idea of address-
ing the role of aging as the major risk factor
for most chronic diseases closer to being feasi-
ble, the idea itself is not new. Indeed, the germ
of the idea arose several decades ago, with the
main concepts appearing as early as 1977 in
a publication by Neugarten and Havighurst
(1977). That idea was then further reformulated
in 2006 in the form of the longevity dividend
(Olshansky et al. 2006, 2007). Yet, recent ad-
vances have given the concept a more urgent
and attainable form, exemplified by the current
interest in the new field of geroscience, “an in-
terdisciplinary field that aims to understand
the relationship between aging and age-related
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diseases and disabilities” (en.wikipedia.org/
wiki/Geroscience).

The basic principles governing geroscience
are simple: the ultimate goal of biomedical
research is to improve the quality of life in
humans, and because chronic diseases and con-
ditions of the elderly represent the main hurdle
toward reaching that goal, it follows that ad-
dressing these diseases should be—and is in-
deed—a priority. The twist comes with the con-
cept that, because aging is malleable (at least in
many animal models) and aging is also the main
risk factor for those diseases and conditions,
then addressing the basic biology of aging is
likely to provide a better payoff than addressing
diseases one at a time, as it is often done cur-
rently (Fig. 1). There are two major conceptual
issues at play here. First is the complex nature of
chronic diseases. Unlike infectious diseases or
genetic disorders, chronic diseases of aging are
multifactorial and complex. Although much re-
search is devoted to fighting disease-specific risk
factors (e.g., cholesterol and obesity for cardio-
vascular disease, amyloid b (Ab) for Alz-
heimer’s, glucose handling for diabetes), there
is a growing realization that, for those disease-

specific risk factors to lead to disease, additional
elements also need to be present, including
both environmental factors and what has been
called a “receptive environment,” more often
than not provided by age itself (Krtolica and
Campisi 2003). As an additional example, unless
it is driven by a congenital abnormality, cancer
usually does not affect humans until their sixth
or seventh decade, yet it occurs frequently in
most mice by the age of 2 years; that is, in both
species, cancer strikes most frequently when in-
dividuals are at �2/3 of their expected life span.
This difference could be driven, in part, by dif-
ferences in repair rates (Kumar and Subrama-
nian 2002; Gorbunova et al. 2014), and it has
been shown that the rate of DNA repair changes
with age (Gorbunova et al. 2007; Vaidya et al.
2014). These are still heavily debated topics
(Promislow 1994; Jensen-Seaman et al. 2004).
In addition, however, there is a striking com-
monality in that in both cases, cancer strikes
when individuals are well past their midlife
points. This suggests that for cancer to develop
into a clinically recognizable disease, those mu-
tated cells need to be in a “receptive environ-
ment.”

Aging

Dementia

COPD

Stroke

CVD

Diabetes

Cancer

Arthritis

Osteoporosis

Asthma

CKD

Hearing

Alzheimer’s

Figure 1. Aging is the major risk factor for most chronic diseases. CVD, Cardiovascular disease; COPD, chronic
obstructive pulmonary disease; CKD, chronic kidney disease.
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A separate issue that makes geroscience
timely is the fact of comorbidities, and the in-
adequacy of the current model of addressing
one disease at a time. Much current research
in biomedicine aims at preventing, curing, or
managing one disease at a time (hence, the NIH
has a cancer institute, a diabetes institute, etc.,
and this model is emulated across the world). In
addition, there is an entrenched operating pro-
cedure in clinical trials, whereby patients suffer-
ing from diseases other than the one under
study are not included (and often, neither are
older patients). Yet, the diseases we are trying to
address seldom occur in isolation, and seldom
in patients of the ages studied. By embracing the
fact that aging biology facilitates multiple co-
morbidities, geroscience aims at reversing these
trends and putting the emphasis on preventing,
curing, or delaying not one, but all chronic dis-
eases at once. In doing so, geroscience intends
to shift the focus away from specific diseases
and their role in mortality, toward an assess-
ment of overall health in which the individual’s
physiology will determine his/her overall risk
for chronic diseases, irrespective of which dis-
ease is more likely to affect the individual based
on genetic or environmental factors.

