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Growing elderly populations, sometimes referred to as gray (or silver) tsunami, are an
increasingly serious health and socioeconomic concern for modern societies. Science
has made tremendous progress in the understanding of aging itself, which has helped
medicine to extend life expectancies. With the increase of the life expectancy, the incidence
of chronic age-related diseases (ARDs) has also increased. A new approach trying to
solve this problem is the concept of geroscience. This concept implies that the aging
process itself is the common cause of all ARDs. The corollary and consequence of such
thinking is that we can and should treat aging itself as a disease. How to translate this
into the medical practice is a big challenge, but if we consider aging as a disease the
problem is solved. However, as there is no common definition of what aging is, what its
causes are, why it occurs, and what should be the target(s) for interventions, it is impossible
to conclude that aging is a disease. On the contrary, aging should be strongly considered
not to be a disease and as such should not be treated; nonetheless, aging is likely
amenable to optimization of changes/adaptations at an individual level to achieve a better
functional healthspan.
Keywords: aging, age related diseases, aging as a disease, functional healthspan, anti-aging medicine,
geroscience, adaptation, optimization of aging

INTRODUCTION
There is no doubt our societies are aging. This has consequences for health, social, and familial
care in any modern society. Thus, a response from the society to the question of how we will
care for all these elderly persons is more and more urgently needed. It should be mentioned
that this is not always approached only in positive ways, but many different negative opinions
are also circulating, culminating in so-called “ageism” or partial exclusion of elderly from
society. Furthermore, there is also a fear of what is called the “gray tsunami” or “silver tsunami”
(Bartels and Naslund, 2013; Mitchell, 2014; Gregory, 2015; Barishansky, 2016; Bluethmann
et al., 2016; Masselam, 2017; Berntsen et al., 2019; Rotman, 2019).
So, whether an aging society will overwhelmingly use societal and health resources is the
most important question that gerontologists and geriatricians should answer. One response which
can be evoked is that many specialists either in the field of gerontology or geriatrics are arguing
that aging as such is a disease and so it can be treated or prevented per se (Bulterijs et al., 2015;
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Faragher, 2015; Gems, 2015; Zhavoronkov and Bhullar, 2015).
Furthermore, this idea is coupled to the new approach to chronic
diseases called geroscience, which states that as aging is the
major risk factor for most chronic diseases, thus we should
be able to decrease the occurrence of age-related chronic diseases
(ARDs) by influencing or ideally preventing aging by any means
(Sierra, 2016a,b; Sonntag and Ungvari, 2016; Yabluchanskiy et al.,
2018). The earliest translation of this concept is the introduction
of the frailty concept (Rockwood et al., 2000; Fried et al., 2001)
trying to conceptualize aging as a treatable medical condition
(Rodriguez-Mañas and Fried, 2015; Rockwood, 2016; Walston
et al., 2019). In this review, we will discuss whether the only
response to this new complex societal and medical challenge is
to consider aging as a disease for better answering to the needs
of the aging society, or whether other avenues should be explored.
Therefore, we will also consider what we know on whether
aging is treatable or curable, and how this interacts with the
question of whether it is a disease. Ultimately, we will explore
how this might change the regulatory frameworks for research
and therapeutics in ways that could impact human health.

the most integrative definitions proposed so far states that
biological aging [sometimes called “senescing,” especially in
relation to biological (cellular) phenomenon of “senescence”]
is the process of change in the organism which over time
decreases the probability of survival and reduces the physiological
capacity for self-regulation, repair, and adaptation to
environmental demands (Schroots and Birren, 1988). This
definition integrates all important aspects defining biological
aging, namely time, changes, decrease of reserves, dysregulation,
and irreversibility of its ending with death. The definition
supports the division of the aging process into primary aging,
which is postulated to reflect an intrinsic, presumably genetically
determined limit on cellular (and organismal) longevity
(accounting for the relatively constant maximum lifespan
observed in almost all animal species studied) and in secondary
aging, due to the accumulated effects of environmental insults,
disease, and stress (explaining most of the variability between
individuals’ aging trajectories within the species) (Anstey et al.,
1993). It should be strongly stressed that primary and secondary
aging can most likely influence each other via a positive
feedback loop. Together aging is considered time-dependent
and complex, occurring at various levels of the organism, and
can be characterized as universal, progressive, inevitable, and
irreversible, though also to some extent modulable owing to
the marked individuality of the process (Libertini, 2015; Weiss,
2018; Michel et al., 2019).
All these aspects were recently summarized as the “nine
hallmarks of aging,” including the intercellular communication,
genomic instability, telomere attrition, epigenetic alterations, loss
of proteostasis, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, and stem cell exhaustion (LópezOtín et al., 2013). These hallmarks (or the similar framework
of pillars, Kennedy et al., 2014) covers quite well the current
knowledge of cellular and molecular mechanisms of aging.
However, research in the field is advancing quickly, and there
is good reason to suspect that these lists will change in the
coming years, as new theories/mechanisms emerge, and others
are discarded (as has recently happened for oxidative stress in
a broad sense) (Hekimi et al., 2011). Interestingly, Hekimi et al.
in contrast to the widely accepted theory on free radicals’
participation in aging process suggested that the increased
production of free radicals is an adaptation to aging and is
therefore beneficial (Wang and Hekimi, 2015). The hallmarks
of aging are not the only one which change with the advent
of new knowledge. For example, the hallmarks of cancer were
recently redefined to include a much broader list than that
presented in the original publication (Hanahan and Weinberg,
2011). These are examples of the constant progress of our
knowledge which shapes also the definition of aging. Furthermore,
the authors acknowledge explicitly that all these described
mechanisms are tightly interconnected and consequently are
useful ways to summarize many related mechanisms.
Thus, a thorough understanding of aging implies an integrative,
complex systems framework where lower level mechanisms
can have direct impacts (e.g., mutations causing cancer or
cellular senescence), or indirect impacts via higher level processes
(e.g., impacts of inflammation on atherosclerosis). This framework

WHAT IS AGING?
Understanding what is aging is very important for the
understanding whether aging is a disease or not; consequently,
we will approach the definition of aging from this perspective.
We should acknowledge that there are many concepts and
theories (more than 300) to explain aging (Rose et al., 2012;
Cannon, 2015; Lipsky and King, 2015; da Costa et al., 2016).
This multitude generates many ways of thinking, which may
even be completely contradictory. However, it seems that some
may be more inclusive than others, e.g., the evolutionary theories
or the free radical theory of aging (Chandrasekaran et al.,
2017; Reichard, 2017). Recently, the physiological dysregulation
concept tried to approach better the understanding of the
process of aging (Cohen et al., 2013). Nevertheless, none of
these 300+ theories totally capture this very complex and
multifactorial phenomenon. The concept of aging may be broadly
conceptualized as the by-product of the passage of time. This
would define aging as a natural, ever-progressing “deterioration”
of physiological functions; an increased susceptibility to certain
diseases; and an intrinsic, age-related process of loss of viability
and increase in vulnerability leading ultimately to death (Strehler
and Mildvan, 1960; Birren and Zarit, 1985; Strehler, 1985).
However, aging may also be defined more positively as the
result of a time-dependent adaptation which ultimately becomes
maladapted (dysregulated), no longer obeying the principle of
hormesis and leading to self-elimination (Calabrese, 2018). This
concept strongly suggests that aging is random and purposeless.
Of course, there are many types of aging such as the
physiological, biological, molecular, functional, or even social.
Just as life is hierarchically organized from molecules to cells
to tissues, organs, systems, organisms, and populations, aging
can also occur at multiple organizational levels, with consequences
for the others. Here we will mostly discuss biological aging;
however, physiological aging will be also considered. One of
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can help explain the diversity of aging patterns across the tree
of life, with both “public” (universal) and “private” (speciesoriented) mechanisms.

