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Preface

Japan is the world’s longest-living country today. The average life expectancy is
81.64 years for men and 87.74 years for women, and the number of people over
100 years old (centenarians) is over 86,000 (as of 2021). However, of course, this
was not the case in Japan 100 years ago. Health and long age the country enjoys
today is based on the high economic growth after the Showa-era post-war recon-
struction, improved dietary habits, and the expansion of the universal health care
system. Although the country experienced the collapse of the bubble economy in the
early Heisei period, the Japanese society has matured in a seemingly peaceful and
prosperous manner up to the present day. However, the shadow of aging lurks over
the whole society.

As per the famous Noh play “Atsumori,” based on the Tale of Heike and sung and
played by the renowned Sengoku Period Daimyo Oda Nobunaga, a man’s life was
said to be 50 years in the sixteenth century. Even in the late nineteenth century Meiji-
era Japan, the average life expectancy was in the 40s. However, after World War II,
Japan achieved the world’s fastest increase in average life expectancy during the
Period of Rapid Growth in the 1960s. This owes primarily to the establishment of the
National Health Insurance, so-called kaihoken. In this relatively short period of time,
Japan has quickly become a world leader in various health metrics, including
longevity. Ikeda et al. analyze the key factors behind Japan’s impressive historic
achievements over the past half-century in The Lancet special issue (The Lancet,
378(9796), 1094-1105, Fig. 1).

On the flip side, Japan’s entire society is now facing aging at the world’s fastest
rate. The Period of Rapid Growth has long passed, and the whole country is now
“aging.” On March 6, 2007, 14 years ago, something no one could have predicted
happened; the collapse of a local city government. It was an unprecedented event. A
town that once prospered from coal mining, Yubari city, Hokkaido, has gone
bankrupt with a deficit of 350 billion yen. A coal-mining town once bustling with
120,000 people had been reduced to 10,000 people in 40 years. There used to be six
elementary schools, but now there is barely a single one. There is one small clinic,
but no general hospital. The number of city employees was reduced by two-thirds,
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Fig. 1 Japan as No. 1 in the health-span growth and in longevity. (Adapted from The Lancet, 2011)

and the city was forced to pay off its debts. Exodos of residents started and became
unstoppable, especially in the young people, and the situation of the town is getting
worse. Over 50% of the population is above the age of 65. Yubari is the epitome of
the negative aspects of Japan’s aging society.

On November 18, 2010, The British business magazine The Economist intro-
duced the situation in Yubari to the world, and sounded a warning about the future of
Japan’s super-aging population. The alarm was summed up in one word: “Japan’s
burden.” Will Japan be able to cope with the various challenges of an aging society?
The illustration of a child trying to support himself against the weight of the Japanese
flag is painful to our eyes (Fig. 2).

This is not just a problem for Yubari, but will become a major issue soon in many
parts of Japan. The baby boomer generation, born after World War II, has now
become a large dark cloud of the elderly population of 75 years and older, shifting a
massive burden to the future of a much smaller percentage of the young population.
The origin of the problem lies in the imbalance between the extremely low birth rate
and the growing aging population, with the birth rate of 1.4, lower than any other
country. If this trend continues for the next 40 years, Japan’s overall population will
decrease by 40 million, and Japan’s aging rate will reach 40% by the middle of this
century (2050). That is to say, 4 out of 10 people will be 65 years or older. This is an
average rate, however, and even if it can be lower in urban areas, the aging rate in the
surrounding rural areas will easily exceed 50%. The situation Yubari is facing is
expected to spread throughout the country soon.

While “aging” has become a major social problem, it is fundamentally a medical
and biological issue. Every living thing ages and dies without exception. Aging is
not an illness, but a natural process of life. Consequently, research should focus not
only on age-related diseases or pathological aging but also on physiological pro-
cesses of aging. We would like to understand the fundamental biological mecha-
nisms of aging; how do we all grow old? Over the past several decades, our
knowledge of the research findings on the biological mechanisms of aging has
accelerated. However, we are still a long way from fully understanding all the
mechanisms of aging; how we, as animals, age and how our lifespan is determined.
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Fig. 2 Japan’s burden and the population shift in the past and the future. (Source: The Economist,
2010)

Previously, we have released a book entitled Aging Mechanisms: Longevity,
Metabolism, and Brain Aging (Springer, 2015), summarizing aging researches
pursued in the leading laboratories in the two neighboring countries in East Asia,
i.e., Japan and South Korea. It was compiled as a memorial of collaborative efforts of
basic biomedical researchers on aging in the two countries, mainly through the
binational discussion forum of AACL (Asian Aging Core for Longevity) initiated
by the editor in 2006. Now, it is almost 15 years since the editor took a first step
towards the discussion forum on aging research, and it is my sincere pleasure to find
the discussion forum of AACL evolve into the Asian Society for Aging Research to
promote the scientific discussion on aging in East Asia including Japan, Korea, and
China. Herein, I deeply thank our former core members, Drs. Eun Seong Hwang
(University of Seoul), Isao Shimokawa (Nagasaki University School of Medicine),
Zhongjun Zhou (University of Hong Kong), Sang Chul Park (Seoul National
University), Inhee Mook-Jung (Seoul National University), and Yong-Sun Kim
(Hallym University).

I would note that this second volume Aging Mechanisms II (2021) is not a simple
revision of the former Aging Mechanisms (2015), but it is intended to incorporate
novel topics under the rapid progress of aging research in the leading laboratories in
Japan. The only exception is Chap. 1, which is a revised version of the previous 2015
book chapter with a few modifications by Dr. Sataro Goto. The editor would like to
express sincere thanks to everyone involved in the chapter contributions for their
cooperation and enthusiasm, and hope that the book will be useful for many
researchers and graduate students in biomedical aging research.

Fukuoka, Japan Nozomu Mori
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Part I
From Hypothesis to Mechanisms



Chapter 1 ®)
An Unsolved Problem in Gerontology s
Yet: Molecular Mechanisms of Biological
Aging—A Historical and Critical Overview

Sataro Goto

Abstract I discuss the historical background of the original proposals and modern
versions of the selected theories of the molecular mechanisms of biological aging,
i.e., the mutation or genome instability theory, the free radical or oxidative stress
theory, the mitochondrial theory, the error catastrophe theory, the altered protein or
protein homeostasis or proteostasis theory, the dysdifferentiation or epigenetic
theory, and the hyperfunction theory, adding a brief comment on a recent popular
theory of “epigenetic clock”™ in this revised version of my previous overview (Goto,
Aging mechanisms. Longevity, metabolism and brain aging, Springer, Berlin,
2015). T have involved the development of some of the theories, which are therefore
described in more detail than others. A discussion on the definition of aging and
general comments on the aging theory are described. A most popular theory of
aging, the free radical or oxidative theory, was proposed more than half a century
ago but has recently faced severe criticisms to which I shall refer. So far, no single
theory has been able to successfully explain the mechanism of biological aging. We
are thus awaiting emergence of a new paradigm or an integration of the existing
theories for better understanding of the mechanism.

Keywords Molecular mechanisms of aging - Mutation theory of aging/genome
instability theory of aging - Free radical theory of aging/oxidative stress theory of
aging - Mitochondria theory of aging - Error catastrophe theory of aging - Altered
protein theory of aging/protein homeostasis or proteostasis theory of aging -
Dysdifferentiation theory of aging/epigenetic theory of aging - Hyperfunction theory
of aging

This article is a revised version of my previous contribution to the Springer book (Goto 2015).

S. Goto ()
Institute of Health and Sports Science & Medicine, Juntendo University Graduate School,
Chiba, Japan

Department of Aging Neuroscience, Tokyo Metropolitan Institute of Gerontology, Tokyo,
Japan
e-mail: sgotou@juntendo.ac.jp; gotosataro@sakura.juntendo.ac.jp
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4 S. Goto
1.1 Introduction

The average human life span in developed countries has increased by more than
20 years in the past several decades. Our major concern has shifted from an increase
in the life span to an extension of the health span by retarding the progress of frailty
due to lowered physical activities and inadequate nutrition in elderly people, thus
reducing risks of potentially fatal diseases such as cancer, cardiovascular disease,
stroke, kidney disorder, type 2 diabetes mellitus, etc. Currently, elderly people are
more concerned of maintaining high quality of life by delaying frailty that results
from the decline of physiological functions such as sarcopenia and osteoporosis,
even when such conditions are not directly fatal by themselves. However, it is often
stated that the major risk factor for developing the geriatric diseases mentioned
above is old age, or rather, biological aging itself. This means that the biological
mechanisms of aging are likely to underlie the etiologies and progress of age-related
diseases, although aging itself is not technically a disease.

Since Peter Medawar stated in 1952 that aging is an unsolved problem of biology
(Medawar 1952), the mechanisms of aging have been the subject of intensive
research interest, and a large number of papers have been published on the mecha-
nisms of aging. Half a century after Medawar’s statement, leading scientists of
biogerontology claimed that aging is no longer an unsolved problem in biology
(Holliday 2006; Hayflick 2007). Robin Holliday wrote that recently published major
books on aging agree that the biological reasons for aging in mammals are now well
understood and that the mechanism of biological aging is therefore no longer an
unsolved problem. It is true that there appears to be similar, apparently common or
conserved, senescent phenotypes in different species of animals in which longevity
differs by several 100-fold (see Fig. 1.1 and Table 1.1); however, the very basic
problems of the mechanism behind such species differences in longevity are not
clear nor have been studied deeply enough.

In this chapter, I provide an overview of selected theories of the mechanisms of
biological aging. The overview includes theories of historical interest that are not
necessarily widely accepted currently and/or theories that have since been
transformed into modern versions. The latter group is presented under the same
sections as the original theories from which they are derived.

1.2 The Definition of Aging

There are two words with somewhat similar meanings that are commonly used in
gerontology but are often confused, i.e., aging and senescence. Caeb Finch writes in
his influential book that the term aging is mainly used to describe any changes that
occur during the passage of physical time, during which there need be not common
mechanisms, such as the aging of collagen, the aging of diploid cells in culture or of
erythrocytes in circulation, the aging of populations or societies, or the aging of
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Fig. 1.1 Survival curves of human, mouse, fruit fly, and nematode. (Adapted and modified from
Goto S (2002) Saibo kogaku 21: 704-708 (in Japanese))

genes and species during evolution. In contrast, the term senescence is used to
describe age-related changes in an organism that adversely affect its vitality and
functions and, most importantly, increase its mortality rate as a function of time
(Finch 1990). Robert Arking states that “the terms aging and senescence seem to
overlap considerably, and the difference between them may be one of emphasis
rather than fundamentals” (Arking 1998). Because the term aging is often used to
convey what he describes as senescence in most current gerontology writing, I use
the term aging to discuss the mechanisms of aging (senescence) in this chapter.

To cite a few examples of the definition of aging (senescence) by leading
scientists in biomedical gerontology books, Medawar wrote, as cited by Bernard
Strehler in his book (Strehler 1977), “Senescence may be defined as that change of
the bodily faculties and sensibilities and energies which accompanies aging, and
which renders the individual progressively more likely to die from accidental causes
of random incidence.” Strehler himself defines it as “the changes which occur
(1) generally in the postreproductive period and (2) which result in a decreased
survival capacity of the part of the individual organism.” He further notes that
“different evolutionary lines might very well decline in their survival capacities for
entirely different immediate reasons. It may also be, however, that there are one or
more dominant mechanisms of aging, common to all higher forms of life.” Alex
Comfort defines senescence (aging) as a decrease in viability (leading to an increas-
ing probability of death) with increasing chronological age and an increase in
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Table 1.1 Common and uncommon aging phenotypes in human and model animals (Adapted
from Vijg and Campisi (2008) and modified by Goto (2015))

Phenotype Human ‘ Mouse ‘ Fly ‘ Nematode
Decreased cardiac function Yes Yes Yes NA
Apoptosis, cellular senescence Yes Yes Yes ?
Cancer, hyperplasia Yes Yes No No
Genome instability Yes Yes Yes Yes
Macromolecular aggregates Yes Yes Yes Yes
Reduced memory & learning Yes Yes Yes NA
Decline in GH, DHEA, testosterone, IGF Yes Yes ? ?
Increase in gonadotropins, insulin Yes Yes ? ?
Decreased thyroid function Yes Yes NA NA
Decrease in innate immunity Yes Yes Yes Yes
Increase in inflammation Yes Yes No No
Skin morphology changes Yes Yes ? Yes
Decreased mitochondrial function Yes Yes Yes Yes
Sarcopenia Yes Yes Yes Yes
Osteoporosis Yes Yes NA NA
Abnormal sleep Yes Yes Yes ?
Decrease in vision Yes Yes ? NA
Demyelination Yes Yes ? No
Decreased fitness Yes Yes Yes Yes
Arteriosclerosis Yes No NA NA
Changes in fat Yes Yes ? ?

Note: Highlights by yellow are common aging phenotypes in listed animals. NA not applicable

vulnerability (Comfort 1964). The term vulnerability may be rephrased as frailty, a
term more commonly used in geriatric medicine in recent years.

Surveying the definition of aging in gerontology literatures, I note that aging can
be defined as a progressive functional decline with advancing age that occurs in
every individual, sooner or later, within a population of a species, beginning around
the time of reproductive maturity and leading to an increased probability of death
over time. Theories of the mechanisms of aging that can fit with this definition will
be examined in this chapter.

1.3 Aging Theories

In 1990, Zhores Medvedev wrote that more than 300 theories about the biological
mechanisms of aging could be found in the literature (Medvedev 1990). Among the
theories cited in his review, some are still popular, and some have disappeared or
have been transformed, while other new theories have emerged and are currently
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being tested for validity. Theories of aging are mixed in that there are different levels
of aging phenomena at the molecular, cellular, tissue, organ, or systemic levels.

George Martin has proposed a classification of the mechanisms of aging into two
categories: public and private mechanisms (Martin et al. 1996a). The public mech-
anisms of aging are those that could potentially be applied to the aging of different
animals and tissues or cells, while the private mechanisms of aging are those that
appear to be only true in specific species, cells, tissues, or organs. For example, the
immunological theory can only be true in animals such as mammals with appropriate
immune system but may not be true in nematodes or insect models which lack in
acquired immunity seen in mammals. When thinking about the aging that occurs in
any somatic cells of different species of animals, it is more appropriate to focus on
“public” mechanisms rather than “private” mechanisms for the purposes of our
discussion. See discussion on “public” and “private” mechanisms of aging in a
literature (Partridge and Gems 2002).

In this chapter, I therefore discuss the mechanisms of aging that can mainly,
although not exclusively, be viewed as public. The private mechanisms of aging,
however, are by no means unimportant. Indeed, they are useful by themselves to
explain particular etiologies or the progress of individual age-related diseases. It
should be noted that private mechanisms often involve public mechanisms. For
instance, endocrinological decline with age, a private mechanism of aging, can be
caused by public mechanisms, such as oxidative stress or protein alteration. It should
be noted that each theory is naturally not mutually exclusive or incompatible each
other, but may instead be regarded as a part of other theories.

Figure 1.1 illustrates age-related changes in the mortality rate of different animal
species, with life span difference of more than 1000-fold (e.g., between human and
nematode). The apparent similarity of the survival curves may suggest that the
underlying mechanisms of aging are common among the shown animal species. In
fact, many aging phenotypes are conserved in model animals and human, as shown
in Table 1.1 (Vijg and Campisi 2008). It should be noted, however, that no overall
correlation of age regulation was found in the gene expression database, at least
between mice and humans, for example, and therefore, aging processes in mice and
humans may be fundamentally different, despite certain commonalities in the
observed transcriptional profiles in the genes, for example, of electron transport
chain for aging mouse, human, fly, and nematode (Zahn et al. 2007). In the following
sections, I examine selected public mechanisms of aging.

1.4 Mutation Theory of Aging/Genome Instability Theory
of Aging

This theory predicts that mutations accumulating in the genome are responsible for
aging, i.e., physiological decline with advancing age. One of the early proponents of
the theory was Leo Szilard. As a nuclear physicist, he proposed that somatic cell
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mutations induced by ionizing radiation generated in reactions such as the nuclear
fission and fusion would accelerate aging (Szilard 1959). Ionizing radiation in fact
shortened the life span of mice and rats, shifting the survival curves to the left, with
similar shapes as unirradiated controls, apparently being reminiscent of an acceler-
ation of normal aging (Lindop and Rotblat 1961). It was later shown, however, that
the major cause of the observed life span shortening was an increased rate of
carcinogenesis rather than an acceleration of physiological aging in general. Irradi-
ated rodents have therefore not been used as models of accelerated aging. In the
meantime, it has been reported that the DNA repair activity of skin fibroblasts in
cultures irradiated with ultraviolet light depends on an animal’s maximum life span
(Hart and Setlow 1974). The activity of cells from long-lived animals, such as
human, elephant, and cow, was nearly five times higher than that in short-lived
animals such as rat and mouse. Although the repair capacity and life span were not
proportional, it was thought that long-lived species may have a more active repair
system that could therefore play a role in deceleration of aging rate. More recently, it
was reported that base excision repair activity declines with age in mice in the brain,
liver, spleen, and testes (Cabelof et al. 2002). To study the mutation frequency
in vivo, selectable markers, such as hypoxanthine phosphoribosyltransferase
(HPRT) of purine metabolism, have been used to detect 6-thioguanine-resistant
cells that are defective in the HPRT gene. Using this method, it was reported that
the mutation frequency increased with age (from 2 to 94 years of age) in cultured
human kidney tubular epithelial cells (Martin et al. 1996b). To overcome the
limitation that the cells to be assayed must proliferate in vitro in the assay, transgenic
mice with reporter genes, such as the bacterial lacZ gene, have been developed. The
DNA recovered from the transgenic mouse tissues, including the brain and heart,
consisting of mainly postmitotic cells, was screened for mutations in the integrated
shuttle vector in a bacterial host (Dollé et al. 2000). Significant age-related mutant
frequency was found to increase from 10 x 10~ (3 months old) to 25 x 1077
(33 months old) in the small intestine and from 5 to 10 x 1073 in the heart of mice.
However, no change was observed in the brain (5 x 10~°) between the young and
old animals. It is noted that the increase was linear from young to old ages, with no
larger changes at older ages.

Because functional decline with age is apparently more significant in the brain
and heart than in the intestine and because the frequency of mutation is not high
enough to account for the level of decline, it appears to be difficult to ascribe a cause
of aging to the age-related accumulation of mutations. In fact, the serious proponents
of this theory recognize one important question about this theory, stating that “it is
not known whether the frequency of the random changes is sufficient to cause the
phenotypic effects generally associated with aging” as cited from the abstract of a
paper by Vijg and Suh (2013). The readers are advised to also refer to a recent
general view on this theory (Moskalev et al. 2012).
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1.5 Free Radical Theory of Aging/Oxidative Stress Theory
of Aging

The free radical theory of aging is one of the most well-known and popular theories
of aging proposed so far. The theory has currently been transformed into the
“oxidative stress theory of aging” because oxidative stress most frequently involves
reactive oxygen species (ROSs) and because the causative agents of the stress are not
only free radicals but also include non-radical ROS such as hydrogen peroxide
(Martin et al. 1996a). The principle of the theory was originally proposed by
Denham Harman more than half a century ago (Harman 1956). The history of the
theory and the inside story of how the idea came to him are found in an interview
with him (Harman and Harman 2003). He was originally a chemist specializing in
free radicals who later became interested in aging and established himself as a
medical scientist. In the beginning, the theory apparently did not attract as much
interest from scientists working on aging as other theories, such as the mutation
theory and the protein cross-linking theory. This is likely because radicals were not
familiar to biologically oriented scientists, and the theory appeared to be too simple
and straight forward to explain the complex aging phenomena. However, after
superoxide dismutase (SOD), which catalyzes dismutation of superoxide radical
forming hydrogen peroxide, was reported to be widely distributed in mammalian
tissues (McCord and Fridovich 1969), more researchers became interested in the
capacity of free radicals to damage a variety of cellular constituents, potentially
leading to aging. The major targets of free radical damage were believed to be
membrane lipids, which contain many unsaturated fatty acids that are easily attacked
by radicals to produce lipid peroxides. Lipid peroxides were thought to be compo-
nents of the lipofuscin age pigment, a then well-known histological marker of aged
cells that consume substantial amounts of oxygen, such as neurons and kidney cells.
Lipid peroxidation has readily been measured as thiobarbituric acid reactive sub-
stances (TBARS), although the method to measure TBARS may be problematic in
specificity and, recently, such substances as isoprostanes have been used to evaluate
the oxidation. DNA was another molecule of interest for oxygen radical attack. It can
form 8-hydroxy-2-deoxyguanosine (8-oxodG), which is relevant to cancers that
increase with age (Fraga et al. 1990).

Oxidatively modified proteins have attracted the least interest mainly because of
limitations in the methods to detect them despite the fact that the catalytic activities
of enzymes have long been known to decrease with age (Stadtman 1988) and
therefore can drive aging. Earl Stadtman and his collaborators established a conve-
nient method to detect oxidatively modified proteins in which reactive carbonyl
moieties are generated as oxidation products in amino acid residues such as lysine,
arginine, and proline that can be measured by spectrophotometric or immunological
methods after the reaction of proteins with 2,4-dinitrophenylhydrazine to derivatize
the carbonyls to the hydrazones.

All cellular components (e.g., membrane phospholipids, nucleic acids, and pro-
teins) have been reported to be oxidatively damaged with age, which could
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potentially cause the physiological decline of the organisms (Cutler and Rodriguez
2003). The free radical theory of aging has prompted researchers to study radical
scavengers and antioxidants to see if such chemicals can extend the life span of
animals. Harman himself showed in his early studies that the synthetic antioxidants
2-mercaptoethylamine and butylated hydroxytoluene can extend the life span of
mice (Harman 1968). Numerous studies have been conducted since then to try to
extend the life span of experimental animals or to ameliorate age-related diseases in
humans that are possibly caused by ROS, mostly using antioxidant vitamins, such as
vitamins C and E, or natural products such as polyphenols and carotenes. The
results, however, have been rather disappointing in human clinical trials attempting
to reduce the risks of age-related diseases, although antioxidant supplements had
been reported to be promising in experimental animals (Sadowska-Bartosz and
Bartosz 2014). In human studies, it has been reported in a systematic review and
meta-analysis of randomized trials with a total of 232,606 participants that antiox-
idant supplements (f-carotene, vitamins A and E) can even significantly increase
all-cause mortality (Bjelakovic et al. 2007). In animal studies, for example, the
popular “anti-aging” polyphenol resveratrol, which is not necessarily supposed to
act as an antioxidant, has been shown to not extend the life span of genetically
heterogeneous mouse strains that mimic human population in multiple laboratories
(Strong et al. 2013).

The free radical theory of aging appeared to explain the rate of living theory of
aging, which was first proposed many years ago (Pearl 1928), suggesting that there is
an inverse relationship between the metabolic rate and longevity in different animal
species. However, it turned out that this does not apply to mammals. The opposite
was even true intraspecifically when energy expenditure and the life span of indi-
vidual mice were studied, in that the higher the energy expenditure (indicating a
larger consumption of oxygen), the longer the life span, contrary to what is expected
from the free radical theory of aging (Speakman et al. 2004). Based on studies of
genetically modified mice showing under- or overexpression of genes of antioxidant
enzymes (e.g., cytoplasmic and mitochondrial superoxide dismutases, catalase,
glutathione peroxidase), it was concluded that all of the antioxidant enzymes studied
separately or in combination do not significantly influence the life span in mice
(Pérez et al. 2009). On the other hand, it is true that oxidative damage in lipids, DNA,
and proteins increases with age, as described above, suggesting an involvement of
free radicals in aging. Additionally, a variety of mutant animals with longer life
spans show increased resistance to oxidative damage (Brown-Borg 2006; Pickering
et al. 2017). Thus, potential roles of ROS in driving aging should not be
underestimated, although they may not play a crucial role in life span determination.

It has often been stated that the major source of ROS generation is mitochondria,
as discussed later in the mitochondrial theory of aging. However, apart from ROS
generated in the mitochondria as byproducts, oxidants can be generated as normal
products in multiple enzyme reactions catalyzed by oxidases, such as NADPH
oxidase, xanthine oxidase, and monoamine oxidase, contributing to overall cellular
oxidative stress. Such oxidants can damage cellular molecules and also play impor-
tant roles as signaling factor (Finkel 2011). Although the involvement of ROSs in
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signal transduction have attracted more interest in recent years than their potential
detrimental role in aging, I do not discuss details of this topic as it is beyond the
scope of this overview.

I instead discuss the hormetic roles of ROSs that are relevant to aging. Hormesis
is a dose-response relationship that exhibits stimulation at low doses and inhibition
at higher doses, although whether a response is beneficial or harmful can be complex
and is often not immediately obvious (Calabrese and Mattson 2011). Exposure to a
variety of stressors, such as toxins, heat, ROS, and radiation, can induce an adaptive
response if they are not too strong, making an organism more resistant to subsequent
stronger challenges (Gems and Partridge 2008). Nematodes pretreated with hyper-
baric oxygen became more resistant to semilethal oxygen exposure (Cypser and
Johnson 2002). Interestingly, an oxidative stressor (juglone) could induce substantial
resistance to a lethal challenge. The life span of the pretreated worms was increased
compared to naive counterparts. We have shown that regular moderate exercise in
old rats can reduce oxidative stress, as measured by protein and DNA oxidation, by
upregulating anti-oxidation systems, including the glutathione, proteasome, and
DNA repair enzymes (Goto and Radak 2009; Nakamoto et al. 2007; Radék et al.
2001). Other investigators have also demonstrated that exercise induces antioxidant
enzymes (Gomez-Cabrera et al. 2008) and that antioxidant vitamins C and E
ameliorate the beneficial effects of exercise (Ristow et al. 2009). Exercise hormesis
is well recognized, as the ROS induced by moderate exercise constitutes a significant
mechanism of beneficial effects of the regimen (Gomez-Cabrera et al. 2008; Radak
et al. 2005). See also the discussion on mitohormesis in the mitochondrial theory of
aging section.

