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healthy lifestyle. Aging damage contributes
to pathology either directly (by impairing
the function of specific biomolecules) or
indirectly [by eliciting cellular or systemic
responses that generally serve near-term
protective functions but ultimately are deleterious (2, 3)]. As damage accumulates,
organisms suffer progressively diminished
functionality, homeostasis, and plasticity,
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INTRODUCTION
Age is the greatest risk factor for most major chronic diseases in the industrialized
world and to an increasing degree in the
developing world. After adolescent development, functionality declines progressively with age (1), and mortality rates increase
exponentially, doubling roughly every 7 to
8 years after puberty. This exponentiality
manifests as a progressive, roughly synchronous rise in the incidence of disease,
disability, and death from chronic diseases
beginning after midlife (examples in Fig. 1)
and suggests a causal—rather than a casual—
relationship.
The physiological basis of these phenomena lies in the progressive lifelong
accumulation of deleterious changes in
the structure of the body at the molecular,
cellular, and tissue levels. These changes
(aging damage) arise primarily as damaging side effects of normal metabolism, aggravated by environmental toxins and un-
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Fig. 1. Chronic diseases and aging. The incidence of major chronic diseases rises exponentially
with age, as shown: cardiovascular disease (blue squares) [data from (32)], cancer (red diamonds)
[data from (32)], AD (gray squares) [data from (33)], and influenza-associated hospitalization (green
triangles) [data from (34)]. Incidence rates are normalized to the first data point.
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The social and medical costs of the biological aging process are high and will rise rapidly
in coming decades, creating an enormous challenge to societies worldwide. In recent
decades, researchers have expanded their understanding of the underlying deleterious
structural and physiological changes (aging damage) that underlie the progressive functional impairments, declining health, and rising mortality of aging humans and other
organisms and have been able to intervene in the process in model organisms, even late
in life. To preempt a global aging crisis, we advocate an ambitious global initiative to
translate these findings into interventions for aging humans, using three complementary approaches to retard, arrest, and even reverse aging damage, extending and even
restoring the period of youthful health and functionality of older people.

reducing the capacity to survive and recover from environmental challenge. These
changes both contribute etiopathologically
to specific age-related diseases and increase
the organism’s vulnerability to other insults
that contribute to them, leading to increasing morbidity and mortality.
The surprising conclusion from the past
two decades of research on biological aging is that aging is plastic: Within a species,
maximum life span is not fixed but can be
increased by dietary manipulation [particularly calorie restriction (CR) (4)] or
genetic manipulation [particularly dampened insulin/insulin-like growth factor–1
signaling (IIS) (5)]. These interventions
generally reduce the generation, enhance
the repair, and/or increase the tolerance of
the molecular and cellular damage of aging. Although our ability to assess “health
span” in model organisms remains incomplete (6), these interventions generally preserve “youthful” functionality in regard to
tested parameters and reduce the incidence
of age-related disease.
There have long been calls (7, 8) for
greater efforts to translate this research
into clinical interventions to expand the
healthy, productive period of human life.
By targeting the aging damage that is responsible for the age-related rise in disease
vulnerability, such interventions would re-
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projected social costs and challenge of global demographic aging. This alone would increase the ratio between productive workers
of all ages and the dependent frail elderly,
simultaneously expanding the resources
available to bear the costs of supporting a
subpopulation of frail elderly and reducing the relative size of that subpopulation
during the critical period of demographic
transition. The benefit to be gained from
intervention in biological aging would be
even greater, however, if it were able to not
only delay the onset but reduce the absolute ultimate burden of age-related disease.
Preliminary evidence from animal models
of retarded age-related degeneration [for
example, (12, 13)] and the identification
of human subpopulations characterized by
extreme survivorship with surprisingly little morbidity (14) (possibly indicative of a
phenotype of slow biological aging) suggest
that such intervention might have this even
more beneficial effect. Whether it would actually do so, however, is uncertain.
Preliminary glimpses of the benefit to
be anticipated from therapeutics targeting
the underlying degenerative aging process
can be gleaned from two studies performed
a quarter-century apart (15, 16). Recently,
Manton et al. (15) demonstrated that, by
improving the health of older adults, investment in conventional medical technology in the late 20th century buffered
projected declines in labor force productivity and thereby contributed significantly to
economic growth. Such investment thereby
constrained the growth of health care costs
as a share of gross domestic product, effectively paying for itself; the authors provide
analysis to suggest that ongoing investments can be projected to continue to do so.