state » where the optimal physiological functioning of the body
systems, cells, and/or the mind are perverted to a
pathophysiological process causing symptoms of a pathology.
Thus, it would be these symptoms that together define the
disease. The occurrence of a disease is the combination of the
susceptibility of the host, the conducive environment, and finally
the insult. In the case of communicable diseases, the aggressor
is generally a pathogen (usually virus, bacteria, or fungus) which
is propagating from person to person, while in non-communicable
diseases it is determined by environmental hazards, life habits,
and/or genetics which do not spread from person to person
(Prüss-Ustün et al., 2019). Thus again, various diseases manifest
themselves more or less specifically by objectively evidenced
signs and symptoms (Poh et al., 2017). Considering these
characteristics, it is clear that the causes and pathomechanisms
can be different depending on the nature of the disease: caused
by acute or chronic exposure to pathogens, by improperly
executed physiological processes such as inflammation or autoimmunity, by genetic, biochemical, or environmental problems
or failure in normal functioning/adaptability of an organ or
organ system (dysregulation), ultimately becoming chronic after
the initial aggression has been eliminated (Bury, 1982).
Most of the diseases affecting humans are chronic. Chronic
diseases according to the WHO have many determinants which
extend from the underlying socioeconomic determinants via
common modifiable and nonmodifiable risk factors to intermediate
risk factors such as high blood pressure, high blood sugar, or
high lipids (The World Health Report, 2002; WHO Global
Report, 2005). All these factors converge and to various extents
determine the appearance of the most common chronic diseases
which affect humans, such as cardiovascular diseases, type 2
diabetes, cancers, chronic respiratory diseases, or neurodegenerative
diseases. The most widespread belief is that most of these diseases
occur in and affect older subjects. If the global occurrence of
these diseases is closely examined, half of the subjects suffering
from them are under the age of 70 (WHO Global Report,
2005). If the causes of these diseases are considered closely,
this is not surprising, as among the most prevalent, intricate,
and intertwined causes, age as a nonmodifiable risk factor is
only one and far from being the most determinant (Fülöp et al.,
2019). Accordingly, it may be considered that age is an important
but not a determinant risk factor for these diseases; however,
when the individual is aging, accumulated changes in the organism
such as the physiological dysregulation of numerous systems of
the body permit the clinical manifestation of long-lasting,
underlying, detrimental pathological processes (Franceschi et al.,
2018; Fulop et al., 2018). Additionally, there is no disease that
occurs inevitably with aging; thus, while aging is a risk factor,
it is neither a necessary nor sufficient cause for chronic diseases
(Rothman et al., 2008).
We will illustrate the above-mentioned pathophysiological
development of chronic diseases by three clinical examples.
First, we will consider the case of cancer. This is a disease
which develops throughout life (Anisimov, 2009). The original
carcinogenic insult occurs most probably at a younger age, as
we need some “driver mutations” to occur sequentially in order
to promote neoplastic transformation (Busque et al., 2018;

WHY DO WE AGE?
This is a crucial question, however not easy to answer. There
can be many responses depending on what definition of aging
we adopt and the perspective we consider (physiological,
evolutionary, etc.) (Kirkwood, 2017; Flatt and Partridge, 2018).
If we consider the definition which we found the most applicable
to the biology of aging, we could answer that time-dependent
exhaustion at all levels of the aging body renders it unable
to sufficiently sustain the physiological/molecular functions of
the organism which consequently collapses. Such understanding
implies that aging is an irreversible process, but does not
exclude the possibility that it is amenable to modulations.
However, this amenability is not equal to “treatability” and
thus would not imply that aging is a disease.
A next, broader view to conceptualize why we age would
include an evolutionary perspective (Le Bourg, 2014; Reichard,
2017). Classical evolutionary theories rely on the declining
force of natural selection at older ages. From a population
perspective, random (age-independent) mortality will reduce
the probability of surviving at older ages, as the resources
invested earlier in life will be more effective at increasing
fitness. This principle, in different ways, underlies the mutation
accumulation, antagonistic pleiotropy, and disposable soma
theories of aging (Williams and Day, 2003; Kowald and Kirkwood,
2015). Nonetheless, recent findings suggest that a wide array
of species from across the tree of life do not age at all (there
is no increase in mortality with accumulating times of their
lives) (Schaible et al., 2015); these findings imply that we do
not yet have a sufficient answer for the question why H. sapiens
and many other species age. Nonetheless, the comparative data
are clear in implying that each species has an inherent aging
rate (or lack thereof), and that individual variation in aging
rate within a species is small relative to interspecies differences.

WHAT IS A DISEASE AND THE
NATURE OF THE SO-CALLED
“AGE-RELATED DISEASES”?
The definition of disease is problematic from an epistemological
perspective (Scully, 2004; Doust et al., 2017). It can be argued
that no two individuals undergo exactly the same pathogenesis,
so defining diseases is an exercise in grouping similar entities
together. But at what point are two pathological entities sufficiently
different to merit separate names? Is cancer a single disease,
or many related diseases? We can consider either the similar
manifestations of various causes such as in syndromes (e.g.,
Parkinsonism, Metabolic syndrome) or the etiology with
differential clinical manifestations such as in a disease state
(e.g., Parkinson disease, Diabetes mellitus type 2). In a very
simple way, we can perhaps define an illness/disease as « a
Frontiers in Physiology | www.frontiersin.org
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Sweet-Cordero and Biegel, 2019). This may or may not develop
further into clinically manifesting malignancy. For the latter
to occur, there is a need for the concerted actions of pro-oncogenic
stimulations progressing from this initial insult through its
promotion to the malignancy accompanied (or rather made
possible) by the waning host resistance. This is the reason
why the common thinking is that cancer is a “disease of older
subjects.” The notion comes from the superficial evaluation of
the clinical/epidemiological data. However, it is of note that
after 90 years of age the incidence is decreasing, and many
centenarians are exempt from cancer (Pavlidis et al., 2012).
Together, cancer may be considered a disease starting in the
young or middle age but manifesting later with aging.
The second group of ailments that we would consider are
the cardiovascular diseases. They also start early in life as
an inflammatory process called atherosclerosis (Ross, 1999).
During autopsies on young soldiers dead in the Korean War,
the signs of atherosclerotic lesions in the arteries have been
discovered (Webber et al., 2012). It is of note that it progresses
at different speeds in each individual, and even appears absent
in some populations (Gurven et al., 2009). Thus, many adult
subjects may suffer at various points of their life from the
clinical manifestations of atherosclerosis which may increase
with age. This strongly suggests that as we age, the clinical
appearance of cardiovascular diseases may increase to some
extent revealing the underlying lifelong atherosclerotic process
due to the physiological changes in the organism. Once again,
the underlying pathology occurs from the early ages, but
the clinical manifestation may have an age-enriched
clinical appearance.
Finally, the third example concerns the neurodegenerative
diseases, such as spontaneous Alzheimer’s disease (AD). The
insults, whatever they may be (including oxidative, metabolic,
or infectious), occur decades before the clinical manifestation
of the disease (Festoff et al., 2016; Le Page et al., 2018).
Individual susceptibility and changes will determine whether
these insults will result in clinically manifest AD. A good
support for this notion is the presence of morphological features
called the AD plaques even in the brains of cognitively normal
elderly subjects (Duan et al., 2017). Thus, once more the insult
occurs earlier in life, while the clinically manifest disease appears
only much later, usually after the age of 60.
These examples throw doubt on the aging-caused nature
of these diseases, typically considered as age-related, and
even more that they could be prevented by treating the
underlying aging process (as their “roots,” i.e., founding
pathomechanisms, are present at earlier ages). Furthermore,
most of the chronic disease burden today appears to
be conditions that are rare or absent in hunter-gatherers,
horticulturalists, etc. Nonetheless, contemporary huntergatherers do age, and the symptoms of aging appear to
be similar to what is observed in the healthiest older individuals
in modern society: wrinkled skin and decreased speed,
strength, and lower endurance likely related to sarcopenia
(Fuellen et al., 2019). The diseases mentioned above are thus
not manifestations of aging, but of the cumulative effects of
decades of modern lifestyles and environmental exposures.
Frontiers in Physiology | www.frontiersin.org

In summary, a disease is a perturbation in the homeostasis
of the organism presenting itself by specific (e.g., hemiplegia
in case of stroke) and non-specific symptoms (e.g.,
unconsciousness in case of stroke). Chronic diseases have
various pathogenic pathways, likely starting early in life; however,
the only common pathway at the end may be inflammation.
While inflammation may increase the risk of multiple chronic
diseases, even this is not universal: centenarians have very
high levels of inflammatory markers, and the same is true for
some hunter-gatherers (Salvioli et al., 2009; Rubino et al., 2019).
Accordingly, chronic diseases are not only the attribute of older
subjects, but also of a considerable proportion of younger
sufferers. Age may be at most a nonmodifiable risk factor
playing a role in the clinical appearance of these chronic
diseases, but by no means their cause. Considering the abovementioned examples, a fundamental logical error underlying
the geroscience approach may be the confusion of timedependence with age-dependence. Of course, this does not
imply that specific interventions into aging hallmarks can never
have benefits related to chronic disease. For example, it is
possible and even likely that targeted senolytics (drugs removing
senescent cells or preventing their formation) approaches will
have benefits for specific diseases in specific population;
nonetheless (Kirkland et al., 2017), even geroscience experts
caution that broad application of senolytics could likely have
substantial negative health consequences (Blagosklonny, 2018a;
Attaallah et al., 2019).

