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homeostasis. Research has led to aging clocks being developed that claim to predict
biological age as opposed to chronological age. Aging could be regarded as a meas-
ured loss of homeostatic biological equilibrium that augments biological decay in fully
developed tissues. Measuring aspects of how far various elements of biology have
drifted from a youthful state may allow us to make determinations on a subject's
health but also make informed predictions on their biological age. As we see across
human physiology, many facets that maintain human health taper off such as nicoti-
namide adenine dinucleotide, glutathione, catalase, super oxide dismutase, and more.
Extracellular vesicle density also tapers off during age combined with epigenetic drift,
telomere attrition, and stem cell exhaustion, whilst genomic instability and biologi-
cal insults from environment and lifestyle factors increase. Measuring these types of
biomarkers with aging clocks may allow subjects to understand their own health more
accurately and enable subjects to better focus on their efforts in the pursuit of lon-

gevity and, in addition, allow healthcare practitioners to deliver better health advice.
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1 | INTRODUCTION

biomarkers of aging before an organism has reached full maturation

may be a flawed methodology due to various hormones, enzymes,

What is biological age? How can it be measured? There are many
definitions to what aging actually is; however, for the purposes of
this article, aging will be considered as

e a measure of how far specific biological machinery has drifted
from its optimal baseline state that was once present at the mo-

ment of an organism's full growth.

Using the above metric, it becomes possible to clearly mea-
sure how far a subject's biology has drifted from homeostasis and

therefore calculate a biological age and risk of death. Measuring

epigenetic markers, and other biological products that may be at
extremely heightened levels prior to organismal maturation, so mea-
suring or comparing datasets to pre-maturation levels could most

likely result in misinterpretation of the data (Figure 1).

2 | DISCUSSION

Aging clocks can be devised from any biological system that changes
during age. Measuring the amount of variation in those biological

systems may allow scientists to peer into how far an organism has
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drifted from youthful function or how close they are to mortality.
Aging clocks specifically aim to inform subjects of their biological
age, but many of these clocks deliver no information on how long a
subject may have left. However, in cases where the data can deliver
information on impending death (unless some type of intervention
is taken), then those clocks are also mortality timers that can better
serve a subject's decision making or the advice from a healthcare
practitioner. Three categories exist, aging clocks that deliver bio-
logical age, aging clocks and mortality timers that deliver biological
age and information to predict death, and mortality timers that only
offer information that can be used to predict the onset of disease
or death.

Even though aging clocks have become popular, the term mortal-
ity timer should also be used (where applicable) across the industry
to deliver sobering information that may assist in changing poor de-
cision making related to a subject's lifestyle.

Many aging clocks and mortality timers exist, such as blood
biomarkers (proteomics), epigenetic mechanisms, extracellular
vesicles, immune system factors, telomere length, glycomic lev-
els, grip strength, blood vessel health, and many more biological
systems could be used to determine a subject's age. However, the
accuracy to predict age, overall health, or impending demise may
be lacking.

An examination is performed herein on the abilities of aging
clocks and their limitations across human biology. A consensus
shared among longevity researchers is that if you can prevent or at-
tenuate biological facets from entering senescence, then you may
be able to slow, stop, or reverse aspects of aging. For aging clocks
to deliver accuracy, a metric must first be established to determine
biomarkers that are regarded as either youthful, healthy, or disease
resistant at specific chronological ages. These data can then be
translated to a mean average that aging clocks can utilize as a guide.

One of the first aging clocks first appeared in 2011 by Hunnam
et al. as cytosine phosphate guanine (CpG) islands were found to

100
90
80
X 70
FIGURE 1 Graph indicating where S
maturation starts, which (for the purpose £ 60
of this paper) is where aging starts. After 8 50
maturation, a steady decline happens g_’
across numerous biological systems, £ 40
which is shown as a percentage of how 3 30
effective those systems (as an average) -
remain throughout age. Measuring 20
aging with this method offers a baseline 10
for aging, which starts at organismal 0
maturation with the steady descent 0

