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Preface

According to a predictive report on the increase in the elderly population in various

countries, Japan and Korea are poised to become the world’s top two nations, with

constantly high elderly populations approaching 35–40 % in the latter half of this

century. The rapidly aging populations in Japan and Korea promote movement

toward a “senescent” society. Amazingly, however, if we examine the numbers of

people living to over 100 years old, more than 60,000 centenarians currently reside

in Japan. In Korea, the centenarian population is approximately 3,300, but it is

estimated to grow to almost 40,000 by the year 2050. Japan and Korea are thus

growing old so rapidly that we are indeed moving “into the unknown,” as described

in a special report in The Economist several years ago (November 18, 2010). In such

nations, research on aging is important not only sociologically but also biologically

to understand the background of aging in our population.

During the last several decades, our knowledge concerning aging research has

been growing rapidly. However, we are still far from achieving a complete under-

standing of the whole mechanism of aging: how we, as animals, age and how our

lifespan is determined. Many researchers are working in this field in both Japan and

Korea, and our scientific societies in relation to biomedical aging in the two

countries have been interacting with each other. When one of the editors (N.M.)

moved from the National Institute for Longevity Science (Research Institute,

National Center for Geriatrics and Gerontology, Nagoya) to Nagasaki in 2006,

we met on the small island of Ioujima in Nagasaki to discuss and exchange ideas on

the basic science of aging. We called this discussion forum the “Asian Aging Core

for Longevity” (AACL), and we have continued this series of AACL meetings for

the last 10 years, alternating between Japan and Korea. In the last 5 years, it was

supported by the Asian CORE program of the Japan Society for the Promotion of

Science (JSPS). The studies described in this book were supported, at least in part,

by the fund of the JSPS-Asian CORE program, through an intimate discussion at

the AACL meetings.

This book was initially planned to summarize the aging research among all of

the members of the AACL. However, owing to space and time limitations, we could

not include the work of all the AACLmembers. The book is composed of a series of
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topics in aging research which were explored through the daily dedicated laboratory

work of our AACL members and their colleagues. Based on the topics of each

manuscript, we, the editors, ordered each chapter such that the stories would

facilitate the understanding of the scientific outcomes of our latest research on

aging from the basic biology of longevity, metabolism, and brain aging with the

goal of developing potential therapeutics for age-related diseases, such as

Alzheimer’s.
For convenience, we subdivided the chapters into seven parts. Part I provides an

overview and re-investigation of various hypotheses of aging. Part II introduces

studies of centenarians and cells of progeria patients. Part III discusses the useful-

ness of induced pluripotent stem (iPS) cells and primary cultured neurons for the

study of aging and further explores the potentials of using lower organisms, such as

budding yeast and nematodes, for the study of longevity and as a model for

neurodegenerative disorders. Part IV introduces several key regulatory factors

affecting tissue aging, such as α-Klotho, FOXO transcription factors,

neuropeptide Y, uremic toxins, and vitamin K. Part V describes the studies of the

physiological nature of brain aging. It includes how aging affects potentials of adult

neurogenesis in the hippocampus, signaling molecules for cognitive decline,

neuroplasticity in the hippocampus and the cerebellum, and volume analysis of

aging brains using a large brain database. Part VI addresses the pathophysiology of

the aged brain. Alzheimer’s disease (AD) is the most debilitating disease in the

elderly. The processing mechanisms of amyloid precursor protein (APP), the

accumulation and aggregation of amyloid-β, and its degradation mechanisms are

discussed here. A novel approach exploring new biomarkers of AD is also

discussed. Finally, Part VII explores issues of antiaging, particularly focusing on

therapeutic approaches for neurodegenerative diseases, including AD and

polyglutamine diseases.

How do we age, and how is longevity determined? These questions are funda-

mental issues in biology. Solving the mechanisms of biological aging and the

determination of longevity is not easy and may never be completely achieved.

However, the studies described in this book are on the cutting edge of the science of

biological mechanisms for each aspect of the biology of aging. We hope this book

will be useful for researchers and graduate students in the field worldwide.

At this point, we would like to express our sincere thanks to all the authors for

their valuable contributions to this volume. We are also grateful to Dr. Sang Chul

Park, Dr. Eun Seong Hwang, Dr. Isao Shimokawa, and Dr. Yong-Sun Kim for their

cooperation and encouragement during the course of our past meetings of the JSPS-

AACL. Finally, we would like to thank Ms. Kanako Ishimaru and Ms. Noriko

Tominari for their excellent secretarial assistance throughout the course of all the

AACL meetings and also for putting this book together for final publication.

Nagasaki, Japan Nozomu Mori

Seoul, South Korea Inhee Mook-Jung
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From Hypotheses to Mechanisms



Chapter 1

The Biological Mechanisms of Aging:

A Historical and Critical Overview

Sataro Goto

Abstract This overview describes the historical background and modern versions

of selected theories of the mechanisms of biological aging, including the mutation

or genome instability theory, the free radical or oxidative stress theory, the mito-

chondrial theory, the error catastrophe theory, the altered protein or protein homeo-

stasis dysregulation theory, the dysdifferentiation or epigenetic theory and the

hyperfunction theory. The author has been involved in the development of some

of these theories, which are therefore described in more detail. A discussion on the

definition of aging and general comments on aging theory are included. The most

popular theory of aging, the free radical or oxidative theory, was proposed more

than 50 years ago but has recently faced severe criticism. To date, no single theory

has been able to successfully explain the mechanisms of aging. We are thus

awaiting the appearance of a new paradigm or an integration of the existing theories

for a better understanding of the mechanisms of aging.

Keywords Mechanisms of aging • Mutation theory of aging • Free radical theory

of aging • Mitochondria theory of aging • Error catastrophe theory of aging •

Altered protein theory of aging • Dysdifferentiation theory of aging •

Hyperfunction theory of aging

This article is dedicated to the memory of my friend Denham Harman, the Father of the Free

Radical Theory of Aging and the Founder of the International Association of Biomedical

Gerontology. He made great contributions to the progress of research on the mechanisms of aging

and passed away on November 25, 2014, at the age of 98. He was an Honorary Member of the

Japan Society for Biomedical Gerontology.

S. Goto, Ph.D. (*)

Institute of Health and Sports Science & Medicine, Juntendo University Graduate School,

Inzaishi, Chiba 270-1695, Japan

e-mail: sgotou@juntendo.ac.jp

© Springer Japan 2015

N. Mori, I. Mook-Jung (eds.), Aging Mechanisms,
DOI 10.1007/978-4-431-55763-0_1

3

mailto:sgotou@juntendo.ac.jp


1.1 Introduction

The average human lifespan in developed countries has increased by more than

20 years in the past several decades. Our major concern has shifted from a pure

increase in the lifespan to an extension of the health-span, by reducing the risks of

so-called lifestyle diseases, such as cancer, cardiovascular disease, stroke, and type

2 diabetes mellitus. Currently, most people are more interested in maintaining a

high quality of life by delaying frailty that results from conditions such as

sarcopenia and osteoporosis, even when such conditions are not fatal. However, it

is often stated that the major risk factor for developing these diseases is aging itself.

This means that the biological mechanisms of aging are likely to underlie the

etiology and development of age-related diseases, although aging itself is not

technically a disease.

Since Peter Medawar stated in 1952 that aging is an unsolved problem in 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 mech-

anisms of aging. Half a century after Medawar’s statement, leading scientists of

biogerontology claimed that aging is no longer an unsolved problem in biology

(Hayflick 2007; Holliday 2006). Robin Holliday writes that recently published

major books on aging agree that the biological reasons for aging in mammals are

now well understood and that the process of aging is therefore no longer an

unsolved problem in biology. 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 hundred-fold; however, the very basic problem

of the mechanisms behind such species differences in longevity are not clear nor

have they been studied deeply. 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 no longer popularly believed and theories that have since

been transformed into newer versions of themselves. The latter group is presented

under the same sections as the original theories from which they were developed.

1.2 The Definition of Aging

There are two words with somewhat similar meanings that are commonly used in

gerontology and that are often confused: 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 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

4 S. Goto



(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, Medawar wrote, as cited by Bernard Strehler

in his book, “Senescence may be defined as that change of the bodily faculties and

sensibilities and energies which accompanies aging, and which renders the indi-

vidual progressively more likely to die from accidental causes of random inci-

dence.” 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” (Strehler 1977). Alex Comfort defines

senescence (aging) as a decrease in viability (leading to an increasing probability of

death) with increasing chronological age and an increase in vulnerability (Comfort

1964). The term vulnerability may be rephrased as frailty, a term more commonly

used in geriatric medicine.

After surveying the definition of aging in the literature, aging can be defined as a

progressive functional decline that occurs in every individual 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

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

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

mechanisms are those that could potentially be applied to the aging of different

animals and tissues or cells, while the private mechanisms are those that are only

true in specific species, cells, tissues or organs. For example, the immunological

theory can only be true in animals with the appropriate system, such as mammals,

but may not be true in nematodes or insects. 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

1 The Biological Mechanisms of Aging: A Historical and Critical Overview 5



of our discussion. In this chapter, I therefore discuss the mechanisms of aging that

can mainly, although not exclusively, be seen as public. The private mechanisms of

aging, however, are by no means unimportant. Indeed, they are useful by them-

selves to explain particular etiologies or the progress of individual age-related

diseases. It should be noted that private mechanisms often involve public mecha-

nisms. For instance, endocrinological decline with age is caused by public mech-

anisms, such as oxidative stress or protein alteration. It should be noted that each

theory is naturally not mutually exclusive or incompatible, but can 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 lifespan differences of more than

1000-fold (between humans and nematodes, for example). 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, as shown in Table 1.1 (Vijg and Campici 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, and therefore,

aging processes in mice and humans may be fundamentally different, despite

certain commonalities in the observed transcriptional profiles in the genes of

electron transport chain for aging mice, humans, flies and nematodes (Zahn

et al. 2007). In the following sections, I examine selected public mechanisms of

aging.
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1.4 Mutation Theory of Aging • Genome Instability Theory

of Aging

This theory predicts that mutations accumulating in the genome are responsible for

aging. One of the early proponents of this theory was Leo Szilard. As a nuclear

physicist, he proposed that somatic cell mutations induced by ionizing radiation

would accelerate aging (Szilard 1959). Ionizing radiation shortened the life-span of

mice and rats, shifting the survival curves to the left, with similar shapes as

un-irradiated controls, apparently suggesting an acceleration of normal aging

(Lindop and Rotblat 1961). It was later shown that the major cause of the observed

lifespan-shortening was an increased rate of carcinogenesis rather than an acceler-

ation of physiological aging. Irradiated 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 depend

on an animal’s maximum lifespan (Hart and Setlow 1974). The activity of cells

from long-lived animals, such as humans, elephants and cows, is nearly five times

greater than that in short-lived rats and mice. Although the repair capacity and

Table 1.1 Common and uncommon aging phenotypes in human and model animals

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 ? ?

Adapted from Vijg and Campisi, 2008

Highlight by yellow are common aging phenotypes in listed animals

NA not applicable
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lifespan were not proportional, it was thought that long-lived species may have a

more active repair system that could therefore play a role in the mechanisms of

aging. 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 phospho-

ribosyltransferase (HPRT), of purine metabolism have been used for the detection

of 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 proli-

ferate 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 post-mitotic cells, were

screened for mutations in the integrated shuttle vector in a bacterial host (Dollé

et al. 2000). Significant age-related increases in mutations accumulated in the

young animals and were found in the small intestine (10–25� 10�5) and heart

(5–10� 10�5) in mice from 3 to 33 months of age. However, no changes were

observed in the brain (5� 10�5). It is noted that the increase is 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 this 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” (Vijg and Suh 2013).

1.5 Free Radical Theory of Aging • Oxidative Stress

Theory

The free radical theory of aging is one of the most well-known and popular theories

of aging proposed thus far. The theory has now been transformed into the “oxida-

tive stress theory of aging” because it most frequently involves reactive oxygen

species (ROSs) and because the causative agents of stress are not only free radicals

but also include non-radical ROS (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 a recent interview (Harman and Harman 2003). He was a chemist

specializing in free-radicals who later became interested in aging and became 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

very familiar to biologically oriented scientists, and the theory appeared to be too
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simple and straight forward to explain the complex aging phenomena. However,

after superoxide dismutase (SOD), which catalyzes dismutation of superoxide

radicals, was found 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 components of the lipofuscin

age-pigment, a well-known morphological marker of aged cells that consume

substantial amounts of oxygen, such as neurons and kidney cells. Lipid peroxida-

tion has readily been measured as thiobarbituric acid reactive substances (TBARS),

although the method may be problematic in terms of its specificity and, recently,

such substances have been evaluated as isoprostanes. DNA was another molecule

of interest for oxygen radical attack. It can form 8-hydroxy-20-deoxyguanosine
(8-oxodG), which is relevant to cancers that increase with age (Fraga et al. 1990).

Proteins have attracted the least interest mainly because of limitations in the

methods used to detect them despite the fact that the catalytic activities of enzymes

have long been known to decrease with age (Stadtman 1988). Stadtman and his

collaborators established a relatively easy method for the detection of oxidatively

modified proteins that have reactive carbonyl derivatives as oxidation products in

amino acid residues, such as lysine, arginine and proline, which are easily measured

by spectrophotometric or immunological methods by the reaction of the proteins

with 2,4-dinitrophenylhydrazine. All cellular components (e.g., membrane phos-

pholipids, DNA and proteins) have been reported to have oxidative damage with

age, which could 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 anti-oxidants to see if such chemicals

can extend the lifespan of animals. Harman himself showed in his early studies that

the synthetic antioxidants 2-mercaptoethylamine and butylated hydroxytoluene can

extend the lifespan of mice (Harman 1968). Numerous studies have been conducted

since then to try to extend the lifespan of experimental animals or to ameliorate age-

related diseases in humans that are likely caused by ROS, mostly using antioxidant

vitamins, such as vitamin C and E, or natural products, such as polyphenols and

carotenes. The results have been rather disappointing in human clinical trials

attempting to reduce the risks of age-related diseases, although antioxidant supple-

ments are 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 total of 232,606 participants that antioxi-

dant supplements (β-carotene, vitamin A and E) can 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 lifespan of genetically heterogeneous

mouse strains in multiple laboratories (Strong et al. 2013).
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The free radical theory of aging appeared to explain the rate-of-living theory of

aging, which was first proposed many years ago, that suggests 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 is

even true intraspecifically in mice, 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 or mitochondrial superoxide

dismutase, catalase, glutathione peroxidase), it was concluded that all of the anti-

oxidant enzymes studied separately or in combination do not significantly influence

the lifespan 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, many mutant

animals with longer life spans show increased resistance to oxidative damage.

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 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 be important in damaging cellular molecules

and also signaling factors (Finkel 2011). Although the involvement of ROSs in

signal transduction have attracted more interest in recent years than their potential

detrimental role in aging, I do not discuss the 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 hyperbaric 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 lifespan 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 level, proteasome and DNA repair enzymes (Goto and Radák 2009;

Radák et al. 2001). Others have also demonstrated that exercise induces anti-

oxidant enzymes (Gomez-Cabrera et al. 2008) and that anti-oxidant vitamins C

and E can ameliorate the beneficial effects of exercise (Ristow et al. 2009). Exercise
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hormesis is well recognized, as the ROS induced by moderate exercise constitute 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, ROS have two sides, making this Theory somewhat complex. On one

hand, ROS 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

could be encountered 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 attracted increased interest,

as they use most of oxygen taken up by cells that could potentially converted to

damaging reactive oxygen species (ROSs) in the respiratory chain. Harman was the

first to suggest that mitochondria can be a major source of free radicals and also a

major target of the damage that drives aging as an obvious extension of 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 DNA, likely due to their proximity to the electron transport chain, their lack of

histones to protect the DNA, and their low repair activities. Miquel proposed the

Mitochondrial theory of aging (Miquel et al. 1980). A number of papers in support

of this theory have been published. It has often been cited that ROS (such as

hydrogen peroxide) generated in the mitochondria account for 1–2 % of the total

oxygen uptake (Chance et al. 1979). Even higher values of 4–5 % have also 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 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 mice with a

homozygous mutation (mtDNA mutator mice) expressing proof-reading deficient

mtDNA polymerase γ show reduced lifespans. They also show phenotypes of

accelerated aging at 6–9 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

increases in hydrogen peroxide production and oxidative stress markers (protein
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carbonyl, 8-OHdG and F2-isoprostane) have been observed in isolated mito-

chondria and tissues of the mice. Thus, these findings did not support the idea

that mtDNAmutations cause increased ROS production that could 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 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

contribute 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 emer-

gence of sarcopenia, brain atrophy, cardiac hypertrophy and 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 lifespans with reduced

cardiac pathologies and cataract severity (Schriner et al. 2005). These mice

exhibited higher aconitase activity 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.

In view of the controversy regarding the contribution of mitochondrial ROS in

aging, it is worth referring to the concept of mitochondrial hormesis

(or mitohormesis) (Ristow 2014; Schulz et al. 2007). It was found that nematodes

treated with 2-deoxy-D-glucose (2DG), an inhibitor of glycolysis, exhibited a

prolongation of their lifespan 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 lifespan 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 organelles as signals for cellular homeostasis

rather than simply as damage markers, as originally suggested.
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1.7 Error Catastrophe Theory of Aging

This theory was most prominently advanced by Orgel (1963) after the occurrence of

remarkable developments in the field of molecular biology, such as the elucidation

of the mechanisms of replication, transcription and translation. This theory

predicted that nucleic acids and proteins can contain errors when they are synthe-

sized because the information transfer in each step of gene expression and mainte-

nance is not perfectly accurate and the synthesizing machineries consisting of error-

containing molecules would make further errors, thus producing a vicious cycle of

error propagation that could result in the gradual loss of cellular function (catas-

trophe). Although this theory is usually regarded as being advocated by Orgel, it

should be noted that Medvediev presented a similar idea independently (Medvediev

1962). This theory has attracted particular attention from scientists interested in the

mechanisms of aging because it suggests a hypothesis that is actually testable by

means of emerging theoretical and methodological developments.

Possible detrimental consequences of the propagation of errors are likely more

serious in non-dividing cells than in dividing cells because error-containing divid-

ing 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 meta-

bolic turnover.

Of the types of errors in information transfer, translational errors have been most

extensively studied. These errors can occur in two independent steps of translation:

(1) in the charging of individual tRNAs by cognate amino acids and (2) in the

decoding of codon of mRNA. The former step is catalyzed by amino acyl tRNA

synthetases that can mischarge amino acids to tRNAs by imperfect enzymes. The

latter step occurs on ribosomes by matching codons with anti-codons of charged

tRNA. A number of studies on mistranslation (error frequency) in aging have 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 replica-

tive ages (Harley et al. 1980). Histidinol, an analogue of histidine, was added to the

culture medium and thereby blocked the charging of tRNAs 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 14C-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 for methionine by methionyl tRNA synthase if the fidelity of the enzyme

decreased with age. The misincorporation of ethionine in the place of methionine
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was 10–50 % higher in the ribosomal proteins of old animals, indicating that the

charging fidelity indeed declined in older animals, although it was not clear if these

errors propagate with age. As for the recognition of natural amino acids in young

and old animals, age-related changes in the fidelity of aminoacylation by tyrosyl-

tRNA synthetase in rats have been reported (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 misrecognition phenylalanine vs. tyrosine by the enzyme.

The error frequency of the tyrosyl-tRNA synthetase (on the order of 10�8) from the

older animals was slightly lower than that from the younger animals, but this

difference was not significant. Thus, the fidelity of aminoacyl tRNA synthetase

did not appear to change in old age, again suggesting that errors in translation would

not increase with aging at the stage of tRNA charging with the amino acid. The

fidelity of decoding on ribosomes from young and old animals has been mostly

studied by assessing the misincorporation of non-cognate amino acids using syn-

thetic mRNA of homopolymers, such as poly(U), which codes for phenylalanine

polymers. The misincorporation of leucine into the poly(U)-dependent synthesis of

polypeptides using ribosomes of tissues did not differ between young and old mice.

We have studied codon recognition fidelity using a unique group of natural mRNAs

that code for limited species of amino acids. The protamines are highly basic

nuclear proteins from fish sperm consisting of 33 amino acid residues. They contain

only seven different amino acids, of which approximately two-thirds are arginine. It

was therefore possible to study the incorporation of radioactive amino acids that

were not coded in the mRNAs in vitro. 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 probably because the proofreading mecha-

nisms of translation are maintained, keeping the fidelity high enough that propa-

gation errors do not occur. The high fidelity of translation has been discussed from

evolutionary perspectives as important for survival as it allows for an avoidance of

protein misfolding (Drummond and Wilke 2009) (see also: Sect. 1.8). Another

possibility is that error-containing proteins do not increase with age, such proteins

are efficiently 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 can occur are

DNA replication and transcription. No age-dependent differences have been found

between the fidelity of nuclear DNA polymerase-α and -β partially that were

purified from the regenerating livers of young (6-month-old) and older

(28-month-old) mice when the enzymes were used to copy φX174 DNA (Silber

et al. 1985). The same group of investigators showed that the fidelity of highly

error-prone DNA polymerase -β in non-dividing neurons from 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
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catastrophe theory of aging is not supported by the current information on nuclear

DNA replication. Although Orgel implied that transcription errors can lead to

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 brains of young (1-month-old) and older (18-month-

old) mice (Wang et al. 2014). The transcriptional error of the mitochondrial RNA

polymerase was site-specific and varied greatly among different genes. The error

levels in two age groups 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.

Thus, the error catastrophe theory of aging, which was once a popular hypo-

thesis, 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 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 can

be mostly prevented by chaperons (Schubert et al. 2000) (see also: Sect. 1.8).

1.8 Altered Protein Theory of Aging • Protein Homeostasis

or Proteostasis Theory

The origin of this theory may be traced back to Friz Verzár, who reported an

age-related increase in collagen cross-linking in rat tail tendons. 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 extracellular 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 in intracellular functions. In the meantime,

studies on the error catastrophe theory of aging 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 instead by

post-translational modifications. Altered forms of enzymes existing in old cells and

animals have been detected by various means. They have been shown to have lower
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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 are often lost during the purification process, as

the purification protocol depends on enzymatic activity. Altered enzymes have been

detected in crude extracts without purification, as they can cross-react with enzymes

with no or reduced activity that remain as immunologically reactive as the native

enzymes (Gershon and Gershon 1970). Another frequently used method was to

examine the heat-stability of an enzyme in cell or tissue extracts. An enzyme is

likely to become 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

(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.

The causes of these alterations have been suggested to be post-translational

modifications, including oxidation or nitrosylation by ROSs or RNSs (reactive

nitrogen species) and glycation by glucose, rather than the synthetic errors

predicted by the Error Catastrophe Theory of Aging. In some cases, reactive

aldehydes derived from lipid peroxidation are responsible for the modifications.

We and other investigators 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 modifications has been studied extensively, proving that the side-

chains of specific amino acid residues, such as lysine and arginine, 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 predict its contribution, as

multiple effects of oxidative stress on other molecules, such as DNA and membrane

phospholipids, occur in parallel.

The glycation caused by non-enzymatic chemical reactions of proteins with

glucose is another well-recognized post-translational modification that increases

in long-lived proteins, such as collagens and elastin as well as lens crystallins. The

glycation of proteins ends up generating a variety of products collectively called

AGEs (Advanced Glycation End products). Because proteins exposed to a high

concentration of glucose for a long period of time are susceptible to this modifi-

cation, 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 post-translational modifi-

cations that occur more frequently inside cells. Nevertheless, there is no question

that glycation is involved in age-related diseases of endothelial cells, such as
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atherosclerosis, cardiovascular pathologies and renal disorders, in which tissue

microvessel dysfunction is involved.

More recently, apart from the post-translational modifications described above,

specific altered proteins with abnormal conformational structures in age-related

neurodegenerative diseases, such as Alzheimer’s disease (hyperphosphorylated

tau), Parkinson’s disease (mutant α-synulein), Huntington’s disease (mutant

huntingtin) and amyotrophic lateral sclerosis (misfolded SOD1), have been studied

extensively (Stefani 2004). 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 (Stefani 2004). While numerous cases, especially in

neurodegenerative diseases, have been reported in which protein alterations pro-

duce 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 undetected changes, yet result in

significant physiological deterioration during aging.

The accumulation of altered proteins with age can be driven by either increases

in the formation, 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. Schoenheimer

described the dynamic state of body constituents, such as lipids and proteins, as

early as the late 1930s, when the stable isotope technique became available, thereby

highlighting the importance of metabolic turnover as a homeostatic life mainte-

nance mechanism for the first time. Due to the difficulty of the access to the famous

book “The dynamic State of Body Constituents” (Harvard University Press, Cam-

bridge, MA, 1949) by him, I cite here instead the excellent overview on this topic

(Kennedy 2001). This view, however, was challenged by Monod (a Noble laureate

famous for the operon theory) and collaborators, who studied the turnover of

β-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, non-dividing cells, and culture conditions do actually turnover,

thus not supporting this hypothesis (Harris and Watts 1958). Even so, protein

degradation has not attracted the same intense research interest as other more

positive biological processes.

The degradation of intracellular proteins was thought to be mainly dependent on

lysosomes, which were found to contain proteolytic enzymes (cathepsins) with

different specificities at acidic pH values (de Duve 1983). While lysosomal proteo-

lysis is thought to be nonspecific with regard to the protein substrates it degrades,

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
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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 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 non-specific (Koga et al. 2011). Both systems of protein

degradation have profound impacts on aging and age-related diseases, particularly

in neurodegenerative diseases (Rubinsztein et al. 2011; Saez and Vilchez 2014).

The Altered Protein Theory of Aging prompted studies on protein turnover in

aging (Goto et al. 2001; Van Remmen et al. 1995). For example, it was demon-

strated 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 (Goto et al. 2001; Ishigami and Goto 1990). It was also shown 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 mean-

time, 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 pro-

teins 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 removing 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
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proteins, the activity of which decline with age and contribute to the accumulation

of damaged proteins in the organelles (Ngo et al. 2013).

When the damage to proteins is extensive, forming insoluble cross-linked

aggregates 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 surface. Substrates translocated across the lysosomal membrane are

then digested. The substrates are often protein aggregates that are not digestible by

proteasomes. 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 membrane 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 systems and the chaperon dysfunctions described in many excellent

reviews (Takalo et al. 2013). However, I do not go into the details of these studies

as this subject is beyond the scope of this overview, although it is conceivable that

these mechanism are also involved in the general age-related functional decline of

house-keeping proteins.

Thus, the original idea that an accumulation of altered proteins produces the

aged phenotype has expanded to include a variety of life processes. This has now

become one of the most widely accepted theories used to explain the 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 counterparts (Ono and Cutler 1978). More recently, it has been shown that
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gene expression is more heterogeneous in the tissues of individuals with advanced

aging, including the cerebral cortex and rat hippocampus. These findings are

compatible with the dysdifferentiation theory of aging (Somel et al. 2006).

This theory has 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 any changes in the genomic nucleotide sequence. This definition has

been broadened to include the long-term stable control of gene expression in

differentiated cells 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

modifications and microRNA expression. 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 aging

and the risk of age-related diseases.

It has been shown 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 these differences,

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, poten-

tially 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 are believed to have on

longevity compared with environmental factors (Ljungquist et al. 1998). 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 development of

sarcopenia and muscle weakness, and the reduction in physical activity, is associ-

ated with decreased global DNA methylation in the peripheral blood cells of

individuals aged 65–105 over a 7-year-follow-up period (Bellizzi et al. 2012).

Aging is often associated with reduced levels of global DNA methylation, mostly

in CpG sequences, but its physiological implications remain unclear. However, it is

known that the age-related hypermethylation of the promoter regions of tumor

suppressor genes increase the risk of carcinogenesis. Changes in the post-

translational modification of histones occur with age, which can lead to reduced

gene expression, as decreased acetylation allows the chromatin to more tightly

condense by increasing its interactions with DNA. In fact, reduced acetylation of

lysine 9 in histone H3 in aged rat livers has been documented (Kawakami

et al. 2009). Memory impairment is a common feature of old animals and a serious

problem for elderly individuals. 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
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that memory impairment in old animals is correlated with defects in learning-

induced histone acetylation. Intriguingly, the administration of histone deacetylase

inhibitors, such as sodium butylate, to old mice prior to the 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. Reports on the involvement of microRNAs in aging

are currently emerging, but are still limited. The involvement of epigenetic factors,

including miRNAs, in the brains of patients with neurodegenerative diseases, such

as Alzheimer’s disease and Parkinson’s disease, are increasing of interest to

researchers in the field (Grasso et al. 2014).

As research on this theory is still in its immature stages, further research

developments will be required to evaluate it fully.

1.10 Hyperfunction Theory of Aging

This recently proposed and unique theory of aging deserves mention, as it seriously

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 above,

aging is believed to be due to an accumulation of molecular damage that is induced

by ROSs and other chemicals or by errors in critical life maintenance 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 continues 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,

this 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 then believed to lead to an increased life span and

resistance 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

lifespan 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 lifespan (Gems and Partridge 2013). This

theory predicts a form of antagonistic pleiotropy in which hyperfunction increases
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fitness early in life but is harmful in old age. The identity of the intrinsic or extrinsic

factors that maintain hyperfunction in the face of declining metabolic activity with

age remain 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 the unsolved problems of biology for more than

half a century, no single theory has yet successfully explained the mechanisms 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 lifespans, such as humans, mice, fruit flies and nematodes (see Fig. 1.1,

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 lifespan variation. This has remained an unsolved problem in

gerontology. The leading theories that have so far been proposed are apparently

acceptable, but not without objections, and different theories interrelate with each

other by one theory being a part of the others, suggesting that each one contributes

partly to be integrated into explaining 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 human would

die of aging in 3 or 4 years. 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 aging rates 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 mechanisms

of aging.
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Research on Healthy Longevity
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Abstract The scope and purpose of this chapter is to summarize aims, methods,

and findings of centenarian studies, mainly from our own as an interdisciplinary

research. Although most of centenarians remain independent in daily living until

over 90s, about 97 % of them contracted chronic diseases including hypertension

(63.6 %) and bone fracture (46.4 %). The prevalence of diabetes mellitus (DM) and

carotid atherosclerotic plaque were peculiarities of centenarians, which could be

associated with high adiponectin levels. While conducting the Tokyo centenarian

study (TCS), we found that only 20 % of them enjoyed physical and cognitive

independence at the age of 100 years, this elite subpopulation were highly likely to

become semisupercentenarians (over 105 years) or even supercentenarians (beyond

110 years). Therefore, we began to think that 100 years of age is not a model of

longevity, but over 105 years is. We describe the preliminary results of the Japan

Semisupercentenarian Study which led to our conviction that semi-

supercentenarians are a more appropriate model for the study of human longevity.
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2.1 Introduction

One of the most striking features of modern society is the steady increase in life

expectancy, accompanied by the rapid growth of the “oldest old” population, such

as centenarians, those who reach the age of 100 years (Oeppen and Vaupel 2002;

Vaupel 2010). Centenarians are virtually delayed or even escaped from life threat-

ening diseases such as cardiovascular disease or cancers until the very late life, thus

provide models for healthy aging (Perls 1995). During the recent two decades, the

number of centenarian studies has appreciably increased, expanding our knowledge

of biomedical and genetic underpinnings as well as psychosocial correlates of

healthy longevity. In the first part of this review, we summarize functional and

biomedical characteristics of centenarians mainly based on the results from the

Tokyo Centenarian Study (TCS), an interdisciplinary research on the oldest old. We

propose several hypotheses on human aging based on these findings. Centenarians

are generally characterized by delayed onset of age-related diseases or disabilities

into their 90s; however, upon reaching the age of 100 years, substantial evidence

has demonstrated that frailty (Gondo et al. 2006; Motta et al. 2005), multimorbidity

(Takayama et al. 2007; Andersen-Ranberg et al. 2001), and a high rate of hospital-

ization (Mandawat et al. 2012) are commonplace. These observations raise an

essential question regarding whether one can reach the limit of life span with

good health and function.

Therefore, in the second part of this review, we will briefly describe supercen-

tenarians, an emerging phenotype of longevity elite, with our interim results of the

Japanese Semisupercentenarian Study (JSS).

2.2 Background and Goals of the Tokyo Centenarian Study

The size of the aged population is rapidly increasing around the world. Because the

very elderly are vulnerable to age-related multiple chronic conditions and disabil-

ity, and are at a high risk for losing independence, considerable concern has arisen

about the health care spending consumed by the very old. It is obvious that

explication of multidimensional structure of health and its life-course trajectory is

a prerequisite for planning preventive interventions and health promotion. In this

regard, centenarians provide good opportunities to investigate mechanisms of

healthy aging. Our goals of the centenarian study have been: (1) to characterize

the ultimate aging phenotype in humans, (2) to identify the factors associated with

longevity and healthy aging, and (3) to describe adaptation to functional decline by

centenarians and their families. When a human approaches the limits of life span,

what happens physically, psychologically, and cognitively to them? We also want

to know what factors are associated with longevity. Is genetic make-up, life style,

attitude, avoiding diseases and relationship with other people important factors for

longevity and healthy aging? Are these factors related to each other? We think that
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human aging should be considered from two aspects: aging as an organism (bio-

logic aging), and aging in a society. As humans age, functional decline is inevitable,

though the period, rate and impact of decline varies. Older people must adapt to

their functional decline and the resulting inconveniences, and the family or the

people close to them must also understand and adapt to aging-related declines. This

aspect is important in human aging. We are trying to find answers to these

questions.

