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Abstract

The first clinical trial aimed at targeting fundamental processes of aging will soon be launched
(TAME: Targeting Aging with Metformin). In its wake is a robust pipeline of therapeutic
interventions that have been demonstrated to extend lifespan or healthspan of preclinical models,
including rapalogs, antioxidants, anti-inflammatory agents, and senolytics. This ensures that if the
TAME trial is successful, numerous additional clinical trials are apt to follow. But a significant
impediment to these trials remains the question of what endpoints should be measured? The
design of the TAME trial very cleverly skirts around this based on the fact that there are decades of
data on metformin in humans, providing unequaled clarity of what endpoints are most likely to
yield a positive outcome. But for a new chemical entity, knowing what endpoints to measure
remains a formidable challenge. For economy's sake, and to achieve results in a reasonable time
frame, surrogate markers of lifespan and healthy aging are desperately needed. This review
provides a comprehensive analysis of molecular endpoints that are currently being used as indices
of age-related phenomena (e.g., morbidity, frailty, mortality) and proposes an approach for
validating and prioritizing these endpoints.

INTRODUCTION

Molecular pathology can be defined as the study and diagnosis of disease through the
examination of molecules within organs, tissues, or bodily fluids. The Geropathology

Research Network established a Molecular Pathology Working Group to help define sets of

sentinel biomarkers that could be incorporated into preclinical and clinical aging

intervention studies to increase the relevance, productivity, efficiency, and economy of these

studies. The group recently met at the Geropathology Research Network Symposium in
Seattle, Washington with the goals of i) developing a plan to increase the consistency of

communicating molecular pathology endpoints in preclinical animal models of aging (mice)

and ii) to identify surrogate markers of lifespan, healthspan, and frailty, which could
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significantly shorten interventional studies and make the translation of preclinical
interventions targeting fundamental aging processes into humans feasible. The group will
interact closely with two other working groups of the Geropathology Research Network.
First, Molecular Pathology will work with the Anatomical Pathology Working Group in
order to identify molecular endpoints that correspond with the histological grade of age-
related lesions. Second, working with the Translational Working Group, it will be important
to ensure that the molecular endpoints selected are translatable (e.g., measured in a tissue or
fluid readily accessed in humans).

There are numerous challenges to implementing the goals of the Molecular Pathology
Working Group. First, there is currently no consensus about what is the best outcome to
measure when trying to evaluate a new intervention that targets basic aging mechanisms.
Options include measuring the impact of a therapeutic on lifespan, frailty, age-at onset, or
severity of an age-related disease or handful of diseases, or healthspan, defined as the period
of overall health and function in old age. Second, molecular endpoints are by their nature
almost exclusively specific to the study design. For example, very different molecular
endpoints would be selected to inform about metabolic changes linked to end-of-life,
senescent cell burden linked to frailty, diagnosis or staging of an age-related disease, or
validating the mechanism of a particular intervention. Thus, until the first challenge is met,
achieving consensus on molecular endpoints for aging studies is impossible. Third, there is
no consensus about what causes aging. Should we be measuring changes in reactive oxygen
species, DNA damage, mitochondrial function, or autophagic flux? Fourth, there is a lack of
data about “translatability”. For example, if a therapeutic that targets aging processes
reduces the burden of senescent cells in mice, will it do so in humans? And if so, how will
we measure that? There is no lack of molecular endpoints that could potentially be tested
and implemented, but lacking a unifying mechanism of aging and study design for
intervention testing, the real challenge comes in prioritizing which molecular endpoints to
pursue and validate.