WHAT MAY BE THE REASON
THAT AGING IS CONSIDERED
AS A DISEASE?
The answer to this question is not easy, even if intuitively
some would say “yes, aging is a disease and as such may
be cured” (Caplan, 2005; Bulterijs et al., 2015; Zhavoronkov
and Bhullar, 2015; Stambler, 2017) while others will say “not
at all, aging is not a disease although it may be modulated”
(Rattan, 2014). Even if this distinction seems trivial, it has
many consequences for science and translational research.
Why did this concept emerge and what is the consequence?
The notion of aging as disease comes mainly from animal
studies, as some manipulations have proven to be effective
in increasing lifespan and decreasing chronic diseases, the
most successful being the caloric restriction (Colman et al.,
2009; Anisimov, 2015; Johnson and Kaeberlein, 2016; Mattson
et al., 2017; Kraig et al., 2018). This raised interest in a
similar approach in humans, aiming at a medicalization of
aging (Justice et al., 2018a; Blagosklonny, 2018b). From a
social point of view, there is a need for a response how to
cope with the “silver tsunami” economically, socially, and
psychologically (Bartels and Naslund, 2013; Mitchell, 2014;
Gregory, 2015; Barishansky, 2016; Bluethmann et al., 2016;
Masselam, 2017; Berntsen et al., 2019; Rotman, 2019). Finally,
fighting against specific chronic diseases is not sufficiently
rapid and efficient, and moreover it is very costly (Yabluchanskiy
et al., 2018; Larsen, 2019), leading to the idea that, by fighting
4
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aging, medicine could prevent or at least retard the appearance
of all the chronic diseases simultaneously.
It is clear that the simple passage of time – chronological
aging – is relentless and unstoppable. Recently, some experts
studying aging say it is time for a fresh look at this biological
process – and recognize aging as a condition that can
be manipulated, delayed, and possibly treated, unlike time itself
(Gems, 2015). They argue that institutional and ideological
barriers are standing in the way to recognize aging as a disease,
and a major one is the longstanding traditional view that
aging is not a disease, but a natural, benign process that should
not be interfered with. “Because aging is not viewed as a
disease, the whole process of bringing drugs to market can’t
be applied to drugs that treat aging. This creates a disincentive
to pharmaceutical companies to develop drugs to treat it” and
“If aging is seen as a disease, it changes how we respond to
it: it becomes the duty of doctors to treat it.” (Kelland, 2010;
Gems, 2015). Furthermore, according to Dillin, “there is now
a ‘groundswell’ of specialists in aging who are lobbying the
world’s biggest drug regulator, the U.S. Food and Drug
Administration, to consider redefining aging as a disease in
its own right” (Kelland, 2010; Riera and Dillin, 2015). What
is the primum movens behind this willingness to consider aging
as a disease? If we would be only trivial, we would say money,
but we would like to hope that there are other considerations
behind this lobbying. There are probably also more hidden
considerations from the societal aspect which says that if
we have longer healthspan (Kaeberlein, 2018), it would mean
longer productive lifespan and less need for pensions, though
this could only be true if the proportion of life spent
pre-retirement increased. Consequently, some authors, such as
de Grey, have even compared delay in researching aging as
equivalent to murder (De Grey and Rae, 2007).
Therefore, there is a strong movement in gerontology to
consider aging as a disease, which would facilitate the search
for drugs to intervene in the process of aging (in the “aging
disease”) and eventually extend the healthspan and concomitantly
the lifespan (Hansen and Kennedy, 2016). This way of thinking
is a corollary to anti-aging medicine which aims to rejuvenate
the aged subjects (Gems, 2014; Longo et al., 2015; de Magalhães
et al., 2017; Espeland et al., 2017; Melo Pereira et al., 2019).
Accordingly, the pointed interventions in the process of aging
would prevent the damage leading to pathology. It was partly
demonstrated in animal models concerning some aspects of
body maintenance, but certainly not with the intention to cure
aging as would be required if aging would be the disease that
they state. Alternatively, repairing the aging-related damages
as the anti-aging medicine proposes should lead to a decrease
in pathologies. Thus, from the “aging as a disease” point of
view, the one thing that science is missing is to consider and
so investigate aging as the common cause/ mechanism for all
of chronic diseases of the elderly, rather than being interested
in investigating and curing the specific ARDs. This way of
considering aging raises the fundamental question of whether
modifying aging would really affect the risk for the occurrence
of these ARDs. Would the proposed interventions decreasing
the burden of ARDs concomitantly slow the aging process?
Frontiers in Physiology | www.frontiersin.org

Alternatively, would they slow aging because they prevent
diseases that accelerate aging?
Furthermore, there is a fundamental lack of definition of
how geroscience is considering healthspan, which is a composite,
multidimensional state (Moskalev et al., 2016; Sierra, 2016a,b;
Blagosklonny, 2018a). Already the definition of health took
decades to be agreed on and even then it is changing with the
progress of medicine, so the definition of healthspan should
be similarly considered. Is it defined by the absence of diseases,
by the quality of life (which is personal and subjective), or
ultimately by the number of pills that an old person is taking?
Most of the elderly do not even know or feel that they are ill.
The following example from the clinical experience of one of
us can help visualize this. The case is of the 99-year-old woman
who had fallen at home and has been hospitalized. She did not
take any medication and has not seen the doctor for the last
10 years. Could we then assume that she was in good “subjective
health” so her healthspan could extend until her fall? However,
while she was in the hospital, she was diagnosed with several
chronic diseases including arrhythmia, hypertension, aortic stenosis,
mild COPD, and type 2 diabetes and started to be treated for
them. She felt awful because she learned from doctors how
seriously ill she was. Finally, treatment was implemented, she
got better and she returned home suffering from several ARDs.
Of course, this is not a typical example; however, there are
likely millions of such cases. It was shown that self-reported
health was more positive if the seniors were not limited in
their functionality even if they have been diagnosed with chronic
diseases (Maddox, 1999; Yoshimitsu et al., 2017). This suggests
that, in contrast to what is often stated, the many different
changes related to the normal aging process per se diminish
functionality only very slightly, even if they lead to ARD (Lipsky
and King, 2015). In the spirit of “aging is a disease” all of these
persons should be treated to attain a hypothetical healthspan.
Thus, it would be of paramount importance to find a universal
definition of healthspan, which may apply as an ultimate and
universal goal for treating aging as if it was a disease.
And this is the problem: advocates of “aging as disease”
seem to believe that they can find means (drugs or procedures)
to (partially or altogether) free an old person from the symptoms
of aging that had already occurred, and in consequence, from
ARDs. On the other hand, those like us who do not consider
aging as a disease, but a natural (but modifiable) process in
life, would advocate for modifying the functioning of organism
at any relevant level BEFORE any symptoms of aging and
ARDs occur, and thus prolonging healthspan, ARD-free and
overall lifespan.

HOW GEROSCIENCE AND FRAILTY ARE
INTEGRATED IN THE NOTION THAT
AGING IS A DISEASE AND WHAT ARE
THE TRANSLATIONAL IMPLICATIONS
Geroscience (already mentioned earlier a few times) is an
interdisciplinary field that aims to understand the relationship
5
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between aging and age-related diseases (Sierra, 2016a,b). Because
aging is considered the major risk factor for most non-genetic
chronic diseases, an understanding of the role of aging in the
onset of these diseases should open up new avenues for disease
prevention and cures. This term also describes an interdisciplinary
approach to the biology of aging. However, because a factor
(aging) is a risk factor (for ARDs), it does not become itself
a disease. By this logic, sedentarity which is a major risk
factor for many metabolic and cardiovascular diseases should
be also considered per se as a disease, but obviously it is not.
There are presently nine recognized hallmarks for aging, as
mentioned above (López-Otín et al., 2013). Interventions are
proposed aiming at targeting one or several of these aging
hallmarks in hopes of having an impact on ARDs. Considered
therapies include stem cell therapy, immune/inflammation
modulators, senolytics to eliminate senescent cells, telomerase
activation, epigenetic modulatory drugs, activation of chaperones
and proteolytic pathways, dietary interventions by modulating/
inhibiting mTOR and the Insulin/IGF-1 Signaling (IIS) pathways
as well as activating the AMPK and the sirtuins, and finally
modulating the mitochondria metabolism and genesis (Longo
et al., 2015; Vaiserman et al., 2016; Fedichev, 2018; Mitchell
et al., 2018; Mitteldorf, 2018; Justice et al., 2018b; Sharma and
Padwad, 2019). The question arises as to whether we can conceive
a holistic approach to the mentioned interventions to target most
of the pillars of aging, thereby resulting in a decrease in ARDs.
These are very useful interventions as proved in animal models;
however, they all target some specific aspects of the aging process.
None of them has a universal modulatory effect except perhaps
some type of nutritional interventions (e.g., caloric restriction,
intermittent fasting, and calorie restriction mimetics). However,
even these interventions may not target all hallmarks, such as
proteostasis (Witkowski et al., 2018; Konopka et al., 2019). Thus,
the proposed interventions do not tackle the high complexity
of aging. Consequently, considering the complex nature of aging,
if we intervene in one aspect, we do not know what the effects
on the others will be. Likely, a possibly further deleterious
disequilibrium would be created if we consider the physiological
dysregulation concept of aging. Thus, we are back to the fundamental
questions what is aging and why we age. Until we can answer
these questions with confidence, the uncertainty about the role
of all these intertwined processes in the complexity of aging
could render the proposed interventions dangerous in the short
or long term. For example, it is possible that senolytic interventions
will succeed in slowing aging at several levels but will simultaneously
increase cancer risk by suppressing Senescence Associated Secretory
Phenotype (SASP). SASP may have both detrimental and beneficial
effects on cancer, and the relative balance would need to be studied
in detail (Blagosklonny, 2018a; Zhang et al., 2019). However,
given the normal structure of clinical trials, it might be easy to
observe short-term benefits in aging biomarkers and other health
indices, and harder to observe changes in cancer risk that might
happen over longer timeframes.
For example, the newly conceptualized changes in the immune
system in connection with the idea of inflammaging (subclinical
state of increased inflammatory readiness, manifested by elevated
levels of proinflammatory cytokines) made many of our beliefs
Frontiers in Physiology | www.frontiersin.org

