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Abstract

Mammalian aging is complex and incompletely understood. While significant effort has been
spent addressing the genetics or, more recently, the pharmacology of aging, the toxicology of
aging has been relatively understudied. Just as an understanding of “carcinogens' has proven
critical to modern cancer biology, an understanding of environmental toxicants that accelerate
aging ("gerontogens') will inform gerontology. In this review, we discuss the evidence for the
existence of mammalian gerontogens, as well as describe biomarkers needed to measure the age-
promoting activity of a given toxicant. We focus on the effects of putative gerontogens on the in
vivo accumulation of senescent cells, a characteristic feature of aging that plays a causal role in
some age-associated phenotypes.
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How do toxicants affect the molecular aging phenotype?

Aging is a complex process reflecting the interplay of genetic and environmental factors. In
humans, this intricacy underlies a considerable heterogeneity in the pace of physiological
aging: while one disease-free 75 year old may play singles tennis and volunteer at pre-
school, another may require a walker and be dependent for self-care. A critical need in
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gerontologic research is an understanding of how host genetics and environmental exposures
interact over the organismal lifespan to produce common phenotypes of aging such as
increased risk to certain diseases, loss of regenerative capacity and frailty (see Glossary).

To address this need, there has been significant effort to use classical genetic analyses to
study aging across species. In C. elegans, S. cerevisiae, and Drosophila, a large number of
genes have been identified through unbiased approaches which modulate lifespan through an
effect on insulin growth factor 1 (IGF-1)/Insulin signaling and metabolism [1-5]. These
studies have been supported by analyses of genetically engineered mice as well as studies of
human progerias, also identifying genes and pathways reproducibly associated with lifespan
in mammals [6]. Recent human genome-wide association studies (GWAS) focused on age-
associated phenotypes have also proven informative regarding human aging [7, 8].

In addition to these genetic results, more recently, informative studies of pharmacologic
agents suggest number of compounds affect mammalian aging. Unlike toxicology,
pharmacology studies the effect of compounds intentionally given for a treatment purpose,
and in the modern era, such agents usually engage a known “target' molecule. The NIA
Interventions Testing Program has begun to serially test compounds to examine their effect
on the lifespan of both male and female mice. Such efforts have clearly defined a role for
metabolic regulators, such as metformin and rapamycin [9, 10], in the modulation of
mammalian lifespan or aging. While these genetic and pharmacologic approaches have
made unquestioned contributions to the study of aging, toxicology, the study of unintended
exposures to toxicants, has been under-utilized for this purpose.

The concept of a “carcinogen”, environmental toxicants that promote cancer, has been a
critical component to modern cancer biology. For example, the observation by Sir Percival
Pott that chimney sweeps in London exhibited an increased risk of scrotal cancer provided
the foundation for cancer epidemiology [11]. Additionally, work showing that tobacco
exposure significantly increases the risk of lung cancer led to the identification and
characterization of numerous carcinogens in tobacco smoke [12]. The appreciation that
environmental agents can play an important causal role in carcinogenesis has led to an
advanced set of carcinogenicity assays, both in vitro and in vivo, to assess the cancer
promoting potential of any new compounds or chemicals released into the environment.
While an understanding of the nature of carcinogens is highly sophisticated, our
understanding of how toxicants may promote aging is nascent.

The concept that environmental exposures can promote aging is not new. For example, Tom
Perls noted that the rate of physiological aging is determined largely (50-75%) by non-
genetic factors [13]. Moreover, George Martin reasoned that there must be environmental
agents that accelerate the rate of molecular aging, and coined the term “gerontogen” for such
age-promoting toxicants. He presciently suggested that tobacco smoke might represent a
gerontogen, based on its ability to promote disparate age-associated conditions (e.g. cancer,
atherosclerosis, emphysema and pulmonary fibrosis) [14]. According to this theory,
differential exposure to largely unknown gerontogens explains much of the non-genetic
variation in the rates of human physiological aging.
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There has been some work to address the toxicology of aging, with the bulk of this effort
focused on DNA damaging agents. This focus has been reasonable given evidence
suggesting that DNA damage modulates mammalian aging, although the precise mechanistic
link between DNA damage and aging remains unclear [15, 16]. Likewise, there are well-
recognized in vitro assays for the DNA damage response (e.g. phospho-H2AX,
quantification of specific DNA adducts) and mutagenic potential (e.g. Ames mutagenesis
test), but it is not known how to use these results in the context of aging. The approach of
serially testing compounds in rodents long-term and then phenotyping for aging has not been
widely employed, given that the design and interpretation of such experiments is challenging
[17]. The limited amount of prior work in this area brings into sharp relief the fact that the
identification of gerontogens has been hampered by a lack of good biomarkers for molecular
age (not due to lack of effort), which in turn reflects an incomplete understanding of the
basic science mammalian aging.