Thus, ROSs have two sides, making this theory somewhat complex. On the one
hand, ROSs are believed to have detrimental effects, as proposed in the original
theory. On the other hand, they are also thought to have beneficial effects as
signaling factors and factors that can protect an organism against stresses that they
may encounter in life.

1.6 The Mitochondrial Theory of Aging

Mitochondria have long been known to be the power station of eukaryotic cells,
generating the majority of ATP and therefore being vital to life. After the proposal of
the free radical theory of aging, these organelles have attracted increased interest in
the other side of life, as they use most of oxygen taken up by cells that could
potentially be converted to damaging reactive oxygen species (ROSs) in the respi-
ratory chain. Harman was the first to suggest that mitochondria can be a major source
of free radicals and also a principal target of the damage that drives aging as an
obvious extension of the free radical theory of aging (Harman 1972). In fact,
mitochondrial DNA (mtDNA) and proteins are more vulnerable to oxidation than
cytoplasmic or nuclear proteins and nucleic acids, likely due to their proximity to the
electron transport chain, the lack of histones to protect the DNA, and their low repair
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activities. Later, Jaime Miquel expanded the mitochondrial theory of aging (Miquel
et al. 1980). A number of papers in support of the theory have been published. It has
often been cited that ROSs (such as hydrogen peroxide) generated in the mitochon-
dria account for 1-2% of the total oxygen uptake (Chance et al. 1979). Even higher
values of 4-5% have been reported (Luft and Landau 1995). However, later studies
have criticized these reports, and the current estimation for these values is as low as
0.15% (St-Pierre et al. 2002).

Point mutations that may occur due to oxygen radicals accumulate in mtDNA
with aging, possibly also due to mtDNA polymerase errors, suggesting that this
process may cause the age-related functional decline of cells and tissues (Michikawa
et al. 1999). For this reason, mice with defective mtDNA polymerase have been
constructed as a model of premature aging to prove or disprove this theory
(Trifunovic et al. 2004). Studies of these mice demonstrated that the animals with
a homozygous mutation (mtDNA mutator mouse) expressing proofreading-deficient
mtDNA polymerase y show reduced life span. They also show phenotypes of
accelerated aging at 69 months of age, such as hair loss and graying, sarcopenia,
osteoporosis, heart enlargement, and reduced subcutaneous fat, all of which are
features that are typical of human aging (Trifunovic et al. 2004). Despite these
premature aging phenotypes and the accumulation of mtDNA mutations, no increase
in hydrogen peroxide production and oxidative stress markers (protein carbonyl,
8-OHdG, and F2-isoprostane) has been observed in isolated mitochondria and
tissues of the mice. Thus, these findings did not support the idea that mtDNA
mutations cause increased ROS production that might drive aging. One criticism
of this research is that these mice may not represent natural human aging because the
levels of mtDNA mutations in human tissues are an order of magnitude lower than in
the mutator mice (Khrapko et al. 2006). It should, however, be noted that a recent
report on the mtDNA mutator mice showed that the hydrogen peroxide levels in the
aged animals were increased relative to the young mutator or wild type mice,
suggesting that prolonged exposure to higher concentrations of ROSs could contrib-
ute to accelerated aging (Logan et al. 2014). Thus, the possible contribution of ROSs
to aging in the mtDNA mutator mice remains controversial. Interestingly, however,
5 months of endurance exercise can rescue premature mortality in the mutator mice
by inducing mitochondrial biogenesis, thereby mitigating the development of
sarcopenia, brain atrophy, cardiac hypertrophy, and other age-related pathologies
(Safdar et al. 2011). Endurance exercise rescued mtDNA depletion in multiple
tissues and reduced the frequency of point mutations in the mutant mice. These
data support the view that lifestyle can improve the systemic deterioration of
mitochondrial function that could increase morbidity and mortality with aging.

Supporting evidence for the mitochondrial theory of aging has been obtained in
transgenic mice overexpressing human catalase in the mitochondria, which exhibit
increased life spans with reduced cardiac pathologies and cataract severity (Schriner
et al. 2005). These mice exhibited higher aconitase activity, a marker of antioxidant
capacity, in the heart and lower 8-OHdG in the DNA of the skeletal muscle,
suggesting that oxidative stress can be ameliorated by the overexpression of catalase
targeted to mitochondria.
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In view of the controversy regarding the contribution of mitochondrial ROS in
aging, it is worthy of referring to the concept of mitochondrial hormesis
(or mitohormesis) (Schulz et al. 2007; Ristow 2014). It was found that nematodes
treated with 2-deoxyglucose (2DG), an inhibitor of glycolysis, exhibited a prolon-
gation of their life span with a compensatory increase in mitochondrial respiration,
which is associated with increases in the level of ROS, followed by increased
expression of catalase, which scavenges hydrogen peroxide (Schulz et al. 2007).
When the worms were pretreated with VC, VE, or other antioxidants, the elevation
of catalase was abolished, and the extension of life span of the worms treated with
2DG was blocked. It thus appears that mitochondrial oxidants induced an increased
defense against oxidative stress as a hormetic response because excess oxidants are
obviously detrimental.

The mitochondrial theory of aging has thus developed into a theory evaluating the
roles of ROS generated from the organelle as signals for cellular homeostasis rather
than simply as damaging chemicals, as originally suggested. Also, I should add that
results incompatible with this theory are reported (Lapointe and Hekimi 2010).

1.7 The Error Catastrophe Theory of Aging

This theory was most prominently advanced by Leslie Orgel (1963) in accordance
with the development of molecular biology of the gene expression in the 1960s, such
as the research on the mechanisms of replication, transcription, and translation. This
theory predicted that nucleic acids and proteins inevitably contain errors when they
are synthesized because the information transfer in each step of gene expression and
maintenance is not perfectly accurate and the synthesizing machineries consisting of
error-containing molecules would make further errors, thus forming a vicious cycle
of error propagation that could result in the gradual loss of cellular function, i.e.,
catastrophe, with age. Although this theory is usually regarded as being advocated
by Orgel, it should be noted that Zhores Medvediev presented a similar idea
independently (Medvediev 1962). This theory has attracted particular attention
from scientists interested in the molecular mechanisms of aging because it suggests
a hypothesis that is experimentally testable by means of emerging theoretical and
technological developments of research in gene expression.

Possible detrimental consequences of the propagation of errors are likely more
serious in nondividing cells than in dividing cells because error-containing dividing
cells can be eliminated and replaced by new cells or can be diluted by cell division,
while error-containing molecules may be repaired or replaced by metabolic turnover
in nondividing and/or slowly dividing cells.

Of the types of errors in information transfer, translational errors had been most
extensively studied. These errors can occur in two independent steps of translation:

(1) The charging of individual tRNAs by cognate amino acids and (2) the
decoding of codon of mRNA. The former step is catalyzed by aminoacyl tRNA
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synthetases that may mischarge amino acids to tRNAs by imperfect enzymes.
The latter step occurs on ribosomes by matching codons with anticodons of
charged tRNA. A number of studies on the rate of mistranslation (error fre-
quency) in aging had been conducted mainly using young and senescent cells
in culture. For example, the error frequency of actin synthesis was studied in
human fibroblasts at different replicative ages (Harley et al. 1980): Histidinol, an
analogue of histidine, was added to the culture medium and thereby blocked the
charging of tRNA for histidine. The decrease in the histidine-charged tRNA
concentration induces an incorporation of glutamine into actin in the place of
histidine because the codons for glutamine (CAA or CAG) are similar to those for
histidine (CAU or CAC) so that errors of translation can occur due to codon-
anticodon mispairing at the third position. Late-passage cells from fetal, young,
and old donors cultured in vitro showed similar or lower error frequencies than
the corresponding early-passage cells, suggesting that error propagation does not
occur and thus fails to support the error catastrophe theory of aging. In another
study, age-related changes in the charging error were examined in vivo by the
incorporation of 4C_methionine and 3H—ethionine, an analogue of methionine,
into proteins of young and old mouse livers (Ogrodnik et al. 1975). It was
expected that ethionine could be mischarged to tRNA in place of methionine
by methionyl tRNA synthase if the fidelity of the enzyme would be decreased
with age. The misincorporation of ethionine in the place of methionine was
10-50% higher in ribosomal proteins of old animals, indicating that the charging
fidelity indeed declines in older animals, although it was not clear if the error rate
propagates with age.

As for the recognition of natural amino acids in young and old animals, we
have studied the age-related changes in the fidelity of aminoacylation by tyrosyl-
tRNA synthetase isolated from the liver of rats (Takahashi and Goto 1988). The
enzymes were purified from the livers of young (4—7-month-old) and old (27-29-
month-old) rats, such that no detectable phenylalanyl-tRNA synthetase was
contaminated to study the misrecognition of phenylalanine as tyrosine by the
enzyme. The error frequency of the tyrosyl-tRNA synthetase (on the order of
10~®) from the older animals was slightly lower than that from the younger
animals, but this difference was not statistically significant. Thus, the fidelity of
aminoacyl tRNA synthetase did not appear to decline significantly in old age,
again suggesting that errors in translation would not increase with aging at the
stage of tRNA charging with amino acid in translation.

The fidelity of decoding on ribosomes from young and old animals had been
mostly studied by assessing the misincorporation of non-cognate amino acids
using synthetic mRNA of homopolymers, such as poly(U) which codes for
phenylalanine polymers. The misincorporation of leucine into the poly(U)-
dependent synthesis of polyphenylalanine using ribosomes of tissues did not
differ significantly between young and old mice (Mori et al. 1979). We have,
instead, studied codon recognition fidelity using a unique group of natural
mRNAs that code for limited species of amino acids. Protamines are highly
basic nuclear proteins from fish sperm consisting of 33 amino acid residues.
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They contain only seven different amino acid species, of which approximately
two-thirds are arginine. It was therefore possible to study the incorporation of
radioactive amino acids in vitro that are not coded in the mRNAs. The fidelity of
the decoding of the mRNAs on ribosomes from the livers of mice between 2 and
29 months of age was found to not change significantly (Mori et al. 1983). Thus,
these findings are not consistent with the error catastrophe theory of aging in
terms of the predicted age-related changes in translational fidelity. This is prob-
ably because the proofreading mechanisms (Hopfield 1974; Fersht 1980) of
translation are maintained throughout life, keeping the fidelity high enough,
such that propagation of error would not occur.

More recently, the high fidelity of translation has been discussed from evolution-
ary perspectives as it can be important for survival by avoiding protein misfolding
(Drummond and Wilke 2009) (see also Sect. 1.8). Another possibility that error-
containing proteins do not increase with age is that such proteins may be preferen-
tially degraded and replaced by intact molecules by metabolic turnover as discussed
in the next session (Sect. 1.8).

Other steps of information transfer in which error catastrophe could occur are
DNA replication and transcription. No age-dependent differences have been found
between the fidelity of nuclear DNA polymerase-a and nuclear DNA polymerase-f3
that were partially purified from the regenerating livers of young (6-month-old) and
old (28-month-old) mice when the enzymes were tested for copying bacteriophage
¢X174 DNA (Silber et al. 1985). The same group of investigators showed that the
fidelity of highly error-prone DNA polymerase-f} in the brain of young and old mice
was not significantly different when copying the same bacteriophage DNA (Subba
Rao et al. 1985). Thus, although available reports on the possibility of age-related
changes in the fidelity of DNA polymerases are limited, it appears that the error
catastrophe theory of aging is not supported by the information transfer in nuclear
DNA replication. Although Orgel implied that transcription errors can lead to the
catastrophe (Orgel 1963), I am not aware of a published paper on age-related
changes in the fidelity of nuclear gene expression or of RNA polymerases in the
nucleus (Imashimizu et al. 2013). The integrity of RNA coded in mitochondrial
DNA has been studied in the brain of young (1-month-old) and older (18-month-old)
mice (Wang et al. 2014). The transcriptional error of the mitochondrial RNA
polymerase is site-specific and varied greatly among different genes. The error levels
in two age groups, however, were not significantly different, suggesting that error
propagation does not occur during aging. It is noted that transcriptional errors were
independent of the DNA mutation frequency and were up to 200-fold more frequent
than replication errors. The authors therefore conclude that the mitochondrial tran-
scription fidelity limits the impact of mitochondrial DNA mutation.

Thus, the error catastrophe theory of aging, which was once a popular hypothesis,
is not supported by the current experimental evidence. This theory thus seems to
have been largely forgotten, but it should be noted that pathologist George Martin
has argued that “it may have been given a premature death certificate” because drifts
in gene expression may be responsible for the “quasi-stochastic” distribution of
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lesions in geriatric pathologies, such as Alzheimer’s disease and atherosclerosis and
that errors in information transfer could feasibly contribute to this process (Martin
2012).

Although it is unlikely that error catastrophe occurs in genetic information
transfer, it should be noted that errors in protein synthesis can occur as the
misfolding of higher structures during translation. In fact, the rate of folding errors
can be as high as 30% of newly synthesized proteins, even though misfolding may
be mostly prevented by chaperons (Schubert et al. 2000) (see also: Sect. 1.8).

1.8 The Altered Protein Theory of Aging/Protein
Homeostasis or Proteostasis Theory of Aging

The origin of this theory may be traced back to Friz Verzar, who reported an
age-related increase in collagen cross-linking in rat tail tendons (see Nagy 1986).
A large number of studies have confirmed that changes in collagen occur with age in
various tissues and animals (Robert 2006). However, because collagen is an extra-
cellular protein and its relevance to cellular metabolisms is limited, researchers
interested in aging and inspired by the findings became more concerned about the
age-related changes of enzymes and other proteins involved more directly in intra-
cellular functions. In the meantime, studies on the error catastrophe theory of aging
have failed to support the predicted propagation of errors in translation as described
above and instead suggested the presence of altered forms of enzymes in aged cells
and tissues. Thus, altered enzymes were interpreted to be formed not by translational
errors but by posttranslational modifications.

Altered forms of enzymes in old cells and animal tissues have been detected by
various means. They have been shown to have low specific activity (by between
30 and 70%) per unit weight of purified enzyme (Rothstein 1981). One problem with
finding altered forms of an enzyme through purification is that altered enzymes with
reduced activity are often lost during the purification process, as purification protocol
usually depends on enzymatic activity. Altered enzymes have been detected in crude
extracts without purification that depends on enzyme activity, since antibodies
against an enzyme molecule can react with enzymes with no or reduced activity
that remain immunologically cross-reactive as the native enzyme (Gershon and
Gershon 1970). Another frequently used method was to examine the heat-stability
of an enzyme in cell or tissue extracts. An enzyme likely becomes heat-labile if it is
altered such that the mixture of native and altered enzymes has a biphasic or quasi-
biphasic heat-inactivation kinetic curves for the activity so that the percentage of the
altered form of an enzyme could be evaluated for the extent of alteration (Houben
et al. 1984). Thus, many altered proteins, mainly enzymes, have been reported to
increase in cells and tissues with aging, suggesting that they may be responsible for
the age-related decline of physiological functions.
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The causes of these alterations have been suggested to be posttranslational
modifications, such as oxidation or nitrosylation by ROSs or RNSs (reactive nitro-
gen species) and glycation by glucose. In some cases, reactive aldehydes derived
from lipid peroxides are responsible for the modifications. We and other investiga-
tors have shown that the heat-labile enzymes described above are generated by a
reaction with ROSs in vitro (Takahashi and Goto 1990). The chemistry of modifi-
cations has been studied extensively, proving that the side chains of specific amino
acid residues, such as lysine, arginine, and proline, are modified (Stadtman 1993).
Notably, carbonyl moieties generated by oxidation have most frequently been used
to evaluate oxidative stress on proteins by biochemical or immunochemical methods
(Levine et al. 1990; Nakamura and Goto 1996), although this method is not without
problems (Fedorova et al. 2014; Goto and Nakamura 1997). In addition to a
correlative relationship between the oxidative modification of proteins and aging, a
causal relationship between age-related increases in oxidative stress and functional
decline has been suggested (Martin et al. 1996a; Martin and Grotewiel 2006).
However, despite numerous reports on the possible involvement of protein oxidation
in aging, it is hard to decide its major contribution, as multiple effects of oxidative
stress on other molecules, such as DNA and membrane phospholipids, do occur in
parallel.

The glycation caused by nonenzymatic chemical reactions of proteins with
glucose is another well-recognized posttranslational modification that increases
with age in long-lived proteins, such as collagens and elastin, as well as lens
crystallins. The glycation of proteins ends up in generating a variety of products
collectively called AGEs (advanced glycation end products). Because proteins
exposed to a high concentration of glucose in the blood for a long period of time
are susceptible to this modification, it accumulates frequently in extracellular matrix
proteins and proteins with very low turnover rates. Glycation appears to be less
involved in the age-related functional decline of cells as a general cause than other
posttranslational modifications that occur more frequently inside cells. Nevertheless,
there is no question that glycation is involved in age-related diseases of endothelial
cells, such as in atherosclerosis, cardiovascular pathologies, and renal disorders, in
which tissue microvessel dysfunction is involved.

More recently, apart from the posttranslational modifications described above,
specific altered proteins with abnormal conformational structures in age-related
neurodegenerative diseases, such as Alzheimer’s disease (amyloidf} and tau tangles),
Parkinson’s disease (mutant a-synuclein), Huntington’s disease (mutant huntingtin),
and amyotrophic lateral sclerosis (misfolded SOD1), have been studied extensively
(Stefani 2004; Labbadia and Morimoto 2015). More generally, amyloid diseases that
impair the functions of different organs are also protein conformation diseases that
increase with age. There are many other examples of protein misfolding and
aggregation causing age-related diseases (Chiti and Dobson, 2017; Klaips et al.
2018). While numerous cases, especially in neurodegenerative diseases, have been
reported in which protein alterations produce age-related pathologies, it is not clear
whether such changes also contribute to the functional decline of cells and tissues in
physiological aging. It is possible that minor alterations of individual proteins cause
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undetected changes, yet result in significant physiological deterioration in a long
period of aging.

The accumulation of altered proteins with age can be driven by either increases in
the formation or the decline of degradation, or both processes. While the mecha-
nisms involved in the formation of such proteins have been extensively studied, the
decrease in degradation or elimination has attracted less interest. Rudolf
Schoenheimer described for the first time the dynamic state of body constituents,
such as lipids and proteins, as early as the late 1930s, when the stable isotope
technique became available to label cellular and extracellular components for chas-
ing the fate of the labeled materials, thereby highlighting the importance of meta-
bolic turnover as a homeostatic life maintenance mechanism. Due to the difficulty of
the access to the historical book The Dynamic State of Body Constituents (Harvard
University Press, Cambridge, MA, 1949) written by him, I cite instead an excellent
overview on this topic (Kennedy 2001). Schoenheimer’s view, however, was chal-
lenged by Jacques Monod (Nobel Prize laureate for the operon theory) and collab-
orators, who studied the turnover of f-galactosidase in growing E. coli and
concluded that most proteins in the cells are static rather than in a dynamic state
(Hogness et al. 1955). They further suggested that the proteins in mammalian tissues
would also be stable because the apparent dynamic state in these cells may be
interpreted as some proteins being secreted or lost by cell death. However, it was
shown that proteins in rabbit macrophages, nondividing cells, actually turnover, thus
not supporting Monod’s hypothesis (Harris and Watts 1958). Even so, protein
degradation has not attracted the same intense research interest as other more
positive biological processes such as protein and nucleic acid synthesis.

The degradation of intracellular proteins was originally thought to be mainly
dependent on lysosomes, which were found to contain multiple proteolytic enzymes
(cathepsins) with different specificities at acidic pH values (de Duve 1983). While
lysosomal proteolysis is thought to be nonspecific with regard to the protein sub-
strates degraded, the half-life of different proteins was reported to vary considerably.
This fact facilitated studies on non-lysosomal protein degradation that were first
performed in rabbit reticulocytes that do not have lysosomes. The extensive research
on non-lysosomal protein degradation has established the mechanisms of the
ubiquitin-proteasome system of proteolysis, showing that substrate proteins are
marked with ubiquitin for degradation and digested by proteasomes (in the case of
26S proteasome, see below) (Ciechanover 2005). The proteasome is a multi-catalytic
protease complex that exists in two forms, 26S and 20S, that differ in subunit
composition but share a common catalytic specificity. The 26S proteasome degrades
proteins tagged with ubiquitin chains and ATP dependently, while the 20S
proteasome degrades non-ubiquitinated proteins without using ATP.

On the other hand, the lysosomal pathway of proteolysis has developed into the
elucidation of autophagy-lysosome systems, in which protein aggregates and dam-
aged organelles are specifically recognized and destroyed, contrary to what was
originally believed to be nonspecific (Koga et al. 2011). Both systems of protein
degradation have profound impacts on aging and age-related diseases, particularly in
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neurodegenerative diseases (Rubinsztein et al. 2011; Saez and Vilchez 2014; Klaips
et al. 2018).

The altered protein theory of aging prompted studies on protein turnover in aging
(Van Remmen et al. 1995; Goto et al. 2001). For example, it was demonstrated that
the half-lives of enolase in nematodes and aldolase in mice are extended in old
animals compared with their younger counterparts, as determined by pulse-chase
experiments. We found that the half-life of the various proteins introduced into
mouse hepatocytes in primary culture were extended by 40-60% in the cells from
old animals (Ishigami and Goto 1990; Goto et al. 2001). It was also shown in vivo
that prematurely terminated puromycinyl peptides, as a model of altered proteins, are
much more slowly degraded in the livers of old mice than in those of younger
animals (Lavie et al. 1982). Thus, the degradation of normal and abnormal proteins
was shown to be impaired in old animals, and these findings were comparable with
the age-related accumulation of altered proteins in different tissues. In the meantime,
it was firmly established that the ubiquitin-proteasome system and the autophagy-
lysosome system are responsible for intracellular protein degradation as described
above. Many studies have demonstrated that proteasome activity declines with age
(Saez and Vilchez 2014; Shibatani et al. 1996). We have shown that the activities of
both the 20S and 26S forms of the liver proteasome decline similarly with aging in
three age groups of rats of from 8-10 to 25-28 months of age (Hayashi and Goto
1998). Despite the decline in the enzyme activities, the amount of catalytic subunits
measured by immunoblot did not change with age, suggesting that posttranslational
modifications or subunit replacement are responsible for the decreased activities. In
fact, other investigators have reported that the subunit composition of the
proteasome is altered in aged tissues. Furthermore, a subunit of the proteasome is
sensitive to oxidative modification (Ishii et al. 2005), suggesting that oxidative stress
can accelerate the accumulation of oxidized proteins in aging by reducing the
efficiency of damaged proteins. It is interesting to note that the 20S proteasome
degrades oxidatively modified proteins selectively (Davies 2001) and that the 26S
proteasome can be reversibly dissociated to produce the 20S proteasome by remov-
ing 19S regulators upon oxidative challenge, thereby facilitating adaptation to stress
(Grune et al. 2011). It should be mentioned that the Lon protease plays an important
role in the degradation of oxidized mitochondrial proteins, the activity of which
declines with age and contributes to the accumulation of damaged proteins in the
organelle (Ngo et al. 2013).

When the damage to proteins is extensive, forming insoluble cross-linked aggre-
gates that are not degraded by proteasomes, the autophagy-lysosome system
degrades them in addition to removing the damaged organelles (Wong and Cuervo
2010). The autophagy-lysosome system is considered to act via microautophagy,
macroautophagy, and chaperon-mediated autophagy, and the latter two systems are
the predominant mechanisms of autophagy in animals. Macroautophagy refers to the
digestion of contents of cytoplasmic regions engulfed in membrane vesicles, which
then fuse with lysosomes for degradation. Chaperon-mediated autophagy is the
digestion of substrates bound to the chaperon heat-shock cognate protein (hsc70),
which is recognized by lysosomes via an interaction with the receptor protein on the
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surface. Substrates translocated across the lysosomal membrane are then digested.
The activities of these autophagic processes decline with aging (Rubinsztein et al.
2011). The age-associated decline in the chaperon-mediated autophagy can be
caused by decreased content of the substrate receptor (lysosome-associated mem-
brane protein type 2a) (Cuervo and Dice 2000) and the age-associated impairment of
lysosomal function (Kurz et al. 2008).

A number of studies have established the extensive involvement of altered protein
conformation in age-associated neurodegenerative diseases. These are mainly due to
the impaired functions of ubiquitin-proteasomes and/or autophagy-lysosome sys-
tems and the chaperon dysfunctions described in many excellent reviews (Takalo
etal. 2013; Hipp et al. 2019). However, I do not go into the details of these studies as
this subject is of little relevance to the scope of this overview, although it is
conceivable that these mechanisms are also involved in the general age-related
functional decline of housekeeping proteins.

Thus, the original idea that accumulation of altered proteins causes a variety of
aging phenotypes has expanded to include different aspects of life processes. The
altered protein theory of aging/proteostasis theory of aging has now become one of
the most widely accepted theories to explain the basic mechanisms of aging.

1.9 Dysdifferentiation Theory of Aging/Epigenetic Theory
of Aging

Richard Cutler suggested that differentiated cells can undergo changes in transcrip-
tion during aging, such that the strict pattern of gene expression is gradually relaxed,
leading to the deterioration of the functions of cells and tissues (Cutler 1991). This
idea, called the dysdifferentiation theory of aging, was based on the finding that the
expression of globin or its related mRNA and murine leukemia virus RNA is
increased in the brains and livers of aged mice compared to their younger counter-
parts (Ono and Cutler 1978). More recently, it has been shown that gene expression
becomes gradually heterogeneous in the tissues of individuals with advancing age,
including the cerebral cortex and hippocampus (Somel et al. 2006). These findings
are compatible with the dysdifferentiation theory of aging.

This theory had never been popular, but has been recently revived as the
epigenetic theory of aging. Epigenetics is a phenomenon in which a fixed pattern
of gene expression in a cell, or an organism is inherited from one generation to the
next without changes in the genomic nucleotide sequence. This definition has been
broadened to include the long-term stable control of gene expression in differenti-
ated cells in a body without changes in the nucleotide sequence, as manifested in
various physiological and pathological situations, including aging and age-related
diseases. The epigenetic regulation of long-term cell-specific gene expression is
determined by a variety of mechanisms, including DNA methylation, histone mod-
ifications, and microRNA expression (Brunet and Berger 2014; Raj and Horvath
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2020). These epigenetic mechanisms of gene modulation are influenced throughout
life by both internal and external stimuli, such as energy metabolism, nutrition, and
exercise, and can therefore impact on the physiological aging and the incidence of
age-related diseases (Lopez-Otin et al. 2013; Goto et al. 2015).