related to immunosenescence obsolete (Franceschi et al., 2018;
Fulop et al., 2018; Pawelec, 2018). A more recent interpretation
of these changes considers age-related immune changes as
immunoadaptation necessary for longevity, as shown in case
of the semi-supercentenarians (Arai et al., 2015) and in the
case of the most modern vaccination practices devised for
seniors (Lal et al., 2015). However, when this immunoadaptation
is dysregulated, then the aged individuals become subject to
late manifestation of age-related diseases. Thus, until we really
know what the exact role of a process considered “age-related”
is, any intervention to “modulate” or to “cure” it may be very
harmful instead of being beneficial or resulting in increasing
healthspan. This distinction between adaptation and pathology
during aging is crucial and underemphasized.
The same can be said concerning the largely used and studied
phenotype called frailty (Fried et al., 2001; Rockwood, 2016).
There are numerous definitions of frailty as well as measurements
suggesting that we really do not know what it is, as with the
various measurements we are capturing just one aspect of it
(Theou et al., 2013; Malmstrom et al., 2014; Mijnarends et al.,
2015). It is clear that if we refer to the basic definition of
frailty as the loss of the body’s reserves leading to a decreased
resilience and consequently to adverse events, we are just giving
the physiological definition of aging (Fulop et al., 2010; Khan
et al., 2019). Together this would signify a failure of the
homeodynamic maintenance of system functions (Rattan, 2015).
Alternatively, we can conceive of multiple levels of failsafe
mechanisms, with most clinical manifestations occurring when
the last failsafe mechanism disappears. This goes back to the
idea of redundancy as discussed by the Gavrilovs (Gavrilov
and Gavrilova, 2004). Thus, ultimately frailty seems no more
than just a certain state resultant from the biological aging
process which is different in each individual; this is clearly
underlined as the prevalence of clinical frailty varies from 7
to 60% in diferent aging populations. This notion could be very
useful if it would be used as a definition of biological aging
rather than used as a medicalization of aging which should
be at any cost treated (Palliyaguru et al., 2019).
These considerations suggest that geroscience – considering
aging as the root of all ARDs and as such amenable to any
interventions – is not a useful approach to understand aging.
This also further suggests that aging should not be considered
as a disease and interventions aiming at modulating/postponing
aging should not be designed as if it was a disease. Therefore,
we need to clearly define why aging is not a disease and
suggest other ways to approach the question of aging and
age-related diseases.

WHY AGING IS NOT A DISEASE?
In the optic of geroscience, if aging becomes a treatable disease/
process, it will be the duty of medical doctors to treat it.
However, not everything which seems to be aging is aging.
Over the history of gerontology and geriatrics, many processes
previously thought to be part of aging are now considered
not to be age-related, but an overlaying pathology. One of the
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best examples is anemia, which for decades was considered
as a solid attribute of aging but now is considered related to
various pathologies and not to aging itself (Halawi et al., 2017).
So, an older individual who does not have relevant underlying
pathomechanisms would not have anemia even at 100 years
of age or more. The same applies to hypertension, to sarcopenia,
to kidney failure, and to cognitive impairment (Khan et al.,
2017; Sobamowo and Prabhakar, 2017).
So again, what distinguishes aging from a disease conceptually?
First, the extent of aging is systemic and complex while that
of a disease is mostly limited. Aging is an inevitable, universal
process (concerning all humans living long enough) while
most diseases are associated with individuals’ susceptibilities/
vulnerabilities, and most of them, even chronic, are preventable.
The most important cause of aging is time, while diseases usually
have specific known causes. In other words, aging is irreversible
and progressive while diseases are reversible and discontinuous.
Finally, and most importantly, aging may be modulable but
not treatable, while diseases are ultimately treatable even if
we do not know presently how, which is only a question of
progress of science. So many essential differences clearly speak
against the notion that aging is “just another” disease.
Moreover, we should state that every older adult is different,
while most of the people suffering from the same disease are
fundamentally identical with respect to the disease. In other
words, aging process is much more heterogeneous than any
disease would ever be (Li et al., 2016). This contention should
lead, as we will describe later, to a different approach to the
concept of aging and (if any) to interventions. This also indicates
that the notion of individual aging signifies individual health
status and perception which would define the functionality of
the aged subject. Therefore, “one size fits all” does not work
for aging. Aging is an adaptation, thus to “cure” it may cause
more harm than good. Considering these arguments, we can
state that aging s not a disease.

To extend the discussion, we should ask how we would
know if an anti-aging therapy really could slow aging. The
problem is that most of our definitions are circular or impractical.
At the most macro level, we might ask whether it extends
lifespan or life expectancy. However, based on this definition,
seatbelts, obstetrical care, and childhood vaccinations are
miraculous anti-aging interventions. Some laboratory
interventions to slow aging may be highly dependent on the
environment, and thus the extent to which they are slowing
aging is debatable. Alternatively, we might ask if we reduce
the incidence or burden of ARDs with anti-aging interventions.
However, as noted above, it is possible we could do this by
counteracting negative aspects of modern lifestyle (e.g., obesity,
sedentarity), without affecting aging per se, and conversely that
we might find interventions that slow aspects of aging without
having much impact on ARDs. Lastly, we might ask whether
anti-aging interventions have impacts on metrics of biological
aging. If these metrics are specific metrics of the processes
being treated, the reasoning becomes circular. For example,
we could not prove that senolytics affect aging simply because
they reduce the number of senescent cells. Higher level indicators
of biological age, such as homeostatic dysregulation indices or
the epigenetic clock, are slightly more promising metrics (Belsky
et al., 2018). However, even here there is a problem: these
various indices are only poorly correlated with each other and
are themselves based on various theories about what aging is.
For example, if senolytics lower (rewind) the epigenetic clock,
is this simply because the epigenetic profiles of senescent cells
are different, and we have removed these cells from the mix?
Or was there really an impact on aging in the remaining cells?
Thus, there is a fundamental conceptual challenge in defining
aging that translates into an equivalent challenge in defining
whether an anti-aging therapy is successful. This logical problem
in turn propagates into the identification of pillars and hallmarks:
the third and most crucial criterion for hallmarks of aging
(though not always met in the published list) is that “its
experimental amelioration should retard the normal aging process
and hence increase healthy lifespan.” One example is metformin
treatment. It may be that metformin, on average, reduces the
burden of many chronic diseases (ARDs) and even improves
quality of life. But does this mean it slows aging? Or if it
does slow aging, does it only slow aging because it prevents
diseases that accelerate aging? There are almost certainly human
populations (e.g., hunter-gatherers, athletes) that would not
benefit from metformin. It would not slow their aging. So,
does it slow aging, or inhibit some of the negative consequences
of modern lifestyles in a general way? Are these the same
things? Are these negative consequences part of aging for us
now or permanently? For these reasons, it is problematic to
define the normal aging process and to measure whether it is
retarded, and equally difficult to define healthy lifespan in ways
that avoid the seatbelt problem mentioned above. Together, to
answer the title question of this subchapter, at this stage of
our knowledge there is no place in medicine for anti-aging
medicine understood as treating symptoms of aging when aging
has already happened. However, there might be a place for
interventions/modulations that would delay the occurrence of

IS THERE A PLACE FOR
ANTI-AGING MEDICINE?
The corollary of geroscience in the medical field is anti-aging
medicine, which tries to “cure” aging by rejuvenating older
individuals (Gammack and Morley, 2004; Rattan, 2004; Bartke,
2008; Balistreri, 2018). This is made by the modulation of the
extrinsic attributes of aging such as wrinkled skin (e.g., by
hyaluronic acid or botox injections) (Draelos, 2008; Taub and
Pham, 2018) or the intrinsic attributes such as sarcopenia (by
stem cell treatment) (Chhetri et al., 2018).
These treatments may have some beneficial effects in the
short run but certainly are not causal treatments (Gammack
and Morley, 2004). Indeed, they may apparently help to relieve
specific aspects of aging but will not change the healthspan
or the global functionality of the aging organism. Thus, these
interventions do not take the complexity of aging into account.
Presently, without solid scientific proof, there is no place in
the medical arsenal for what we call anti-aging medicine, except
for some trivial cosmetic interventions.
Frontiers in Physiology | www.frontiersin.org
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aging, when applied early in life, before any time-dependent
processes had accumulated and aging symptoms show up.

will also help to individualize the interventions (Franceschi
et al., 2018). Furthermore, the recognition that not everything
occurring in aging is detrimental will help to design purposeful
interventions to reinforce what is necessary and combat what
IS detrimental. Finally, the recognition of aging as a lifelong
process and that chronic diseases start early in life would
help to design interventions very early in life having consequences
on ARD. This new concept would certainly help integrate the
individual disease concept with aging-related dynamic
dysregulation, the two being interconnected and intertwined.
Depending on the preponderance of one or the other, the
interventions may be targeted, respectively. So, we should move
from the aging as a disease concept to the aging as an
adaptation, which may result in ARD or successful functional
healthspan (Figure 1).