In this review, we will summarize efforts in mammals to understand how environmental
exposures accelerate or retard aging. The concept of biomarkers features prominently in this
discussion, as a means to measure various aspects of aging is critical to this line of research.
We will discuss how a new biological understanding, particularly the role of cellular
senescence in aging, has facilitated the development of aging biomarkers. These methods
will translate to human studies aiming to define how unintended environmental exposures
contribute to the pace of human aging.

Aging, senescence, and p16!Nk4a

No single molecular pathogenic pathway accounts for all aspects of aging. Several lines of
evidence, however, suggest that activation of p16'NK4a expression and/or cellular senescence
are important contributors to some age-associated conditions. Of relevance to this review,
the accumulation of cells with characteristics of senescence in vivo is now measurable,
providing a means to determine if a noxious exposure accelerates these aspects of aging
mediated by senescence. It is almost certainly true that there are gerontogens that do not
influence senescence, and therefore focusing solely on senescence necessarily provides an
incomplete view of the toxicology of aging. Many of the concepts described in this review,
however, will be relevant to this sort of senescence-independent gerontogen, as biomarkers
for these processes are described.

Cellular senescence, described in the 1960's by Hayflick and colleagues, represents a
permanent form of cellular proliferative arrest thought to be important in tumor suppression
[18]. There are many factors that cause senescence in vitro including telomere shortening
[19, 20], induction of oncogenes [21, 22], oxidative stress [19], DNA damage [23, 24], and
epigenetic alterations [25], but the importance of these with regard to senescence induction
in vivo has not been clearly defined. Senescent cells are characterized by phenotypic
changes; for example increased expression of -galactosidase (B -gal) activity and the
elaboration of many pro-inflammatory cytokines (e.g. interleukin 6 (IL6), IL8, macrophage
inflammatory protein 1 (MIP1), vascular endothelial growth factor 1 (VEGF1)) comprising
the senescence-associated secretory phenotype (SASP) (Figure 1). Although initially viewed
as an invitro artifact, recent work suggests that senescence occurs in vivo in response to
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certain insults, and that senescent cells accumulate with aging, although unequivocal
resolution of this issue has proven troublesome due to the limited nature of in vivo markers
of senescence.

Recent work in mice and humans, in particular, has suggested that expression of the
INK4a/ARF (or CDKN2a) locus is intimately associated with senescence and aging. This
locus, which encodes p16/NK4a js generally repressed in normal adult tissues, but in the
presence of certain cellular stresses, expression is potently induced. Expression of p16/NK4a
inhibits the activity of proliferative cyclin dependent kinases 4 and 6, which in turn activates
retinoblastoma (RB) family proteins to inhibit cell cycle progression, inducing a
proliferation arrest at the G1 to S boundary. Importantly, even in cell types where sustained
growth arrest is induced by other pathways (e.g. p53), the prolonged expression of p16!/NK4a
is observed in almost all senescent cells. Silencing of the locus requires the coordinated and
persistent activity of the Polycomb group complexes (PcG), which covalently modify
histone tails to place repressive marks (H3K27 and H2AK119) at the INK4a/ARF locus
(Figure 2). Expression of the INK4a/ARF locus requires loss of this silencing, and is also
associated with binding of transactivating transcription factors [26, 27]. However, it is not
known how the myriad of cellular stresses that activate the INK4a/ARF locus function with
regard to binding of transcription factors or loss of PcG silencing. Moreover, it is uncertain
what triggers the transition from a quiescent (transient growth arrest) to senescent state
(permanent growth arrest), although it is clear this requires a prolonged growth arrest
(greater than 5 days) as well as signaling independent of the INK4a/ARF locus [28].
Importantly, expression of p16/NK4a js not a perfect marker of senescence: expression in
non-senescent cells is well-described [29], as is senescence occurring independently of
p16'NK42 expression [19, 30].