Between July 2000 and May 2002, a total of 304 Japanese centenarians (66 men,

238 women) living in the 23 wards of metropolitan Tokyo participated in a survey

in which they were visited by Tokyo Centenarian Study staff members (Gondo

et al. 2006; Takayama et al. 2007). We randomly chose centenarians from the basic

registry of residence and sent a letter inviting participation to 1,194 centenarians,

accounting for 66.9 % of an estimated 1,785 centenarians living in this area during

the study period. A total of 513 (43.0 %) individuals agreed to participate in mailed

survey. Among them, 304 individuals (25.5 % of the recruiting letter recipients)

participated in the visit survey for medical examination. The remainder of the

participants (209 or 11.7 % of the letter recipients) participated in a mail survey

without a visit by study staff. Women outnumbered men in our sample 3.5–1, which

was not significantly different from the ratio for the total centenarian population in

this area (3.9–1). Of the participants (N¼ 513), most of the centenarians (317:

61.8 %) lived with their families, 184 (35.9 %) were institutionalized, and

12 (2.3 %) lived alone.

A geriatrician, a psychologist, and a nurse performed the medical, cognitive and

psychological evaluations and phlebotomy. After completing a medical examina-

tion and providing a blood sample, the psychologist conducted a cognitive assess-

ment and psychological test battery. The activities of daily living (ADL) were

evaluated using the Barthel Index. Psychologists assessed cognitive function using

the Mini-Mental State Examination (MMSE) at the time of the visit. Anxiety

related personality traits were evaluated using the NEO-FFI. An informant version

of the NEO was also administered to an informant who knew the subject well. The

Barthel Index and MMSE are commonly used in centenarian studies to evaluate

physical function and cognitive status, respectively.

2.3 Function of Centenarians

2.3.1 Physical and Cognitive Function

Maintaining physical and cognitive function is indispensable for independent life at

old age. The ADL level was categorized according to the total score using the

criteria of Silver et al. (2001) and the results appear in Fig. 2.1.

Out of 105 independent participants, only 33 (6.4 %) were fully independent

(Barthel index¼ 100). Nearly 80 % of centenarians need care in daily living, and
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40 % were totally dependent. The mean Barthel score for men was higher than for

women (54.3� 35.2 vs. 34.4� 32.7, respectively; p< 0.01).

Sensory dysfunction is deemed to contribute physical disability in the oldest old.

In TCS, 172 (33.5 %) and 113 (22.0 %) participants, respectively, had “no problem”

with vision and hearing. The others had moderate to severe problems with these

senses, but only 1.9 % (n¼ 10) were blind and only 2.1 % were deaf (n¼ 11).

2.3.2 Cognitive Function

The 304 visit survey participants underwent a battery of cognitive tests in order to

construct a clinical dementia rating (CDR) score and MMSE. The results of this

testing is summarized in Fig. 2.2. The 304 visit survey participants were grouped

into four categories according to their functional status and the results of this

categorization are also shown in Fig. 2.2.

Women were more likely than men to have dementia ( p< 0.01). The MMSE

score of the men (16.1� 8.9) was generally higher than that of the women

(11.5� 8.3).

2.4 Medical Histories of Centenarians

The present and past diseases of centenarians are summarized in Fig. 2.3.
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About 97 % of the centenarians contracted chronic diseases (Takayama

et al. 2007). The most frequent illness was hypertension (63.6 % in all individuals)

followed by cataract and bone fracture (46.4 % in all individuals). The prevalence

of heart disease (heart failure, angina, MI) and cerebrovascular disease were 28.8 %

and 15.9 %, respectively. The prevalence of diabetes mellitus (DM) was 6.0 %. The

Ministry of Health, Labor and Welfare conducted a nation-wide survey of the

prevalence of circulatory disease in Japanese adults (over 30 years old) in 2000.

According to the survey, the prevalence of DM was 15.3 % people in their 60s, and

14.7 % for those age 70 years and older. These data show a substantially lower

prevalence of DM in Japanese centenarians. The prevalence of cancer was 9.9 %.

Since the mortality rate due to cancer was 22.1 % in male octogenarians and 14.5 %
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in female octogenarians, the prevalence of at least clinically evident cancer in

centenarians is also relatively low.

Everts et al. (2003) showed that centenarians can be divided into three groups as

survivor, delayer, and escaper according to when in their lives they incurred

age-associated illnesses. In a similar way, We divided Japanese centenarians into

three morbidity profiles; survivors, delayers, and escapers, according to the age of

onset for six major age-related lethal illnesses (stroke, heart disease, hypertension,

DM, cancer, and fracture). The definition of survivors, delayers and escapers are

those with the age of onset <80 years, those with the age of onset 80–99 years, and

those with no history of any of the diseases prior to age 100, respectively. Table 2.1

shows the prevalence of three categories and the level of ADL (as indicated by

Barthel Index score) and cognitive function in each category. The prevalences of

survivors, delayers and escapers were 16.2 %, 48.7 %, and 18.2 %, respectively.

The prevalence of escapers in men was higher than in women. The level of ADL

and cognitive function was not significantly different between the three categories

(for ADL, p¼ 0.176. for MMSE, p¼ 0.632).

The effect of six major illnesses on ADL and cognitive function was analyzed by

correlation coefficients (Table 2.2).

The significant negative effect of stroke and fracture on both Barthel index and

CDR was apparent. Surprisingly, the undesirable effect of fracture did not depend

on location. The level of ADL and cognitive function was not different between

hip/femur, vertebral, and other location (data not shown), indicating that fracture

has detrimental effects on ADL. This result clearly shows that the prevention of

stroke and bone fracture in any location is important in maintaining the autonomy in

the oldest old.

Table 2.1 Morbidity profile of centenarians

Morbidity

profile Total Men Women

Barthel

index p CDR p

Survivors 16.2 % 15.4 % 16.5 % 48.6� 38.5 0.176 1.84� 1.72 0.632

Delayers 48.7 % 43.1 % 50.2 % 39.1� 32.5 1.79� 1.61

Escapers 18.2 % 23.1 % 16.9 % 48.4� 37.6 1.66� 1.78

Unclassified 16.9 % 18.5 % 16.5 % NA NA

CDR clinical dementia rating, NA not applicable

Table 2.2 Correlations

between major six diseases

and physical and/or cognitive

function of centenarians

Correlation coefficients (r)

Major 6 diseases Barthel index CDR

Stroke �0.167** 0.157**

Heart disease 0.048 �0.086

Hypertension 0.203** �0.194**

Diabetes mellitus �0.098 0.068

Cancer 0.107 �0.092

Fracture �0.232** 0.135*

Spearman correlation test. *p< 0.05, **p< 0.01
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2.5 Molecular Basis of Healthy Longevity

2.5.1 Low Susceptibility of Atherosclerosis in Centenarians

There is a famous saying by Prof. William Osler “A man is as old as his arteries”.

The prevalence of carotid artery atherosclerosis was assessed by B mode ultraso-

nography (Homma et al. 2001). Two hundred and eighty-nine controls (age range:

21–98 years) and 30 centenarians were included in this study. The thickness of the

intima-media complex (IMT) and the prevalence of plaque in the carotid artery

were assessed. We found that the IMT increases linearly with age. The equation of

correlation between IMT and age was IMT (mm)¼ 0.009��age + 0.116

(r¼ 0.83). However, the prevalence of plaque showed a different trend. Plaque

begins to appear after 50 years of age and then increases in prevalence linearly with

the highest prevalence observed among nonagenarians. However, the prevalence in

centenarians was significantly lower than that in nonagenarians and similar to that

of octogenarians (60 % in centenarians, 83.3 % in nonagenarians, and 57.6 % in

octogenarians). The regression of plaque does not usually take place. We hypoth-

esize that the nonagenarians with severe atherosclerosis may die before 100 years of

age and that a low prevalence of clinically demonstrable atherosclerosis is critical

to attain 100 years of age. The reason why centenarians have a low prevalence of

atherosclerosis is not clear. Their genetic make-up and/or their lifestyle contribute

to a low prevalence of atherosclerosis. The genome of centenarians is being

analyzed in several laboratories. Within several years, we will have more informa-

tion about how the genetic background and life style contributes to the low

prevalence of atherosclerosis.

2.5.2 Aging and Inflammation: Two Hypotheses

The biomedical findings in centenarians are shown in Table 2.3. The characteristics

were surprising and included (1) a low concentration of albumin, (2) low total

cholesterol and HDL-cholesterol concentrations, (3) elevated CRP and IL-6 levels

(4) elevated homocysteine levels, (5) a high thrombin-antithrombin complex (TAT)

concentration, and (6) anemia. These results show that centenarians are malnour-

ished, and in proinflammatory and prothrombotic state. We wanted to determine the

relationship between these parameters and certain covariates. First, the effect of

nutrition was analyzed. Centenarians were divided into two groups, according to

the albumin concentration (Table 2.4). Well-nourished centenarians (high albumin

group) had high concentrations of cholesterol, HDL-C, high hemoglobin and red

blood cell counts. The concentrations of CRP and IL-6 were lower in well-

nourished centenarians. The Barthel index and MMSE scores were significantly

higher in well-nourished centenarians. These results suggest that nutritional status

plays an important role in maintaining high ADL and cognitive function. The other
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interesting relationship is that between nutrition and inflammation. A high nutri-

tional status was associated with low levels of the inflammatory markers. It is well

known that proinflammatory cytokines induce malnutrition (cytokine-induced mal-

nutrition). We speculate that the cause of malnutrition observed in centenarians is

due partly to inflammation.

Next, the effect of homocysteine on the coagulation system was analyzed. The

concentration of homocysteine is high compared to the reference range of Keio

University Hospital. The centenarians were divided into two groups according to

the homocysteine concentration: high and low homocysteine groups (data not

shown). The concentrations of TAT, thrombomodulin and E-selectin in the high

homocysteine group were significantly higher than that in the low homocysteine

Table 2.3 Biochemical characteristics of centenarians

Unit n

Centenarian Control

n¼ 273 (f¼ 199,

m¼ 72)

n¼ 3698 (f¼ 1316,

m¼ 2382)

Age 273 100.9� 1.5 55.4� 10.8

Nutritional parameter

BMI 73 19.2� 3.3 23.0� 2.9

Albumin g/dl 264 3.6� 0.4 4.7� 0.7

Serum lipid

Total cholesterol mg/dl 273 164.0� 32.8 212.1� 22.7

HDL cholesterol mg/dl 273 51.1� 14.0 57.5� 15.2

Blood sugar

BS mg/dl 37 116.1� 27.3 <110

HbA1C g/dl 183 5.4� 0.7 <5.8

Homocysteine

Homocysteine nm/ml 93 15.0� 5.7 3–14

Coagulation factors

TAT ng/dl 67 9.0� 9.0 <3

Endothelial function

von Willbrandt factor % 70 188.4� 71.7 60–170

Thrombomodulin U/ml 53 5.0� 1.3 1.8–3.9

Inflammation

CRP mg/dl 185 0.639� 1.54 <0.3

IL-6 pg/ml 56 9.1� 9.6 <2.7

Peripheral blood

RBC �106/

ml

267 356.7� 51.8 466.7� 41.4

Hb g/dl 267 11.1� 1.6 14.4� 1.5

WBC /μl 266 5416� 1508 5570� 1510

MMSE & ADL

Cognitive function

(MMSE)

104 15.0� 6.9

ADL (Barthel) 116 42.9� 34.4
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group, suggesting that the coagulation system is activated and endothelial cells are

damaged in the high homocysteine group. It is known that the increased homocys-

teine concentrations are associated with prothrombotic conditions in centenarians.

From these results, we proposed two hypotheses: the aging-inflammation

hypothesis and the presence of potent protective factors hypothesis (Fig. 2.4)

(Hirose et al. 2004). Aging is associated with a proinflammatory state, which in

turn is associated with impaired nutritional status. Also, nutritional status has a

profound effect on ADL and cognitive function. The mechanism by which

Table 2.4 Nutritional status and biomarkers of centenarians

unit n (f/m)

Well

nourished Malnourished p value

Nutritional parameters

BMI 29/38 20.3� 10.0 18.7� 10.3 0.047

Albumin g/dl 144/103 3.91� 0.23 3.18� 0.27 <0.001

Lipid parameter

Total cholesterol mg/dl 144/103 174.3� 31.6 152.4� 30.0 <0.001

HDL cholesterol mg/dl 144/103 56.4� 14.5 45.2� 10.9 <0.001

Inflammatory parameter

CRP mg/dl 109/59 0.29� 0.47 0.89� 1.46 <0.001

IL-6 ng/ml 15/34 4.4� 2.8 11.8� 11.5 0.018

Peripheral blood

RBC �106/

ml

144/99 369� 48 339� 51 <0.001

Hb g/dl 144/99 11.5� 1.6 10.5� 1.6 <0.001

ADL (Barthel index) 70/30 54.6� 33.4 31.8� 28.5 0.020

Cognitive function

(MMSE)

74/30 16.1� 7.0 12.5� 6.0 0.002

related with frailty 

Fig. 2.4 Aging-inflammation hypothesis. Centenarians could have potent protective factors to

counteract aging-associated inflammation and lessen disability
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inflammation could lead to poor nutritional status is partly explained by

proinflammatory cytokines, such as IL-6 and TNFα (Scoub 1994). However, why

aging leads to a proinflammatory state is not clear. One possibility is the association

between visceral and intramuscular fat accumulation with age. This fat, in turn, is a

potent source of atherogenic cytokines and other inflammatory substances. This

observation is expanded upon in the following section. Centenarians could have

clinically non-evident diseases such as cancer and chronic infection. These diseases

have been shown to cause an inflammatory reaction. Several investigators have

reported that aging itself contributes to a proinflammatory state. Claudio

Francheschi, who studies immune function in centenarians, proposed the

“inflamm-aging” hypothesis (Franchschi et al. 2000). The aging-inflammation

hypothesis is based on the analysis of the nutritional status of centenarians. If this

hypothesis is correct, aging-associated phenotypes such as decline of ADL, cogni-

tive function, and nutritional status can be modified by the suppression of excessive

inflammatory reactions. Regulation of inflammatory reactions in as people age will

be a fascinating target for future research.

Even though centenarians have many pathologic biomedical findings, they

maintain their functional independence for the vast majority of their lives (Hitt

et al. 1999). It is possible that potent protective factors are necessary for individuals

to become centenarians in order to overcome many pathologic conditions observed

in centenarians.

2.5.3 Adipose Tissue Function and Longevity

Advancing age is frequently associated with impaired glucose tolerance (IGT),

insulin resistance and the development of diabetes, predominantly type 2 Diabetes.

Current advances in obesity research has revealed that adipose tissue synthesizes a

number of bioactive molecules termed as adipokines, and dysregulation of

adipokines such as tumor-necrosis factor-α (TNF-α) and plasminogen activator

inhibitor type 1 (PAI-1) may contribute to the development of insulin resistance

and the metabolic syndrome (MetS). Epidemiological evidence also suggested

crucial roles of adipokines on the progression of MetS not only in the middle age,

but in the very old. Intriguingly, there is increasing evidence that preservation of

insulin sensitivity and a low prevalence of MetS and DM is one of the striking

physiological characteristics of centenarians (Barbieri et al. 2001; Bik et al. 2006).

As far as insulin sensitivity and adipocytokines are concerned, a great deal of

interest has been generated by the discovery of adiponectin, which is shown to

exert anti-diabetic, anti-atherogenic, and anti-inflammatory effects in rodents and

humans (Hotta et al. 2000; Trujillo and Scherer 2006). In cross-sectional studies,

plasma adiponectin concentrations were significantly lower in obese individuals

and in those having diabetes, MetS, and CVD, being inversely associated with body
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adiposity and insulin resistance (Stefan et al. 2002). Recently, a possible association

between adiponectin and extended lifespan has been indicated in several animal

models (Wang et al. 2006; Kloting and Bluher 2005). Based on these findings, we

focused on adiponectin as a protective factor in centenarians against age-related

metabolic alterations and vascular injury. We measured the adiponectin concentra-

tion in the plasma of 66 female centenarians and a younger control group (Arai

et al. 2006). Since the adiponectin concentration is regulated by adiposity, the BMI

of the young control group was matched to that of the centenarian group. The mean

concentration of plasma adiponectin in female centenarians was almost twice as

high as that in the BMI-matched female control group (20.3� 7.4 vs.10.8� 3.9,

respectively, p< 0.001). In contrast, the serum leptin concentration in female

centenarians was significantly lower compared to the control group. In centenar-

ians, the adiponectin concentration was negatively correlated with BMI

(r¼�0.245, p< 0.05) as well as with the leptin concentration (r¼�0.346,

p< 0.01). Furthermore, it showed strong negative correlations with HbA1c

(r¼�0.311, p< 0.01) and CRP concentrations (r¼�0.316, p< 0.01) and a posi-

tive correlation with HDL-C concentration (r¼ 0.270, p< 0.05). Adiponectin con-

centration was also negatively correlated with E-selectin concentration

(r¼�0.261, p< 0.05). These results raised a possibility that adiponectin might

be a protective factor against age-related insulin resistance and atherosclerosis.

The classical perception of adipose tissue as an inert energy reservoir has been

replaced over the last years by the notion that adipose tissue has a central role in

producing a large number of bioactive substances called adipokines (Fig. 2.5) (Arai

et al. 2011). During the development of obesity, adipose endocrine function is

markedly changed. Increased levels of free fatty acids (FFA) and TNF-α were

adiponec�n ↓ LPL ↓
FFA ↓ lep�n ↓ adiponec�n ↓ lep�n ↓

adiponec�n ↑

A. Obesity B. Centenarians C. Lipodystrophy

Lep�n ↑
TNF-α↑ IL-6 ↑

MCP-1 ↑
Ectopic lipid deposi�on ↑

Insulin resistance Insulin resistance Insulin sensi�ve 

FFA ↑
LPL ↑

FFA ↑

Modified from Arai et al. Adipokines and aging. J Atheroscler Thromb 2011; 18: 545-550.

Fig. 2.5 Hypothetical link between adipokines, insulin sensitivity, and longevity
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released from adipocytes/macrophages with reciprocal decline in adiponectin,

leading to insulin resistance. In contrast, adipokines secreted by small size adipo-

cytes such as adiponectin, ameliorate insulin resistance. Lipodystrophy is a disease

caused by atrophy of adipose tissue, in which profound reduction in leptin and

adiponectin production is associated with severe insulin resistance and unfavorable

to longevity. Taken together, well-functioning adipose tissue may have favorable

effects on longevity. To examine this hypothesis, we aimed to describe adipose

tissue function by profiling a series of adipokines including adiponectin, leptin, and

TNF-α, and investigated the association between adipose tissue function and

mortality beyond 100 years of age (Arai et al. 2008). We followed a cohort of

252 centenarians for a period of 6.2 years and demonstrated that cumulative

dysregulation of multiple adipokines constitutes a strong marker of poor prognosis

among centenarians, independent of conventional risk factors such as low serum

albumin, interleukin-6, and HDL-C concentrations. Moreover, a graded relation-

ship has been shown to exist between the extent of impairment of adipose endocrine

function and the decline in the many key pathways responsible for health mainte-

nance, including those for physical and cognitive function, IGF-1 axis, HDL

metabolism, and nutrient synthesis and hepatic function (Arai et al. 2008). These

findings suggest that adipose tissue function could be linked with multiple physi-

ological functions, which are indispensable for survival at extremely old age.

Therefore, understanding the interaction of these metabolic pathways is likely to

be important to promote healthy aging and longevity.

2.6 Personality and Longevity

Epidemiological association between personality and longevity has been demon-

strated so far, however, data on centenarians are quite limited. Therefore, we

assessed personalities of centenarian by the NEO-FFI. The NEO-FFI assesses five

dimensions of personality: neuroticism, extraversion, openness, agreeableness, and

conscientiousness (Costa and McCrae 1985). We found significant traits difference

in centenarians. Male centenarian showed higher openness in comparison to

excepted score which consider age related change from sexagenarian to octogenar-

ian. In female centenarians, a high score of openness, extraversion and conscien-

tiousness were observed (Masui et al. 2006). Recent epidemiological researches

reported personality trait is a significant predictor of longevity, therefore, we are

currently surveying pathway which link personality longevity relationship in youn-

ger age cohort.

We also reported interesting finding which might link between personality-

longevity relationships. It has been reported that negative affects such as depression

and anxiety, are associated with morbidity and mortality. The serotonin transporter

(5HTT) gene-linked polymorphism region has been linked with negative affect and

personality. The two most common alleles are a 44-bp insertion (l allele) or deletion
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(s allele) in 5HTT promoter region (Lesch et al. 1996). The s allele reduces the

efficiency of transcription of the gene, resulting in decreased serotonin transporter

expression and serotonin uptake. Possession of the s allele has been associated with

higher levels of neuroticism, harm avoidance, and depression, including geriatric

depressive symptoms. We hypothesize that the 5HTT gene polymorphism could

have association with human longevity. We compared polymorphic variations of

the 5HTT gene between 265 Japanese centenarians and younger control subjects

(Gondo et al. 2005). In addition, we evaluated the relationships between the 5HTT

genotype and the physical, cognitive, and biologic status of centenarians, as indi-

cated by the Barthel index, the MMSE, and serum albumin concentration.

The distribution of genotypes for 5HTT differed significantly between centenar-

ians and younger control subjects. Comparison between genotypes indicated that

the l/l genotype was more prevalent than the l/s or s/s genotypes in centenarians and

this difference was observed only for women. The effects of the 5HTT genotype on

NEO-FFI, Barthel Index, MMSE, and serum albumin also were analyzed in cente-

narians (Gondo et al. 2005). A significant main effect of genotype was observed

only for the serum albumin concentration (p< 0.05). Further multiple comparisons

indicated that serum albumin concentrations were higher in association with the l/l

genotype than with the s/s genotype (in men: l/l, 4.1� 0.2 g/dl, s/s, 3.6� 0.2 g/dl; in

women: l/l, 3.8� 0.4 g/dl, s/s, 3.6� 0.4 g/dl). Thus, the l allele is associated with a

longevity advantage, especially in women. Although we do not know why 5HTT

polymorphism is related to longevity, there are several possibilities. There is much

psychological stress in human life. Centenarians living in Tokyo have experienced

catastrophic life events including a severe earthquake, two world wars, and per-

sonal life events such as bereavement resulting from the deaths of spouses and

children. The negative impacts of these life events on the affective state are stronger

in individuals with the s allele. Next possibility is the susceptibility to becoming

depressed after experiencing negative life events. The trend to become depressed is

higher in individuals with s alleles than in those with l alleles. Centenarians who

survived twentieth century might need strong stress resilience based on genetic

background. We believe that genes associated with personality and behavior will be

a fascinating future research target (Caspi et al. 2003).

2.7 Supercentenarians: An Emerging Model of Healthy

Longevity

Centenarian studies have been conducted for over three decades. While conducting

TCS (the Tokyo Centenarian Study), we began to think that centenarians are no

longer an ideal model of human longevity. One of the reasons is the rapid increase

in the number of centenarians. In Japan, the number of centenarians in 2013 was

about 54,397 – 9 times higher than that in 1990 – and this number is expected to

increase in the future (Demographic trends in Japan and world 2005); this trend is
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observed globally. The next reason is the functional decline; a decline in the

physical function of centenarians was reported to have occurred between 1976

and 1994 in Okinawa (Suzuki et al. 1995). As noted in Sect. 2.3, centenarians are a

heterogeneous group, from bed-ridden to having complete autonomy, with and

without a history of familial longevity and coming from diverse backgrounds.

Centenarians cannot be considered as a single entity. Therefore many investigators

are employing new strategies including classification of centenarians. Tom Perl’s,
the PI of the New England Centenarian Study is focusing on the families of long

lived individuals (Perls et al. 2002). The research target of Nil Barzilai and

colleagues’ Ashkenazi Jewish Centenarian Study is the founder population, Ash-

kenazi Jews, a genetically and culturally homogeneous population (Barzilai

et al. 2003). European Union researchers are conducting the Genetics of healthy

aging study (GEHA) to identify genetic factors associated with healthy aging

through an exhausting recruitment of long-lived sibling pairs (Abott 2004).

A few studies have targeted to supercentenarians, individuals who have reached

their 110th birthday. The number of validated supercentenarians worldwide is

extremely rare, and has been monitored by an international collaborative effort

involving the International Database on Longevity: the database includes a total of

12 supercentenarians in Sweden, 2 in Denmark, 49 in France, 78 in Japan, and

341 in the United States (Maier et al. 2010). According to the cohort life table and

census in Japan, we calculated the provability become supercentenarians (Fig. 2.6).

As expected, the chance to survive to 110 years of age is quite different between

men and women. In men, the provability to become supercentenarians was about

1 per 300,000–400,000 between 1995 and 2010, which suggests the chance to

become supercentenarian may be stagnated in men. In contrast, the chance for

women becomes higher and higher in recent years, but still only 1 in 20,000 people

within the same birth cohort reaches 110. Because of the extraordinarily low

probability of reaching that age even in current low-mortality countries,

Men
Women

1995       ‘00        ‘05       2010

600,000

400,000

200,000

40,000

80,000

120,000

160,000

1/364,000

1/19,900

1995       ‘00        ‘05       2010

Fig. 2.6 Probability to become Supercentenarians (1995–2010)
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epidemiological observations of supercentenarians are sparse and conflicting. The

early phase of the New England Centenarians Study reported that of 32 supercen-

tenarians enrolled, 41 % required minimal or no assistance in ADL (Schoenhofen

et al. 2006). In contrast, the Okinawan Centenarian Study reported that the majority

of 12 age-validated supercentenarians were physically independent at the age of

100 years; however, they rapidly lost functionality between 105 and 109 years, and

consequently none were independent in basic ADL at the age of 110 years (Willcox

et al. 2008). A precise description of what happens to individuals’ health and

independence at the tail end of the human survival curve has assumed an important

role in accurately estimating future disability trends and health care demands,

which has enormous social, economic, and medical implications in our aging

society. To address this issue, we started Japanese Semi-supercentenarian study

(JSS) (Arai et al. 2014) in which we conduct a nationwide survey of semisuper-

centenarians involving direct examination using a standardized procedure.

2.8 Preliminary Findings from Japan

Semisupercentenarian Study

Given an extremely low probability of supercentenarians such as 1 per 1.5 million

of general population, identification of them from basic registry database is extraor-

dinary difficult, if not impossible. Therefore, we have targeted recruitment of

semisupercentenarians, individuals aged 105 years or older, of whom provability

is approximately 33 times as high as supercentenarians. Since 1963, a list of

centenarians has been, and this list was linked with the resident registration system

and the periodic census. According to the centenarian list compiled annually by the

Ministry of Health, Welfare and Labour, 849 semi-supercentenarians were living in

Japan in 2002, including 23 supercentenarians. They had been successively

recorded on the annual centenarians list since 1997 or earlier. We identified

543 individuals (82 males and 461 females) among the 849 semi-supercentenarians

and sent all of them an invitation letter for a home visit examination (Arai

et al. 2014). As a result, 135 (115 females and 20 males) agreed to participate in

our visiting survey. Because the list was discontinued in 2002, our subsequent

recruitment strategy has relied on responses to local governments and nursing

homes in the whole country, and direct inquires by our research team. Conse-

quently, a total of 429 centenarians (90.2 % older than 105 years) were enrolled

in the JSS by the end of November 2011.

Our first aim of JSS was to elucidate whether extended longevity beyond

100 years is accompanied with elongation of disabling process or remarkable

compression of disability. We hypothesized that maintaining independence and

delayed onset of disability is the key determinant of extended longevity beyond

100 years of age, because functional capability might highly correlate with mortal-

ity even at the extreme limit of lifespan. To test our hypothesis, we classified
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centenarians into three groups according to age at enrollment: Younger centenar-

ians: individuals who died between 100 and 104 years of age.

Semi-supercentenarians: individuals who died between 105 and 109 years

of age.

Supercentenarians: individuals who survived beyond 110 years old.

Then, we compared ADL levels among the three centenarian categories. Unsur-

prisingly, we found that supercentenarians are virtually characterized by marked

postponement of the age-related debilitating process and maintenance of physical

independence for an extraordinarily long period. We also followed up three cente-

narian categories for mortality and found that functional capability correlates

significantly with mortality, and found that the most dependent fraction of individ-

uals die first, and those with better fitness remain alive. The finding suggests that

maintaining functional capability and delayed onset of disability is the key feature

of supercentenarians. Explication of the biological and genetic architecture under-

pinning this phenotype will further our understanding of the ultimate aging process,

which has assumed a central position in terms of refining preventive intervention

and health promotion at advanced ages. Finally, our results highlight the potential

of our longitudinal database of centenarians and supercentenarians to provide

invaluable opportunities to test the central hypotheses of human aging.

2.9 Summary and Conclusion

We have summarized the results of our centenarian study to-date. We propose a

new framework of phenotypic classification based on functional status. Several

hypotheses also are proposed based on the biomedical characteristics of centenar-

ians: the aging-inflammation hypothesis and adipose tissue as pro-longevity

hypothesis. Despite many pathologic disadvantages, centenarians can live active

lives or they have at least done so for the majority of their very long lives.

Therefore, we hypothesize that potent protective factors are present in centenarians.

We think that identification of protective factors is one of the purposes of cente-

narian studies. One protective factor is likely adiponectin. Adipose tissue, a main

target of insulin, secretes adipokines, which modulate insulin sensitivity. Adipose

tissue is therefore a promising and important target for further research. We also

mentioned effect of personality on longevity and introduced a possibility that the

relationship might be based on gene polymorphisms (5HTT gene). This issue

should be investigated more thoroughly.

Our final and important hypothesis is that supercentenarians, not 100 years old,

are perhaps a more fruitful model of human longevity than people who reach

100 years of age. To support this hypothesis, we demonstrated that supercen-

tenarians are virtually characterized by marked postponement of the age-related

debilitating process and maintenance of physical independence for an extraordi-

narily long period.
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We do not describe the genetic factors associated with longevity. As mentioned

previously, the research identifying the longevity genes is being conducted in

several studies including our own, and these studies are in a rapid progress. Within

several years, we will know whether longevity genes exist and what they are. These

hypotheses and the results of centenarian studies will induce the fusion of human

aging science with basic aging science, which will help us to understand how to

achieve healthy aging.

Finally we want to stress that the centenarian studies are rewarding. Centenar-

ians are incredibly interesting people and their life stories are fascinating and

memorable. We hope that young investigators will be inspired by our centenarian

studies and those of our international colleagues and go into this fascinating area of

research.
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Chapter 3

Progeria and Genome Instability

Fanbiao Meng, Baohua Liu, and Zhongjun Zhou

Abstract Aging is a process of progressive decline in physiological functions.

Cells and tissues in our body are constantly exposed to a variety of endogenous and

exogenous assaults that cause, DNA damages. The accumulation of unrepaired/

irreparable DNA damages results in a sustained DNA damage checkpoint response

and induces cellular senescence, a permanent cell cycle arrest. Studies on human

premature aging syndromes have suggested that accumulated damages might lead

to exhaustion of resources that are required for replacement of the damaged tissues

and thus accelerate aging. In this chapter, we summarize current knowledge on

DNA damage repair machinery and evidence supporting the idea that defects in

genomic maintenance are behind human premature aging syndromes. We put the

emphasis on Hutchinson-Gilford Progeria Syndrome.

Keywords Premature aging • DNA damage • Lamin A • Progerin • Chromatin

remodeling • Epigenetics

3.1 Introduction

Aging refers to the processes during which physiological functions necessary for

fertility decline gradually accompanied by an increase in vulnerability, such as

decreased fecundity, reduction of tissue repair capacity, increased propensity to

infections and cancer predisposition (DiGiovanna 2000; Partridge and Mangel

1999). Although we are quite familiar with various changes of the bodies over

times, aging processes are far more complicated than we could possibly explain

with current knowledge, especially in higher vertebrate species, which occurs at
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multiple levels, e.g. molecular, cellular, tissue, and organismal levels. A variety of

aging theories have been proposed during last few decades (Szilard 1959). For

instance, the programmed theory proposes that aging is a consequence of a sequen-

tial switching on/off of certain genes. Supporting this hypothesis, a group of

signaling pathways or genes is identified to accelerate aging or extend lifespan.