Nevertheless, the overwhelming value of molecular endpoints for aging studies should drive
progress despite the lack of a clear path forward. Molecular endpoints have the potential to:
1) reveal or validate the mechanism of action by which an intervention extends lifespan. For
example, detecting reduced pS6K1 implicates reduced mTORCL activity. This has the
potential to inform about mechanisms of aging; 2) reveal a healthspan extension when no
lifespan extension is seen. For example, if a therapeutic intervention is tested to see if it
extends the lifespan of mice but fails, the inclusion of molecular endpoints might reveal
improved health, for example using calcein labeling to measure bone mineralization. In this
case, molecular endpoints can expand the range of outcomes measured in interventional
testing; 3) help identify some other valuable phenotype or outcome that points to a clinical
application. For example, measuring fasting glucose might reveal preservation of functional
insulin-producing cells, indicating that a particular intervention, while having no effect on
lifespan, might have applications in diabetes; 4) contribute to defining mechanisms of age-
related diseases. For example, if an intervention attenuates senescence-associated secretory
phenotype (SASP) factors in the blood and delays cognitive decline, it suggests that
senescent cells are a driving force in age-related disease.
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In all likelihood, multiple molecular endpoints will be needed for any one clinical design.
Pharmacokinetic biomarkers are required to demonstrate that a particular therapeutic
intervention is measurable at the desired site of action. For example, a therapeutic aimed at
improving mild cognitive impairment should be detected in the cerebral spinal fluid proving
penetrance of the blood brain barrier. Pharmacodynamic biomarkers are required to provide
direct evidence that a drug elicits a specific pharmacological effect. For example, reduced
phosphorylation of S6K1 supports inhibition of mTOR. Aging biomarkers are required to
determine if fundamental mechanisms of aging are being targeted. For example, reduced p16
expression supports the notion that the burden of senescent cells is reduced. Finally, and
most challenging, surrogate aging biomarkers offer the potential to predict a subject's
outcome (improved function, extended survival, or arrest of age-related disease). For
example, could expression of factors identified in heterochronic parabiosis as being anti-
geronic predict these extended outcomes? Below is a summary of molecular endpoints
currently being used or considered in preclinical aging studies.

It is important to emphasize that the ultimate goal is to identify measures of biological age.
Currently, we have no means to measure biological age. Thus proxy measures of biological
age are used such as chronological age, lifespan, frailty, or senescent cell burden (Figure 1).
We organized this review into sections based on these proxy measures. We summarize
surrogate molecular measures of these proxies that if proven to be a good surrogate would
afford economy in terms of cost and time. Not all molecular endpoints inform about all of
the proxy measures. But perhaps a subset will be surrogate markers for multiple proxies, and
these collectively will help measure biological age.

MOLECULAR ENDPOINTS THAT CORRELATE WITH LIFESPAN

The following biomarkers are increased in multiple examples of lifespan extension. They
offer the potential that, if measured in a setting of intervention testing, they could identify
therapeutics that will (eventually) extend lifespan. The strength of these biomarkers is that
they correlate with lifespan regardless of the method used to elicit lifespan extension.
Furthermore, extension of lifespan is more rigorous an outcome than lifespan shortening. In
each heading, it is indicated how changes in expression were detected.

Increased expression of ATF4 & downstream effectors (MRNA and protein)

ATF4 is a transcription factor that senses deficits in protein translation typically caused by
ER stress or amino acid starvation, and responds by activating a group of genes that promote
amino acid transport and combating oxidative stress (Harding et al., 2003; Su et al., 2009).
ATF4 was first implicated in aging by the observation that lifespan extension in yeast,
caused by nutrient deprivation, reduced TOR activity or mutations in the 60S ribosome,
requires the yeast homologue of ATF4, Gen4 (Steffen et al., 2008). Expression of ATF4 and
several of its target genes are increased in the liver of two long-lived strains of mice, Snell
dwarf and PAPP-A mice (Li and Miller, 2015). Likewise, expression of ATF4 and
downstream effectors is increased in mice in which lifespan has been extended by several
interventions including acarbose, rapamycin, caloric restriction, methionine restriction, or
litter crowding (Li et al., 2014). This provides strong evidence that the stress response

Ageing Res Rev. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Niedernhofer et al. Page 4

transcription factor ATF4 is upregulated when mammalian lifespan is extended by genetic,
dietary manipulation, or even drug interventions.