Substantial research supports the model that INK4a/ARF activation is associated with
organismal aging and plays a causal role in the process. Firstly, expression of p16/NK4a as
well as other senescence markers, accumulates with aging [31-33] and this rate of
accumulation is modulated by age-modifying stimuli such as caloric restriction [31] and
smoking [32, 34]. Murine genetic studies have indicated that expression of p16'NK4a plays a
causal role in the age-associated decline of replicative function in several tissues including
neural stem cells [35], hematopoietic progenitors [36], lymphocytes [32, 37], muscle stem
cells [38] and pancreatic B-cells [39]. Pharmacologic and genetic approaches to decrease the
number of p16'NK4a_expressing cells in vivo can lessen age-associated phenotypes such as
sarcopenia and hypo-replication of T-lymphocytes and pancreatic p-cells [33, 40, 41]. For
example, elimination of p16'NK4a_positive cells rescues some aspects of the aging phenotype
in a progeroid strain of mice [42]. Finally, studies of a few million humans in GWAS have
compellingly linked regulators of senescence (e.g. INK4a/ARF and Telomerase reverse
transcriptase) to a variety of age-associated diseases such as cancer, atherosclerosis, type 2
diabetes mellitus, and glaucoma (reviewed in [7]). In aggregate, these results from disparate
genetic systems suggest that expression of p16/NK4a contributes to the manifestations of
human aging, possibly through the promotion of senescence in vivo.

The activation of senescence is currently believed to contribute to mammalian aging through
at least two mechanisms. First, formerly proliferative cells that activate high-level
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expression of anti-proliferative proteins like p16'NK4a cannot further divide. This loss of
replicative capacity in somatic self-renewing compartments leads to impaired homeostasis
and loss of regenerative capacity [43]. A second mechanism whereby senescence may
promote aspects of aging is through the elaboration of effector molecules associated with the
SASP. SASP cytokines are generally pro-inflammatory, and have been suggested to promote
some characteristics of aging such chronic inflammation and augmented tumorigenesis [44].
It is likely both processes contribute to aspects of mammalian aging, although the relative
contributions of replicative "Loss-of-Function' versus SASP “Gain-of-Function' in specific
aging tissues are largely unknown.

Measuring aging and senescence

While it is clear that certain environmental exposures (e.g. cigarette smoke, UV light) can
lead to well-defined pathologies (lung and skin cancer), the relationship of such disease-
promoting toxicants to aging is not known. For example, cigarette smoking causes
emphysema, but it is uncertain if the pathogenesis of emphysema has molecular similarities
to pulmonary aging (i.e. smoking is “gerontogenic'), or if it reflects a parochial process
specific to tobacco-induced lung injury. One means to address this question would be to
have molecular biomarkers to assess aspects of physiological aging.

In general, there are a few properties of aging biomarkers to be considered for the purpose of
measuring gerontogenicity. First, such a marker should be related to aging in several organs,
and should not be tissue or disease specific. For example, an age-dependent increase in -
amyloid in the brain is strongly correlated with Alzheimer's disease and likely plays a causal
role in the process [45, 46], but does not appear to be a good biomarker of aging in other
tissues. Accumulation of dolichol, an essential alcohol for glycoprotein biosynthesis, in the
liver is a similar tissue-specific example [47, 48]. While these biomarkers might be of great
value for predicting certain tissue-specific disease states, they would not be generally useful
as aging biomarkers.

An even more important and more limiting criterion is the need for the biomarker to play a
causal role in aging. That is, there are a tremendous number of cytokines, protein
aggregates, epigenetic marks and RNA transcripts whose abundance changes with aging,
some in a very dynamic way. To be a good marker of physiologic age, however, the change
in marker abundance should causally contribute to phenotypes of aging. For example,
certain markers might merely reflect the passage of time, and therefore would be expected to
correlate very strongly with chronologic age. While such a marker might be useful in a
forensic setting (e.g. to identify the age of an unidentified corpse), such a test would not be
more useful than chronological age as a marker of aging physiology. Likewise, a biomarker
might correlate with a specific cellular process; for example the way telomere length
correlates with prior replicative history of a self-renewing cell. Such a marker might be a
good predictor of physiologic age in some circumstances; for example where one
component (i.e. number for replications) predicts future replicative capacity, but might be
relatively invaluable for other aspects of aging physiology. Given that aging likely reflects
distinct pathologic processes at work in different tissues, it is unlikely that any single
biomarker will fully capture all aspects of physiological age. A subset of a number of
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proposed biomarkers of molecular aging is shown in Table 1, including a summary of their
relative merits and weaknesses.