As will be discussed later in this review, there
is now plenty of evidence that indicates that
biological aging is malleable, and, more impor-
tantly, when aging is delayed, so are age-related
diseases and conditions. In fact, aging can be
delayed by behavioral (DR) (McCay and Cro-
well 1934; McCay et al. 1935), genetic (Kenyon
2010), and, to an extent, by pharmacologi-
cal means, such as rapamycin (Harrison et al.
2009), acarbose (Harrison et al. 2014), met-
formin (Martin-Montalvo et al. 2013), and
others, including resveratrol under metabolical-
ly stressed conditions (Baur et al. 2006; Pearson
et al. 2008). Current research into pharmaco-
logical means of extending life span and health
span take advantage of both molecular (target
of rapamycin [TOR], IGF, sirtuins) and cellular
(senescence, stem cells) discoveries and the
field is poised for further findings during the
next 10 years. Most importantly, in most cases
studied, these manipulations lead to signi-
ficant improvements in physiology, including

enhanced resistance to disease (Baur et al.
2006; Pearson et al. 2008; Baker et al. 2011; Fer-
nández and Fraga 2011; Wilkinson et al. 2012;
Martin-Montalvo et al. 2013).

It is common for people to question the
goals of aging research, as most people—in-
cluding the elderly—do not consider extending
life span to be a worthy goal unless health span
is improved and extended in parallel. Indeed,
the goal of aging biology research, as well as
geroscience, is not to increase life span (that is
used in research as an easy-to-measure, binary
surrogate), but, rather, to understand aging
biology so as to improve health span and delay
disease. The consequences of aging can be
summarized as an increase in frailty and an at-
tendant decrease in resilience, leading on the
one hand to increased susceptibility to disease
(frailty), and, on the other, to decreased ability
to withstand the concomitant stress caused by
disease (resilience). Together, these changes re-
sult in a decrease in the thresholds necessary for
disease-specific insults to result in overt pathol-
ogy. This explains, for example, why a given level
of cholesterol, or burden of Ab or oncogenic
mutations, can be an asymptomatic risk factor
in younger individuals, but disease causing in
older counterparts. Similarly, the change in
thresholds at which challenges can be overcome
explains why, for example, a young person re-
cuperates easily from a period being bedridden,
while the same challenge can become a chron-
ically unsurmountable block for an older indi-
vidual. Approaches that target either of these
characteristics of the aging process are thus like-
ly to result in decreased disease burden.

So, what will happen if geroscience is suc-
cessful? If most chronic diseases are indeed
postponed as a group, then it follows that life
span will also increase, and it has been argued
that this will further exacerbate the silver tsuna-
mi currently underway, with dramatic shifts in
population stratification by age (Mendelson
and Schwartz 1993). Although that is certainly
true, the fallacy is to think of these “elderly” in
current terms, as sick and frail. As it has been
observed in multiple studies in mice and other
species, addressing aging (as opposed to ad-
dressing one disease at a time) leads to robust
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elderly individuals, not sick ones (Baur et al.
2006; Pearson et al. 2008; Baker et al. 2011; Fer-
nández and Fraga 2011; Wilkinson et al. 2012;
Martin-Montalvo et al. 2013). In that scenario,
the “new elderly” will not produce an undue
burden on the health system or pensions, and
in fact studies have shown that the opposite is
true. Although curing cancer or cardiovascular
disease (or both) would actually lead to a sig-
nificant reduction in the number of people
disabled from these often fatal conditions, the
survivors would be disabled by other conditions
later in life. The overall tradeoff would be neg-
ative (Miller 2002; Goldman et al. 2013). This
occurs because curing one fatal disease allows
the person to live longer but in the presence of
other comorbid disabilities and conditions such
as sarcopenia, osteoporosis, sensory loss, and
others that, although not life threatening, con-
siderably decrease the quality of life for so many
elderly. If cured of only one fatal disease, indi-
viduals will keep on living with the other limi-
tations until the next life-threatening disease
(Alzheimer’s, diabetes, cancer, etc.) does kill
them.

