Healthy Ageing and Longevity 10
Series Editor: Suresh |. S. Rattan

Alexey Moskalev Editor

Biomarkers
of Human
Aging

@ Springer



Healthy Ageing and Longevity

Volume 10

Series Editor

Suresh I. S. Rattan, Department of Molecular Biology and Genetics, Aarhus
University, Aarhus, Denmark



Rapidly changing demographics worldwide towards increased proportion of the
elderly in the population and increased life-expectancy have brought the issues,
such as “why we grow old”, “how we grow old”, “how long can we live”, “how to
maintain health”, “how to prevent and treat diseases in old age”, “what are the
future perspectives for healthy ageing and longevity” and so on, in the centre stage
of scientific, social, political, and economic arena. Although the descriptive aspects
of ageing are now well established at the level of species, populations, individuals,
and within an individual at the tissue, cell and molecular levels, the implications of
such detailed understanding with respect to the aim of achieving healthy ageing and
longevity are ever-changing and challenging issues. This continuing success of
gerontology, and especially of biogerontology, is attracting the attention of both the
well established academicians and the younger generation of students and
researchers in biology, medicine, bioinformatics, bioeconomy, sports science, and
nutritional sciences, along with sociologists, psychologists, politicians, public
health experts, and health-care industry including cosmeceutical-, food-, and
lifestyle-industry. Books in this series will cover the topics related to the issues of
healthy ageing and longevity. This series will provide not only the exhaustive
reviews of the established body of knowledge, but also will give a critical
evaluation of the ongoing research and development with respect to theoretical and
evidence-based practical and ethical aspects of interventions towards maintaining,
recovering and enhancing health and longevity.

More information about this series at http://www.springer.com/series/13277


http://www.springer.com/series/13277

Alexey Moskalev
Editor

Biomarkers of Human Aging

@ Springer



Editor

Alexey Moskalev

Laboratory of Geroprotective

and Radioprotective Technologies

Institute of Biology, Komi Science
Center of RAS

Syktyvkar, Komi Republic, Russia

ISSN 2199-9007 ISSN 2199-9015  (electronic)
Healthy Ageing and Longevity
ISBN 978-3-030-24969-4 ISBN 978-3-030-24970-0  (eBook)

https://doi.org/10.1007/978-3-030-24970-0

© Springer Nature Switzerland AG 2019

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-24970-0

Contents

1 Introduction ........ ... ... .. . . ... ... ...
Alexey Moskalev

Part I Biomarkers of Aging and Health

2 Practical Detection of Biological Age: Why It Is not
aTrivial Task . .. ... ... ... .
Boris Veytsman, Tiange Cui and Ancha Baranova

3 Biological Age is a Universal Marker of Aging, Stress,
and Frailty . ...... ... ... . ... .. .
Timothy V. Pyrkov and Peter O. Fedichev

4 Biomarkers of Health and Healthy Ageing
from the Outside-In . ... ..... ... .. .. ... .. ... . ... .. .....
Jonathan Sholl and Suresh I. S. Rattan

5 Epigenomic, Transcriptome and Image-Based Biomarkers
of Aging . . ... ...
Yizhen Yan, Yonglin Mu, Weiyang Chen and Jing-Dong J. Han

6 An Overview of the Molecular and Cellular Biomarkers
of Aging . . ... .. ..
I. A. Solovev, M. V. Shaposhnikov and Alexey Moskalev

Part II Proteomics and Glycomics Biomarkers of Aging

7 IgG Glycans as a Biomarker of Biological Age. ... ............
M. Vilaj, I. Gudelj, I. Trbojevi¢-Akmaci¢, G. Lauc and M. Pezer

8 Oxidatively Modified Proteins and Maintenance Systems
as Biomarkers of Aging . .......... . ... ... . ... ... ... ..
Bertrand Friguet and Martin A. Baraibar



vi

9

Contents

Is Impaired Proteodynamics a Key to Understand

Jacek M. Witkowski, Ewa Bryl and Tamas Fulop

Part III Genetics and Epigenetics Aging Markers

10

11

12

13

14

Genetic Markers of Extreme Human Longevity . . ... ... ....... 137
Paola Sebastiani, Anastasia Gurinovich, Harold Bae
and Thomas T. Perls

Epigenetic Biomarkers of Aging . ... ....................... 155
Morgan E. Levine
DNA Methylation Markers to Assess Biological Age. . ... ... ... 173

Dmitriy I. Podolskiy and Vadim N. Gladyshev

Epigenetics of Brain Aging: Lessons from Chemo Brain
and Tumor Brain . . .. ... ... ... ... .. . . L. 185
Anna Kovalchuk, Bryan Kolb and Olga Kovalchuk