Given the aforementioned evidence that senescence occurs across many tissues and plays a
causal role in some aspects of aging, there has been particular interest in the measurement of
senescence-associated (SA) events as biomarkers of aging. Some of the markers of cellular
senescence that increase with aging in humans and mice include SA [-galactosidase staining
[49], tissue levels of SASP factors [50, 51], telomere foci [52], and expression of p16/NK4a
[31-33]. Although each of these markers is related to senescence, they have been of varying
utility in vivo. Historically, SA-B-galactosidase staining has been one of the most useful
ways to measure senescence in cultured cells. In vitro, this marker is very consistent, but the
in vivo interpretation of this assay has proven difficult as specific tissues vary tremendously
in their expression of this enzymatic activity. In humans, decreased leukocyte telomere
length (LTL) is inversely correlated with chronological age in a variety of studies (e.g. [53,
541). Undoubtedly, telomere shortening occurs with aging and is accelerated with replicative
stress, but its utility as a biomarker has been questioned [55]. For example, dramatic
physiologic changes of bone marrow stem cells occur with aging and are associated with
age-induced hematopoietic dysfunction, but these changes do not generally correlate with
LTL in hematopoietic elements [56, 57]. Second, while telomere length decreases with
aging in population-based studies, LTL varies substantially among individuals of the same
age, and the absolute change is relatively small over an organism's lifespan [55, 58, 59].
Lastly, methods for determining LTL are difficult and expensive, making it less appealing as
a high throughput biomarker. Levels of IL-6 and other SA-cytokines correlate with aging.
Although the SASP in aggregate may represent a very important contributor to aging
physiology, the data for a pronounced role of any specific SASP component playing a causal
role in aging are not strong. Additionally most of these SA-cytokines are acute phase
reactants that exhibit a marked change in expression in response to viral infection and other
inter-current illness unrelated to aging. Therefore, these SA-cytokines have shown very
limited utility as aging biomarkers.

Two more recent markers, p16/NK42 expression and changes in DNA methylation, have
shown some promise in human studies. Expression of p16'NK42 has been widely used in vivo
as a marker of senescence in humans and rodents. This approach has some advantages:
p16!NK4a expression changes more than 10-fold with aging, strongly correlates with
chronological age, appears to play a causal role in some age-related phenotypes and is
intimately linked with senescence. Expression can be measured by RT-PCR or IHC in
multiple tissues where senescent cells are thought to accumulate with aging, with reports of
utility in several human tissues including kidney [60, 61], skin [62, 63], and peripheral blood
T-lymphocytes [32, 51, 64]. IHC testing of p16'NK42 js non-quantitative and can show age-
independent staining (e.g. in the setting of neoplasia). The major limitation of the
quantitative RT-PCR assay is the need for good quality RNA from homogenous cells. For
example, measurement in RNA from whole blood has been unreliable, and informative
analyses of this tissue have generally required isolation of peripheral blood T lymphocytes
[32, 64, 65]. Given the interest in using p16'NK4a expression as an aging biomarker, a rodent
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model for gerontogen testing has recently been described: a p16'NK4a. reporter strain
featuring firefly luciferase knocked-in to the endogenous p16'NK4a promoter [29] (Figure 3).

The role of the epigenome in aging is an exciting new area of aging research, and
correspondingly, measurements of cell epigenetic state, especially DNA methylation, are
being advanced as biomarkers of aging. It has been known for decades that DNA
methylation at many loci changes in cells and specific tissues with aging [66—68]. Recently,
however, a few groups have employed unbiased, genome-wide approaches to identify DNA
methylation signatures of aging reflecting methylation state at many loci throughout the
genome. For example, an arraybased methylation score on blood DNA from 656 patients,
showed a very strong correlation with chronological age (r2>0.9) that persisted in an
independent validation cohort [69]. Other groups have similarly noted diverse changes in
DNA methylation using other unbiased approaches [70-72]. While this technology is still
quite new, these approaches appear to have some advantages including the easy accessibility
to DNA from peripheral blood, possible utility in non-hematopoietic tissues and a strong
correlation with chronological aging. While an arraybased format might be too expensive for
widespread use in large trials, it is likely DNA methylation tests could be adapted to less
costly formats (e.g. qPCR) for more generalized use.

