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ABSTRACT
There is growing interest in the development of interventions (e.g., drugs,
diets, dietary supplements, behavioral therapies, etc.) that can enhance
health during the aging process, prevent or delay multiple age-related
diseases, and ultimately extend lifespan. However, proving that such
‘geroprotectors’ do what they are hypothesized to do in relevant clinical
trials is not trivial. We briefly discuss some of the more salient issues
surrounding

the

design

and

interpretation

of

clinical

trials

of

geroprotectors, including, importantly, how one defines a geroprotector.
We also discuss whether emerging surrogate endpoints, such as epigenetic
clocks, should be treated as primary or secondary endpoints in such trials.
Simply put, geroprotectors should provide overt health and disease
prevention benefits but the time-dependent relationships between
epigenetic clocks and health-related phenomena are complex and in need
of further scrutiny. Therefore, studies that enable understanding of the
relationships between epigenetic clocks and disease processes while
simultaneously testing the efficacy of a candidate geroprotector are
crucial to move the field forward.
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INTRODUCTION
The development of drugs, diets, activities, etc. that sustain health
throughout the aging process, increase vitality and ultimately enhance
longevity has been on the minds of humans for centuries [1–3]. Not only is
this interest rooted in an innate individual desire to live a long and healthy
life, but, more generally, there is a growing consensus among biomedical
scientists that by identifying interventions that modulate some basic
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mechanisms of aging, a number of age-related diseases can be prevented,
or at least have their onset slowed. Interventions that do indeed slow the
aging rate have the potential to prevent or mitigate damage to the body,
which, accumulated over time, creates vulnerability to disease, thereby
creating unprecedented opportunities for achieving healthcare efficiency.
A number of approaches to the development of such ‘geroprotectors’ have
been proposed, including those that seek to mimic the beneficial
molecular effects of caloric restriction [4], ‘senolytic’ approaches which
attempt to clear out senescent cells and the deleterious age-related debris
that they secrete [5,6], reprogramming approaches exploiting insights into
stem cell biology and cellular rejuvenation [7–13], and approaches based
on the identification of circulating factors associated with healthy youth
that can be literally infused into older individuals [12,14]. However,
despite this interest and the growing number of emerging approaches to
the development of geroprotectors, testing and proving their value are
complicated and raise a number of important questions.
In this brief review we describe some issues of fundamental
importance to the development and testing of geroprotectors. We raise a
number of questions that, if addressed, could help set a framework within
which geroprotectors can be evaluated. Primary among these questions
are concerns about the use of surrogate measures such as epigenetic clocks
as primary endpoints in relevant clinical trials. We also consider the
mechanistic links between epigenetic clocks (and other biological clocks)
and disease processes which, by definition, a geroprotector should
mitigate. These mechanistic links bear on, for example, the length of time
one would need to be on a geroprotector before its beneficial effects take
hold and whether the beneficial processes that come with the positive
modulation of an epigenetic clock are independent of processes associated
with widely accepted clinical and subclinical measures of disease, such as
cholesterol, memory loss and obesity level. Ultimately, these questions and
considerations should motivate greater discussion about the design of
appropriate clinical trials for geroprotectors.
THE GEROSCIENCE HYPOTHESIS
The development of geroprotectors is rooted in the ‘geroscience
hypothesis’ which posits that interventions that target and ultimately
modulate or slow down very basic mechanisms of aging could reduce
susceptibility to many age-related diseases simultaneously [1–3,15,16].
Such a hypothesis is consistent with the belief that the set of genes
contributing to the aging process may be different from the set of genes
contributing to any one age-related disease, since some aspects of an agerelated disease are a consequence of aging itself. As such, genes implicated
in aging have broad effects, rather than being disease specific [17,18].
Blockbuster drugs such as atorvastatin or lisinopril, which were designed
specifically to reduce cholesterol and blood pressure level, respectively,
and thereby only prevent heart disease and hypertension without having
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broader effects on multiple age-related conditions, are not by definition
geroprotectors. A number of very compelling reports have been published
that expose and characterize basic mechanisms or hallmarks of aging that,
if amenable to, e.g., pharmacological modulation, could lead to the
development of geroprotectors [2,3,19]. In addition, as noted, many
candidate geroprotectors have been proposed that actually appear to
modulate some of these hallmarks [4–14,20–22]. Despite this, there is
consensus that more sophisticated studies are needed in order to truly test
the geroscience hypothesis for any given candidate geroprotector [2,3,19].
The reasons for this are somewhat obvious in that appropriate studies
would have to focus on the impact that a candidate geroprotector has on
multiple age-related diseases and not just one, per the definition of a
geroprotector. This can be complicated and take a considerable amount of
time. For example, tracking individuals receiving a geroprotector and
those receiving a comparator intervention or placebo over a long enough
period of time to show that rates of different diseases are reduced among
individuals receiving the geroprotector could take years [23].
The consideration of multiple disease endpoints in the evaluation of a
geroprotector is not unprecedented however, as it is essentially the
strategy to be exploited in the expensive and lengthy, ‘Targeting Aging
with Metformin’ (TAME) trial focusing on metformin as a candidate
geroprotector [24,25]. As an alternative to the use of multiple disease