It has been shown in twin studies that there are far more differences in the patterns
of DNA methylation and histone acetylation in the circulating lymphocytes of older
(50 years of age) monozygotic twins compared with younger (3 years of age) twins
(Fraga et al. 2005). Interestingly and consistently with the findings, the differences in
the gene expression between the older pairs were much greater than those in the
younger pairs. These findings suggest that an identical genome in early life could
undergo different epigenetic modifications throughout life, potentially resulting in
differences in the aging rates and/or in their vulnerability to diseases. This type of
variable epigenetic modifications may partly explain the relatively low contribution
(approximately 30%) that genes have on longevity compared with environmental
factors (Ljungquist et al. 1998; Dato et al. 2017).

Frailty is a common manifestation of physiological aging. It has been reported
that a worsening frailty status, as measured by the loss of body weight, the devel-
opment of sarcopenia and muscle weakness, and the reduction in physical activity, is
associated with decreased global DNA methylation in the peripheral blood cells of
individuals aged 65-105 years old over a 7-year follow-up period (Bellizzi et al.
2012). Aging is often associated with reduced levels of global DNA methylation
(hypomethylation), mostly in cytosine base of CpG sequences, but its physiological
implications remain mostly unclear. However, it should be mentioned that the
age-related hypermethylation can occur in some cases of cancer such as promoter
regions of tumor suppressor genes increasing the risk of carcinogenesis with age
(Kulis and Esteller 2010).

In recent years, epigenetic modifications have attracted a particular interest
following Steve Horvath published an influential paper on DNA methylation
(DNAm) and aging covering a variety of tissues of different organisms in normal
and pathological situations, coining a term ‘“epigenetic clock™ that appears to predict
biological age rather than chronological age (Horvath 2013; Levine et al. 2018; Ryan
2021). I do not discuss this emerging topic in detail as many review articles have
been published (see, e.g., an article by Jylhava et al. (2017) for a comparison among
potential age predictors such as telomere attrition including DNAm age). It should,
however, be noted that it is not clear whether DNAm is simply a marker of aging or
has a causal or mechanistic relationship with changes of gene expression that should
be relevant to physiological decline of cells and tissues with age, i.e., biological
aging. In fact, Horvath admits that “I do not find that age effects on DNAm levels
affect gene” and “the relationship between DNAm levels and expression levels is
complex” (Horvath 2013). In a recent systematic survey of the epigenetic clock,
Oblak et al. (2021) state that a majority of parameters potentially related to the
epigenetic clock is age-related diseases such as cancer, cardiovascular disease, lung
disease including air pollution caused disorders, diabetes mellitus and mental disor-
ders, etc. but so far apparently not clearly relevant to physiological decline in normal
aging. Notably, the authors describe that frailty, a hallmark of human biological
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aging, does not have any significant effects. Therefore, I would think that DNAm age
could not predict biological or physiological age but possibly can predict the
remaining time of life or health span as DNA methylation being predictive of
susceptibility to some kinds of age-related diseases.

Changes in the posttranslational modification of histones also occur with age,
which can lead to reduced gene expression, as decreased acetylation allows the
chromatin to more tightly condense by increasing the interactions with DNA. As an
example, we have shown that acetylation of lysine 9 in histone H3 is reduced in aged
rat livers compared to younger counterparts, suggesting a possible mechanism of
decrease in the expression of certain genes with age (Kawakami et al. 2009).
Memory impairment is a common feature of old animals and a serious problem for
elderly people. It has been reported that the acetylation of specific lysine residues in
histone H3 and H4 are transiently increased in the hippocampus of young (3-month-
old) mice subjected to contextual fear conditioning but not in their older (16-month-
old) counterparts (Peleg et al. 2010). These findings suggest that memory impair-
ment in old animals is correlated with defects in learning-induced histone acetyla-
tion. Intriguingly, the administration of histone deacetylase inhibitors, such as
sodium butylate, to old mice prior to the memory conditioning increased the
acetylation significantly in the coding regions of learning-regulated genes. These
findings suggest that the dysregulation of histone acetylation is causally related to
age-associated memory impairment, raising a possible mechanism for the treatment
of this disorder.

MicroRNAs (miRNA) are another epigenetic modifier of aging that have been
widely studied in recent years (Bushati and Cohen 2007; Grasso et al. 2014). The
RNAs are short, noncoding RNAs coded in the nuclear genome affecting transcrip-
tion or mRNA stability and thus can influence gene expression in aging and diseases.
Different kinds of miRNA have been reported to change with age in invertebrate
models such as nematode and fruit fly as well as normal tissues (brain, skeletal
muscle, heart, etc.) of mice and rats (Kinser and Pincus 2020). miRNAs secreted
from cells and tissues exist in the circulation and thus have been studied for a
possible biomarker of aging. It should be mentioned that functional roles of
miRNA and regulation of its gene expression have remained to be defined, and
therefore appeared to have limited significance at present to explain the mechanisms
of aging.

1.10 The Hyperfunction Theory of Aging

This recently proposed new theory of aging that is apparently against the traditional
view of aging deserves mentioning, as it particularly opposes the influential free
radical theory of aging and may open up a new door to explain the mechanisms of
aging. In most of the aging theories described so far, aging is believed to be due to an
accumulation of detrimental molecular changes in protein and nucleic acid that is
induced by ROSs and other chemicals or by errors in critical life maintenance
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processes. Mikhail Blagosklonny proposed that aging is instead caused by the
hyperfunction of growth, such as hypertrophy and hyperplasia, rather than an
increase in the damage that occurs later in life, leading to age-related pathologies
(Blagosklonny 2008). His claim is based on reports that contradict the ideas that
aging is caused by an accumulation of molecular damage. According to such ideas,
the molecular damage is mainly due to ROS. The reduced translation activity due to
the deletion of ribosomal S6 protein kinase 1, a component of the target of
rapamycin (TOR) pathway, is believed to lead to an increased life span and resis-
tance to age-related pathologies (Selman et al. 2009). TOR is an evolutionarily
conserved protein kinase that regulates growth and metabolism and is involved in
the modulation of aging (Kapahi et al. 2010). Blagosklonny admits that damage
accumulation can cause the deterioration of cellular functions over time but also
predicts that an organism could not live long enough to accumulate a lethal level of
damage (Blagosklonny 2008). It is possible, however, that damage accumulation
would increase the probability of death when exposed to internal and external stress,
thus constituting a mechanism of aging. He stresses the role of the TOR pathway by
placing it in the center of the hyperfunction theory of aging because most factors that
appear to reduce the activity of TOR retard aging and extend the life span of model
organisms (Blagosklonny 2012). Gems and Partridge support the idea of
hyperfunction as a mechanism of aging but state that it remains unclear how the
pathway controls the rate of aging and life span (Gems and Partridge 2013). This
theory predicts a form of antagonistic pleiotropy (Austad and Hoffman 2018) in
which hyperfunction increases fitness early in life but can be harmful in old age. The
identity of the intrinsic or extrinsic factors that maintain hyperfunction in the face of
declining metabolic activity with age remains unknown. It should be noted that a
recent report describes that rapamycin extends the life span of mice but ameliorates
few aging phenotypes, such that its effects are not due to a modulation of aging but
are instead related to aging-independent drug effects (Neff et al. 2013).

1.11 Summary and Perspectives

Despite extensive efforts to solve an unsolved problem of biology for nearly three
quarter of a century since Medawar wrote a book with this title, no single theory has
yet fully explained the mechanism of aging. As all animals are considered to be the
products of evolution, it is assumed that there are conserved aging mechanisms even
between species with remarkably different life spans, such as humans, mice, fruit
flies, and nematodes (see Fig. 1.1 and Table 1.1). Although there appear to be
conserved pathways that potentially drive aging (Kenyon 2010), it is not known
how these very basic molecular mechanisms result in such great life span variation.
The mechanism has remained as an unsolved problem in gerontology. The leading
theories that have so far been proposed are apparently acceptable at least in part, but
not without objections, and different theories interrelate with each other by one
theory being a part of the others, suggesting that each one can contribute partly to be
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integrated into the whole process of aging. In addition, it has been proposed that
chance or stochasticity in addition to genes and environments can play a role in aging
regardless of the mechanisms in both humans and model organisms (Kirkwood and
Finch 2002; Vaupel et al. 1998). Nevertheless, no one would think that a lucky
mouse can live for 100 years and an unlucky normal human would die of aging in
3 or 4 years, showing that the gene undoubtedly play a definitive role for the rate of
aging and life span determination. But nobody knows which gene or genes are
responsible, and a little effort has appeared to be made so far to identify one.

A major target of future studies of aging will be how to integrate the different
theories to understand the mechanisms of varied aging rates in different animal
species and individual differences of the aging rate within a species.

We are perhaps in the stage of awaiting a new paradigm or an integration of the
existing theories to provide us with an improved understanding of the mechanism of

aging.
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Chapter 2 ®)
Clinical and Basic Biology of Werner s
Syndrome, the Model Disease of Human

Aging

Yoshiro Maezawa, Masaya Koshizaka, Hisaya Kato, and Koutaro Yokote

Abstract Werner syndrome is an autosomal recessive genetic disorder first
described in 1904 by Otto Werner, a German ophthalmologist. It is considered the
representative progeroid syndrome because various signs of aging, such as gray hair,
cataracts, diabetes, and skin ulcers, appear after puberty. The onset of the disease
begins in the 20s or 30s, leading to diabetes and atherosclerosis, and death in
mid-50s due to myocardial infarction or malignant tumors. The number of patients
in Japan is estimated to be between 700 and 2000, and 60% of the world’s reports are
from Japan, suggesting that this accelerated aging disease is more common in Japan.
The cause of Werner syndrome was identified in 1996 as a mutation in the WRN
gene, a RECQ helicase located in chromosome 8. Since then, various studies have
shown that the syndrome is associated with decreased DNA damage repair and
genomic instability, shortened telomeres, chronic inflammation due to cellular
senescence- and senescence-associated secretory phenotype (SASP), decreased
mitochondrial function and accumulation of oxidative stress, stem cell senescence,
and epigenetic changes. While most premature aging syndromes occur in childhood
and involve a growth and developmental disorder, only Werner syndrome occurs
after normal growth and puberty, suggesting that this syndrome is a model of human
aging. The elucidation of the pathogenesis and molecular mechanisms of this disease
and the development of a treatment strategy are expected to lead to the elucidation of
the pathogenesis of general human aging and of aging-related diseases such as
diabetes and malignant tumors.
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2.1 Clinical Features and Pathogenesis of Werner
Syndrome

2.1.1 Introduction

Werner syndrome (WS) is a rare autosomal recessive disorder, resulting from
genetic instability (Gray et al. 1997), and is sometimes referred to as “accelerated
aging syndrome” because beginning in puberty, it presents with symptoms such as
cataracts and loss and graying of hair, which makes individuals look relatively old
for their age. It is estimated that there are approximately 700-2000 patients in Japan
(Matsumoto et al. 1997a; Satoh et al. 1999; Yokote et al. 2017; Yamaga et al. 2017).
Of the world’s reported cases to date, 60—80% are from Japan. The life expectancy of
people with WS is shorter than that of healthy individuals because of its frequent
comorbidities, such as diabetes, arteriosclerosis, and malignant tumors (Onishi et al.
2012). The characteristics of patients with WS include a bird-like face and a high-
pitched voice. Moreover, patients with WS have a high incidence of intractable
ulcers in the legs and feet, resulting in pain, infections, and even amputation of the
lower limbs, which can have a major negative impact on the person’s quality of life
and vital prognosis.

In Japan, a guide for the diagnosis of WS was created in 1984. In 1996, a mutation
in the DNA helicase Werner syndrome protein (WRN) encoded by the RecQ genes
on chromosome 8 was identified as the cause of the disease. Although no funda-
mental treatment has been developed for the disease, many studies are beginning to
suggest that patient life expectancy could potentially be extended with appropriate
treatment interventions. The diagnostic criteria for WS were revised, and the first
guideline for treatment was developed in 2012. WS was designated as an intractable
disease in Japan in 2015. A nationwide survey in 2017 identified 116 patients
diagnosed with WS (Koshizaka et al. 2020). The Werner Syndrome Registry (case
registration system) was established in 2017 (Koshizaka et al. 2020). Treatments for
WS were standardized, and the first guideline for its diagnosis and treatment in
English were developed in 2020 (Takemoto and Yokote 2021).

2.1.2 Diagnostic Criteria

Based on a nationwide epidemiological study carried out from 2009 to 2011, the
diagnostic criteria for WS were revised (Takemoto et al. 2013). From the results of
the aforementioned study, progeroid faces, bilateral cataracts, skin atrophy, clavus
and callus, flat feet, bird-like face, and abnormal voice were found in >85% of the
genetically confirmed cases of WS. Calcification in the Achilles tendon is a frequent
symptom of WS, and 80% of people with WS presented with this symptom.
Furthermore, the segmental and flame-like patterns of calcification were highly
specific to WS (Fig. 2.1) (Takemoto et al. 2013).
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Fig. 2.1 Calcification in the Achilles tendon seen in Werner syndrome patients. (a) Segmental and
(b) flame-like calcifications in the Achilles tendon

Table 2.1 Revised diagnostic criteria for Werner syndrome

I. Cardinal signs and symptoms (onset over 10 until 40 years of age)

1. Progeroid changes of hair Gray hair, baldness, etc.

2. Cataract Bilateral

3. Changes of skin and intractable skin ulcers Atrophic skin, tight skin, clavus, callus
4. Soft tissue calcification Achilles tendon, etc.

5. Bird-like face

6. Abnormal voice High-pitched, squeaky, hoarse voice
II. Other signs and symptoms

1. Abnormal glucose and/or lipid metabolism

2. Deformation and abnormality of the bone Osteoporosis, etc.

3. Malignant tumors Non-epithelial tumors, thyroid cancer, etc.
4. Parental consanguinity

5. Premature atherosclerosis Angina pectoris, myocardial infarction
6. Hypogonadism

7. Short stature and low bodyweight

III. Genetic testing

On the basis of these results and the extensive clinical experience with Japanese
cases of WS accumulated over many years and with unanimous agreement from the
Japanese Werner Syndrome Working Committee, new diagnostic criteria (Table 2.1)
(Takemoto et al. 2013) were formulated.
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Addendum: Mental retardation is seldomly found in WS, and cognitive function
is often appropriate for the patient’s age. Confirmed: All cardinal signs are present or
a gene mutation in addition to at least three cardinal signs. Suspected: One or two of
the cardinal signs (hair changes and cataract) plus at least two more from all the
signs.

Because the incidence of bird-like face is high (>93%), it is used as a cardinal
sign. The characteristic WS face (Fig. 2.2) (Takemoto et al. 2013) includes a pinched
nasal bridge and diminished subcutaneous tissue. The patient’s voice might be high-
pitched, squeaky, and/or hoarse; an example of the voice in a WS case is available on
the committee website, with the patient’s consent (http://www.m.chiba-u.jp/class/
clin-cellbiol/werner/index.html).

Regarding hypogonadism, it has been reported that WS is associated with
secondary sexual underdevelopment, decreased fertility, and testicular or ovarian
atrophy. It is significant that fewer than 35% of patients in the present study had
children [Takemoto. et al. 2013].

On the basis of extensive clinical experience and published medical literature, the
cognitive function of WS patients is usually appropriate for their age.

Genetic analysis is now included in the diagnostic criteria. WRN is the only gene
associated with classic WS, and mutations can be identified by DNA sequence
analysis (Yu et al. 1996; Oshima et al. 1996; Friedrich et al. 2010) or Western
blotting (Goto et al. 1999; Shimizu et al. 2002; Takada-Watanabe et al. 2012).
However, these molecular genetic tests are not feasible at all institutions, and genetic
testing is not essential to confirm the diagnosis of WS.

For differential diagnosis, atypical WS (Chen et al. 2003a); mandibuloacral
dysplasia (Cavallazzi et al. 1960; Novelli et al. 2002); Hutchinson-Gilford progeria
syndrome (Eriksson et al. 2003), caused by LMNA mutation; Rothmund-Thomson
syndrome, caused by RECQ4 mutation (Kitao et al. 1999); and Bloom syndrome,
caused by RECQ?2 mutation (Ellis et al. 1995), are listed. These syndromes typically
present with progeroid symptoms earlier than WS and are extremely rare in Japan.

2.1.3 Werner Syndrome Registry

The Werner Syndrome Registry in Japan was established in 2017. Forty-three
patients were enrolled and registered in the registry. Table 2.2 shows the major
signs of WS observed in registered patients. Almost all patients exhibited some of
the major signs, such as graying hair, hair loss, cataracts, skin atrophy changes, and
soft tissue calcification. Approximately 90% of patients had a characteristic bird-like
face and high-pitched voice. Over half of the patients had diabetes, impaired glucose
tolerance (67.5%), dyslipidemia (65.0%), and fatty liver (52.5%). The major signs
and clinical symptom at the time registered to the registry are shown in Table 2.2. A
small percentage of patients in the registry had a history of atherosclerosis (0%),
angina pectoris or myocardial infarction (2.5%), or arteriosclerosis obliterans
(15.0%). Angina pectoris or myocardial infarction significantly decreased
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Fig. 2.2 A bird-like face is
typically seen in Werner
syndrome patients. The
nasal bridge of a 57-year-old
woman appears pinched,
and subcutaneous tissue is
diminished. (a) front of face,
(b) side of face

(2.5% vs. 14.8%, P = 0.049) compared with the previous survey conducted in 2009
(Takemoto et al. 2013). This result may have arisen because of improved compre-
hensive control of diabetes, dyslipidemia, and hypertension with new treatments
such as HMG-CoA reductase inhibitors (statins) or peroxisome proliferator-
activated receptor gamma agonists (Yokote and Saito 2008; Yokote et al. 2004a;
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Table 2.2 The frequency of major signs and clinical symptoms of and medications administered to

patients with Werner syndrome at the time registered to the registry

% n N
Major signs
Graying of hair, hair loss 97.5 39 40
Cataracts 100 40 40
Skin changes 97.5 39 40
Intractable skin ulcers 67.5 27 40
Soft tissue calcification 87.5 35 40
Bird-like face 90 36 40
High-pitched voice 87.5 35 40
Clinical symptoms
Diabetes, IGT 67.5 27 40
Dyslipidemia 65 26 40
Hypertension 42.5 17 40
Fatty liver 52.5 21 40
Cerebral bleeding 0 0 40
Cerebral infarction 0 0 40
AP or MI 2.5 1 40
ASO 15 6 40
Amputation 15 6 40
Malignant tumor 20 8 40
Medications
Diabetes, IGT
DPP-4 inhibitor 37.0 10 27
Biguanide 333 9 27
Thiazolidine 48.1 13 27
Alpha GI 74 2 27
Sulfonylurea 11.1 3 27
SGLT?2 inhibitor 3.7 1 27
Glinide 0 0 27
GLP-1 analog 3.7 1 27
Insulin 14.8 4 27
Dyslipidemia
Statin 65.4 17 26
Fibrate 3.8 1 26
Ezetimibe 0 0 26
EPA 11.5 3 26
Resin 0.0 0 26
Nicotinic acid 19.2 5 26
Probucol 0 0 26
Hypertension, among others
Ca blocker 47.1 8 17
ARB 353 6 17
ACE inhibitor 0.0 0 17

(continued)



2 Clinical and Basic Biology of Werner Syndrome, the Model Disease of Human. .. 39

Table 2.2 (continued)

% n N
Alphal blocker 0.0 0 17
Beta blocker 11.8 2 17
Diuretics 0.0 0 17
Antiplatelet 5.0 2 40
Anticoagulant 12.5 5 40

The percentages of medications administered to treat abnormal glucose metabolism, dyslipidemia,
and hypertension are shown for the total number of patients with each disorder. N number of
patients, n number of patients with symptoms or treatment drugs, /GT impaired glucose tolerance,
AP angina pectoris, MI myocardial infarction, ASO arteriosclerosis obliterans, DPP-4 dipeptidyl
peptidase-4, alpha GI alpha glucosidase inhibitor, SGLT2 sodium-glucose cotransporter-2, GLP-1
glucagon-like peptide-1, EPA eicosapentaenoic acid, Ca calcium, ARB angiotensin II receptor
blocker, ACE angiotensin-converting enzyme inhibitor

Yasuda et al. 2010). These treatments appeared to have ameliorated the arterioscle-
rotic outcomes in the patients with WS.

Two thirds of patients with WS had an intractable ulcer. The nationwide survey in
2017 revealed that a higher percentage of patients with WS were reported by plastic
surgeons (7.7%) and dermatology specialties (7.9%) than by other departments. It is
speculated that patients with WS visited the hospital for the treatment of ulcers or to
receive more specialized treatments in dermatology and plastic surgery departments.
Limb amputation was observed in 15.0% of patients.

It is noteworthy that approximately 30% of the patients’ parents had a consan-
guineous marriage.

2.1.3.1 General Information
Age at Onset and Diagnosis

The patients’ average age at registration was 50.1 & 7.5 years. The average age at
WS onset was 26.1 £ 9.5 years; however, the age at diagnosis was 42.5 & 8.6 years
(Table 2.3). There was a delay between the age at onset and the age at diagnosis. This
tendency was also reported in 2006 in the international WS Registry (Huang et al.
2006). In the Japanese registry, the age at onset of cataracts was 31 years, and the age
at diagnosis or referral was 43 years. These results suggest that it is necessary to
consider measures for early diagnosis and early intervention. WS onset is usually
marked by bilateral cataracts or gray hair and hair loss, which are the first symptoms
(Takemoto et al. 2013). Patients undergo an ophthalmologic operation for cataracts
around their third decade of life. However, around their fourth decade, patients tend
to have intractable ulcers and visit dermatologists or plastic surgeons. The national
survey showed that many patients were reported by dermatologists or plastic sur-
geons, rather than ophthalmologists. Improvements in earlier diagnostic methods are
needed. As one possible solution, calcification in the Achilles tendon is easily
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Table 2.3 Patient background, physical findings, body composition, and physical function at the
time registered to the registry

Total Men Women

Mean | [SD |n |[Mean | |SD |n |Mean | [SD |n
Patients’ backgrounds
Age (years) 50.1 |£ | 7.5 |40 | 494 |+ | 7.6 |22 | 509 |+ | 7.5 |18
Onset age (years) 26.1 |+ | 95 |30 | 282 |+ | 85 |16 | 237 |£ [102 |14
Diagnosed age 425 |£ | 86 |39 | 420 |+ | 64 |21 | 432 |+ |10.8 |18
(years)
Physical findings
Height (cm) 1540 |+ |10.7 |40 |159.7 |+ | 8.6 (22 |1472 |+ | 9.0 |18
Body weight (kg) 441 |+ | 95 |40 | 490 |£ | 93 |22 | 38.1 |+ | 54 |18
BMI (kg/m?) 185 |£ | 3.1 (40 | 192 |£ | 35 |22 | 176 |£ | 25 |18
Waist circumfer- 773 | £ 120 |24 | 804 |+ 122 |14 | 73.0 |+ |10.8 |10
ence (cm)
Visceral fat area 1023 |+ (614 |10 [1124 |+ |81.5 |4 95.6 |£ |51.7 |6
(cm®)
SMI (kg/m?) 43 |+ | 08 |9 45 |+ | 09 |5 41 |+ | 06 |4
Physical function
Mean grip strength 171 |£ | 87 (23 | 208 |+ | 86 |13 | 123 |+ | 63 |10
(right) (kg)
Mean grip strength 160 |£ | 7.6 |23 | 195 |+ | 73 |13 | 114 |+ | 53 |10
(left) (kg)
Mean walking 08 |£ | 06 |13 09 |£ | 06 |6 08 |£ | 06 |7
speed (m/s)

BMI body mass index, SMI skeletal muscle mass index, SD standard deviation

examined on routine X-ray and is highly indicative of WS, and proactive X-ray
images are recommended when WS is suspected. However, Achilles tendon calci-
fication might not be present in young patients, and minute calcifications might
require diagnosis by a specialist, such as an orthopedic surgeon (Takemoto et al.
2013).

Physique

In the registry, the patients’ average height, body weight, and body mass index
(BMI) (159.7 cm, 49.0 kg, and BMI 19.2 kg/m2 in men and 147.2 cm, 38.1 kg, and
BMI 17.6 kg/m? in women, respectively) (Table 2.3) were lower than those of the
average Japanese individual in the fifth decade of life (169.2 cm, 68.1 kg, and BMI
23.5 kg/m® in men and 156.6 cm, 55.0 kg, and BMI 22.2 kg/m* in women,
respectively). Patients with WS present with central obesity; the average abdominal
circumference was 80.4 £+ 12.2 cm in men and 73.0 + 10.8 cm in women. The
average abdominal circumference was large, although the respective BMIs were low
(Table 2.3). In other words, patients with WS have lipodystrophy.
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Life Expectancy

Previously, it was reported that patients with WS die around the fifth decade of life
(Goto and Matsuura 2008). However, the life expectancy for Japanese patients with
WS has steadily increased compared with that two decades (Goto 2000) or even one
decade ago (Koshizaka et al. 2020; Takemoto et al. 2013).

Laboratory Test

Regarding laboratory tests, on average according to the registry, patients had more
than twice the levels of gamma-glutamyl transpeptidase than the upper normal
limit [Koshizaka et al. 2020]. The levels of glycated hemoglobin, plasma glucose,
and low-density lipoprotein cholesterol (LDL-C) levels were well controlled.

2.1.3.2 Symptoms

Patients with WS display various signs of aging that appear from the second decade
of life. Gray hair and hair loss appear at 20 years of age, and bilateral cataracts appear
at 30 years of age. They exhibit lipodystrophy and sarcopenic obesity and often have
the following symptoms: sarcopenia, diabetes, dyslipidemia, fatty liver, osteoporo-
sis, foot skin ulcers, ulcer infection, and calcification in tendons. They also often
have myocardial infarctions, and malignant tumors appear at 40 years of age [Goto
et al. 2000; Takemoto et al. 2013]. However, these symptoms in patients with WS
are different from those of simple aging in that the incidence of some common
aspects of aging, such as dementia, are rare.