The limitations of this approach are still being determined. For example, the effects of inter-
current illness and certain drugs (e.g. DNA damaging agents, DNA methyltransferase
inhibitors) on DNA methylation in vivo are largely unknown, and could confound the
analysis when used in unselected populations. Perhaps the most significant concern,
however, is the link, if any, between DNA methylation and aging physiology. A skeptic
might argue, for example, that changes in DNA methylation at random loci may occur
sporadically but at a fixed aggregate rate, and therefore “drift' of the epigenome may indicate
little more than the passage of time. Disparate data in fact do suggest that some changes in
DNA methylation with aging are random [73-75]. Therefore, while an excellent marker of
chronological age, such a test would not provide a good measure of physiological age unless
changes in DNA methylation played a causal role in age-related phenotypes. Some promise
along these lines comes from the finding that changes in DNA methylation with aging
strongly correlate with changes in RNA expression of nearby genes [69], and appear to be
associated with specific molecular pathways, for example mitogen activated protein kinase
(MAPK) signaling [76]. Of interest with regard to senescence, altered DNA methylation
occurs with aging at loci that are regulated by PcG member, enhancer of zeste homolog 2
(EZH2) [76], which is known to play a key role in repression of the CDKN2a locus and
maintenance of stem cell self-renewal. Correspondingly, the epigenetic state of
hematopoietic stem cells is a major determinant of the physiological age of these cells in
vivo [77], further supporting a causal relationship between epigenetic modifications and
functional aging. We are unaware of any published efforts to use DNA methylation status to
assess a toxicant's potential gerontogenicity, but expect such studies will be soon
forthcoming.
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Using Biomarkers to Measure Gerontogenic Effect

These new biomarkers have permitted early efforts to identify an exposure's gerontogenic
effect. Gerontogens can be classified into a few broad subtypes. One class of gerontogens
would be environmental agents (such as arsenic, benzenes, etc.) where exposures to humans
are typically inadvertent. This class might also include some non-chemical exposures such
as ionizing radiation or UV light. A second class contains exposures that occur intentionally,
whether it is for enjoyment (e.g. cigarette smoke) or as side-effects of a therapeutic
treatment (e.g. cytotoxic chemotherapy and HIV therapy). Some alterations in dietary intake
or exercise might overlap with this class. Lastly, a third class of potential gerontogen might
be forms of psychological stress. Some evidence suggests that neurochemical changes
induced by chronic stress can affect human physiology in diverse ways, and could plausibly
be gerontogenic.

Incident Toxicants such as Arsenic, Benzenes

Arsenic is a common toxicant found in ground water that has been linked to age-related
phenotypes including skin and bladder cancer, type Il diabetes, neurodegenerative disease
and atherosclerosis [78, 79]. In both rodents and humans, arsenic has been reported to
decrease aspects of DNA repair [80, 81], suggesting a plausible link to senescence and
physiologic aging. Recent work using the p16-YC- reporter allele has shown a modest effect
of arsenic exposure on the rate of p16'NK42 agccumulation in vivo with aging [34]. This effect
might be due to indirect effects on DNA damage repair or direct, as yet poorly understood,
pro-aging effects of arsenic that are DNA damage independent. Compared to other more
direct DNA damaging exposures, the effects of arsenic on senescence markers at the
organismal level are subtle, although more pronounced pro-aging effects in specific tissue
compartments (e.g. pancreatic islets) cannot be excluded by this analysis.

Benzene exposure occurs from tobacco smoke, car exhaust and industrial emissions [82] and
has been linked to age-related cancers (e.g. non-Hodgkin's lymphoma and leukemia [83]).
Benzene exposure may lead to leukocyte telomere shortening [84, 85], suggesting chronic
exposure could promote hematopoietic aging through the accumulation of senescent cells in
vivo, and therefore benzene may be an environmental gerontogen. Many other incidental
exposures (e.g. Polychlorinated Biphenyls (PCBs), lead, nitrosamines, pesticides etc.) have
been related to chronic human diseases, and could be considered candidate gerontogens that
merit further assessment with regard to effects on aging biomarkers. Similar to arsenic, little
is known about the molecular mechanisms leading to the age-related phenotypes.

lonizing Radiation, UV Light

Ultraviolet light leads to age-related pathologies of the skin. There is strong evidence
indicating UV light accelerates photoaging and skin cancer [86, 87], in part through direct
DNA damage (e.g. the formation of pyrimidine dimers [88]). Exposure to ionizing radiation
(IR) occurs in medical, occupational and industrial settings, and produces single and double-
strand DNA breaks that appear to promote cellular and organismal aging. Excess IR
exposure clearly causes a number of cancers, but also is associated with other age-related
pathologies as well as a shortened lifespan [89, 90]. Both types of radiation appear to
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promote molecular aging, causing chronic changes in exposed tissues in the expression of
multiple senescence biomarkers including expression of SASP factors [91, 92], LTL
shortening [24, 93], and induction of p16'NK4a and other senescence-associated tumor
suppressor genes [34, 94]. We believe these toxicological results add to compelling results
from other systems to suggest that chronic DNA damage promotes physiological aging.