incidence measures that may take a long time to gather appropriately, it
has been argued that the use of biomarkers that capture various aging
hallmarks, as well as general measures of the aging rate, could be used in
relevant trials. Thus, these measures, if shown to be modulated by an
intervention, could provide evidence that something fundamental and
relevant to the aging process is affected by that intervention. Proof that an
intervention modulated these measures would at the very least qualify
that intervention as a candidate geroprotector that could be evaluated in
longer-term disease incidence-based trials [3,16,21,22,26,27]. The current
pool of relevant biomarkers, which includes transcript [28,29] and protein
profiling [30,31] as well as telomere length measures [32–34], are being
complemented by various DNA methylation-based (or epigenetic) clocks
designed to specifically measure the aging rate [35–41]. However,
epigenetic clocks and related measures of the aging rate need a great deal
more scrutiny before they should be considered as a primary endpoint in
at least early-stage clinical trials of candidate geroprotectors.
BIOMARKERS AND AGING CLOCKS
DNA methylation-based or epigenetic clocks consider measuring
individual aging rates by more or less counting changes in CpG sites (gains
or losses in methylation) that occur as one ages [38]. A number of
epigenetic clocks have been proposed, with the differences between them
reflecting the use of different numbers and configurations of methylation
target (CpG) sites in the genome, different cell types, and different
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methods/data for training and ultimately scoring them from a statistical
analysis perspective (e.g., how chronological age is factored in to the
measure) [38,40–44]. Importantly, as discussed in detail below, the
differences in the way epigenetic clocks have been constructed have led to
differences in the strength of the correlations between them, as well as
with independent measures of aging and health and disease.
As noted, it has been suggested that potential geroprotectors could be
tested to see if they reverse or slow an epigenetic clock and hence the aging
rate in a clinical trial and thus save the trial from having to collect
complicated health measures and disease onset outcomes [15,16,23]. In
fact, a few very recent trials of potential geroprotectors have found
evidence for positive changes in specific epigenetic clocks, suggesting
there is potential for this approach [45–48]. We note that there is
considerable research exploring epigenetic clocks in non-human species
that also makes the case for their use in studies of the effects of
geroprotectors [41], but we confine our attention to studies of humans.
Despite their potential, there are at least four issues plaguing the use of
currently available epigenetic clocks as primary endpoints in short term
trials of geroprotectors. First, the many available epigenetic clocks are
only weakly to moderately correlated [42,43,49–54], suggesting that either
they measure different aspects of the aging rate, or there is something
even more fundamental than what they are capturing that could tie them
together and ultimately better reflect the aging rate. In this light, one
recent study did find evidence for a common set of molecular physiologic
phenomena, based on gene expression patterns, that may be common
immediate consequences or causes of many epigenetic clocks, although a
great deal of variation among the clocks was still observed [49]. In
addition, a few recent studies suggest that combining available epigenetic
clocks may lead to more sensitive measures of the aging rate. However,
these aggregated clocks, especially those that consider multiple tissues,
have yet to be evaluated in independent studies and may be hard to
evaluate given problems with tissue accessibility in living humans [43,49].
In the context of clinical trials of geroprotectors, it could be asked that if
different epigenetic clocks truly capture different facets of the molecular
physiologic determinants of aging and aspects of health as a result, then
by definition should a geroprotector modulate all or at least many of
them?
Second, many of the available epigenetic clocks have been shown to be
predictive of mortality and morbidity in both case-control and
retrospective longitudinal cohort studies. However, they do not
necessarily outperform other measures of the aging rate in appreciable
ways, such as telomere length, frailty assessments, functional indices, and
clinical chemistry composites, and are only moderately correlated with
these measures [44,50–56]. In addition, epigenetic clocks do not correlate
well with other traditional clinical and subclinical measures of health
[42,44], although at least one epigenetic clock has been designed to capture
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variation associated with different subclinical measures of health: the
‘DunedinPoAm’ (‘Dunedin Pace Of Aging Methylation’) measure [57]. This
raises the question of whether or not one should put stock in a
geroproector that essentially modulates an aging clock but does not
actually impact any of the numerous clinical and subclinical measures
that are currently associated with health and health trajectory (e.g., blood
pressure, lipid and glucose levels, cardiac, kidney and lung function, sleep
quantity and quality, etc.). In addition, a study of a geroprotector could
indicate that its use is indeed associated with positive changes in an
epigenetic clock, but only with a small subset of a more comprehensive set
of health measures. This would then suggest that either: (1) the epigenetic
clock(s) used only captures components of the aging process as discussed
previously; (2) the chosen health measures are not good indicators of
general health and are therefore peripheral in some way to what is
essential in preserving health in the long term; (3) the epigenetic clock(s)
reflect or tap into health processes that are somehow more fundamental
to longevity in a way that does not discount the value of traditional health
measures but somehow renders the signs and symptoms associated with
those traditional health measures (e.g., elevated cholesterol or high blood
pressure) benign; or (4) The candidate geroprotector is in fact not a
geroprotector since it does not positively influence multiple age-related
disease processes.
Third, it is likely that epigenetic clocks are the consequences of other
age-related health processes and not contributors or the causes of those
processes.
phenomena