Sarcopenia

Sarcopenia is defined as a condition that combines decreased skeletal muscle mass
with weakness or decreased physical function. Patients with WS are characterized by
visceral fat accumulation and thin limbs. A decrease in skeletal muscle mass
frequently occurs in patients with WS before 40 years of age.

According to the registry, the average of the total limb skeletal mass index,
identified using dual-energy X-ray absorptiometry, was 4.5 & 0.9 kg/m* for men
and 4.1 + 0.6 kg/m?* for women. Grip strengths were (right) 20.8 + 8.6 kg and (left)
19.5 £ 7.3 kg for men and (right) 12.3 £ 6.3 kg and (left) 11.4 & 5.3 kg for women.
Walking speed was 0.8 £ 0.6 m/s on average (Table 2.3). The average grip strength,
walking speed, and skeletal muscle mass index met the diagnostic criteria for
sarcopenia. Therefore, most patients aged over 40 years had sarcopenia.

Although the mechanism is still unclear, various potential factors including aged
skeletal muscle, metabolic abnormality, and inflammation, or a decreased amount of
activity due to low physical function, have been considered. Resistance exercise may
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prevent the appearance of sarcopenia, and early intervention is required in patients
with WS (Kuzuya et al. 2021). Sarcopenia appears early in most patients with WS;
therefore, sarcopenia may be prevented by early intervention with strength training
and treatments including amino acids such as leucine, whey protein, calcium, and
vitamin D (Cruz-Jentoft et al. 2020; Martinez-Arnau et al. 2019).

Diabetes

More than 60% of patients with WS have diabetes (Koshizaka et al. 2020). Diabetes
associated with WS is classified as “accompanied with other diseases and conditions
and the one occurring mainly in association with other genetic syndromes.” The
patients used to require high amount of insulin and were still on poor glucose
control. Diabetes due to WS is marked by accumulated visceral fat and high insulin
resistance, despite low BMI (Takemoto et al. 2021). Therefore, thiazolidine deriv-
atives and metformin (Yasuda et al. 2010) are effective for glycemic control. There
have been many reports on the effectiveness of a thiazolidine derivative, an agonist,
of peroxisome proliferator-activated receptor vy, an insulin sensitizer (Yokote et al.
2004a, b; Honjo et al. 2008; Takino et al. 1994; Izumino et al. 1997; Imano et al.
1997; Hattori et al. 2004; Yamamoto et al. 2007). Dipeptidyl peptidase-4 (DPP-4)
inhibitors (Watanabe et al. 2013; Kitamoto et al. 2012) and glucagon-like peptide-1
receptor agonists (Ide et al. 2016) are also beneficial for patients with WS. More than
30% of patients with diabetes were treated with a DPP-4 inhibitor, biguanide, or
thiazolidine in the registry (Koshizaka et al. 2020).

Dyslipidemia

Arteriosclerosis is one of the two leading causes of death in patients with WS, along
with malignancy (Goto 1997). Among the various forms of arteriosclerosis that
patients with WS develop, coronary artery diseases and peripheral arterial disease
have a high incidence, and the latter plays a role in causing skin ulcers in patients
with WS to become refractory (Takemoto and Yokote 2012). Disorders of carbohy-
drate metabolism and lipid metabolism associated with WS act as promoting factors
for atherosclerosis (Tsukamoto et al. 2021). Previous guidelines showed that hyper-
cholesterolemia occurred in 53% of patients with WS (Takemoto and Yokote 2012).
The incidence of dyslipidemia in patients with WS is high, at 85%. The most
common type of dyslipidemia is hypertriglyceridemia, occurring in 76% of patients,
followed by hyper-LDL cholesterolemia/non-high-density lipoprotein (HDL)
cholesterolemia in 68% of patients and hypo-HDL cholesterolemia in 32% or
patients. Patients with WS and dyslipidemia develop diabetes at a high rate
(>90%). The mean BMI of patients with WS and hypertriglyceridemia was 18.2,
showing a lack of association with obesity. The rates of achieving the lipid control
target values among patients with WS are high, at 91% for LDL cholesterol, 91% for
HDL cholesterol, and 82% for triglycerol. Strong statin dosage is mainly used as an
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antidyslipidemic drug and contributes to the achievement of the control target values
(Tsukamoto et al. 2021). Two-thirds of patients in the registry with dyslipidemia
were treated with statins (Koshizaka et al. 2020).

Fatty Liver

WS patients with fatty liver had a mean BMI of 18.8 and a maximum BMI of 22.6,
and 83% of these patients were underweight. The L/S ratio showed a positive
correlation with HDL cholesterol levels and a negative correlation with triglyceride
levels. It did not correlate with liver enzyme levels (Tsukamoto et al. 2021). Insulin
resistance associated with a fatty liver (nonalcoholic fatty liver disease) and accu-
mulation of visceral fat has been considered to play a major role in metabolic
abnormalities (Kitade et al. 2017; Kahn and Flier 2000; Hardy et al. 2012). There
is evidence regarding treatments with pioglitazone (Belfort et al. 2006; Aithal et al.
2008), vitamin E (Sanyal et al. 2010), and ursodeoxycholic acid (Leuschner et al.
2010) in the general population, and Takemoto et al. reported that astaxanthin, a
carotenoid, improved fatty liver in patients with WS (Takemoto et al. 2015).

Atherosclerosis

Early-onset atherosclerosis occurs in WS patients, and the incidence of ischemic
heart disease and arteriosclerosis obliterans is particularly high. Because of the high
possibility of silent myocardial ischemia, proactive and regular tests for arterioscle-
rosis are recommended for confirmed cases of WS. In contrast, the prevalence of
morbidity because of stroke in WS patients is similar to that found in the general
population of the same age in Japan (Okabe et al. 2012).

Malignancy

Malignant tumors were observed in 20.0% of patients in the registry. The morbidity
of malignant tumors is still high in patients with WS. Reportedly, age at cancer
diagnosis in patients with WS advanced by 20 years when compared with that of the
general Japanese population (Lauper et al. 2013). Because neoplastic lesions start
developing from a young age, regular screening for malignancies is necessary for
confirmed cases of WS. Epithelial and non-epithelial tumors are equally common in
WS cases, in contrast to the 10:1 (epithelial-to-non-epithelial) ratio observed in the
general population. Cancer was significantly more prevalent in WS patients with
diabetes. Therefore, routine cancer screening is especially important in this particular
subgroup. Epithelial tumors with high frequency include thyroid cancer, lung cancer,
gastric cancer, hepatic cancer, and pancreatic cancer. Non-epithelial tumors with
high frequency were malignant fibrous histiocytoma, melanoma, meningioma, and
myelodysplastic syndrome (Onishi et al. 2012).
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Osteoporosis

Osteoporosis has been observed in approximately 41% of WS patients (Murata and
Nakashima 1982). Although osteoporosis was relatively rare in younger patients,
almost all patients who were at least 40 years of developed osteoporosis. It is likely
to be more severe in the femur than in the lumbar spine (Mori et al. 2017, 2021).
Osteoporosis is considered to occur because bone formation is inhibited, while bone
resorption is normal in WS (Rubin et al. 1992). Research showing the relation
between the WRN gene polymorphism and osteoporosis suggests that genetic factors
might also be involved in osteoporosis associated with Werner syndrome (Ogata
et al. 2001; Zhou et al. 2015). No clear evidence to date regarding treatment for
osteoporosis associated with WS has been found. Therefore, the treatment of
osteoporosis according to the guidelines for this purpose is considered appropriate
(HO osteoporosis prevention and treatment guideline 2015).

Skin Ulcers

Approximately 40% of patients with WS have skin ulcers (Kubota et al. 2021). WS
is characterized by symptoms such as atrophy of subcutaneous tissues, decreased
blood flow (Okabe et al. 2012), and lower activity of fibroblast cells (Hatamochi
et al. 1994) due to metabolic disorders in connective tissues (Muftuoglu et al. 2008),
which may easily cause refractory skin ulcers (Yeong and Yang 2004). Skin ulcers in
patients with WS often arise from hyperkeratotic lesions and trauma to pressure
points such as the plantar region and are more difficult to treat than wound healing in
healthy individuals. The ulcers are often located at the distal one-third of the lower
legs (Kubota et al. 2021). Skin ulcers lead to reduced quality of life of patients.
Callosities in the foot also often form. A callosity in WS is an important therapeutic
target for the prevention of ulcers.

Macroscopic evaluations of ulcers are important. Plain radiography and com-
puted tomography are helpful for examining the shape of the entire foot and the
conditions of the individual bones of the foot. Vascular evaluation is necessary.
Magnetic resonance imaging examination is useful for suspected osteomyelitis.

Treatment includes topical application of a keratolytic agent for keratosis around
the ulcer. The treatment of skin ulcers is the same as for normal ulcers, and if the
ulcer is associated with infection and necrotic tissue, surgical debridement with a
scalpel or scissors should be performed as much as possible after washing with saline
or mildly warm water or with an antibacterial agent. Topical medications that
promote softening and debridement of the necrotic tissue can be used with careful
control of moisture in the wound. Topical agents that promote granulation should be
used in wounds where necrotic tissue has been removed without infection. Dressings
to maintain a moist environment in the wound may also be useful. If the wound does
not improve with conservative treatment, surgical treatment should be considered
(Motegi et al. 2021). The combination of surgical treatment and wound bed prepa-
ration is important in the treatment of skin ulcers (Kubota et al. 2021).
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Infection

Generally, foot skin ulcers may often become severe, leading to the failure of
conservative treatment and necessitating surgical excision of the infected site. The
goal in the treatment of an infection caused by refractory skin ulcers in patients with
WS is to minimize the exacerbation of the ulcerated skin lesion by detecting signs of
infection early and treating it. It is important to identify the bacterial etiology causing
an infection in the skin ulcer and treat with an effective antimicrobial. For poorly
controlled infection, debridement and surgical excision are needed at an appropriate
time (Taniguchi et al. 2021a).

Calcification in Tendons

It can be presumed that a considerable number of Japanese individuals with WS are
never correctly diagnosed. Achilles tendon calcification was observed in 76.1% of
patients with WS, whereas it was observed in only 0.88% of patients without WS,
accompanied by 1-4 calcified masses with a maximum diameter ranging from
9.7 mm to 63.2 mm. The frequency of Achilles tendon calcification in patients
with WS is far higher than that in patients without WS. Achilles tendon calcification
could contribute to the diagnosis of WS (Taniguchi et al. 2021b).

2.2 Basic Research and Molecular Mechanisms of Werner
Syndrome

2.2.1 Werner Gene and Protein

The causative gene of WS, WRN, was cloned in 1996 (WRN gene: OMIM 604611)
(Yu et al. 1996; Oshima et al. 1996; Matsumoto et al. 1997b). It is a RecQ-type DNA
helicase and consists of 1432 amino acids (Gray et al. 1997). To date, 83 different
mutations have been reported, and additional novel mutations have been identified
(Yokote et al. 2017). Among them, the type 4 mutation (the mutation of the base
immediately before exon 26 from G to C results in the formation of a truncation
mutant protein: ¢.3139-1G > C) is found in approximately 70% of Japanese WS
patients and is considered to be the founder mutation (Oshima et al. 2017).

The accelerated aging mechanism of WS involves the loss of function of the
RecQ-type DNA helicase, which plays an important role in various nuclear functions
such as DNA repair, replication, recombination, and transcription (Oshima et al.
2017). In the presence of ATP, WRN protein converts DNA double strands into a
single strand in the 3’ — 5’ direction. In addition, the N-terminus of WRN protein
contains an exonuclease domain that removes bases one by one in the 3’ — 5
direction. As a result of structural analysis using the large synchrotron radiation
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3'-5'exonuclease domain RecQ Helicase domain RQC HRDC  Nuclear
domain domain localization
Signal (NLS)

Fig. 2.3 A scheme of WRN protein. WRN has exonuclease domain, RecQ helicase domain, and
nuclear localization signal at C-terminus

facility Spring 8, it has recently been reported that the winged-helix motif of the
WRN protein acts as a “molecular knife” to unravel the double-stranded DNA at G
quadruples, holiday junctions, or other unusual complex structures of DNA (Kitano
et al. 2010; Gilson and Geli 2007; Huang et al. 2000). The C-terminus of WRN
protein contains a nuclear translocation signal. The mutant WRN protein reported so
far is a truncated protein that does not form a C-terminus and lacks the nuclear
translocation signal, which inhibits nuclear translocation. This may be the reason
why there is no obvious correlation between mutations and symptoms in
WS. Indeed, mutant WRN protein that lacks C-terminal 30 amino acid residues
cannot localize in the nucleolus where WRN usually resides (Suzuki et al. 2001).
WRN contains two other domains, namely, RecQ helicase-conserved (RQC) region
and the helicase, RNase D, C-terminal-conserved (HRDC) region (Fig. 2.3).

2.2.2 WRN and DNA Damage Repair

The role of WRN gene in DNA damage repair, especially after double-strand break
(DSB), has been extensively reported. WRN protein is usually located in the
nucleolus and moves to DNA damage sites upon CBP/P300-mediated acetylation
(Blander et al. 2002). Sirtl deacetylates WRN and regulates its reentry to the
nucleolus from the nucleoplasm after DNA damage response (Li et al. 2008).
When exonuclease domain-deficient WRN protein, helicase domain-deficient
WRN, and WRN protein lacking both domains were expressed in fibroblasts from
WS patients, DNA damage repair was most improved when the WRN protein
lacking both domains was expressed. Interestingly, DNA damage repair requires
balanced activities of helicase and exonuclease domains (Chen et al. 2003b).
There are two types of repair systems after DSB: homologous recombination
(HR) that produces the new strands using genomic homologous sequences as
templates and nonhomologous end joining (NHEJ), which connects both damaged
ends. In addition, NHEJ includes two pathways, classical NHEJ and alternative
NHEJ, which utilize different mechanisms. HR is preferentially active in S and G2 as
sister chromatid is available after DNA replication, and NHEJ is active in all the cell
cycle phases. HR has a high fidelity, and NHEJ is more prone to produce errors
because it does not refer to intact homology sequence. Ku70/80 heterodimer protein,
along with DNA-dependent protein kinase catalytic subunit (DNA-PKcs), is the
essential regulator of DNA damage response that initiates the cascades of classical
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NHEJ (Walker et al. 2001). WRN has two putative Ku-binding motifs: one at the
N-terminus next to the exonuclease domain and one at the C-terminus next to an
XLF-like motif. The N-terminal Ku binding motif enhances exonuclease activity of
WRN (Grundy et al. 2016). DNA-PK also interacts with WRN, thereby phosphor-
ylating its serine 440 and 447 sites and regulating relocalization of WRN to the
nucleoli (Kusumoto-Matsuo et al. 2014). WRN also interacts with XRCC4-DNA
ligase IV complex (X4L4), and this binding promotes the exonuclease activity of
WRN to generate DNA ends suitable for XRCC4-LIG4-mediated ligation
(Kusumoto et al. 2008). In addition, it has recently been reported that WRN pro-
motes classical NHEJ via helicase and exonuclease enzymatic activities and inhibits
alternative NHEJ using nonenzymatic functions (Shamanna et al. 2016). Taken
together, the enzymatic activity of WRN, especially the exonuclease activity to
process damaged DNA ends, promotes classical NHEJ.

On the other hand, WRN is also involved in HR. The critical regulators of HR are
MRE11/RAD50/NBS1 (MRN) complex in conjunction with CtIP (Garcia et al.
2011). The endonuclease and 3'-5’ exonuclease activities of MRE11 are required
for the initiation of HR. Following this, exonuclease 1 and/or the nuclease DNA2
with the RECQ helicase Bloom syndrome protein mediates extensive DNA resection
(Nimonkar et al. 2011). WRN interacts with MRE11 and NBS1 (Cheng et al. 2004),
and this results in the enhancement of WRN helicase activity. WRN also binds to
DNAZ2 and facilitates extensive DNA resection (Sturzenegger et al. 2014). More-
over, cyclin-dependent kinase 1 (CDK1) phosphorylates at Ser1133 and promotes
the DNA end resection by DNA?2 at replication-related DSBs (Palermo et al. 2016).
The Ser1133 phosphorylation of WRN is required for the interaction with the
MRE11 complex. WRN also interacts with other HR proteins including RADS51,
RAD54, RADS2, and BRCA1/BARDI1 complex, and these interactions stimulate
WRN helicase activity. These studies indicate the critical role of WRN also in HR
(Lachapelle et al. 2011; Otterlei et al. 2006; Lu and Davis 2021) (Fig. 2.4).

2.2.3 WRN and Telomeres

WRN proteins are also involved in telomere maintenance. Telomeres are
chromosome-terminating complexes composed of the characteristic repeating
DNA sequence TTAGGG and a protein called the shelterin complex, which protects
the DNA ends of chromosomes. Telomeres shorten with aging, and when telomeres
exceed a certain length, cells irreversibly stop proliferating, leading to cellular
senescence. The shelterin complex mainly consists of six proteins, TRF1, TRF2,
RAPI1, TIN2, TPP1, and POT1. WRN interacts with POT1 and TRF2 (Opresko et al.
2004) (Machwe et al. 2004), and this interaction facilitates WRN to resolve G4
quadruplex, holiday junctions formed at D- and T-loops of telomeres (Opresko
2008; Nora et al. 2010). WS patients aged 40-60 years show prominent telomere
reductions compared to WS patients younger than 30 years or age-matched non-WS
patients, indicating that the loss of WRN function leads to accelerated telomere
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attrition (Ishikawa et al. 2011). In fibroblasts derived from WS patients and genet-
ically created WRN-deficient cells, telomere loss leads to fusion, segregation
defects, and instability of chromosomes (Laud et al. 2005; Crabbe et al. 2007).
When WRN is mutated, the guanine tetramer produced during telomere replication
cannot be unraveled, and the lagging strand of DNA synthesis is stopped, preventing
replication and accelerating telomere shortening (Shimamoto et al. 2015). In fact, it
has been reported that reintroduction of telomerase activity can inhibit telomere loss,
new chromosomal aberrations, and cellular senescence in cells derived from WS
patients. Therefore, at least part of the WS phenotype is thought to be due to telomere
defects (Fig. 2.3) (Crabbe et al. 2007; Wyllie et al. 2000). At telomeres, SIRT6, one
of the longevity genes, sirtuin, removes the acetylation of histone H3K9 in a
nicotinamide adenine dinucleotide (NAD+)-dependent manner. SIRT6-mediated
histone acetylation is required for WRN to bind to telomere chromatin (Michishita
et al. 2008). On the other hand, shortening of telomeres was not observed in
hepatocytes derived from WS patients, and keratinocytes in the skin retained telo-
merase activity and did not show replicative senescence (Ibrahim et al. 2016),
suggesting that telomere damage caused by WRN deficiency may vary depending
on the tissue (Tokita et al. 2016).

Concerning G4 quadruplex and WRN, in fibroblasts from WS patients, signifi-
cant association was observed between G-quadruplex loci and the loci whose gene
expressions were upregulated (Johnson et al. 2010). Significant enrichment of G4
motifs has also been observed at the transcription start site and 5’ end of first introns
of genes downregulated in WS fibroblasts. WS fibroblasts display senescence-
associated gene expression programs, disease-associated miRNAs, and
dysregulation of canonical pathways that regulate cell signaling, genome stability,
and tumorigenesis. Together, WRN regulates transcription by binding to G4-DNA
motifs (Fig. 2.5).

In addition, we recently reported the difference of telomeres between regions of
the body. The differences of gene expression profiles were compared in fibroblasts
between the limbs and trunk in WS patients, in whom the trunk is relatively plump,
but the limbs are extremely atrophic, leading to intractable skin ulcers. We found
increased cellular senescence and shortened telomeres in the periphery compared to
the abdomen. Interestingly, fibroblasts in the periphery restored osteo-differentiation
capacity and markedly reduced adipogenicity, reflecting the pathogenesis of WS
(Kato et al. 2021a).

2.2.4 WRN and Mitochondria, mTOR, and Autophagy

Cells from WS patients and genetically modified WRN-deficient cells show pheno-
types with mitochondrial dysfunction. WRN depletion leads to a global alteration in
the gene expressions that regulates energy production and redox condition. This
change attenuates antioxidative defenses and increases mitochondrial oxygen con-
sumption leading to increased reactive oxygen species (ROS) and oxidative DNA
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Shelterin Complex
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Fig. 2.5 The interaction between the shelterin complex and WRN: WRN plays a role in unraveling
the G quadruples that occurs during telomere replication and the DNA loops called t-loop structures
at telomeres. POT1 and TRF2, which are part of the telomeric shelterin complex, facilitate this
function of WRN

damage. In cancer cells, this metabolic change counteracts the Warburg effect and
results in the suppression of cell proliferation and senescence-like phenotype. This
effect may be preferable in cancer settings, and a reason why WRN-deficient cells
show the synthetic lethality that will be discussed later (Li et al. 2014). Cells that lack
WRN accumulate oxidative bases including 8-oxoguanine, FapyG, and FapyA, and
the double-strand break marker gamma H2AX, indicating the function of WRN in
oxidative damage repair in the genome. NEIL1 is a mammalian DNA glycosylase
required for repairing oxidatively damaged DNA bases. Upon exposure to oxidative
stress, WRN binds to NEIL1 via the RQC region, colocalized in the nuclei, and
functions to excise oxidative regions from bubble DNA substrates (Das et al. 2007).
In 2019, Fang et al. reported impaired mitophagy, accumulation of ROS and
depletion of NAD+, the co-enzyme of sirtuins, and many metabolic enzymes, in
WS patient cells and WRN-deficient invertebrates. NAD+ repletion using nicotin-
amide riboside (NR) improves the transcriptome profile of the WRN-deficient
worms and their mitochondrial quality through DCT and ULKI-dependent
mitophagy. Moreover, NR extends the life span of Caenorhabditis elegans and
Drosophila melanogaster models of WS. Thus, mitochondrial dysfunction is a
critical mechanism for the accelerated aging phenotype of WS and simultaneously
may be a potential therapeutic target (Fang et al. 2019).

The mammalian target of rapamycin (mTOR) is an essential signaling molecule
that forms the hub of multiple metabolic pathways, and WRN may be involved in
this pathway and autophagy. In WRN knockdown primary fibroblasts, increased
autophagy was observed (Saha et al. 2014; Talaei et al. 2013). Short-term rapamycin
treatment, which inhibits mTOR, increased autophagy activity, while long-term
rapamycin treatment led to improved cell growth, reduced accumulation of DNA
damage marker 53 BPI, improved nuclear morphology, and reduced autophagy
markers LC3II and P62 (Saha et al. 2014). It is speculated that reduced protein
aggregates by early enhancement of autophagy resulted in better cellular function.



2 Clinical and Basic Biology of Werner Syndrome, the Model Disease of Human. . . 51
2.2.5 Phenotype of WRN KO Mice

Although WS has a pronounced phenotype in humans, another feature of WRN is
that there is almost no phenotype in deficient mice. The first WRN mutant mice were
generated in 1998 by deleting the catalytic site of the helicase domain, but they did
not show any signs of aging such as gray hair or short life span until 13 months of
age. On the other hand, when heterozygotes were crossed, the birth rate of wild type:
heterozygote:homozygote was 1:1.9:0.6, and the birth rate of KO mice was reduced.
In addition, Embryonic stem cells derived from KO mice showed increased sensi-
tivity to topoisomerase inhibitors such as camptothecin (Lebel and Leder 1998).
Long-term observation of these mice showed mild shortening of life span after
20 months, the accumulation of ROS in the liver, and fatty liver (Massip et al.
2010). In contrast, Guarente’s group created mice lacking exon 18 and later part of
the WRN gene (most of the C-terminal side of the helicase domain), which resulted
in no signs of aging. But, double KO mice of WRN KO with P53 KO, a molecule
that protects the genome from DNA damage, showed shortened life span (Lombard
et al. 2000). Interestingly, double KO of WRN KO mice with telomere RNA
component-deficient mice, a noncoding RNA of the telomere maintenance complex,
resulted in the development of aging phenotypes such as gray hair, cataracts,
hunchback, and short life span after five to six generations (Chang et al. 2004).
The mechanism of this minor phenotype of WRN KO mice is not clear, but it may be
due to the redundancy of five subtypes of RecQ helicases that are complementary to
the WRN deficiency, and the possibility that the DNA damage accumulation is
insufficient because of the short life span. Intriguingly, telomerase activity is rela-
tively high in mice. Because the phenotype of WS is telomere dependent, the
relatively high telomerase activity in mice may mask the phenotype.

2.2.6 WRN and Stem Cell Senescence and Epigenome
Regulation

WS is also involved in stem cell senescence and epigenetic regulation. As cells
undergo senescence, the cytoplasm enlarges and the nucleus swells, and the tradi-
tional transcriptionally inactive heterochromatin structure loosens and becomes
euchromatin dominant, a structure that facilitates transcription (Zhang et al. 2020).
In 2015, Belmonte and colleagues at the Salk Institute generated WRN-deficient ES
cells and found no abnormalities in their ability to differentiate into endoderm,
mesoderm, and ectoderm, or in ES cell proliferation. Interestingly, when mesenchy-
mal stem cells (MSCs) were induced from these WRN-deficient ES cells, they
showed decreased proliferation; senescence-associated beta-Gal staining; expres-
sions of p16 and p21 and other cell cycle-inhibitory senescence markers, IL6 and
IL8, and other senescence-associated secretory phenotypes (SASPs). In addition,
WRN protein interacts with histone methyltransferase complex proteins such as
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SUV39H1, LAP2beta, and HP1alpha to regulate histone methylation H3K9me3 and
H3K27me3. In WRN-deficient cells, this mechanism is impaired, and H3K9me3 and
H3K27me3 are reduced, resulting in an aging phenotype (Zhang et al. 2015).
WRN-deficient MSCs and MSCs derived from ES cells carrying the mutation of
other early-onset progeroid syndrome, Hutchinson-Gilford progeria syndrome
(HGPS), have been compared (Wu et al. 2018). HGPS is caused by a mutation of
lamin A, shows symptoms of early-onset premature aging from infancy, and
develops severe atherosclerosis leading to myocardial or cerebral infarction. Con-
trary to expectations, WRN-deficient MSCs show more early-onset cellular senes-
cence than HGPS MSCs; however, the phenotype was much milder. The HGPS
MSCs show late-onset acute premature aging phenotype, providing a useful tool that
recapitulates the pathology of WS and HGPS. Using this system, a flavonoid,
quercetin, and the antioxidative vitamin, vitamin C, were identified as compounds
that retard cellular senescence of WS (Li et al. 2016; Geng et al. 2019).