Cigarette Smoke

Cigarette smoke contains over 4,000 potential toxicants and a significant smoking history
decreases a human lifespan on average by 7 years [95]. Moreover, exposure to both primary
and secondary smoke is associated with human diseases, including atherosclerosis, cancer
and emphysema [95, 96]. Smoking has also been shown to decrease capillary blood flow,
contributing to the higher rate of facial wrinkling in smokers [97]. Research suggests that
mutagens in cigarette smoke, including formaldehyde, carbon monoxide, and nicotine,
directly promote DNA damage [98, 99] but also have DNA damage-independent toxicities.
In humans, chronic cigarette smoke exposure is associated with increased p16'NK4a
expression and shorter LTL [32, 58, 64, 100, 101]. Moreover, using the serially imaged
p16-YC animal model [34], there is a pronounced and direct effect of cigarette smoke on in
vivo p16'NK4a expression. Of particular interest, the gerontogenic effects of cigarette smoke
were most pronounced in tissues that received the greatest exposure. Consistent with the
known patterns of exposure using this model [102], mice exposed in smoking chambers do
not exhibit a significant induction of senescence markers in the lung, but rather this effect is
largely confined to the nasal cavities and upper airways (Figure 3) [34]. These data, as well
as extensive human epidemiologic results, suggest that cigarette smoking is a potent
gerontogen: likely the most important age-promoting exposure from a public health point of
view.

Cytotoxic Chemotherapy

Since chemotherapy drugs used to treat neoplasms often work through the induction of DNA
damage, it is not surprising that such exposures appear to be gerontogenic. For example,
serial treatments with chemotherapy promote “bone marrow exhaustion’, which is associated
with decreased production of circulating red and white blood cells, an age-associated
phenotype of the bone marrow causes lasting non-hematologic toxicities in cancer survivors;
some are manifest as an acceleration of an aging phenotype including frailty and cognitive
decline [103]. Given the potential for gerontogenic effect of such drugs, combined with the
therapeutic need to use such agents in a curative manner in patients with cancer, recently
there has been significant interest in the oncologic community in the measurement and
quantification of chemotherapy's gerontogenicity. Toward that end, several SA-biomarkers
were measured in patients undergoing treatment with cytotoxic agents for breast cancer. In
conclusion, adjuvant use of anthracyclines and alkylating agents induced a pronounced
acceleration of molecular aging comparable to 10-15 years of chronologic aging as
manifested by increased expression of p16'NK4@ and SA-cytokines [51]. The ability to
measure the age-promoting effects of chemotherapy will be important to routine oncologic
care, allowing clinicians to balance the long-term gerontogenic effects with the intended
therapeutic effects of such agents.
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Obesity, Diet and Exercise

As of 2010, 36% of the U.S adults and 17% of children were considered obese, which has
been suggested to lead to age-related diseases such as cancer, cardiovascular disease, and
diabetes [104-106]. Severe obesity is also associated with increased mortality rates
compared with normal weight [107, 108]. In many experimentally housed species, including
mammals, caloric restriction has been shown to slow aging and result in a longer lifespan
[31, 109]. Therefore, limited caloric intake is generally considered anti-aging, whereas
excess calories might be considered pro-aging. Several studies investigated this issue with
regard to expression of p16/NK4a There was a slower rate of increase in p16/NK4a expression
in most tissues of calorically restricted rodents [31], but found no acceleration in the rate of
p16!NK4a expression in mice on a high fat diet, which induced obesity [34]. While the
finding in calorically restricted animals fits the accepted paradigm, it is unclear why high-fat
diet and diet-induced obesity did not lead to increased p16'NK42 expression, as expected. It is
possible measurement with whole-body luciferase imaging is too insensitive to see altered
expression in specific cellular compartments of physiological importance (e.g. pancreatic
islets or tissue stem cells); or alternatively, perhaps high-fat diet is not as gerontogenic as
might have been expected. Accordingly, no correlation was found between body-mass index
(BMI), a crude measure of obesity, and p16'NK4@ expression in humans [32], and a mildly
increased BMI is not associated with excess mortality in humans [107, 110]. Some work
using telomere length as a biomarker for aging has given different results. For example, a
few human studies have suggested a modest, inverse correlation between a diet high in fat
and processed meats with telomere length [108, 111]. Moreover, telomere length has been
inversely correlated with BMI and hip circumference [108, 111]. It is unclear why different
senescence biomarkers appear to yield different results with regard to the effect of high-fat
diet and obesity on physiological age.