Thus,

the

causal

determining

relationships

epigenetic

clocks

between
and

mechanistic

health-preserving

processes in general must be put into perspective, especially if those
epigenetic clocks are to be used as primary endpoints in clinical trials of
candidate geroprotectors [15,16,38,40]. It should be emphasized that if
changes to health processes are accompanied by changes in an epigenetic
clock, then important questions arise as to how long an interval is likely to
occur between changes in health processes and those changes reflected in
an epigenetic clock, as well as how pronounced those changes have to be
before they are reflected in a clock. Most studies linking changes in
epigenetic clocks with health measures have involved longitudinal cohort
studies with infrequent, often inconsistent, yet lengthy, time intervals
between them [38,40,43,44,49,56–59]. In addition, only a few small and
probably statistically underpowered clinical trials have resulted in
evidence of trends indicating that changes in health parameters
accompany changes in an epigenetic clock [45–47].
Fourth, the length of time a geroprotector needs to be administered in
order for it to induce positive changes in health is of crucial importance
for putting into perspective the use of epigenetic clocks as primary
endpoints in clinical trials. Thus, one could ask if slowing of the aging rate
as indicated by an epigenetic clock does not accompany immediate health
changes (e.g., blood pressure lowering), then how does it bypass the need
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for these health changes in positively impacting longevity and how long
does one need to be on a geroprotector before it reduces age-related
disease susceptibility or severity? That is, can the degree of slowing or
change in an epigenetic clock associated with geroprotector use anticipate
long term health benefits? How long might it take for the geroprotector to
essentially ‘remodel’ or positively impact an individual’s molecular and
organismal-level physiology in a way that will sustain (better) health going
forward? What can the changes in epigenetic clocks say about this, if
anything? Also, are their situations in which damage to the body is so
pronounced that geroprotector use is not likely to substantially change
health despite positive changes in an epigenetic clock? Not knowing how
epigenetic clocks and geroprotectors impact health and over what time
frames calls into question the use of short-term trials of geroprotectors
focusing on an epigenetic clock as a primary outcome measure. In fact, the
question of how long it might take for a geroprotector to induce health
benefits could lead to the almost comical, yet likely true, claim that one
could literally die of age-related diseases while waiting for a geroprotector
to induce its favorable effects!
MORE COMPREHENSIVE TRIALS
Given the issues with the use of epigenetic clocks as primary endpoints
in clinical trials of geroprotectors described herein, it could be argued that
alternative types of studies investigating geroprotectors should be
pursued, at least until epigenetic clocks are proven to be reliable surrogate
endpoints (for example, in the way that surrogate endpoints for, e.g.,
cancer and a whole host of other conditions have proven useful [60]).
These could include trials of geroprotectors that focus on their ability to
impact multiple accepted clinical measures of health (e.g., blood pressure
and related hemodynamic measures, immune function assays, muscle
function tests, kidney function assays, sleep surveys, mood questionnaires,
etc.) in addition to assays interrogating known hallmarks of aging [27].
Currently, regulatory standards for approving an intervention by agencies
such as the US Food and Drug Administration (FDA) require an association
of an indication or primary endpoint or a singular surrogate for that
endpoint with an intervention. Such an association can allow the
intervention to be placed into a broader pharmacopeia or formulary for
use by clinicians. In this light, clinical trials with multiple endpoints are a
rare exception, as discussions surrounding the approval of the TAME trial
suggest [24,25,27]. In addition, trials with multiple primary phenotypes
can be problematic for statistical reasons (e.g., more opportunities for
problems with measurement reliability, greater likelihood of false positive
results, etc.).
In addition, trials seeking to vet epigenetic clocks themselves as bona
fide surrogate endpoints for disease predisposition should be pursued in
ways that are analogous to trials exploring the reliability of surrogate
endpoints in oncology and other settings [61]. Such trials would not
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directly benefit tests of a geroprotector, but they could be pursued to
directly explore the relationship between multiple accepted clinical health
measures, such as lipid levels, or blood pressure, as well as various
hallmarks of aging, etc. and epigenetic clock measures. In this light, any
interventions used (e.g., exercise, atorvastatin, lisinopril, senolytics,
meditation, etc.) in such trials are simply meant to improve specific health
measures (e.g., blood pressure or cholesterol level) in order to determine
how changes in those health measures affect an epigenetic clock (or vice
versa). Other trials could focus on multiple health measures that might be
affected by a potential geroprotector. In these trials, the epigenetic clock
measures and any other non-vetted biomarkers would be treated as
secondary measures to be associated with the clinical measures, with the
clinical measures themselves acting as the primary endpoints used to
evaluate the effect of the geroprotector [62].
Two concerns with such trials might arise. First, it is arguable that most
accepted clinical and subclinical measures are themselves blunt
instruments for assessing health and disease risk, thus, many emerging
markers