In addition, CRISPR Cas9-based screen was performed using mesenchymal
precursor cells that have pathogenic mutations for WS and Hutchinson-Gilford
syndrome. The result identified KAT7, a histone acetyltransferase, as a factor
whose deficiency alleviated cellular senescence. The lentivirus treatment encoding
Cas9 and Kat7 targeting guide RNA improved hepatocyte senescence and liver
aging and extended the life span in aged mice and progeroid model Zempste24
null mice, indicating that epigenetic modification may also be a target of antiaging
interventions (Wang et al. 2021).

Epigenomic findings in WS patients have also been reported. Horvath et al.
proposed the epigenetic clock, which estimates the aging of cells and tissues by
analyzing DNA methylation in 391 CpG regions of the genome. Using this method
to analyze DNA methylation in the whole blood of WS patients, the average age of
methylation in WS is 6.4 years more than that in the healthy group (Maierhofer et al.
2017). However, further analysis showed that DNA methylation in WS did not show
differences in retrotransposons such as LINE1 and ALU, which are reportedly
altered during aging. This suggests that WS aging is partly different from the normal
aging epigenome (Maierhofer et al. 2019).

2.2.7 WS Patient-Derived iPS Cells

As mentioned above, ES cells lacking WRN do not show an obvious phenotype, but
then what about iPS cells created from WS patient cells that have accumulated DNA
damage over a lifetime? In 2014, Shimamoto et al. established iPS cells from skin
fibroblasts of WS patients, which had infinite proliferative potential for more than
2 years, maintained an undifferentiated state, and showed no increase in chromo-
somal aberrations during the culture period. On the other hand, when the cells were
induced to differentiate into somatic cells, signs of premature senescence were
observed. Furthermore, it was speculated that part of this phenotype was due to
the extension of telomeres by reprogramming (Shimamoto et al. 2014). At the same
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time, WS-specific iPS cells were also established in the National Institute of Health
in the USA, and early senescence was observed when induced into MSCs, but not
when differentiated into neural progenitor cells in the ectoderm. Recently, genomic
gene correction was performed on iPS cells generated from a WS patient’s blood
using CRISPR/Cas9 technique and enabled the isogenic comparison between
patient-derived iPS cells and normal iPS cells (Kato et al. 2021b). MSCs derived
from WS-specific iPS cells showed decreased expression of various growth factors
and reduced ability to differentiate into cartilage, bone, and fat (Tu et al. 2020).
These abnormalities in MSCs and the relative preservation of other germ-derived
tissues are consistent with the symptoms of WS, in which abnormalities are concen-
trated in mesenchymal tissues, resulting in subcutaneous tissue atrophy, visceral fat
accumulation, myocardial infarction, and mesenchymal sarcoma, but not cognitive
decline. In recent years, MSCs have shown promise as a cell therapy for a variety of
conditions, including skin ulcers and diabetes, and may be a potential therapeutic
strategy for WS.

2.2.8 Malignancy and WRN

Patients with WS have a high incidence of malignancy, as described in the previous
section. The mechanism is considered to be genomic instability caused by the loss of
WRN, leading to the accumulation of DNA damage and tumorigenesis. On the other
hand, WRN is attracting attention as a synthetic lethal gene in cancer therapy,
although it appears to be quite the opposite. Synthetic lethality refers to a phenom-
enon in which the loss of a single gene is not lethal to cells, but the simultaneous loss
or disruption of two or more pathways causes cell death. In 2019, a CRISPR- or
RNAi-based screen showed that tumors exhibiting microsatellite instability (MSI)
caused by defective DNA mismatch repair showed a significant decrease in cell
survival when WRN was deleted or suppressed. In these cells, the loss of WRN leads
to DNA breaks and apoptosis. On the other hand, the survival of cancer cells without
MSI remains unchanged even when WRN is reduced (van Wietmarschen et al. 2020;
Chan et al. 2019). Furthermore, in 2021, a study using 60 preclinical cancer models
with MSI reported that the phenomenon of cancer cell death after loss of WRN was
widely observed. This means that WRN-targeted therapy may be effective in a wide
range of settings, such as initially or after the acquisition of anticancer drug resis-
tance in malignancies with MSI (Picco et al. 2021). These studies may suggest that
WRN deficiency relatively suppress epithelial cancers. Indeed, increased chemo-
therapeutic activity of camptothecin in cancer cells by siRNA-induced silencing of
WRN helicase has been reported in 2007 (Futami et al. 2007). Although these
findings are about the function of the WRN gene in tumors, not in patients with
WS, the fact that there is a biological advantage to suppressing the WRN gene may
indicate the significance of the existence of a substantial population with heterozy-
gous WRN mutations.
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2.3 Conclusion

Although more than 20 years has passed since the identification of the WRN gene, it
has been difficult to elucidate the pathogenesis of WS because of the lack of
phenotype in WRN-deficient mice and the difficulty in culturing cells due to
premature aging. In recent years, however, advances in genetic modification tech-
nology, material delivery systems, and stem cell biology have gradually revealed the
molecular mechanisms of WS. On the other hand, the average life expectancy of
patients with WS has extended due to the improved management of metabolic
complications such as diabetes and dyslipidemia and advances in the treatment of
intractable skin ulcers. The combined knowledge of clinical and basic medicine will
lead to further improvement in the prognosis of WS, as well as to a better under-
standing of the mechanisms of aging and aging-related diseases.
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from Supercentenarians in Japan
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Abstract As the global population ages, achieving a long and healthy life is
becoming an increasingly important social issue. Since 1992, we have conducted
the Tokyo Centenarians Study and, subsequently, the Japan semi-supercentenarians
study to explore the biological, genetic, social, and environmental factors associated
with healthy longevity. We have found a subset of centenarians who are independent
in their activities of daily living and have a high probability of becoming
supercentenarians (110 years or older). Identifying specific biomarkers conducive
to healthy longevity in supercentenarians may provide insights into protective and/or
delaying mechanisms against aging-related diseases. By using a unique dataset of
1427 elderly individuals, including 36 supercentenarians, 572 semi-
supercentenarians (105-109 years), 288 centenarians (100-104 years), and
531 very old people (85-99 years), we found that N-terminal pro-B-type natriuretic
peptide (NT-proBNP), interleukin-6, cystatin C, cholinesterase, and albumin were
associated with all-cause mortality. Of these, low NT-proBNP levels were strongly
associated with survival beyond 105 years, while albumin levels were associated
with high mortality across all age groups. Results of single-cell RNA analyses
showed that supercentenarians had an excess of cytotoxic CD4 T cells, which was
unique to this exceptional population. In the near future, elucidation of the
supercentenarian aging process by multi-omic approaches will provide valuable
perspectives for developing translational clinical strategies for the prevention of
age-related diseases and disabilities.
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3.1 Introduction

As the global population ages, achieving a long and healthy life is becoming an
increasingly important social issue. In 1992, we started the Tokyo Centenarian Study
(TCS) to explore the biological, genetic, and psychosocial factors associated with
healthy longevity in centenarians (Gondo et al. 2006; Takayama et al. 2007). Many
centenarians are independent in their activities of daily living (ADL) until their 90s.
However, according to the TCS results, only about 20% of centenarians were
independent at the age of 100 years or older, and the majority of centenarians needed
some kind of assistance in their daily lives (Gondo et al. 2006). Subsequent follow-
up studies have shown that centenarians who were physically independent had a
high probability of becoming semi-supercentenarians (105 years or older) or even
supercentenarians (110 years or older). In other words, ADL and survival are
correlated in individuals well beyond the age of 100, and supercentenarians have
an extremely long and healthy life expectancy. We started the Japan Semi-
supercentenarian Study (JSS), a nationwide visiting survey, to recruit mainly those
aged 105 years or older (Arai et al. 2014, 2015) to determine the genetic and
biological factors of healthy longevity. Biomarkers generally refer to biological
indicators that reflect the progress of a disease or the response to treatment and
include biological substances such as proteins and genes contained in body fluids
and tissues, such as blood and urine. The identification of specific biomarkers that
faithfully reflect health indicators in supercentenarians will expand our knowledge
on the biology of human longevity and improve the quality of medical care for
age-related diseases and disabilities. In this chapter, we have summarized the
previous and current findings on biomarkers for healthy longevity observed in
the JSS.

3.2 Demography and Functional Status
of Supercentenarians

Based on the increase in life expectancies over the recent decades, the world’s
population of centenarians is growing rapidly. However, the total number of
supercentenarians is extremely limited, and only few countries have reported on
their exact status. According to the 2015 census, the total population in Japan is
approximately 127 billion including 61,763 centenarians. Of the centenarians, 3916
are over 105 years old, and 146 are over 110 years old. The ratio of females to males
is 6.36 among all centenarians, 8.99 among the supercentenarians, and 15.22 among
the supercentenarians, indicating that the ratio of females increases with age. The
ratio of centenarians to the total population is 1 per 2000 individuals, while the ratio
is 1 per 32,000 individuals for the semi-supercentenarians and 1 per 870,000
individuals for supercentenarians. Even in Japan, a country with the highest number
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of the world’s oldest elderly, the presence of supercentenarians is extremely rare.
Compared to the results of the 2010 census, the number of people aged 100 years and
above increased by 129% in the 5 years leading up to 2015, the number of people
aged 105 years and above increased by 153%, and the number of people aged
110 years and above increased by 187%. Further analysis of demographic trends is
needed to conclude whether the supercentenarians represent the limit of human
longevity or whether environmental factors such as the introduction of long-term
care insurance are at play. Maintaining physical independence and cognitive func-
tion is a major component of healthy longevity. In the TCS and the JSS, we classified
642 centenarians, aged 100 years or above, into 3 groups according to the age at
death: (1) 100-104 years old (centenarians), (2) 105-109 years old (semi-
supercentenarians), and (3) 110 years old and above (supercentenarians) (Arai
et al. 2014). The results showed that the supercentenarians had a higher ADL
(Barthel Index) and cognitive function (mini-mental state examination, MMSE)
than the semi-supercentenarians or centenarians when assessed at the age of
100-104 years (Arai et al. 2014). When the supercentenarians’ ADLs at age
105-109 were compared between the semi-supercentenarians and the centenarians,
the Barthel Index was significantly higher in the supercentenarians. Those with a
higher degree of independence in daily life had a longer life expectancy after the age
of 100 years. The supercentenarians who reached the age of 110 or more had an
extremely high degree of independence at the age of 100 years. Supercentenarians
also had higher cognitive function (MMSE) at 100—104 years of age than the other
2 groups, and maintenance of cognitive function was significantly associated with
independence in ADLs after 100 years of age (Arai et al. 2014). The New England
Centenarian Study in the United States tracked the cognitive function of more than
1400 centenarians and showed that the onset of dementia and age-related cognitive
decline was slower in centenarians, supercentenarians, and supercentenarians, in that
order (Andersen 2012). These studies indicate that supercentenarians are character-
ized by an extraordinarily long life span with relatively high physical and cognitive
functions.

3.3 Cardiovascular Biomarkers and Exceptional Survival

Aging is a dominant risk factor for most fatal diseases, such as cardiovascular
disease, type 2 diabetes mellitus, Alzheimer’s disease, and cancers (Kennedy et al.
2014). Of these, cardiovascular disease is a major cause of death and disability in
older adults. We hypothesized that supercentenarians are able to approach the
current human longevity limit by preventing or surviving cardiovascular diseases.
To test our hypothesis, we examined the cardiometabolic risk factors, electrocardio-
gram (ECG) results, and a series of circulating biomarkers that reflected distinct
cardioprotective and pathogenic pathways in a combined cohort of 1427 oldest
individuals including 36 supercentenarians, 572 semi-supercentenarians



64 Y. Arai and N. Hirose

%
70+

%
70

60 60 P=0.0
50 50 / 01
40 ——Major 40 —s= Minor
- af
30 ._—/4\ ns 30 p=0.0 “*IAVB
“LVH 06 LAD
20 20
e P=0.0
10

i S ns 10 01
= P=0.0

i 22
85-99y 100-104y 105-109y 110+y 85-99y 100-104y 105-109y 1104y
(n=528) (n=201)  (n=465) (n=30) (n=528) (n=201) (n=465)  (n=30)

Fig. 3.1 ECG characteristics of the oldest individuals. Major abnormalities include past myocar-
dial infarction, pacemaker rhythm, atrial fibrillation or flutter, left ventricular hypertrophy,
advanced atrioventricular block, left bundle branch block, and Wolff-Parkinson-White syndrome.
Minor abnormalities include nonspecific ST-T change, first-degree atrioventricular block, left
anterior hemiblock, right bundle branch block, left axis deviation, sinus bradycardia, sinus tachy-
cardia, low voltage in limb lead, poor progression, nonsignificant Q wave, premature atrial
contractions, and premature ventricular contractions. (Constructed based on the results from Hirata
et al. 2020)

(105-1009 years old), 288 centenarians (100—104 years old), and 531 very old people
(85-99 years old) (Hirata et al. 2020). In terms of traditional cardiovascular risk
factors, the most striking feature of the centenarians is the low prevalence of diabetes
mellitus (Table 3.1). The prevalence of diabetes among centenarians, semi-
supercentenarians, and supercentenarians was 7.3%, 5.6%, and 5.6%, respectively,
which was less than half of that among the very elderly population aged 85-99 years
(18.6%) (Hirata et al. 2020). The prevalence of hypertension (being treated medi-
cally or diagnosed) in centenarians was also lower than that in the very old (62.9%)
at 38.3%, 44.7%, and 38.9%, respectively. In contrast, centenarians show a rela-
tively high prevalence of moderate-to-severe chronic kidney disease (i.e., stage
3b-5), suggesting that age-related decline in renal function becomes apparent beyond
the age of 100 years. Regarding the electrocardiographic characteristics, the major
abnormalities such as myocardial infarction, atrial fibrillation, and left ventricular
hypertrophy were not common among the centenarian groups (Fig. 3.1 and
Table 3.1). The most common ECG findings in supercentenarians were minor
abnormalities, such as first-degree atrioventricular block (31.0%) and nonspecific
ST-T change (27.6%), followed by left anterior hemiblock (20.7%). Overall, both
centenarians and supercentenarians were characterized by low cardiovascular risks
including low cholesterol levels and low prevalence of diabetes and left ventricular
hypertrophy on ECG.

In our study, we tested nine circulating biomarkers that reflected distinct
cardioprotective and pathogenic pathways in relation to mortality as follows:
(1) four endogenous cardioprotective molecules [N-terminal pro-B-type natriuretic
peptide (NT-proBNP), erythropoietin, adiponectin, and extracellular superoxide



65

3 Biomarkers of Healthy Longevity: Lessons from Supercentenarians in Japan

(ponunuoo)

0S0°0 (%1°¢) T| g€ (%L'S) e | 198 (%6°€) IT| 6LT (%0€)| 91| LTS (%) u ‘urxosiq
L00°0 (%0°0) 0| c¢ (%9'1) 6| 19S (1D €| 6LC (%0°P) IT| LTS (%) u ‘Snap orupAyLENUY
100°0> (%0°0) 0| c¢ (1D 9| 19¢ (%¥°0) 1] 6Lt (%8€)| o0T| LTS (%) u yue[nZeoonUE [2I0
¥80°0 (%¥°6) €| ¢ (%1%1) 6L | 19S (%0¥1) 6€| 6LT| (10D €S| LTS (%) u “areniN
UOT)RIIPIIN
100°0> (%969 0C| 9¢ (L'L9) L8| TLS (BT1L) S0z | 88C| (%Sew)| 1€T| 1€§ (%) u “erusuy
(%) u (s
100°0> (%90€) IT| 9¢ (BY'LE)|  ¥IT| TLS (%1°6€) 101 | 88T | (%S¥D) LL| 0ES| -qg o3es) aseastp Koupry druoIy)
100°0> (%9°9) | 9¢ (%9°6) e | TLS (%EL) 17| 88C| (%981 | 66| 1€S (%) u ‘smow saaqeiq
100°0> (%TT0 8| 9¢ (%S €8 TLS (%6°€D) ov | 88¢| (%¥'Ly)| 1ST| O€S (%) u ‘erwopidipredAy
100°0> (%6'8€) ¥I| 9¢ (BLYY) | ¥ST| 89S (%€8)|  OI1| L8CT| (%679 | pEE| 1€S (%) u ‘uotsuatadAy
89C°0 (%9°9) C| 9¢ (%L 1T) €Cl | 99S (%€91) 9| €8T | (%ELD| T6| I€S (%) u *oxong
2o (%€'8) €| 9¢ (%8¢ 8L | 99§ (%S ¥1) Iv| €8¢| (%001 €S| 1¢€S (%) u ‘oseasip 1oy A1euoio)
1031 [eJIPIIN
. L'9F . SLF . 8F . I'v+| _.
100°0> TS| 9¢ 8'L| §9¢ 6'¢l| eve 9T | s UoneUIEXS 9)e)s [EJUSW-TUTIAL
. ST+ 8CF SeF 48
100°0> | e 8T | 95 8% | 08T S6 | 6TS Xoput [oyreq
. 6'CF . CeF . TeF . TeF | .
100°0> 81| IC ol | €5¢ S6l| L3I §'Ic| 8¢S LW/3Y “xopul ssewr Apog
100°0> (%8°8) €| ve (L 1D €9 | 0¥S (%TTD 19| SsLT| (%9°LE)| €61 €IS (%) u ‘uoneonpa ysIH
100°0> (%60 T| s¢ (%TD) L| ¥9¢ (%11 €| T8C BUL| 9€| 11§ (%) u “Toj0US JUALIND
100°0> (%¥'76) e | 9¢ (%8'L8)| TOS| TLS (%1°8L) ST | 88C| (%199 | 86T | 1€S (%) u “arewrng
(€111 (F'LOT (€201 (888
100°0> =011 | LOIT| 9¢ —-8'S01) | 9901 | TLS —~7°001) | 8001 | 88C —€98) | ¥'L8| I€S (MOD s1eaf JudwjoIus Je 93y
puan (sak +011) | N|  (SrL60I-S0D | N sk $01-001) | N| (smk66-68) | N SonsHORIY)
10y d [ suerreuojuoorodng sueLreudjUadIadns SUBLIRUSIUQ)) pIo A10A
-ues

pIo K104 9y 0} paredwod sueLeUIUAdIRdNS puE ‘SUBLIEUIUSIISANS-TWAS ‘SUBLIBUIUAD JO SONSLIBJORIEYD [earul]d pue orqderSowsq ¢ dqe],



Y. Arai and N. Hirose

66

(0TOT ‘Te 12 BIRIIH 0) UOTEIID PAYIPOIA) SI[QELIRA [911039)eD J0J PUdI) JOJ 159) AFeIUWIY-URIYO0)) O} PUR ‘SO[qRLIeA
SNONUNUOD I0j 1$9) puan Yy Jursn pazAreue arom sdnoi3 a3e 1noj ssoroe sjuedronted jo onsLEIORIRYD OB UT SPURLL, "(JS F SUBSW I8 SON[BA SNUIW-SN[J

19300[q 103da0a1 [T UISULIOISUR gy ‘QWAZUL SUNIIAUODI-UISUOITUR 7)Y ‘d3uel omurenbiojur Yo7

100°0> (%179 81| 6T (9%L9S) LST| €Sy (%679 01| €61 | (%ESH)| 9¢T| IcS (%) u *KyTeuLIouqe IouTA
2000 (%L"02) 9| 6C (%L'6) Yy | €Sv (%9°€) L] €6l (%8°9) 0¢ | IcS (%) U “OO[qIUSY JOLINUE 1J]
(%) u
100°0> (%01€) 6| 6C (%612 66 | €S¥ (%¥01) 0z | €61 | (%TYD vL| 1TS| “[o0[q TE[NOLNUSAOLIE d0I3IP-1SIL]
100°0> (%9'LD) 8| 6C (%8°LT) 9Cl | €S¥ (%S°LT) €| €61 | (%L9D) L8| 1TS| (%) u ‘d8ueyo [-LS dYrads-uoN
orio (%1v0) L| 6c (%L0E) 6¢l | €SY (%650 0S| €61| (%LSD| vEL| 1TS (%) u *Ayeuiouqe Jofe
(%)
S¥0°0 (%0°0) 0| 6C (%11 S| €Sy (%0°1) ¢| ¢ol (%0°0) 0| ITS| U ™O0[q JR[OLRUSAOLIE PIOUBAPY
(%)
800°0 (%S°€) 1| 6T (%¥TD 9S | €Sy (%6°01) 1T| €61 | (%ELD 06| IcS u ‘KydonradAy renotmuaa 1oy
¥86°0 (%0°0) 0| 6T (%170 C| €Sy (%S°0) 1| ¢ol (%¥°0) | Ics (%) u “ToNNy Ry
LSTO (%S°€) 1| 6C (%¥9) 6C | €S¥ (%L9) €l | €6l (%Y'Y) €C| ICS (%) u ‘uone[uqQy [eLY
60%°0 (%69) C| 6C (%11 S| €Sy (%91 €| €6l (%TD) 9| Ics (%) u “1oxeWIdRg
100°0> (%S8€) ¥| 6C (%S 11) S| €Sy (%TY) 8| €6l (%0°7) 12| 12| (%) u ‘uomoIejur [EIpIEd0AUI PIO
100°0> (%S8€1) v| 6T (%9 LS| €Sy (6T 10) v | €61| (%060)| 1S1| 1TS (%) u ‘TewiIoN
wWeI301pIed0I)R[ Y
100°0> (%€99) 8I| C¢ (%L 9Y) 29C | 196 (%8°8%) 9€1 | 6LT| (BLIE| L9 LTS (%) u ‘s3nIp K101E[NIIIO ON
100°0> (%1°€) 1| ce (%81 Ol | 19S (%81 S| 6Lz| (%isD 18| LTS (%) u ‘unerg
100°0> (%1°€) 1| ce (%L 01 09| 19¢ (%0°6) S| 6LT| (%890 | Ivl| LTS (%) u “wrerednuy
100°0> (%0°0) 0| c¢ (%ED) L| 19S %y 1) Y| 6LC (%6'8) Ly | LTS (%) u “19320[q-e12g
100°0> (%8'81) 9| C¢ (ST 0L | 19S (%€°6) 9z | 6LT| (%860 | LS| LTS (%) u *ggV 10 10MqIUI OV
100°0> (%Y'6) €| ¢¢ (%0°81) 101 | 196 (%6°91) Ly | 6LT| (%BYOP)| €1T| LTS (%) u “19300[q [duUEYd-WNIO[E)
100°0> (%1°80) 6| C¢ (%9°67) 991 | 19¢ (%TT0) 9| 6LT| (%91D) 19| LTS (%) u *sonamiq
puen (steak +Q11) | N (s1eak 601-50T) | N (s1eak $01-001) | N| (s1eek66-68)| N SonSLIRJORIRYD)
10§ d [ suerreuojuootodng suerreudjuadIadns SUBLIBUQIUQ)) PIO AToA
-lasg

(ponunuod) 1°¢ dqeL



3 Biomarkers of Healthy Longevity: Lessons from Supercentenarians in Japan

67
a. NT-proBNP b. Erythropoietin c. EC-SOD?
16004 (1700) (1669)
10%{ r=0.537*** n=526 10%{ 1=0.070, n=496 r=0.447***,n=487
600
g E £
= S0 5 - 590
aQ ‘. S E c
102 & 200 g
- i
10t 100 0
S0 60 70 8 90 100 110 S0 60 70 8 90 100 110 S0 60 70 80 90 100 110
Age Age Age
d. Adiponectin e. Interleukin-6 f. TNF-alpha
102
r=0.316%**, n=680 r=0.486***, n=680
75 " 10!
10 y
z z i 2
£ s0 £ - £ s
< 2 s e 21004 -
iy 9 10t
ST 1K -
o ol A r=0.440***, n=684
50 60 70 8 90 100 110 50 60 70 80 90 100 110 50 60 70 80 90 100 110
Age Age Age
g. Angptl2 h. Cystatin C i. Cholinesterase
15
r=0.077,n=588 6 r=0.491*** n=663 600-
10
o 4 B
%, = 4 5400 :
< : &
2 - 5 200 b2
i
o o r=-0.529***, n=703
50 60 70 8 90 100 110 50 60 70 8 90 100 110 50 60 70 80 90 100 110
Age Age Age
j. LDL cholesterol k. Creatinine I. Albumin
250
5
2004 r=0242***,n=702 64 r=-0.003,n=705 =
o — o 4 F}“‘- =
150 3 4 3 -
2 — 2 E =
100 iy = 5 3
2
50 . w5 29 1=0.625%**, n=704

50 60 70 80 90 100 110
Age

50 60 70 80 90 100 110
Age

50 60 70 80 90 100 110
Age

No CV abnormality —CV abnormality

Fig. 3.2 Cross-sectional associations between circulating biomarkers and age by cardiovascular
status. Scatter plots showing cross-sectional associations between biomarkers of cardioprotective
pathways (a—d), inflammation (e-g), organ reserve (h, i), and select traditional risk factors (j-1), and
age at enrollment, according to the presence (red) or absence (blue) of a cardiovascular abnormality.
All the biomarkers were assessed at the time of enrollment. Spearman’s correlation coefficients
between biomarkers and age at enrollment and sample numbers are shown for those with (red) or
without (blue) cardiovascular abnormality. The solid lines represent the correlation lines, and the
shaded area represents the 95% confidence interval of the correlation line. Unrelated family
members of the centenarians (spouses of the first-degree offspring of the centenarians) aged
between 48 and 94 years (mean age, 73.1 years) were included as a younger control group
(n = 167 at the maximum). Characteristics of this population are described in Hirata et al. 2020.
Population sizes for the 12 biomarkers differ due to variations in the bio-banking of the samples.
Participants were considered to have a cardiovascular abnormality when one or more of the
following criteria were fulfilled: (1) a history of coronary heart disease or stroke, (2) cardiovascular
medication use (i.e., nitrate, oral anticoagulant, antiarrhythmic drug, or digoxin), and (3) a major
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dismutase (EC-SOD)]; (2) three inflammatory mediators [interleukin-6, tumor
necrosis factor-alpha (TNF-alpha), and angiopoietin-like protein 2 (Angptl2)]; and
(3) indicators of the functional reserves of the kidneys and liver [cystatin C and
cholinesterase]. As shown in Fig. 3.2, plasma levels of endogenous cardioprotective
molecules and inflammatory mediators, except Angptl2, were correlated with ages
up to 115 years. Of these, only NT-proBNP showed age-related distributions, with or
without a cardiovascular abnormality, supporting this biomarker’s sensitivity for
cardiovascular disease up to extreme old age.