HOW ALTERNATIVELY AGING MAY
BE CONCEPTUALIZED AS NOT
BEING A DISEASE
Does all this signify that there is nothing which can be done
for improving an aging individual’s health and functionality?
Does it matter for older individuals being considered “ill” by
virtue of their age? What would an aged person like for the
end of his/her life? What is important for them? Does it really
matter for them whether aging is considered a disease or not?
These questions are rarely asked from the elderly themselves,
with scientists thinking they know better what the elderly need.
Scientists should recognize at this stage that we know a
lot but not enough yet to translate the scientific discoveries
in the field of gerontology to interventions into the older
subjects. However, a new approach is needed and should
be oriented at a systemic conceptualization of the aging process
and not at the fragmentation of its different components. Thus,
better assessment of the biological aging against the chronological
aging holds promises to be able (e.g., by significant biomarkers)
to assess the physiological aging processes in their complexity
and act on them specifically and jointly (Zhong et al., 2019).
The concept that aging does not always lead to ARD, but
that the same processes may lead to either ARD or successful
aging in older persons depending on the homeodynamics,

WHAT CAN BE DONE TO FACE THE
AGING OF THE SOCIETY?
Besides direct intervention in the aging process (being the
domain of anti-aging medicine), a healthy lifestyle should be
advocated from the beginning of life, as an approach delaying
both the occurrence of aging itself and that of ARDs (Saint
Martin et al., 2017; Kaur et al., 2019) The first steps would
be to implement healthy food, physical activity, and decreased
stress (Bowen et al., 2019; Park and Lee, 2019). This seems
to be wishful thinking; however, this approach would likely
be more rewarding than non-specifically targeting aging. An

FIGURE 1 | Conceptualization of the contribution of aging as a physiological process. Biological aging is a normal process that results from intrinsic (hallmarks of
aging) and extrinsic factors (stress). In the absence of major insult during lifespan, individuals will experience very few symptoms (paucisymptomatic) related to
change in health status despite the loss of physiological functions. However, upon certain triggering, uncontrolled inflammation may occur resulting in a persistent
activation and disbalance of physiological functions leading to age-related diseases. Intervention strategies to modulate aging and reduce the susceptibility to
diseases are represented. Aging can only be successfully modulated as long as it is considered a multifaceted process and not a disease in need of a specific cure.
Ultimately, aging represents a time-dependent lifelong process, where under constant pressure the organism adapts or dysregulates which excludes the concept
that aging is a disease.
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increasing capacity to measure aging, imperfect though these
methods may be, will help develop more specific lifestyle
interventions for aspects of aging that are most relevant for
health, and most urgent for a given individual.
This does not mean that research should not refine what
are the biological pathways pertinent to aging. On the contrary,
much should be invested in this research, but not with the
undifferentiated aim that aging should be without disease. The
aim should be to have an aging as late and as healthy as
possible, contributing to the maintenance of the independent
functionality of the aged subjects. This would join the aspirations
of many elderly who know that aging without disease is almost
impossible, but what is possible, and what all elderly aspire
to, is remaining functional, independent, and not suffering
from pain of any kind. The most important is not how long
the elderly live, but how they should live the last years of
their life. So, we should perhaps combine healthspan with
functionspan, which could be the era of functional healthspan.
There should be several axes of approach to assure functional
healthy aging for the elderly population, taking into account
that these approaches may be different for each individual
(Neubauer et al., 2017).

optimize functioning in the aging body. Aging in this context
should be considered as an adaptation of the organism as a
function of chronic challenges and time; it is a necessary
process but may be detrimental for responses to new challenges.
The discovery of new processes and the integration of genetic/
epigenetic/metabolic and environmental factors (including
nutrition) by the virtue of systems biology approaches would
nuance our “detrimental senescence” concept of aging.
Therefore, aging is not a disease, but a complex natural
process. If aging was a disease, all elderly would be considered
ill; but ultimately, if this was the common paradigm nobody
would be anymore ill as this would become the norm (there
is no disease universal for everybody). We can only modulate
aging as long as we do not consider it as a disease. Treatment
should be reserved for diseases, whatever their cause. This
positive approach to aging would assure a functional healthspan
in a personalized (individualized) way for each elderly subject,
reducing the burden of the “silver tsunami.”
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process and assure that interventions will lead to the maintenance
of a health status permitting optimal functioning according
to the wishes and priorities of individual persons. A healthy
lifestyle to decrease the occurrence of chronic diseases and
their accompanying functional burden is also a very important
facet of possible interventions.
Aging is an irreversible, unstoppable, time-dependent process
that is neither detrimental nor good but should be assessed
in the individual context, which would permit an individualized
(not “one size fits all”) intervention to adjust the process to

FUNDING
This work was supported by grants from Canadian Institutes
of Health Research (CIHR; No. 106634), the Société des
médecins de l’Université de Sherbrooke, and the Research
Center on Aging of the CIUSSS-CHUS, Sherbrooke; by the
Polish Ministry of Science and Higher Education statutory
grant 02-0058/07/262 to JW; and by the Agency for Science
Technology and Research and the Joint Council Office
(#1434m00115) to AL. AC is a CIHR New Investigator and
member of the FRQS-supported Research Center on Aging
and CHUS Research Center.

REFERENCES

Barishansky, R. M. (2016). The silver tsunami: are you ready? America’s elderly
population is exploding, and EMS services will have to reflect that. EMS
World 45, 53–56.
Bartels, S. J., and Naslund, J. A. (2013). The underside of the silver tsunami —
older adults and mental health care. N. Engl. J. Med. 368, 493–496. doi:
10.1056/NEJMp1211456
Bartke, A. (2008). Growth hormone and aging: a challenging controversy. Clin.
Interv. Aging 3, 659–665. doi: 10.2147/cia.s3697
Belsky, D. W., Moffitt, T. E., Cohen, A. A., Corcoran, D. L., Levine, M. E.,
Prinz, J. A., et al. (2018). Eleven telomere, epigenetic clock, and biomarkercomposite quantifications of biological aging: do they measure the same
thing? Am. J. Epidemiol. 187, 1220–1230. doi: 10.1093/aje/kwx346
Berntsen, G., Strisland, F., Malm-Nicolaisen, K., Smaradottir, B., Fensli, R., and
Røhne, M. (2019). The evidence base for an ideal care pathway for frail
multimorbid elderly: combined scoping and systematic intervention review.
J. Med. Internet Res. 21:e12517. doi: 10.2196/12517
Birren, and Zarit, S. H. (1985). “Biology of aging” in Handbook of the biology
of aging. 2nd Edn. eds. C. Finch, and E. L. Schneider (New York, USA:
Van Nostrand Reinhold).

Anisimov, V. N. (2009). Carcinogenesis and aging 20 years after: escaping
horizon. Mech. Ageing Dev. 130, 105–121. doi: 10.1016/j.mad.2008.02.004
Anisimov, V. N. (2015). Metformin for cancer and aging prevention: is it a
time to make the long story short? Oncotarget 6, 39398–39407. doi: 10.18632/
oncotarget.6347
Anstey, K., Stankov, L., and Lord, S. (1993). Primary aging, secondary aging,
and intelligence. Psychol. Aging 8, 562–570. doi: 10.1037/0882-7974.8.4.562
Arai, Y., Martin-Ruiz, C. M., Takayama, M., Abe, Y., Takebayashi, T., Koyasu, S.,
et al. (2015). Inflammation, but not telomere length, predicts successful
ageing at extreme old age: a longitudinal study of semi-supercentenarians.
EBioMedicine 2, 1549–1558. doi: 10.1016/j.ebiom.2015.07.029
Attaallah, A., Lenzi, M., Marchionni, S., Bincoletto, G., Cocchi, V., Croco, E.,
et al. (2019). A pro longevity role for cellular senescence. Geroscience. doi:
10.1007/s11357-019-00066-2
Balistreri, C. R. (2018). Anti-inflamm-ageing and/or anti-age-related disease
emerging treatments: a historical alchemy or revolutionary effective procedures?
Mediat. Inflamm. 2018:3705389. doi: 10.1155/2018/3705389

Frontiers in Physiology | www.frontiersin.org

9

December 2019 | Volume 10 | Article 1508

Fulop et al.

Are We Ill Because We Age?