derived

from

various

‘omic’

assays

(transcriptomics,

epigenomics, proteomics, metabolomics, etc.), imaging protocols, wireless
devices, etc. might be better. However, these emerging assays would also
have to be assessed for their reliability as surrogate endpoints in relevant
clinical trials. Second, as noted, relevant statistical analyses might be
complicated for a trial with multiple outcome measures. We do not believe
this will be the case, however, as it is well known in the statistical analysis
community that if multivariate statistical tests are used to test an omnibus
hypothesis that, e.g., all (or most) of the health measures have changed for
the better after the administration of a geroprotector, then the study could
have greater power than a single univariate test focusing on one of those
measures if the geroprotector does indeed work as it should [63]. This
omnibus test, if the null hypothesis of no effect is rejected, would be
consistent with the geroscience hypothesis, since it assumes multiple
health outcomes are positively affected by a true geroprotector. There are
many designs that could be used in the pursuit of such studies, but
aggregated N-of-1 trials are excellent candidates [64–67].
Finally, one could argue that a geroprotector may influence the aging
rate, possibly as reflected in an epigenetic clock, in subtle ways that would
not manifest in changes in standard blunt-instrument, commonly-used
measures of health, such as blood pressure and lipid levels. However, one
could ask whether someone should actually trust a geroprotector that
supposedly prevents, e.g., stroke or heart disease, but does so with no
appreciable effect on blood pressure or cholesterol? Could it be argued,
that a particular geroprotector affects some cardiovascular diseaserelated mechanism that does not bear on blood pressure or lipid levels
with no evidence for what this mechanism might be? Could it truly be that
a geroprotector, as reflected in its ability to modulate an epigenetic clock
and nothing else, renders all signs and symptoms of disease processes
Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