Approaches and Methods for Variant Analysis in the Genome
ofaSingle Cell ........... ... ... . . ... ... . .. .. .. ... .. 203
Alexej Abyzov, Flora M. Vaccarino, Alexander E. Urban

and Vivekananda Sarangi

Part IV Immunosenescence and Inflammaging Markers

15

16

17

Are There Reliable Biomarkers for Immunosenescence

and Inflammaging? . . ... ... ... ... ... 231
Tamas Fulop, Alan Cohen, Glenn Wong, Jacek M. Witkowski

and Anis Larbi

Immune Parameters Associated with Mortality in Longitudinal

Studies of Very Old People Can Be Markedly Dissimilar Even

in Apparently Similar Populations . ... ........ ... ... ... ..., 253
Graham Pawelec and David Goldeck

Gut Microbiota and Aging . .. .............. ... .. ....... 263
Daria A. Kashtanova, Olga N. Tkacheva, Irina D. Strazhesko,

Ekaterina N. Dudinskaya, Yu V. Kotovskaya, A. S. Popenko,

A. V. Tyaht and D. G. Alexeev

Part V Systems Biology of Aging, Biological Age and Mortality

18

Markers

Deep Integrated Biomarkers of Aging. . ... .................. 281
Polina Mamoshina and Alex Zhavoronkov



Contents

19

20

21

22

23

Quantification of the Biological Age of the Brain Using

Neuroimaging . ... ............... . ...

James H. Cole, Katja Franke and Nicolas Cherbuin

Arterial Aging: The Role of Hormonal and Metabolic Status

and Telomere Biology . . . ......... ... ... ... ... ... . ...,

Irina D. Strazhesko, Daria A. Kashtanova, Ekaterina N. Dudinskaya
and Olga N. Tkacheva

Circulating Biomarkers of Aging . ... ......................

Hongxia Zhang, Brian Wang and Kunlin Jin
Molecular Signature of Aging Driven by Wnt Signaling Pathway:

Lessons from Nematodes. . . ... ............. .. ............

Marco Lezzerini and Yelena V. Budovskaya

The Problem of Integrating of Biological and Clinical Markers

of Aging . . ... .. ...

Arnold Mitnitski and Kenneth Rockwood

vii



Chapter 1 ®)
Introduction Check for

Alexey Moskalev

Abstract In laboratory studies, potential geroprotective interventions have been
created: more than 400 geroprotectors, several gene and cell therapies. Their trans-
lation into medical practice is restricted, in part, due to the inability to assess clinical
efficacy. Human biomarker panels are needed. Based on them, it will be able to
predict the accelerated or delayed aging of an individual, track the effectiveness of
procedures aimed at preventing aging, such as changing diets, lifestyles, increasing
physical activity, geroprotective drugs. Aging biomarkers are an integrative quali-
tative and quantitative indicator of the functional state of a person and this is their
key difference from the risk factors of specific age-related pathologies (type 2 dia-
betes, cardiovascular diseases, Alzheimer’s or Parkinson’s). In other words, aging
biomarkers are indicators of a preclinical stage of father aging-related pathologies.
Interventions should reverse these biomarkers to a younger state or slow down their
changes with aging.

Keywords Aging biomarker * Biological age

Aging is the result of the destructive impact of metabolic errors and external stress
factors on the individual development of the body, expressed in compensatory
hyperfunction and failure of systems for maintaining homeostasis (from molecu-
lar to organismic levels) and increasing the likelihood of illness and death in life-
compatible conditions.

The rate of aging in different people of the same age may distinguish significantly.
They vary for different systems and organs within the same organism. The aging of
one system causes changes in many others. For example, aging of the cardiovascular
system may contribute to neurodegeneration and cognitive impairment, diseases of
the liver and kidneys. Metabolic syndrome affects the aging of the immune system.
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Thus, in addition to the passport age (calendar, chronological), each person has a
biological age, determined by the individual rate of aging. The rate of aging depends
on the genetic characteristics of a person, and to a large extent, on the interaction
of environmental factors with systems for maintaining homeostasis of the internal
environment of the body, epigenetics.

When talking about the rate of aging, in classical biogerontology, as arule, it means
a change in the average and maximum lifespan of model animals. However, a per-
son’s life expectancy is so long that exploring the indicators of its longevity under
the influence of lifestyle, diet, various drugs, gene and cell therapies is long and
expensive. Therefore, the idea arose to identify the relationship with age of various
physiological and metabolic changes, monitoring of which would help in assessing
the effectiveness of anti-aging therapy.