Economic modeling performed independently in the 1980s (16) indicated that even
greater economic benefits can be expected
from interventions that successfully slow
the rate of biological aging. But this analysis is probably an underestimate, because it
preceded and does not factor in the rapid
rise in dependency ratios that lies ahead
today, the alleviation of which represents a
significant part of the benefits now projected to be realized by expanding investment
in even conventional medical technology
(15). Incorporating this new demographic
challenge into the analysis of the economic
impact of interventions targeting the underlying degenerative aging process would
clearly substantially amplify the benefits to
be expected.
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In light of these convergent scientific
and demographic phenomena, we advocate an intensive, dedicated, and focused
R&D agenda by developed and rapidly developing nations globally, to devise interventions to restore and maintain the health
and functionality of humans in late middle
age and older.
RESEARCH ROADMAP
Our consensus is that a realistic path toward this goal exists, by targeting ageassociated changes that, based on existing research, are known or thought to be
important primary components of human
age-related degeneration and thus drivers of vulnerability to age-related disease.
Here we outline such an agenda, focusing
on targets that are likely to be biomedically
tractable, even later in life, and would make
efficient use of intellectual, capital, and
temporal resources.
We propose a global biological aging research agenda focused on the detailed understanding of the following overlapping
core age changes and developing therapies
for decelerating, arresting, and reversing
them: (i) the loss of proliferative homeostasis, (ii) neurodegeneration, (iii) somatic
mutations in both nuclear and mitochondrial DNA, (iv) nonadaptive alterations in
gene expression, (v) immunosenescence,
(vi) nonadaptive inflammation, and (vii)
alterations of the extracellular milieu. See
the supporting online material (SOM) for
brief elucidation.
To ameliorate age-related changes, we
identify three broad modes of intervention
that should be exploited in addition to ongoing conventional, disease-centered medical innovation: (i) reduction in exposure to
environmental toxins and amelioration of
other risk factors through improved public
health; (ii) modulation of metabolic pathways contributing to age-related changes;
and (iii) a more broadly conceived regenerative medicine, to embrace the repair,
removal, or replacement of existing aging
damage or its decoupling from its pathological sequelae.
The relative potential of these interventions and their combination is portrayed in
Fig. 2, presented in terms of their ability to
deliver the 7-year postponement of the onset of age-related degeneration identified
recently by four prominent gerontologists
(including one of us, R.N.B.) as a realistic
medium-term goal of biomedical gerontology (7).
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duce the incidence of most, if not all, agerelated diseases in unison, by modulating
the underlying biology that drives them
all, rather than treating each in isolation,
as in conventional medicine. To date, however, investments in such research by the
National Institutes of Health (NIH) and its
international equivalents have been disproportionately low relative to their potential
return; for example, the NIH $28 billion
budget allocates <0.1% (7)—perhaps as little as $10 million—to research on biological aging. Contrast this allocation with the
costs of medical care for today’s aged, such
as the current Medicare budget of $430
billion, and with projected outlays many
times that number to treat future increases
in the diseases of aging.
Calls for an intensive agenda of research
on the biology of aging have particular salience today because of two converging
trends: one demographic and one scientific.
Demographically, we are entering a period
of unprecedented global aging, as the ratio of retired elderly to younger workers
increases dramatically within the next decades in both developing and industrialized
nations (9). Age-related disease and disability greatly increase medical costs, even
when adjusted for survivorship, and are
major determinants of the decline in productivity and labor force participation after
midlife. Thus, the results of biological aging
are both a rise in social costs and a decrease
in a national workforce’s ability to produce
the goods and services necessary to meet
those costs. The costs of global aging to individuals and societies are therefore high
and are projected to inflate into an unprecedented economic and social challenge in
coming decades.
Scientifically, this phenomenon coincides with the first robust reports of effective interventions into the biological aging
of mammals that are already in late middle
age when treatment begins. In 2004, CR was
first shown to extend life span in mice as old
as 19 months (10), which is broadly equivalent to the current average age of postwar
“baby boomers.” And 2009 saw the first
demonstration of pharmacological intervention into the biological aging of similaraged mice, with preliminary evidence of delays in cancer incidence and other changes
in gross pathology (11).