Studying the effect of exercise on aging in humans is also complex. Advanced physiologic
age is clinically manifest as the syndrome of frailty; frailty is in turn characterized by
decreased lean body mass, strength, endurance, balance, walking performance, and low
activity [112]. Given that an end result of aging is a loss of the ability to exercise,
determining any causal relationship between exercise and the pace of aging is difficult.
Using biomarkers of physiologic age prior to the onset of advanced physiologic age allows
an opportunity to evaluate the effect of exercise of aging. That exercise results in a younger
physiologic age as measured by aging biomarkers has been suggested through a variety of
approaches including reduced p16/NK4a expression [32, 113], longer telomere length [113-
116], and reduced senescence associated cytokines [115, 117] among exercisers.

Psychological Stress

Extensive research has suggested that chronic psychological stress may lead to age-related
pathologies such as cardiovascular disease, decreased immunity, and neural degeneration
[118, 119]. For example, children that are raised in stressful environments such as poverty or
abuse exhibit modestly increased rates of vascular and autoimmune disease [120]. Perceived
psychological stress (e.g. from caring for a chronically ill child) has been suggested to lead
to decreased telomerase activity and lower telomere length [121]. While the notion that the
gerontogenic effects of psychological stress can be quantified using aging biomarkers is
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highly exciting, this line of research, however, is still in its infancy and a skeptic would
concede that a gerontogenic activity of psychological stress in humans has not been
established.

Concluding Remarks

In summary, while human aging is complex, we believe the field has made important recent
strides toward a molecular understanding of aging physiology. In particular, recent
observations suggest that chronic cellular stress/damage leads to a loss of tissue replicative
capacity and the promotion of cellular senescence in vivo, thereby causing several age-
induced phenotypes. This senescence model of aging makes several important predictions,
one of which is that the measurement of SA markers (e.g. LTL, p16/NK4a) with aging can
provide a manner to quantify molecular aging. If correct, this understanding suggests that
these biomarkers could be used to explicitly measure the age-promoting effect of complex
gerontogens such as environmental exposures, altered diet and psychological trauma. It is
possible that others measurements of molecular age such as determinations of DNA
methylation may also provide useful biomarkers for this purpose. Just as the concept of a
carcinogen has provided a foundation for cancer biology, the concept of a gerontogen, and
its measurement using appropriate animal models and human biomarkers, will be critical to
a modern understanding of human aging.

GLOSSARY

Ames A biological assay used to test the mutagenic potential of a specific

mutagenesis toxicant using bacteria deficient in histidine synthesis. Toxicant-treated

test bacteria are plated on low histidine plates, with colony formation
evidence of mutation allowing for histidine synthesis. The number of
bacterial colonies is related to the toxicant's mutagenicity.

Biomarker A biological indicator (e.g. expression of a protein or transcript) of a
physiologic process of interest. Generally, optimal biomarkers are
causally associated with the biological process they are intended to
monitor. For example, LDL cholesterol levels are a good biomarker of
atherosclerosis since they play a direct role in its pathogenesis. Fever,
on the other hand, is a poor biomarker of infection, since it plays no
causal role in infection. Measures that reduce LDL cholesterol will
reduce atherosclerosis, whereas anti-pyretics will not treat an infection.

Cellular A phenomenon where replication-competent cells permanently stop

senescence dividing in response to a variety of cellular stresses. Several markers of

senescence are known including expression of the p16'NK4a tumor
suppressor gene and senescence-associated cytokines (see “SASP”).
Generally, senescence is considered distinct from terminal
differentiation in that the former is stochastic and the latter is a
programmed cellular event.

Trends Mol Med. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Sorrentino et al.