Advances in Geriatric Medicine and Research

8 of 13

benign? Also, which among many measures might one want to consider in
relevant multi-endpoint trials of geroprotectors is an open question [62].
However, the intuition that standard proven health measures should be
evaluated for geroprotective effects as primary endpoints, with or without
an epigenetic clock included in the study, even in short term trials, is a
strong one.
CONCLUSIONS
The geroscience hypothesis is indeed an exciting one, and one that will
likely receive considerable attention in the future. Geroprotectors arising
from studies exploring the geroscience hypothesis would undoubtedly
revolutionize health care and result in dramatic societal changes, and for
these reasons should be taken extremely seriously. However, the
biomedical

science

community

should

be

very

sensitive

to

overenthusiasm concerning ways in which geroprotectors are vetted,
since reliance on a solitary measure of aging, for example an epigenetic
clock, to vet candidate geroprotectors might not be necessary. If
geroprotectors, by definition, should improve health during the aging
process, and health can be measured in myriad ways, then relevant trials
should focus on these health measures directly. In fact, as we have argued,
it would be hard to make the case that a geroprotector that is only known
or shown to modulate an epigenetic clock will extend health span or
lifespan without impacting anything associated with health from
traditional clinical perspectives. In addition, if one could show that a
geroprotector actually does modulate age-related disease processes using
routine and accepted clinical measures then the mechanism of action of
that geroprotector is likely to be a key to an underlying universal aging
clock. Ultimately, a purported geroprotector that has either no observable
effect on many available common sense, well-accepted measures of health
and vitality, or will only have an effect on health via some cryptic
mechanism after the many years of use during which an individual is at
typical risk for disease, is a tough sell.
In this light, at least two obvious conclusions and directions should
emerge from broader discussions of tests of geroprotectors. First, a new
focus on testing a geroprotector’s effects on broadly accepted and even
emerging clinically-relevant health measures is appropriate. If successful,
that alone should compel the community to take a more serious look at the
geroprotector in question, as well as the geroscience hypothesis more
broadly, irrespective of accompanying changes in an epigenetic clock.
Second, clinical trials such as those envisioned would be an ideal place to
vet epigenetic clocks as secondary outcomes. This is the case since relevant
trials could be used to assess the potential causal relationships between an
epigenetic clock and various health measures in earnest. In other words,
these relationships would be explored under controlled conditions with
longitudinal assessments and relevant hypothesized perturbations in the

Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

Advances in Geriatric Medicine and Research

9 of 13

form of candidate geroprotectors in an appropriately designed and
statistically powered setting.
CONFLICTS OF INTEREST
All of the authors are affiliated with net.bio, a company devoted to
implementing more efficient clinical trials to assess the health effects of
interventions. NJS, SS and LG are founders of net.bio and have stock in the
company. WL and BBJ are consultants to net.bio and receive payments for
their services.
ACKNOWLEDGEMENTS
NJS’ research is supported in part by NIH grants 1U19 AG056169-01A1,
U2C CA252973, UH2 AG064706 and U19 AG023122. The authors would like
to thank the reviewers for their very insightful and helpful comments on
earlier versions of this viewpoint.
REFERENCES
1.

Kaeberlein M, Rabinovitch PS, Martin GM. Healthy aging: The ultimate
preventative medicine. Science. 2015;350(6265):1191-3.

2.

Kennedy BK, Berger SL, Brunet A, Campisi J, Cuervo AM, Epel ES, et al.
Geroscience: linking aging to chronic disease. Cell. 2014;159(4):709-13.

3.

Partridge L, Deelen J, Slagboom PE. Facing up to the global challenges of
ageing. Nature. 2018;561(7721):45-56.

4.

Mahmoudi S, Xu L, Brunet A. Turning back time with emerging rejuvenation
strategies. Nat Cell Biol. 2019;21(1):32-43.

5.

Baker DJ, Childs BG, Durik M, Wijers ME, Sieben CJ, Zhong J, et al. Naturally
occurring p16(Ink4a)-positive cells shorten healthy lifespan. Nature.
2016;530(7589):184-9.

6.

Baker DJ, Wijshake T, Tchkonia T, LeBrasseur NK, Childs BG, van de Sluis B,
et al. Clearance of p16Ink4a-positive senescent cells delays ageing-associated
disorders. Nature. 2011;479(7372):232-6.

7.

Simpson DJ, Olova NN, Chandra T. Cellular reprogramming and epigenetic
rejuvenation. Clin Epigenetics. 2021;13(1):170.

8.

Ocampo A, Reddy P, Martinez-Redondo P, Platero-Luengo A, Hatanaka F,
Hishida T, et al. In Vivo Amelioration of Age-Associated Hallmarks by Partial
Reprogramming. Cell. 2016;167(7):1719-33.e12.

9.

Olova N, Simpson DJ, Marioni RE, Chandra T. Partial reprogramming induces
a steady decline in epigenetic age before loss of somatic identity. Aging Cell.
2019;18(1):e12877.