Intervention in the degenerative aging
process need only lead to a simple delay in
the appearance of age-related disability and
rising medical costs in order to alleviate the
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Fig. 2. Postponing degeneration. This illustration compares the trajectories of the proposed
modalities of intervention necessary to achieve
the target (7) of a 7-year average postponement of the onset of age-related degeneration,
depicted in terms of (A) an exponential rise in
mortality rates and (B) survival. The black trajectories indicate scenarios if no interventions
are applied. Nutritional and other public health
interventions would need to be applied aggressively and from an early age (ideally prenatally)
(yellow trajectories). Metabolic interventions
applied from an early age would suffice even
if they only mildly slowed the rate of accumulation of aging damage (purple). Metabolic
interventions applied only from middle age
would need to at least halve this rate—a daunting challenge (green). Late-onset regenerative
therapies would postpone biological aging by
substantially reversing the initial level of aging
damage and then allowing it to continue as
normal, but they would also be challenging to
implement comprehensively enough (blue). A
combination of more modest implementations
of the late-onset metabolic and regenerative
approaches seems most tractable and could
lead to an equal or greater extension of healthy
productive life (red).

Public health and medical advancements. There remains substantial room to
improve healthy life expectancy through
improvements in public health and lifestyles (17), medical control of disease risk
factors, and traditional disease-oriented
medicine. However, we note their limita-
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perimental artifacts; and whereas life-span
extension is readily quantitated, effects on
age-related functional decline (reduced
health span) are difficult to assess and characterization is limited (6). Accordingly, the
benefits of even faithfully translated interventions in the health and functionality of
aging humans remain uncertain.
Additionally, the modulation of metabolic pathways typically imposes substantial side effects in model organisms, such
as impaired immunity, low bone mass,
vulnerability to cold, and lower fertility.
Rapamycin, a likely CR mimetic because
its inhibitory effects on a nutrient-sensing
pathway parallel those of CR and several
longevity mutations, was recently shown
(11) to extend life span in mice when first
administered late in life. This drug is an immunosuppressant, induces hyperlipidemia
in humans (which would only modestly
affect mouse life span, because wild-type
mice are not susceptible to atherosclerosis), and might interfere with normal brain
function—none of which were assessed in
the recent report.
Finally, even if interventions that favorably modulate the metabolic origins
of aging damage can be fully translated to
humans and any deleterious side effects
mitigated, there remains the progressively
reduced efficacy of such interventions the
later in life they are initiated. These interventions decelerate age-related decline but
cannot arrest or reverse its course (22).
Thus, even assuming full human translatability, a rough extrapolation from results
to date (22) suggests that a CR mimetic
might extend human life expectancy by 25
years beyond the 85-year life expectancy
that would otherwise result from “aging
as usual” if begun at weaning but only 9.3
years if begun at age 54.
Regenerative therapies. A third mode
of intervention in the degenerative aging
process is to directly target age-related
changes themselves, rather than their environmental and metabolic determinants.
This is the goal of regenerative medicine, a
term often limited to cell therapy and tissue
engineering: replacing lost cells and tissues
with versions that are new and structurally
youthful to restore function. We propose to
broaden its scope to include conceptually
similar interventions targeting other agerelated changes.
Where they are possible, regenerative
therapies would have the advantage of being effective even after youthful function-
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tions in the late-middle-aged cohorts in
whom intervention is most urgent. These
improvements are most effective when applied relatively early in life, especially during development (18); in later life, the effect of environmental influences declines
(19). In fact, age-related changes lead to
paradoxical relationships between disease
risk factors and outcomes in the elderly:
The relationship between well-established
risk factors—such as overweight, hypertension, and hyperinsulinemia—and adverse
outcomes often declines in magnitude or
even reverses relative to their relationship
in younger people (20). The causes and implications of these changes are often unclear.
Some may be the result of “reverse causation,” in which the causal relationship between two closely associated phenomena is
mistakenly taken to be the reverse of what
it actually is; for example, mild overweight
in older adults is associated with longer life
expectancy, which may not indicate a protective effect of excess weight but rather that
thinness in older adults is often the result of
medical conditions that themselves cause
weight loss (such as cancer, chronic obstructive pulmonary disease, or depression) or of
the cachexia (wasting syndrome) and sarcopenia (the loss of muscle mass, strength,
and function) of aging (21). But others may
represent genuine age-related changes in the
causal relationship between a risk factor, its
underlying metabolic basis, and clinical disease. This uncertainty creates potential for
unintentional worsening of patient health
through mismanagement of the risk factor.
Improvements in public health and conventional medicine will therefore contribute
primarily to the future health of currently
young people rather than people already in
late middle age and beyond.