In summary, geroscience aims at seeking in-
novative approaches to better identify the rela-
tionships between the biological processes of
aging and the biological processes of age-related
chronic diseases and disabilities, and, in so do-
ing, we hope to understand why the former is
the major risk factor for the latter. The under-
lying assumption is that these processes are like-
ly to share much in common and to intersect
and influence each other in manners that can be
approached, experimentally first, and clinically
in the not-too-distant future.

Based on these considerations, in 2011, we
initiated a group internal to the NIH, dubbed
the “GeroScience Interest Group” or GSIG. The
purpose was to develop a collaborative frame-
work that includes several NIH institutes with
an interest in the biological mechanisms that
drive the appearance of multiple diseases ex-
pressed in people of all ages, especially the el-
derly, with the aim of accelerating and coordi-
nating efforts to promote further discoveries
on the common risks and mechanisms behind
such diseases. The goals of the GSIG are: (1) to

promote discussion, sharing of ideas, and coor-
dination of activities within the NIH, relating
to the specific needs of the research commu-
nity working on mechanisms underlying age-
related changes, including those that could
lead to increased disease susceptibility; (2) to
raise awareness, both within and outside the
NIH, of the relevant role played by aging bio-
logy in the development of age-related processes
and chronic disease; (3) to develop potential
public/private partnerships through interac-
tions with scientific societies, industry, and oth-
er institutions with related interests; and (4)
to develop trans-NIH funding initiatives that
will encourage research on the basic biology
of aging and its relationship to earlier life events,
exposures, and diseases that will advance the
goals and vision of the GSIG, and which com-
plement and enhance the goals and vision of
concerned institutes and centers (ICs).

The GSIG idea was received enthusiastically
by several NIH directors and the group quickly
grew to include official representatives from
20 different NIH institutes (for a complete
list, please visit the GSIG website sigs.nih.gov/
geroscience/Pages/default.aspx). In addition to
activities designed to awaken interest in the top-
ic within the NIH (seminars, forums, etc.), the
GSIG organized a workshop in 2012 on “in-
flammation and age-related diseases,” which re-
sulted in a publication (Howcroft et al. 2013)
and a funding announcement joined by eight
NIH institutes (PAR-13-233, Chronic Inflam-
mation and Age-related Disease). The group’s
next major activity was the organization of
a summit in 2013, called “Advances in Gero-
science: Impact on Healthspan and Chronic
Disease.” The meeting was held on the NIH
campus in Bethesda and, after a series of key-
note speeches, including the NIH Director Dr.
Francis Collins, the main meeting focused on
seven major areas of research encompassing
mechanisms driving aging and most likely
being involved in enabling chronic diseases.
These areas overlap significantly with the topics
identified by López-Otı́n et al. (2013) in a recent
opinion piece titled “The Hallmarks of Aging,”
and a series of opinion pieces from the chairs
of each session from the summit was published
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as a special issue of The Journals of Geron-
tology—Biological Sciences (Burch et al. 2014;
biomedgerontology.oxfordjournals.org/content/
69/Suppl_1.toc). A white paper summarizing
the discussions from an ensuing executive ses-
sion has been accepted for publication in the
journal Cell (Kennedy et al. 2014). Some major
aspects from these discussions are presented
below.

The Main Pillars of Research on Aging Biology

It should be noted that the goal of geroscience
(and the summit) is not to identify markers of
aging, but rather, the goal has been to identify
possible drivers of the process. Nevertheless,
the search for biomarkers remains an under-
appreciated area of research that deserves more
attention. For years, biogerontologists have
shied away from this line of research, under the
assumption that such markers would be too elu-
sive. Novel technical developments, such as mul-
tiple omics technologies, now open new possi-
bilities that need to be explored, because in the
absence of such markers, progress in the field
remains hindered. On the other hand, it is ex-
pected that identification and further enhance-
ment of our knowledge about the mechanistic
drivers of the aging process, as well as their in-
teractions, will lead to possible therapeutics to

delay aging and with that, concomitantly delay
the onset and/or severity of multiple chronic
diseases and conditions that affect primarily
the older population. Major areas currently con-
sidered as potential drivers, and discussed at the
2013 summit, include inflammation, respon-
siveness to stress, epigenetics, metabolism, mac-
romolecular damage, proteostasis, and stem
cells (Fig. 2). A brief overview of current
thoughts about each of these topics follows.