Blagosklonny, M. V. (2018a). Paradoxes of senolytics. Aging 10, 4289–4293.
doi: 10.18632/aging.101750
Blagosklonny, M. V. (2018b). Disease or not, aging is easily treatable. Aging
10, 3067–3078. doi: 10.18632/aging.101647
Bluethmann, S. M., Mariotto, A. B., and Rowland, J. H. (2016). Anticipating
the “silver tsunami”: prevalence trajectories and comorbidity burden among
older cancer survivors in the United States. Cancer Epidemiol. Biomark.
Prev. 25, 1029–1036. doi: 10.1158/1055-9965.EPI-16-0133
Bowen, P. G., Mankowski, R. T., Harper, S. A., and Buford, T. W. (2019).
Exercise is medicine as a vital sign: challenges and opportunities. Transl.
J. Am. Coll. Sports Med. 4, 1–7.
Bulterijs, S., Hull, R. S., Björk, V. C., and Roy, A. G. (2015). It is time to classify
biological aging as a disease. Front. Genet. 6:205. doi: 10.3389/fgene.2015.00205
Bury, M. (1982). Chronic illness as biographical disruption. Sociol. Health Illn.
4, 167–182. doi: 10.1111/1467-9566.ep11339939
Busque, L., Buscarlet, M., Mollica, L., and Levine, R. L. (2018). Concise review:
age-related clonal hematopoiesis: stem cells tempting the devil. Stem Cells
36, 1287–1294. doi: 10.1002/stem.2845
Calabrese, E. J. (2018). Hormesis: path and progression to significance. Int. J.
Mol. Sci. 19:E2871. doi: 10.3390/ijms19102871
Cannon, M. L. (2015). What is aging? Dis. Mon. 61, 454–459. doi: 10.1016/j.
disamonth.2015.09.002
Caplan, A. L. (2005). Death as an unnatural process. Why is it wrong to seek
a cure for aging? EMBO Rep. 6, S72–S75. doi: 10.1038/sj.embor.7400435
Chandrasekaran, A., Idelchik, M. D. P. S., and Melendez, J. A. (2017). Redox
control of senescence and age-related disease. Redox Biol. 11, 91–102. doi:
10.1016/j.redox.2016.11.005
Chhetri, J. K., de Souto Barreto, P., Fougère, B., Rolland, Y., Vellas, B., and
Cesari, M. (2018). Chronic inflammation and sarcopenia: a regenerative
cell therapy perspective. Exp. Gerontol. 103, 115–123. doi: 10.1016/j.
exger.2017.12.023
Cohen, A. A., Milot, E., Yong, J., Seplaki, C. L., Fülöp, T., Bandeen-Roche, K.,
et al. (2013). A novel statistical approach shows evidence for multi-system
physiological dysregulation during aging. Mech. Ageing Dev. 134, 110–117.
doi: 10.1016/j.mad.2013.01.004
Colman, R. J., Anderson, R. M., Johnson, S. C., Kastman, E. K., Kosmatka, K. J.,
Beasley, T. M., et al. (2009). Caloric restriction delays disease onset and mortality
in rhesus monkeys. Science 325, 201–204. doi: 10.1126/science.1173635
da Costa, J. P., Vitorino, R., Silva, G. M., Vogel, C., Duarte, A. C., and
Rocha-Santos, T. (2016). A synopsis on aging-theories, mechanisms and
future prospects. Ageing Res. Rev. 29, 90–112. doi: 10.1016/j.arr.2016.06.005
De Grey, A., and Rae, M. (2007). Ending aging: The rejuvenation breakthroughs
that could reverse human aging in our lifetime. New york, NY: StMartin’s Griffin.
de Magalhães, J. P., Stevens, M., and Thornton, D. (2017). The business of
anti-aging science. Trends Biotechnol. 35, 1062–1073. doi: 10.1016/j.
tibtech.2017.07.004
Doust, J., Vandvik, P. O., Qaseem, A., Mustafa, R. A., Horvath, A. R., Frances, A.,
et al. (2017). Guidelines international network (G-I-N) preventing Overdiagnosis
working group. Guidance for modifying the definition of diseases: a checklist.
JAMA Intern. Med. 177, 1020–1025. doi: 10.1001/jamainternmed.2017.1302
Draelos, Z. D. (2008). Clinical situations conducive to proactive skin health
and anti-aging improvement. J. Investig. Dermatol. Symp. Proc. 13, 25–27.
doi: 10.1038/jidsymp.2008.9
Duan, H., Jiang, J., Xu, J., Zhou, H., Huang, Z., Yu, Z., et al. (2017). Alzheimer’s
disease neuroimaging initiative. Differences in Aβ brain networks in
Alzheimer’s disease and healthy controls. Brain Res. 1655, 77–89. doi:
10.1016/j.brainres.2016.11.019
Espeland, M. A., Crimmins, E. M., Grossardt, B. R., Crandall, J. P., Gelfond,
J. A., Harris, T. B., et al. (2017). Multimorbidity clinical trials consortium.
Clinical trials targeting aging and age-related multimorbidity. J. Gerontol.
A Biol. Sci. Med. Sci. 72, 355–361. doi: 10.1093/gerona/glw220
Faragher, R. G. (2015). Should we treat aging as a disease? The consequences
and dangers of miscategorisation. Front. Genet. 6:171. doi: 10.3389/fgene.2015.00171
Fedichev, P. O. (2018). Hacking aging: a strategy to use big data from medical
studies to extend human life. Front. Genet. 9:483. doi: 10.3389/fgene.2018.00483
Festoff, B. W., Sajja, R. K., van Dreden, P., and Cucullo, L. (2016). HMGB1
and thrombin mediate the blood-brain barrier dysfunction acting as biomarkers
of neuroinflammation and progression to neurodegeneration in Alzheimer’s
disease. J. Neuroinflammation 13:194. doi: 10.1186/s12974-016-0670-z

Frontiers in Physiology | www.frontiersin.org

Flatt, T., and Partridge, L. (2018). Horizons in the evolution of aging. BMC
Biol. 16:93. doi: 10.1186/s12915-018-0562-z
Franceschi, C., Garagnani, P., Morsiani, C., Conte, M., Santoro, A., Grignolio, A.,
et al. (2018). The continuum of aging and age-related diseases: common
mechanisms but different rates. Front. Med. 5:61. doi: 10.3389/
fmed.2018.00061
Fried, L. P., Tangen, C. M., Walston, J., Newman, A. B., Hirsch, C., Gottdiener, J.,
et al. (2001). Frailty in older adults: evidence for a phenotype. J. Gerontol.
A Biol. Sci. Med. Sci. 56, M146–M156. doi: 10.1093/gerona/56.3.m146
Fuellen, G., Jansen, L., Cohen, A. A., Luyten, W., Gogol, M., Simm, A., et al.
(2019). Health and aging: unifying concepts, scores, biomarkers and pathways.
Aging Dis. 10, 883–900. doi: 10.14336/AD.2018.1030
Fülöp, T., Larbi, A., and Witkowski, J. M. (2019). Human Inflammaging.
Gerontology 3, 1–10. doi: 10.1159/000497375
Fulop, T., Larbi, A., Witkowski, J. M., McElhaney, J., Loeb, M., Mitnitski, A.,
et al. (2010). Aging, frailty and age-related diseases. Biogerontology 11,
547–563. doi: 10.1007/s10522-010-9287-2
Fulop, T., Witkowski, J. M., Olivieri, F., and Larbi, A. (2018). The integration
of inflammaging in age-related diseases. Semin. Immunol. 40, 17–35. doi:
10.1016/j.smim.2018.09.003
Gammack, J. K., and Morley, J. E. (2004). Anti-aging medicine--the good, the
bad, and the ugly. Clin. Geriatr. Med. 20, 157–177. doi: 10.1016/j.cger.2004.02.006
Gavrilov, L. A., and Gavrilova, N. S. (2004). The reliability-engineering approach
to the problem of biological aging. Ann. N. Y. Acad. Sci. 1019, 509–512.
doi: 10.1196/annals.1297.094
Gems, D. (2014). What is an anti-aging treatment? Exp. Gerontol. 58, 14–18.
doi: 10.1016/j.exger.2014.07.003
Gems, D. (2015). The aging-disease false dichotomy: understanding senescence
as pathology. Front. Genet. 6:212. doi: 10.3389/fgene.2015.00212
Gregory, D. (2015). The silver tsunami. J. Calif. Dent. Assoc. 43, 349–350.
Gurven, M., Kaplan, H., Winking, J., Rodriguez, D. E., Vasunilashorn, S., Kim,
J. K., et al. (2009). Inflammation and infection do not promote arterial
aging and cardiovascular disease risk factors among lean horticulturalists.
PLoS One 4:e6590. doi: 10.1371/journal.pone.0006590
Halawi, R., Moukhadder, H., and Taher, A. (2017). Anemia in the elderly: a
consequence of aging? Expert. Rev. Hematol. 10, 327–335. doi: 10.1080/
17474086.2017.1285695
Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: the next
generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013
Hansen, M., and Kennedy, B. K. (2016). Does longer lifespan mean longer
healthspan? Trends Cell Biol. 26, 565–568. doi: 10.1016/j.tcb.2016.05.002
Hekimi, S., Lapointe, J., and Wen, Y. (2011). Taking a “good” look at free
radicals in the aging process. Trends Cell Biol. 21, 569–576. doi: 10.1016/j.
tcb.2011.06.008
Johnson, S. C., and Kaeberlein, M. (2016). Rapamycin in aging and disease:
maximizing efficacy while minimizing side effects. Oncotarget 7, 44876–44878.
doi: 10.18632/oncotarget.10381
Justice, J. N., Ferrucci, L., Newman, A. B., Aroda, V. R., Bahnson, J. L., Divers, J.,
et al. (2018a). A framework for selection of blood-based biomarkers for
geroscience-guided clinical trials: report from the TAME biomarkers workgroup.
Geroscience 40, 419–436. doi: 10.1007/s11357-018-0042-y
Justice, J. N., Niedernhofer, L., Robbins, P. D., Aroda, V. R., Espeland, M. A.,
Kritchevsky, S. B., et al. (2018b). Development of clinical trials to extend
healthy lifespan. Cardiovasc. Endocrinol. Metab. 7, 80–83. doi: 10.1097/
XCE.0000000000000159
Kaeberlein, M. (2018). How healthy is the healthspan concept? Geroscience 40,
361–364. doi: 10.1007/s11357-018-0036-9
Kaur, D., Rasane, P., Singh, J., Kaur, S., Kumar, V., Mahato, D. K., et al. (2019).
Nutritional Interventions for Elderly and Considerations for the
Development of Geriatric Foods. Curr. Aging Sci. 12, 15–27. doi: 10.2174/
1874609812666190521110548
Kelland, K. (2010). “Is ageing a disease?” in Science news (Reuters). https://
www.reuters.com/news/science
Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel, E. S.,
et al. (2014). Geroscience: linking aging to chronic disease. Cell 159, 709–713.
doi: 10.1016/j.cell.2014.10.039
Khan, K. T., Hemati, K., and Donovan, A. L. (2019). Geriatric physiology and
the frailty syndrome. Anesthesiol. Clin. 37, 453–474. doi: 10.1016/j.
anclin.2019.04.006

10

December 2019 | Volume 10 | Article 1508

Fulop et al.