toward senescence. This method allows Birth

comparisons with the point of maturation
for better data resolution

e W LEYH

indicate various aspects of poor health.! This deoxyribose nucleic
acid (DNA) methylation clock was further refined by Steve Horvath
to include more tissues and CpG patterns.2 Telomere measure-
ments are also used to determine biological age, as shorter telo-
meres appear to indicate more genomic instability and replicative
senescence.® Telomere attrition and the effects on health was first
revealed through a series of scientific breakthroughs during the
1980s by Elizabeth Blackburn, Joseph Gall, and Carol W. Greider.*
Though whether shorter telomeres are a product of aging, a driver
of aging, or both remains unclear. The glycome has become an-
other major contender in the aging clock space, as glycosylation
signatures shift with age.s'6 More recently, exosomes may also be-
come an interesting method of measuring age and health, as it has
been discovered that exosomes released from the hypothalamus
wane with age.7 Blood markers have also become a primary indi-
cator of predicting age and mortality by measuring proteins in the
blood: a proteomic clock.®2 An immuno-clock may also be feasible
by analyzing various innate and adaptive immune cells that also
include T cells and B cells that are known to taper off during age.”
Sirtuin expression may also indicate biological age, as the sirtuin
genes that have been implicated in longevity declines with age;
thus a sirtuin clock may deliver valuable data on how an individual
is aging.10 Many other methods and systems exist that can also be
measured to determine age, disease risk, and impending or immi-

nent death.

3 | EPIGENETIC CLOCK—DNA
METHYLATION

Epigenetic clocks can reveal information about lifestyle habits and
environmental factors along with genetic and epigenetic expression
that is able to resolve vast amounts of data about an individual's bi-

ology.!! Epigenetic clocks are not designed to resolve data on poor
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genomic integrity induced by short telomeres or environmental fac-
tors or pinpoint circulating blood plasma exosomes, glycomic sig-
natures but may identify biological insults from chemicals such as
cigarette smoking.1?%*

Epigenetic clocks are regulated by methylation points across
the genome, and as humans age, these methylation markers may
change their formation or loci, which in turn affects gene expres-
sion. Many subjects may want to maintain youthful gene expres-
sion, so even epigenetic diets have been proposed.15 However,
maintaining youthful epigenetic configurations may be possible, as
Fahy et al. has demonstrated that winding back these epigenetic
methylation markers is also possible, meaning that earlier gene ex-
pression could be regained.!® This presents a unique view for an
aging clock, because if subjects can measure their ability to control
facets of aging, and observe the resetting to earlier methylation
patterns, then this may hold motivation for subjects to maintain a
healthier lifestyle.

There does appear to be evidence that epigenetic clocks can
predict the early onset of disease including cancer, metastasis, and
mortality.'*8 It was found by Zheng et al. that older epigenetic age,
relative to chronological age, heightened the potential for cancer in-
cidence within 3 to 5 years.'®

The telomere length can also be extracted from DNA methyla-
tion data.'’ According to Lu et al., DNA methylation data is a more
accurate marker of age than telomeric data and was able to predict
time to death, time to coronary heart disease, and time to conges-
tive heart failure more accurately than traditional telomere mea-
surements. Epigenetic clocks appear to remain invaluable, as they
can deliver data about our genes, such as gene expression, disease
penetrance, and an epigenetic (biological) age.2° However, the same
meta-analyses by Fransquet et al. determined that a 5 year increase
in DNA methylation age was implicated with an 8% to 15% elevated
risk in mortality and furthermore that the small number of studies
used and heterogeneity in the study's approach required further in-
vestigation to deem whether DNA methylation could be used as a
clinical biomarker.?® Moreover, it should be noted that this is only
one study and conclusions on the efficacy of DNA methylation as an
aging clock or mortality timer cannot be immediately drawn.

Furthermore, a lower epigenetic age has also been found to have
lower incidence of dementia.?*

It is also noted that different tissues age at different rates, so
an epigenetic clock may not capture the condition of all organs or
tissues from a blood or saliva sample,?? though knowing disease risk,
mortality, dementia risk, and more appears very useful to users of
epigenetic test kits. The inclusion of composite clinical measures can
greatly increase the resolution of epigenetic clocks in the tissues and
cells measured.?

Epigenetic clocks may also assist governments in expediting fu-
ture anti-aging drugs, as these clocks can deliver data within a few
years as opposed to waiting decades to see the effects of new drugs
on a population-wide study.

Epigenetic clocks work by delivering an “aging score,” and this
aging score, whilst incredibly accurate, may not capture the entirety

of how a subject is aging, though the epigenetic clock appears to

deliver accurate predictors of biological age and mortality.

4 | TELOMERE ANALYSIS

Telomeres have been described as noncoding tandem repeats,
using the DNA sequence “TTAGGG” that is found at the terminal
ends of all mammalian chromosomes.?* Telomere data do not cur-
rently appear to show important biological characteristics such as
arterial disease, epigenetic drift, neurological decline, bone disor-
ders, or other deep data regarding methylation or the glycocalyx;
however, telomeres can clearly show a history of mitosis and a fu-
ture timer on how many mitotic events remain and also indicate
that disease may be imminent, as shorter telomeres are implicated
in various disease.?> Data that reveal extreme telomere attrition
may also motivate subjects to begin telomerase-boosting activities
such as exercise.?® Telomere regions are comprised of telomeric
and sub-telomeric sections that are used in estimating the overall
length of telomeres.?” Various methods exist for telomere evalu-
ation, and this discussion will focus on quantitative fluorescence
in situ hybridization (Q-FISH) and terminal restriction fragments
(TRF) analysis.