Inflammation

The inflammatory response is crucial as a first
level of defense of the organism against aggres-
sion by pathogens and recovery from tissue
damage. Thus, it appears important that the
acute inflammatory response be maintained
even into old age. The molecular and cellular
mechanisms involved in this response have been
well studied in young organisms and a proper
response is both swift and short-lived. Aged or-
ganisms appear quite capable of mounting a
response to most challenges, although the re-
sponse is not always “normal,” with some as-
pects exacerbated and others blunted (Wu
et al. 2007). However, in many instances, old
organisms fail in the “shutting-off” phase of
the response, leading to a lingering residue of-
ten called “sterile inflammation” (De Martinis

Proteostasis

!

Epigenetics

Macromolecular
damage

Inflammation

Other biology

Metabolism

Stem cells

Stress response

Figure 2. The main pillars of geroscience research. Aging physiology results from multiple interconnections
among these pillars, including “other biology,” to indicate our incomplete knowledge about the process.
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et al. 2005). This is characterized by mild—but
chronic—elevation in the serum levels of several
cytokines and acute phase factors, the most
studied being interleukin (IL)-6, tumor necro-
sis factor a (TNF-a) and C-reactive protein
(CRP) (Ferrucci et al. 1999; Harris et al. 1999;
Bruunsgaard and Pedersen 2003; Bruunsgaard
et al. 2003; Franceschi 2007). It is generally be-
lieved that this age-related low grade chronic
inflammation (also termed “imflammaging”
[Franceschi et al. 2007; Pawelec et al. 2014])
might be a significant contributing factor to
several chronic diseases and conditions (Tchko-
nia et al. 2013; Franceschi and Campisi 2014).
Efforts at curbing the inflammatory response
are currently ongoing in the clinic, with 20
such trials currently listed in clinicaltrials.gov
(clinicaltrials.gov/ct2/results?term=inflammation
&search=search). However, considerable addi-
tional research is needed, including the identi-
fication of the source of cytokines (they do not
appear to be derived from the classical source,
macrophages, and both senescent cells and
adipocytes are currently being investigated)
(Howcroft et al. 2013; Franceschi and Campisi
2014). In addition, an important consideration
is whether an intervention should be sought
that dampens the inflammatory response alto-
gether (e.g., anti-inflammatories) or whether a
more appropriate approach might be represent-
ed by interventions that allow the response to
proceed normally but improve the effectiveness
of the shutting off mechanisms. In addition,
whether sterile inflammation is really a mal-
adaptive response needs to be clarified. Several
lines of evidence indicate that reducing inflam-
mation might be beneficial in terms of many
diseases (Franceschi and Campisi 2014), but it
is still entirely possible that this low level inflam-
mation might be an adaptive response to age- or
disease-induced tissue damage, and that reduc-
ing it might lead to unforeseen complications.

Adaptation to Stress

Stress is an inevitable part of life, for humans as
well as other species. At the molecular level, cells
are constantly bombarded with stressors in-
cluding free radicals, environmental toxins,

UV light, and others, although organisms are
additionally exposed to cold, heat, and psycho-
logical stress in the form of predators, starva-
tion, etc. Chronic, both physiological and psy-
chological, stressors appear to accelerate the rate
of aging (McEwen 2013; Epel and Lithgow
2014), and recent exciting work is beginning
to show the interrelations between psychologi-
cal stress and molecular responses, such as telo-
mere shortening (Epel et al. 2004; Aydinonat
et al. 2014; Zalli et al. 2014). It seems likely,
but still unproven, that many—if not all—
stresses might elicit a response from the organ-
ism via common mechanisms, and a further
examination of these mechanisms is likely to
yield insights into basic aging processes. If so,
then the source of stress becomes less relevant
and it is entirely possible that the focus might
shift toward the mechanisms of response and
coping. Because stress can be lowered but not
eliminated, interventions aimed at increasing
the ability of the organism to respond to stress
might be more useful in our efforts to live to an
old age in good health. Interestingly, both phys-
iological and psychological stresses come in two
very distinct flavors: mild stresses appear to be
beneficial, probably through mechanisms relat-
ed to hormesis (Calabrese et al. 2012). In con-
trast, both powerful acute or mild chronic
stresses are detrimental (McEwen 2013; Epel
and Lithgow 2014). A critical unanswered ques-
tion is the identification of mechanisms that
control that switch, and whether this switch
can be manipulated so as to increase the positive
and decrease the negative. This area of research
is currently largely unexplored.