10.

Sarkar TJ, Quarta M, Mukherjee S, Colville A, Paine P, Doan L, et al. Transient
non-integrative expression of nuclear reprogramming factors promotes
multifaceted amelioration of aging in human cells. Nat Commun.
2020;11(1):1545.

Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

Advances in Geriatric Medicine and Research
11.

10 of 13

Lu Y, Brommer B, Tian X, Krishnan A, Meer M, Wang C, et al. Reprogramming
to recover youthful epigenetic information and restore vision. Nature.
2020;588(7836):124-9.

12.

Manukyan M, Singh PB. Epigenome rejuvenation: HP1beta mobility as a
measure of pluripotent and senescent chromatin ground states. Sci Rep.
2014;4:4789.

13.

Browder KC, Reddy P, Yamamoto M, Haghani A, Guillen IG, Sahu S, et al. In
vivo partial reprogramming alters age-associated molecular changes during
physiological aging in mice. Nature Aging. 2022;2:243-53.

14.

Conboy MJ, Conboy IM, Rando TA. Heterochronic parabiosis: historical
perspective and methodological considerations for studies of aging and
longevity. Aging Cell. 2013;12(3):525-30.

15.

Justice JN, Kritchevsky SB. Putting epigenetic biomarkers to the test for
clinical trials. Elife. 2020 Jun 9;9:e58592.

16.

Kritchevsky SB, Justice JN. Testing the Geroscience Hypothesis: Early Days. J
Gerontol A. 2020;75(1):99-101.

17.

Miller RA. Kleemeier award lecture: are there genes for aging? J Gerontol A.
1999;54(7):B297-307.

18.

Miller RA. Genes against aging. J Gerontol A. 2012;67(5):495-502.

19.

Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks
of aging. Cell. 2013;153(6):1194-217.

20.

Garay RP. Investigational drugs and nutrients for human longevity. Recent
clinical trials registered in ClinicalTrials.gov and clinicaltrialsregister.eu.
Expert Opin Investig Drugs. 2021;30(7):749-58.

21.

Lee MB, Hill CM, Bitto A, Kaeberlein M. Antiaging diets: Separating fact from
fiction. Science. 2021;374(6570):eabe7365.

22.

Partridge L, Fuentealba M, Kennedy BK. The quest to slow ageing through
drug discovery. Nat Rev Drug Discov. 2020;19(8):513-32.

23.

Justice JN, Niedernhofer L, Robbins PD, Aroda VR, Espeland MA, Kritchevsky
SB, et al. Development of Clinical Trials to Extend Healthy Lifespan.
Cardiovasc Endocrinol Metab. 2018;7(4):80-3.

24.

Barzilai N, Crandall JP, Kritchevsky SB, Espeland MA. Metformin as a Tool to

25.

Kulkarni AS, Gubbi S, Barzilai N. Benefits of Metformin in Attenuating the

Target Aging. Cell Metab. 2016;23(6):1060-5.
Hallmarks of Aging. Cell Metab. 2020;32(1):15-30.
26.

Gems D, de Magalhaes JP. The hoverfly and the wasp: A critique of the
hallmarks of aging as a paradigm. Ageing Res Rev. 2021;70:101407.

27.

Justice JN, Ferrucci L, Newman AB, Aroda VR, Bahnson JL, Divers J, et al. A
framework for selection of blood-based biomarkers for geroscience-guided
clinical trials: report from the TAME Biomarkers Workgroup. Geroscience.
2018;40(5-6):419-36.

28.

Bryois J, Buil A, Ferreira PG, Panousis NI, Brown AA, Vinuela A, et al. Timedependent genetic effects on gene expression implicate aging processes.
Genome Res. 2017;27(4):545-52.

Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

Advances in Geriatric Medicine and Research
29.

11 of 13

Peters MJ, Joehanes R, Pilling LC, Schurmann C, Conneely KN, Powell J, et al.
The transcriptional landscape of age in human peripheral blood. Nat
Commun. 2015;6:8570.

30.

Lehallier B, Gate D, Schaum N, Nanasi T, Lee SE, Yousef H, et al. Undulating
changes in human plasma proteome profiles across the lifespan. Nat Med.
2019;25(12):1843-50.

31.

Tanaka T, Biancotto A, Moaddel R, Moore AZ, Gonzalez-Freire M, Aon MA, et
al. Plasma proteomic signature of age in healthy humans. Aging Cell.
2018;17(5):e12799.