Increased expression of enzymes involved in xenobiotic metabolism (MRNA)

Gene expression profiling in liver of several long-lived strains of mice (Ames and Snell
dwarf, Ghr'=, and Ghri-1ULiY) revealed strong up-regulation of genes involved in
xenobiotic metabolism (Amador-Noguez et al., 2004; Swindell, 2007). Similarly, xenobiotic
metabolizing enzymes are up-regulated in multiple tissues when murine lifespan is extended
by caloric restriction (Swindell, 2008). Numerous xenobiotic metabolizing enzymes are also
upregulated in response to litter crowding or rapamycin treatment (Steinbaugh et al., 2012).
Thus, like ATF4, increased expression of these xenobiotic metabolizing enzymes
corresponds with lifespan extension whether elicited by genes, diet, or therapeutic
intervention.

Indices of increased immunoproteosome activity (MRNA and protein)

The immunoproteosome is a system of protein degradation that is critical for the turnover of
oxidized, aggregated, or misfolded proteins and regulation of the T cell response to antigens.
Catalytic activity of the proteosome is 50% lower in skeletal muscle of aged compared to
young rats (Ferrington et al., 2005). Across 14 primate species, expression of
immunoproteosome components in dermal fibroblasts significantly correlates with lifespan
(Pickering et al., 2015). Upregulation of immunoproteosome components also occurs in the
liver of long-lived Snell dwarf mice and normal mice in which lifespan extension is induced
by chronic treatment with 17-a—estradiol, nordihydroguaiaretic acid, and rapamycin
(Pickering et al., 2015). Thus, in multiple species, expression of immunoproteosome
components correlates with lifespan extension, including that induced by drug intervention.

Markers of proliferation

Proliferation of cells in vivo declines significantly with age in multiple tissues of mice,
including liver, kidney, and pancreas (Wolf and Pendergrass, 1999). This leads to a decline
in regenerative capacity and the ability to maintain tissue homeostasis (Yun, 2015).
Prolonged caloric restriction attenuates this age-related decline in cell proliferation (Li et al.,
1997; Wolf et al., 1995). Ex vivo, proliferation of fibroblasts isolated from birds correlates
with species lifespan (Harper et al., 2011). Similarly, fibroblasts from long-lived Snell dwarf
mice maintain their proliferative capacity ex vivo longer than fibroblasts from normal mice
(Maynard and Miller, 2006). Collectively, these studies suggest that the capacity of cells to
proliferate correlates with longevity or lifespan extension. This may be at least in part why
inhibition of MTOR extends lifespan, by blocking mitogen signaling and thereby preserving
cell proliferation capacity (Perl, 2015).

Insulin-like growth factor 1 (IGF1) and growth hormone (GH)

Circulating levels of IGF-1 and GH decline with age in humans and rodents (reviewed in
(Sonntag et al., 1999)). Caloric restriction, which extends lifespan in numerous species,
increases GH secretion, but causes a decline in plasma IGF-1 (Sonntag et al., 1999). Genetic
depletion of the growth hormone receptor or IGF-1 extends the lifespan of numerous species
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(Guevara-Aguirre et al., 2011; Laron, 2008) and decreases senescent cell burden (Stout et
al., 2016), while IGF-1 can induce cellular senescence (Tran et al., 2014). Thus suppression
of the GH-IGF-1 axis is thought to be protective in terms of staving off some age-related
pathologies, in particular cancer, but comes at a price contributing to, for example, age-
related loss of skeletal muscle mass and memory, as well as increased risk of cardiovascular
disease (Carlzon et al., 2014; Sharples et al., 2015; Sonntag et al., 2000; Sonntag et al.,
1999). Nevertheless, monitoring plasma IGF-1 levels in individuals before and after
therapeutic intervention may be useful for identifying dietary restriction mimetics that
extend lifespan.

Vascular density

Cerebral blood flow and vascular density decline with age in mammals (Lynch et al., 1999).
In rats and mice, caloric restriction, which extends lifespan, improves vascular function in
the brain (Guo et al., 2015; Lin et al., 2015; Lynch et al., 1999). This is accompanied by
improved long-term memory (Guo et al., 2015). Thus immunostaining for endothelial cell
markers that highlight preservation of vascular density might be used as a surrogate marker
to identify drugs that extend lifespan.