Conserved from worms to mammals, mutations of insulin receptor or the phosphoi-

nositide 3-kinase extend lifespan (Kenyon et al. 1993; Klass 1983; Kops et al. 1999;

Morris et al. 1996). The reduction of food intake, i.e. calorie restriction (CR),

extends healthspan and lifespan, attributable to amino acid concentration sensor-

target of rapamycin (mTOR), AMP level sensor-AMPK and NAD+ level sensor-

sirtuins (Houtkooper et al. 2010). mTOR exerts the effects of CR on protein

synthesis, which is modulated by ribosomal protein S6 kinase (S6K) and translation

initiation factor 4E-binding protein (4E-BP) (Hay and Sonenberg 2004). Sirtuins

are NAD-dependent protein deacetylases conserved in metazoans. Ectopic sirtuins

are able to extend lifespan in yeast, worms, flies and rodents (Herranz et al. 2010;

Kanfi et al. 2012; Satoh et al. 2013). However, how significant these genes/

signaling pathways contribute to human aging needs further investigation.

To date, the most direct evidence on the underlying mechanisms in human aging

comes from studies in various human premature aging disorders, including Werner

syndrome (WS), Bloom’s syndrome (BS), Rothmund-Thomson syndrome (RTS),

Cockayne syndrome (type A-CSA and type B-CSB), Xeroderma pigmentosum

(XP), Trichothiodystrophy (TTD) and Hutchinson-Gilford progeria syndrome

(HGPS). All of them except HGPS are caused by mutations in genes that are

involved in DNA repair and genome maintenance, strongly supporting the DNA

damage accumulation theory. Although gene involving in HGPS does not encode a

protein directly participating in DNA repair, it was reported recently that HGPS

patients suffer from genomic instability (Liu et al. 2005). In addition, mouse models

that are deficient in essential DNA repair factors usually develop premature aging

phenotypes, further supporting a direct correlation between genomic instability and

aging (Hasty 2005; Hoeijmakers 2009). In this chapter, we summarize current

knowledge on double strand break (DSB) repair pathways and discuss the evi-

dences supporting the correlation between genomic instability and progeria.

3.2 Double Strand Break Repair

DNA is the fundamental genetic material that has to be transmitted to the next

generation with high fidelity. Cells and tissues in our body are constantly exposed to

a variety of endogenous and exogenous assaults, such as irradiation and oxygen

radicals, leading to DNA damages (Maynard et al. 2009). The types of DNA

damage include single-strand DNA gaps, nicks, base lesions, stalled replication

forks and DSBs. Any of such damages will trigger a serial repair processes to

maintain the genomic integrity through one or multiple repair mechanisms includ-

ing homologous recombination (HR), non-homologous end-joining (NHEJ),
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nucleotide excision repair (NER), base excision repair (BER) and mismatch repair

(MMR) (Fleck and Nielsen 2004). Among the various types of DNA damage, DSBs

are the most severe assaults that could be lethal. Therefore, efficient repair of DSBs

is essential for the maintenance of genome integrity. Failure in DSBs repair could

lead to chromosomal deletions and/or translocations, which may eventually induce

malignancy. DSBs could arise from either environmental challenges or endogenous

stresses, such as reactive oxygen species and stalled DNA-replication forks (Osley

et al. 2007; Pandita and Richardson 2009). Eukaryotic cells have evolved mainly

two types of pathways to detect and eliminate DSBs, i.e. HR and NHEJ. HR

requires a sister chromatid or chromosomal homologue as a template for the repair,

and therefore preferentially occurs during late S-G2 phase when homologous

chromosomes come in close vicinity (Osley et al. 2007). HR is a high-fidelity repair

process. In contrast, NHEJ engages direct re-ligation of broken ends without regard

to homologous template, is not restricted by cell cycle phase, and therefore is error-

prone. As homologous sequences are not required, NHEJ is the predominant repair

pathway in G1 and quiescent cells.

The broken DNA ends are immediately recognized by the Mre11-Rad50-Xrs2

(MRX) or Mre11-Rad50-Nbs1 (MRN) complex in mammals, and then processed

by MRE11 to 30 single-strand DNA (ssDNA) tails through a series of 50!30 strand
resection activities (Karagiannis and El-Osta 2007; Osley and Shen 2006; van

Attikum and Gasser 2005). The carboxyl terminus of NBS1 directly interacts

with and recruits Ataxia-telangiectasia mutated (ATM), which belongs to

phosphatidylinositol-3-like kinase-related kinase (PIKK) family (Lee and Paull

2004). In undamaged cells, ATM forms inactive dimer or multimer. Upon DSB,

ATM is auto-phosphorylated at serine 1981, leading to its dissociation of dimer into

activated monomers (Bakkenist and Kastan 2003). Histone variant-H2AX is then

phosphorylated on its C-terminal Serine 139 by ATM, i.e. γ-H2AX, which then

spread more than 1 kb region flanking the DSB as evidenced by immunofluores-

cence microscopy and Chip-seq (Iacovoni et al. 2010). γ-H2AX complex resides

regions surrounding the DSB sites as irradiation-induced foci (IRIF) until DNA

damage is completely repaired (Rogakou et al. 1998), serving as a platform for the

recruitment of essential DNA repair proteins, such as 53BP1, Rad50, Rad51, Nbs1

and BRCA1 (Redon et al. 2002) and chromatin-remodeling complexes, such as

INO80 and SWR1 etc. (Fernandez-Capetillo et al. 2004). For example, γ-H2AX
recruits mediator of DNA-damage checkpoint 1 (MDC1), which further recruits the

MRN complex in a positive feedback loop. Other substrates for ATM include

SMC1, NBS1, CHK2, p53, BRCA1 and MDC1 etc. (Harper and Elledge 2007).

Of these, phosphorylated Chk2 kinase and p53 inhibit cyclin-dependent kinase

(CDK) activity and induce cell cycle arrest to allow sufficient time for DNA repair

(Riley et al. 2008).

Followed is the recruitment of epistasis group proteins, including XRCC2,

XRCC3, RAD51B, RAD51C and RAD51D etc., which further transmits DNA

damage signals to downstream processing enzymes (Johnson et al. 1999). The

single-strand overhangs are then rapidly bound by ssDNA-binding protein replica-

tion protein A (RPA), followed by recruitment of Rad51 and Rad52 to the damaged
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sites (Osley and Shen 2006). Loading of Rad51 onto the ssDNA tail results in the

formation of ssDNA-Rad51 nucleoprotein filament, which then searches for its

homologous counterpart in the corresponding intact sister chromatid. If the specific

region of duplex DNA is found, strand invasion is initiated in the presence of

another set of HR facilitating proteins (Rad54, Rad55, and Rad57) followed by

strand exchange and joint molecule formation (Downs et al. 2007; Osley and Shen

2006). Once the Holliday junctions are resolved, distal broken ends are sealed via

DNA polymerase mediated DNA synthesis, leading to an error-free repair event

and preserving genetic contents (Osley et al. 2007).

In the case of NHEJ, the DSB ends are recognized and bound by end-binding

heterodimers consisting of Ku70 and Ku80. Together with a DNA-PK catalytic

subunit (DNA-PKcs), Ku protein forms a complex known as DNA-PK (van

Attikum and Gasser 2005) to hold the two broken ends in close proximity for direct

end-to-end religation by DNA ligase 4 (Lig4) and ligase-interacting factor 1 (Lif1)

in yeast or XRCC4 in mammals. Alternatively, ends bound with Ku complex could

be resected by MRX or MRN complex. Similarly, processed ends are joined

directly by the action of Lig4-Lif1 (Lig4-XRCC4 in mammals)- mediated ligation,

creating the repaired duplex DNA (Pandita and Richardson 2009).

Eukaryotic DNA does not disperse in nucleus, instead it wrap around the

nucleosome containing two copies of each core histone (H2A, H2B, H3 and H4)

in a hierarchical way (Davey et al. 2002). In addition to γ-H2AX, chromatin

undergoes various dynamic modifications like methylation, acetylation, and phos-

phorylation in response to response to DNA damage. For instance, 53BP1 is

recruited to DBSs through binding to di-methylated H4K20 via its tandem tudor

domain (Botuyan et al. 2006). However, no change of H4K20 methylation is

detected after DNA damage, indicating that other cooperation factor is required

to facilitate the recruit 53BP1. Similarly, tri-methylation of H3K9 (H3K9me3) via

SUV39H1 in human cells provides binding sites for HP1, and the mutant of Su(var)

3-9 Drosophila homolog resulted in spontaneous DNA damage particularly in

heterochromatin. Recently, Ayrapetov et al. reported crosstalk between Tip60 and

H3K9me3 surrounding DSBs. H3K9 methylation is activated by tip60 to facilitate

the loading of a complex containing KAP-1, HP1, and the H3K9 methyltransferase

suv39h1 through binding the chromodomain of HP1 at DSB. The presence of

H3K9me3 is required for activation of Tip60 and consequent activation of ATM

in response to DSB (Ayrapetov et al. 2014). Nucleosomes re-assembling after DNA

repair mimics chromatin remodeling, which requires the acetylation of the globular

core of H3 at lysine 56. H3K56 is acetylated in a new synthesized histone and

disappear when entering into G2 phase of cell cycle in the absence of DNA damage.

In response to DNA damage in S-phase, the H3K56 acetylation by Rtt109 in yeast

and CBP/p300 in human cells is maintained during the checkpoint dependent

mechanism (Das et al. 2009; Li et al. 2008). Tip60- mediated H4 acetylation results

in the formation of open, flexible chromatin adjacent to the DNA break to facilitate

the loading of BCRA1 and 53BP1 and DNA repair (Xu et al. 2012). The role of

histones H2A and H2B in the DNA damage repair is to recruit the repair proteins

such as BRCA1 through ubiquitination by E3 ubiquitin ligase RNF8 (RING finger
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protein 8) and RNF168 (Mailand et al. 2007). They accumulate at DSB sites and

target E2 ubiquitin-conjugating enzyme UBC13 to ubiquitylate H2A, H2B

and H2AX.

3.3 DNA Damage Accumulation Theory of Aging

It is estimated that one eukaryotic cell typically faces up to around 100,000 DNA

lesions per day. While most of the DNA damages are successfully repaired by

designated repair pathway(s) thus maintaining the integrity of genome, some of

them remain unrepaired. The accumulation of unrepaired/irreparable DNA dam-

ages leads to a sustained DNA damage checkpoint response and consequently a

stable cell cycle arrest, a state resembling cellular senescence (Halliwell and

Whiteman 2004; Tanaka et al. 2006). This is supported by the finding that

unrepaired/irreparable DNA damages positively stained with γ-H2AX accumulate

in human senescent cells, in germ and somatic cells isolated from aged mice, and in

dermal fibroblasts from aged nonhuman primates (Maslov and Vijg 2009). Further

evidences come from increasing number of transgenic mouse models with prema-

ture aging phenotypes and human progeria syndromes harboring mutations in genes

essential for DNA repair. For instance, progeria syndrome WS, BS and RTS are

caused by defects in RecQ helicases, a group of highly conserved proteins involved

in DNA replication, repair, recombination and gene transcription, while CS, XP and

TTD share similar defects in NER (Balajee et al. 1999; Cooper et al. 2000; Lebel

et al. 1999; Li and Comai 2000).

WS is an autosomal recessive genetic disorder, affecting about ten in one million

(Multani and Chang 2007). Patients are usually born healthy with obvious growth

retardation and other ageing-related features starting from second decade, including

short stature, cataract, beaked nose, skin atrophy, hair loss, lipodystrophy, type

2 diabetes mellitus (T2DM), osteoporosis, arteriosclerosis, hypogonadism and

neoplasia. Most of WS patients die of cardiovascular diseases or neoplasia in the

fourth decade of life with an average life expectancy of 47 years. Due to the close

resemblance to physiological aging, WS has been intensively investigated to

understand the underlying molecular mechanism of normal aging. Skin fibroblasts

derived from WS patient develop accelerated senescence with increased chromo-

some aberrations (Melcher et al. 2000; Salk et al. 1981). Before the identification of

LMNA mutations in atypical WS, WRN was the only protein implicated in WS

(Yu et al. 1996). WRN belongs to the family of RecQ helicases and is the only

member with a specific exonuclease domain within the N-terminus (Gray

et al. 1997; Huang et al. 1998). WRN interacts with proteins required for DNA

replication, such as RPA, PCNA, FEN1 and DNA polymerase (Polδ) (Brosh

et al. 1999, 2001; Kamath-Loeb et al. 2001; Lebel et al. 1999). Lebel and colleagues

found that WRN is involved in the restoration of stalled replication forks (Cooper

et al. 2000; Karmakar et al. 2002; Li and Comai 2000). WRN associates with

telomeric repeat binding factor 1/2 (TRF1/2) and POT1 to maintain telomere
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integrity (Machwe et al. 2004; Multani and Chang 2007). Telomere shortening is

one of the most important causes of replicative senescence (Blasco 2007).

Kusumoto-Matsuo and colleagues showed that DNA-PKcs interacts with WRN

thus stimulating its helicase activity while preventing the exonuclease digestion of

telomeric D-loop (Kusumoto-Matsuo et al. 2010). In recent studies, LMNA muta-

tions (A57P, R133L, L140R and E578V) are reported in autosomal dominant

atypical WS, wherein patients presented with more severe phenotypes compared

to those associated with WRN (Chen et al. 2003; Csoka et al. 2004; Fukuchi

et al. 2004).

BS is a genetic disorder characterized by dwarfism, sun-induced erythema,

T2DM, narrow face, prominent ears, infertility, and benign and malignant tumors.

Individuals suffering from BS usually die from neoplasia before the age of 30. Gene

mutation responsible for BS is the RecQ helicase BLM. In response to DNA

damage, BLM forms discrete nucleoplasmic foci, which co-localize with RAD51

and BRCA1-associated genome surveillance complex (BASC) containing BRCA1,

MLH1, MRN complex and ATM (Hickson 2003). BLM also modulates the correct

localization and activation of topoisomerase IIIα (Wu et al. 2000). Deficiency of

Blm in mice causes early embryonic lethality at E13.5. Mutant embryos exhibit an

elevated frequency of sister chromatid exchange (Chester et al. 1998; Guo

et al. 2004).

3.4 Hutchinson-Gilford Progeria Syndrome

Defective genome maintenance is also found to contribute to progeria features

observed in HGPS as well (Liu et al. 2005). HGPS is extremely rare with a ratio of

1 to 4–8 million. HGPS was first reported by Drs. Jonathan Hutchinson and

Hastings Gilford in 1886 and 1897, respectively (Hennekam 2006). Patients suf-

fering from HGPS appear normal at birth, but develop to the characteristic symp-

toms of failure to thrive, hair loss, wrinkle skin and progressive lipodystrophy

within 1 year. Joint mobility starts to decrease from second to third year, from

knee to elbows and fingers. The average lifespan of HGPS patients is 13 years, and

most of the patients die from progressive cardiovascular disease and stroke

(Merideth et al. 2008). It is now clear that HGPS is predominantly caused by a de

novo G608G mutation in LMNA gene.

Lamin A belongs to type V intermediate filament proteins and is the major

constituents of the nuclear lamina and nuclear matrix. It is firstly synthesized as

prelamin A with a carboxyl CAAX motif, which dictates a series of processing

events including transient isoprenylation and two steps of proteolysis mediated by

Zmpste24 metallopeptidase and Rce1 (Rusinol and Sinensky 2006). Albeit no

amino acid substitution, the LMNAG608G mutation activates a cryptic splice site,

resulting in a deletion of 50 amino acid within prelamin A protein (Eriksson

et al. 2003). The 50-amino-acid truncation contains a cleavage site of Zmpste24,

leading to an unprocessed, farnesylated and carboxyl-methylated prelamin A,
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namely progerin. Progerin accumulates in the nuclear sphere (Gordon et al. 2013),

which leads to, by yet-to-be known mechanisms, the subsequent cellular and

organismal disease symptoms. Interestingly, the wild-type allele of LMNA also

undergoes alternative splicing at the same site and generates the 50-aa-truncated

prelamin A but at low level (Scaffidi and Misteli 2006). The level of progerin and

the number of cells expressing progerin increase along with aging (McClintock

et al. 2007), and ageing-related telomere attrition correlates with the increased

production of progerin in healthy individuals (Cao et al. 2011). These findings

implicate that normal aging might share, partially if not all, similar molecular

mechanism with HGPS.

Zmpste24, the mammalian orthologue of Saccharomyces cerevisiae Ste24p, is a
zinc metalloproteinase and locates on the endoplasmic reticulum and the nuclear

envelop. In yeast, Ste24p is responsible for maturation of mating pheromone

α-factor (Fujimura-Kamada et al. 1997; Tam et al. 1998). In mammals, the nuclear

prelamin A is so far the only reported substrate of Zmpste24 (Fong et al. 2004;

Pendas et al. 2002; Varela et al. 2005). Mice lacking Zmpste24 are born indistin-

guishable from their littermates. However, progeroid features develop 2 months

after, such as growth retardation, fat and hair loss, abnormal dentition, tissue

fibrosis, dystrophic muscular fibers and decreased bone mineralization etc. Mutant

mice are sterile and die around 4–6 months of age. Accumulation of unprocessed

prelamin A in nuclear periphery and abnormal nuclear morphology with herniation,

a hallmark of HGPS cells, were observed in cultured mouse embryonic fibroblasts

(MEFs) derived from Zmpste24 deficient mice (Pendas et al. 2002). As prelamin A

is so far the only identified substrate of Zmpste24, all the progeroid phenotypes

observed in Zmpste24 null mice are thought to be attributable to unprocessed

prelamin A accumulation. Zmpste24 mutations are found to be associated with

autosomal recessive restrictive dermopathy (RD), with severe progeroid features

resembling HGPS (Denecke et al. 2006; Levy et al. 2005; Moulson et al. 2005;

Navarro et al. 2004, 2005).

3.5 Genomic Instability and HGPS

Increasing evidences have shown that the repair machinery is dysfunctional and

DNA damage accumulates in progeria cells. The Zmpster24 knockout mice are

vulnerable to DNA damage reagents like γ-irradiation (Liu et al. 2005). Increased

micronuclei and aneuploidy are observed in Zmpste24�/� MEFs and HGPS dermal

fibroblasts, indicating genomic instability. In line with this observation, the number

of immunofluorescence foci containing 53BP1 and γ-H2AX are increased in

Zmpste24�/� MEFs and HGPS cells. Zmpste24�/� MEFs are hyper-sensitive to

DNA damaging agents, especially those can introduce DSBs. Zmpste24�/� MEFs

and HGPS dermal fibroblasts showed delayed resolve of fragmented DNA upon

massive DNA damage, attributable to delayed DNA-damage checkpoint response

and defective DNA repair. Moreover, reduced homologous recombination
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(HR) was detected in cells lacking Zmpste24 or with aberrant lamin A (unpublished

data). It is further demonstrated that lamin A bind the SUV39H1, a H3K9 methyl

transferase, and protects it from proteasomal degradation, while the prelamin

A/progerin exhibits higher binding capacity to Suv39H1, causing increased levels

of SUV39H1 and H3K9me3. Depletion of Suv39H1 in Zmpste24 null mice delays

body weight loss, increases bone mineral density and extends lifespan by more than

30 % (Liu et al. 2013b). The presence of unprocessed prelamin A compromises

ATM-KAP-1 pathway mediated chromatin remodeling, and depletion of KAP-1

rescues impaired chromatin remodeling, defective DNA repair and early senes-

cence in cells lacking (Liu et al. 2013a). In addition, we examine the changes of

histone modification in Zmpste24 null mice, and found histone H4 was hypo-

acetylated at a lysine 16 (H4K16), which was caused by the reduced association

of a histone acetyltransferase, Mof, to the nuclear matrix. When Mof was

overexpressed, repair proteins were recruited to DNA damage sites together with

the improvement of age syndromes. The lifespan of Zmpste24 null mice extends if

treated with Sodium Butyrate (NaB), a histone deacetylase inhibitor (Krishnan

et al. 2011). The accumulation of progerin in the nuclear lamina compromise or

change lamin A associated proteins, including DNA damage repair proteins, chro-

matin remodeling factors. For instance, lamin A interact with Sirt 1 via its

C-terminal, while prelamin A or progerin also interact with Sirt1 in a weaker

way, contributing to the mislocalization of Sirt1 in nuclear matrix (Liu

et al. 2012). Another lamin A interacting Heterochromatin protein 1 (HP1), includ-

ing HP1α, HP1β, and HP1γ, plays a versatile function in DNA replication, DNA

damage repair, chromatin organization and nuclear architecture. The level of HP1α
increased in Zmpste24 null MEFs, and HP1α phosphorylation was compromised,

leading to delayed formation of γ-H2AX foci in Zmpste24 null MEFs following

DNA damage (Liu et al. 2014).

In regard of NER, Xeroderma pigmentosum group A (XPA) protein recognizes

DNA damage, recruits NER nuclease, and stabilizes repair intermediates (Sancar

et al. 2004). Interestingly, as a specific protein in NER, XPA foci are not excluded

from DSB sites in HGPS and RD fibroblasts, whereas other NER proteins, includ-

ing XPC and replication protein A (RPA), does not co-localize in DSB sties in

HGPS and RD cells. Further analysis reveals XPA-DSB co-localization in progeria

cells that are resistant to repair. When XPA is depleted using RNA interference,

recruitment of Rad50, Rad51 and Ku70 to γ-H2AX foci was partially restored,

implicating that the XPA localized in DSB sites in HGPS cells interferes the

recruitment of proteins required for normal DNA repair (Liu et al. 2008). The

deterioration of normal repair in HGPS cells likely attributes to the accumulation of

progerin, which disrupts the nuclear lamina and associated proteins, including the

replicative proteins PCNA and polymerase δ. This would stall replication fork and

causes the sustained presence of DSBs accessible to XPA, leading to cell arrest in

S-phase (Liu et al. 2006). XPA was further shown to have higher affinity with

ds-ssDNA junction in DNA damage process, which may explain the sequestration

of PCNA at replication fork allow XPA bind the nascent ds-ssDNA junction (Yang

et al. 2006).

58 F. Meng et al.



3.6 Conclusions

Although the G608G mutation is responsible for HGPS, the underlying mechanism

is rather complicated. Cells derived from HGPS patients and progeroid mouse

models are vulnerable to DNA damage, are deficient in DSB repair response

proteins, and harbors impropriate chromatin alteration, which together leads to

the genome instability and accelerated senescence. Considering the similarity of

progeria and normal old aging both in phenotypes and molecular mechanisms,

investigation of progeria is beneficial for understanding the normal aging and the

treatment of age-related diseases.
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Sancar A, Lindsey-Boltz LA, Ünsal-Kaçmaz K, Linn S (2004) Molecular mechanisms of mam-

malian DNA repair and the DNA damage checkpoints. Annu Rev Biochem 73:39–85

Satoh A, Brace CS, Rensing N, Cliften P, Wozniak DF, Herzog ED, Yamada KA, Imai S (2013)

Sirt1 extends life span and delays aging in mice through the regulation of Nk2 homeobox 1 in

the DMH and LH. Cell Metab 18:416–430

Scaffidi P, Misteli T (2006) Lamin A-dependent nuclear defects in human aging. Science

312:1059–1063

Szilard L (1959) On the nature of the aging process. Proc Natl Acad Sci U S A 45:30–45

Tam A, Nouvet FJ, Fujimura-Kamada K, Slunt H, Sisodia SS, Michaelis S (1998) Dual roles for

Ste24p in yeast a-factor maturation: NH2-terminal proteolysis and COOH-terminal CAAX

processing. J Cell Biol 142:635–649

Tanaka T, Halicka HD, Huang X, Traganos F, Darzynkiewicz Z (2006) Constitutive histone

H2AX phosphorylation and ATM activation, the reporters of DNA damage by endogenous

oxidants. Cell Cycle 5:1940–1945

van Attikum H, Gasser SM (2005) The histone code at DNA breaks: a guide to repair? Nat Rev

Mol Cell Biol 6:757–765

Varela I, Cadinanos J, Pendas AM, Gutierrez-Fernandez A, Folgueras AR, Sanchez LM, Zhou Z,

Rodriguez FJ, Stewart CL, Vega JA et al (2005) Accelerated ageing in mice deficient in

Zmpste24 protease is linked to p53 signalling activation. Nature 437:564–568

Wu L, Davies SL, North PS, Goulaouic H, Riou JF, Turley H, Gatter KC, Hickson ID (2000) The

Bloom’s syndrome gene product interacts with topoisomerase III. J Biol Chem 275:9636–9644

Xu Y, Ayrapetov MK, Xu C, Gursoy-Yuzugullu O, Hu Y, Price BD (2012) Histone H2A. Z

controls a critical chromatin remodeling step required for DNA double-strand break repair.

Mol Cell 48:723–733

Yang Z, Roginskaya M, Colis LC, Basu AK, Shell SM, Liu Y, Musich PR, Harris CM, Harris TM,

Zou Y (2006) Specific and efficient binding of Xeroderma pigmentosum complementation

group A to double-strand/single-strand DNA junctions with 30-and/or 50-ssDNA branches.

Biochemistry 45:15921–15930

Yu CE, Oshima J, Fu YH,Wijsman EM, Hisama F, Alisch R, Matthews S, Nakura J, Miki T, Ouais

S et al (1996) Positional cloning of the Werner’s syndrome gene. Science 272:258–262

3 Progeria and Genome Instability 63



Part III

Stem Cells, Cultured Neurons, and Lower
Animal Models



Chapter 4

Use of Induced Pluripotent Stem Cells

in Aging Research

Ken-ichi Isobe

Abstract Human populations around the world are aging, which necessitates new

ways to analyze age-related functional decline and disease mechanisms in elderly

patients. Further, many elderly patients are waiting for new therapies for treatment

of intractable age-related diseases such as Alzheimer’s disease, Parkinson’s disease,
liver cirrhosis, lung failure and renal failure. The development of induced plurip-

otent stem cell (iPSC) technology opens the door for new approaches to the analysis

of age-related disorders and to develop personalized cell therapy for age-related

diseases. Progeria syndromes present early ageing characteristics. Human iPSCs

(HiPSCs) have been established from progeria syndromes, including Hutchinson

Gilford Progeria Syndrome (HGPS). Directed differentiation of HGPS-iPSCs to

smooth muscle cells led to the appearance of premature senescence phenotypes

associated with vascular ageing. Although the efficiency of establishing murine

iPSCs from aged mice is lower than that from young mice, many HiPSCs from

elderly humans have been established, including centenarians. HiPSCs from

patients with age-related diseases have been established and are being used to

elucidate the mechanism of disease progression. HiPSCs from Parkinson’s disease
(PD) patients were established soon after the discovery of HiPSCs technology.

HiPSCs from PD patients have almost the same phenotype as HiPSCs from healthy

people. However, long-term cultivation of dopamine neurons differentiated from

Parkinson’s-HiPSCs has revealed disease-specific characteristics, including fewer

neurites and a significant increase in apoptotic cells. Recently, 3D culture has

permitted the construction of tissue-specific organoids from HiPSCs. These form

complete tissues in immune competent mice. iPSC technology will be used more

widely for analysis of age-related disorders, age-related functional declines and

future personalized therapy for age-related disorders.
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4.1 Introduction

The discovery of iPSC technology by Yamanaka et al. has given researchers new

approaches for the use of stem cells in regenerative medicine. In particular, iPSCs

can be generated from the skin or blood of a patient with a serious illness. This

technology may open the way to personalized medicine.

The human genome is heterogeneous. That is, no two people have the same

DNA except for identical twins. When iPSCs are generated from one person, the

DNA information in the cells is uniquely personalized. The iPSCs from a patient

could be differentiated to tissue cells possessing the pathology in question. The

cells could then be analyzed to better understand the disease characteristics. Then,

the patient-specific iPSCs could be repaired by gene targeting to generate healthy

iPSCs. The healthy autologous iPSCs could then be differentiated and transplanted

back to the patient to effect repair of the tissue.

Here, I discuss two aspects of iPSCs and aging research. First, I discuss the use

of iPSCs in studies of the mechanism of progeria and age-related disorders. Second,

I discuss the possibility of using iPSCs for personalized regenerative medicine for

age-related diseases, which include Alzheimer’s, Parkinson’s and other diseases.

4.2 HiPSCs from Progeria

Aging research has primarily been done by using cells and animals lower on the

evolutionary tree, including budding yeast, nematodes and Drosophila. Recently,
many studies have been published using murine models and extending the work

done with lower animals. In contrast, it is difficult to conduct aging research using

human subjects because the average life span of humans is relatively long. Thus, the

diseases that show the phenotypes of an aged person in early life have been the

target of researchers.

There are several genetic diseases characterized by early aging called progeria

(Burtner and Kennedy 2010), including Hutchinson Gilford Progeria Syndrome

(HGPS) (Kudlow et al. 2007), Werner syndrome (WS) (Goto et al. 2013; Mori

et al. 2003) and Cockayne syndrome (Bertola et al. 2006). Whether these progeroid

syndromes are really accelerated forms of human aging is one of the most important

topics in aging research. Although many of the aspects of aging in progeria

resemble natural aging (such as graying hair, cataracts, osteoporosis, and athero-

sclerosis), some phenotypes of aging are lacking in these progeria syndromes. For

example, neurodegeneration, such as that which occurs in Alzheimer’s and

Parkinson’s diseases, is seemingly not associated with WS (Goto et al. 2013;

Mori et al. 2003).

In WS, cells express a mutant gene for ATP-dependent helicase (WRN). They
possess critically short telomeres and defective synthesis in the lagging strand of

sister telomeres, leading to premature senescence (Crabbe et al. 2004; Schulz
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et al. 1996). Cheung et al. established HiPSCs fromWS fibroblasts. They found that

WS-HiPSCs expressed pluripotency markers and showed characteristics of human

embryonic stem cells (hESCs), including the stringent teratoma formation assay in

SCID mice. WS-HiPSCs showed little deficit of telomere synthesis as revealed by

telomere chromosome-orientation fluorescence in situ hybridization. Most of the

cells could successfully synthesize the lagging strands of their telomeres despite the

lack of WRN protein. These results indicated that WS-HiPSCs are reset to a

pluripotent state. However, when WS-iPSCs were differentiated to mesenchymal

stem cells (MSCs) or neural stem/progenitor cells (NPCs), they observed defective

synthesis of lagging telomeres in MSCs but not in NPCs. These results indicate that

WS has lineage-specific aging (Fig. 4.1).

Cockayne syndrome (CS) is an autosomal recessive human disorder character-

ized by neurodegeneration, retinal degeneration, cataracts, cachectic dwarfism and

loss of subcutaneous fat. Patients are hypersensitive to sunlight (Filippi et al. 2008).

CS is mainly caused by a defective excision-repair cross complementing group

6 (ERCC6) gene that encodes Cockayne syndrome group B (CSB) protein. CSB is

involved in the removal and repair of oxidative DNA damage. Both defects in CSB

and normal aging cause an accumulation of oxidative damage (Kyng et al. 2003;

Yuan et al. 2007; Weidenheim et al. 2009). Andrade et al. established iPSCs from

skin fibroblasts of a patient with CS. They found that the CSB-HiPSCs exhibited an

elevated cell death rate and higher reactive oxygen species (ROS) production

Fig. 4.1 HiPSCs from progeria syndromes. The three main progeria syndromes include Werner

syndrome, Cockayne syndrome and Hutchinson Gilford Progeria Syndrome (HGPS). HiPSCs

were established from the skin of these progeria patients. The aging characteristics of HiPSC from

these syndromes were evaluated. HiPSCs fromWerner syndrome and HGPS were reset, having the

same characteristics as HiPSCs from normal donors. However, HiPSCs from Cockayne syndrome

accumulated oxidative damage. Werner-HiPSCs were differentiated to mesenchymal stem cells

(MSC), and they showed abnormal telomeres. HiPSCs from HGPS were differentiated to smooth

muscle cells (SMCs), and they showed vascular aging (atherosclerosis)
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(Andrade et al. 2012). These results indicate that CSB-HiPSCs show aging char-

acteristics without differentiation (Fig. 4.1).

HGPS is a rare autosomal dominant syndrome that involves premature aging

characterized by a small jaw, decreased subcutaneous fat, hair loss, etc. Such

patients generally die around 13 years of age due to cardiovascular complications.

Sporadic mutation of the lamin A (LMNA) gene leads to production of an abnormal

protein (progerin) (Merideth et al. 2008). This change occurs at codon 608 of exon

11 from glycine GGC to glycine GGT, which induces abnormal splicing leading to

aberrant removal of the 30-terminal 150 nucleotides of this exon. The resulting

Δ150 LMNA mRNA gives rise to a dominant gain-of-function lamin A isoform

containing an internal deletion of 50 amino acids (Δ50 lamin A) (De Sandre-

Giovannoli et al. 2003; Eriksson et al. 2003).

Does the same molecular mechanism that is responsible for HGPS also contrib-

ute to healthy aging? Scaffidi et al. examined fibroblast cell lines from elderly

patients (81–96 years of age). Similar to HGPS cells, they found that aged fibro-

blasts showed downregulation of several nuclear proteins including heterochroma-

tin protein HP1 and the LAP2 group of lamin A-associated proteins and low

heterochromatin markers H3K9me3. Interestingly, all aged fibroblasts contained

Δ150 LMNA DNA and Δ50 lamin A protein expression (Scaffidi and Misteli

2006). HGPS fibroblasts showed abnormal nuclear morphology, reduced expres-

sion of lamina components lamin B1 and LAP2b (also known as TMPO), loss of

heterochromatin markers H3K9me3, HP1a (also known as CBX5) and HDAC1 and

reduced expression of nuclear proliferation marker Ki67. These phenotypes of

HGPS fibroblasts are due to the expression of progerin.