32.

Tsuji A, Ishiko A, Takasaki T, Ikeda N. Estimating age of humans based on
telomere shortening. Forensic Sci Int. 2002;126(3):197-9.

33.

Hewakapuge S, van Oorschot RA, Lewandowski P, Baindur-Hudson S.
Investigation of telomere lengths measurement by quantitative real-time PCR
to predict age. Leg Med. 2008;10(5):236-42.

34.

Ren F, Li C, Xi H, Wen Y, Huang K. Estimation of human age according to
telomere shortening in peripheral blood leukocytes of Tibetan. Am J Forensic
Med Pathol. 2009;30(3):252-5.

35.

Horvath S. DNA methylation age of human tissues and cell types. Genome
Biol. 2013;14(10):R115.

36.

Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, et al. Genomewide methylation profiles reveal quantitative views of human aging rates.
Mol Cell. 2013;49(2):359-67.

37.

Zhavoronkov A, Mamoshina P. Deep Aging Clocks: The Emergence of AI-Based
Biomarkers of Aging and Longevity. Trends Pharmacol Sci. 2019;40(8):546-9.

38.

Horvath S, Raj K. DNA methylation-based biomarkers and the epigenetic clock
theory of ageing. Nat Rev Genet. 2018;19(6):371-84.

39.

Bocklandt S, Lin W, Sehl ME, Sanchez FJ, Sinsheimer JS, Horvath S, et al.
Epigenetic predictor of age. PLoS One. 2011;6(6):e14821.

40.

Field AE, Robertson NA, Wang T, Havas A, Ideker T, Adams PD. DNA
Methylation Clocks in Aging: Categories, Causes, and Consequences. Mol Cell.
2018;71(6):882-95.

41.

Bell CG, Lowe R, Adams PD, Baccarelli AA, Beck S, Bell JT, et al. DNA
methylation aging clocks: challenges and recommendations. Genome Biol.
2019;20(1):249.

42.

Belsky DW, Moffitt TE, Cohen AA, Corcoran DL, Levine ME, Prinz JA, et al.
Eleven Telomere, Epigenetic Clock, and Biomarker-Composite Quantifications
of Biological Aging: Do They Measure the Same Thing? Am J Epidemiol.
2018;187(6):1220-30.

43.

Jansen R, Han LK, Verhoeven JE, Aberg KA, van den Oord EC, Milaneschi Y, et
al. An integrative study of five biological clocks in somatic and mental health.
Elife. 2021 Feb 9;10:e59479.

44.

Verschoor CP, Belsky DW, Ma J, Cohen AA, Griffith LE, Raina P. Comparing
Biological Age Estimates Using Domain-Specific Measures From the Canadian
Longitudinal Study on Aging. J Gerontol A. 2021;76(2):187-94.

45.

Chen L, Dong Y, Bhagatwala J, Raed A, Huang Y, Zhu H. Effects of Vitamin D3
Supplementation on Epigenetic Aging in Overweight and Obese African

Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

Advances in Geriatric Medicine and Research

12 of 13

Americans With Suboptimal Vitamin D Status: A Randomized Clinical Trial. J
Gerontol A. 2019;74(1):91-8.
46.

Fahy GM, Brooke RT, Watson JP, Good Z, Vasanawala SS, Maecker H, et al.
Reversal of epigenetic aging and immunosenescent trends in humans. Aging
Cell. 2019;18(6):e13028.

47.

Fitzgerald KN, Hodges R, Hanes D, Stack E, Cheishvili D, Szyf M, et al. Potential
reversal of epigenetic age using a diet and lifestyle intervention: a pilot
randomized clinical trial. Aging. 2021;13(7):9419-32.

48.

Demidenko O, Barardo D, Budovskii V, Finnemore R, Palmer FR, Kennedy BK,
et al. Rejuvant(R), a potential life-extending compound formulation with
alpha-ketoglutarate and vitamins, conferred an average 8 year reduction in
biological aging, after an average of 7 months of use, in the TruAge DNA
methylation test. Aging. 2021 Nov 30;13(22):24485-99.

49.

Liu Z, Leung D, Thrush K, Zhao W, Ratliff S, Tanaka T, et al. Underlying
features of epigenetic aging clocks in vivo and in vitro. Aging Cell.
2020;19(10):e13229.

50.