Stress response genes

Genetic studies have revealed numerous genes that when overexpressed extend lifespan of a
variety of species. These gene products are therefore potential surrogate markers of lifespan.
For example, sirtuin protein activity is strongly linked to replicative lifespan and age-related
diseases (Longo and Kennedy, 2006). Overexpression of SIRT1 deacetylase in neurons
extends the lifespan of mice (Conti et al., 2015; Longo and Kennedy, 2006), while systemic
overexpression of SIRT6 extends the lifespan of male mice (Kanfi et al., 2012).
Overexpression of the anti-oxidant catalase extends the lifespan of mice (Schriner et al.,
2005). Overexpression of klotho extends life- and healthspan, while genetic depletion causes
accelerated aging (Dubal et al., 2014). Thus increased expression or sustained expression of
any of these proteins might be used to predict lifespan extension.

Serum peptides (proteins)

Serum peptides make ideal potential surrogate aging biomarkers due to ready access and low
risk of sample acquisition. Measurement of 15 peptides in the serum of humans revealed an
association between levels of four of them and healthy aging (centenarians vs. healthy 70-80
year olds) (Sanchis-Gomar et al., 2015). Chemerin (an adipokine), FGF21 (a regulator of
glucose homeostasis), PEDF (angiogenesis), and fetuin-A (calcium phosphate homeostasis)
were significantly lower in serum of centenarians, whereas FGF19 (a regulator of bile acids),
sFIt1 (angiogenesis), and osteoprotegerin (bone metabolism) were significantly higher
(Sanchis-Gomar et al., 2015). In particular, chemerin, FGF19, FGF21, and fetuin-A all
associated with successful aging regardless of sex.
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MOLECULAR ENDPOINTS THAT CORRELATE WITH CHRONOLOGICAL
AGE

The following biomarkers are associated with advanced age. They offer the potential that, if
measured in a setting of intervention testing, they could identify therapeutics that slow aging
processes or extend youthfulness.

Urinary albumin/creatinine ratio

Biomarkers that can be measured in urine are highly translatable. The urinary albumin/
creatinine ratio (ACR) is an indicator of kidney damage, which can arise as a consequence
of numerous age-related diseases, including cardiovascular disease and diabetes (Levey and
Coresh, 2012). ACR is a diagnostic criterion for chronic kidney disease, for which aging is a
key risk factor. ACR increases with age in mice (Tsaih et al., 2010). Thus ACR could be
used as a biomarker to determine if an intervention slows aging processes or the progression
of multiple age-related diseases.

Indices of anemia

Anemia is common in aged humans and is associated with increased morbidity and
mortality. Hemoglobin, hematocrit, and red blood cell count are significantly lower in aged
C57BI/6 mice compared to adult mice (28 vs. 6 mth) (Guo et al., 2014). Erythropoietin (epo)
is significantly elevated, illustrating resistance to this hormone (Guo et al., 2014). Measuring
Hgb, Hct, RBC, and/or epo could be used as a biomarker to determine if an intervention
slows or prevents an age-related condition of uncertain etiology but significant functional
impact.

Markers of cellular senescence

p16!NK4a js one of several molecular markers of senescent cells (see below). Genetic or
pharmacological depletion of p16* cells in mice delays age-related dysfunction (Baker et al.,
2016; Baker et al., 2011; Roos et al., 2016; Xu et al., 2015; Zhu et al., 2015a), but this needs
to be verified in a mouse colony in which the control mice do not have short lifespans.
mMRNA levels of p16!'NK4a in peripheral blood T lymphocytes increases exponentially with
chronological age in humans (Liu et al., 2009). Expression of p16 mRNA also increases in
multiple tissues of mice with age (uterus > cecum > kidney > ovary = liver > duodenum) and
this is attenuated with caloric restriction (Krishnamurthy et al., 2004). A second marker of
cellular senescence, enzymatic activity of senescence-associated B-galactosidase, increases
with age in human skin (Dimri et al., 1995) and fat (Tchkonia et al., 2010), rat kidney (Melk
et al., 2003), and mouse kidney (Berkenkamp et al., 2014), heart (Baker et al., 2016), and fat
(Xu et al., 2015) and frequently correlates with p16'NK4a expression. Markers of senescence
are well-established endpoints for testing anti-aging strategies in murine models (Baker et
al., 2016; Baker et al., 2011; Roos et al., 2016; Xu et al., 2015; Zhu et al., 2015a).
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MOLECULAR ENDPOINTS THAT CORRELATE WITH HEALTHSPAN