Using multivariate Cox hazard models, we identified that high levels of
NT-proBNP, interleukin-6, and cystatin C and low levels of cholinesterase and
albumin were associated with an increased risk of all-cause mortality in the oldest
people. In particular, NT-proBNP was strongly associated with survival beyond
105 years of age. In contrast, plasma albumin, a biomarker of nutrition, was
consistently associated with mortality across all age groups.

In a retrospective analysis, where we classified our centenarians into three groups
according to age at death (decedent centenarians who died between 100 and
104 years, decedent semi-supercentenarians who died between 105 and 109 years,
and decedent supercentenarians who died at 110 years or above), we examined the
correlations between the levels of prognostic biomarkers and age at enrollment
across the three groups (Fig. 3.3). Only NT-proBNP showed age-specific distribu-
tions capable of distinguishing decedent supercentenarians from the younger
cohorts (Fig 3.3a). These findings indicate that NT-proBNP levels were significantly
lower in decedent supercentenarians than in other decedent centenarians at any given
age at assessment. Based on these results, we proposed a working hypothesis that
intrinsic aging of the cardiovascular system and possibly the renal system may
ultimately deteriorate hemodynamic homeostasis and subsequently limit current
human longevity (Fig. 3.4). Supercentenarians, by virtue of a postponed
age-related increase in circulating NT-proBNP, may be equipped with efficient
mechanisms for delaying the processes of cardiovascular aging. Future studies
incorporating detailed assessments of the cardiac structure and functions using
ultrasound cardiography are warranted to further validate this hypothesis.

Fig. 3.2 (continued) electrocardiographic abnormality (Table 3.1). The classification of cardiovas-
cular abnormality in the unrelated family of centenarians was based on medical history and
medication lists because of a lack of ECG assessment in this population. NT-proBNP N-terminal
pro-brain natriuretic peptide, EC-SOD extracellular superoxide dismutase, TNF-alpha taumor necro-
sis factor-alpha, Angptl2 angiopoietin-like protein 2. *Only individuals with 213RR genotype
(noncarrier) in SOD3 (rs1799895) were included in the analysis. *p < 0.001. (Adopted from
Hirata et al. 2020)
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Fig. 3.3 Prognostic biomarkers in centenarians stratified by the age at death. Spearman’s correla-
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95% confidence interval of the correlation line. All the biomarkers were assessed at the time of
enrollment. Population sizes for the five biomarkers differ due to variations in the bio-banking of the
samples. NT-proBNP indicates N-terminal pro-brain natriuretic peptide. *p < 0.05, **p < 0.01, and
**%p < 0.001. (Adopted from Hirata et al. 2020)
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Fig. 3.4 Slow cardiovascular aging as a key biological pathway to healthy longevity (working
hypothesis). Based on the observed association between cardiovascular biomarkers and exceptional
survival, we hypothesized that the disruption of circulatory homeostasis due to age-related decline
in cardiac and renal function may underlie the high levels of NT-proBNP in supercentenarians and
that intrinsic aging of the cardiovascular system and possibly the renal system may limit current
human longevity. In order to test our working hypothesis, ultrasound cardiography and histopath-
ological analysis of cardiovascular system in the oldest old is necessary. Elucidating regulatory
mechanism of cardiovascular aging in supercentenarians may lead to the development of prevention
of age-related heart diseases such as heart failure with preserved ejection fraction (HFPEF)

3.4 Adiponectin

Advancing age is frequently associated with impaired glucose tolerance, insulin
resistance, and the development of diabetes, predominantly type 2 diabetes. Never-
theless, several studies have demonstrated that the low prevalence of diabetes and
preserved insulin sensitivity are the metabolic peculiarities of centenarians (Paolisso
et al. 1996; Wijsman et al. 2011), suggesting that these may have a possible
protective factor to maintain insulin sensitivity and glucose homeostasis. To date,
vigorous basic research has been conducted on the mechanism underlying the
association between insulin sensitivity and longevity. Adiponectin, one of the
adipokines secreted from the adipose tissue, has emerged as a possible mechanistic
link (Matsuzawa 2006; Rasouli et al. 2008). Adiponectin is an immensely beneficial
adipokine (Matsuzawa et al. 2004). It plays an antidiabetic role within the liver and
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skeletal muscles by facilitating glucose uptake at these sites, thereby enhancing
insulin sensitivity. Adiponectin also has anti-inflammatory and anti-atherogenic
properties. Several observational studies including our study have shown high
plasma adiponectin levels in centenarians (Bik et al. 2006; Arai et al. 2006; Atzmon
et al. 2008). These findings support the beneficial metabolic effects of this adipokine.

Interestingly, accumulating observational studies have demonstrated an unex-
pected association between high adiponectin levels and increased mortality in
patients with cardiovascular diseases, particularly those with heart failure (Kistorp
et al. 2005). This finding is counterintuitive to its salutary metabolic effects and is
referred to as the “adiponectin paradox.” A meta-analysis of 24 prospective studies
suggested that the paradoxical association between high adiponectin levels and
increased all-cause mortality risk is more significant in those with coronary heart
disease (CHD) at the baseline than in those without CHD (Sook Lee et al. 2013). If
that is the case, how should we interpret the high adiponectin levels in centenarians?
To answer this question, we first examined the correlation between plasma
adiponectin levels and cardiometabolic biomarkers in the centenarians. High
adiponectin levels were correlated with high levels of high-density lipoprotein
(HDL) cholesterol and low levels of HbAlc. This was compatible with this
adipokine’s beneficial metabolic effects. High adiponectin levels were also corre-
lated with high levels of EC-SOD, an antioxidant enzyme in extracellular fluids
(Sasaki et al. 2021), suggesting potential coordination of the anti-inflammatory and
antioxidative pathways. To examine the prognostic significance of adiponectin, we
investigated the association between adiponectin and mortality in a combined cohort
with 1427 oldest individuals (Hirata et al. 2020). Intriguingly, high adiponectin
levels were associated with high mortality in the very old, aged 85-99 years. This
finding reflects the “adiponectin paradox.” In contrast, high adiponectin levels were
associated with low mortality in centenarians aged 100—104 years but not associated
with mortality in semi-supercentenarians aged 105 years or above (Hirata et al.
2020). These results suggest that the association between adiponectin and mortality
is complicated in the oldest individuals.

Some aspects of the complicated relationship between adiponectin and health
outcomes remain unresolved. Based on the findings so far, we hypothesized that
high adiponectin levels in centenarians may reflect the compensatory response to
maintain metabolic and redox homeostasis and to counteract oxidative stress and
inflammation, which are relevant in catabolic states, such as sarcopenia and chronic
heart failure (Arai et al. 2019). Further longitudinal studies with sequential measure-
ments of adiponectin and other biomarkers are warranted to gain a better under-
standing of the role of adiponectin in promoting healthy aging and longevity.

3.5 Immunological Biomarkers of Healthy Longevity

Over the past three decades, observational findings have shown that centenarians are
relatively immune to illnesses, such as infections and cancers, during their entire
lifetime. These findings have led to immunological investigations, one of the most



72 Y. Arai and N. Hirose

exciting topics in centenarian study. Recently, leukocyte telomere length (LTL), an
indicator of senescence in circulating immunological cells, has been recognized as a
promising biomarker of aging and age-related diseases (Demanelis et al. 2020). In
collaboration with Prof. von Zglinicki of Newcastle University, we measured LTL in
684 centenarians and semi-supercentenarians, 167 pairs of centenarian offspring and
their spouses, and 536 community-dwelling very old individuals, aged 85-99 years
(Arai et al. 2015). Among the unrelated individuals, LTL shortened with age up to
100 years at rates of 21 + 8 (males) and 29 + 4 (females) bp/year. However, after
100 years of age, LTL increased in length by 59 £ 25 (males) and 48 £ 11 (females)
bp/year. Interestingly, LTL in centenarian offspring was maintained for more than
20 years at a length corresponding to 60 years of age in the general population. LTL
from centenarians and their offspring, and, especially, from semi-supercentenarians,
was significantly longer than that expected for their age. LTL was not associated
with ADL, cognitive functions, or life expectancy in the centenarians. However, we
found that it was correlated with the CD28-positive cell rate, which indicated the
extent of aging of the lymphocytes. The higher the CD28-positive cell rate, the
longer the life expectancy above 105 years. These results suggest that slow immune
senescence may be related to the maintenance of telomere length and longevity in
semi-supercentenarians, demonstrating the usefulness of biomarker research in
elucidating the mechanisms of healthy longevity.

Single-cell RNA sequencing is a powerful new technology that enables unbiased,
high-throughput, and high-resolution transcriptomic analysis of individual cells.
Given the importance of cell-to-cell variations, investigation at the single-cell level
rather than a group of cells and consideration of the average can provide great
insights into the biological process of extreme longevity. Recently, Hashimoto
et al. used single-cell RNA analysis to study circulating immune cells from a
group of supercentenarians and younger controls. They acquired a total of 41,208
cells from 7 supercentenarians (an average of 5887 per person) and 19,994 cells
(an average of 3999 per person) from 5 controls in their 50s to 80s (Hashimoto et al.
2019). They found that while the number of B cells was lower in the
supercentenarians, the number of T cells was approximately the same. Moreover,
the number of cytotoxic CD4-positive T cells was considerably increased in the
supercentenarians. Normally, CD8-positive T cells exert cytotoxic activity, and CD4
T cells do not. As such, the finding suggests that the CD4-positive cells of
supercentenarians had acquired cytotoxic status. Hashimoto et al. examined the
blood cells of two supercentenarians in detail and found that they had arisen from
a process of clonal expansion. Although the pathophysiological roles of CD4
cytotoxic cells in supercentenarians and the clinical implications remain unclear,
the study showed how single-cell transcription analysis can contribute to our under-
standing of immunological pathways associated with healthy longevity.
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3.6 Future Prospects

So far, phenotyping and biomarker studies have shown that slow aging in the
cardiovascular, renal, nervous (cognition), and musculoskeletal (ADL) systems is
the main characteristic of supercentenarians. There remains a gap between our
results and innovations in health promotion and preventive medicine for the general
elderly population. In recent years, basic aging research using genetically modified
model organisms, such as yeast, nematodes, and mice, has identified evolutionarily
conserved signal transduction systems and molecular mechanisms that regulate
aging and life span (Lopez-Otin et al. 2013). Elucidation of ultimate aging process
of supercentenarians will provide valuable perspectives for developing translational
strategies for clinical application of the findings from longevity models. Moreover,
multi-omic analyses, such as whole-genome sequencing, transcriptome, and
metabolome analyses, are becoming more common. These may replace conventional
approach by focusing on the candidate biomarkers that we described in this chapter.
The “epigenetic clock” that predicts age by the methylation status of the hundreds of
CpG region is a promising biomarker of biological aging (Horvath et al. 2015).
Applying multi-omic technology and unraveling the molecular and genetic basis of
slow aging in supercentenarians may contribute to the identification of therapeutic
targets for the prevention or delay of age-related diseases, particularly cardiovascular
diseases, in aging.
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Chapter 4 )
Cellular Aging and Metabolites in Aging s

Hiroshi Kondoh, Takumi Mikawa, and Masahiro Kameda

Abstract Diversity is observed in the wave of global aging, as aging is a complex
biological process exhibiting individual variability. To assess aging physiologically,
markers for biological aging is required in addition to the calendar age. The
discovery of replicative senescence by Hayflick developed into telomere research,
while stress-induced senescence (SIS) is known as a telomere-independent event.
SIS serves as physiological barrier to oncogenesis in vivo, while it activates
senescence-associated secretary phenotype (SASP), inducing chronic inflammation.
Thus, beside telomere length, pl16, p53, and inflammatory cytokines have been
utilized as biomarkers for cellular senescence. From a metabolic perspective, the
aging hypothesis includes the mitochondrial and the calorie restriction
(CR) hypothesis. However, little is known whether CR is applicable to human
longevity, as human aging is greatly affected by a variety of factors. Comprehensive
analysis of the human blood metabolome captures complex changes with individual
difference, detecting metabolites for aging or aging-relevant conditions. These
information are valuable for future clinical applications in diseases relevant to aging.

Keywords Telomere - Stress-induced senescence - SASP - Metabolites - Frailty -
Fasting - Antioxidant

4.1 Introduction

Currently, Japan is the only country in the world with a societal aging rate (% of
population over 65 years old) exceeding 25% (global average = 12.38%) (ONU
2015). However, a wave of global aging is steadily approaching, and the global
average is expected to reach 23.4% by around 2050. Indeed, many European and
Asian countries will reach aging rates of more than 25%, while Japan is expected to
exceed 42.5% by that time (ONU 2015).
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In such super-aging society, we observe greater “diversity of aging.” As the
number of healthy elderly people increases, the number of bedridden patients and
people who need long-term nursing care also increases. Because “diversity of aging”
reflects individual variability, clinical symptoms among the elderly are also diverse.
Thus, “aging” is multifaceted and complex, and variability is characteristic of aging.

Calendar age has commonly been used as an indicator of human aging. Calendar
age defines the elderly as over 60 or 65 years old, proposed by the United Nations in
1956. In addition to calendar age, the importance of “biological age” has also been
proposed, mainly based on findings in basic aging research, as we are now facing
with diversification of the elderly in globally aging society.

As redefinition of “elderly” itself is becoming necessary (the proposal of the
Japanese Geriatrics Society in 2017), here we overview the progress both in the
cellular aging and the metabolomic aspects of aging.

4.2 Historical Theory and Replicative Senescence

In 1882, August Weismann proposed the “wear and tear” theory as the earliest aging
model (Kirkwood and Cremer 1982). In this theory, the major cause of organismal
aging is speculated to be accumulated damage due to stresses, followed by func-
tional exhaustion of organs and cells; during juvenile stages, the ability to recover
from damage is preserved, which gradually declines and vanishes in adulthood.

Weismann also presented the first experimental evidence of germ cell immortality
(Weismann 1892). First, he cut off the tails of young mice before they achieved
sexual maturity. When later bred, the tails of their offspring were perfectly normal.
He repeated this process for 22 generations and observed that the acquired tail
abnormality was never inherited. He drew the conclusion that the modulated prop-
erties in somatic cells in vivo were never inherited due to their definite life spans,
while the genetic properties in reproductive germ cells are transmitted from gener-
ation to generation due to their potential immortality. Terminally differentiated
somatic cells in vivo could be vulnerable to various stresses and eventually enter
senescence state, during aging. In 1891, Weismann proposed that once somatic cells
are isolated from the body, they do not senesce.

When cell culturing in vitro became feasible, Carrel and Ebeling tested
Weismann’s idea. They reported that fibroblasts from fetal chicken hearts could
grow on laboratory glassware for at least 34 years under certain conditions (Carrel
and Ebeling 1921), supporting Weismann’s hypothesis. However, their experiments
proved to be irreproducible because their primary cell cultures became contaminated
by unnoticed cells in the culture medium, which was changed once a week. This
created the appearance of continuous cell growth for several decades (Witkowski
1980).

Later, Hayflick also addressed the question of whether cells senesce in vitro. He
observed that during serial culturing in vitro, human primary fibroblasts divided a
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certain number of times, but eventually stopped dividing. This phenomenon became
known as the Hayflick limit or “replicative senescence” (Hayflick 1965).

4.3 Telomere-Dependent and Telomere-Independent
Senescence

Around the same time, James D. Watson, who discovered the DNA double helix,
predicted that genomic DNA is shortened during chromosome replication
(Wellinger 2014). He proposed that the ends of genomic DNA are not replicated
during cell division, since the machinery for DNA replication progresses only in the
5" to 3’ direction on the “antiparallel” DNA strand. This notion regarding the
behavior of chromosome end structure led to the concept of “telomeres.”

In 1986, Cooke et al. reported that the ends of sex chromosomes are shortened in
senescent human somatic cells, consistent with Watson’s idea (Cooke and Smith
1986). Strikingly, repetitive “TTAGGG” nucleotide sequences were found in the
ends of chromosomes (Blackburn and Gall 1978). Telomeric sequences become
shorter as cells undergo senescence, implying that the Hayflick limit would be linked
to the shortening of telomeres. Later, telomerase was identified, which functions for
the maintenance of telomere length by adding a specific DNA sequence to telomeres
(Greider and Blackburn 1985). Finally, Shay and Wright reported that the ectopic
expression of telomerase immortalizes human primary cells (Bodnar et al. 1998),
providing definite evidence that telomere length is the causal factor for cellular
senescence. Thus, telomeres have come to be called “biological clocks” or “tickets
for aging.”

The identification of telomere raises another question. Telomere length varies
greatly, depending on the species; 25-50 kb for mice and 10-15 kb for humans
(Whittemore et al. 2019). However, the in vitro life span of rodent primary cells is
much less than that of human cells, indicating that telomere shortening is not the
only factor for limiting life span. Indeed, even in primary cells with sufficient
telomere length, cellular senescence is induced by stress due to harmful substances
and by environmental factors, such as DNA damage, acid, oxidative stress, histone
deacetylase inhibitors, culture stress, etc. These telomere-independent factors col-
lectively cause stress-induced senescence (SIS) (Sherr and DePinho 2000).

Ras-vall2 is a point mutation often observed in cancer cells. Manuel Serrano
et al. noticed that in sharp contrast to normal cells, the arrested primary cells by the
introduction of Ras-vall2 displayed a “fried egg” morphology with a huge nucleus
and enlarged cytoplasm, resembling senescent cells. Consistently, Ras-vall2 pro-
voked premature senescence, called oncogene-induced senescence (OIS), a subtype
of SIS (Serrano et al. 1997).
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4.4 Double-Edged Sword of SIS

Cancer cells exhibit multiple oncogenic mutations. In the experimental settings, the
combination of activated Ras-vall2 and ablated tumor suppressor pS3 renders the
primary cells escape from senescence, like cancerous cells. The reasonable expla-
nation for this senescence-bypassing event is that OIS, a subtype of SIS, is a
biological protective mechanism that suppresses carcinogenesis by preventing
cells with oncogenic mutations from progressing into cancer cells. However, its
physiological impact in vivo was doubted when Ras-vall2 knock-in mice were
reported as cancer prone (Johnson et al. 2001). Indeed, both types of tumor, benign
and malignant, coexist in Ras-vall2 knock-in mice. Benign tumors consist of
senescent cells, while senescent cells disappeared in malignant lesions (Collado
et al. 2005). These findings in vivo are consistent with the in vitro inhibitory effect
against cancerous immortalization by SIS or OIS.

Recently, a close association between SIS and chronic inflammation has been
discovered. Senescent cells produce more inflammatory cytokines (e.g., IL-1 and
IL-6) than non-senescent cells, a state defined as “senescence associated secretary
phenotype” (SASP) (Coppe et al. 2008). SASP promotes senescence of neighboring
cells. In such contexts, “chronic inflammation” provoked by cellular senescence has
a significant influence on organismal aging (Freund et al. 2010). Thus, SIS serves as
“double-edged sword”: the suppression of cancer in vivo vs. the promotion of
deleterious chronic inflammation. Interestingly, Nuclear factor-xB (NF-xB) was
identified as a highly activated transcription factor during cellular senescence
(Fig. 4.2b). NF-xB activation induces anti-apoptosis genes, Bcl-2 and Xiap,
followed by resistance of senescent cells against cell death. However, NF-xB also
activates inflammatory responses in senescent cells (Adler et al. 2007). Thus,
“chronic inflammation due to cellular senescence (SASP)” exerts causal effect on
the progression of age-related diseases.

4.5 Senescence Markers

The irreversible cell cycle arrest with a metabolically active state is one of the
prominent features of cellular senescence (Campisi 2013). In senescent cells, the
enzymatic activity of cyclin-dependent kinase (CDK), a driver for cell cycle, is
greatly diminished (Campisi and d’Adda di Fagagna 2007). Comparative analysis of
protein profiles between senescent and non-senescent cells identified CDK inhibi-
tors, p21 and p16Ink4a protein, as senescence markers (Fig. 4.1). Thus, in senescent
cells, accumulated p21 and p16 Ink4a inhibits cell cycle progression and causes cell
cycle arrest.

The other several markers for cellular aging were also identified, in addition to
telomere length and “fried-egg”-like morphology. Senescence-associated beta-
galactosidase (SA-P-gal) staining efficiently detects senescent cells (Dimri et al.
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Fig. 4.1 Hallmarks of stress-induced senescence (SIS). Senescence-inducing stress provokes
several features of cellular senescence: “fried egg” morphology, positive staining of SA-p-gal,
H2AXY foci formation, senescence-associated heterochromatin foci (SAHF), and others. Cyclin-
dependent kinases (CDKs) drive the progression of the cell cycle, while CDK inhibitors, checkpoint
genes, exert an opposite effect. As senescent cells suffer permanent cell cycle arrest, p21 and
pl6Ink4a, senescence markers, accumulate. Moreover, the activation of transcription factor NF-xB
in senescent cells induces inflammation-related genes. Such inflammatory cytokines are secreted
from senescent cells (senescence-associated secretary phenotype; SASP), which aggravates chronic
inflammation in surrounding tissues

1995). Senescent nuclei are frequently accompanied with phosphorylated histone
2AX variant (H2AXYy) foci as results of DNA damage and senescence-associated
heterochromatin foci (SAHF) (Narita et al. 2003). Accumulated lipofuscins are
sometimes observed in senescent cytoplasm, representing aggregates of
ubiquitinated proteins (Moreno-Garcia et al. 2018). These cellular senescence
markers are useful device to evaluate proliferative limits of senescence as an
index. In addition, inflammatory cytokines are also recognized as markers of both
senescence and chronic inflammation.

4.6 The Aging Hypothesis Relevant to Metabolic Profiles

Oxidative stress has been proposed as a cause of aging and more recently as a factor
involved in chronic inflammation. “Free radical theory” is one of the most popular
aging hypotheses (Harman 1956). Damage to macromolecules, including telomeric
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Fig. 4.2 The aging hypothesis relative to metabolism. Earlier, “the oxidative damage hypothesis”
or “mitochondrial aging hypothesis” was proposed by Harman, as oxidative stress reduces organ-
ismal life span. Calorie restriction (CR) or intermittent fasting (IF) effectively extends life spans of
experimental models. During CR, several signal modules, including sirtuin, Tor kinase, and AMPK,
are activated or inactivated. Consistently, chemicals or compounds mimicking CR conditions
increase longevity (resveratrol for sirtuin, rapamycin for Tor kinase, and metformin for AMPK).
One of the targets of these signals is FOXO transcriptional factor, which activates radical scaven-
gers. However, little is known about the effect of CR or fasting on human longevity. Some of the
metabolites described in this review (red color) are known to interact with the signal molecules or to
serve as antioxidants. HDACs histone deacetylase

DNAs, caused by free radicals is known as “oxidative stress” (von Zglinicki 2002).
In addition, as more than 90% of free radicals has been attributed to mitochondria
(Balaban et al. 2005), the “mitochondrial aging hypothesis” was proposed (Fig. 4.2)
(Harman 1972). Consistently, the genetically manipulated mice with the extended
life span, super Arf/pS3 mice, displayed the increased levels of antioxidants, includ-
ing glutathione (Matheu et al. 2007).

Calorie restriction (CR) by 20-30% extended life span by 20% or more in many
model organisms, such as mice, flies, fish, spiders, etc. (McCay and Crowell 1934).
CR activates or modulates several signal modules, such as Tor kinase, AMPK
kinase, sirtuin, and FOXO transcription factor (Fig. 4.2) (Haigis and Guarente
2006; Onken and Driscoll 2010; Stanfel et al. 2009). FOXO upregulates several
radical scavengers. Consistently, oxidative stress is reduced during CR, indicating its
antioxidative roles (Sohal et al. 1994).

Strikingly, these CR-relevant signaling pathways could be modulated by several
metabolites, which are effective both for extension of life span in experimental
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models and for the treatment of human aging-related diseases (Fig. 4.2). Rapamycin
inhibits the activity of Tor kinase, utilized as an immunosuppressor or anticancer
drug, while metformin stimulates AMPK kinase for diabetic therapy (Mouchiroud
et al. 2010). In addition to resveratrol, NAD+ also activates sirtuins. The life span is
extended by the overexpression of adipose-tissue-specific Nampt, which catalyzes
the biosynthesis of NAD+ (Yoshida et al. 2019). However, it is still controversial
whether the modulation of FOXO would be efficacious in clinical applications, as
FOXO overexpression compromises metabolic regulation in mice (Nakae et al.
2002).

Moreover, the mitochondrial aging hypothesis has been challenged, since partial
impairment of mitochondrial functions provoked longevity in nematodes and fly
(Houtkooper et al. 2013). Consistently, certain limited but defined overload of
mitochondrial oxidative stress prolonged life span in nematodes, known as
“mitohormesis” (Yang and Hekimi 2010). These opposing outcomes on oxidative
stress and longevity cannot be ignored. In human clinical trials, supplementation
with the antioxidants, beta-carotene, vitamin A, or vitamin E exacerbated mortality
(Bjelakovic et al. 2014). In sharp contrast to the success of the “calorie restriction
hypothesis” in experimental models, some epidemiological studies suggest that
slightly overweight people live longer (Corrada et al. 2006). Compared to that in
model organisms, aging research in human beings may require alternative approach,
in part due to its variability and complexity.