Modulation of the metabolic determinants of aging damage. Interventions
that mimic the modulation of metabolic
pathways influencing the rate at which aging damage accumulates in model orga
nisms—such as pharmacological mimetics
of CR and down-regulation of IIS—have
thus far received more attention than alternative routes to postponing human agerelated degeneration (5). This avenue is undoubtedly promising, but we note possible
limitations. Many of these promising interventions have been demonstrated in model
organisms with simpler signaling systems
than those of humans; the inbred laboratory strains of model species that have
dominated research to date may create ex-
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POLICY PRIORITIES
Funding. Recognizing the potential of
this research agenda to avert enormous
economic, social, and human costs, we
advocate that substantial new investments
be made by governments, while engaging
and facilitating the participation of the biomedical industry. A previous proposal that
included one of us (R.N.B.) as an author
suggested that the United States invest $3
billion annually (<1% of the current Medicare budget) in a broadly similar agenda
(7); we suggest that this funding level is
inadequate to deliver interventions in time
to avert demographic crisis. We therefore
urge a larger investment, targeted specifically to late-life interventions, matched by
other developed and developing nations in
proportion to the means and demographic
urgency of each.
Regulatory changes. Because they
would reverse existing age-related changes,
the effects of regenerative therapies may be
so rapid as to be amenable to direct testing

for their effects on specific diseases in time
frames similar to those of conventional
medicines (23), allowing their evaluation
in clinical trials within existing regulatory frameworks. However, new regulatory
structures will also need to be developed
for the unique features of this class of medicines, especially for interventions targeting
modulation of the metabolic determinants
of the rate of accumulation of aging damage, whose effects will be more global and
will emerge more gradually.
Regulatory agencies such as the U.S.
Food and Drug Administration (FDA)
should be charged with developing new
guidelines for testing interventions that do
not necessarily target a single specific disease but that retard, arrest, or reverse the
structural degeneration and loss of functionality associated with aging. Preliminary meetings exploring a subset of such
issues have occurred between geriatricians
and FDA officials (27); they will need to be
expanded into interdisciplinary working
bodies drawing in experts in the basic biology of aging (particularly experimentalists with extensive experience in lifelong
interventional studies in mammals) and
translational medicine. The ability of an
agent to extend life span and health span
in mammalian models, based on evidence
of a broad spectrum of health effects in rodent models with robust historical controls,
should be evaluated as sufficient preclinical
evidence of efficacy for clinical trials.
For human testing, new surrogate outcomes will need to be designed that would
offer evidence for parallel effects without
necessitating a measurement of life span,
such as the panels of nonspecific deficits
used in cohort frailty studies (1), reducing
the acceleration of total mortality rate over
the course of 8 years (7), and the cautious
use of metabolic changes observed in animal models that are thought to be mechanistically important to the observed deceleration of the rate of biological aging.
We also advocate that regulatory agencies charge interdisciplinary panels with
identifying age-related dysfunctions that
are sufficiently well characterized to merit
consideration as new licensable therapeutic indications (that is, medical conditions
for which regulatory bodies will approve
effective therapies for marketing). A pressing example is sarcopenia, which occurs
even in master athletes and in which loss
of mass is only one relatively reversible element. Sarcopenia is a major contributor to
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age-related frailty and adverse outcomes,
ranging from loss of activities of daily living to institutionalization, fracture risk,
and increased mortality. It is estimated to
cost the United States $18.5 billion ($11.8
billion to $26.2 billion) per year (~$1.5%
of total health care expenditures) in direct
medical costs alone (28). Exercise and supplemental energy and protein consumption
can increase muscle mass to a limited extent but do not address the degradation of
myocyte and neuromuscular unit structure.
Beyond this, clinicians can at best resort to
non–evidence-based off-label use of medications, risky and minimally effective hormone therapies, or unregulated, putatively
ergogenic dietary supplements. Yet because
sarcopenia is not a licensable indication, no
incentive exists to develop therapies specifically targeting it. New treatments targeting determinants of sarcopenia other than
loss of muscle mass could greatly benefit
the health and functionality of older adults,
and expert panels should explore this and
other causes of age-related disability as
possible new licensable indications.
We also advocate efforts to include
more people over the age of 65 in clinical
trials. Older adults are the largest consumers of prescription medications and have
the highest prevalence of the diseases for
which many drugs are indicated. Yet they
are sorely underrepresented in clinical trials and are often perversely excluded from
trials precisely because of their burden of
other age-related disease. For example, an
analysis of 3470 community-living older
adults with possible or probable Alzheimer’s disease (AD) found that >90% would
be precluded from participation in either
of two trials for cholinesterase inhibitors,
the main drug class approved to treat AD
symptoms (29). Extrapolation of the results of trials performed in younger adults
into older patients is fraught with potential
artifacts because there are substantial differences in drug pharmacokinetics and in
the range and severity of adverse reactions,
because of primary and secondary agerelated changes.