The following biomarkers are associated with a health dividend. They offer the potential
that, if measured in a setting of intervention testing, could identify therapeutics that extend
the period of health or compress the period of morbidity in old age.

SIRT1 or NF-xB

Genetic studies have revealed several genes that can extend the healthspan of mice while not
affecting median or maximal lifespan. For example, overexpression of SIRT1 improves
glucose tolerance, osteoporosis, wound healing, and gait and delays cancer (Herranz et al.,
2010). SIRT1 overexpression only in adipose tissue delays onset of diabetes (Xu et al.,
2013). Genetic depletion of NF-xB delays hepatic steatosis, glomerulosclerosis,
neurodegeneration, and osteoporosis in a murine model of progeria (Tilstra et al., 2012).
Measuring expression of these or other known molecular targets of healthy aging
interventions (like mTOR) can be used to identify pathways targeted by novel interventions
as well as support claims that healthspan has been extended.

Circulating factors identified by parabiosis

Heterochronic parabiosis experiments have revealed a number of circulating factors that
impact health of aged mice. Activators of Wnt signaling in serum of old animals impair
muscle regeneration (Brack et al., 2007). GDF-11 was identified as a circulating factor that
declines with age (Loffredo et al., 2013). Restoring levels of GDF11 to youthful levels
reversed cardiac myopathy in old mice. However, these data have been questioned (Kaiser,
2015). Circulating levels of oxytocin also decline with age, while administration of the
hormone improves muscle regeneration following cardiotoxin injury (Elabd et al., 2014).
CCL11 was identified as a serum chemokine that increases with aging (Villeda et al., 2011).
Suppression of circulating levels of CCL11 through heterochronic parabiosis or
administration of plasma from young mice improved learning and memory, while
administration of CCL11 caused functional loss. Measuring expression of any of these
factors in serum could potentially provide information about an organism's health or
function.

MOLECULAR ENDPOINTS THAT INFORM ABOUT METABOLISM

There are a number of standard serological tests that are used clinically to evaluate the
metabolic health of patients. These include glucose, triglycerides, cholesterol, IGF-1,
testosterone, follicular stimulating hormone, IGFBP1, adiponectin, and leptin. With age-
related metabolic changes, levels of these molecules change as well (Adamczak et al., 2005;
Rutanen et al., 1993; Sanchez-Rodriguez et al., 2000). Thus measuring a panel of these
endpoints could help identify interventions that maintain a youthful metabolism, for example
caloric restriction (Mattison et al., 2012).

MOLECULAR ENDPOINTS THAT REVEAL OXIDATIVE STRESS

Oxidative stress is implicated in contributing to aging (Ziegler et al., 2015). There are
numerous biomarkers that can be used to detect oxidative stress. Reactive oxygen species
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(ROS) can modify proteins, lipids, or nucleic acids. Thus quantifying protein carbonylation,
lipid hydroperoxides, lipofuscin, and oxidative DNA lesions such as 8-oxodG and
cyclopurine adducts can be used to draw conclusions about the relative level of oxidative
stress. Other indirect measures of oxidative stress include cellular senescence, apoptosis,
antioxidant levels, or expression of stress response genes (HIF1a, NRF2, p53, NF-xB).
These, in combination with direct measures of oxidative damage, can be used to emphasize
the pathological consequences of increased ROS.