Besides CR, the supplementations of other metabolites are under examination as
intervention approach against human aging. A clinical trial of NMN (nicotinamide
mononucleotide), a precursor of NAD+, has been started (Irie et al. 2020). The
combination of exercise and supplementation for branched-chain amino acids
improved muscle strength in aged frailty (Ikeda et al. 2016). Thus, metabolites
themselves could be potentially one of the promising strategies.

4.7 Metabolomic Approach for Human Whole Blood

Metabolites are defined as small organic compounds, produced by the metabolic
activity in living organisms, from bacteria to humans. The metabolome detects and
quantifies numerous metabolites with, e.g., liquid chromatography-mass spectrom-
eter (LC-MS). The analysis of the metabolome (metabolomics) is a growing branch
of chemistry, not only to search for biomarkers but also to provide valuable
metabolic information on physiology and pathophysiology.

Among other things, blood reflects physiological states in vivo affected by
epigenetics, genetics, lifestyle, and health (Blackburn et al. 2015). Thus,
metabolomics of human blood presents extensive evidence on metabolic aspects
not only of physiological responses, health, aging, and diseases but also of biological
effects of chemicals, nutrients, stressors, and environmental factors (van der Greef
et al. 2013).
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Blood contains cellular and noncellular components: red blood cells (RBCs),
white blood cells (WBCs), platelets, and plasma. Various investigations have been
mainly conducted on plasma or serum, the noncellular component (Srivastava 2019).
This is probably due to the difficulty in handling cell-derived metabolites, part of
which are rather labile (Gil et al. 2015).

We have established novel method for analyzing whole blood, plasma, and
RBCs. The whole blood metabolome includes about 130 metabolites, comprising
over 14 subgroups (nucleotides, nucleosides, nucleobases, vitamins and coenzymes,
nucleotide-sugar derivatives, sugar phosphates, sugar derivatives, choline and etha-
nolamine derivatives, organic acids, antioxidants, amino acids, methylated com-
pounds, acetylated compounds, carnitines, etc.) (Chaleckis et al. 2014). These
compounds reflect diverse cellular metabolisms: energy production, DNA and
RNA synthesis, lipid metabolism, mitochondrial respiration, redox homeostasis,
protein synthesis, and so on. Consequently, the amounts of these compounds are
influenced or regulated by various activities of tissues, activation or inactivation,
secretion or absorption, regeneration or degradation, contraction or relaxation,
digestion or condensation, accumulation, excretion, etc.

Among the ~130 compounds assessed by whole blood metabolomics, 50-60 are
enriched in RBCs (Chaleckis et al. 2016). Based on the coefficient of variation (CV:
SD divided by the mean), individual differences of metabolites are classified into
two subgroups: those that are rather invariable (CV < 0.4) and others with large
variability (CV > 0.4 or higher). The former covers vitally essential metabolites
(ATP, glutathione, phospho-sugars, etc.), while the latter include dietary compounds
such as caffeine, carnosine, ergothioneine, 4-aminobenzoate, and others (Chaleckis
et al. 2016). Thus, whole blood metabolomics comprehensively captures complex
changes with individual differences and is useful for human aging research. Indeed,
whole blood metabolomics have revealed metabolites that serve as biomarkers
relevant to aging, fasting, and frailty (Chaleckis et al. 2016; Teruya et al. 2019;
Kameda et al. 2020).

4.8 Blood Metabolites for Aging Markers

Although targeted metabolomic analysis has identified aging-relevant compounds
(Srivastava 2019), a comparative, non-targeted analysis of the whole blood
metabolome was carried out to compare healthy young and elderly people
(Chaleckis et al. 2016). Among the 126 metabolites, there were statistically signif-
icant differences in 14 metabolites (11%) between young (29 + 4 years old) and
elderly people (81 & 7 years old), which can be regarded as aging markers. Six of
them are RBC-enriched, implying that whole blood metabolomics is an efficient
device for human aging research.

Nine of the 14 metabolites decreased in the elderly, while 5 of them increased
(Table 4.1). The former include 1,5-anhydroglucitol (1,5-AG), acetyl-carnosine,
carnosine, ophthalmic acid (OA), leucine, isoleucine, nicotinamide adenine
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Table 4.1 Fourteen metabolites for aging overlap with those for fasting and frailty

Metabolites Levels in Leve.ls in Leve!s in Role in blood
elderly frailty fasting

1,5-Anhydroglucitol (1,5-AG) N% N2 Antioxidant
Acetyl-carnosine N2 NZ Antioxidant
Carnosine N2 P Antioxidant
Ophthalmic acid (OA) N N " Antioxidant
Leucine NE N2 i Muscle maintenance
Isoleucine NE N2 P Muscle maintenance
NAD* N Redox homeostasis
NADP* N Redox homeostasis
UDP-acetyl-glucosamine N2 Sugar nucleotide
2-ketobutyrate NE P Butyrate
Urate N2 ™ Antioxidant
Ergothioneine (ET) N " Antioxidant
Trimethyl-histidine N Antioxidant
S-methyl-ET N2 Antioxidant
Tryptophan N2 Amino acid
Methionine N2 Amino acid
Proline N2 Amino acid
Citrulline P Urea cycle
Pantothenate P P Precursor of CoA
Dimethyl-guanosine P Urine compound
N-acetyl-arginine P Urea cycle
N6-acetyl-lysine » Acetylated amino acid
UDP-glucuronate ™ Sugar derivative
Creatine T Energy storage

Whole blood metabolomics reported 14 metabolites (red) as aging markers. The upper panel (blue
box) shows metabolites that decrease in the elderly or frailty, while the lower panel (gray boxes) list
metabolites that increase in those. Please notice that several compounds for aging or frailty overlap
with markers which increase in fasting. Properties of metabolites are added

dinucleotide (NAD"), nicotinamide adenine dinucleotide phosphate (NADP*), and
UDP-acetyl-glucosamine, while the latter comprise citrulline, pantothenate,
dimethyl-guanosine, N-acetyl-arginine, and N6-acetyl-lysine.

1,5-AG, the 1-deoxy form of glucose, is derived from many foods. Circulating
1,5-AG is excreted from renal glomeruli, but reabsorbed through renal proximal
tubules. As glucose is a competitive inhibitor against reabsorption of 1,5-AG,
diabetic patients with high blood glucose levels show lower 1,5-AG levels. Thus,
1,5-AG is known as diabetes marker. However, levels of HbAlc and serum glucose,
other diabetic parameters, are normal in both healthy young and elderly in this study;
hence, it is possible that reabsorption of 1,5-AG in the kidneys is reduced with aging
even in healthy people (Chaleckis et al. 2016). Carnosine and acetyl-carnosine are
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dipeptides with antioxidant properties, which are abundant in muscles and neurons
(Park et al. 2005).

OA is a tripeptide analog of glutathione, and L-y-glutamyl-
L-a-aminobutyrylglycine is synthesized by the same enzyme (glutathione synthase)
utilized for glutathione production. Because glutathione is one of the most abundant
antioxidative compounds in cells, OA is known as an oxidative stress marker (Soga
et al. 2006). NAD" and NADP* are coenzymes involved in various redox reactions.
Leucine and isoleucine are essential amino acids involved in the maintenance of
skeletal muscle (Buse and Reid 1975). Recent blood metabolomics study consis-
tently identified the reduction of essential amino acids in elderlies (Chen et al. 2020).
UDP-acetyl-glucosamine is a substrate for glycosyl-based modifications and is
involved in the synthesis of proteoglycans and glycolipids (Hirschberg and Snider
1987).

Among metabolites that increase in the elderly, citrulline is synthesized in the
urea cycle and is involved in excretion of nitrogen. Dimethyl-guanosine and N-
acetyl-arginine are also related to nitrogen metabolism (Niwa et al. 1998; Mizutani
et al. 1987). These results suggest that urinary discharge of nitrogen-related metab-
olites is possibly reduced in the elderly. Pantothenate is a precursor of coenzyme
CoA, involved in the TCA cycle and p-oxidation.

Correlation analysis among these 14 aging compounds suggests strong correla-
tions among metabolites with declining values in elderly and also among those that
increase in the elderly. Interestingly, there was no negative (reverse) correlation
between these two subgroups, indicating at least two distinct subgroups for aging
metabolites.

4.9 Blood Metabolites for Fasting Markers

The evidence on CR (calorie restriction) and longevity has been well documented in
experimental models. Recent reports suggest that intermittent fasting, a cycle of
fasting and feeding, enables C. elegans to live about 50% longer than conspecifics on
a normal diet (Honjoh et al. 2009). Thus, CR and intermittent fasting have
overlapping roles in the prolongation of life span (Fig. 4.2).

Although little is known about the link between fasting and aging in humans, it is
well known that humans can withstand 30-40 days of fasting if dehydration is
avoided, in sharp contrast to the vulnerability of mice to hunger (average survival
of only several days of starvation). For example, Gandhi experienced hunger strikes
of up to 21 days, 14 times or more in his lifetime as a form of political protest (Peel
1997).

Historically, research on fasting physiology has focused particularly on energy
substitution (Owen et al. 1969). Glucose normally constitutes the major fuel source
under non-fasting conditions, but during fasting, glycogen stores are rapidly
exhausted in an effort to maintain minimum glucose levels in the blood. After the
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depletion of glycogen storage, in addition to gluconeogenesis, fasting forces the
human body to utilize various noncarbohydrate metabolites, such as lipids and
branched-chain amino acids (BCAAs) as energy sources (Cahill 2006). Hormonal
changes stimulate lipolysis in the white adipose tissue (WAT) and liver. First,
3-hydroxybutyrate (3-HB) increases 30- to 60-fold and is converted into acetyl-
CoA in the brain or other tissues as an alternative energy source (Owen et al. 1969).
Second, elevated acylcarnitines during fasting are essential for lipid transport into
mitochondria (Hoppel and Genuth 1980). Third, increased concentrations of
branched-chain amino acids (BCAAs), mainly released from muscle, are also uti-
lized in the mitochondrial TCA cycle or in liver lipogenesis (Pozefsky et al. 1976).
Thus, the elevation of butyrates, BCAAs, and acylcarnitines in circulating blood
(quantified by targeted metabolomics or other techniques) serve as indicators of
fasting.

We conducted an exhaustive analysis of nearly 130 metabolites from the blood of
4 healthy young people for 58 h of starvation. In this study, over one-third of
metabolites increased, indicating much greater metabolic activation during fasting
than expected. Among the 44 increased metabolites, well-known fasting markers
figure prominently (ketone bodies, carnitines, and BCAAs), consistent with previous
findings (Fig. 4.3) (Hoppel and Genuth 1980).

In addition, several novel aspects of fasting were discovered involving (1) TCA
cycle metabolites, (2) antioxidants, and (3) signaling molecules (Fig. 4.3). First, an
increase in TCA cycle metabolites reflects the activation of mitochondrial function
throughout the body during starvation, since red blood cells are not equipped with
mitochondria. Increases of well-established fasting metabolites, ketone bodies, car-
nitines, and BCAAs also support mitochondrial activity during fasting. Second, an
increase in antioxidant compounds was also observed, in addition to urate, xanthine,
carnosine, OA, and ergothioneine (ET). Urate is one of the most abundant antiox-
idants in the blood (El Ridi and Tallima 2017), the precursor of which is xanthine.
ET is abundant in mushrooms and fungi. In yeast, ET also increases in a low-glucose
environment (Pluskal et al. 2014). Additionally, four metabolites
(6-phosphogluconate, glucose-6-phosphate, pentose phosphate, and sedoheptulose-
7-phosphate) generated via the pentose phosphate pathway (PPP) increased in
plasma, but not in RBCs during fasting. The activation of the PPP produces
NADPH, which is essential for redox control (Patra and Hay 2014). As sugar
phosphate compounds in blood are enriched in RBCs, PPP metabolite increases
only in plasma, suggesting that responses in tissues are largely responsible for these
altered profiles during fasting. Collectively, one of the most significant metabolic
changes during starvation is antioxidant enhancement.

Third, whole blood metabolomics identified purines and pyrimidines (GTP, CTP,
ADP, IMP, cytidine, and adenine) and some signal-modulating metabolites
(3-hydroxybutyrate and 2-oxoglutarate) as fasting markers (Teruya et al. 2019). It
is conceivable that fasting provokes global remodeling of transcriptional networks to
adapt to metabolic changes. Increased purines and pyrimidines may support anabolic
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Fig. 4.3 Forty-four metabolites that increase during fasting include antioxidants, organic acids, and
signaling-related compounds. Non-targeted comprehensive metabolomics of whole blood detected
increases of one-third (44) of metabolites identified during 58 h of fasting. In addition to metabolites
for energy production, antioxidative metabolites were identified as fasting markers, which may
combat oxidative stress resulting from enhanced mitochondrial activity. Moreover, signaling
metabolites would contribute for remodeling of metabolic homeostasis during fasting. See the
text for details. ET ergothioneine, OA ophthalmic acid, PPP pentose phosphate pathway, 3-HB
3-hydroxybutyrate, and 2-OG 2-oxoglutarate

metabolism for RNA and protein synthesis. 3-Hydroxybutyrate (3-HB), a major
energy substitute during fasting, is also known as a histone deacetylase inhibitor
(Shimazu et al. 2013), while 2-oxoglutarate activates 2-oxoglutarate oxygenase,
functioning in the demethylation of histones and nucleic acids and destabilization
of transcriptional factors (Loenarz and Schofield 2008). Fasting may genetically or
epigenetically modify transcriptional networks via such metabolites (Loenarz and
Schofield 2008).

Interestingly, four metabolites that increase during fasting (carnosine, OA, leu-
cine, and isoleucine) overlap with the decreased metabolites in elderly (Table 4.1 and
Fig. 4.4). It is possible that fasting may exert antiaging or rejuvenile effect through
the upregulation of these aging metabolites.
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Fig. 4.4 Summary of metabolites for aging, fasting, frailty, and cognitive impairment. Overlapping
but distinct markers for aging, fasting, and frailty are identified by non-targeted, comprehensive
metabolomic analysis of human whole blood. Various antioxidative metabolites are included in the
list of aging and fasting markers. Please notice that four metabolites decreased in elderly (OA,
carnosine, leucine, and isoleucine) were increased during fasting, indicating the possible antiaging
effect of fasting. Among 15 frailty markers, 11 antioxidative metabolites are decreased, indicating
the involvement of antioxidative defense in the pathogenesis of frailty. Among 14 aging markers,
5 metabolites (acetyl-carnosine, 1,5-AG, OA, leucine, and isoleucine) overlapped with frailty
markers. Among six cognitive markers, five compounds (acetyl-carnosine, 1,5-AG, OA,
UDP-glucuronate, and creatine) overlapped with frailty markers, reflecting the cognitive aspects
of frailty. Thus, cognitive markers are much involved in frailty markers, while one compound
(acetyl-carnosine) is listed as overlapping both in aging and cognitive markers. BCAA branched-
chain amino acid, ET ergothioneine, /,5-AG 1,5-anhydroglucitol (1,5-AG), OA ophthalmic acid,
PPP pentose phosphate pathway

4.10 Frailty Markers for Antioxidation, Cognition,
and Mobility

Many aging-related diseases are increasing in our globally aging society, including
lifestyle diseases (hypertension, diabetes, obesity, osteoporosis, atherosclerosis,
etc.), dementia, cancer, and others. Among other factors, the severity of frailty is
most closely correlated with health risks of advanced age (Li et al. 2020). Frailty is a
vulnerability to stressors, due to the declining physiological capacity of organs as a
result of aging (Fried et al. 2001). Because it results from age-related deterioration of
multiple organ systems, frailty displays complex features, including cognitive dys-
function, hypomobility, and impaired daily activity.

Frailty is currently defined by three major diagnostic tools (Dent et al. 2017b).
The Fried Cardiovascular Health Study (CHS) index is useful to detect physical
frailty (Fried et al. 2001), while the Rockwood Frailty Index covers its
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multimorbidity (Rockwood et al. 1999). In contrast, the Edmonton Frailty Scale
(EFS) or Tilburg Frailty Indicator efficiently evaluates both physical and psychoso-
cial aspects of frailty (Rolfson et al. 2006).

Four recent studies reported the metabolomic analysis of the blood from frail
elderly subjects (Pujos-Guillot et al. 2018; Marron et al. 2019; Rattray et al. 2019;
Livshits et al. 2018). However, these reports drew divergent, nonoverlapping con-
clusions, stemming from different experimental designs. For example, the former
two reports applied the Fried CHS index as a diagnostic tool, which lacks cognitive
assessment, while the latter two utilized the Rockwood Frailty Index. Since these
studies were based on serum samples, we performed whole blood metabolomics for
frailty. Our study was designed to cover multiple domains of frailty, by applying the
EFS, the Japanese version of the Montreal Cognitive Assessment (MoCA-J)
(Fujiwara et al. 2010) and the Timed Up and Go (TUG) test (Podsiadlo and
Richardson 1991) as diagnostic tools (Rolfson et al. 2006), because the EFS is
recognized as a valid and reliable measurement tool for the identification of frailty
(Dent et al. 2017a) and is widely recommended in clinical guidelines (Dent et al.
2017b).

Using the EFS as a guide, our study identified 15 blood metabolites involved in
antioxidation, cognition, and mobility as frailty markers (Table 4.1 and Fig. 4.4)
(Kameda et al. 2020), while studies based on the Fried CHS index reported blood
metabolites related mainly to physical or sarcopenic frailty (Marron et al. 2019).

First, among 15 frailty markers, 7 compounds that decreased in frailty are
associated with antioxidative defense: acetyl-carnosine, ergothioneine (ET), S-
methyl-ET, trimethyl-histidine, OA, 2-ketobutyrate, and urate (Fig. 4.4).
Trimethyl-histidine and S-methyl-ET are involved in ET synthesis (Asmus et al.
1996). 2-Ketobutyrate is a precursor of OA. Thus, the ergothioneine and OA
pathways are greatly affected in frailty. Second, we observed that five amino acids
(methionine, proline, tryptophan, isoleucine, and leucine) decreased significantly in
frail subjects. Among these five amino acids, methionine, proline, and tryptophan
have been reported as radical scavengers in vitro (Marcuse 1960) (Meucci and Mele
1997). Thus, our whole blood metabolome for frailty revealed antioxidant enrich-
ment in cellular components. Consistently, recent findings of longitudinal studies
support our notion that diminished antioxidative defenses are heavily involved in the
pathogenesis of frailty (Marron et al. 2020). It is noteworthy that most cognitive
markers and some hypomobility markers overlap with frailty markers, supporting
the notion that frailty is an integrated spectrum of age-related disorders (Fig. 4.4). On
the other hand, only acetyl-carnosine overlapped in aging and cognitive markers,
indicating the gap between physiological and pathological aging in cognition.

Interestingly, metabolites affected in frailty largely overlap with metabolites that
decrease during aging (acetyl-carnosine, OA, 1,5-AG, isoleucine, and leucine) and
compounds that increase during fasting (2-ketobutyrate, OA, isoleucine, leucine,
urate and ET), indicating an intriguing metabolic link between frailty and human
aging (Table 4.1 and Fig. 4.4). Various antioxidative metabolites are conspicuously
included among frailty and aging markers, suggesting that one of the key stressors to
which frail elderly are vulnerable is oxidative stress. In this context, increased
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oxidative defense during fasting may effectively moderate aging or aging-relevant
disorders.

4.11 Summary

The diversity of aging has a significant impact not only on clinical and basic research
but also on society and economies and facilitates structural changes in entire
societies. The answer to the fundamental question, “What is aging?”, is not yet
fully known. Accumulating evidence suggests that defining “aging” only on the
basis of calendar age does not explain the entire situation.

Recent advance in aging research identified mechanisms and biomarkers for
biological aging. The research on cellular senescence suggests the significance of
telomere length, p16, p53, inflammatory cytokines, and others. On the other hand,
the aging research on metabolic aspects, including metabolomics, disclosed the
metabolites closely involved in aging and its relevant diseases.

Interestingly, some of the metabolites described in this review are known to
interact with the signal molecules (Fig. 4.2). NAD™, decreased in elderly, activates
sirtuin, while citrulline, accumulated in elderly, stimulates TOR kinase. 3-HB
inhibits histone deacetylases, followed by FOXO activation. Thus, metabolites
might affect aging or aging-related diseases by modulating signal modules. As one
hint of human aging research, results of whole blood metabolomics help to better
understand biological age, especially given the variable nature of aging.
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Chapter 5 )
To GO or Not to GO: Cell Cycle Paradox s
in Senescence and Brain Aging

Shoma Ishikawa and Fuyuki Ishikawa

Abstract Organisms can cope with ever-changing environments by inducing var-
ious adaptive responses that increase fitness. Cellular senescence is a stress-activated
program characterized by the irreversible arrest of the cell cycle in damaged,
proliferating cells. Senescence is a potent tumor-suppressor cell state; by the same
token, however, it is also a primary driver of the aging process and age-related
diseases. Outside of this conventional view, several recent studies have suggested
that a senescence-like response can occur in terminally differentiated post-mitotic
cells in non-regenerative tissues, such as neurons in the brain. We have provided
evidence for multifaceted attributes of senescence in post-mitotic neurons in the
context of homeostatic control mechanisms in the aged brain. Here we highlight an
emerging paradigm shift regarding senescence and discuss the potential physiolog-
ical relevance of post-mitotic neuronal senescence in aging.

Keywords Adaptation - Alzheimer’s disease - Cellular senescence - Post-mitotic
cells - Proteostasis failure - Neurons

5.1 Alzheimer’s Disease

Species evolve by maximizing survival or reproductive success (also known as the
Darwinian fitness) in changing environments, the cornerstone of evolution. None-
theless, traits that enhance fitness early in life can exert unselected adverse effects
late in life as selective pressure declines with age. These trade-offs between early-
and late-life fitness—termed antagonistic pleiotropy, originally proposed by George
C. Williams in 1957 (Williams 1957)—undergird the prevailing evolutionary
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explanation of aging. Hence, biological aging is viewed as a gradual functional
deterioration of biological systems, ineluctably increasing the risk of mortality.

The human brain regulates virtually all aspects of physiological processes in the
body (perception, feeding, circulation, respiration, digestion, motion, reproduction,
etc.), yet it is, without doubt, highly susceptible to age-dependent functional decline.
Cognitive functions including memory, learning, and processing speed are most
affected by both normal and pathological aging, including mild cognitive impair-
ment (MCI) and Alzheimer’s disease (AD). AD is a major cause of dementia in the
elderly population, and it is diagnostically defined by three pathological criteria:
(1) the deposition of senile plaques, insoluble protein aggregates comprised of
B-amyloid (AP) peptide; (2) the accumulation of neurofibrillary tangles,
hyperphosphorylated forms of the microtubule-associated protein tau; and (3) the
progressive loss of terminally differentiated mature neurons in the medial temporal
lobes, including the hippocampus and entorhinal cortex, which form essential
circuits for memory formation, retrieval, and processing (Palop and Mucke 2010;
Price et al. 2001; Yankner et al. 2008). While both amyloid and tau proteins are
appreciated to play important physiological roles in neurogenesis, neuronal activity,
and neuroprotection (Kent et al. 2020; Miiller et al. 2017; Wang and Mandelkow
2016), age-related dysregulation of protein homeostasis (proteostasis) leads to an
accumulation of misfolded proteins and toxic protein aggregates (Hipp et al. 2019;
Kaushik and Cuervo 2015). Amyloid and tau pathologies can also occur in cogni-
tively healthy older people (Bennett et al. 2006; Davis et al. 1999) who have a
greater risk of AD onset (Knopman et al. 2012). Because of these clinically silent
cases, AD is now considered to begin with an asymptomatic “preclinical” AD stage
several decades before clinical symptoms appear (Langbaum et al. 2013; Petersen
2018; Sperling et al. 2014). In contrast to the morphological phenotypes indicative of
proteotoxic burden, a loss of hippocampal neurons is not observed in cognitively
normal older individuals (i.e., normal aging or preclinical AD). Instead, the reduced
number of neurons is strongly associated with cognitive impairment in the symp-
tomatic stages (i.e., MCI and AD) (Burke and Barnes 2006; West et al. 1994),
reflecting the difficulty in treating late-stage AD patients with medications
(Cummings et al. 2020; Mangialasche et al. 2010; Mullard 2021). With this insight,
there is now a rush to develop therapeutic interventions in early stages of AD
(Langbaum et al. 2013). To this end, it is urgently necessary to understand the
molecular pathologies occurring in preclinical AD and the normal aging process. It
has been proposed that neuronal loss is provoked by the improper localization of the
transcriptional repressor REST (repressor element-1 silencing transcription factor) to
the cytosol in hippocampal neurons of AD patients. In healthy aged individuals,
REST normally accumulates in the nucleus of hippocampal neurons and plays a key
role in neuroprotection by repressing genes involved in stress responses, apoptosis,
and AD pathologies (Lu et al. 2014). However, it is not clear whether other
mechanisms are involved in the characteristic neuronal loss in AD.
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5.2 Cellular Senescence

Dating back over half a century, the finite replicative potential of normal human
fibroblasts undergoing serial passages in vitro was first described by Hayflick and
colleagues, a phenomenon called replicative senescence (also known as the Hayflick
limit) (Hayflick and Moorhead 1961). Senescent cells are metabolically active and
viable, yet irreversibly cease proliferation, even under conditions of adequate mito-
gens and nutrients. Later, it was demonstrated that the gradual attrition of telo-
meres—the nucleoprotein complexes at chromosomal termini that protect the DNA
at the physical ends of linear chromosomes—during successive rounds of cell
division eventually causes deprotection of telomeres and activation of the DNA
damage response (DDR), inducing cellular senescence (d’Adda di Fagagna et al.
2003; Herbig et al. 2004; Karlseder et al. 2002). It takes a long time for this process
to occur, because it requires many cell divisions to reduce the telomere length to a
critical point, called replicative senescence. Later, it was found that features indis-
tinguishable from replicative senescence are induced as stress responses in a rela-
tively short period. A variety of endogenous and exogenous stresses, including
oncogene activation, DNA replication stress, mitochondrial dysfunction, exposure
to genotoxic reagents, and oxidative stress, lead to cellular senescence, collectively
called premature senescence or stress-induced senescence (Kuilman et al. 2010;
Salama et al. 2014). The molecular basis behind the initiation of senescence depends
on the p53 and/or pl6™K*_retinoblastoma (Rb) tumor suppressor pathways
(Gorgoulis et al. 2019). This dependence establishes cellular senescence as a
tumor suppressive mechanism, which prevents the malignant progression of benign
tumors, as in the case of melanocytic nevi. With the passage of time, senescent cells
accumulate in various tissues with age and are associated with organismal aging and
age-related pathologies (Childs et al. 2015; Mufioz-Espin and Serrano 2014; van
Deursen 2014). Indeed, it has been demonstrated, using INK-ATTAC (apoptosis
through targeted activation of caspase) transgenic mice in which p16™***_positive
cells can initiate apoptosis, that selective elimination of senescent cells from
progeroid mice and naturally aged mice can delay tumorigenesis and mitigate
age-related functional decline of multiple organs, including the muscle, kidney,
and fat, thereby extending both median and healthy life span (Baker et al. 2011,
2016).