Liu et al. established HiPSCs from fibroblasts of HGPS patients in whom the

LMNAmutation was confirmed. HiPSCs from HGPS fibroblasts lost the expression

of progerin and reset the nuclear architecture and reset HGPS-specific gene expres-

sion. Progerin primarily accumulates in arterial smooth muscle cells (SMCs) of

HGPS patients, and vascular SMC degeneration is one of the characteristics of

HGPS-associated arteriosclerosis. They found that directed differentiation of

HGPS-iPSCs to SMCs led to the appearance of premature senescence phenotypes

associated with vascular ageing (Fig. 4.1). Thus, HGPS-iPSCs revealed not only

pathologies of HGPS, but also pathogenesis of human premature and physiological

vascular ageing (Liu et al. 2011). Recently, Miller et al. introduced progerin into PD

HiPSC-derived dopamine neurons. They found that neuronal aging and PD pheno-

types appeared in progerin-induced PD neurons such as pronounced dendrite

degeneration, progressive loss of tyrosine hydroxylase (TH) expression, and

enlarged mitochondria or Lewy-body-precursor inclusions (Miller et al. 2013).

These results indicate that progerin speeds up the aging process and that the

PD-specific aging characteristics are due to the introduction of progerin. Lamin A

encodes the A-type nuclear lamins, intermediate filament proteins of the nuclear

envelope. Mutation of LMNA causes human disorders called laminopathies

(Worman et al. 2010).
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4.3 Efficiency of Establishing iPSCs from Aged Mice

and Elderly Humans

In order to use personalized therapy for the treatment of age-related diseases, it is

necessary to evaluate the efficiency of iPSC production from aged individuals

(Mahmoudi and Brunet 2012). Several studies have been done to compare the

efficiency of establishing iPSCs. We compared the efficiency of iPSCs production

by congenic C57BL/6 mice. We compared the efficiency to induce colonies of

iPSCs from bone marrow cells between mice that were 23 months old and 2 months

old. The colony number was lower and the time to appear as colonies was longer in

aged B6 mice, although they could get iPSCs from aged mice (Cheng et al. 2011).

Other studies also suggest that cells from aged mice tend to reprogram less

efficiently than cells from young animals (Li et al. 2009; Wang et al. 2011).

Wang compared the efficiency to establish iPSCs from muscle-derived fibroblasts

(MuFs) of mdx mice, a strain that is a model of Duchenne muscular dystrophy.

MuFs from 14-month-old (14 m) mdx mice showed low proliferative and

reprogramming efficiency, gradually losing Nanog expression, and regressed in

conventional ES medium during successive passages. Inhibition of TGFb and BMP

signaling promoted self-renewal of 14m-MuF-iPSCs (Wang et al. 2011).

Although it is difficult to compare the efficiencies for establishing HiPSCs from

different sources, many laboratories have succeeded in generating HiPSCs from the

elderly. Somers was successful in establishing many HiPSCs from several age

groups, ranging from neonates to 64-year-old normal and diseased donors (Somers

et al. 2010). Boulting et al. established HiPSCs from 36- to 71-year-old healthy

individuals and 29- to 82-year-old myotrophic lateral sclerosis (ALS; SOD1
mutated) patients (Boulting et al. 2011). Further, Lapassset et al. established

HiPSCs from a 74-year-old donor by transfecting OSKM, NANOG and LIN28.
They showed that iPSCs generated from senescent and centenarian cells have

reset their telomere size, gene expression profiles, oxidative stress response, and

mitochondrial metabolism, and are indistinguishable from hESCs (Lapasset

et al. 2011). Prigione et al. established iPSCs from dermal fibroblasts obtained

from 56-, 80-, 82- and 84-year-old donors. They found chromosomal abnormalities.

However, many aging characteristics were reset, including telomerase activity, high

sensitivity to drug-induced apoptosis and low levels of oxidative stress and DNA

damage (Prigione et al. 2011). Finally, iPSCs have been established from healthy

centenarians (106- and 109-year-old donors) (Yagi et al. 2012) (Fig. 4.2).

4.4 HiPSCs and Age-Related Diseases

Aging in humans is accompanied by age-related diseases. However, studies of

age-related diseases by sampling human tissues have some limitations. This situa-

tion has been changed by the development of iPSC technology. This approach
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offers an unlimited source of cells for in vitro study of age-related diseases. Here, I

discuss the usefulness of iPSC technology for age-related research.

Soon after the development of human iPSC technology (Takahashi et al. 2007;

Yu et al. 2007; Park et al. 2008a), HiPSCs from Parkinson’s disease (PD) patients
were established (Park et al. 2008b; Soldner et al. 2009). These developments were

confirmed by several laboratories. PD is a common neurodegenerative disorder,

characterized with rhythmical tremor, difficulty of walking and rigidity. The inci-

dence of the disease rises with age, with a lifetime risk of developing the disease of

1.5 % (de Lau and Breteler 2006). PD is characterized by the degeneration of

dopaminergic neurons in the substantia nigra of the midbrain and other brain

regions. The cause of the degeneration of dopaminergic neurons is largely

unknown. There have been major advances in the understanding of the mechanisms

that contribute to dopaminergic cell death, including mitochondrial dysfunction,

oxidative stress, altered protein handling, and inflammation (Dexter and Jenner

2013). PD is associated with a selective loss of dopaminergic neurons from the

substantia nigra pars compacta, a region responsible for controlling body move-

ment. Because patients have decreased levels of dopamine secretion from the

substantia nigra, dopamine replacement therapy is common. Post mortem patho-

logical examination has revealed the accumulation of Lewy bodies that were

composed of α-synuclein. Around 90 % of PD cases are sporadic, while 10 %

have a familial or genetic origin. Leucine-rich repeat kinase 2 (LRRK2) mutations

(Gly2019Ser) are the most common cause of familial PD with a 1 % sporadic and a

4 % hereditary rate (Cookson 2010). African Arabs, Ashkenazi Jews and

iPSCs

Differentiation to tissue cellsTransplantation to
Syngeneic mouse

Fig. 4.2 iPSCs from aged mice and elderly humans. The efficiency of iPSC production was

evaluated for iPSCs from aged mice. Although the efficiency to make iPSCs was lower in aged

mice than that in young mice, it was still possible to establish iPSCs from old animals. The

characteristics of aging were reset in aged-murine iPSCs. These iPSCs were used for model

personalized therapy. HiPSCs have been established from many aged human donors. The charac-

teristics of aging were reset in HiPSCs
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Portuguese people have a higher risk (Healy et al. 2008). LRRK2 mutations

correlate with alpha-synuclein (αSYN), the protein encoded by the SNCA gene,

both related to Lewy body formation. SNCA was also identified as being mutated in

PD (Spillantini et al. 1997).

HiPSCs from patients with LRRK2 mutations have been established (Nguyen

et al. 2011; Liu et al. 2012; Orenstein et al. 2013; Cooper et al. 2012; Sanchez-

Danes et al. 2012; Reinhardt et al. 2013). LRRK2 mutated-HiPSCs were differen-

tiated to dopamine neurons. They developed neurodegeneration, including fewer

neurites and a significant increase in apoptotic cells after 2.5 months culture.

Interestingly, they showed decreased autophagic clearance (Sánchez-Danés

et al. 2012). Neural stem cells differentiated from LRRK2 mutated-HiPSCs had

deterioration of nuclear architecture, which was one of characteristics of HGPS

(Liu et al. 2012) (Fig. 4.3). HiPSCs have been established from other genetic

disorders related to PD. A review of this subject was published recently (Jacobs

2014).

Alzheimer’s disease (AD) is the most common age-related diseases in the world.

Around 36,000,000 people are affected by AD or related dementia (World

Alzheimer’s Disease Report 2013). AD is a progressive neurodegenerative disease.

AD patients exhibit memory loss and impairments in daily tasks. The two main

pathological changes found in postmortem brains are amyloid plaques and neuro-

fibrillary tangles, which are consisted with A-beta and Tau respectively. Diagnosis

of AD before death is difficult and only symptomatic but not causative therapies are

pursued at present. Although the majority of AD cases are late-onset sporadic form,

there exist familial (genetic) cases associated with mutations in amyloid precursor

protein (APP), presenilin-1 (PS1), presenilin-2 (PS2), Microtubule Associated

Fig. 4.3 HiPSCs from age-related diseases. HiPSCs were established from patients with

age-related diseases such as Parkinson’s disease (PD) and Alzheimer’s disease (AD). The fibro-

blasts from these patients were converted to HiPSCs. PD-HiPSCs reset PD-specific characteristics

except the expression of αSYN. AD-HiPSCs reset AD-specific disease characteristics. However,
disease-specific characteristics appeared after differentiation of PD-HiPSCs or AD-HiPSCs to

specific tissue cells
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Protein Tau (MAPT; Tau), Apolipoprotein E4 (APOE4) and Triggering Receptor

Expressed on Myeloid Cells 2 (TREM2). Israel et al. established H-iPSCs from two

AD patients showing duplication of amyloid-b (APPDp), two sporadic AD (sAD)

patients and two controls. All H-iPSCs generated from the three different types of

patients could differentiate efficiently to form neurons and had the same synaptic

functions. However, neurons from APPDp secreted significantly higher levels of

amyloid-b(1–40) compared to control. Furthermore, neurons from patients APPDp

and sAD had significantly higher aGSK-3b and p-tau(Thr 231) than control (Israel

et al. 2012). Yagi et al. generated HiPSCs from fibroblasts of familial AD patients

with mutations in PS1 (A246E) and PS2 (N141I). They found that differentiated

neurons from AD-derived HiPSCs secreted higher amounts of Ab42 (Yagi

et al. 2011). Muratore et al. established H-iPSCs from an AD patient having an

amyloid precursor protein (APP) mutation (V717I). They found an increase in the

levels of total and phosphorylated Tau in neurons with the APPV717I mutation

(Muratore et al. 2014). Kondo et al. established HiPSCs from patients with the

(APP)-E693D mutation and sporadic AD. Interestingly Ab-oligomers accumulated

in cells of differentiated neurons of these patients. Ab-oligomers induced oxidative

stresses and ER stresses that might destroy neurons (Kondo et al. 2013) (Fig. 4.3).

4.5 Toward Personalized Treatment of Age-Related

Diseases by iPSCs

The generation of HiPSCs has opened the door for personalized stem cell therapy.

Because iPSCs are developed from a patient’s own cells, immune rejection is

theoretically avoided. Although many papers have shown that iPSCs are capable

of differentiating into tissue cells in vitro, they must engraft into a patient’s own
tissue to be of benefit. It has been questionable whether iPSCs from an aged patient

can differentiate to tissue cells and can be transplanted back into his own tissue

(Isobe et al. 2014). Type II diabetes is one of the most prevalent diseases in the

elderly having diabetic polyneuropathy. Okawa tried to differentiate iPSCs to

neural crest-like cells and transplanted them to a murine system mimicking diabe-

tes. Specifically, the purified neural crest-like cells were transplanted to hind limb

skeletal muscles of diabetes model B6 mice. In vivo neural crest-like cells differ-

entiated into vascular smooth muscle cells or Schwann-like cells. The transplanta-

tion improved the impaired nerve and vascular functions (Okawa et al. 2013).

In order to pursue personalized therapy using a patient’s own tissue, HiPSCs

derived from a patient need to differentiate to cells for a specific organ or tissue.

Two steps are needed. The first step is to generate an organ in vitro. The second step
is to transplant the organ back into the patient. Watson et al. developed human

intestinal organoids in vitro from HiPSCs, after which they transplanted them under

the kidney capsule of immunocompromised nonobese diabetic severe combined

immunodeficiency interleukin-2Rγnull (NSG) mice and allowed them to mature
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in vivo. Surprisingly, the entire human intestinal structure appeared in the

transplanted organoid (Watson et al. 2014).

4.6 Future Directions

There are problems to be solved before iPSCs can be brought to the clinic for

personalized cell therapy. These include the following. (1) Elimination of DNA

duplications, rearrangement and mutations during the course of iPSC production.

(2) Overcoming the potential immunogenicity of cells differentiated from iPSCs.

(3) Reducing the risk of tumorigenicity. Substantial progress has been made in

these areas and they are likely to be solved in near future. These topics were

discussed in detail in another review (Isobe et al. 2014).

There remain unsolved questions related to aging. (1) Are aged somatic cells

rejuvenated by iPSC production? (2) Do aged-iPSCs differentiate normally? With

regard to the first issue, we showed some aspects of epigenetic rejuvenation of aged

iPSCs (Cheng et al. 2011). However several reports showed incomplete epigenetic

reprogramming (Rohanl et al. 2014). Studies of other ageing characteristics (such

as telomere length, mitochondrial aging) have yielded different results (Isobe

et al. 2012; Rohanl et al. 2014). The second question is more important. When

we differentiated aged iPSCs to macrophages, they differentiated as expected.

However, they soon died (unpublished results). However, when we differentiated

the same aged-iPSCs to neural crest-like cells, they could grow for a considerable

time (Okawa et al. 2013). It is evident that further studies are needed to bring iPSCs

to the clinic for treatment of age-related diseases.
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Chapter 5

In Vitro Aging Revisited: The Longevity

of Cultured Neurons

Nozomu Mori

Abstract Almost half a century ago, Leonard Hayflick reported that normal

diploid fibroblasts can grow and age on cultured dishes in vitro and proposed that

normal fibroblasts have a limited “replicative” lifespan, which was later termed the

Hayflick limit. This limit was a paradigm of the cellular senescence of dividing

cells. In contrast, it is not well-known how non-dividing cells, such as neurons and

muscles, grow and age in vitro over a long time course in a culture dish. There is

growing evidence that neurons dissociated from various brain areas, such as the

cerebral neocortex or hippocampus, can survive for several months in culture

dishes. Neurons initially proliferate, form mature synapses, and begin to exhibit

aging associated with synaptic loss and neuronal elimination. The long-term cul-

tured neurons in vitro seem to represent many similar aspects of physiological and

possibly pathological aging that occur in vivo. The usefulness of this system as a

new model for the investigation of non-replicative post-mitotic neuronal aging can

be discussed.

Keywords Aging • Brain • Cellular aging • Longevity • Neuron • Primary culture

5.1 In Vitro Aging of Dividing Cells

It was nearly a half century ago when Leonard Hayflick reported a carefully

controlled long-term culture system of human diploid fibroblasts and concluded

that the normal human fibloblasts retain a finite “replicative” lifespan in vitro

(Hayflick and Moorhead 1961; Hayflick 1965). Since this discovery, the so-called

“cellular aging” paradigm, a model system of in vitro aging has been extensively

studied during the following decades, and the system was later believed to represent

a fundamental basis of replicative senescence that is processed in vivo (for reviews,

see Cristofalo et al. 2004). The best-characterized hallmark of cellular aging is an

accumulation of age pigment, i.e., lipofuscin (Gray and Woulfe 2005). This
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age-related cellular deposit is also associated with the increased activity and/or

expression of senescence-associated β-galactosidase (SAβG) (Cristofalo 2005).

The cellular aging features in vitro are divided into three phases, i.e., Phase I, II,

and III, in which Phase III cells are recognized as aged cells that are unable to divide

and are senescent but not dead.

The in vitro aging system has provided a variety of opportunities to study the

mechanisms of aging; for example, the phenomenon of telomere shortening and the

identification of critical cell cycle machineries are among the key findings for

understanding the intrinsic mechanisms of cell aging (Harley et al. 1990; Aubert

and Lansdorp 2008; Deng et al. 2008). However, the cellular aging system has been

applied to dividing cells, particularly to human diploid fibroblasts. Because organ-

ismal bodies consist of both dividing and non-dividing tissues and cells, it is

important to investigate the aging properties of non-dividing cells in vitro. There-

fore, it is important to determine how long non-dividing cells, such as neurons of

the mammalian brain, can be maintained in culture and to examine how neurons age

and whether neurons retain a defined limit to their lifespan in vitro.

It is well-known that neurons, particularly from embryonic and/or neonatal

brains of rodents, can be cultured and maintained to develop synapses and to

form neural networks (Banker and Cowan 1977, 1979; Kaech and Banker 2006).

Numerous structural and functional studies have been performed thus far using

cultured mature neurons from the hippocampus, cerebral cortex, and other brain

regions (Mattson and Kater 1988; Brewer 1995, 1997; Aksenova et al. 1999;

Lesuisse and Martin 2002); however, most studies did not examine older cultures

over 2–3 months in vitro, possibly due to certain technical limitations.

5.2 In Vitro Aging of Post-Mitotic Neurons?

In our previous experiments using relatively “young” neuronal cultures addressing

questions on the mechanisms of neuronal process outgrowth (Morii et al. 2006;

Mori and Morii 2002) and synaptic maturation (Shiraishi et al. 2003), we some-

times noticed that the leftover neuronal cultures still survived, showing intact

neuronal morphology. We therefore thought that neurons could possibly be

maintained after relatively longer periods, even after 3–4 weeks in culture that is

enriched with mature neurons, forming synapses and neural networks. To examine

the optimal conditions for long-term neuronal cultures and to explore the nature of

surviving or “aging” neurons, we initially tested the differential effects of plating

densities, frequency and timing of media changes using the standard culture

protocol of the so-called neurobasal medium supplemented with B27 cocktail

(Brewer 1995). As this is a serum-free medium, it is suitable for retaining essen-

tially the same culture conditions without experience experimental drift that may

result from batch quality differences of serums.

The quest for cellular aging in vitro was a major topic in the 1960s and 1970s, as

Leonard Hayflick first established the cell culture system of normal human diploid
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fibroblasts, which ultimately lead to the concept of ‘replicative senescence’ or

‘cellular aging’ (Cristofalo and Stanulis 1978; Cristofalo et al. 2004; Linskens

et al. 1995). However, few studies have been performed to address how neurons

(or other post-mitotic cells) grow, mature and age in vitro.

5.3 Experimental Trials for Long-Term Neuronal Cultures

Pettmann et al. first described the morphological and biochemical properties of

dissociated neurons that were derived from chick embryos, including the telen-

cephalon and other specific areas of the brain, in the absence of glial cells; however,

the pure neuronal culture persisted for slightly over a week in vitro (Pettmann

et al. 1979). Since this work and other pioneering work by Banker and Cowan

(1977, 1979), numerous studies have accumulated, but most studies focused on

neuronal differentiation and synaptic maturation using cultures for several weeks at

most. Only a few studies explored how neurons age and die in long-term culture.

Among those were studies by Lesuisse and Martin (2002) and Mielke

et al. (2005), in which they maintained and examined mouse cortical primary

cultures and hippocampal slice cultures up to 60DIV (days in vitro) and 76DIV,

respectively. These studies explored the nature of relatively long-term neural

cultures, but the cultural dates achieved (days in vitro, i.e., DIV) were insufficient

to study the aging and/or senescence stages.

In our preliminary report (Shiraishi-Yamaguchi and Mori 2008), we reported

that rat hippocampal neurons could be maintained for at least 6 months, and a

portion of neurons could survive over 1 year in normal serum-free culture condi-

tions. It was observed that those neurons do age in vitro, which was associated with

accumulation of various age-related markers. It seemed reasonable to consider that

this in vitro neuronal culture system represents some features observed in the

in vivo aging of neurons, and therefore, this in vitro neuronal aging system could

be used as a new model to explore the molecular and cellular mechanisms of post-

mitotic neuronal cell aging.

In our case, most of the rat hippocampal neurons survived easily for 5–6 months,

i.e., 150–180DIV, and a significant portion reached to 1 year in vitro (Shiraishi-

Yamaguchi and Mori 2008). In addition to hippocampal neurons, we also investi-

gated the long-term neural cultures derived from cerebral cortex and hypothalamus

of rat embryos (E18), and the results were largely the same, even though viability

was the best in the case of the hippocampus (Okamoto et al. 2013). During these

time courses, all neurons underwent progressive deteriorative changes in their

morphology and biochemical protein expressions, which were initially normal

(or physiological) and later abnormal (or pathological), which ultimately led to

cell loss due to cell death. These stages could be arbitrarily sub-divided into five

consecutive phases; the growing phase I (~1 M), the maturation phase II (1–2 M),

the early aging phase III (3–6 M), the late aging (or middle senescence) phase IV
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(7–9 M), and the late senescence phase V (10 M and over) (see Fig. 5.1 and

Table 5.1).

It seemed that the hippocampal neurons of our culture system followed many

aspects of aging in vivo. Although it is not clear at this stage whether this long-term

in vitro neural culture model ‘recapitulates’ neuronal aging in vivo, the aged

Phase I Phase II Phase IV Phase III 

Axonal and dendritic growth

Neural network formation

Synaptic maturation

Synaptic elimination

Cytoskeletal abnormalities

Neurodegeneration

Neuronal death

Protein aggregation

Autophagy activation

Phase V 

~ 1 week ~ 1 month ~ 4 month ~ 7 month

Fig. 5.1 Aging properties of cultured neurons in vitro

Table 5.1 Classification of neuronal aging in vitro

Stage Age

Characteristics of neurons in

culture

Cell numbers Aging markers

Neurons Astrocytes SAβG Lipofuscin

Phase I ~1 M Neuronal growth and

development

+~+++ + +/� �

Networks to be formed approxi-

mately 2–3 W

Synaptic maturation occurs

by 3–4 W

Phase II 1–2 M Synaptic maturation completed +++ ++ + �
Synaptic elimination and

refinement

Phase III 3–6 M Early aging stage (physiological

aging)

++ +++ ++ +

Phase IV 7–9 M Late aging stage (pathological

aging)

++ ++ +++ +++

Fasciculation of neuronal fibers

Phase V 10 M~ Senescent neurons + +/� +++ +++
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neurons on the dish eventually did exhibit a variety of features that are frequently

observed in physiologically aged neurons in vivo, such as age pigment accumula-

tion, neurotransmitter receptor reduction, dendritic actin disintegration, and synap-

tic loss. Thus, it seems reasonable to consider that an in vitro neuronal aging system

could be used as a model to explore neuronal aging.

5.4 Lifespan of Long-Term Cultured Neurons

The viability of post-mitotic neurons in vitro was remarkable in contrast to the

ordinary in vitro life span of human diploid fibroblasts, i.e., approximately 60–63

population doublings (PDLs), which correspond to approximately 250 DIV

(Cristofalo and Stanulis 1978). Similarly, the viability of P19 cell-derived neurons

is known to be limited to approximately 1 week (McBurney et al. 1988), and the

in vitro life span of embryonic hippocampus-derived primary cultured neurons is

notably extensive, possibly due to the stability of chromatin structures and/or

components in comparison to the differentiation-enforced neurons. The longer

survival and higher viability of those primary cultured neurons may also be due

to intrinsic factors that support their life in the later stages after maturation. For

example, the expression of SIRT1, a mammalian homologue of the yeast longevity

regulator gene Sir2, gradually increased during in vitro aging. The aging neurons

would have benefitted from increasing SIRT1 levels because accumulative evi-

dence indicates that SIRT1 functions in neuroprotection through NAD-dependent

transcriptional gene modulations (Araki et al. 2004; Qin et al. 2006; Kim

et al. 2007; Gan and Mucke 2008). However, neuronal life seems to apparently

depend upon the life of astrocytes and other glial cells, as well, because aged

neurons (and their dendrites and axons) always stay along the remaining sheets of

astrocytes. In this regard, the loss of glial cells in the late stage, e.g., approximately

8 months, could be due to the astrocyte’s entrance into phase III in mitotic cell

aging in vitro. Thus, the lifespan of postmitotic neurons may depend, at least in part,

on the lifespan of mitotic glia. The potential influence of both intrinsic and extrinsic

factors on the neuronal life in vitro should be determined in future experiments.

5.5 Does Neuronal Aging In Vitro Recapitulate Features

of In Vivo Neuronal Aging?

We assumed that our long-term culture system of in vitro neuronal aging

represented notably similar features of neuronal aging in vivo in the brain of

organisms, but is it certainly so? The evaluation of the aging level by means of

lipofuscin and SAβG revealed that both signals gradually increased after 2 months

in culture. Lipofuscin in the intact hippocampus is known to accumulate in an
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age-dependent manner throughout the 2 years of life in rats (Kaur et al. 2001),

suggesting that neuronal aging is similarly advanced in vitro and in vivo.

Lipofuscin is a type of classical marker of aging with unknown roles in aging,

but studies support the idea that it accumulates in aged cells in relation to

autophagy, or lysosomal and/or proteasomal inhibition (Gray and Woulfe 2005;

Kiselyov et al. 2007; Sulzer et al. 2008). Similarly to lipofuscin, the age-dependent

alterations of synaptic components such as NMDA and AMPA receptor subunits

and their anchoring molecules indicated that the in vitro system mimics the in vivo

change (Clayton and Browning 2001; Clayton et al. 2002; Magnusson 2000;

Magnusson et al. 2002; Wenk and Barnes 2000). The age-dependent loss of post

synaptic components does not seem to be attributable to the loss of synaptic input

because the expression of presynaptic markers did not decrease considerably during

aging, at least by 5 months in vitro; however, it is uncertain whether those

presynaptic terminals are always associated with spines or more general postsyn-

aptic structures in the aged cultures. Changes in the expression of cytoskeletal

components, for example, the loss of F-actin networks in dendritic spines and the

temporal shift of Tau isoforms from the non-phosphorylated form to highly phos-

phorylated forms, are also consistent with in vivo brain aging, which is possibly

directly associated with the hippocampal functional impairment of cognitive abil-

ities (Rosenzweig and Barnes 2003; Burke and Barnes 2006; Dickstein et al. 2007).

All of these results, which occurred in phase II and phase III, seem consistent

with in vivo changes; however, we are uncertain whether the abnormal morpho-

logical change of neuronal fibers, in other words, the fasciculation that was evident

in phase IV neurons, indeed reflects in vivo aging. The neuronal fasciculation is an

essential prerequisite for the proper functioning of axonal guidance and/or high

conductance during motor neuron development (Bastiani et al. 1984; Hanson

et al. 2008), but is also a prominent hallmark of motor neuron degeneration, as in

Kennedy disease (Vucic and Kiernan 2007). Because the axonal fasciculation

correlates with the increasing expression of neuronal cell adhesion molecules

such as NCAM and TAG1 (Cremer et al. 1997; Wolfer et al. 1994), or extracellular

protease (Oka et al. 2002), the expression of these proteins may be upregulated in

phase IV neurons. During the early aging stage of phase III, cytoskeletal abnor-

malities might progress, as has been observed in the presence of increasing

populations of slowly migrating bands of the microtubule-associated protein Tau,

which is also observed in the early pathological conditions of Alzheimer’s disease
(Iqubal et al. 2005; Ueda et al. 1990). It is uncertain whether the expression changes

of Tau may contribute to the morphological changes of neuronal axons, i.e.,

fasciculation; however, such changes in the structural components of neuronal

synapses and spines during in vitro neuronal aging may be associated with the

transition from normal to abnormal neuronal aging in vivo (Alvarez and Sabatini

2007; Dickstein et al. 2007). Thus, the transition between phase III and phase IV,

i.e., 5–6 months in culture, may be the limit to differentiating the physiological and

pathological aging of neurons in vitro.

The neurons in phase IV are aged neurons; however, they are, in other words,

surviving (remaining) neurons. What would the difference be between the surviving
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neurons and other neurons that had to die during the transition stage of phase III to

IV? There could be several explanations, including intrinsic and extrinsic mecha-

nisms for those neurons; neurons might have some intrinsic age-counting machin-

ery, similar to telomeres in replicating cells, or neurons might simply be affected by

the deleterious conditions of supporting glia or dish coating. Because all the

remaining neurons always stay on glial sheets, we assume that the aged neurons

require physical and/or chemical influences from astrocytes and/or oligodendro-

cytes. It is necessary to determine the intrinsic and extrinsic factors that influence

the lifespan of these long-term cultured neurons.

5.6 In Vitro Aging of Post-mitotic Neurons

The long-term culture system of hippocampal neurons offers a novel experimental

system to precisely study the mechanisms of neuronal aging in vitro, and it has

many advantages to complement many of the currently ongoing in vivo studies of

neurons and brains of the aged organisms. Because we start culture every other

week, we constantly maintain a reasonable number of 24-well plates. The cells on

cover slips could be used any time for any comparison among ‘young,’ ‘middle-

aged’ and ‘aged’ neurons. It is still time consuming because the rat neurons survive

for up to 1 year, but it is less than the normal life span of the organism. Benefits of

using the primary cultured neurons for aging studies also include the fact that

environmental and/or genetic manipulations surrounding neurons could easily be

accessible by bath application into the culture medium, by the transfection of DNAs

and siRNAs, and/or by infecting viruses carrying the genes of interest such that the

molecular factors and/or genes underlying neuronal aging may be relatively easily

defined relative to the experiments in vivo. In addition, when starting with

low-density plating, aged neurons are still dissociated, even if they form neural

networks, and thus fine structures of spines and synapses can be visualized at a

reasonable resolution to determine the subcellular localization of endogenous or

exogenously expressed proteins for molecular imaging.

5.7 Conclusions

As we have learned considerably from the paradigm of replicative cell senescence

(Campisi 2001; Jeyapalan and Sedivy 2008), we are now in a better position to

explore the senescence of non-replicative cells. Many questions remain to be

answered in the field of neurobiology of aging, including the following: What

would be the primary neurobiological correlates of functional decline in normal

aging? How many of these correlates would contribute to those in age-related

neurodegenerative diseases (Morrison and Hof 1997)? How does the neuronal

plasticity remain in the aged brain (Burke and Barnes 2006), and how do neurons
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in the brain contribute to determining the organismal lifespan (Mattson et al. 2002)?

We believe that molecular mechanisms behind these questions could be investi-

gated, at least in part, using the paradigm of the long-term aging culture of primary

cultured neurons.
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Chapter 6

Cellular Longevity of Budding Yeast During

Replicative and Chronological Aging

Kyung-Mi Choi and Cheol-Koo Lee

Abstract Mechanisms of aging and its retardation are evolutionarily conserved

from unicellular to multicellular organisms. Several laboratory models, including

budding yeast, have contributed to a better understanding of the complexity of

aging and longevity. Budding yeast gradually loses the ability of producing daugh-

ter cells in rich media, and then loses viability in exhausted media during the aging

process. According to these distinguishable losses, there are two measurable

lifespans in budding yeast: replicative life span (RLS) and chronological life span

(CLS). These two types of lifespans share common longevity-regulating pathways,

such as Target of Rapamycin (TOR) signaling, and have non-overlapping pathways

between chronologically long-lived mutants and replicatively long-lived mutants.

CLS and RLS can be extended through genetic mutation, caloric restriction, and

chemical treatment (e.g., rapamycin). We reviewed methodological properties of

CLS and RLS, and discussed genes related to these lifespans. Particularly, we

focused on two genes, Sir2 and Tor1, in context of their association with replicative

and chronological cellular aging. We also described novel genes and primary

biological processes responsible for cellular longevity from genome-wide studies.

Keywords Budding yeast • Replicative life span • Chronological life span • Target

of Rapamycin (TOR) • Sirtuin • Genome-wide screening • Microarray

6.1 Introduction

A healthy and long lifespan is one of the long-cherished desires of humans.

Scientists in aging research have been trying to discover ways to retard the aging

process and achieve longevity for many centuries, which has resulted in several

aging theories. One such theory is the free-radical theory of aging, which posits free

radicals as major culprits that cause irreversible damage to macromolecules of the

cell and, eventually, to organs and organisms (Harman 1992). In line with this,

K.-M. Choi • C.-K. Lee (*)

Division of Biotechnology, College of Life Sciences and Biotechnology, Korea University,

Seoul 136-701, Republic of Korea

e-mail: cklee2005@korea.ac.kr

© Springer Japan 2015

N. Mori, I. Mook-Jung (eds.), Aging Mechanisms,
DOI 10.1007/978-4-431-55763-0_6

89

mailto:cklee2005@korea.ac.kr


extended lifespan by caloric restriction (CR) has been proposed via a decrease in

the production of cellular reactive oxygen species (ROS) and an overall reduction

of oxidative stress (Sohal and Weindruch 1996). Our recent studies of CR using a

budding yeast system also showed reduction of ROS generation as an important

factor for lifespan (Choi et al. 2011, 2013b, 2014; Choi and Lee 2013). However,

other recent studies argue that CR actually increases levels of ROS, and that this

mild oxidative stress is able to induce a secondary defense system that contributes

to decreased oxidative damage (Ristow and Zarse 2010). This new concept was

suggested as the mitohormesis theory, but the conflict with CR-mediated reduction

of oxidative damage remains unclear. The rate of living theory, another biological

theory of aging, was first suggested in the early 1900s, and postulates that metabolic

rate is inversely correlated with lifespan. Although this hypothesis is not completely

acceptable compared to other studies of lifespan, including CR mechanisms

(Speakman et al. 2002; Hulbert et al. 2007), it is quite interesting in that lifespan

is closely associated with cellular metabolism to secure energy. The disposable

soma theory explains the aging process in terms of energy allocation (Kirkwood

2005). Organisms have a limited energy source that should be properly allocated for

repair/maintenance and growth/reproduction to achieve optimum survival; how-

ever, these two processes compete against each other. The CR effect on lifespan

could be explained by this theory. CR might force more energy allocation into

somatic maintenance than growth/reproduction to achieve a long-lifespan (Shanley

and Kirkwood 2000). The presence of many hypotheses in the field of aging

research proves that the aging process and lifespan regulation are too complex to

be explained by a single theory. With this complexity, the mechanism of cellular

longevity might be accomplished via harmony among several pathways that lead to

sustainable alteration of cellular systems over time.