MOLECULAR ENDPOINTS THAT DETECT SENESCENT CELLS

Senescence is a cell fate triggered by DNA damage, oncogenic stress, telomere shortening,
and altered mitochondrial function (van Deursen, 2014; Ziegler et al., 2015). Senescent cells
accumulate with age in a variety of mouse (Zhu et al., 2015a), primate (Jeyapalan et al.,
2007), and human (Dimri et al., 1995; Krishnamurthy et al., 2004) tissues. Senescent cell
abundance correlates with lifespan in mice (Stout et al., 2016). Selective elimination of
senescent cells increases the health and perhaps median lifespan of mice (Baker et al., 2016;
Baker et al., 2011; Roos et al., 2016; Xu et al., 2015; Zhu et al., 2015a), implicating
senescent cells as a driver of aging. Thus there is a huge impetus to measure the burden of
senescent cells in an organism to determine biological (vs. chronological age) and to
quantify the impact of anti-aging therapeutics. Unfortunately, there is no marker unique to
senescent cells. Typically two or more of the following are measured to infer a state of
senescence.

Senescence-associated pB-galactosidase

p53

pl6

[B-galactosidase is an enzyme that hydrolyzes B-galactosides into monosaccharides.
Senescence-associated B-galactosidase (SA-pgal) is galactosidase activity detected in the
lysosomal fraction of cells at a low pH. SA-Bgal activity increases with aging in the
lysosomes and is detected by a colorometric assay using the synthetic substrate X-gal (Dimri
et al., 1995).

p53 is a transcription factor activated in response to genotoxic stress. p53 arrests the cell
cycle at the G1/S transition, activates DNA repair, and determines cell fate (cellular
senescence or apoptosis) if damage is sufficiently excessive or irreparable to cause persistent
DNA damage signaling (Qian and Chen, 2013). The p53 protein is stabilized under
conditions of stress. Thus the best way to measure it is by immunaoblot or
immunofluorescence.

Like p53, p16'NK4a js required for oncogene-induced senescence (Lin et al., 1998). p16 is a
cyclin-dependent kinase inhibitor that prevents progression of the cell cycle from G1to S
phase. p16!/NK4a expression increases in multiple tissues of mice as they age and this is
attenuated by caloric restriction (Krishnamurthy et al., 2004). Similarly, expression of
p16'NK42 in peripheral blood mononuclear cells correlates with chronologic age (Liu et al.,
2009). Ablation of p16* cells in mice extends healthspan, strongly implicating p16 in
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driving senescence and aging (Baker et al., 2016; Baker et al., 2011; Roos et al., 2016; Xu et
al., 2015; Zhu et al., 2015a). Importantly, in human samples, p16 can be measured by
immunodetection methods. Currently, however, antibodies against murine p16 are not
specific. Thus gRT-PCR or p16 FISH must be used to detect p16'NK42 mRNA.

p21 protein is a cyclin-dependent kinase inhibitor that also regulates the G1 to S transition of
the cell cycle. It is a downstream effector of the p53 transcription factor. It is required for
senescence of murine fibroblasts (Romanov et al., 2010). p21 has been implicated in both
pro- and anti-senescence or aging activities (Bedelbaeva et al., 2010; Dulic et al., 2000).
Thus measuring p21 expression can only support information about other senescence
biomarkers. p21 levels can be measured accurately by gRT-PCR or immunodetection.

Gamma-H2AX

v-H2AX refers to the X isoform of histone H2A that is phosphorylated at K139. Histone
H2AX resides in close contact with DNA as part of the nucleosome and is phosphorylated
by ATM early in the response to detection of double-strand breaks or replication stress, in
order to mark the area of damage in the chromatin. The phosphorylated form of H2AX can
be detected with antibodies as nuclear foci. Accumulation of y-H2AX foci is seen in nuclei
of late passage cells in culture, in cells taken from aged donors, and in tissues of aged mice
(Sedelnikova et al., 2004; Wang et al., 2009). y-H2AX appears to play a role in the
maintenance of senescence, as genetic depletion of H2AX suppresses DNA damage-induced
growth arrest and secretion of the SASP factor 1L-6 (Turinetto and Giachino, 2015) (see
below).