The physiological norm adopted in modern medicine for many indicators changes
with aging. This creates the prerequisites for observing and measuring age deviations.
At the same time, the level of stochasticity (randomness) of deviations increases,
which makes it difficult to interpret data on the rate of aging.

Biomarkers of aging are molecular, cellular and physiological parameters of the
body that demonstrate reproducible quantitative or qualitative changes with age.
Ideally, anti-aging interventions should reverse these biomarkers to a younger state
or slow down the changes with aging.

Biomarkers of aging have great potential for early diagnosis and prognosis of the
development of chronic age-related diseases, as well as monitoring the effectiveness
of their prevention and treatment. Aging biomarkers are a common qualitative and
quantitative indicator of a person’s functional state and this is their key difference
from the risk factors of specific age-dependent pathologies (type 2 diabetes, cardio-
vascular diseases, Alzheimer’s or Parkinson’s). In other words, aging biomarkers are
indicators of preclinical stage of father aging-related diseases.

Many age-related pathologies develop for a long time in a latent form. In the
early stages of the development of the disease, its clinical manifestations are non-
specific, that is, common with other age-related changes. In this case, the earlier
such deviations from the norm associated with the risk of a specific disease are
detected, the more effective prevention is, the more likely it is success in preventing
life-threatening conditions.

The following main criteria for aging biomarker were proposed (Butler et al.
2004):

e Must change with age;

e Have to predict mortality better than chronological age;

e Allow foreseeing the early stages of a specific age-related disease;

e To be minimally invasive—do not require serious intervention or painful proce-
dure.

We extended the list by additional criteria, that could increase their translation
potential:

e To be sensitive to early signs of aging (as opposed to frailty and mortality, which
are too late for prevention and geroprotection);
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e Have predictability with collecting in the foreseeable time range;
e Have low analytical variability (robustness and reproducibility).

The most comprehensive online database of human aging biomarkers today is
Digital Aging Atlas (http://ageing-map.org) (Craig et al. 2015).

Based on them, we can predict the accelerated or delayed aging of an individual,
monitor the effectiveness of procedures aimed at preventing aging, such as changing
diet, lifestyle, increasing physical activity, the effectiveness of geroprotective drugs.

The most generally accepted classification of existed biomarkers relies on the
level of organization: molecular, cellular, physiological, psychological.

There are 3 different experimental approaches to develop new aging biomarkers:

1. Empirical. Search for significant correlations with age among a variety of physi-
ological, clinical and biochemical parameters. The advantage of the approach is
that the methods underlying it are already used in clinical practice. This approach
has maximum translational potential and minimum cost.

2. Aging mechanisms oriented. Search for predictors of aging among changes asso-
ciated with known aging mechanisms. Since the approach is based on one of the
hypotheses about the causes of aging, it is difficult to confuse the cause with the
effect or to base on the false correlation between parameter and age. However,
there is always a chance that this is not the main reason of aging. In this case,
the variability of the index will be great, and the predictive power is minimal.

3. Omics. Analysis of age-related correlates among the big data obtained from the
analysis of various “omics”: genome, epigenome, transcriptome, metabolome,
proteome, microbiome. The main advantage of this approach is we can assume
that not really know anything about the causes of aging nowadays and analyze
all possible data of the person.

While there are no single definitive biomarkers for aging, that reflect of the all
necessary criteria, a range of different measures have been proposed. In different
organs and systems, aging processes occur at different times and at different speed.
Thus, aging biomarker should be multimodal panel, based on different molecular
and physiological parameters.

Analysis of the results of the study of the National Research Center for Preventive
Medicine and the Russian Gerontological Scientific and Clinical Center, in which
303 people aged 23-91 was assessed according to 89 parameters, allowed us to make
arating of the predictive power of the parameters studied, including telomeres length
levels of certain hormones, inflammation factors, blood metabolites, anthropometry
and functional tests. However, the most important predictors of age were vascular
health parameters (central arterial pressure, augmentation index, degree of stenosis,
vessel wall thickness, pulse wave velocity) (Fedintsev et al. 2017). The biological
age values obtained according to our model, as expected, were significantly higher
in people with diabetes and hypertension than in healthy people.