Are We Ill Because We Age?

Khan, S. S., Singer, B. D., and Vaughan, D. E. (2017). Molecular and physiological
manifestations and measurement of aging in humans. Aging Cell 16, 624–633.
doi: 10.1111/acel.12601
Kirkland, J. L., Tchkonia, T., Zhu, Y., Niedernhofer, L. J., and Robbins, P. D.
(2017). The clinical potential of Senolytic drugs. J. Am. Geriatr. Soc. 65,
2297–2301. doi: 10.1111/jgs.14969
Kirkwood, T. B. L. (2017). Why and how are we living longer? Exp. Physiol.
102, 1067–1074. doi: 10.1113/EP086205
Konopka, A. R., Laurin, J. L., Schoenberg, H. M., Reid, J. J., Castor, W. M.,
Wolff, C. A., et al. (2019). Metformin inhibits mitochondrial adaptations
to aerobic exercise training in older adults. Aging Cell 18:e12880. doi: 10.1111/
acel.12880
Kowald, A., and Kirkwood, T. B. (2015). Evolutionary significance of ageing
in the wild. Exp. Gerontol. 71, 89–94. doi: 10.1016/j.exger.2015.08.006
Kraig, E., Linehan, L. A., Liang, H., Romo, T. Q., Liu, Q., Wu, Y., et al.
(2018). A randomized control trial to establish the feasibility and safety
of rapamycin treatment in an older human cohort: immunological, physical
performance, and cognitive effects. Exp. Gerontol. 105, 53–69. doi: 10.1016/j.
exger.2017.12.026
Lal, H., Cunningham, A. L., and Heineman, T. C. (2015). Adjuvanted herpes
zoster subunit vaccine in older adults. N. Engl. J. Med. 373, 1576–1577.
doi: 10.1056/NEJMc1508392
Larsen, P. D. (2019). Geroscience: the intersection of basic aging biology,
chronic disease, and health. Rehabil. Nurs. 44, 187–188. doi: 10.1097/
RNJ.0000000000000231
Le Bourg, E. (2014). Evolutionary theories of aging can explain why we age.
Interdiscip. Top. Gerontol. 39, 8–23. doi: 10.1159/000358897
Le Page, A., Dupuis, G., Frost, E. H., Larbi, A., Pawelec, G., Witkowski,
J. M., et al. (2018). Role of the peripheral innate immune system in the
development of Alzheimer’s disease. Exp. Gerontol. 107, 59–66. doi: 10.1016/j.
exger.2017.12.019
Li, D., de Glas, N. A., and Hurria, A. (2016). Cancer and aging: general
principles, biology, and geriatric assessment. Clin. Geriatr. Med. 32, 1–15.
doi: 10.1016/j.cger.2015.08.003
Libertini, G. (2015). Non-programmed versus programmed aging paradigm.
Curr. Aging Sci. 8, 56–68. doi: 10.2174/1874609808666150422111623
Lipsky, M. S., and King, M. (2015). Biological theories of aging. Dis. Mon.
61, 460–466. doi: 10.1016/j.disamonth.2015.09.005
Longo, V. D., Antebi, A., Bartke, A., Barzilai, N., Brown-Borg, H. M., Caruso, C.,
et al. (2015). Interventions to slow aging in humans: are we ready? Aging
Cell 14, 497–510. doi: 10.1111/acel.12338
López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G.
(2013). The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.
cell.2013.05.039
Maddox, G. L. (1999). Commentary on the self-reported health symposium.
Res. Aging 21, 501–506.
Malmstrom, T. K., Miller, D. K., and Morley, J. E. (2014). A comparison
of four frailty models. J. Am. Geriatr. Soc. 62, 721–726. doi: 10.1111/
jgs.12735
Masselam, V. S. (2017). Prepare for the surge of the silver tsunami: learning
about working with the aging adult. Psychiatry 80, 413–414. doi: 10.1080/
00332747.2017.1397480
Mattson, M. P., Longo, V. D., and Harvie, M. (2017). Impact of intermittent
fasting on health and disease processes. Ageing Res. Rev. 39, 46–58. doi:
10.1016/j.arr.2016.10.005
Melo Pereira, S., Ribeiro, R., and Logarinho, E. (2019). Approaches towards
longevity: reprogramming, senolysis, and improved mitotic competence as
anti-aging therapies. Int. J. Mol. Sci. 20:E938. doi: 10.3390/ijms20040938
Michel, J. P., Graf, C., and Ecarnot, F. (2019). Individual healthy aging indices,
measurements and scores. Aging Clin. Exp. Res. 31, 1719–1725. doi: 10.1007/
s40520-019-01327-y
Mijnarends, D. M., Schols, J. M., Meijers, J. M., Tan, F. E., Verlaan, S., Luiking,
Y. C., et al. (2015). Instruments to assess sarcopenia and physical frailty in
older people living in a community (care) setting: similarities and discrepancies.
J. Am. Med. Dir. Assoc. 16, 301–308. doi: 10.1016/j.jamda.2014.11.011
Mitchell, G. W. (2014). The silver tsunami. Physician Exec. 40, 34–38.
Mitchell, S. J., Bernier, M., Aon, M. A., Cortassa, S., Kim, E. Y., Fang, E. F.,
et al. (2018). Nicotinamide improves aspects of healthspan, but not lifespan,
in mice. Cell Metab. 27, 667–676.e4. doi: 10.1016/j.cmet.2018.02.001

Frontiers in Physiology | www.frontiersin.org

Mitteldorf, J. (2018). An incipient revolution in the testing of anti-aging strategies.
Biochemistry (Mosc) 83, 1517–1523. doi: 10.1134/S000629791812009X
Moskalev, A., Chernyagina, E., Tsvetkov, V., Fedintsev, A., Shaposhnikov, M.,
Krut’ko, V., et al. (2016). Developing criteria for evaluation of geroprotectors
as a key stage toward translation to the clinic. Aging Cell 15, 407–415. doi:
10.1111/acel.12463
Neubauer, A. B., Schilling, O. K., and Wahl, H. W. (2017). What do we need
at the end of life? Competence, but not autonomy, predicts Intraindividual
fluctuations in subjective well-being in very old age. J. Gerontol. B Psychol.
Sci. Soc. Sci. 72, 425–435. doi: 10.1093/geronb/gbv052
Palliyaguru, D. L., Moats, J. M., Di Germanio, C., Bernier, M., and de Cabo, R.
(2019). Frailty index as a biomarker of lifespan and healthspan: focus on
pharmacological interventions. Mech. Ageing Dev. 180, 42–48. doi: 10.1016/j.
mad.2019.03.005
Park, B., and Lee, Y. J. (2019). Upcoming aging society and Men’s health:
focus on clinical implications of exercise and lifestyle modification. World
J. Mens Health. doi: 10.5534/wjmh.180103
Pavlidis, N., Stanta, G., and Audisio, R. A. (2012). Cancer prevalence and
mortality in centenarians: a systematic review. Crit. Rev. Oncol. Hematol.
83, 145–152. doi: 10.1016/j.critrevonc.2011.09.007
Pawelec, G. (2018). Age and immunity: what is “immunosenescence”? Exp.
Gerontol. 105, 4–9. doi: 10.1016/j.exger.2017.10.024
Poh, T. Y., Mac Aogáin, M., Chan, A. K., Yii, A. C., Yong, V. F., Tiew, P. Y.,
et al. (2017). Understanding COPD-overlap syndromes. Expert Rev. Respir.
Med. 11, 285–298. doi: 10.1080/17476348.2017.1305895
Prüss-Ustün, A., van Deventer, E., Mudu, P., Campbell-Lendrum, D., Vickers, C.,
Ivanov, I., et al. (2019). Environmental risks and non-communicable diseases.
BMJ 364:kl265. doi: 10.1136/bmj.l265
Rattan, S. I. (2004). Aging, anti-aging, and hormesis. Mech. Ageing Dev. 125,
285–289. doi: 10.1016/j.mad.2004.01.006
Rattan, S. I. (2014). Aging is not a disease: implications for intervention. Aging
Dis. 5, 196–202. doi: 10.14336/AD.2014.0500196
Rattan, S. I. (2015). Biology of ageing: principles, challenges and perspectives.
Romanian J. Morphol. Embryol. 56, 1251–1253.
Reichard, M. (2017). Evolutionary perspectives on ageing. Semin. Cell Dev.
Biol. 70, 99–107. doi: 10.1016/j.semcdb.2017.05.013
Riera, C. E., and Dillin, A. (2015). Can aging be ‘drugged’? Nat. Med. 21,
1400–1405. doi: 10.1038/nm.4005
Rockwood, K. (2016). Conceptual models of frailty: accumulation of deficits.
Can. J. Cardiol. 32, 1046–1050. doi: 10.1016/j.cjca.2016.03.020
Rockwood, K., Hogan, D. B., and Macknight, C. (2000). Conceptualisation and
measurement of frailty in elderly people. Drugs Aging 17, 295–302. doi:
10.2165/00002512-200017040-00005
Rodriguez-Mañas, L., and Fried, L. P. (2015). Frailty in the clinical scenario.
Lancet 385, e7–e9. doi: 10.1016/S0140-6736(14)61595-6
Rose, M. R., Flatt, T., Graves, J. L., Greer, L. F., Martinez, D. E., Matos, M.,
et al. (2012). What is aging? Front. Genet. 3:134. doi: 10.3389/
fgene.2012.00134
Ross, R. (1999). Atherosclerosis - an inflammatory disease. N. Engl. J. Med.
340, 115–126. doi: 10.1056/NEJM199901143400207
Rothman, K. J., Greenland, S., and Lash, T. L. (2008). Modern epidemiology.
3rd Edn. Philadelphia, PA: Lippinicott, Williams, and Wilkins.
Rotman, D. (2019). Don’t fear the coming “Gray Tsunam”. MIT Technology Review.
Rubino, G., Bulati, M., Aiello, A., Aprile, S., Gambino, C. M., Gervasi, F.,
et al. (2019). Sicilian centenarian offspring are more resistant to immune
ageing. Aging Clin. Exp. Res. 31, 125–133. doi: 10.1007/s40520-018-0936-7
Saint Martin, M., Sforza, E., Barthélémy, J. C., Roche, F., Lefèvre, P., Liénard, G.,
et al. (2017). Long-lasting active lifestyle and successful cognitive aging in
a healthy elderly population: the PROOF cohort. Rev. Neurol. 173, 637–644.
doi: 10.1016/j.neurol.2017.05.009
Salvioli, S., Capri, M., Bucci, L., Lanni, C., Racchi, M., Uberti, D., et al. (2009).
Why do centenarians escape or postpone cancer? The role of IGF-1,
inflammation and p53. Cancer Immunol. Immunother. 58, 1909–1917. doi:
10.1007/s00262-008-0639-6
Schaible, R., Scheuerlein, A., Dańko, M. J., Gampe, J., Martínez, D. E., and
Vaupel, J. W. (2015). Constant mortality and fertility over age in hydra.
Proc. Natl. Acad. Sci. USA 112, 15701–15706. doi: 10.1073/pnas.1521002112
Schroots, J. J., and Birren, J. E. (1988). The nature of time: implications for
research on aging. Compr. Gerontol. C 2, 1–29.