Senescence-associated heterochromatin foci (SAHF)

SAHF are domains of condensed chromatin that suppress expression of genes that drive cell
proliferation (Narita et al., 2003). These foci appear in human fibroblasts driven to
senescence Via serial passaging or expression of an oncogene (Narita et al., 2003). SAHF are
thought to be important for maintaining the /rreversible cell cycle arrest characteristic of
senescent but not quiescent cells (Zhang et al., 2007). SAHF formation occurs
spontaneously with aging. SAHF are detected by a combination of DAPI to fluorescently
label nucleic acid and immunofluorescence detection of several heterochromatin markers,
including HP1 and di- or tri-methylated histone H3 (Aird and Zhang, 2013).

Senescence-associated secretory phenotype (SASP)

Senescent cells have a complex secretory phenotype (Coppe et al., 2008). The SASP
includes many pro-inflammatory cytokines, chemokines, growth factors, and proteases that
have the potential to cause or exacerbate age-related pathology, both degenerative and
hyperplastic. Senescence-associated secretory phenotype (SASP) components can include
IL-6, IL-8, PAI-1, IL-1a, IL-1B, TNF-a, IGF, IGFBP3,5 & 7, TGF-B, VEGF, MMPs
(Kuilman and Peeper, 2009), and HMGB1 (Davalos et al., 2013). The SASP may be the
main driver of age-related inflammation, at least in adipose tissue (Zhu et al., 2015b). SASP
components can be measured by gRT-PCR or ELISA (Tchkonia et al., 2013). CXCR?2 is the
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receptor for IL-8. It is implicated in maintenance of senescence and the SASP (Acosta et al.,
2008), thus might act as a surrogate marker for the SASP.

MOLECULAR ENDPOINTS THAT CORRELATE WITH FRAILTY

IL-6 is a cytokine that can be both pro- and anti-inflammatory, impacting lipid metabolism,
insulin resistance, mitochondrial function, vascular health, and the neuroendocrine system
(Hunter and Jones, 2015). It is expressed at low levels but is induced by infection, trauma, or
stress. IL-6 levels in tissue and serum increase with age and are linked to numerous age-
related diseases, including osteoporosis, Alzheimer's disease, lymphoproliferative disorders,
sarcopenia, anemia, and frailty (Ershler and Keller, 2000). Older individuals with high titers
of CMV IgG and plasma IL-6 are at greater risk of frailty (Wang and Casolaro, 2014).
Functional decline in humans is associated with increased plasma uric acid, WBCs, ESR,
triglycerides, homocysteine, glucose, HbAlc, creatinine, cystatin C, IGF-1, fibrinogen, von
Willebrand Factors VIII and 1X, oxidized proteins, 8-oxodG, protein carbonylation, C-
reactive protein, IL-6, and IL-1RA and decreased plasma Hgb, total cholesterol, HDL,
vitamin D, testosterone, adiponectin, vitamin C and E, selenium, magnesium, and
carotenoids (Lippi et al., 2014). Many of these factors increase with age in mice as well
(Spaulding et al., 1997; Yamato et al., 2014).

MOLECULAR ENDPOINTS THAT CORRELATE WITH AGE-RELATED

DISEASE

Fasting serum glucose levels are used to diagnose diabetes. Likewise, a standard clinical
chemistry panel reveals information about pancreatic, liver, kidney, and heart function. Urine
albumin/creatinine ratio is used to diagnose chronic kidney disease. Heparin-binding EGF is
produced in cartilage, drives chondrocyte catabolic activities, and has potential as a
biomarker in osteoarthritis (Long et al., 2015). Reduced proteoglycans, aggrecan, and
glycosaminoglycans in discs is diagnostic of age-related intervertebral disc degeneration (Vo
et al., 2013). Circulating levels of the hormone dehydroepiandosterone (DHEA and its
sulfate ester) decline with aging and there is a strong inverse association between DHEA(S)
levels and risk of cardiovascular disease (Mannic et al., 2015). Senescent cells (identified as
described above) accumulate in the central nervous system with aging and correlate with
neurodegeneration (Chinta et al., 2015). Therefore, a combination of several common
markers of age-related disease might be used to demonstrate extension of healthspan or
effects of a therapeutic intervention targeting fundamental aging mechanisms.