Several model organisms have been used in the laboratory of aging research. The

budding yeast Saccharomyces cerevisiae, a widely used model organism for aging,

has several advantages. So far, yeast is the only organism that has a single gene

deletion library constructed, in which each gene has been physically removed from

the genome. In addition, DNA and protein tags have been successfully introduced

into the genome with minimal damage to gene and protein function. Availability of

these genetically modified strains allows us genome-wide observation using geno-

mic, proteomic, and microfluidic approaches. Using these resources, important

genes and pathways in the aging process and their regulation have been identified,

many of which are conserved in higher organisms.

In this review, we describe cellular longevity based on two different yeast aging

paradigms, replicative and chronological aging, and discuss characteristics of these

two methods. In particular, we review two frequently overlapped genes in the aging

process, SIR2 and TOR1, and their regulation, which are important in pathways

involved in cellular longevity. We focus on the involvement of these two genes in

replicative and chronological aging. Recently, we identified several biological

processes that might have important roles in cellular longevity through the main-

tenance of optimal quiescence status (Choi et al. 2013a). Based on results from our
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and other’s genome-wide screening, we suggest primary biological processes for

achieving replicative and chronological longevity.

6.2 Replicative Aging and Chronological Aging

Measuring cellular lifespan is difficult; however, there are two different methods to

measure budding yeast lifespan. They are replicative lifespan (RLS) and chrono-

logical lifespan (CLS). RLS measures the number of daughter cells that are

produced from an isolated single mother cell under a microscope with a micro-

pin. RLS is comparable to proliferative cells in higher organisms, such as stem cells

(Mortimer and Johnston 1959; Egilmez and Jazwinski 1989). On the other hand,

CLS measures the survival of cells with non-dividing status by counting the number

of days these non-dividing cells remain viable in a batch culture. There are two

assays to measure the CLS of cells, based on either colony forming ability or

exclusion ability of non-permeable dye. CLS is comparable to post-mitotic cells,

such as neurons and myocytes (Longo et al. 1996).

6.2.1 Assays to Measure Lifespan of Budding Yeast

RLS analysis uses microdissection by a micromanipulator equipped with a thin

needle (Steffen et al. 2009; Sinclair 2013). An experienced technician picks a single

yeast cell from a densely-populated area and isolates the cell in an addressed-empty

area. Then, newly-born daughter cells (virgin cells) from the isolated mother cell

are prepared as the starting point of the RLS measurement. Approximately 60–70

virgin cells per each experimental condition are arrayed in a row on the culture

plate, and newborn daughter cells are removed manually until the virgin mother cell

no longer produces buds. This method requires a skill and is labor-intensive.

Indeed, RLS results are widely variable among laboratories (Huberts et al. 2014),

and poor reproducibility of data from laboratory to laboratory is a problem.

Therefore, more objective technical development is required, such as automatic

assistance systems that use microfluidics to hold a mother cell and flow daughter

cells for counting.

The recent development of technological applications, such as Mother Enrich-

ment Program (MEP) (Lindstrom and Gottschling 2009), is promising in overcom-

ing the above-mentioned RLS method. This approach uses genetically-modified

yeast in which cell division is prevented in a daughter cell-specific manner. Two

essential genes, UBC9 and CDC20, were disrupted only in daughter cells by

Cre-lox recombination. The Cre recombinase is controlled by a daughter-specific

promoter originating from SCW11, and is expressed only in daughter cells. Fur-

thermore, the activity of Cre is dependent on estradiol, because the recombinase is

fused with the estrogen-binding domain (EBD) of the murine estrogen receptor. In
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the presence of estradiol, the EBD translocates the modified Cre recombinase into

the nucleus, where the Cre enzyme functions on the loxP sites. Thus, viability of the

MEP strain in the presence of estradiol corresponds to RLS of the mother cells, and

viability of the mother cells in liquid culture can be simply monitored by colony-

based assays. Although there are several limitations to this technology that could

permit the cells to avoid the selection strategy (estradiol resistance), including

individual construction of MEP strains for target genes and natural mutations in

the MEP strains, this method allows enrichment of mother cells at a specific age

within the cell population by abolishing daughter cell proliferation. This could

reduce the problem of cell loss caused by the purification step, and provide a

number of cells for studying age-dependent phenotypes. A recent-developed

microfluidic dissection platform allows for each mother cell to be separately

trapped either chemically, through biotinylation of the mother cell surface (Xie

et al. 2012), or mechanically, through geometric confinement (Lee et al. 2012;

Zhang et al. 2012). The produced daughter cells can then be washed away by

medium flow. Because these new tools retain mother cells throughout their lifespan,

it is possible to automate RLS measurements and observe age-associated charac-

teristics simultaneously.

To measure CLS, a colony-forming unit (CFU) assay is widely used as a gold

standard (Hu et al. 2013). Non-dividing cells are harvested through chronological

aging and plated onto solid media. After several days, yeast colonies on the plate

are counted. This process is repeated until the CFU reaches below 1–10 %. Preci-

sion and reproducibility of the results depend on technical skill. This gold standard

CFU assay is also a time-consuming process when multiple samples are tested.

Therefore, other advanced approaches have been developed to enhance the effi-

ciency of the CLS assay. The FUN-1 fluorescent probe is passively entered into a

cell, and forms cylindrical intravacuolar structures that emit red fluorescence when

cells are metabolically intact (Millard et al. 1997; Teng and Hardwick 2009).

Propidium iodide (PI), a red-fluorescent nucleic acid probe, penetrates cells through

a damaged plasma membrane. Thus, only dead or damaged cells show red fluores-

cence (Ocampo and Barrientos 2011). In addition, PI can be used in combination

with other green-fluorescent dyes for counterstain, such as SYTO9 (Zhang and

Fang 2004) or the acetoxymethyl ester (AM) of the esterase substrate 5-carboxy

fluorescein diacetate (CFDA), abbreviated as CFDA-AM. After staining with these

fluorescent dyes, the fluorescence signal can be detected with a flow cytometer or

under a fluorescence microscope. When these dyes are used in a flow cytometer,

consideration must be made toward the age-related autofluorescence (especially red

fluorescence) that is produced by accumulation of oxidatively-damaged lipids and

proteins in aged cells (Delori and Dorey 1998; Mesquita et al. 2010). This problem

can be adjusted using a non-stained sample as a negative control for each measure-

ment. Together, these fluorescence-based methods have several merits and exhibit

high reproducibility from laboratory to laboratory.

Another high-throughput technique has been reported by the Kaeberlein lab

(Murakami et al. 2008; Murakami and Kaeberlein 2009), in which CLS is deter-

mined from the growth curve of aged cells using an automated reader (Bioscreen C
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MBR machine). In this system, chronologically-aging cells are diluted in fresh rich

medium at each time-point, and the optical density (OD) at 600 nm is measured to

plot a growth curve. The growth curve of aging cells is shifted to the right, and the

time to reach a given OD is postponed compared to young cells. Based on the time

delay between the growth curves of young and old cells, and the doubling time of

the strain, a relative survival curve can be calculated. This method can also provide

CLS data with better reproducibility and less effort than the other above-mentioned

methods.

6.2.2 Evolutionarily-Conserved Genes, SIR2 and TOR1,
which Regulate RLS and CLS

The pathways modulating cellular longevity are genetically conserved from yeast to

mammals. The simplest model organism, budding yeast plays a pivotal role in

identifying genes and pathways involved in the aging process and, thus, prevention

of aging. Because SIR2 and TOR1 genes are key players in the lifespan of budding

yeast, our review focuses on these two genes and their associated pathways in

context of their effects on RLS and CLS.

6.2.2.1 Role of SIR2 in Replicative and Chronological Cell Aging

Yeast Silent Information Regulator 2 (SIR2), Sirtuin in mammals, is a heterochro-

matin protein that has nicotinamide adenine dinucleotide (NAD)-dependent histone

deacetylase activity. Orthologs of SIR2 have been found in worms (SIR-2.1), flies

(dSIR2), and mammals (SIRT1). This protein was first discovered as an anti-aging

factor in yeast around the year 1999 (Fig. 6.1). SIR2 protein expression is reduced

in an age-dependent manner (Dang et al. 2009). Deletion or inactivation of SIR2

leads to a shorter RLS than wild-type, whereas overexpression extends the RLS

(Kaeberlein et al. 1999; Lin et al. 2000). In addition, several studies have reported

that RLS extension by CR is partially mediated by SIR2 in a NAD+-dependent way.

For example, depletion of nicotinamide (NAM), a byproduct of NAD+, was shown

to activate SIR2, and this depletion was required for CR-mediated RLS extension

(Anderson et al. 2003). Consistent with these results, overexpression of PNC1,

encoding a nicotinamidase, that catalyzes NAM to nicotinic acid, increases RLS

and prevents the SIR2-inhibition effect of NAM (Gallo et al. 2004). NAM is known

to inhibit SIR2 activity non-competitively with NAD+. Inhibition by NAM is

suggested to occur through binding to a pocket near the NAD+ binding site, thus

blocking the binding and cleavage of NAD+ (Bitterman et al. 2002; Zhao

et al. 2004). However, another claim has proposed that NAM binds to the same

pocket as NAD+, and the non-competitive inhibition of NAM may be possible due

to the low affinity of NAM to the binding pocket (Avalos et al. 2005). Moreover,
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SIR2-mediated replicative longevity can be strengthened by other evidence that CR

activates SIR2 by decreasing NADH, an inhibitor of SIR2 (Lin et al. 2004). Res-

veratrol, a type of polyphenol, has been suggested as a CR mimetic based on the

mechanism by which the chemical activates SIR2, enhances DNA stability, and

finally extends RLS (Howitz et al. 2003). However, follow-up studies had failed to

repeat the results and concluded that SIR2-activation by resveratrol is a methodo-

logical artifact, and there is no effect on RLS (Kaeberlein et al. 2005a). Thus, the

role of resveratrol on SIR2 and longevity is still under debate, and further research

is needed.

The proposed mechanism by which SIR2 prolongs RLS is that the SIR2 protein

represses recombination at the ribosomal DNA (rDNA) region and, consequently,

decreases formation of toxic extrachromosomal rDNA circles (ERCs) (Kaeberlein

et al. 1999). A recent study suggested that rDNA instability itself, instead of ERCs,

is a primary cause of cellular senescence (Ganley et al. 2009). Along with this, other

evidence has shown that SIR2 promotes RLS through maintenance of low acetyla-

tion levels on a histone H4K16 site at subtelomeric regions (Dang et al. 2009).

Furthermore, overexpression of SIR2-orthologs in Caenorhabditis elegans
(Tissenbaum and Guarente 2001; Schmeisser et al. 2013) and Drosophila
melanogaster (Rogina and Helfand 2004; Hoffmann et al. 2013) extends their

lifespan, while ERC accumulation was not observed in these organisms. Altogether,

these results suggest that genomic stability, instead of ERC formation, is a key to

maintaining cellular longevity. On the role of SIR2 in transcriptional silencing at
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Fig. 6.1 Role of the SIR2 pathway in replicative and chronological aging processes. Caloric

restriction (CR) and a CR mimetic, resveratrol, activate yeast SIR2. However, the role of

resveratrol on activation of SIR2 is still under debate. SIR2 promotes telomere silencing and

asymmetric distribution of damaged proteins, while it represses ribosomal DNA recombination.

Consequently, SIR2 inhibits replicative cell aging. In contrast, SIR2 promotes chronological

aging. The biological processes affected by activation of SIR2 related to chronological aging

include reduction of ethanol catabolism, acetate utilization, and stress resistance, and an increase

in DNA damage. Dotted line: in debate; Arrow: activation; Bar: inhibition
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rDNA (Gottlieb and Esposito 1989) and telomere loci (Strahl-Bolsinger et al. 1997;

Armstrong et al. 2002), numerous studies have reported additional genes that act as

a bridge between SIR2 and genome stability, which eventually influences lifespan.

For instance, GAS1, encoding a beta-1,3-glucanosyltransferase required in cell wall

assembly, interacts with SIR2 physically (Koch and Pillus 2009), and plays a

negative role in rDNA stability in a SIR2-dependent manner (Ha et al. 2014). A

recent report showed that TDH3, encoding a glyceraldehyde-3-phosphate dehydro-

genase, also physically interacts with SIR2 and promotes transcriptional silencing

at telomere and rDNA loci (Ringel et al. 2013). SGF73, encoding a component of

the Spt-Ada-Gcn5-acetyltransferase (SAGA) complex, shows physical interaction

with SIR2, and deletion of SGF73 extends RLS (McCormick et al. 2014). RLS

extension was mediated by increased SIR2 action and was accompanied by

enhanced genome stability, including decreased rDNA recombination and altered

silencing at telomere regions. Another gene, RIF1, encoding RAP1 binding protein,

is involved in transcriptional silencing (Hardy et al. 1992). The loss of RIF1

shortened RLS by limiting SIR2 localization on telomere regions, and this led to

reduction of rDNA silencing by SIR2 (Salvi et al. 2013). Taken together, these

findings show that SIR2-mediated RLS extension relies on genome stability, and

might be a conserved longevity mechanism in other organisms.

The lifespan of newborn daughter cells from a mother cell was reset by the

asymmetric cell division process. In this regard, several reports have suggested

another role of SIR2 in rejuvenation by asymmetric distribution of damaged pro-

teins. Aguilaniu et al. showed that carbonylated proteins are accumulated when

cells age, however, the damaged proteins are not inherited into daughter cells

(Aguilaniu et al. 2003). This asymmetric distribution of the damaged proteins failed

when SIR2 was deleted (Aguilaniu et al. 2003; Erjavec et al. 2007). Overexpression

of HSP104, encoding a heat shock protein that refolds denatured proteins, partially

offset the defect in asymmetry and extended RLS in the sir2Δmutant. This suggests

that functional chaperones might contribute to the SIR2-dependent asymmetric

process (Erjavec et al. 2007). UBP10, encoding a deubiquitinating enzyme, plays

a role in genomic silencing mediated by SIR2 (Emre et al. 2005). Interestingly, a

recent study showed that the SIR2-associated asymmetric segregation of oxidative

damage was retained in cells lacking UBP10. This suggests that UBP10 is not

needed in the asymmetric process and, thus, non-chromatin targets of SIR2 may be

involved in the asymmetric retention of damaged proteins in mother cells (Orlandi

et al. 2010).

In contrast with the above-mentioned evidence that SIR2 promotes replicative

longevity through genomic stability and asymmetric processes, SIR2 either reduces

CLS (Fabrizio et al. 2005; Casatta et al. 2013) or has almost no effect on CLS

(Smith et al. 2007). Fabrizio et al. suggested possible mechanisms that block CLS

extension by SIR2 (Fabrizio et al. 2005). Cells lacking SIR2 showed heat shock and

oxidative stress resistance. Moreover, deletion of SIR2 in a long-lived mutant

exhibited lower DNA mutation frequency. They also showed increased activity of

an alcohol dehydrogenase, encoded by ADH2, in the sir2Δ mutant that leads to

rapid removal of extracellular ethanol, a mediator of chronological aging. In
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addition, recent work has shown enhancement of acetate utilization in the sir2Δ
mutant (Casatta et al. 2013). Acetate has been suggested to cause pro-aging

signaling (Burtner et al. 2009). These findings show that SIR2 might play opposite

roles in replicative and chronological aging processes, suggesting that Sirtuin might

reflect different aspects of aging in isolated mammalian cells in culture and in cells

of different tissues at other higher organisms.

6.2.2.2 Role of TOR in Replicative and Chronological Cell Aging

Another important factor in the aging process is Target of Rapamycin (TOR)

signaling, which was first discovered as an aging modulator in worms (Vellai

et al. 2003) in 2003 and flies (Kapahi et al. 2004) in 2004. TOR signaling also

regulates the RLS (Kaeberlein et al. 2005b) and CLS (Powers et al. 2006; Bonawitz

et al. 2007; Wei et al. 2008) of budding yeast (Fig. 6.2). In contrast with other

higher organisms that have only one TOR, budding yeast have two paralogous TOR

genes, TOR1 and TOR2. TOR Complex 1 (TORC1) contains either TOR1 or TOR2

with other components, such as KOG1, LST8, and TCO89 (Loewith et al. 2002;

Reinke et al. 2004). In the case of TOR Complex 2 (TORC2), it consists of only

TOR2, together with AVO1, AVO2, TSC11, LST8, BIT61, SLM1, and SLM2

(Loewith et al. 2002; Reinke et al. 2004; Fadri et al. 2005). TORC2 is insensitive

to rapamycin because the rapamycin-FPR1p complex cannot bind to TOR2

(Loewith et al. 2002).

TOR1
Repression

Caloric
Restriction RapamycinRepressors

Affected
processes

Lifespan

Ribosome
biogenesis Translation

Ribosomal
DNA

recombination

Replicative
cell aging

Autophagy

Acetate
utilization

Stress
resistance

Chronological
cell aging

Mitochondrial
respiration

Fig. 6.2 Role of the TOR pathway in replicative and chronological aging. CR and rapamycin are

known to repress activity of TORC1 (Target of Rapamycin Complex 1). Reduced TORC1 activity

decreases ribosomal DNA (rDNA) recombination, ribosome biogenesis, and translation. As a

result, inhibition of TORC1 retards replicative cellular senescence. Chronological cell aging is

also repressed by inactivation of TORC1 through enhanced autophagy, mitochondrial respiration,

acetate utilization, and stress resistance. Dotted line: in debate; Arrow: activation; Bar: inhibition
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CR reduces TORC1 activity, and rapamycin treatment or deletion of the TOR1

gene extends both types of yeast lifespans (Kaeberlein et al. 2005b; Powers

et al. 2006; Bonawitz et al. 2007; Wei et al. 2008). Regarding RLS extension by

the inhibition of TOR signaling, a link between TOR and rDNA stability has been

suggested. Deletion of TOR1 reduces rDNA recombination, while it does not affect

rDNA silencing (Riesen and Morgan 2009). Medvedik et al. showed evidence that

supports a model of how TOR modulates RLS in a SIR2-dependent way (Medvedik

et al. 2007). Suppression of TOR by CR or rapamycin promotes localization of

MSN2/4 into the nucleus, which leads to increased expression of PNC1. Then, SIR2

activated by PNC1 can stabilize the rDNA array and, consequently, contribute to

RLS extension. A recent study also reported that inactivation of TORC1 by

rapamycin enhances association between SIR2 and rDNA in a PNC1/NET1-

dependent manner and increases rDNA stability (Ha and Huh 2011). These results

suggest that TOR signaling may regulate RLS through downstream targets that are

also affected by SIR2, along with Sirtuin-independent TOR pathways.

One of the TORC1-involved biological processes is regulation of cell growth by

translation and ribosome biogenesis (Loewith et al. 2002). It was reported that

reduction of 60S ribosomal subunits mediated by gene deletion or treatment with

diazaborine, a chemical that disturbs pre-rRNA processing for the 60S ribosomal

subunit, extends RLS, and this phenomenon is independent of SIR2 (Steffen

et al. 2008). Instead of SIR2, GCN4 (a transcriptional activator of amino acid

biosynthetic genes) is required for RLS extension by the reduction of large ribo-

somal subunits.

A lack of TOR1 extends CLS by enhancing mitochondrial respiration through

increased translation of mitochondrial DNA-encoded oxidative phosphorylation

(OXPHOS) subunits (Bonawitz et al. 2007). More precisely, reduced TOR signal-

ing increases the abundance of OXPHOS subunits per mitochondrion without

changing of the mitochondria number per cell (Pan and Shadel 2009). Furthermore,

SCH9, a protein kinase that is an ortholog of the mammalian S6 kinase and resides

downstream of TOR signaling, is responsible for the TOR-mitochondria link (Pan

and Shadel 2009). Another report raised the possibility of carbon source substitu-

tion as a mediator of CLS extension by decreasing TOR/SCH9 signaling (Wei

et al. 2009). They observed increased transcriptional expression of glycerol bio-

synthetic genes in tor1Δ and sch9Δ mutants. These mutants also accumulated

extracellular glycerol, and the extended CLS of sch9Δ was reversed when glycerol

biosynthetic genes were also deleted. Recently, Hu and colleagues showed that a

deficiency in the TOR/SCH9 pathway exhibits rapid depletion of acetic acid in an

ACH1 (a mitochondrial CoA transferase)-dependent manner (Hu et al. 2014). In

addition, acetic acid in cells lacking SCH9 promotes the accumulation of reserve

carbohydrate, trehalose. Taken together, these results suggest that metabolic

switching toward mitochondrial respiration and accumulation of carbon sources

may be primary mechanisms for CLS extension by TOR1 deficiency.

One of the many TOR-regulated biological processes is autophagy, which

digests protein aggregates and allows for recycling of macromolecular elements,

especially under starvation conditions (Noda and Ohsumi 1998). TORC1 is known
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to directly inhibit the autophagy process via phosphorylation of ATG13, causing a

decrease in its affinity to the ATG1 complex and, as a result, inhibition of

autophagy activation (Kamada et al. 2000, 2010). Recent studies suggest that

induction of autophagy correlates with CLS extension (Eisenberg et al. 2009;

Aris et al. 2013). In accordance with these findings, Alvers and coworkers showed

that chronological longevity mediated by TORC1 inactivation requires autophagy

that may contribute to recycling of cellular amino acids, including isoleucine,

valine, and leucine (Alvers et al. 2009).

Stress resistance is another suggested mechanism that is responsible for CLS

extension by decreased TOR signaling. It was reported that accumulation of storage

carbohydrates, such as glycogen, glycerol, and trehalose, by TORC1 deficiency

contributes to resistance to various types of stress, including heat shock, oxidative,

and osmotic stress (Powers et al. 2006; Wei et al. 2009; Hu et al. 2014). Study of CR

shows that activation of genetic pathways for the TOR-mediated stress response is

well established, and includes the serine/threonine kinase RIM15 and the stress

resistance transcription factor GIS1 (Wei et al. 2008). With regard to oxidative

stress, early research suggested reduced mitochondrial ROS as a key pathway for

chronological longevity (Harman 1956). However, recent studies have raised

another possibility that adaptive mitochondrial ROS signaling during growth may

participate in the TOR-associated longevity pathway (Pan et al. 2011). For instance,

it was observed that elevated mitochondrial ROS during exponential growth in the

tor1Δ mutant or rapamycin-treated cells is required for fully-extended CLS. These

results were also supported by several reports showing that CRmediates an increase

of hydrogen peroxide at the early stationary phase that activates superoxide

dismutase and, consequently, reduces the production of superoxide anions

(Mesquita et al. 2010; Weinberger et al. 2010). However, the concept of

mitohormesis is still controversial for explaining all relationships between ROS

and lifespan. Further research is required, especially with the application of

methods for more precise measurement of each specific ROS, and might be helpful

in progressing our understanding of ROS roles in longevity.

6.3 Biological Processes Required for Longevity: Insight

from Genome-Wide Studies

Because of large-scale screening using yeast mutant libraries and microarray

technology, our knowledge on the aging process has expanded rapidly (Fig. 6.3).

In one of these approaches associated with replicative aging, 564 single-gene

deletion mutants were used in a RLS assay, and 13 of them, including bre5Δ,
fob1Δ, idh2Δ, rei1Δ, rom2Δ, rpl31aΔ, rpl6bΔ, tor1Δ, ure2Δ, ybr238cΔ,
ybr255wΔ (mtc4Δ), ybr266cΔ (slm6Δ), and yor135cΔ (irc14Δ), were identified

to increase RLS. Interestingly, TOR1, URE2, ROM2, YBR238C, RPL31A, and

RPL6B reside in the TOR/SCH9 pathway, which suggests a link between RLS and
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TOR/SCH9 signaling in budding yeast (Kaeberlein et al. 2005b). Another similar

study using the deletion library showed that yeast lacking orthologs of worm aging

genes, including AFG3, IDH2, INP53, RPL19A, RPL6B, RPL9A, SPT4, TIF1,

TIF2, TIF4631, and TOR1, exhibit an extended RLS (Smith et al. 2008). This

finding implies that the longevity pathway is evolutionarily conserved, and is

related to regulation of ribosomal proteins and translation by TOR. Schleit and

colleagues carried out a RLS assay for 166 single-gene deletion strains under

control and CR conditions (Schleit et al. 2013). Their results revealed that vacuolar

pH homeostasis, mitochondrial superoxide dismutase and mitochondrial

proteostasis are required for CR-mediated RLS extension.

Several high-throughput methods using OD-based CLS measurements, barcode

arrays detecting specific sequences of deletion mutants, and fluorescence-labeled

yeast libraries have been applied in addition to large-scale individual CLS assays.

In one study, 93 yeast deletion strains matched with candidate genes for human

aging were investigated for CLS, and the results showed new longevity genes,

including ALD4 (a mitochondrial aldehyde dehydrogenase responsible for ethanol

metabolism), CYS4 (a cystathionine beta synthase required for cysteine biosynthe-

sis), and PDX3 (a pyridoxine [pyridoxamine] phosphate oxidase involved in the

pyridoxal phosphate salvage pathway) (Laschober et al. 2010). Another recent

study reported the screening results of 550 single-gene deletion strains, and iden-

tified 34 genes whose deletion increased CLS (Burtner et al. 2011). Gene ontology

(GO) analysis revealed GTPase activity to be significantly enriched in these
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Fig. 6.3 Biological processes that determine replicative and chronological longevity. Based on

genome-wide research, several biological processes lead to replicative and chronological longev-

ity. Down-regulation of genes for gluconeogenesis, energy storage, response to environmental

stress, DNA damage response, and the stationary phase is common in replicatively long-lived

cells. For assurance of chronological longevity, proper alteration of gene expression for mito-

chondrial function and purine biosynthesis, down-regulation of genes for cell cycle and endoplas-

mic reticulum (ER) stress, and up-regulation of genes for autophagy are required
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long-lived mutants. In addition, reduction of acidification in culture medium was

enriched in the CLS-extended mutants, based on a pH screen.

Based on the high correlation between OD and yeast viability, an OD-based CLS

assay covering 4,800 single-gene deletion mutants was performed, and the impor-

tance of a decreased TOR pathway for CLS extension was identified (Powers

et al. 2006). Two recent studies, which carried out CLS measurements using a

barcode array after pooling deletion yeast mutants tagged with unique DNA

barcode sequences, identified that autophagy and mitochondrial function are critical

for maximum CLS (Matecic et al. 2010; Fabrizio et al. 2010). In addition to this,

non-overlapping biological processes were also identified as a determinant of CLS.

Matecic and colleagues showed that deletion of genes involved in purine biosyn-

thesis or one-carbon metabolism extends lifespan (Matecic et al. 2010). Fabrizio

et al. reported that short-lived strains lose genes for vacuolar protein sorting, and

long-lived strains lose genes involved in fatty acid metabolism, cell signaling, and

tRNA methylation (Fabrizio et al. 2010). Recently, a genome-wide CLS screen

using a red fluorescent protein (RFP)-tagged yeast collection, including over 5,600

single- or double-deletion mutants, revealed that 14 % of the mutants are associated

with cellular lifespan. In concordance with biological categories that were

underscored in previous reports, deletion mutants involved in mitochondrial func-

tion, purine biosynthesis, and autophagy showed reduced CLS (Garay et al. 2014).

This report also suggested novel longevity factors, SWR1, encoding a component

of the histone exchange complex, and ARV1, encoding an endoplasmic reticulum

(ER) protein required for lipid homeostasis (Garay et al. 2014). Cells lacking SWR1

lived longer than wild-type in nitrogen-rich media, but not in nitrogen-poor condi-

tions, implying that SWR1 is partially involved in lifespan extension by dietary

restriction. Furthermore, arv1Δ showed short CLS and impaired autophagy, which

indicates a novel link between ARV1 and autophagy as a pro-longevity factor

(Madeo et al. 2010).

Microarray is also a powerful tool for characterizing the longevity mechanism in

an unbiased manner. In connection with replicative aging, several studies showed

an altered gene expression profile of old cells compared to young cells. For

instance, Lin and coworkers purified 7–8 generation old cells by magnetic sorting,

and identified a metabolic shift toward gluconeogenesis and glucose storage in

these old cells (Lin et al. 2001). In another study, microarray was performed on 1–3

generation young cells and 16–18 generation old cells, which were isolated by

elutriation (Lesur and Campbell 2004). The results of this comparison study also

revealed an increase in gene expression related to gluconeogenesis and glycogen

production in the aged cells. Furthermore, this study identified increased expression

of genes involved in stress response and DNA damage in the old cells, which

suggests a response to genome instability by cellular senescence. Laun

et al. obtained an old population, of which one third consisted of cells with

approximately 15 bud scars, by centrifugal elutriation (Laun et al. 2005). The

transcriptome analysis of these old cells relative to young cells showed induction

of genes involved in DNA damage response, cell cycle, mitochondrial function,

lipid metabolism and cell wall synthesis, which coincided with the transcriptome of
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cdc48 and orc2-1 mutants who partially lost their function and showed apoptotic

phenotype at non-permissive temperatures (Laun et al. 2005). Other research on

replicative senescence has used segmentalized magnetic sorting to obtain 1, 8,

12, and 18–20 generation old cells (Yiu et al. 2008). They found that global gene

expression was significantly changed after the 12th generation, and the biological

categories affected by replicative aging were consistent with previous observations,

including increased aerobic metabolism, reduced ribosome gene expression, and a

mixed change regarding environmental stress response. In addition, the replicative

age-associated changes on transcripts included a decrease in gene expression of the

methylation-related pathway and an increase in gene expression of nucleotide

excision repair and the pseudostationary phase (Yiu et al. 2008). The

pseudostationary phase is defined as a change in gene expression, similar to that

of cells in the stationary phase, despite the cells having not actually entered the

stationary phase. Furthermore, most regulatory subunits of GLC7 (a catalytic

subunit of protein phosphatase 1) were up-regulated, which implies that protein

phosphorylation cascades hold an important position in replicative aging (Yiu

et al. 2008). Recent transcriptome data from an early stage of replicative aging

(4, 7, and 11 generations old) showed up-regulation of genes for sugar metabolism,

the tricarboxylic acid (TCA) cycle, and amino acid degradation, and down-

regulation of genes for amino acid synthesis (Kamei et al. 2014). These results

show coherence with additional metabolomic results that identified an increase of

pyruvate and TCA cycle intermediates, and a decrease of amino acids (Kamei

et al. 2014).

In a chronologically aging population, quiescent cells (dense and minimally-

budded daughter cells) and non-quiescent cells (heterogeneous and replicatively-

old cells) can be fractionated by density gradient centrifugation (Allen et al. 2006).

By doing a gene expression comparison between the two fractions, 68 and

266 genes were highly expressed in either quiescent or non-quiescent cells, respec-

tively. Gene ontology analysis showed that up-regulated genes in quiescent cells

were enriched in those that play a role in response to water stress, energy metab-

olism, and response to ROS, while those of non-quiescent cells were enriched in

genes involved in DNA recombination and transposition. Two independent studies

for long-lived mutants, including sch9Δ, ras2Δ, and tor1Δ, showed transcriptional
changes in a common direction, including reduced gene expression for the TCA

cycle and oxidative phosphorylation, and increased gene expression for glycolysis,

compared to wild-type (Cheng et al. 2007b; Wei et al. 2009). Furthermore, genes

involved in ergosterol biosynthesis, glycerol biosynthesis, and stress response were

up-regulated, whereas genes for the proteasome complex were down-regulated in

these long-lived mutants (Wei et al. 2009). Cheng and coworkers also reported that

transcriptional modification in these three mutants can be mediated by the stress

response transcription factors MSN2, MSN4, and GIS1, and is possibly linked with

other transcription factors, such as FHL1 and HSF1 (Cheng et al. 2007a).