We investigated more than 60,000 results of a general analysis of blood and exten-
sive blood biochemistry using deep machine learning methods. The study created a
universal model of biological age Aging.Al where most predictive parameters were
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albumin and alkaline phosphatase (liver function), glucose (metabolic syndrome),
erythrocytes (respiratory function) and urea (renal function) (Putin et al. 2016).
DNA methylation “epigenetic clock” is the most comprehensive predictor of total
mortality today. It is also can predict mortality from cancer and cardiovascular dis-
eases and vary in correlation with lifestyle and interventions (Quach et al. 2017).
In this book for the first time collected all advances in the area of human aging
biomarkers. The accumulated data is quite enough to assess the rate of aging of
the patient and individually monitor the effectiveness of therapies aimed at slowing
aging. We need to do next big step, translating this knowledge into clinician practice.
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Chapter 2 ®)
Practical Detection of Biological Age: oo

Why It Is not a Trivial Task

Boris Veytsman, Tiange Cui and Ancha Baranova

Abstract The determination of the “biological age” is one the most interesting
problems in the biology of aging. The improvement of the biomarkers of aging is
a very important problem. The necessity to use synthetic (i.e. holistic), rather than
analytic (i.e. specific) measurements strongly contributes to a deeply complicated
relationship between conventional biomedicine and a plethora of anti-aging inter-
ventions which are inferred from experimental studies of animals and observational
studies of humans. Intrinsically holistic “omics” profiles, however, are subject to the
“curse of dimensionality”, discussed in this chapter. It is expected that an increase
in the reliability of biomarkers of aging would be achieved by concerted efforts of
biostatisticians, who would successfully combine data-driven and knowledge-based
approaches, and the biologists who would be instrumental in critically evaluating
insights generated in silico and ensure a discernible biological rationale for the met-
rics of biological age.

Keywords Biological age + Biomarkers + Curse of dimensionality + Omics -
Holistic measures

One of the most interesting problems in the biology of aging is the determination of
the “biological age”, which might be a better predictor of the person’s health state than
the calendar age. Accordingly, biological age is often imagined as a holistic metrics
describing the person as a whole rather than reflecting the functioning of the body
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through one or another representative parameter, or a combination of a relatively
small number of such parameters. The goal to describe the process of aging as a
whole firmly places the studies of aging into a systems biology realm (Yashin and
Jazwinski 2015). On the other hand, the necessity to use the synthetic (i.e. holistic),
rather than the analytic (i.e. specific) measurements strongly contributes to a deeply
complicated relationship between conventional biomedicine and a plethora of anti-
aging interventions which are inferred from experimental studies of animals and
observational studies of humans.

To give some meaning to the concept of biological age let us imagine the pro-
cess of aging as a trajectory in a multidimension space, each dimension being some
measurable characteristics of the body’s function or performance. These trajectories
vary between individuals. Moreover, each individual follows the trajectory with a
specific velocity, which may accelerate or decelerate depending on specific circum-
stances encountered along the trajectory. If we assume that each trajectory could be
mapped in a set of natural coordinates known as a panel of biomarkers, we are able to
compare the points on a given set of trajectories. Moreover, we are able to compare
individuals and to check how far each of them is along the way; to understand why
the velocity along the trajectory changes, and how is the trajectory itself determined.

It is further assumed that the biomarkers, or, to be specific, the levels of these
biomarkers, which are used as indicators of the position along the trajectory, are
objective. It is important to remember that objectivity here is no more than assump-
tion which relies on one or another underlying theory of aging, or a combination
of theories. One relevant example showing that the objectivity of biomarkers is rel-
ative is the famous aging-related measure of telomere length, commonly used as
an integrative biomarker of stressful exposures and increased propensity to develop
chronic disease or succumb to early mortality. Despite the telomere’s popular des-
ignation as a mitotic clock, the relationship between telomere length and aging does
not meet the requisite biomarker criteria (Mather et al. 2009). One of the four criteria
for biomarker of aging proposed by the American Federation of Aging Research
posits that a potential biomarker should be allow repeated testing without harm-
ing the subject (Simm et al. 2008). A blood test or an imaging test would sat-
isfy this requirement. Accordingly, telomere length is most commonly profiled in
peripheral blood mononuclear cells (PBMCs), that may be collected during routine
venipuction. PBMCs, however, are far from being an uniform tissue; they repre-
sent a heterogeneous mixture of cell types of different physiological ages. Accord-
ingly, these cells may have different telomere lengths (Lin et al. 2015, 2016). As
the proportions of the cells in the mix may vary depending on state of the body
(for example, reflecting underlying infection processes and stage of body recovery),
average telomere length may fluctuate. Moreover, PBMCs composition may change
with the process of aging itself (Aviv et al. 2006). Finally, the average telomere
length in PBMCs may not correspond to telomere length in other tissues (Palmieri
et al. 2014), may not be uniform in various human populations of the same age
(Eisenberg et al. 2011), and may not accurately reflect regeneration potential of the
cellular compartment (Bottcher et al. 2018). Taken together, these considerations
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