Epigenetics

The discovery of genes and pathways capable
of increasing life span in a conserved fashion
across many species was crucial in turning aging
research from the descriptive to the mechanistic
phase. Modern high throughput technologies
have moved these discoveries into humans, in
which some variants of genes initially described
in lower organisms have been shown to be as-
sociated with extreme longevity (centenarians)
(Wheeler and Kim 2011). More recent work in
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lower organisms has somewhat shifted toward
the more malleable epigenome, in which signif-
icant changes have been described to occur as a
function of age (Rando and Chang 2008; Wood
et al. 2010; Greer et al. 2011; Kato et al. 2011).
The origin of these changes and their down-
stream effects are currently the subject of in-
tense study. Epigenetic changes have also been
associated with a number of age-related diseases
such as cancer, and the interrelationships be-
tween epigenetic changes caused by aging and
those by disease are being explored (Brunet and
Berger 2014). Because it is generally believed
that epigenetic marks might integrate complex
responses to the environment, another active
area of research is the resolution between bene-
ficial versus deleterious adaptations to stress,
establishing to what extent these epigenetic
changes can drive pathology, and to what extent
those changes might be reversible or modifiable
through pharmaceutical interventions.

Metabolism

Metabolic changes with age are widespread and
in many cases they have been associated with
age-related diseases, including diabetes, cancer,
cardiovascular and neurodegenerative diseases,
some of which are not classically considered
“metabolic diseases.” In fact, many of the genet-
ic pathways affecting longevity have critical roles
in the regulation of metabolism, including
the insulin/IGF (Johnson 2008; Fontana et al.
2010; Barzilai et al. 2012) and mTOR (Harrison
et al. 2009; Johnson et al. 2013; Miller et al.
2014) pathways, and the best characterized
way of extending life span, caloric restriction,
should be considered first and foremost a met-
abolic intervention. Another pathway that af-
fects aging, sirtuins, has also been shown to
have dramatic interactions with cellular metab-
olism, probably via regulation of NADþ levels,
although this is still a subject of intense study
(de Cabo et al. 2014; Imai and Guarente 2014;
Rehan et al. 2014). It is telling that resveratrol, a
molecule first studied because of its ability to
activate sirtuins, extends life span in mice, but
only if the animals are under severe metabolic
stress (Baur et al. 2006). Additional metabolic

changes during aging are just now being identi-
fied, such as changes in circadian rhythms and
changes in the microbiome, both of which
might have dramatic metabolic effects. The roles
of circadian clocks, changing microbiomes and
changing intestinal leakiness in aging and age-
related disease are likely to be extensively ex-
plored in the near future, and they are likely to
have dramatic effects on metabolism, inflam-
mation, and other aspects of aging. Because of
their pivotal role in intracellular energy pro-
duction, mitochondria have also been studied
extensively in relationship to aging. Contrary to
expectations, reducing the activity of the mito-
chondrial electron transport chain leads to in-
creased longevity (Rea 2005; Munkácsy and Rea
2014), as do manipulations that slightly increase
free radical production (Ristow and Schmeisser
2011).