Frailty
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Healthspan

Progeria

Quiescence

Sarcopenia

Senescence-
associated
secretory
phenotype
(SASP)
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Figure 1. Some gerontogens may promote cellular senescence
Varied external exposures and noxious stimuli (i.e. gerontogens, yellow/orange) may

promote aging via the induction of cellular stresses (dark green) that in turn activate the
senescence machinery (i.e. p53, p16'NK4a and other anti-proliferative checkpoints).
Senescent cells may express some a combination of the indicated biomarkers (e.g.
senescence-associated cytokines, short telomeres, p16/NK4a expression) allowing for their in
vivo detection and quantification. Importantly, it is also likely that some gerontogens
promote aging in a senescence-independent manner. Abbreviations: UV, ultraviolet light; -
gal stain, B-galactosidase stain; SA, senescence associated; IFN-v, interferon v; IL-1a,
interleukin 1a; IL-6, interleukin 6; VEGF, Vascular endothelial growth factor; IL-8,
interleukin 8; GROa, growth-related oncogene a
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Figure 2. Schematic showing regulation of the INK4a/ARF (CDKN2a) locus
Repression of the locus in healthy, self-renewing cells is mediated by the histone-modifying

activities of the PRC1 (protein regulator of cytokinesis 1, orange) and PRC2 (protein
regulator of cytokinesis 1, green) Polycomb Group complexes. The PRC1 complex contains
BMI1 (B Lymphoma Mo-MLYV Insertion Region 1) and ubiquitinates lysine 119 of histone 3
(H3K119), whereas the PRC2 complex, containing EZH2 (enhancer of zeste homolog 2),
catalyzes tri-methylation of lysine 27 of histone 3 (H3K27). Both activities promote durable
and heritable locus silencing. Activation in response to certain cellular stresses is thought to
promote senescence lead to locus de-repression, likely in part through inhibition of PRC1/2
as well as activation of H3 lysine demethylases and deubiquitinases. Abbreviations: PRC1,
protein regulator of cytokinesis 1; PCR2, protein regulator of cytokinesis 1; INK4, inhibitor
of cyclin-dependent kinase 4; ARF, alternate reading frame.
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Figure 3. A murine senescence reporter strain for gerontogenicity
The recently published p16-YC allele featuring firefly luciferase “knocked in' to the p16/NK4a

promoter [29] was used to serially measure p16'NK4a expression in vivo with normal
chronological aging (A) or after chronic exposure to cigarette smoke (B). In A, mouse age
increases from left to right at ~15 week intervals from 18 to 96 weeks of age. In B, mice of
the indicated genotypes are all of the same age with or without chronic (8 months) tobacco
exposure [34]. Consistent with the fact the pulmonary exposure to tobacco smoke is poor
using chamber inhalation models; note that the gerontogenic effects of cigarette smoking are
anatomically localized to the nasal cavities and upper airways.
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Measurable aging biomarkers for mice and humans
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Biomarker

Strengths

Weaknesses

Senescence Associated B-
galactosidase stain

- Highly validated in vitro

- Non-quantitative

- Correlation with chronologic aging is undefined
- High background in certain tissues in vivo

- No causal role in aging

Leukocyte Telomere Length

- Can be assessed on peripheral blood

- Supported by GWAS, murine studies as
having causal role in some aspects of aging
biology

- Inter-individual heterogeneity is high

- Correlation with chronologic aging is low (R2 <0.2)
- High quality assays are complex and costly

- Small dynamic range (~30% change)

11-6, other SA-cytokines

- Easy to measure in serum from peripheral
blood

- Inter-individual heterogeneity is high

- Correlation with chronologic aging is low (R2 <0.1)
- Affected by minor inter-current illness

- Causal role in aging unclear

pP16inkaa MRNA in T-
lymphocytes

- Validated in vitro and in murine models

- Highly dynamic (>10-fold change)

- Chronologic aging R? is high (>0.5)

- Supported by GWAS, murine studies as
having causal role in some aspects of aging
biology

- Requires sorted T cells
- RNA marker

DNA Methylation

- Easy to quantitate
- Can be assessed on DNA from peripheral
blood

- Chronologic aging R? is very high (0.5 to 0.9)

- Role in aging is unclear
- Array cost is expensive, but may be possible to do
in cheaper PCR format

Abbreviations: GWAS, Genome wide association study; 11-6, Interleukin-6; SA, senescence associated.

Trends Mol Med. Author manuscript; available in PMC 2015 July 01.