Fohr T, Waller K, Viljanen A, Sanchez R, Ollikainen M, Rantanen T, et al. Does
the epigenetic clock GrimAge predict mortality independent of genetic
influences: an 18 year follow-up study in older female twin pairs. Clin
Epigenetics. 2021;13(1):128.

51.

Levine ME. Modeling the rate of senescence: can estimated biological age
predict mortality more accurately than chronological age? J Gerontol A.
2013;68(6):667-74.

52.

Levine ME, Lu AT, Quach A, Chen BH, Assimes TL, Bandinelli S, et al. An
epigenetic biomarker of aging for lifespan and healthspan. Aging.
2018;10(4):573-91.

53.

Lu AT, Quach A, Wilson JG, Reiner AP, Aviv A, Raj K, et al. DNA methylation
GrimAge strongly predicts lifespan and healthspan. Aging. 2019;11(2):303-27.

54.

McCrory C, Fiorito G, Hernandez B, Polidoro S, OʼHalloran AM, Hever A, et al.
GrimAge Outperforms Other Epigenetic Clocks in the Prediction of AgeRelated Clinical Phenotypes and All-Cause Mortality. J Gerontol A.
2021;76(5):741-9.

55.

Hastings WJ, Shalev I, Belsky DW. Comparability of biological aging measures
in the National Health and Nutrition Examination Study, 1999-2002.
Psychoneuroendocrinology. 2019;106:171-8.

56.

Li X, Ploner A, Wang Y, Magnusson PK, Reynolds C, Finkel D, et al.
Longitudinal trajectories, correlations and mortality associations of nine
biological ages across 20-years follow-up. Elife. 2020 Feb 11;9:e51507.

57.

Belsky DW, Caspi A, Arseneault L, Baccarelli A, Corcoran DL, Gao X, et al.
Quantification of the pace of biological aging in humans through a blood test,
the DunedinPoAm DNA methylation algorithm. Elife. 2020 May 5;9:e54870.

58.

Elliott ML, Caspi A, Houts RM, Ambler A, Broadbent JM, Hancox RJ, et al.
Disparities in the pace of biological aging among midlife adults of the same
chronological age have implications for future frailty risk and policy. Nat
Aging. 2021;1(3):295-308.

Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

Advances in Geriatric Medicine and Research
59.

13 of 13

Fransquet PD, Wrigglesworth J, Woods RL, Ernst ME, Ryan J. The epigenetic
clock as a predictor of disease and mortality risk: a systematic review and
meta-analysis. Clin Epigenetics. 2019;11(1):62.

60.

FDA. Table of Surrogate Endpoints That Were the Basis of Drug Approval or
Licensure:

Food

and

Drug

Administration

(FDA).

Available

from:

https://www.fda.gov/drugs/development-resources/table-surrogateendpoints-were-basis-drug-approval-or-licensure. Accessed 2022 Mar 28.
61.

Simon R. Clinical trial designs for evaluating the medical utility of prognostic

62.

Lara J, Cooper R, Nissan J, Ginty AT, Khaw KT, Deary IJ, et al. A proposed panel

and predictive biomarkers in oncology. Per Med. 2010;7(1):33-47.
of biomarkers of healthy ageing. BMC Med. 2015;13:222.
63.

Tabachnick BG, Fidell LS. Using Multivariate Statistics. New York (NY, US):

64.

Schork NJ. Personalized medicine: Time for one-person trials. Nature.

Pearson; 2012.
2015;520(7549):609-11.
65.

Schork NJ. Randomized clinical trials and personalized medicine: A

66.

Schork NJ, Goetz LH. Single-Subject Studies in Translational Nutrition

commentary on deaton and cartwright. Soc Sci Med. 2018;210:71-3.
Research. Annu Rev Nutr. 2017;37:395-422.
67.

Schork NJ. Accommodating Serial Correlation and Sequential Design
Elements in Personalized Studies and Aggregated Personalized Studies.
Harvard Data Sciences Review. Forthcoming 2022.

How to cite this article:
Schork NJ, Beaulieu-Jones B, Liang W, Smalley S, Goetz LH. Does Modulation of an Epigenetic Clock Define a
Geroprotector? Adv Geriatr Med Res. 2021;4(1):e220002. https://doi.org/10.20900/agmr20220002

Adv Geriatr Med Res. 2022;4(1):e220002. https://doi.org/10.20900/agmr20220002