“OMICS” ENDPOINTS FOR REVEALING UNDERLYING MOLECULAR
MECHANISMS

As our capacity to produce large data sets inexpensively continues to increase, it is not
impossible to imagine using unbiased approaches for identifying new molecular endpoints
that correspond with increased health- or lifespan. The secretome, factors released from cells
that can be detected in the urine or blood are most translatable. For tissues readily biopsied
in humans, like peripheral blood mononuclear cells, skin, or skeletal muscle, it is also
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possible to measure the transcriptome (changes in expression of mMRNA, miRNA, rRNA,
small RNA, or non-coding RNAS), the proteome (changes in protein expression or post-
translational modification), the metabolome (lipids, signaling molecules or intermediates of
respiration, glucose, amino acid, or nucleic acid metabolism), the genome (size, sequence, or
organization of the nuclear or mitochondrial genome), or epigenome (changes in or
modification of the genome or nucleosome components). Ideally, an unbiased omics
approach could ultimately lead to a panel of proteins or metabolites that consistently change
whether health- and lifespan is extended by genetics, diet, or therapeutic interventions.

SUMMARY/CONCLUSIONS/HOW TO MOVE FORWARD

The diagnosis of disease often requires the measurement of molecule(s) within organs,
tissues, or bodily fluids. More accurate diagnosis is afforded when morphologic changes in
tissues (anatomic pathology) are combined with molecular testing. As the FDA is
considering treating aging as a condition that can be therapeutically targeted, it becomes
imperative to define the morphological and molecular changes that occur with aging more
accurately. The objective of the Geropathology Network is to arrive at a refined set of
sentinel biomarkers of molecular and anatomic pathology that could be incorporated into
preclinical and clinical aging intervention studies to increase the relevance, productivity,
efficiency, and economy of these studies. Imperative steps to achieve our objective include
the following. First, we need to increase the consistency of communicating molecular and
anatomical pathology endpoints in preclinical animal models such as mice. Second,
developing standardized protocols for measuring molecular pathology endpoints is
absolutely essential for developing an FDA Investigational New Drug application. Last but
not least, the most valuable molecular biomarkers will be those that can readily be measured
in humans, /.e,, in accessible fluids or tissues where risk to the patient is minimized during
sampling. To tackle this objective, the Molecular Pathology Working Group will interact
with the Anatomical Pathology Working Group to identify molecular endpoints that
correspond with the grade of a histological lesion and with the Translational Working Group
to ensure that the molecular endpoints selected are translatable. By integrating input from
each group, surrogate markers of lifespan and molecular markers of frailty can be identified,
which could significantly shorten interventional studies and make translation of preclinical
studies to humans possible.
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Highlights
Designing clinical trials against fundamental processes of aging is challenging
There is no measure of biological age, thus proxy measures are used, e.g., lifespan

Surrogate markers are needed to reduce the length and cost of trials targeting aging
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Oxidative DNA

damage
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plasma uric acid, WBCs, ESR, triglycerides, homocysteine,
glucose, HbA1c, creatinine, cystatin C, IGF-1, fibrinogen,
von Willebrand Factors VIII and IX, oxidized proteins, 8-
oxodG, protein carbonylation, C-reactive protein, IL-6, and
IL-1RA and decreased plasma Hgb, total cholesterol, HDL,
vitamin D, testosterone, adiponectin, vitamin C and E,
selenium, magnesium, and carotenoids

Age-related disease

Figure 1.

disease-specific measures

Schematic diagram of the hierarchy of measures of aging. The ultimate goal is to measure
biological age. Since we currently have no methods to measure this, proxy measures of
biological age are used in preclinical work. The goal of the Molecular Pathology Group in
the Geropathology Network is to identify molecular endpoints that are surrogate markers of
the proxy measures, and ultimately biological aging, in order to accelerate and economize

preclinical research in aging.
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