Macromolecular Damage

The free radical theory of aging has been a cor-
nerstone of aging biology research for more
than half a century. In its simplest form, the
theory posits that respiration-produced free
radicals lead to macromolecular damage, and
this damage results in the cellular and tissue
loss-of-function observed during aging. Recent
evidence coming from experiments in mice
genetically manipulated to either increase or
decrease free radical scavenging have put the
theory into question, because most of these ma-
nipulations did indeed lead to the expected
changes in macromolecular damage (decrease
or increase, respectively) but did not affect ei-
ther mean or maximal life span (Van Remmen
et al. 2003; Pérez et al. 2009). A notable excep-
tion is the mCAT mouse model, in which ex-
pression of catalase in the mitochondria (but
not other subcellular compartments) does
indeed lead to increased longevity and a de-
crease in at least some age-related pathology,
including cardiovascular disease (Schriner et
al. 2005). Nevertheless, many studies have cor-
related free-radical damage with various age-re-
lated diseases, including cancer and cardiovas-
cular diseases, the main killers in the Western
world (Pala and Gürkan 2008). It remains to be
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seen whether free radical-driven damage can af-
fect survival under conditions less pristine than
IACUC (Institutional Animal Care and Use
Committee)-approved mouse housing. Other
molecular damage, such as DNA damage driven
by mutations in either mitochondrial or nuclear
DNA repair systems do lead to what some inves-
tigators have called “accelerated aging” (Trifu-
novic et al. 2004; Wallace 2005; Hoeijmakers
2009), and in independent research, it has been
found that many human accelerated aging syn-
dromes (Hutchinson–Gilford, Werner, Cock-
ayne, and others) are characterized by mutations
in genes involved in DNA repair or other DNA
transactions, including structural integrity of
the nuclear lamina (Rodrı́guez and Eriksson
2010; Worman 2012). As with response to stress,
it remains to be seen whether the apparent ac-
celeration of aging phenotypes in these instances
is directly the result of DNA damage, or if it is
rather the cell’s response to that damage (for
example, by apoptosis or senescence, leading to
stem-cell depletion and/or inflammatory re-
sponses) that is directly responsible for the phe-
notype (Sierra 2006). An emerging area related
to macromolecular damage is telomere integ-
rity. Telomere shortening leads, in vitro at least,
to cellular senescence (Bodnar et al. 1998), and
telomere length has been associated with sus-
ceptibility to a variety of diseases (Cawthon et al.
2003; Epel et al. 2009). Whether sufficient to
lead to that particular outcome or not, telomere
shortening has been clearly associated with
chronological aging and, perhaps more interest-
ingly, it has been found that telomere shorten-
ing is accelerated by psychological stress (Her-
rera et al. 1999; Blasco 2007; Parks et al. 2009;
Zalli et al. 2014). Whether causative or solely a
biomarker, these findings are exciting and fur-
ther research in this domain is likely to shed light
on these relationships within the next few years.

Proteostasis

Just like the emphasis in the field of stress is
shifting from stress itself toward the role of the
response to stress, so is research on macromo-
lecular damage shifting toward the mechanisms
that control such damage. Proteostasis includes

those mechanisms responsible for preserving
the health of the proteome, including chaper-
ones, autophagy, proteosomal degradations and
others (Balch et al. 2008; Breusing and Grune
2008; Cuervo 2008; Morimoto and Cuervo
2014). A prominent role in aging has been as-
cribed to these mechanisms, including the un-
folded protein response (UPR), both at the level
of endoplasmic reticulum (ER) and mitochon-
dria (for the moment; others such as nuclear
UPR are likely to come to the fore in the near
future). Changes in these processes are clearly
related to age-related diseases including neuro-
degenerative and other diseases characterized by
the accumulation of intracellular or extracellu-
lar aggregates, and it seems clear that modifica-
tion of proteostasis represents an exciting pos-
sible therapeutic target. The possible role of
proteostatic mechanisms in aging and age-relat-
ed diseases is twofold, because not only is there
a general decrease in the activity of the many
protein quality control pathways with aging,
but, in addition, there is an increased burden
because of the accumulation of damaged pro-
teins that need to be dealt with. So, aging or-
ganisms are confronted with a complex risk of
losing protein quality control. On the positive
side, this means that the problems of protein
aggregation can be attacked on two fronts: de-
crease the damage or increase the defenses.
Much recent effort has been placed in reducing
the damage. Efforts at boosting the defenses are
just starting. Exciting recent results indicate that
the various protein quality control machineries
can interact and supplement each other, even at
a distance (Wong and Cuervo 2010; Durieux
et al. 2011; Dillin et al. 2014). This gives hope
that improving the entire system might not re-
quire a massive revamping of all the defective
components, but partial alleviation in some
crucial pathways and in relevant tissues might
be sufficient to improve quality control even in
tissues in which the system has not been specif-
ically modified.