This exclusion of older people is a major problem in conventional medicine testing and will almost preclude the testing of
agents whose purpose is to retard, delay, or
reverse age-related changes in late life. In
addition to implementing comprehensive
reforms to address weaknesses in the existing system (proposals from the American Geriatrics Society and the American
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ality has been lost. This feature also implies
simpler and more rapid clinical testing, because any effects will necessarily be more immediate and direct (23). Regenerative therapies are thus especially attractive because
they have effects even when initiated late in
life, when the body has already accumulated
extensive age-related changes (23, 24).
Regenerative therapies, too, would have
limitations. Their effects would necessarily
be segmental, specifically affecting changes linked to the particular damage that a
given therapy repairs. Further, it is unclear
whether such therapies could be developed
to address all age-related changes, although
proofs of concept exist and other potential
interventions can be foreseen from existing
developments (25, 26).
It is possible that therapies of different types might be used complementarily.
Whereas regenerative therapies are segmental, metabolic interventions (especially CR)
are highly pleiotropic, decelerating many, if
not all, degenerative aging processes. The
two approaches could thus be synergistic,
with metabolic interventions decelerating
age-related degeneration systemically and
regenerative therapies used to restore functionality in particular tissues more fully.
If regenerative therapies strengthen the
weakest links in the chain of age-related
changes decelerated by metabolic modulation, a disproportionate increase in healthy
life span might result (Fig. 2).
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Association for Geriatric Psychiatry merit
consideration), we advocate that trials of
therapeutics specifically targeting biological aging or new indications for age-related
diseases should be required to undergo
testing in persons 50 years old and above,
with significant representation of people
over 65, beginning no later than in phase
II trials.
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CONCLUSIONS AND BEGINNINGS
We therefore advocate the development
and implementation of all three forms of
intervention in age-related degeneration
discussed above, but with emphasis on
metabolic and regenerative interventions,
and on the most aggressive schedule possible, bearing in mind the urgency of the demographic challenge before us. We cannot
be certain of success. Nor can the full range
of social impacts, positive and negative, of
a dramatic increase in healthy human life
span be known with certainty in advance.
One obvious and quantifiable challenge
that would result from a rapid decline in
late-life mortality would be upward pressure on global population. Contrary to
what is widely assumed, however, the net
effect should be relatively minor. Because
the effect on global population of adding
each additional entire human life span (and
one future parent) to the world is greater
than the effect of adding some fraction of a
life span onto each extant life, the effect of
birth rates on population growth is much
greater than the effect of late-life death
rates. Without intervention in biological
aging, the emerging global shift into subreplacement fertility is likely to lead to the
stabilization and later ongoing shrinkage of
world population at ~9 billion in the 2050–
2070 range (9). Demographic modeling in
the contemporary Swedish population of
the effect of a reduction in the rate of acceleration of mortality of the same magnitude
(50%) as is required to achieve our proposal finds that population would continue to
decline over the next century. In fact, even
a much more radical intervention into
age-related mortality than we envision, in
which the rate of age-related mortality is
arrested at the equivalent level of today’s
50-year-olds, would result in a surprisingly
low increase of 35% in global population
over the critical 50-year period of concern
for global demographic aging (30). And of
course, fertility rates themselves can be the
subject of policy decisions, both directly
and indirectly.

But it should also be emphasized that
the social challenge posed by overpopulation is not determined by sheer numbers
but by a variety of factors within the sphere
of public policy, such as the efficiency of
resource use and the equity of resource distribution, as well as the rate of economic
growth. Moreover, the predictable early
expansion of productive capacity resulting from intervention in biological aging
will increase the resource pool available to
meet the population and other challenges
to which such intervention may contribute
and with which it will interact.
This and other potential impacts of intervention in the degenerative aging process must be the subject of open, early,
and serious public dialogue; in our view,
such challenges should be met under the
broad approach called the “vigilance principle” (31): that action should be taken for
the greater social good based on current
knowledge, acknowledging uncertainty
surrounding its possible future ramifications (positive and negative) and monitoring such consequences actively. The resilience and adaptability exhibited by human
cultures throughout history should be recognized and engaged, with more specific
policy-based remedies applied judiciously
in cases in which organic social response
proves insufficient to mitigate specific deleterious effects that actually (rather than
hypothetically) emerge.
In the case of late-life intervention in
human age-related degeneration, what we
can be certain of today is that a policy of
aging as usual will lead to enormous humanitarian, social, and financial costs. Efforts to avert that scenario are unequivocally merited, even if those efforts are costly
and their success and full consequences
uncertain. To realize any chance of success,
the drive to tackle biological aging head-on
must begin now.
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