11

December 2019 | Volume 10 | Article 1508

Fulop et al.

Are We Ill Because We Age?

Scully, J. L. (2004). What is a disease? EMBO Rep. 5, 650–653. doi: 10.1038/
sj.embor.7400195
Sharma, R., and Padwad, Y. (2019). In search of nutritional anti-aging targets:
TOR inhibitors, SASP modulators, and BCL-2 family suppressors. Nutrition
65, 33–38. doi: 10.1016/j.nut.2019.01.020
Sierra, F. (2016a). Moving geroscience into uncharted waters. J. Gerontol. A
Biol. Sci. Med. Sci. 71, 1385–1387. doi: 10.1093/gerona/glw087
Sierra, F. (2016b). The emergence of geroscience as an interdisciplinary approach
to the enhancement of health span and life span. Cold Spring Harb. Perspect.
Med. 6:a025163. doi: 10.1101/cshperspect.a025163
Sobamowo, H., and Prabhakar, S. S. (2017). The kidney in aging: physiological
changes and pathological implications. Prog. Mol. Biol. Transl. Sci. 146,
303–340. doi: 10.1016/bs.pmbts.2016.12.018
Sonntag, W. E., and Ungvari, Z. (2016). GeroScience: understanding the interaction
of processes of aging and chronic diseases. Age 38, 377–378. doi: 10.1007/
s11357-016-9953-7
Stambler, I. (2017). Recognizing degenerative aging as a treatable medical
condition: methodology and policy. Aging Dis. 8, 583–589. doi: 10.14336/
AD.2017.0130
Strehler, B. L. (1985). Aging: a challenge to science, society, and the individual.
Clin. Geriatr. Med. 1, 5–13. doi: 10.1016/S0749-0690(18)30956-X
Strehler, B. L., and Mildvan, A. S. (1960). General theory of mortality and
aging. Science 132, 14–21. doi: 10.1126/science.132.3418.14
Sweet-Cordero, E. A., and Biegel, J. A. (2019). The genomic landscape of
pediatric cancers: implications for diagnosis and treatment. Science 363,
1170–1175. doi: 10.1126/science.aaw3535
Taub, A. F., and Pham, K. (2018). Stem cells in dermatology and anti-aging
care of the skin. Facial Plast. Surg. Clin. North Am. 26, 425–437. doi:
10.1016/j.fsc.2018.06.004
The World Health Report (2002). Reducing risks, promoting healthy life. Geneva:
WHO.
Theou, O., Brothers, T. D., Mitnitski, A., and Rockwood, K. (2013). Operationalization
of frailty using eight commonly used scales and comparison of their ability
to predict all-cause mortality. J. Am. Geriatr. Soc. 61, 1537–1551. doi: 10.1111/
jgs.12420
Vaiserman, A. M., Lushchak, O. V., and Koliada, A. K. (2016). Anti-aging
pharmacology: promises and pitfalls. Ageing Res. Rev. 31, 9–35. doi: 10.1016/j.
arr.2016.08.004
Walston, J., Bandeen-Roche, K., Buta, B., Bergman, H., Gill, T. M., Morley,
J. E., et al. (2019). Moving frailty toward clinical practice: NIA intramural
frailty science symposium summary. J. Am. Geriatr. Soc. 67, 1559–1564.
doi: 10.1111/jgs.15928
Wang, Y., and Hekimi, S. (2015). Mitochondrial dysfunction and longevity in
animals: untangling the knot. Science 350, 1204–1207. doi: 10.1126/science.
aac4357
Webber, B. J., Seguin, P. G., Burnett, D. G., Clark, L. L., and Otto, J. L. (2012).
Prevalence of and risk factors for autopsy-determined atherosclerosis among

Frontiers in Physiology | www.frontiersin.org

US service members, 2001-2011. JAMA 308, 2577–2583. doi: 10.1001/
jama.2012.70830
Weiss, D. (2018). On the inevitability of aging: essentialist beliefs moderate
the impact of negative age stereotypes on older adults’ memory performance
and physiological reactivity. J. Gerontol. B Psychol. Sci. Soc. Sci. 73, 925–933.
doi: 10.1093/geronb/gbw087
WHO Global Report (2005). Preventing chronic diseases: A vital investment.
Geneva: WHO.
Williams, P. D., and Day, T. (2003). Antagonistic pleiotropy, mortality source
interactions, and the evolutionary theory of senescence. Evolution 57, 1478–1488.
doi: 10.1111/j.0014-3820.2003.tb00356.x
Witkowski, J. M., Mikosik, A., Bryl, E., and Fulop, T. (2018). Proteodynamics
in aging human T cells - the need for its comprehensive study to understand
the fine regulation of T lymphocyte functions. Exp. Gerontol. 107, 161–168.
doi: 10.1016/j.exger.2017.10.009
Yabluchanskiy, A., Ungvari, Z., Csiszar, A., and Tarantini, S. (2018). Advances
and challenges in geroscience research: an update. Physiol. Int. 105, 298–308.
doi: 10.1556/2060.105.2018.4.32
Yoshimitsu, K., Tabira, T., Kubota, M., Ikeda, Y., Inoue, K., and Akasaki, Y.
(2017). Factors affecting the self-rated health of elderly individuals living
alone: a cross-sectional study. BMC. Res. Notes 10:512. doi: 10.1186/
s13104-017-2836-x
Zhang, B., Lam, E. W., and Sun, Y. (2019). Senescent cells: a new Achilles’
heel to exploit for cancer medicine? Aging Cell 18:e12875. doi: 10.1111/
acel.12875
Zhavoronkov, A., and Bhullar, B. (2015). Classifying aging as a disease in the
context of ICD-11. Front. Genet. 6:326. doi: 10.3389/fgene.2015.00326
Zhong, X., Lu, Y., Gao, Q., Nyunt, M. S. Z., Fulop, T., Monterola, C. P., et al.
(2019). Estimating biological age in the Singapore longitudinal aging study.
J. Gerontol. A Biol. Sci. Med. Sci. pii: glz146. doi: 10.1093/gerona/glz146
Conflict of Interest: AC is the founder and Chief Scientific Officer at Oken.
The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential
conflict of interest.
The handling editor is currently organizing a Research Topic with AL, and
confirms the absence of any other collaboration.
Copyright © 2019 Fulop, Larbi, Khalil, Cohen and Witkowski. This is an openaccess article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

12

December 2019 | Volume 10 | Article 1508