When we apply high-throughput technology, such as a microarray experiment, it

is important to assure which transcriptome profile should be obtained to provide an

unbiased view for aging research. The microarray of the long-lived mutants

6 Cellular Longevity of Budding Yeast During Replicative and Chronological Aging 101



discussed above was carried out at a single time-point (2.5 days after inoculation in

SDC media) (Cheng et al. 2007a, b; Wei et al. 2009) to evaluate the effects of gene

deletion. Recently, there was an additional attempt to characterize the sch9Δ
mutant based on a time-course transcriptome profile from 12 to 120 h

(Ge et al. 2010). Through the course of time, genes involved in stress response

were increased, and genes encoding ribosomal RNA (rRNA) processing were

decreased between 12 and 24 h. Moreover, mitochondrial function-related genes

were downregulated after 24 h. In addition, from volatility analysis that provides

information about variation of gene expression at a specific time, they selected

50 genes were selected that are most volatile in sch9Δ. By analyzing upstream

sequences of the selected genes, three cis-regulatory elements, rRNA processing

element (rRPE), polymerase A and C (PAC), and glucose response element (GRE),

were found. To emphasize the importance of these elements, additional deletion of

a GRE-binding transcription factor, AZF1, in sch9Δ abolished the extended CLS.

In our previous high-throughput studies, the transcriptome profile for several

levels of CR strength at the exponential growth phase revealed 160 genes as CR

markers, of which a significantly large number was mitochondria-related genes

(Lee and Lee 2008). Most genes for mitochondrial function were gradually

increased according to the CR strength (Lee and Lee 2008; Choi et al. 2011).

However, our recent work after the diauxic shift phase, when CLS begins to

increase under CR, showed down-regulation of genes for the TCA cycle and

electron transport chain (Choi et al. 2013a). In addition, we observed that CR

increased transcripts involved in transcriptional regulation, rRNA processing and

nuclear genome stability, whereas CR decreased transcripts involved in general

metabolic processes, ER function, stress response, and the cell cycle, from a

longevity-assured time point. By analyzing the promoter regions of these

longevity-related genes, AZF1, HSF1, and XBP1 were identified as the transcrip-

tional factors causing these transcriptional changes (Choi et al. 2013a). Because

timing of experiments affects the overall analysis, careful consideration on the

cellular status for better understanding of the aging process is important.

6.4 Conclusion

Aging research in budding yeast has progressed in terms of chronological and

replicative senescence. These two paradigms of aging are distinct, but partially

overlapping, and contribute to an in-depth understanding of anti-aging genes and

longevity pathways. Evolutionary conservation of the genetic network from yeast to

metazoa enables us to find evidence of the genes and pathways involved in the

aging process in different cell types. Although genome-wide approaches can

produce false positives and negatives, these studies aid the identification of novel

genes and pathways related to longevity that were previously unknown. Further

technological improvements and sophistication of high-throughput techniques

combined with various yeast transgenic libraries could accelerate the discovery of
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new genes and new biological processes. Understanding of replicative and chrono-

logical cell aging using the simplest aging model, budding yeast, might shed light

on how organisms age at a cellular and molecular level and, ultimately, permits us

to control the aging process in various mitotic and post-mitotic cell types of higher

organisms, including humans.
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Chapter 7

Oxidative Stress and C. elegans Models

Naoaki Ishii, Takamasa Ishii, and Philip S. Hartman

Abstract Oxidative stress is thought to be an important contributor to cellular and

organismal aging. While there are many reports that support this notion, some

recent evidence using transgenic animals indicates that oxidative defense systems,

including antioxidant enzymes, may not affect life extension. This leads to specu-

lation that oxidative stress does not play a major role in aging. However, it is

difficult to ascertain the role of oxidative stress on aging under complex mecha-

nisms of ROS production and the defense systems in normal cells that maintain a

favorable redox balance. The nematode Caenorhabditis elegans has gained wide-

spread favor for the study of many biological processes, including aging. Several

lines of C. elegans research relating to oxidative stress and aging are discussed in

this review, including the use of transgenic organisms with altered superoxide

dismutase levels as well as studies that focus on mitochondrial mutations.

Keywords Caenorhabditis elegans • Aging • Oxidative stress • Reactive oxygen

species • Electron transport

7.1 Oxidative Stress and Aging

Aging is controlled by a complex interplay of both genetic and environmental

factors. Investigators have been examining these factors from a wide variety of

viewpoints. Much attention has focused on the hypothesis that oxidative damage

plays an important determinative role in cellular and organismal aging (Harman

1956; Jazwinski 1996; Holiday 1997; Liochev 2013; Clancy and Birdsall 2013)

(Fig. 7.1). Reactive oxygen species (ROS) such as superoxide anion (O2
�), hydro-

gen peroxide (H2O2), and hydroxyl radicals (OH) can readily attack a wide variety

of cellular entities, resulting in damage that compromises cellular integrity and
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function (Chance et al. 1979; Vuillaume 1987; Collins et al. 1997). This can cause

or at least contribute to a variety of pathologies, including some in humans (Cross

et al. 1987; Reddy and Beal 2005; Abou-Sleiman et al. 2006; Valko et al. 2006). To

lessen the consequences of this damage, cells have evolved complex defense

mechanisms, including enzymatic ones (e.g., superoxide dismutase (SOD) and

catalase) as well as various non-enzymatic antioxidants (e.g., vitamins C and E

and glutathione) that act to detoxify the offending molecules (Chance et al. 1979;

Rajendran et al. 2014). Oxidative damage resulting from an unfavorable balance

between oxidative stress and antioxidant defenses may determine the individual

aging rate of living things.

Genetic approaches using the small, free-living nematode Caenorhabditis
elegans have helped elucidate various mechanisms of aging (Houthoofd and

Vanfleteren 2007; Kenyon 2010). This review focuses specifically on the role

oxidative stress plays in C. elegans aging.

7.2 C. elegans as a Model System for Aging Research

C. elegans can easily grow in petri plates on a simple diet of Escherichia coli and
reproduces with a rapid life cycle of approximately 3.5 days at 20 �C. Embryonic

development is rapid, taking only 13 h at 20 �C (Sulston 1988; Wood 1988a). The

cell lineage has been traced from single-celled zygote to adult, and the entire cell

lineage has been determined (Sulston and Horvitz 1977; Sulson et al. 1983; Sulston

1988). After hatching, larval development proceeds through four molts. About

10 % of the cells in the first larval stage undergo further cell divisions during larval

development, contributing to the hypodermis, neurons, musculature, and somatic

gonadal structures. Adults contain fewer than 1,000 somatic cells.

C. elegans offers several distinct advantages for aging research, which include a
short maximum lifespan of approximately 30 days. In addition, C. elegans has

received much attention as a genetic model, in part because its hermaphroditic

mode of reproduction makes for ready isolation of mutants and allows rapid

inbreeding. Males, which arise via meiotic non-disjunction can be used to construct

stocks and map mutations (Brenner 1974; Wood 1988a, 1988b; Epstein and Shakes

1995; Riddle et al. 1997). Literally thousands of mutants have been isolated that

affect virtually all biological processes. These genetic approaches have been useful
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in identifying and mapping genes that regulate aging (Guarente and Kenyon 2000;

Finkel and Holbrook 2000; Kenyon 2010). Mutations can be readily analyzed at the

molecular level, thus providing specific insights to the various biochemical and

physiological elements of lifespan determination. Techniques include the process

of germ-line transformation, which is readily accomplished through microinjection,

and enables the creation of transgenics, including those with reporter genes.

C. elegans has also proven susceptible to the phenomenon of RNAi. By exposing

animals to double-stranded RNA, an organismal response is triggered that can

mimic the null phenotype of the gene corresponding to that particular RNA (Fraser

et al. 2000). Because virtually all putative genes have been identified in silico,
RNAi provides the opportunity to at least crudely determine the phenotypes

resulting from inactivation of many C. elegans genes. In addition to these advan-

tages, an adult soma consisting of fewer than 1,000 cells, all of which are

postmitotic, offers the ability to detect cumulative age-related cellular alterations

(Hosokawa et al. 1994; Adachi et al. 1998; Ishii et al. 2002).

7.3 Oxidative Stress and Defense Systems

There are numerous reports dealing with oxidative stress defense systems and their

relationship to lifespan. For example, SOD activity is positively correlated in

several organs with the maximum lifespan for various animal species, including

primates (Tolmasoff et al. 1980). Similar correlations were observed for several

other radical scavengers, including plasma urate, carotenoids, and vitamin E (Cutler

1985). There are some good recent articles that review defense systems against

oxidative stress and aging of C. elegans (Gems and Doonan 2009; Back et al. 2012;

Honda et al. 2010). Some evidence indicates that the defense systems, including

antioxidant enzymes, may not affect life extension, which leads to speculation that

oxidative stress does not play a major role in aging. For example, sod-1 knockdown/
out or transgenic C. elegans do not particularly affect lifespan (Back et al. 2012).

Specifically, despite oxidative stress increases (Yang et al. 2007; Raamsdonk and

Hekimi 2009), MnSOD knockdown/out mutants did not reduce (Yang et al. 2007;

Doonan et al. 2008; Honda et al. 2008; Yen et al. 2009) or extended their lifespans

(Raamsdonk and Hekimi 2009; Yang and Hekimi 2010; Dingley et al. 2010).

Overexpression of MnSOD and Cu/ZnSOD extended lifespan but did not decrease

oxidative damage (Cabreiro at al. 2011). Conversely, overexpression of catalase

unexpectedly reduced lifespan (Doonan et al. 2008). These results do not support

the oxidative stress hypothesis. However, there are some complexities inherent to

interpreting these experiments. Specifically, superoxide anion converts superoxide

anion to H2O2, which can be catalyzed to H2O and oxygen by catalase or peroxi-

dase. However, H2O2 also produces ·OH in response to superoxide and metal ions

(Fig. 7.2). The amount and mixture of ROS produced in cells depends on site

(cytoplasm)/subcellular organelle (mitochondria or endoplasmic reticulum) and the

balance of anti-oxidative enzymes that are present. Thus, overexpressing one
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enzyme might have more complex effects than simply depleting its target substrate.

Further, the redox balance of reduction and oxidation are finely tuned in healthy

cells. Consequently, the redox imbalance in the SOD transgenics may lead to

metabolic change including in energy metabolism. In animals which only one

defense gene specific to one kind of ROS is knocked down or out or over-expressed,

other ROS may be overproduced or imbalance of redox state may result. Just as Orr

and Sohal (1994) demonstrated that lifespan was significantly longer in transgenic

flies carrying both SOD and catalase genes, experiments using combinations of

anti-oxidation enzymes may be necessary to clear up the relation between oxidative

stress and aging. In addition, it is critical to determine the cellular amount and

distribution of ROS in these transgenic animals.

7.4 Mitochondrial Oxidative Stress

The major endogenous source of reactive oxygen species ROS derives from the

electron transport system in mitochondria (Nohl and Hegner 1978; Chance at

al. 1979) (Fig. 7.2). It has been estimated that generation of O2
� and its dismutated

product H2O2 may constitute as much as 1–2 % of total electron flow, although

others have placed this value at 0.1–0.2 % (Tahara et al. 2009). It is known that

oxygen is initially converted to O2
� by electrons leaked from complexes I and

mainly complex III (Turrens 1997; Lenaz 1998; Finkel and Holbrook 2000; Raha

and Robinson 2000).

Energy metabolism in aerobic organisms is almost exclusively the result of

glycolysis, the Krebs cycle and electron transport. With respect to electron trans-

port, five membrane-bound complexes within mitochondria form the respiratory

chain that sequentially transfers electrons through a series of donor/acceptors, with
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oxygen (O2) as the final acceptor (Wallace 1999; Leonard and Schapira 2000). The

eukaryotic mitochondrial electron transport system is composed of more than

80 subunits and requires more than 100 additional genes for its assembly (Attardi

and Schatz 1988). TheC. elegans electron transport is composed of about 70 nuclear

and 12 mitochondrial genes products. The metabolism and structure of the

C. elegans electron transport closely parallel its mammalian counterpart, and its

mitochondrial DNA (mtDNA) is similar in size and gene content to the human

mtDNA (Murfitt et al. 1976; Okimoto et al. 1992).

The nuclear gene gas-1 ( fc21) encodes a homologue of the Ip49 kDa iron

protein, a subunit of complex I of the electron transport system (Kayser

et al. 1999). The 49-kDa iron protein is abundantly expressed in multiple tissues,

including neurons and body wall muscle in C. elegans (Kayser et al. 2001). The
subunit seems to be implicated in binding CoQ and, therefore, it is believed to be

essential for the core function of complex I (Xu et al. 1992; Anderson and

Trgovcich-Zacok 1995). Mutations in gas-1 were isolated based upon their ability

to confer hypersensitivity to volatile anesthetics such as halothane or diethyl ether

(Morgan and Sedensky 1994; Kayser et al. 1999). The mitochondria isolated from

gas-1 mutant reduced complex I enzymatic activities and increased complex

II-dependent metabolism (Kayser et al. 2001). We have determined that gas-1
mutants are hypersensitive to hyperoxia in a temperature-dependent fashion

(Hartman et al. 2001). Specifically, the gas-1mutant was three times more sensitive

than wild type at 15 �C and over six times more sensitive at 25 �C. These

temperatures are typically employed as the permissive and restrictive temperatures

for C. elegans. In these experiments, survival was defined as the ability of first-stage

larvae to complete development. The hypersensitivity of gas-1 was not restricted to
larval development, as the ability to complete embryogenesis was also strongly

influenced by oxygen concentration. The gas-1 mutation also caused a dramatic

decrease in lifespan upon exposure to hyperoxia. This was most dramatically

observed when animals were reared under atmospheric oxygen and shifted to

60 % oxygen upon sexual maturity.

The question that is most directly related to the scope of this review is as follows:

what is the mechanism by which a complex I defect creates hypersensitivity to

ROS? This is at least partially answered by the observation that superoxide anion

levels in sub-mitochondrial particles are more than two times greater than in wild-

type (Ishii and Ishii, unpublished data). Thus, the hypersensitivity and precocious

aging caused by the gas-1 mutation is likely due to excess ROS production.

We have also demonstrated that O2
� is produced from complex II in a genetic

background that compromises complex II functionality (Ishii et al. 2006, 2013).

Namely, the mev-1 mutant is oxygen and ROS-generating chemical methyl

viologen (paraquat) hypersensitive with respect to both development and aging

(Ishii et al. 1990). The mev-1(kn-1) mutation, which results in an amino acid

substitution at the 71st position from glycine to glutamate (G71E), has been

identified as residing in the putative gene cyt-1 (a human SDHC gene homologue),

which is homologous to the succinate dehydrogenase (SDH) cytochrome b large

subunit in complex II (Ishii et al. 1998). The mutation results in a greater than 80 %
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reduction in complex II activity in the mitochondrial membrane fraction. Complex

II catalyzes electron transport from succinate to ubiquinone and contains the citric

cycle enzyme succinate dehydrogenase (SDH), which is composed of the flavin

protein (Fp), the iron-sulfur protein (Ip) and two other subunits (a small subunit of

cytochrome b and a large subunit of cytochrome b encoded by cyt-1) (Cecchini
2003; Cecchini et al. 2003; Maklashina and Cecchini 2010). The cytochrome b

large subunit is essential for electron transport to ubiquinone in complex III. Based

upon its position, the mutation site in mev-1 may affect the domain binding to

ubiquinone.

The mean and maximum lifespans of both the wild type and mev-1 mutant were

influenced by oxygen (Honda et al. 1993). Wild-type lifespans were not affected by

oxygen concentrations between 2 % and 40 %. On the other hand, the mean and

maximum lifespans of the mev-1 mutant under atmospheric conditions (21 %

oxygen) were shorter than wild type (Honda et al. 1993). Fluorescent materials

(lipofuscin) and protein carbonyl derivatives are formed in vivo as a result of metal-

catalyzed oxidation and accumulate during aging in disparate model systems

(Strehler et al. 1959; Spoerri et al. 1974; Stadman and Oliver 1991; Stadman

1992). The presence of fluorescent materials and protein carbonyl modifications

can be a specific indicator of oxidized lipid and protein. The mev-1 mutants

accumulated fluorescent materials and protein-carbonyl derivatives at significantly

higher rates than did their wild-type cohorts (Hosokawa et al. 1994; Adachi

et al. 1998). Thus, the aging process in mev-1 animals approximates that of wild

type except for its precocious nature. The biochemical pathologies ofmev-1 include
elevated ROS. Specificity, O2

� levels in both intact mitochondria and

sub-mitochondrial particles were approximately two times greater inmev-1mutants

as compared to wild type (Senoo-Matsuda et al. 2001). Given that most O2
�

generation is thought to occur around complex III, this means that the mev-1
mutation either exacerbates O2

� production at this location or, in some indirect

way, increases O2
� production at another point in electron transport, even at

complex II. Another of the biochemical pathologies is that of reduced glutathione

concentration in mev-1 animals (Senoo-Matsuda et al. 2001). The mev-1 mutation

also caused supernumerary embryonic apoptosis especially under hyperoxia

(Senoo-Matsuda et al. 2003). The abnormal apoptosis was suppressed by mutations

in either ced-3 or ced-4, indicating that the inappropriate signal in mev-1 embryos

stimulated induction of the normal ced-9/ced-3/ced-4 apoptotic pathway in

C. elegans (Senoo-Matsuda et al. 2003). Furthermore, the mev-1;ced-3 double

mutant lived longer than mev-1, which suggests that the supernumerary apoptosis

contributed to the phenotype of life shortening in mev-1 (Senoo-Matsuda

et al. 2003). In addition, the oxidative stress by hyperoxia in mev-1 animals

rendered them hypermutable to nuclear mutations (Hartman et al. 2001). Finally,

a number of biochemical pathologies likely derive from the role played by succi-

nate dehydrogenase in the citric cycle. First, the ratio of lactate to pyruvate is

significantly higher in mev-1 mutants, suggesting that a metabolic imbalance

known as lactate acidosis occurs in these animals. Second, a number of citric

cycle intermediates are present at abnormal concentrations in mev-1 mutants.
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Conversely, ATP levels are normal in mev-1 mutants. This was initially surprising

but may suggest that mev-1 animals rely more heavily on glycolysis for energy

acquisition, thus explaining the elevated lactate levels. However, it is also possible

that ATP consumption is decreased in mev-1 because of some sort of global

decrease in the metabolic rate that acts to counterbalance the compromised ATP

generation in mev-1 (Senoo-Matsuda et al. 2001). These results suggest that

age-related complex II deterioration might also produce O2
� and consequently

accelerate aging.

In a similar fashion, Lemire and colleagues constructed transgenic C. elegans
strains with a series of mutations in the succinate dehydrogenase iron-sulfur subunit

(SDHB-1) (a human SDHB homologue) (Huang and Lemire 2009). They also

resulted in reduced lifespans. These strains are also more sensitive to oxygen and

paraquat. They overproduced superoxide anion with decreased succinate–cyto-

chrome c reductase activity compared to the control strain. Thus, they recapitulate

the phenotypes of the mev-1 mutant. On the other hand, the gas-1 and mev-1
mutants do display some divergent phenotypes. For example, mutations of isp-1
(qm150) and lrs-2 genes, which encode iron sulfur protein of complex III and

mitochondrial leucyl-tRNA synthetase, respectively, increased lifespan (Feng

et al. 2001; Lee et al. 2003).

7.5 The Mitochondrial Paradox

While indispensable as a source of ATP generation, mitochondria are also the major

endogenous source of ROS. Most of this occurs at complex III, although we have

provided evidence that ROS can be generated at complexes I and II. In either case,

these ROS can then attack all components of the electron transport system, dam-

aging complexes that then leads to the production of even more ROS. The net result

of this cascade is cellular and organismal aging. The metabolic abnormality affects

electron flow and leads to a decreased mitochondrial membrane potential (ΔΨm).

This may ultimately disrupt the mitochondrial structure and function. It is thought

that this metabolic abnormality and ROS generation causes degenerative disease

and aging. On the other hand, the reduction of energy metabolism may actually

reduce ROS generation from mitochondria and consequently extend lifespan. In

addition to the isp-1 (qm150) and lrs-2 mutants described above, for example,

RNAi treatment of atp-3 (a subunit of complex V), nuo-2 (a subunit of complex

I), cyc-1 (a subunit of complex III) and cco-1 (a subunit of complex IV) genes

resulted in adult animals with reduced ATP levels and prolonged lifespans (Dillin

et al. 2002). In addition, a clk-1 mutant [defective in demethoxy ubiquinone

(DMQ)], whose gene encodes hydoxylase, exhibit a longer life than wild type

(Lakowski and Hekimi 1996). CoQ biosynthesis is dramatically altered in clk-1
animals such that mitochondria lack detectable levels of CoQ9, and instead contain

DMQ9 (Miyadera et al. 2001). Furthermore, Larsen and Clarke (2002) showed that

CoQ-less diets, which are the result of growing nematodes on a bacterial strain
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lacking CoQ, increase the lifespan of wild type. They also postulated that

CoQ-deficient diet may affect aerobic respiration such that less superoxide anion

is generated. In the case of the RNAi experiments (Dillin et al. 2002), this is

somewhat akin to the effects of caloric restriction. The two contrary results (that

is, the reduced lifespan with compromised complex II activity versus the increased

lifespan with compromised complex I, III, IV and V activities) may depend on

different functionalities of each subunit in the complexes. As described above, the

cyt-1 (¼ mev-1) mutation reduced lifespan and plays a direct role in electron flow

from complex II to CoQ. Indeed, this subunit has a binding site to CoQ. Conversely,

RNAi of atp-3, nuo-2, cyc-1 and cco-1 gene yielded animals with longer lifespans

(Dillin et al. 2002). These gene functions may not affect electron flow directly but

instead lower metabolic rate without electron leakage (Fig. 7.3). In addition, the

presence of other isoforms may be partially compensatory. Indeed, there are such

candidates in the genome (e.g., ceSHDA in complex II). In either case, avoiding

electron leakage from electron transport and the resultant ROS production seems to

be essential for a normal lifespan.

7.6 Conclusion

Since Harman (1956) postulated in his free-radical theory of aging, much attention

has focused on the hypothesis that oxidative damage plays an important determi-

native role in cellular and organismal aging. In the 50-plus years since then, there

are many results in support of this hypothesis, while certain observations could be

interpreted as contradicting it. Normal cells, which produce several types of ROS as

byproduct of energy metabolism and remove them by the complex defense systems,

maintain a balance between reduction and oxidation states. Artificially changing

(by drugs or transgenic over- and under-gene expression) can lead to an imbalanced

Complex

in mitochondria

subunit

subunit

Regulation of 

metabolic rate

Reduced metabolic rate

without electron leak

Longer lifespan

O2 ROS production by electron leak 

Damage to cellular components

Shorter lifespan

O2
-

e-

e-

Inhibition

Inhibition

Fig. 7.3 Effects on lifespan

by inhibition to subunits of

the electron transport

complexes (Ishii and

Hartman 2003)
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redox state and then to metabolic changes including energy metabolism via mito-

chondria, which could ultimately impact cellular and organismal wellbeing. In

addition, even if the activity or amount of an antioxidation enzyme or antioxidant

are changed, cells have a complex systems to compensate for it. On the balance, the

evidence points to the fact that ROS can and do impose considerable damage

throughout an organism’s lifespan. Thus, the evidence supports. The evidence

includes studies using the nematode C. elegans in which mutants and transgenics

have been subjected to a variety of analyses
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Chapter 8

Genes and Pathways That Influence

Longevity in Caenorhabditis elegans

Yujin Lee, Seon Woo A. An, Murat Artan, Mihwa Seo, Ara B. Hwang,

Dae-Eun Jeong, Heehwa G. Son, Wooseon Hwang, Dongyeop Lee,

Keunhee Seo, Ozlem Altintas, Sangsoon Park, and Seung-Jae V. Lee

Abstract The roundworm Caenorhabditis elegans is one of the most popular model

organisms for research on aging because of its short lifespan and genetic tractability.

Studies usingC. elegans have identified many genes and pathways that regulate aging,

several of which are conserved in other species, including mammals. In this chapter,

we describe longevity-regulatory pathways including insulin/IGF-1 (insulin-like
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growth factor 1) signaling, TOR (target of rapamycin) signaling, autophagy, mito-

chondrial respiration, and HIF-1 (hypoxia-inducible factor 1) pathways. We also

review the effects of dietary restriction, a key environmental factor that influences

aging, on longevity-regulatory genetic factors. In addition, we illustrate the roles of

two important C. elegans tissues, those of the sensory neural and reproductive

systems, in regulating longevity at the molecular level. For each of the subtopics,

we explain how changes in the expression of genes involved in each pathway and

system alter longevity.We also speculate on the evolutionary significance of the genes

and pathways that affect longevity. Given the conserved nature of longevity regula-

tion, the dissection of the roles of these genetic factors in determining the C. elegans
lifespan will provide important clues for understanding the secrets of human aging.

Keywords C. elegans • Aging • Insulin/IGF-1 • Target of rapamycin • Dietary

restriction • Autophagy • Hypoxia-inducible factor • Mitochondria • Sensory

neurons • Reproductive system

8.1 Introduction

For a long time, the lifespans of living organisms were believed to be limited by the

passive, age-dependent degeneration of tissues, which eventually leads to death.

However, the findings of studies conducted in the past two decades tell us other-

wise. Scientists have shown that organismal lifespans are subjected to active

regulation by many genes and pathways. Although the exact mechanisms remain

unclear, we now know that genetic factors influence the rate of organismal aging, in

response to changes in environmental signals as well as physiologic inputs.

The small roundwormCaenorhabditis elegans has been exploited as a fundamental

tool for research on aging, revealing crucial lifespan-regulatory pathways. One of the

best advantages of C. elegans as a model for research on aging is that the C. elegans
lifespan is only a few weeks. In addition, C. elegans undergoes clear age-dependent
physiologic and behavioral changes and possessesmany lifespan-regulatory pathways

that are conserved across phyla. In fact, many evolutionarily conserved genes and

pathways that affect organismal longevity were first identified in C. elegans.
The first lifespan-regulatory pathway identified in C. elegans was the insulin/

insulin-like growth factor 1 (IGF-1) signaling (IIS) pathway. Subsequent research

led to the identification of target of rapamycin (TOR) signaling, dietary restriction

(DR), steroid signaling, autophagy, reduced mitochondrial respiration, the hypoxia

inducible factor 1 (HIF-1) pathway, and the sensory and reproductive systems as

major lifespan-regulatory pathways in C. elegans. The identification of genes acting
in those pathways and systems shed light on ensuing research in more complex

organisms by revealing that many of the pathways are indeed evolutionarily con-

served. In this chapter, we will review the roles and mechanisms by which key genes

in lifespan-regulatory pathways modulate C. elegans lifespan. We include a table

with an extensive list of C. elegans longevity-influencing genes, many of which are

not described in the text due to space limits (Table 8.1). Furthermore, we speculate

regarding the physiologic natures of the lifespan-regulatory pathways and possible

reasons why these pathways modulate aging in C. elegans.
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8.2 Longevity-Regulatory Pathways in C. elegans

8.2.1 The Insulin/Insulin-Like Growth Factor 1 Signaling
Pathway

The insulin/IGF-1 signaling (IIS) pathway is one of the most highly characterized

and evolutionarily conserved pathways that regulate aging (Fig. 8.1). In C. elegans,
IIS is presumably initiated by the modulation of the activity of DAF-2, an insulin/

DAF-2

ILPs

P

Longevity

IST-1

PDK-1

AKT-1/2

DAF-16 SKN-1

HSF-1

PIP2 PIP3

AGE-1

Fig. 8.1 Lifespan

regulation by the insulin/

IGF-1 signaling pathway

in C. elegans. Insulin-like
peptides (ILPs) bind to

insulin/IGF-1 receptor

DAF-2 to regulate its

phosphorylation. The

reduction of DAF-2 activity

leads to decreased binding

of IST-1, the insulin

receptor substrate, resulting

in the inactivation of

phosphoinositide-3 kinase

(AGE-1), which is

responsible for the

conversion of PI(4,5)P2 to

PI(3,4,5)P3. This event

decreases the activities of

phosphoinositide-

dependent kinase 1 (PDK-1)

and the AKT-1 and AKT-2

(AKT-1/2) kinases. This

reduces the phosphorylation

of the DAF-16/FOXO and

SKN-1/NRF2 transcription

factors, increasing their

activities. The inhibition of

DAF-2 also increases the

activity of heat shock

transcription factor

1 (HSF-1). The activation of

DAF-16, SKN-1, and

HSF-1 leads to longevity by

transcriptionally regulating

the expression of

downstream longevity

genes
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IGF-1 receptor homolog, upon the binding of insulin-like peptides (ILPs).

C. elegans expresses 40 ILPs, some of which are predicted to be DAF-2 agonists

(e.g., ins-7) or antagonists (e.g., ins-18) (Kawano et al. 2000; Murphy et al. 2003,

2007; Fernandes de Abreu et al. 2014). The up-regulation of DAF-2 leads to the

activation of a phosphoinositide 3-kinase (PI3K) cascade, which in turn regulates

several transcription factors that affect lifespan (reviewed in Kaletsky and Murphy

2010; Murphy and Hu 2013).

Many components of IIS regulate lifespan. For example, mutations in daf-2 can

double the lifespan (Kenyon et al. 1993). The importance of DAF-2 as a longevity-

regulatory factor is highlighted by the findings that mouse and human DAF-2

homologs are associated with longevity (reviewed in Kenyon 2010). Mutations in

age-1, which encodes the catalytic subunit of PI3K (Morris et al. 1996), greatly

extend lifespan as well (Friedman and Johnson 1988). Other genes in the IIS

pathway whose genetic perturbation extends lifespan include ins-7 and daf-28,
two ILP genes; ist-1 (insulin receptor substrate homolog); pdk-1, which encodes a

phosphoinositide-dependent kinase (PDK); and akt-1 and akt-2, two C. elegans
Akt/PKB homologs (Murphy et al. 2003; Paradis and Ruvkun 1998; Malone

et al. 1996; Paradis et al. 1999; Wolkow et al. 2002). The transcription factors

that act downstream of IIS, including DAF-16/FOXO, heat shock factor 1 (HSF-1)

and SKN-1/NRF2, are required for longevity in animals with reduced IIS (Kenyon

et al. 1993; Lin et al. 1997; Ogg et al. 1997; Hsu et al. 2003; Morley and Morimoto

2004; Tullet et al. 2008). Among those, DAF-16 is the best characterized longevity-

promoting transcription factor, and its human homolog FOXO3A is also linked to

longevity (reviewed in Kenyon 2010). DAF-16 is inactivated by phosphorylation

via AKT-1 and AKT-2, and the dephosphorylation of DAF-16 leads to DAF-16

activation via nuclear localization (Lin et al. 2001; Henderson and Johnson 2001;

Lee et al. 2001). The activation of DAF-16 leads to the induction of various genes

that are crucial for longevity, including molecular chaperones, antioxidants, anti-

microbials, and stress resistance genes (reviewed in Kaletsky and Murphy 2010;

Murphy and Hu 2013). Many other longevity-regulatory genes involved in IIS have

been identified using genetic, genomic, and proteomic approaches (Table 8.1). It

will be important to characterize the relationships among those many factors to

ascertain their impact on lifespan regulation.

What is the physiologic interpretation of the effects of IIS on longevity? IIS

influences not only longevity but also other physiologic processes including larval

development, fat metabolism, immunity, and stress resistance (reviewed in

Kaletsky and Murphy 2010; Murphy and Hu 2013). Increased resistance to various

stresses, including heat (Lithgow et al. 1995), osmotic stress (Lamitina and Strange

2005), reactive oxygen species (ROS) (Honda and Honda 1999), hypoxia (Scott

et al. 2002) and endoplasmic reticulum (ER) stress (Henis-Korenblit et al. 2010),

and proteotoxicity (Morley et al. 2002; Hsu et al. 2003) will confer survival benefits

to C. elegans in general. At the cellular level, the stress resistance phenotypes might

contribute to longevity by promoting cellular maintenance capabilities. In addition,

animals with reduced IIS have higher chances to survive infection by various

pathogens because of enhanced innate immunity (Garsin et al. 2003). This appears
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to lengthen lifespan in C. elegans, because the main cause of death in aged

C. elegans in laboratory is infection by E. coli, the worm’s bacterial food (Garigan

et al. 2002). Moreover, somatic cells in C. elegans with reduced IIS have the

characteristics of germline stem cells, which are robustly protected from various

stresses (Curran et al. 2009). Overall, C. elegans appears to employ endocrine IIS to

enhance cellular protection and maintenance in the face of harsh environmental

conditions, which may lead to longevity.

8.2.2 Lifespan-Regulating Genes in the Target of Rapamycin
(TOR) Signaling Pathway

The TOR pathway is another evolutionarily well-conserved signaling pathway that

influences aging (Fig. 8.2). TOR is a serine/threonine kinase that plays various

physiologic roles, including involvement in cellular growth, metabolism, protein

synthesis and autophagy, and aging, in response to changes in nutrient status

(Stanfel et al. 2009; Kapahi et al. 2010; Evans et al. 2011; Laplante and Sabatini

2012; Johnson et al. 2013). TOR interacts with other proteins such as the

regulatory-associated protein raptor and the rapamycin-insensitive companion

rictor. Those interactions determine the formation of TOR complex 1 (TORC1)

and TOR complex 2 (TORC2), respectively. Although both complexes are linked to

longevity, the signaling pathway of TORC1 is characterized in more detail than that

Longevity

Dietary restriction

Autophagy

Insulin/IGF-1
signaling

Translation

AMPK

TOR

RSKS-1PHA-4

Fig. 8.2 Dietary

restriction increases

lifespan through AMPK,

TOR signaling, and

autophagy. Dietary

restriction extends lifespan

through energy-sensing

pathways in general.