Q-FISH is an analysis technique where a fluorescent DNA probe
binds with telomeres. Q-FISH appears to deliver an accurate analysis
of telomere length.?® TRF analysis is also proposed as an accurate
technique; however, due to its limitations for scalability, TRF remains
mostly for lab research projects as opposed to commercial telomere
testing.?” TRF that is analyzed via Southern blotting includes the
canonical zones of telomeres; however, the noncanonical or sub-
telomeric areas may also be included, which may convolute results.°

DNA methylation assays to determine telomere length have also
been developed and are shown to outdo TRF analysis.19 The same
study shows that epigenetic clocks and telomere attrition do not
share CpGs and also use independent genes that do not overlap in
function, which points to epigenetic age being a separate age marker
to telomeric age.

Flow-FISH is an alteration of Q-FISH that utilizes a flow cytome-
try approach that can analyze cells in suspension as opposed to using
slides. Limitations of Flow-FISH exist, however, being that cells that
remain in suspension are unfixed and difficult to process, and addi-
tionally the peptide nucleic acid (PNA) probe may become bound to
random cytoplasmic artifacts.?’

Many of the commercial telomere testing companies appear
to calculate the average length of telomeres but do not reveal the
data of the shortest telomeres, that is the percentage of the short-
est telomeres, which according to Hemann et al. are the most im-
portant data to retrieve from telomere testing,31 as critically short
telomeres are implicated in genomic instability and cell survival.
However, telomere testing uses blood samples, and the heterogene-
ity of cells in blood samples may cause fluctuations in the findings;
therefore, testing more than one sample taken from different tissues
may allow for a more accurate analysis to be performed.?®*2 Though
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this methodology could apply to all aging clocks and mortality tim-
ers where repeat samples could deliver variations, averaging those

results may inform more accurately.

5 | GLYCOMIC ANALYSIS

The glycome is an incredibly complex system that defines the entire
collection of glycoconjugates made from carbohydrate chains that
are covalently bound to lipid or protein molecules.®® Scientists are
now able to consistently measure the secreted cell-surface glycome
to peer into health and disease risk. Alterations in glycosylation have
been implicated in viruses escaping detection from the immune sys-
tem, pro-cancer metastasis, standardize apoptosis, and regulate in-
flammatory responses according to Reily et al. The same review by
Reily et al. also indicates that the structure of the glycome is also
implicated in kidney capacity, health, and disease, along with auto-
immune diseases, nephropathy, systemic lupus erythematosus, and
inflammatory bowel disease, all incurring aberrant glycosylation.3°

Glycomic age prediction works by analyzing drift across immu-
noglobulin G (IgG) glycosylation, including glycans such as FA2B,
FA2G2, and FA2BG2, where alterations in IgG during age can be
observed.® Changes in glycosylation during age have been ob-
served and replicated for over 20 years.>* The most common post-
translational modification is the enzymatic addition of glycans to
amino acid side chains, or protein glycosylation.®®

1gG glycans are efficient in mitigating inflammation, as inflam-
mation has been implicated across biology as a possible driver of
the aging process.¢ Different glycans are known to either attenuate
or drive inflammation, and being able to measure these IgG signa-
tures as either positive or negative is powerful information for those
requiring a window into their biological age.® Both epigenetic and
telomere age can be improved with exercise, and this is also seen
with glycosylation.37 Therefore, glycomic surveillance may appear to
deliver a powerful window that can be used as an aging clock.

6 | EXOSOMAL ANALYSIS

Exosomes are one type of extracellular vesicle that is key to carry-
ing out multiple cellular communications between cells by suspen-
sion in cerebral spinal fluid (CSF), blood, plasma, serum, breast milk
and urine (among other fluids), and various tissues.®%? Extracellular
vesicles such as exosomes convey biological luggage to receiving
cells such as ribonucleic acid (RNA), microRNA (miRNA), proteins,
organelles, and lipids as indicated by Martins et al.%?

Even though exosomal clocks are not yet commercially available,
due to the system-wide importance that exosomes have for homeo-
stasis, this article has sketched the concept of monitoring extracel-
lular vesicles throughout age.