Stem Cells and Regeneration

Stem cells have generated much excitement
both among scientists and the public alike,
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based on their promise as therapeutic agents for
a wide range of diseases. In the case of chronic
age-related diseases, that excitement needs to be
tempered by an assessment of what happens
with stem cells during aging. Elegant experi-
ments using heterochronic parabiosis have
shown that, at least in some tissues such as mus-
cle and brain, the problem with aging is less with
the stem cells themselves, but rather with their
niche (Conboy et al. 2005). In other words, it
appears that, in some cases, stem cells are still
present in aged individuals, but their niche is
incapable of activating them. Encouraging re-
sults from parabiosis experiments indicate that
there are circulating factors capable of either
activating or inhibiting stem cells (Villeda
et al. 2011, 2014; Loffredo et al. 2013; Katsim-
pardi et al. 2014), and further detailing the rel-
ative importance of stem cells and their niches
in different tissues and in different diseases will
be crucial to better define useful therapies. In-
terestingly, it is likely that modifying the niche
might be easier than injecting young stem cells,
which in fact might not be effective in cases in
which the niche is not receptive. A separate,
exciting area of research involves induced plu-
ripotent stem cells (iPSC) (Liu et al. 2012; Mah-
moudi and Brunet 2012; Isobe et al. 2014). The
availability of iPSC will most likely become an
important tool in research aimed at identifying
genetic determinants of age-related diseases, as
well as possible therapeutic tools for at least a
subset of complex chronic diseases. The field of
stem-cell research is still in a rapid expansion
phase and there are many areas still to be inves-
tigated, including the genetic basis for the de-
crease in their effectiveness with aging, their role
in maintaining tissue function during aging in
the absence of injury, and their impact on me-
tabolism, inflammation, etc., and vice versa.

The areas discussed above are by no means
all there is to learn about the basic biology of
aging. Many additional leads and fields are con-
tinuously providing new information and there
is no possibility of discussing them all in here.
For example, no mention has been made of the
findings coming from comparative biology, or
the use of novel animal models. Similarly, no
discussion has been included about the notable

contributions of classical evolutionary biology
or demography, fields that certainly shape
the theoretical and conceptual contexts within
which aging biology research is conducted.
Comprehensive approaches, including systems
biology, are also becoming an important aspect
that will need to be developed to address im-
portant areas in the field. Finally, the impor-
tance of cross talk between basic researchers
and clinicians working with elderly patients
cannot be overemphasized.

CONCLUDING REMARKS

The fact that aging is the major risk factor for
most chronic diseases and conditions has been
known since the early days of civilization. How-
ever, because aging is usually understood as the
chronological passing of time, rather than an
integrated biological process, aging has tradi-
tionally been viewed—by physicians and the
general public alike—as immutable. In contrast
to chronological aging, however, recent research
has shown that the rate of physiological aging
can be manipulated by a variety of behavioral,
genetic, and pharmacological means in many
animal models, and there is reason to believe
this can be accomplished in humans. Most im-
portantly, when the rate of aging is decreased in
animal models, there is often a delay (and de-
creased severity) of a number of age-associated
diseases and conditions, suggesting that manip-
ulations that either delay the onset or decrease
the rate of aging could have a significant bene-
ficial effect on the well-being of the elderly pop-
ulation.

In this review, I have described the currently
recognized major pillars of aging, namely, in-
flammation, response to stress, epigenetics, me-
tabolism, macromolecular damage, proteosta-
sis, and stem cells. Recent discoveries in each
of these domains, as well as novel approaches,
should facilitate the elucidation of potential in-
terventions in one or other of these pillars, so as
to favorably alter the onset or progression of
multiple chronic diseases affecting the elderly.
Given the current demographic trends in hu-
man populations, there is an urgent need to
develop these ideas into clinical practice.
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