Dietary restriction increases

the activity of

AMP-activated protein

kinase (AMPK) while

down-regulating target of

rapamycin (TOR) kinase.

Activated AMPK extends

lifespan partly by increasing

autophagy. Reduced TOR

signaling leads to the

activation of autophagy via

PHA-4/FOXA and the

reduction of translation via

the down-regulation of

ribosomal S6 kinase

1 (RSKS-1)
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of TORC2. TORC1 exerts its effects by regulating downstream targets, including

ribosomal protein S6 kinase, which promotes protein synthesis via the phosphory-

lation of ribosomal protein subunit 6.

The inhibition of various TOR pathway genes extends the lifespan of C. elegans.
The RNAi knockdown or mutation of let-363/TOR, daf-15/RAPTOR, rsks-1 (ribo-
somal protein S6 kinase), ribosomal subunits, or translational initiation factors

increases the lifespan of C. elegans (Vellai et al. 2003; Jia et al. 2004; Ching

et al. 2010; Chen et al. 2013b; Seo et al. 2013; Hansen et al. 2007; Pan et al. 2007;

Syntichaki et al. 2007; Curran and Ruvkun 2007). In addition, treatment with

rapamycin, the inhibitor of TOR, extends lifespan in C. elegans (Robida-Stubbs

et al. 2012). Reduced translation underlies the longevity caused by the inhibition of

TOR signaling (Hansen et al. 2007; Pan et al. 2007). The inhibition of the trans-

lation initiation factors ife-2/eIF4E and ifg-1/eIF4G, which are predicted to be

regulated by TOR, extends lifespan (Pan et al. 2007; Wang et al. 2010; Rogers

et al. 2011; Hansen et al. 2007; Syntichaki et al. 2007; Curran and Ruvkun 2007).

Several longevity-promoting transcription factors including pha-4/FoxA (Sheaffer

et al. 2008), HSF-1 (Seo et al. 2013), SKN-1 (Robida-Stubbs et al. 2012), and

DAF-16 (Seo et al. 2013; Robida-Stubbs et al. 2012; Hansen et al. 2007) mediate

the longevity caused by reduced TOR signaling. In addition, AMP-activated protein

kinase (AMPK), a nutrient-sensing and longevity-promoting kinase, is required for

the extended lifespan of rsks-1mutants (Selman et al. 2009). Thus, reduced TORC1

signaling appears to lead to decreased translation, which in turn up-regulates

various downstream longevity factors.

How does TOR signaling modulate longevity by influencing mRNA translation

rates? Because protein synthesis requires large amounts of energy and metabolic

resources such as ATP and amino acids, thrifty usage of proteins may be a cost-

effective way for organisms to use resources for maintenance. Additionally, a

slowed rate of protein synthesis may give organisms a chance to increase overall

protein quality, because protein repair and degradation systems can be efficiently

act on a relatively small amount of proteins. In addition to reducing translation, the

inhibition of TOR signaling enhances autophagy-related processes (reviewed in

Green et al. 2014). This in turn removes and/or recycles damaged proteins and

organelles by selectively transporting them to lysosomes, which can promote

healthy cellular environments. Thus, the inhibition of TOR signaling may benefit

longevity by enhancing protein quality and reducing proteotoxicity during aging.

8.2.3 Genes That Mediate Dietary Restriction-Induced
Longevity

Dietary restriction, which is defined as the restriction of food intake without

malnutrition, extends lifespan in various species (reviewed in Piper et al. 2011).

In C. elegans, diverse DR regimens have been used, such as genetic mutations that
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decrease feeding rates, the dilution or deprivation of food (bacteria) concentrations,

intermittent fasting, and culture in axenic media that contain sparse nutrients

(summarized in Greer and Brunet 2009). Interestingly, different genes and path-

ways mediate the effects of diverse DR regimens on longevity in C. elegans
(Fig. 8.2, Table 8.1). The most notable genetic factors that mediate the longevity

conferred by DR are cellular energy sensors. Dietary restriction decreases ATP

levels and subsequently increases the AMP/ATP ratio, and this in turn activates the

energy sensor AMPK (Hardie 2014). The catalytic α subunit of AMPK in

C. elegans, AAK-2, is necessary and sufficient for DR-induced longevity (Greer

and Brunet 2009; Greer et al. 2007). Target of rapamycin (TOR), another major

energy sensor, is also implicated as a mediator of DR-induced longevity (Hansen

et al. 2007). The inhibition of let-363, C. elegans TOR, extends lifespan, perhaps by
mimicking DR. The lifespan extension conferred by intermittent fasting is mediated

by RHEB-1 (GTPase), an activator of TOR (Honjoh et al. 2009). One possible

mechanism by which reduced TOR levels mediate DR-induced longevity is the

up-regulation of autophagy (reviewed in Green et al. 2014), which helps cellular

maintenance during DR. Thus, DR appears to increase lifespan by regulating

energy sensors to maximize cellular maintenance under conditions where energy

is scarce.

DR alters the activities of longevity-promoting transcription factors. The AMPK

activated upon DR up-regulates DAF-16 to mediate longevity (Greer et al. 2007).

Dietary restriction reduces TOR signaling, which leads to changes in the activity of

transcription factors including PHA-4 (Panowski et al. 2007; Sheaffer et al. 2008),

hypoxia-inducible factor 1 (HIF-1) (Chen et al. 2009), HSF-1 (Seo et al. 2013;

Steinkraus et al. 2008), DAF-16 (Robida-Stubbs et al. 2012; Seo et al. 2013), and

SKN-1 (Bishop and Guarente 2007; Robida-Stubbs et al. 2012). SIR-2.1 (sirtuin:

NAD-dependent protein deacetylase) (Wang and Tissenbaum 2006) and PNC-1

(a key component of the NAD+ salvage pathway) (Moroz et al. 2014) mediate

DR-induced longevity. NHR-62 (nuclear receptor) mediates the lifespan-increasing

effects of DR by controlling fat metabolism and autophagy (Heestand et al. 2013).

WWP-1 (E3 ligase) and UBC-18 (E2 conjugating enzyme), components of the

ubiquitin system, extend lifespan upon DR by degrading kruppel-like factor

1 (KLF-1) (Carrano et al. 2014; Carrano et al. 2009).

Under DR, organisms decrease their rates of growth and reproduction to pre-

serve resources for survival until food conditions become more favorable. These

maintenance responses appear to promote stress resistances and eventually lead to

longevity. In C. elegans, various factors, including cellular energy sensors, in

diverse longevity pathways mediate DR-induced longevity in a diet regimen-

dependent manner. Thus, these factors may sense various DR cues and transmit

longevity signals to different pathways. It will be important to dissect the mecha-

nisms by which these diverse factors or pathways interact with each other for

lifespan extension in response to DR.
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8.2.4 Autophagy-Related Genes Required for Longevity

Autophagy is a process that promotes the degradation of cellular components to

recycle macromolecules and organelles (reviewed in Levine and Klionsky 2004).

The appropriate clearance of damaged cellular components mediated by autophagy

is one of the crucial requirements for lifespan extension in C. elegans. Autophagy
was first identified in mammals, and subsequent genetic studies using yeast identi-

fied many autophagy-related genes (ATGs). Autophagy begins with the induction

of membrane changes (regulated by unc-51/ATG1), vesicle nucleation (regulated

by bec-1/ATG6, vps-34/VPS34), vesicle expansion (regulated by atg-7/ATG7, lgg-
1/ATG8, lgg-3/ATG12), and eventually retrieval (regulated by atg-18/ATG18).
Those ATGs are well-conserved across species including C. elegans.

Many lifespan-regulating factors such as IIS, TOR, DR, and reproductive path-

ways have been shown to modulate autophagy in C. elegans. The role of autophagy
in promoting longevity was first shown for reduced IIS (Melendez et al. 2003). daf-
2 mutants display increased levels of autophagy and require autophagy-related

genes, including bec-1/ATG6 and lgg-3/APG12, for longevity (Melendez

et al. 2003; Hars et al. 2007). Acting downstream of IIS (Apfeld et al. 2004),

AMPK contributes to the up-regulation of autophagy in daf-2 mutants (Egan

et al. 2011). Although DAF-16 is not required for increased autophagy in daf-2
mutants (Hansen et al. 2008), overexpression of the DAF-16 is sufficient to induce

autophagy (Jia et al. 2009).

Dietary restriction induces autophagy, and essential autophagy genes are

required for the longevity caused by genetic mimesis of DR (Jia and Levine

2007; Hansen et al. 2008). Dietary restriction appears to reduce TOR signaling

(reviewed in Johnson et al. 2013) and up-regulate the transcription factors PHA-4

and TFEB/hlh-30 to mediate autophagy-induced longevity (Hansen et al. 2008;

Lapierre et al. 2013a). Overall, increased autophagy is required for the longevity

caused by multiple signaling pathways, most if not all of which are sensitive to

nutrient conditions. Thus, autophagy may provide the nutrients and energy required

for longevity pathways. Because evidence supporting the hypothesis that enhanced

autophagy per se is sufficient for longevity is scarce, it seems likely that autophagy

is a limiting factor for longevity.

8.2.5 Longevity Caused by Reduced Mitochondrial Function

Mitochondria are crucial for many physiologic processes including energy produc-

tion. Interestingly, a mild inhibition of the mitochondrial electron transport chain

(ETC) generally promotes longevity in C. elegans (Fig. 8.3) (reviewed in Hwang

et al. 2012). One of the first long-lived mitochondrial ETC mutants that were

identified was the clk-1 (demethoxyubiquinone hydroxylase) mutant (Wong

et al. 1995; Braeckman et al. 1999; Ewbank et al. 1997). Other long-lived ETC
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mutants include the isp-1 (iron-sulfur protein) mutants, which are defective in

mitochondrial complex III (Feng 2001), and the nuo-6 (NADH ubiquinone oxido-

reductase) mutants, which are defective in mitochondrial complex I (Yang and

Hekimi 2010b). In addition, RNAi knockdown of many genes that encode mito-

chondrial ETC components leads to longevity (Dillin et al. 2002b; Lee et al. 2003;

Hansen et al. 2005).

Several key downstream factors and signaling pathways are known to mediate

the longevity of mitochondrial ETC mutants. These include FSTR-1/-2, AMPK,

HIF-1, CEH-23 (homeobox domain transcription factor), the mitochondrial

unfolded protein response (UPRmito) genes, CEP-1 (p53 homolog), components

of the apoptotic signaling pathway, and the TAF-4/TFIID complex (Baruah

et al. 2014; Yee et al. 2014; Khan et al. 2013; Walter et al. 2011; Durieux

et al. 2011; Lee et al. 2010; Ventura et al. 2009; Cristina et al. 2009; Curtis

et al. 2006; Hwang et al. 2014). The inhibition of the ETC appears to modulate

signaling from the mitochondria to other cellular organelles including the nucleus.

For example, reduced mitochondrial respiration leads to changes in global gene

expression, which contribute to a long lifespan (Yee et al. 2014; Cristina

Nucleus

ROS

Reduced 
mitochondrial respiration

Longevity

Apoptotic 
signaling

EGL-9

VHL-1

CEP-1

HIF-1CEH-23

AMPK

Hypoxia

UPRmito

Fig. 8.3 Lifespan-regulatory pathways of reduced mitochondrial respiration and HIF-1.

Impaired mitochondrial respiration extends lifespan by causing a global change in gene expression

via non-mitochondrial mediators. These mediators include nuclear transcription factors, AMPK

(AMP-activated protein kinase), the apoptotic signaling pathway, and the mitochondrial unfolded

protein response (UPRmito). In addition, increased reactive oxygen species (ROS) levels mediate

longevity in respiratory mutants through AMPK and HIF-1. HIF-1 is also stabilized upon hypoxia

via EGL-9 (proline hydroxylase) and VHL-1 (ubiquitin E3 ligase)
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et al. 2009). The global changes in gene expression appear to be mediated by

transcription factors such as HIF-1 and CEP-1 (Hwang et al. 2014; Baruah

et al. 2014).

Many long-lived ETC mutants display increased ROS levels, which actually

contribute to longevity (Hwang et al. 2014; Lee et al. 2010; Yang and Hekimi

2010a; Van Raamsdonk and Hekimi 2012). Long-lived mitochondrial mutants have

increased mitochondrial ROS levels (Yang and Hekimi 2010a; Hwang et al. 2014;

Lee et al. 2010), and antioxidant treatment suppresses this longevity (Yang and

Hekimi 2010a; Van Raamsdonk and Hekimi 2012). Thus, increased ROS levels

seem to contribute to the long lifespan of ETC mutants. Furthermore, increased

HIF-1 and AMPK activities in response to elevated ROS levels mediate this

ROS-induced longevity (Hwang et al. 2014; Lee et al. 2010). These findings invite

a revision of the free radical theory of aging (Harman 1956, 1972), which proposes

that ROS cause aging and therefore shorten lifespan.

Another key parallel signaling pathway required for the longevity of ETC

mutants is the UPRmito. The UPRmito is a stress response that relays signals from

the mitochondria to the nucleus to induce mitochondrial chaperon proteins

(reviewed in Haynes et al. 2013). Impaired ETC function in one tissue (e.g.,

neurons) activates the UPRmito and relays yet unidentified longevity signals to

other tissues (e.g., intestinal cells) to extend lifespan (Durieux et al. 2011). How-

ever, the activation of the UPRmito is not sufficient to promote longevity (Bennett

et al. 2014).

Since the first long-lived mitochondrial respiratory clk-1 mutants were identi-

fied, numerous studies have been conducted to reveal the molecular mechanisms

underlying this lifespan regulation. Only recently, scientists started to understand

the paradox of how reduced ETC delays aging and increases lifespan. Interestingly,

simple and small animal species that have high respiration rates tend to live shorter

lives, whereas complex and large species with low respiration rates tend to live

longer lives (reviewed in Kenyon 2010). Perhaps the longevity displayed by

C. elegans ETC mutants mimics the evolution of longevity among species.

8.2.6 The Regulation of Lifespan by the Hypoxia-Inducible
Factor 1-Regulatory Pathway

Hypoxia-inducible factor 1 (HIF-1) is a key transcription factor that regulates

responses to conditions of low oxygen (Fig. 8.3) (reviewed in Powell-Coffman

2010; Semenza 2012). Under normal oxygen conditions, HIF-1 is hydroxylated by

the proline hydroxylase EGL-9 and ubiquitinated by von Hippel-Lindau-1

(VHL-1), an E3 ligase component. Under conditions of low oxygen, EGL-9 cannot

hydroxylate HIF-1, leading to the stabilization of HIF-1 and the induction of HIF-1

target genes. HIF-1 modulates various biological processes, including lifespan- and

aging-related processes in C. elegans.
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The up-regulation of HIF-1, by the genetic inhibition of VHL-1 or EGL-9 (Lee

et al. 2010; Mehta et al. 2009; Muller et al. 2009), or by the overexpression of hif-1,
increases lifespan (Zhang et al. 2009). The activation of HIF-1 also contributes to

the longevity conferred by mitochondrial ROS in a positive-feedback fashion and

through the modulation of iron-metabolism genes (Lee et al. 2010; Hwang

et al. 2014). Interestingly, HIF-1 also regulates lifespan in a temperature-dependent

manner, possibly through IIS (Lee et al. 2010; Leiser et al. 2011; Chen et al. 2009;

Zhang et al. 2009), and mediates DR-induced longevity (Chen et al. 2009). Overall,

HIF-1 appears to act as a sensor and mediator for various lifespan-regulatory

signals such as oxygen concentration, mitochondrial ROS, temperature changes,

and nutrient levels.

Because HIF-1 is one of the recently identified factors that regulate aging in

C. elegans, the mechanisms by which HIF-1 increases lifespan remain elusive.

Different from vertebrate models, the availability of viable hif-1, vhl-1, and egl-9
mutants has made C. elegans a unique and important model organism to study the

role of HIF-1 in aging. Future studies regarding HIF-1, including tissue-specific

roles and the functional characterization of upstream and downstream factors, will

provide mechanistic insights into how this evolutionarily conserved transcription

factor exerts its effects on longevity.

8.2.7 Sensory Neuronal Regulation of Longevity

C. elegans is equipped with a sensory nervous system that perceives environmental

changes. Intriguingly, sensory neurons modulate lifespan in C. elegans (Fig. 8.4),
and this phenomenon is also observed in Drosophila and mice (Linford et al. 2011;

Jeong et al. 2012; Riera et al. 2014). Structural perturbations of a subset of ciliated

sensory neurons, including the genetic disruption of che-2/IFT80, daf-10/IFT122,
daf-19/RFX2, or osm-5/IFT88, increase lifespan in C. elegans (Apfeld and Kenyon

1999; Alcedo and Kenyon 2004). Many C. elegans mutants that have defects in

sensory signal transduction also live long. The genetic inhibition of str-2, a putative
sensory G protein-coupled receptor, or of kin-29 (SIK3 kinase), which regulates the
expression of subsets of neuronal sensory receptors, lengthens lifespan (Lanjuin

and Sengupta 2002; Alcedo and Kenyon 2004). The inhibition of G proteins that act

downstream of sensory receptors such as gpa-1, gpa-5, gpa-9, and odr-3 extends

lifespan as well (Lans and Jansen 2007; Alcedo and Kenyon 2004). The genetic

modulation of downstream cation channels, including tax-4 (cyclic nucleotide-

gated channel subunit), ocr-2 and osm-9 (neuronal transient receptor potential

vanilloid (TRPV) channels), and cold-sensitive trpa-1 (TRPA channel), can

increase lifespan (Apfeld and Kenyon 1999; Lee and Ashrafi 2008; Lee and Kenyon

2009; Xiao et al. 2013; Riera et al. 2014). Thus, the inhibition of the sensory neural

structure or function generally increases lifespan in C. elegans.
The longevity caused by sensory impairment appears to be mediated at least

partly by the IIS pathway. Defects in sensory neurons promote the nuclear
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localization and transcriptional activation of DAF-16 (Lin et al. 2001; Xiao

et al. 2013; Gaglia et al. 2012). In addition, the long lifespans caused by sensory

mutations are largely suppressed by daf-16 mutations (Apfeld and Kenyon 1999;

Hahm et al. 2009; Lanjuin and Sengupta 2002; Lee and Ashrafi 2008; Xiao

et al. 2013; Alcedo and Kenyon 2004; Lans and Jansen 2007). Thus, the disruption

of sensory neurons increases lifespan in C. elegans through the activation of

DAF-16. In addition, the long lifespan of sensory daf-10/IFT122 mutants requires

the induction of mct-1, a putative monocarboxylate transporter (Gaglia et al. 2012).

This suggests that the transportation of hormones or small molecules modulates

lifespan by acting downstream of the sensory perturbation. In contrast to these long-

lived sensory mutants, which mostly have chemosensory defects, mutants that have

defects in thermosensory AFD neurons are short lived at high temperatures (25 �C)
(Lee and Kenyon 2009). This lifespan regulation is mediated by steroid signaling,

composed of DAF-9 (cytochrome P450) and DAF-12 (nuclear receptor) in multiple

tissues, including hypodermis and endocrine XXX cells (Lee and Kenyon 2009).

How these various sensory modalities affect lifespan by employing different down-

stream factors is currently unclear.

Aging

High temperature
Thermosensory

neurons

Chemosensory
neurons

Insulin/IGF-1
signaling Nucleus

DAF-16

Nucleus

Hypodermis (or XXX cells)

DAF-12

DAF-9

Longevity

Intestinal cell

Fig. 8.4 Pathways that act downstream of sensory neurons to modulate lifespan. The

inhibition of thermosensory neurons decreases C. elegans lifespan at high temperature (25 �C)
by decreasing the expression of DAF-9 (cytochrome P450) in distal tissues such as hypodermis

and XXX cells, resulting in the activation of DAF-12 (nuclear receptor). The perturbation of

chemosensory neurons presumably decreases insulin/IGF-1 signaling, which promotes the nuclear

localization and activation of DAF-16/FOXO to enhance longevity
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It is intriguing that the inhibition of a small number of sensory neurons can have

a large effect on the organismal lifespan. Several signaling pathways that regulate

aging, including those involved in IIS, TOR, DR, and autophagy, are concerned

with nutrient and food availability. Because foods have smells and tastes as well as

nutrients, the sensory neurons may be an intrinsic factor that acts at the upstream

end of longevity signaling pathways that are linked with food availability. In fact,

sensory cues can directly influence lifespan via sensory neurons in C. elegans and
Drosophila (Libert et al. 2007; Maier et al. 2010). Hence, one can speculate that

sensory neurons monitor environmental changes such as food availability and

temperature fluctuations and modulate physiologic processes that eventually affect

lifespan.

8.2.8 Lifespan Regulation by the Reproductive System

Organismal longevity is frequently associated with reduced reproduction. In

C. elegans, the removal of the germline promotes longevity (Fig. 8.5) (Hsin and

Kenyon 1999). This phenomenon does not result from a simple trade-off between

longevity and reproduction, because the removal of the somatic gonad together with

germline does not result in longevity (Hsin and Kenyon 1999). Instead, when the

DAF-12

Nucleus

DA

NHR-80 LongevityNHR-80

LIPL-4

FAT-6
DAF-16

Intestinal cell

Germline
cells

Somatic
gonad

Fig. 8.5 The components of the reproductive system, which regulates longevity. The removal

of germline cells increases lifespan by transmitting longevity signals from the somatic gonad to

intestinal cells in C. elegans. This gonadal signaling increases the synthesis of dafachronic acid

(DA), which results in the activation of DAF-12 (nuclear receptor). In addition, signals from the

gonad enhance the nuclear localization and transcriptional activity of DAF-16/FOXO. Moreover,

the gonadal signaling modulates fat metabolism by up-regulating the NHR-49, 80 (nuclear

receptors: NHRs) and LIPL-4 (lipase) to promote longevity
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germline is removed, the somatic gonad actively promotes longevity by sending

signals that modulate steroid signaling, DAF-16 activities, and fat metabolism.

The DAF-12 is one of the key components in steroid signaling (Antebi

et al. 2000) and is required for longevity in germline-ablated worms (Hsin and

Kenyon 1999). The activity of DAF-12 is regulated by dafachronic acids (DAs),

which are bile acid-like steroid ligands (Motola et al. 2006). DAs are synthesized

from cholesterol by multiple enzymatic components such as DAF-36 (Rieske-like

oxygenase), DHS-16 (3-hydroxysteroid dehydrogenase), and DAF-9 (Rottiers

et al. 2006; Wollam et al. 2012; Jia et al. 2002; Gerisch et al. 2001). Those

components, as well as DAs, contribute to the longevity induced by the lack of

the germline resulting from laser ablation or glp-1 (germ line proliferation 1)

mutations. For example, mutations in daf-36, dhs-16, or daf-9 suppress the long

lifespan induced by the lack of germ cells (Rottiers et al. 2006; Wollam et al. 2012;

Gerisch et al. 2001). Dafachronic acids are ligands of DAF-12 that promote lifespan

extension in animals lacking germline cells (Gerisch et al. 2007; Yamawaki

et al. 2010; Mahanti et al. 2014), although treatment with DAs is not sufficient to

increase lifespan in wild-type worms (Gerisch et al. 2007; Yamawaki et al. 2010).

Thus, the loss of the germline leads to the production of high levels of DAs in the

somatic gonad, which activate DAF-12 and promote longevity.

Another component that mediates the longevity conferred by germline loss is

DAF-16, which is activated by germline loss and is required for the lifespan

extension associated with germline loss (Hsin and Kenyon 1999; Lin et al. 2001).

Upon germline removal, intestinal DAF-16 translocates from the cytosol to the

nucleus (Lin et al. 2001). This process is mediated by DAF-9, DAF-12, and KRI-1/

KRIT1/CCM1, independently of IIS (Berman and Kenyon 2006). Moreover, the

transcriptional activity of nuclear DAF-16 is regulated by several factors such as

TCER-1/TCERG-1, PHI-62 (a predicted RNA-binding protein), and FTT-2/14-3-3

(Ghazi et al. 2009; McCormick et al. 2012). Thus, the loss of the germline enhances

the transcriptonal activity of DAF-16 to induce longevity genes and increases

lifespan.

Fat metabolism also plays key roles in the regulation of lifespan by the repro-

ductive system. Oil red O fat staining and Coherent Anti-Stokes Raman Scattering

(CARS) microscopy indicate that germline loss increases fat storage (O’Rourke
et al. 2009; Lapierre et al. 2013b). Moreover, several factors that regulate fat

metabolism are required for the longevity conferred by germline loss, including

NHR-49 and NHR-80, nuclear receptors that regulate fat metabolism (Goudeau

et al. 2011; Ratnappan et al. 2014). The gonadal signaling is also mediated by the

induction of lipl-4 (a triglyceride lipase) that functions to increase lifespan (Wang

et al. 2008; Lapierre et al. 2011). Thus, changes in fat metabolism contribute to the

extension of lifespan by germline loss.

In C. elegans, the somatic gonad seems to relay longevity signals to other body

parts upon sensing the loss of the germline. When the germ cells are compromised,

the somatic gonad sends signals that may help the survival of the soma, and the

animals may resume reproduction under conditions that favor reproduction. This

may help the animals balance the whole system between the maintenance of

somatic health and the promotion of reproduction. Interestingly, the regulation of
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lifespan by the reproductive system is also observed in other species, including

Drosophila (Flatt et al. 2008) and mice (Cargill et al. 2003). Thus, the elucidation of

the mechanisms by which the reproductive system regulates longevity will provide

useful information regarding how reproduction and aging have evolved in an

interlocked manner in complex organisms such as humans.

8.3 Conclusions

In this chapter, we reviewed representative pathways and genes that influence

longevity in C. elegans. More than 20 years of research using C. elegans has

provided invaluable information about the genetics of aging. Importantly, many

of the genes that regulate aging in C. elegans are implicated in the longevity of

mammals, including humans. For example, the identification of IIS as a longevity

pathway in C. elegans has led the way for the discovery of FOXO3A variants in

long-lived humans. In addition, the dissection of TOR signaling as a target of anti-

aging medicine has helped the emergence of rapamycin as a lifespan-extending

drug in mice (Harrison et al. 2009). Overall, it is indisputable that the aging research

using C. elegans has provided pivotal clues to the basis for slowing human aging

and delaying the onset of age-related diseases.

Organismal lifespan is highly plastic and subject to changes in environmental

and internal conditions. Under normal conditions, lifespan-regulatory pathways

support growth, reproduction, and other essential cellular functions such as trans-

lation and energy production. However, under harsh conditions, including low food

availability and the presence of various stressors, those pathways appear to shift

from growth and reproduction to protective states, which eventually lead to lon-

gevity. For example, a reduction in food availability alters the function of multiple

lifespan-regulatory pathways, including TOR, IIS, and autophagy, to promote

longevity. The loss of the germline extends lifespan, likely by sending longevity

signals from the reproductive organs to other body parts to support the health of

somatic tissues. Decreases in sensory perception can extend lifespan, probably by

transmitting cues for environmental stresses, including low food availability, into

internal longevity signals. These examples can help us to interpret how organisms

switch their physiologic status between growth/reproduction and maintenance/

protection at the molecular level upon changes in extrinsic and intrinsic conditions.

Many of the genes and pathways described in this chapter have emerged as

promising targets for anti-aging medicine. However, most of these pathways are

tightly linked to one another. Hence, it will be difficult to predict the exact physio-

logic outcome of intervention in one pathway, which may lead to alterations in the

function of other vital pathways. In this regard, a major challenge in aging research

may be to unravel the complex network among the lifespan-regulatory pathways.

In addition, some factors that increase longevity come with expenses including

reduced fitness. Therefore, it will be important to uncouple the longevity from

adverse side effects by elucidating precise mechanisms. Because many of the
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pathways that regulate aging are evolutionarily conserved, findings regarding

C. elegans longevity genes will likely impact on aging research in mammals

as well. Thus, deciphering the whole network among these pathways and genes in

C. elegans will eventually help us to achieve longer and healthier lifespans in

humans.
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Chapter 9

Aging-Related Neurodegenerative Diseases

in Caenorhabditis elegans

Dong Kyu Kim and Seung-Jae Lee

Abstract Neurodegenerative diseases, such as Alzheimer’s disease and

Parkinson’s disease, are aging-dependent. As aged population grows, neurodegen-

erative diseases have become the major threats to human health and serious social

burdens worldwide. Recently, research in neurodegenerative diseases has entered

the Renaissance age, as several genes responsible for the diseases were identified.

In this chapter, we explain why Caenorhabditis elegans (C. elegans) is an excellent
animal model for the studies on neurodegenerative diseases and describe how this

animal model has contributed to understanding of the mechanism of the diseases.

Several features of C. elegans make it a particularly useful model for searching for

genetic modifiers of disease phenotypes and for investigating the role of aging in

disease development and progression.

Keywords Neurodegenerative diseases • Caenorhabditis elegans • Aging • Protein
aggregation • Alzheimer’s disease • Parkinson’s disease • Huntington’s disease •

Amyotrophic lateral sclerosis

9.1 Introduction

Neurodegenerative diseases are mostly aging-dependent and characterized by

accumulation of protein aggregates that are specific to particular diseases. These

protein aggregates include amyloid β aggregates in the senile plaques and tau

aggregates in the neurofibrillary tangles, both in Alzheimer’s disease (AD),

α-synuclein aggregates in Lewy bodies in Parkinson’s disease (PD), huntingtin
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aggregates with expanded polyglutamine (polyQ) in Huntington’s disease (HD),

and TDP-43 aggregates in amyotrophic lateral sclerosis (ALS). Genomic mutations

that cause these diseases generally result in increased aggregation of the

corresponding proteins, suggesting that protein aggregation is probably the critical

step in disease pathogenesis.

The protein aggregates usually occur in distinct brain regions at the early stages

of disease and spread to larger areas as the disease progresses. Although not

perfectly consistent, the patterns of protein aggregate spreading tend to be highly

sequential, and some studies suggested that the aggregate spreading is the under-

lying principle for the progressive diversification of clinical symptoms. Therefore,

understanding of the mechanism of specific protein aggregation and the spreading

of the aggregates might be of foremost importance for unraveling how the disease

initiates and progresses.

Numerous model systems have been established to study the mechanism of

protein aggregates and their roles in neurodegeneration. The most widely used

in vivo models have been constructed in rodents. Although the rodent models have

been very useful in recapitulating some of the major features of neurodegenerative

diseases, the results obtained in these models have largely been correlative, due to

limitations the rodent models have, which includes anatomical complexity and

difficulties of genetic modification. In addition, relatively long incubation period

in rodents makes it difficult to assess the role of aging process in disease

pathogenesis.

C. elegans (Caenorhabditis elegans) have several advantages as an in vivo

model, complementing these limitations that rodents have. C. elegans is a small

nematode, which is inexpensive to maintain in Nematode Growth medium (NGM)

plate, and has a transparent body that allows for visualization of anatomical

structures in live (Brenner 1974). Short generation cycle and high number of

progeny, as well as short lifespan of 2–3 weeks make it an ideal model for studying

age-related diseases. The entire body plan was mapped out, and there is massive

pool of resources, such as lines with specific gene mutations. Most importantly,

genetic and epigenetic manipulations of C. elegans are so simple and convenient

that genome-wide screening for genetic modifiers can be done with much less effort

and expense than in rodents (Sulston et al. 1983). In C. elegans, homologues about

60–80 % of human genes exist (Lai et al. 2000), and these include several

orthologous genes involved in neurodegenerative diseases (Culetto and Sattelle

2000). In this chapter, we briefly introduce the methodology, by which C. elegans
can be used in the study of neurological disorders, and review what we have learned

about human neurodegenerative diseases from the studies conducted using this

model.
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9.2 Methods for Genetic Modification in C. elegans Model

Transformation methods have been commonly used for ectopic gene expression

(Mello et al. 1991). In these transgenic models, transgenes are expressed in selected

cells using specific C. elegans promoters. Stable transgenic lines are produced by

integrating transgene into the genome of C. elegans with UV or gamma irradiation

(Riddle et al. 1997).

Screening for genetic modifiers has largely conducted with two methodologies,

ethyl methane sulfate (EMS) mutagenesis (Brenner 1974) and RNA interference

(RNAi) (Fire et al. 1998). EMS is a useful tool for forward genetics, generating

randommutations by nucleotide transitions of G/C to A/T. On the other hand, RNAi

knocks down gene functions by reducing expression of specific genes. There are

three ways of delivering vectors for RNAi to C. elegans: injection (Fire et al. 1998),
soaking (Tabara et al. 1998), and feeding (Timmons and Fire 1998). Among these

methods, soaking and feeding have been widely used for high throughput screening.

9.3 Nervous System of C. elegans

C. elegans has a simple nervous system comprised of 302 neurons (White

et al. 1986), and a complete composition of synaptic connections has been mapped

out, including 5000 chemical synapses and 600 gap junctions (Sulston 1983).