Various extracellular vesicles are implicated across multiple tis-
sues to regenerate a myriad of disease such as liver fibrosis, cerebro-
vascular disease, and ischemic heart injury, among others.*° Even

e W LEYJﬁ

though exosomes can deliver proteins and lipids, it is the ribonucleic
acid (RNA) and miRNA that appears to be relevant for longevity, as
the RNA or miRNA is able to produce its own proteins, which is es-
sential for tissue repair and rejuvenation. Monitoring how ubiquitous
exosomes are during age and whether there is an apparent “exoso-
mal drift” may allow for an exosomal clock, as exosomes are also
implicit in immuno-communication.***?

Exosomes may not offer direct information on genome integrity,
telomere length, stem cell function, and many other drivers of the
aging process. According to Zhang et al., exosomes from the hypo-
thalamus regulate aging via miRNAs, and these miRNAs decrease as
we age, which led to the conclusion that aging is controlled by hypo-
thalamic stem cells partly via the distribution of exosomal miRNAs.”
This also points to the relative importance of exosomal clocks being
used in conjunction with other biological measuring mechanisms
such as the epigenetic or glycomic clocks to deliver a much more
accurate picture of a subject's health and future prospects.*®

7 | BLOOD BIOMARKERS FOR AN AGING
CLOCK

Biochemical agents found in blood can also act as biomarkers
that predict not only age, but impending disease, such as the non-
proteinogenic a-amino acid homocysteine that has been implicated
in the progression of heart disease.** Biochemical products found
inside the blood are well established as markers of health and can
also be used as mortality timers to predict multiple conditions and
possible death.*

Parabiosis, where scientists first stitched two rats together
to share circulatory systems, has appeared to reverse hallmarks
of aging.***’ The evidence points to a conclusion that blood does
possibly appear to hold valuable data for an aging clock. However,
human serum is complex and contains over 4000 different types of
compounds among many other products, so defining exactly which
biochemical markers inside human blood are associated with aging
may deliver extremely accurate data for an aging clock or mortality
timer.*8

Sebastiani et al. found that changes in a single biomarker may not
indicate sickness or biological decline.*’ These data may imply that
multiple biomarkers should first lean negatively toward a subject's
health before any diagnosis is confirmed.

Neurofilament light chain (NfL) has also become a target in
blood, as higher levels of NfL inside the blood may indicate damage
to the nervous system‘50 NfL proteins are found to increase in aging
mice, whereas fasting reduces NfL levels. NfL is well established
and a profound biomarker for neurodegenerative decline, which
can predict presymptomatic to symptomatic states, as well as pre-
dicting end of life, and therefore can be used as a mortality timer.>!
Proinflammatory cytokines are also indicated in multiple pathologies
across aging, notably interleukin 6 (IL-6), interleukin 1 (IL-1), tumor
necrosis factor-a, and C-reactive protein, which have all been cor-
related with an increased risk in mortality in aged subjects.®®
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Blood tests also allow for screening of multiple cancers; however,
these data are not included in this discussion as it poses little benefit
for aging clocks but may possibly be used as a mortality timer.>?

Blood tests are able to look at hundreds of biomarkers if re-
quired, with some of the most common being liver, kidney, biliru-
bin, total cholesterol, c-reactive protein, homocysteine, hemoglobin
A1C, complete blood count, and lipids, among many others.>® This
discussion does not aim to list them all, though since blood testing
is relatively simple and ubiquitous in the developed world, an aging
clock from blood tests may prove an extremely powerful solution for

an aging population.

8 | CONCLUSION

Whilst this assessment into the procedures of how to effectively
measure age is not exhaustive, many other iterations of biology to
determine biological age may also be possible, such as a sirtuin clock,
immune system clock, metabolomic, or even a microbiome clock.

From analyzing various aging clocks to mortality timers, it becomes
evident that even though some aging clocks may deliver vast amounts
of biological data, no single clock can deliver all biological data across
all tissues from the generic samples collected with commercial kits.

All clocks appear to have limitations on the data they can deliver,
albeit the data are extremely extensive from some aging clocks such
as epigenetic, blood tests, and glycomic clocks. The findings of this
article are (in no order of effectiveness) that epigenetic, glycomic,
and blood/serum biomarkers are the three most powerful clocks
that can be used, as not only can a biological age prediction be made,
along with disease potential to disease penetrance, but they can also
function as rough mortality timers.

An impending mortality diagnosis is a sobering prediction to
any subject, so clocks that can also deliver rough time of death also
function as extreme motivation for subjects to change their lifestyle
habits as a matter of urgency.

Aging clocks will continue to evolve as new biomarkers are
found; however, any biological machinery that wanes with age can

be used to elucidate data regarding biological age.

9 | LIMITATIONS OF STUDY
None.
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