Cells undergoing senescence display transcriptome reprograming (Casella et al.
2019; Hernandez-Segura et al. 2017) and epigenetic remodeling of chromatin
(Cheng et al. 2017; Hernandez-Segura et al. 2018; Rai et al. 2014; Sen et al.
2019), which potentiate the induction of phenotypic features of senescent cells,
including senescence-associated apoptosis resistance (SAAR) (Ryu et al. 2007;
Sanders et al. 2013; Wang 1995). Senescent cells are also characterized by the
secretion of a myriad of proinflammatory cytokines, growth factors, and matrix
metalloproteases that is termed the senescence-associated secretory phenotype
(SASP) (Coppé et al. 2008) or senescence-messaging secretome (SMS) (Kuilman
and Peeper 2009). The SASP mediates beneficial and detrimental outcomes
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associated with senescence in different pathophysiological contexts. For instance,
the SASP can be tumor-protective when reinforcing senescence cell cycle arrest in
autocrine and paracrine manners (Acosta et al. 2008; Kuilman et al. 2008) and when
stimulating the immune surveillance machinery that eliminates senescent,
preneoplastic, and/or transformed cells (Krizhanovsky et al. 2008; Prata et al.
2018; Sagiv et al. 2013; Xue et al. 2007). In contrast, it can have tumor-promoting
effects by stimulating tumor growth and metastasis as well as angiogenesis in a cell
nonautonomous fashion (Faget et al. 2019). In the short term, the SASP also exerts
tissue homeostatic functions during embryonic development and wound healing.
Conversely, if sustained for the long term, it can lead to chronic inflammation and
tissue destruction, thereby driving pathophysiological processes with aging (Childs
et al. 2015). Thus, in this scenario, the acute senescence program under intact
immune surveillance has likely evolved in mitotic cells as an adaptive response to
preserve tissue homeostasis and integrity in early life, but it becomes maladaptive
later in life with declining immune function.

5.3 Cellular Senescence in Post-mitotic Cells

Adult stem cell senescence is at the nexus of replicative exhaustion and the func-
tional decline of renewable tissues (e.g., gut, hematopoietic system, pancreas, and
muscle) (Choudhury et al. 2007; Cosgrove et al. 2014; Janzen et al. 2006;
Krishnamurthy et al. 2006; Signer et al. 2008; Sousa-Victor et al. 2014). In stark
contrast, replicative exhaustion of adult stem cells has been considered to only
negligibly pertain to the impaired integrity and the consequent functional attrition
of non-regenerative tissues, like the brain and heart. Rather, terminally differentiated
post-mitotic cells in these tissues (neurons in the brain and cardiomyocytes in the
heart, respectively) physically exit the cell cycle, persist indefinitely in GO phase,
and ostensibly last for the entire life of the organism, with only minimal replacement;
these long-lived, post-mitotic cells are thus essential for the respective tissue func-
tion and maintenance. Thus, the progression of such slow-onset diseases as AD,
Parkinson’s disease (PD), and heart failure can be ascribed to the relentless cell death
of post-mitotic cells. The cellular mechanisms governing homeostasis and life-and-
death decisions in these non-regenerative, privileged cells remain a long-standing
enigma.

Alongside the discovery of the Hayflick limit (Hayflick and Moorhead 1961)
seminal studies in neurons and cardiomyocytes showed age-dependent accumulation
of lipofuscin (autofluorescent lysosomal degradation residues that contain highly
oxidized proteins and lipids) (Reichel 1968; Strehler et al. 1959), one of the cardinal
features of senescence in vitro and in vivo (Evangelou et al. 2017). Although it
appeared inapt to categorize the neurons and cardiomyocytes in aged individuals as
“senescent” due to their stable, functional, post-mitotic nature, there is accumulating
evidence demonstrating classical senescence signatures in these cells (summarized
in Table 5.1) (reviewed in Sapieha and Mallette 2018; von Zglinicki et al. 2021).
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Table 5.1 Senescence-associated phenotypes in post-mitotic neurons during in vitro and in vivo
aging

Primary Normal
Molecular markers Related phenotypes neurons aging AD
SA-B-Gal Lysosomal o) ° e)
dysfunction
Lipofuscin Lysosomal ¢) © ©
dysfunction
pl6 Stable cell cycle arrest | O @ @
p21 Stable cell cycle arrest | O e} e}
Proinflammatory factors SASP ¢) © ©
GATA4 SASP regulator @) © -
p53 DDR/transcription - 4 b
Phospho-p38 Stress sensing e} e} ©
pathway
macroH2A SAHF - e} -
H3K9me3 SAHF ¢ le) @
Bcl-2 SAAP o 9] ©
DNA damage (DSBs, oxidative Senescence-inducing | O @ ©
DNA lesions) stimuli
Proteotoxicity/ER stress Senescence-inducing | O © ©
stimuli

@ human, O rodent, © both, — not characterized

SAHF senescence-associated heterochromatin foci (Narita et al. 2003)

# Age-dependent loss of global p53 levels has been reported in the mouse brain (Lee et al. 2019)
° Deposition of p53 aggregates has been implicated in impaired DDR and accumulation of DNA
damage in the brain of AD patients and AD model mice (Farmer et al. 2020)

¢ Global loss of H3K9me3 has been implicated in dynamic chromatin reorganization in
LTC-neurons (Ishikawa and Ishikawa 2020)

These observations include the elevation of senescence-associated beta-
galactosidase (SA-p-gal) activity, the most commonly used surrogate marker for
senescence (Dimri et al. 1995), in aged rat hippocampus and long-term primary cell
cultures (LTC) of rat hippocampal, cortical, and cerebellar granule neurons
(~30 days in vitro (DIV)) (Bhanu et al. 2010; Dong et al. 2011; Geng et al. 2010).
In addition, Jurk and colleagues monitored age-dependent changes in multiple
senescence markers in the murine central nervous system (Purkinje neurons and
cortical neurons) as well as peripheral (myenteric) neurons (Jurk et al. 2012). Their
work demonstrated that neurons from old (32 months), but not young (4 months),
mice exhibited SA-p-gal activity, upregulation of a p53 downstream effector p21, an
age-related elevation of the prominent SASP component IL-6 (Coppé et al. 2008),
active (phosphorylated) p38 (Iwasa et al. 2003), microH2A (Zhang et al. 2005), and
YH2AX (phosphorylated H2AX at S139) (d’Adda di Fagagna et al. 2003; Herbig
et al. 2004; Rodier et al. 2011), a well-established DNA double-stranded break
(DSB) marker, all collectively indicative of senescence. Of note, in TERC (telome-
rase RNA component) knockout (KO) mice bearing critically short telomeres over
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several generations, as well as in p21 single- and TERC and p21 double-KO mice,
there is evidence of a sustained DDR at telomeres that triggers a senescence-like
response in neurons in a p21-dependent manner (Jurk et al. 2012). Recently,
telomere DNA damage-associated senescence has also been observed in other
post-mitotic cell types, such as cardiomyocytes and osteocytes, in both aged humans
and mice (Anderson et al. 2019; Farr et al. 2016). Senescent cell clearance from aged
mouse tissues, using the INK-ATTAC model or by treatment with Navitoclax
(ABT-263), which inhibits anti-apoptotic Bcl-2 family proteins, attenuates cardiac
fibrosis and hypertrophy that contributes to cardiac dysfunction (Anderson et al.
2019) as well as age-related bone loss (Farr et al. 2017). Thus, irreparable DNA
damage provoking persistent DDR activation is a common source of senescence-
inducing stimuli, both in proliferation-competent cells and nondividing cells (von
Zglinicki et al. 2021). Collectively, this insight has upended the long-held paradigm
of senescence since the discovery of the Hayflick limit, and therefore the mechanism
and physiological importance of post-mitotic cell senescence require further
investigation.

5.4 Proteostasis Failure as a Driver of Neuronal Senescence

Despite the general credence of senescence-inducing stimuli, persistent DDR acti-
vation is not the only event initiating the senescence program. Recently, we have
demonstrated that the LTC protocol can induce a series of unique features seen in
conventional senescence (SA-p-gal, p16, lamin B1 loss, and SASP) in primary post-
mitotic neurons from the hippocampus and cortex of embryonic rat brains (Ishikawa
and Ishikawa 2020). Intriguingly, neither accumulation of DSBs, as determined by
levels of YH2AX foci throughout the LTC nor the induction of p21 expression was
associated with the senescent hippocampal neurons. These findings contrast with
reports that mouse and rat LTC-cortical neurons accumulate DSBs (Moreno-Blas
et al. 2019; Piechota et al. 2016), as was also reported for normal aging rodent brains
(Jurk et al. 2012; Moreno-Blas et al. 2019). It should be noted, however, that DNA
damage is unlikely to be causative of the LTC-induced neuronal senescence, since
LTC neurons showed a delayed appearance of DSBs, after the induction of SA-p-gal
activity (Piechota et al. 2016). Moreover, DNA damage-inducing drugs doxorubicin
and bleomycin did not accelerate the elevation of SA-B-gal activity in rat primary
neurons irrespective of their origins (Piechota et al. 2016; Ishikawa and Ishikawa,
unpublished). Instead, our LTC model has demonstrated that those senescent cells
show proteostasis failure, such as AP burden and protein aggregate accumulation,
which is likely to be attributed to reduced autophagic flux (Ishikawa and Ishikawa
2020; Moreno-Blas et al. 2019), akin to brain aging-associated changes and/or early
AD pathologies. AD-related proteotoxicity has been shown to induce conventional
senescence in various types of mitotic cells, including human tracheal epithelial cells
(Chong et al. 2018), human umbilical endothelial cells (Donnini et al. 2010), mouse
astrocytes (Bussian et al. 2018), and mouse neural stem/progenitor cells (He et al.
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2013; Zhang et al. 2019). Likewise, manipulating A toxicity through genetic and
biochemical approaches—ectopic expression of the amyloid precursor protein
(APP) gene that carries mutations found in familial AD (FAD), exposure to recom-
binant aggregate-prone Afy,, or treatment with a compound that disassembles AP
aggregates—has implicated AD-relevant proteostasis failure in neuronal senescence
(Ishikawa and Ishikawa 2020). In line with this evidence, aggressive Ap deposition
is capable of promoting an age-dependent increase in pl6-positive neurons in the
hippocampus of 5xFAD mice, an early-onset FAD mouse model carrying five
mutations in APP and PSEN1 (Wei et al. 2016), suggestive of Ap-driven neuronal
senescence in vivo. Interestingly, in sporadic AD, AP pathology can also be attrib-
uted to the physiological processing of APP that regulates neuronal activity and/or
neuronal cell survival (Miiller et al. 2017). In fact, age-dependent increments in
L-type voltage-sensitive Ca®* channel (L-VSCC) currents, membrane density, and
expression levels have been reported in both the LTC model (Porter et al. 1997) and
aged animals (Campbell et al. 1996; Herman et al. 1998; Thibault and Landfield
1996), which may contribute, at least in part, to the AP burden during in vitro aging
(Bertrand et al. 2011; Ishikawa and Ishikawa 2020) and vice versa (Kim and Rhim
2011). Thus, it is of particular interest to evaluate functional APP products, such as
neuroprotective APPsa and AICD (APP intracellular domain) (Miiller et al. 2017),
as pro-senescence effectors.

Integral to proteostasis control is the mechanistic/mammalian target of rapamycin
(mTOR) pathway, which coordinates protein synthesis and degradation depending
on available nutrients and cellular conditions (Laplante and Sabatini 2012). It has
been recognized as a nexus in aging at both cellular and organismal levels. Blocking
the mTOR pathway has been shown to restore proteostasis and extend life span in
various organisms (Johnson et al. 2013). Administration of rapamycin, an mTOR
complex 1 (mTORCI1) inhibitor, or its related reagents ameliorates Af and tau
pathology and cognitive impairment in several AD model mice (Talboom et al.
2015). Moreover, the mTOR pathway is critical for a transition to senescence
(Iglesias-Bartolome et al. 2012; Leontieva and Blagosklonny 2010; Young et al.
2009) as well as the establishment of the SASP in proliferative cells (Herranz et al.
2015; Laberge et al. 2015). Consistently, our recent findings have indicated that
chronic treatment with rapamycin fosters proteostasis, thereby circumventing induc-
tion of senescent phenotypes in LTC neurons (Ishikawa and Ishikawa 2020).
Importantly, in both human and murine fibroblasts, constitutive activation of
mTORCI1 has been shown to induce senescence via either the pl6 or p53-p21
pathways, which are dependent on the major mTORC1 downstream substrates
S6K and 4E-BP1/2, respectively, even without overt DDR activation (Alimonti
et al. 2010; Astle et al. 2012; Barilari et al. 2017; Petroulakis et al. 2009). Given
that AP can affect the mTOR pathway (Baik et al. 2019; Caccamo et al. 2010;
Talboom et al. 2015), proteostasis failure may tilt the mTOR/S6K axis to the pl6
pathway during LTC, ultimately triggering neuronal senescence. Overall, these
recent findings lead to a unifying paradigm of cellular senescence, where both
mitotic and post-mitotic cells, with some differences due to their nature, manifest
stress responses that share common features based on a molecular mechanism that



104 S. Ishikawa and F. Ishikawa

[Telomere dysfunction] [Proteostasis failure]
Telomeric . i . Unfolded/
DNA damage Telomere erosion Native e Aggregates

Y N Uk

Length-indpendent

[Post-mitotic cell senescence] SASP
o °, e SAAR
DDR mTOR .

3 * *?% @

p53-p21 p16-RB

- Nuclear REST
- High Bcl-2

Senescent neurons
Immune surveillance? Q g

[Short-term effects] [Long-term effects]

?

@ 1‘% )
Neuroprotective? Aging?

Fig. 5.1 Post-mitotic neurons undergo cellular senescence in vitro and in vivo. Owing to its narrow
definition, most of our knowledge of cellular senescence, stress-induced permanent cell cycle exit,
is restricted to stem or mitotically active cells. However, several recent studies have described a
senescence-like phenomenon in terminally differentiated neurons provoked by persistent DDR
activation and proteostasis disruption—major senescence-inducing stimuli for proliferation-
competent cells. Given the fact that differentiated nondividing cells are believed to be long-lived
cells, neurons could conceivably engage pro-survival responses, such as senescence

involves mTOR-mediated control of proteostasis (Fig. 5.1). Albeit mostly based on
experiments using the cell culture model for studying brain aging, we believe that
neuronal senescence may also occur in vivo aging through the mTOR-dependent
mechanism, as proteostatic collapse would appear to be the culprit of brain aging.
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5.5 Neuronal Senescence: Pleiotropic Response

Recent evidence from animal model studies has suggested that senescent glial cells
and oligodendrocyte progenitor cells burdened by tau and A proteotoxicity, respec-
tively, contribute to AD pathologies and clinical symptoms (Bussian et al. 2018;
Zhang et al. 2019). Besides AD, senescent cells have also been shown to be involved
in the etiologies of atherosclerosis (Childs et al. 2016), type I diabetes (Thompson
et al. 2019), and osteoporosis (Farr et al. 2017). Thus, senescence is now thought to
be a primary source driving both physiological and pathological aging. However, the
physiological consequence of post-mitotic cellular senescence remains to be
addressed.

AD is an indolent neurodegenerative disease in which the pathological changes
including tau and AP deposition begin decades prior to neurodegeneration, a bottle-
neck in the AD continuum. In other words, pathological proteotoxicity does not
always impose neuronal cell death, so that it may provoke neuroprotective responses
in the brain of AD patients at the preclinical stage. Strikingly, our LTC model has
revealed that AP and proteostatic collapse trigger neuronal senescence, with simul-
taneous acquisition of adaptations to multiple age-cumulative stresses: genotoxic
damage, oxidative stress, and proteotoxicity (Ishikawa and Ishikawa 2020). Accord-
ingly, we propose that beyond serving as an intrinsic tumor-suppressor in mitotic
cells, senescence may act as a cell-autonomous safeguard mechanism against the
transition from an asymptomatic stage to symptomatic ones (MCI and AD). In
support of this, the SAAR in senescent neurons is correlated with the nuclear
localization of REST (Ishikawa and Ishikawa 2020; Piechota et al. 2016). Moreover,
increased levels of pro-survival protein Bcl-2 in the senescent neurons would caution
against the use of Bcl-2 inhibitors as agents that eliminate senescent cells, the
so-called senolytics (Chang et al. 2016; Ogrodnik et al. 2019; Thompson et al.
2019; Wang et al. 2017; Yosef et al. 2016; Zhang et al. 2019; Zhu et al. 2016).

Though contrary to the prevailing idea of cell cycle exit coupled with terminal
differentiation, partial reactivation of unscheduled cell cycle entry in post-mitotic
neurons has been widely recognized to be a cellular event that precedes neuronal
death of damaged neurons under various stress and neurodegenerative disease
conditions, such as AD (Greene et al. 2004; Herrup and Yang 2007; Kruman et al.
2004). Of note, a recent study has demonstrated that senescent melanocytes escape
stable cell cycle arrest, resume proliferating, and ultimately become cancerous by
eliminating senescence-associated heterochromatin foci (SAHF) (Narita et al. 2003)
through the upregulation of histone demethylases, such as LSD1 (lysine-specific
demethylase 1) and JMJD2C (jumonji C domain-containing oxygenase D2C)
(Yu et al. 2018). In addition, the reversal of therapy-induced senescence in lym-
phoma cells has also been implicated in aggressive tumor relapse due to acquisition
of cancer stemness (Milanovic et al. 2018). Although further experimental valida-
tions are required, our view might provide an unprecedented perspective for the full
spectrum of brain aging: continuous changes in cell cycle state from reversible
(quiescence) to a stable state (senescence) and partial reactivation (neuronal death).
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Chronic neuroinflammation has been suggested to further exacerbate the AD
pathologies. Such destructive inflammation is thought to largely depend on highly
active astrocytes and microglial cells. Nonetheless, Cxcll expression has been
shown to be elevated in hippocampal neurons of AD patients and can accelerate
tau pathology (Xia and Hyman 2002). Consistently, evidence from our recent study
has revealed that LTC-induced senescent neurons show SASP (Cxcll, Igfbps, and
Pai-1) (Ishikawa and Ishikawa 2020). Furthermore, as it is specifically upregulated
in the LTC neurons, the elevated Cxcl1 levels can be a reliable marker for senescent
neurons. Cxcll has been shown to mediate non-cell autonomous/paracrine regula-
tion of senescence in mitotic cells via its receptor CXCR2 (CXC chemokine receptor
2) (Acosta et al. 2008; Yang et al. 2006). Despite the importance in future investi-
gations of non-cell autonomous senescence in neurons, neuronal SASP may illus-
trate antagonistically pleiotropic effects on neuronal cell fate during brain aging,
depending on its spatiotemporal regulation: the short-term protective role (senes-
cence induction) and the long-term destructive role (neurodegeneration) (Fig. 5.2).
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5.6 Conclusion

There is growing support for the view that sustained cellular senescence is associated
with age-dependent functional decline and pathology in various tissues and diseases.
However, it has also been substantiated that senescent cells benefit from a number of
physiological processes in vivo during embryonic development, tissue repair, and
tumor suppression, endowing organisms with enhanced reproductive fitness in early
life. More studies providing proof-of-concept of post-mitotic cell senescence may
broaden our long-standing perspective of senescence and compel us to consider its
essence apart from irreversible cell cycle arrest (Gorgoulis et al. 2019). We propose a
model in which post-mitotic cell senescence can provide a counterintuitive homeo-
static function in preserving tissue integrity at the very end of the life cycle, even
though there would be a cost-effectiveness threshold counter-balanced by SASP.
Further elucidation of the adaptive mechanisms of neuronal senescence may provide
valuable insights into promising therapeutic approaches for early intervention to
prevent neurodegenerative diseases, such as AD. Certainly, additional work is
warranted to fully elaborate the new paradigm of senescence by addressing some
major questions. Is post-mitotic cell senescence induced early in life? If so, is it
restricted to specific cell types? What is the physiological consequence of post-
mitotic cell senescence? What is the cellular fate of senescent post-mitotic cells (e.g.,
immune surveillance or escape from stable cell cycle exit)? What molecular markers
delineate the different cellular states (terminal differentiation, quiescence, and senes-
cence)? With the intensifying interest in aging and age-related diseases, the answers
to these questions will no doubt be forthcoming.
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Takaya Sugawara and Kazuichi Sakamoto

Abstract In recent years, due to animal ethics, there has been increasing public
criticism to avoid using mammals in experiments unnecessarily. For such reason, the
search for alternative animal models becomes necessary. Caenorhabditis elegans is
a transparent nematode about 1 mm in length and often used as an experimental
model animal. This is because C. elegans has a short life span and can be grown in
simple laboratory facilities, and many of its genes are homologous to those of
mammals. Nematodes have some genes related to aging called longevity genes.
Deletion of these genes alters various physiological functions, including metabo-
lism, antioxidant activity, and life span. It is now known that many of them are
contained in some signaling pathways and that their activity is altered by various
stimuli. Stimulation from signaling pathways promotes the nuclei localization of
several transcription factors and regulates the transcription of various genes and
consequently the life span of C. elegans will change. In this chapter, we will present
the basic characteristics of C. elegans, classical and up-to-date methods of measur-
ing life span, aging phenotype using fluorescence and well-known longevity genes.
This article will convince you that C. elegans can be an alternative model organism
for mammals.
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6.1 Caenorhabditis elegans

Caenorhabditis elegans, which is often used as a model organism for aging exper-
iments, is a nonparasitic, molting animal belonging to the phylum Nematoda and is a
linear animal with a thick cuticular layer covering its epidermis. Under unfavorable
conditions, such as inadequate food or high temperatures, the first stage (L1) larvae
can survive for several months by transitioning to dauer at a late stage of L1 larvae,
thus slowing down their metabolism until the environment changes to a more
favorable one (Fig. 6.1) (Golden and Riddle 1984).

Under natural conditions, C. elegans live in the soil and feed on bacteria by
moving their pharynx back and forth. Analyses of the bacteria in the gut of
C. elegans suggest that in the natural environment, it feeds on a variety of bacterial
species (Dirksen et al. 2016; Zhang et al. 2017). In contrast, in a laboratory
environment at 20 °C, nematodes generally feed on Escherichia coli and can survive
for approximately 20 days on the agar media (Stiernagle 2006). They are easy to
culture and can be observed with a 10x optical microscope and do not require
sophisticated laboratory environments (Nigon and Félix 2017). There are two sexes
in nematodes: hermaphrodites and males. Most nematodes are hermaphroditic,
which means they can self-fertilize and lay eggs. Due to self-fertilization, the
nematodes used in experiments have the same genetic background with little indi-
vidual variation (Stiernagle 2006; Nigon and Félix 2017). Males have a hooked tail
tip, and mating with hermaphrodites is thought to produce individuals that can
tolerate environmental changes (Sulston et al. 1980). The percentage of males is
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Fig. 6.1 The life cycle of C. elegans. C. elegans hatch from eggs and molt four times before
becoming adults. C. elegans in severe environments become dauer larvae and wait for the
environment to improve
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very low, less than 1%, but it can be artificially increased by exposing them to a high
temperature of 30 °C (Wb 1988). The hermaphrodite can lay the next generation of
eggs within 4 or 5 days after hatching, so the generation change is rapid. Nematodes
are widely used as model organisms for aging experiments because of their easy
rearing and short life span. The life span of mice, which is often used as a model
organism for experiments, is several years. Thus, nematodes can facilitate the
completion of experiments in a shorter period of time (Son et al. 2019). The study
of nematodes began actively about half a century ago. At the very beginning, Sidney
Brenner and his colleagues identified all the cell lineages of C. elegans (Brenner
1974). In 1998, the entire genome of a multicellular organism was sequenced for the
first time using C. elegans, and approximately 19,000 genes on 6 chromosomes were
identified (C. elegans Sequencing Consortium 1998). It has been shown that her-
maphroditic nematodes have 959 somatic cells, while male nematodes have slightly
more than 1000 somatic cells (Ellis and Horvitz 1986). Whole genome analysis has
shown that many genes in C. elegans are homologous to those in higher animals
(Kim et al. 2018). C. elegans was the first organism in which RNA interference
(RNAIi) was established by Fire et al. and has since been studied using various
genetic manipulation techniques, including genetic recombination using CRISPR
(Fire et al. 1998; Friedland et al. 2013). Owing to the advantages of these technol-
ogies for easy genetic modification, there are abundant gene-deficient mutants and
recombinants that have been created by numerous research groups. Many of them
are available from libraries such as Caenorhabditis Genetics Center (CGC, Univer-
sity of Minnesota, Minneapolis, USA) and National BioResource Project (NBRP,
Tokyo Women’s Medical University, Tokyo, Japan), and these mutants are also
used as models for the analysis of specific nerves and proteins. Therefore, C. elegans
is often used as a model for the analysis of pathologies of Alzheimer’s disease and
Parkinson’s disease (Alexander et al. 2014; Cooper and Van Raamsdonk 2018). In
addition to their nervous and reproductive systems, they also have digesti