Neuronal types as well as trafficking and release of synaptic vesicles (Nonet

et al. 1998) in C. elegans were highly conserved with mammals. Several neuro-

transmitters were identified, and they include dopamine (Sulston et al. 1975),

γ-aminobutyric acid (Mclintire et al. 1993), acetylcholine, serotonin (Waggoner

et al. 1998), and glutamate (Hart et al. 1995; Maricq et al. 1995). There are totally

eight dopaminergic neurons: four cephalic neurons (CEP), two anterior deirid

neurons (ADE) and two posterior deirid neurons (PDE) (White et al. 1986). Addi-

tionally, there are 26 GABAergic neurons divided into six classes (McIntire

et al. 1993; White et al. 1986), 100 cholinergic neurons (Hall et al. 2006) and

34 glutamatergic neurons (Lee et al. 1999) in C. elegans.

9.4 Daf-2 Signaling Pathway in Aging

The most extensively investigated pathway for regulating aging in C. elegans is the
insulin/insulin-like growth factor-1 (IGF-1) signaling (IIS) pathway (Kenyon 2010)

(Fig. 9.1). DAF-2 gene, encoding an insulin/IGF-1 receptor, inhibits the forkhead

(FOXO) transcription factor, encoded by DAF-16 gene, in C. elegans (Lee

et al. 2001). The daf-2/daf-16 pathway regulates longevity in such a way that

mutations in daf-2 gene extend life span while those in daf-16 reduce life span.
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The daf-2/daf-16 pathway also regulates stress-resistance and induction of heat

shock genes, such as OLD-1, HSP70F, sod-3 and small heat-shock protein (HSP)

chaperones.

Removal of germ-line cells in C. elegans (Hsin and Kenyon 1999) and dietary

restriction (McCay et al. 1989) have Extended life span. In contrast, inhibition of

autophagy by mutations of Atg genes, such as atg-1, atg-7 and bec-1, reduced life

span of C. elegans (Toth et al. 2008). Germ-line removal and dietary restriction

Fig. 9.1 The IIS pathway in C. elegans. Binding of insulin-like peptide to DAF-2 induces self-

phosphorylation and dimerization of DAF-2 and leads to activation of the phosphatidylinositol

3-kinase (AGE-1). Activation of AGE-1 results in conversion of phosphatidylinositol-4,5-

bisphosphate (PI(4,5)P2) to phosphatidylinositol-3,4,5-trisphosphate (PI(3,4,5)P3) and then

causes activation of PDK-1 and AKT-1/AKT-2. Activated AKT inhibits the FOXO transcription

factor, DAF-16, by phosphorylating this protein, thereby blocking the expression of its target

genes, which mediate longevity and stress resistance signaling. On the other hand, the phospha-

tase, DAF-18 (a PTEN orthologue), blocks turnover of PI(4,5)P2 into PI(3,4,5)P3, and SKN-1 and

Heat-shock factor 1 (HSF-1) activate DAF-16, turning on the longevity and stress resistance genes,

such as OLD-1, HSP70F, sod-3 and small heat-shock protein (HSP) chaperones
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induced autophagy activation by triggering activation of DAF-16 and inhibition of

IIS (Kenyon 2010).

9.5 Modeling Age-Related Neurodegenerative Diseases

in C. elegans

Aging is the major risk factor for neurodegenerative diseases. Taking advantage of

short life span, complete understanding of anatomical structures, and well-

established genetic pathways of aging, C. elegans has been one of the favorite

models for the study of aging-related neurodegenerative diseases (Fig. 9.2).

9.5.1 Alzheimer’s Disease (AD)

Alzheimer’s disease (AD) is characterized by the amyloid plaques containing

β-amyloid (Aβ) peptides and neurofibrillary tangles (NFTs) containing hyperpho-

sphorylated tau proteins. Transgenic animals that overexpress Aβ42 peptide in body
wall muscle using unc-54 promoter exhibited intracellular cytoplasmic Aβ inclu-

sions, toxicity of Aβ aggregates, and progressive, age-dependent paralysis pheno-

type (Link 1995, 2001). Aβ amyloid aggregates and disease phenotypes were

alleviated by reducing the activity of the IIS pathway or by knockdown of daf-2

gene (Cohen et al. 2006). Consistently, Aβ aggregation and toxicity were increased

Fig. 9.2 Age-related neurodegenerative diseases in C. elegans. Summary of transgenic

C. elegans neurodegenerative models expressing major disease-causing proteins under the specific

promoters. Arrows indicate promoters used in the individual studies, and lines indicate cell types
where transgenes were expressed.
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by knockdown of daf-16 or hsf-1, downstream genes of daf-2 in the IIS pathway. In

a tauopathy model, transgenic worms expressing P301L and V337M mutants under

the aex-3 promoter, a pan-neuronal promoter, exhibited accumulation of phosphor-

ylated tau aggregates and severe defects in motility (Kraemer et al. 2003).

9.5.2 Parkinson Disease (PD)

Pathological features of Parkinson disease (PD) are include selective loss of

dopaminergic neurons in the substantia nigra pars compacta and intracellular

inclusion bodies known as Lewy bodies and Lewy neurites, which are composed

mainly of amyloid fibril forms of α-synuclein. While six PD genes were identified

in C. elegans, including pdr-1 (PARK2), ubh-1 (PARK5), pink-1 (PARK6), djr-1.1/
1.2 (PARK7), lrk-1 (PARK8), catp-6 (PARK9), there is no α-synuclein gene

(PARK1) in C. elegans (Harrington et al. 2010). Nevertheless, transgenic

overexpression of human α-synuclein in C. elegans has generated useful models

for synucleinopathies. Transgenic C. elegans expressing human α-synuclein-GFP
in body wall muscles exhibited accumulation of protein aggregates with aging and

induced proteotoxicity (Hamamichi et al. 2008; van Ham et al. 2008; Springer

et al. 2005). Additionally, overexpression of wild-type human α-synuclein in

dopaminergic neurons of C. elegans resulted in age-dependent neuronal loss (Cao

et al. 2005). A genome-wide RNAi screening identified several genetic modifiers of

α-synuclein aggregation, which include genes involved in inclusion formation,

vesicular transport, lipid metabolism and aging-pathways (van Ham et al. 2008).

Other PD genes have been mutated or overexpressed to generate PD models in

C. elegans. Worms with mutations in the pdr-1, an ortholog of parkin (PARK2),

changed solubility of the parkin protein and exhibited α-synuclein aggregation

(Springer et al. 2005). Transgenic models overexpressing human wild-type Leucine

Rich Repeat Kinase 2 (LRRK2) using the snb-1 promoter (pan-neuronal expres-

sion) resulted in dopaminergic neuronal loss (Saha et al. 2009). Worms in the

absence of lrk-1, an ortholog of human LRRK2 (PARK8) were generated by

deletion of the kinase or GTPase domain (Sakaguchi-Nakashima et al. 2007;

Saha et al. 2009). These mutant lines exhibited aberrant localization of synaptic

proteins in the presynaptic terminals of neurons and motor defects (Sakaguchi-

Nakashima et al. 2007). Furthermore, deletion and knock down of lrk-1 reduced life
span and mitochondrial abnormalities by rotenone treatment (Saha et al. 2009). On

the other hand, transgenic lines expressing PD-linked LRRK2 mutants, such as

LRRK2 G2019S (increased kinase activity) and LRRK2 R1441C (decreased

GTPase activity), using dat-1 promoter (dopaminergic neuronal expression)

displayed severe dopaminergic neuronal loss and progressive behavioral deficits

(Yao et al. 2010).
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9.5.3 Huntington’s Disease (HD)

Huntington’s disease (HD), an autosomal dominant genetic disease, is character-

ized by neuronal accumulation of insoluble protein aggregates composed of

huntingtin proteins with expanded polyglutamine (polyQ) motif. The longer the

length of the expansion, the more severe and faster disease onset and progression.

C. elegans does not contain a huntingtin ortholog gene, however, has been widely

used to generate HD models, which have been useful in elucidating the mechanism

of the disease and identifying disease-modifying gene candidates. Transgenic

animals that were engineered to produce polyQ protein aggregates exhibited

proteostasis impairment (Satyal et al. 2000). Transgenic expression of expanded

polyQ proteins in body wall muscle resulted in protein aggregates and cellular

toxicity with aging, and these phenotypes were alleviated by autophagy activation

(Jia et al. 2007). Furthermore, reduction of IIS by mutation delayed polyQ protein

aggregation, reduced proteotoxicity, and extended life span (Morley et al. 2002).

9.5.4 Amyotrophic Lateral Sclerosis (ALS)

ALS is characterized by progressive degeneration of motor neurons in the brain and

the spinal cord, and some of the familial ALS is caused by mutations in genes, such

as Cu/Zn superoxide dismutase 1 (SOD1) and TAR DNA-binding protein-43 (TDP-

43). The C. elegansmodels expressing human SOD1mutants consistently exhibited

SOD1 aggregation and cell death. Expression of mutant SOD1 (A4V, G37R, and

G93A) under the control of myo-3 promoter resulted in aggregation of SOD1

mutants in the muscle (Oeda et al. 2001). Transgenic worms expressing SOD1

mutants (G85R or G85R-YFP) using snb-1 promoter (pan-neuronal expression)

also exhibited insoluble SOD1 aggregates in neurons (Wang et al. 2009). Likewise,

transgenic expression of YFP-tagged wild-type and mutant SOD1 (G85R, G93A,

G127X) resulted in SOD1 aggregation in the body wall muscle (Gidalevitz

et al. 2009). Expression of G93A SOD1 induced age-dependent aggregates and

motor defects (Li et al. 2013). Consistent with the idea that aging plays an important

role, the insoluble protein aggregates and motor defects were alleviated by reducing

daf-2 activity in G85R and G93A SOD1 worms (Boccitto et al. 2012; Li

et al. 2013).

TDP 43-associated ALS is characterized by pathological inclusions containing

ubiquitinated, hyperphosphorylated TDP-43. The transgenic worms expressing

human TDP-43 under the control of snb-1 promoter exhibited abnormal motor

symptom (Ash et al. 2010). Expression of human TDP-43 and mutants (G290A,

A315T, or M337V) in C. elegans caused motor dysfunction with aging (Liachko

et al. 2010). Furthermore, expression of TDP-43 mutants caused degeneration of

GABAergic processes (Liachko et al. 2010). Expression of YFP-tagged wild-type

or the C-terminal fragment of TDP-43 also resulted in insoluble aggregates and
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motor defects (Zhang et al. 2011). TDP-43 aggregation and abnormal motor

behavior were alleviated by mutation of daf-2, while deletion of daf-16 accelerated

neurotoxicity and aggregation (Zhang et al. 2011).

9.6 Conclusion

C. elegans has been a powerful model system for investigation of the mechanisms

underlying the pathogenesis of neurodegenerative diseases. This model has been

particularly useful to analyze protein aggregation and the pathophysiological con-

sequences of protein aggregation, especially in the context of aging. Screenings for

genetic modifiers of protein aggregation revealed importance of maintaining

proteostasis and vesicle trafficking systems. Small molecule screenings in

C. elegans models might be a promising approach to identify drug-like molecules

that interfere with protein aggregation and pathogenic actions of aggregates. In the

future, we anticipate that C. elegans model will also be useful in understanding the

mechanism of protein aggregate propagation and disease progression.
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Chapter 10

α-Klotho in Health and Diseases

Yo-ichi Nabeshima

Abstract α-klotho-(α-kl) was first identified as an aging gene and later shown to be
a regulator of calcium and phosphate homeostasis. α-kl is predominantly expressed

in tissues that are involved in mineral homeostasis, and it encodes a 130-kDa type I

glycoprotein. α-Kl was first predicted to localize to the cell surface. However, large
amounts of α-Kl proteins have been detected in the intra-cellular space. In addition,
the extra-cellular domain is cleaved, and secreted forms have been identified in the

blood, CSF and urine. These findings suggest that α-Kl has several functions that
depend on its intracellular, membrane, and extra-cellular secreted forms. In fact, the

intra-cellular form of α-Kl activates Ca2+ transport from the blood to the CSF in the

choroid plexus and Ca2+ re-absorption in the kidney and regulates PTH secretion in

parathyroid glands by controlling the trafficking of the Na+-K+-ATPase complex to

plasma membrane. On the membrane, α-Kl forms a ternary complex with FGF23

and FGFR1 and negatively regulates 1, 25(OH)2D synthesis and phosphate

re-absorption in the kidney. As a down-steam event of hypervitaminosis D and

hyperphosphatemia, Calpain-1 is greatly activated and is responsible for many

phenotypes. Although a growing number of papers have reported the biological

and clinical roles of the secreted form of α-Kl, the functions of the secreted form of

α-Kl are poorly understood.

The extracellular domain of α-Kl contains two internal repeats that are homol-

ogous to family 1 β-glycosidase. However, critical amino acid residues that are

essential for enzyme action are replaced. Nonetheless, α-Kl was found to exhibit a

subtle but specific β-glucuronidase activity. This finding suggests that the function

of α-Kl may be twofold; it may act as an enzyme or as a glycoside-binding protein.

The analyses of the sugar chains of α-Kl binding proteins and revealed that α-Kl
functions as a glycoside-binding protein.
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10.1 Introduction: Discovery of Klotho

In 1997, we identified a short-lived model mouse that displays a variety of prema-

ture aging-related syndromes (Kuro-o et al. 1997). The gene responsible for these

phenotypes was named klotho, after the name of one of the Three Fates in Greek

Mythology, who spins the thread of life. This gene was later renamed a-klotho
(a-kl) because a klotho homologue, β-klotho was identified (Ito et al. 2005). α-kl�/�

mice display multiple phenotypes that resemble human aging-related syndromes,

including atherosclerosis, ectopic calcifications in arteries and various soft tissues,

bone malformations with abnormal calcification at the epiphysis and reduced bone

mineral density in the diaphysis, kyphosis, pulmonary emphysema, senile atrophy

of the skin, generalized tissue atrophy, a reduction in the white fat deposits in

all examined organs, infertility, and short lifespan (Fig. 10.1) Specifically, the

serum levels of 1,25-(OH)2D in α-kl�/� mice were much higher than those of

wild type mice at 2 weeks of age, which preceded multiple histological phenotypes;

this level remained significantly higher throughout the lifespan of the mice

Fig. 10.1 α-Klotho: Phenotypes of KO mice, expression in tissue, and molecular characteristics

of α-Klotho. (a) Major phenotypes of α-kl knockout mice. The phenotypes surrounded by red
squares are all related to the abnormalities of mineral homeostasis. (b) Immunohistological

expression of α-Klotho in tissues related to mineral homeostasis. (c) The α-kl gene encodes a

type-1 membrane protein and thus is expressed on the cell surface. α-Kl is also abundantly

identified in the cytoplasm of α-Kl-expressing cells (b) and the truncated forms of α-Kl were
detected in the blood, CSF and urine. Importantly, all phenotypes are the result of the mutation of a

single gene, α-kl
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(Yoshida et al. 2002; Tsujikawa et al. 2003). These high serum levels of 1,25-

(OH)2D in α-kl�/� mice are also associated with the dysregulation of serum

calcium, phosphate and fibroblast growth factor 23 (FGF23), which characterize

the serological phenotypes of α-kl�/� mice. Taken together, we concluded that the

mutation of a single gene, α-Klotho, resulted in multiple aging-related phenotypes

(Kuro-o et al. 1997).

10.2 Characterization of α-Klotho

α-kl encodes a 130-kDa type I membrane glycoprotein (Kuro-o et al. 1997). The

extracellular domain of α-Kl contains two internal repeats (termed α-KL1 and

α-KL2) that are similar to the family 1 β-glycosidase (Henrissat 1991; Henrissat

and Bairoch 1993, 1996), which hydrolyze the glycosidic bond between two

carbohydrates or between carbohydrate and non-carbohydrate moieties (Davies

and Henrissat 1995). The glycosidase family has been classified into approximately

90 families based on amino acid similarities, and they participate in the essential

steps of the synthesis and degradation of oligosaccharides and polysaccharides

(Herscovics 1999); these saccharides are involved in pathogen defense systems,

detoxification, the control of signal transduction, and the modification of hormones

(Wittstock and Halkier 2002; Rask et al. 2000; Gopalan et al. 1992; LaMarco and

Glew 1986; Wells et al. 2001; Brzobohaty et al. 1993). Members of the family

1 β-glycosidase group (LaMarco and Glew 1986; Wells et al. 2001; Brzobohaty

et al. 1993), such as β-glucosidase, β-galactosidase, 6-phospho-β-glucosidase,
6-phospho-β-galactosidase, myrosinase, and lactase-phlorizin hydrolase (LPH),

are widely expressed in bacteria, prokaryotes and eukaryotes.

The α-kl gene is predominantly expressed in tissues involved in mineral homeo-

stasis; namely, the parathyroid glands, kidney DCT nephrons, and choroid plexus of

the brain (Kuro-o et al. 1997; Tsujikawa et al. 2003). The α-kl gene encodes a type I
membrane protein and is thus predicted to localize on the cell surface. However, large

amounts of α-Kl proteins are detectable in the intra-cellular space (Imura et al. 2007).

In addition, the extra-cellular domain is cleaved at the N-terminal side of the trans-

membrane sequence, and secreted forms have been identified in the blood, CSF and

urine (Imura et al. 2004). These findings suggest that α-Kl has several functions

depending on its intracellular, membrane, and extra-cellular secreted forms (Fig. 10.1).

10.3 Biological Functions of α-Klotho

Intra-cellular α-Kl binds the Na+-,K+-ATPase complex in the choroid plexus,

kidney and parathyroid glands. Na+K+-ATPase/α-Kl complexes have been detected

in trans-Golgi networks and are largely accumulated in endosome fractions, and

they are quickly recruited to the cell surface in response to decreasing extra-cellular
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calcium levels. Simultaneously α-Kl is secreted into the extra-cellular spaces

(Imura et al. 2007). The Na+-,K+-ATPase complex has been identified as a

membrane-bound pump that transports two K+ ions into cells in exchange for the

export of three Na+ ions (Skou 1988). In addition, the Na+ gradient created by the

Na+-K+-ATPase complex drives the actions of the other ion exchangers and chan-

nels, such as the Na+/Ca2+ exchanger (Blaustein and Lederer 1999; Lytton 2007).

Furthermore, the increased electrochemical gradient drives the docking of secretion

granules to cell membrane. In fact, the increase in the plasma-membrane recruit-

ment of the Na+-K+-ATPase complex drives the trans-epithelial transport of Ca2+

from the bloodstream to the CSF in the choroid plexus, controls calcium

re-absorption in the kidney DCT nephrons, and regulates the secretion of PTH in

parathyroid glands (Imura et al. 2007) (Fig. 10.2). All of these systems are impaired

in α-kl�/� mice; thus, the calcium concentration in the CSF is lower in α-kl�/�mice

than in wild type mice; regulated PTH secretion is not induced in the knockout

(Imura et al. 2007), and the excess calcium is excreted into the urine (Tsuruoka

et al. 2006).

The function of the membrane form of α-Kl was discovered due to the similarity

of the phenotypes of α-kl�/� mice and Fgf23 knockout mice (Urakawa et al. 2006).

Fig. 10.2 Two α-Klotho functions in mineral homeostasis α-Kl, together with its binding proteins,
positively regulates extra-cellular Ca2+ decline-induced PTH secretion, Ca2+ re-absorption from

the urine to the blood and Ca2+ transport from the blood to the CSF (a). α-Kl negatively controls

vitamin D synthesis and phosphate re-absorption in PCT nephrons (b). We can detect phenotypes

that are consistent with these abnormalities in α-kl knockout mice (c)
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FGF23 is a member of the metabolic/hormonal FGF subfamily, which also includes

FGF15 and FGF21 (Itoh and Ornitz 2004). FGF23 is mainly synthesized in osteo-

cytes, secreted into the bloodstream and transported to the kidney. FGF23 directly

binds to α-Kl, and the interaction between α-Kl and FGFR1 constructs FGF23/α-Kl/
FGFR1 complexes (Kurosu et al. 2006; Tomiyama et al. 2010) (Fig. 10.2). In the

kidney, FGF23 suppresses Cyp27b1 gene expression and up-regulates the expression

of Cyp24, resulting in the negative feedback regulation of vitamin D synthesis.

Because the FGF23 signal is reportedly critical for the suppression of phosphate

re-absorption in the kidney (Nakatani et al. 2009), the vitamin D activity and serum

phosphate levels are greatly increased in α-kl�/� mice and Fgf23 knockout mice

(Bhattacharyya et al. 2012; Kovesdy and Quarles 2013) (Fig. 10.2).

The secreted form of α-Kl reportedly acts as a humoral factor and regulates

glycoproteins on the cell surface, including ion channels and growth factors (Cheng

et al. 2011; Drüeke and Prié 2007; Razzaque 2009). Secreted α-Kl has also been

suggested to exert phosphaturic effects independently of FGF-23. Although a growing

number of papers have reported the biological and clinical roles of the secreted form

of α-Kl, the molecular actions of its secreted form have remained poorly understood

and in some cases, controversial. The exact functions of soluble α-Kl are yet to be

defined. Most importantly, target proteins with which secreted form of α-Kl interacts
need to be identified. Particularly, the proposed/putative α-Kl receptor that attenuates
the actions of insulin and/or insulin-like growth factor signaling has not yet been

successfully identified, even though the secreted form of α-Kl has been found to

extend lifespan (Kurosu et al. 2005). Therefore, this study needs to be carefully

followed to conclusively determine the role of secreted α-Kl in life-span elongation.

An ELISA system to measure the serum levels of α-Kl has been established

(Yamazaki et al. 2010). A multivariate linear regression analysis that included

healthy children and adults demonstrated that the secreted α-Kl levels are signifi-

cantly higher in children than in adults, and these levels correlated negatively with

age and Ca and positively with Pi. Data on the levels of soluble α-Kl in patients with
CKD and/or those who are undergoing dialysis are scarce. Kim et al. reported that

low circulating α-kl levels were associated with adverse kidney disease outcome,

suggesting that α-Kl is a novel biomarker for CKD progression (Kim et al. 2013). In

contrast, Seiler et al. reported that the plasma levels of secreted α-Kl were not

associated with kidney function or the parameters of calcium-phosphate metabo-

lism, suggesting that the soluble α-Kl levels are not prognostic (Seiler et al. 2013).
More data from larger prospective longitudinal studies are required to validate the

importance of the secreted form of α-Kl.

10.4 α-Klotho Is a Regulator of Calcium Homeostasis

Calcium homeostasis regulation has been intensively studied in recent decades and

was thought to be fully understood (Parfitt and Kleerekoper 1980; Brown

et al. 1993; Bringhurst et al. 2011). However, the study of α-Kl is significantly
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re-shaping our knowledge of calcium homeostasis. Thus, an overview of α-Kl
function is summarized in Fig. 10.3 to clarify the importance of α-Kl in the

regulation of calcium homeostasis. In response to hypocalcemic stimuli,

transepithelial Ca2+ transport into the choroid plexus and kidney is triggered by a

Na+ gradient, which results from the increased plasma-membrane recruitment of

the Na+-K+-ATPase complex and quickly adjusts the Ca2+ concentrations of the

CSF and blood/body fluid. Decreased Ca2+ levels also trigger PTH secretion.

Secreted PTH increases the serum Ca2+ levels and induces vitamin D synthesis,

which enhances Ca2+ resorption in the bone, Ca2+ re-absorption in kidney and Ca2+

and phosphate incorporation in the intestine. Increased Ca2+ levels suppress trans-

epithelial Ca2+ transport and PTH secretion. In addition, 1,25(OH)2D inhibits the

production of PTH and suppresses Cyp27b1 gene expression in conjunction with

the negative feedback action of FGF23. As shown in Fig. 10.3, three systems

up-regulate the serum Ca2+. Three types of responses that are triggered by the

Fig. 10.3 The roles of α-Klotho in the regulation of calcium homeostasis α-Kl binds to the Na+-

K+-ATPase complex, and the cell surface recruitment of the Na+-K+-ATPase complex is triggered

in response to lowered [Ca2+]o. Increased Na+ gradient/electrochemical gradient created by the

membrane-trafficked Na+-K+-ATPase complex controls the calcium re-absorption in kidney DCT

cells, the calcium transport across the choroid plexus into the CSF, and the PTH secretion in the

parathyroid glands. α-Kl, as a co-rector for FGF23/FGFR1 system, is also involved in the signal

transduction of Fgf23 that suppresses Cyp27b1 expression in PCT nephrons, leading to the

suppression of 1,25(OH)2D3 synthesis. This figure was partly quoted from Fig. 3 published in

Nabeshima (2009)
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increased membrane trafficking of the Na+-K+-ATPase complex (upper panel) are

immediately activated after the decline of the extra-cellular Ca2+ concentrations

and persist for a short time. Thus, they can be placed into the “seconds to minutes

order regulation”. The PTH-mediated increase in Ca2+, such as Ca2+ reabsorption in

the kidney and Ca2+ resorption in the bone (middle panel), continues for hours and

thus constitutes “minutes to hours order regulation”. The production of 1,25

(OH)2D3 and subsequent 1,25 (OH)2D3-mediated up-regulation of Ca2+ (lower

panel) continues for hours to days and thus constitutes “hours to days order

regulation”. Taken together, these findings indicate that complex and reciprocal

actions along with feedback mechanisms that require between seconds and day

(s) to complete control calcium metabolism. Thus, the extra-cellular calcium

concentrations are rapidly adjusted and continuously maintained within strictly

narrow ranges. These findings indicate that α-Kl plays critical roles in calcium

homeostasis. Thus, we proposed that α-Kl is a regulator of calcium homeostasis.

10.4.1 Major Causes of Multiple Aging Related Phenotypes

Because the phenotypes of α-kl-deficient mice largely overlap with those of Fgf23-
null mice (Urakawa et al. 2006) and the phenotypes of α-kl and Fgf23 double

knockout mice are identical to those of their single knockout counterparts (Nakatani

et al. 2009), we predicted that the phenotypes detected in α-kl�/� and Fgf23�/� are

caused by abnormalities in the pathway(s) that include α-Kl and FGF23. In fact, the
FGF23 secreted from osteocytes is transported to the kidney, where FGF23 binds to

α-Kl and leads to the conversion of the canonical FGF receptor 1 (FGFR1) to a

receptor that is specific for FGF23 (Urakawa et al. 2006). FGF23 suppresses

Cyp27b1 expression and phosphate re-absorption in the kidney. These two negative

signals are similarly impaired in α-kl�/� and Fgf23-null mice and lead to increases

in the serum levels of 1,25(OH)2D and phosphate. This interaction suggests that

1,25(OH)2D overproduction and severe hyperphosphatemia are the common major

causes of the tissue-damage phenotypes seen in both α-kl�/� and Fgf23�/� mice

(Bhattacharyya et al. 2012; Kovesdy and Quarles 2013). Consistently, many phe-

notypes could be prevented by decreasing the 1,25(OH)2D activity via (i) dietary

restriction (a regimen in which α-kl�/� mice are fed a vitamin D-deficient diet)

(Tsujikawa et al. 2003) or (ii) the genetic ablation of Cyp27b1 in α-kl�/� mice or in

Fgf23�/� mice (Ohnishi et al. 2006; Razzaque et al. 2006) and by normalizing the

phosphate levels via (iii) the genetic ablation of NaPi-IIa gene in α-kl�/� mice

(Ohnishi and Razzaque 2010) (Fig. 10.4).

Next, we discuss the direct cause of phenotypes and the mechanisms that result

in tissue-damage phenotypes. In α-kl�/� mice, calpain-1, a calcium-dependent

cytosolic cysteine protease activated by micromolar concentrations of calcium, is

first activated at 2 weeks of age. However, at this stage, α-II-spectrin, a critical

cytoskeletal target of calpain-1, remains almost intact. At 3 weeks of age, the

abnormally activated calpain-1 has largely digested calpastatin, an endogenous
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calpain-1 inhibitor, and begins to cleave α-II-spectrin, which results in cellular and
tissue damage (Manya et al. 2002). This mechanism may be responsible for the

manifestation of tissue abnormalities in α-kl�/� mice starting at 3 weeks of age

(Kuro-o et al. 1997; Imura et al. 2007; Tsujikawa et al. 2003) and is consistent with

the idea that calpain-1 activation is a major and direct cause of tissue damage in

α-kl�/� mice. This idea was confirmed by analyzing the effects of a calpain-1

inhibitor on the phenotypes of α-kl�/� mice (Nabeshima et al. 2014).

As shown in Fig. 10.4, the administration of a Calpain-1 inhibitor clearly

ameliorated the abnormalities in body size, body weight gains and the growth

structures of α-kl�/� mice. Concomitantly, atrophic changes in these organs in

α-kl�/� mice were all ameliorated in proportion to the recovery of whole-body size

and weight in inhibitor-treated animals. The administrations of inhibitor also

Fig. 10.4 α-Klotho-deficient morphological phenotypes are primarily due to Calpain 1 activation.

(a) A common pathway causes similar phenotypes in α-kl�/� mice and Fgf�/� mice. The

administration of Calpain-1 inhibitor ameliorates α-kl-deficient phenotypes. (b) The growth

features of WT, KO and rescued KO mice. (c) Body weight gains of WT (Red), KO (Blue) and
rescued KO (Yellow) mice. (d–f) μCT imaging pictures of WT (left), KO (center) and rescued KO
(right) mice. (g–j)are histological examinations of aorta (Kossa stain), heart valve (Kossa stain),

lung, and skin from KO mice (left) and rescued KO mice (right), respectively. (k) Ca2+

re-absorption mechanism (left) in DCT nephrons and very small calcium depositions in the cortical

layers of kidneys from KO mice (right). In this figure, I re-arranged figures that were published in

Nabeshima et al. (2014)
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rescued the histological abnormalities of α-kl�/� mice, such as the senile atrophy of

the skin, pulmonary emphysema, ectopic calcification and arteriosclerosis. Specif-

ically, cardiovascular calcification in the aorta and the calcification-associated

thickening of vessel walls were no longer detectable after calpain-1 inhibitor

administration, and heart valve calcifications were vastly improved (Nabeshima

et al. 2014). Because α-kl�/�mice are a good model of the emphysematous changes

often seen in aging populations (Sato et al. 2007), the capain-1 activity may

constitute a novel therapeutic target for the treatment of pulmonary emphysema

and chronic obstructive pulmonary disease (COPD). The characteristic features of

skin aging in α-kl�/� mice mimic senile atrophoderma in aging humans (Calleja-

Agius et al. 2007) and were markedly improved by calpain-1 inhibitor treatment

(Fig. 10.4). μCT imaging clearly showed the characteristic bone phenotypes of

α-kl�/� mice, such as a generalized decrease in the bone mineral density, signifi-

cantly reduced trabecular and cortical thickness, lower trabecular and cortical bone

volume, a severely reduced trabecular bone fraction, malformation of the spongy

bone, the structural deformities of bones and the irregular/rough appearances of

bones (Nabeshima et al. 2014) (Fig. 10.4). Calpain-1 inhibitor administration

restored these abnormalities to the wild-type levels. However, the administration

of inhibitor did not improve the increases in the serum calcium, phosphate and 1,25

(OH)2D levels, suggesting that the abnormal activation of calpain-1 and consequent

tissue damages are downstream of the onset of hyper-vitaminosis D and hyper-

phosphatemia (Nabeshima et al. 2014). Because 1,25(OH)2D3 administration

reportedly induces Ca2+-mediated apoptosis in adipocytes and breast cancer cells

via increased calcium influx and the subsequent activation of calpain-1 and

caspase-12 (Sergeev 2005, 2009), the overproduction of 1,25(OH)2D can reason-

ably be speculated to disrupt physiological processes that regulate calpain-1 activ-

ity, which results in failure to maintain cellular and tissue integrity. Therefore, the

modulation of calpain-1 activity may prove useful in the alleviation of aging-related

syndromes. However, the therapeutic use of calpain inhibitors is currently associ-

ated with limitations (Goll et al. 2003; Campbell and Davies 2012). Nevertheless,

calpains are likely to cleave polypeptides at limited sites, which may limit the

undesired side effects of calpain inhibitors (Wang and Yuen 1994; Lee et al. 2000).

However, tissue-, cell- and/or target-calpain type-specific inhibition remains desir-

able to minimize unexpected side effects in the treatment of aging-related diseases.

Tiny calcium precipitates were detected in the cortical layer of nephron seg-

ments in α-kl�/� mice, even after the administration of Calpain-1 inhibitor

(Fig. 10.4). The small calcium precipitates were detected at the nephron segments

that expressed the LacZ-neomycin fusion protein gene (β-geo gene) which was

integrated directly downstream of the translational initiation codon of the α-kl gene
(Takeshita et al. 2004). Similar patterns of calcium precipitates have been reported

within calbindin-D28K-positive nephrons in α-kl�/� mice (Alexander et al. 2009).

Because calbindin-D28K and α-kl are reportedly co-expressed with TRPV5 and
NCX-1 in the nephron segments responsible for regulated Ca2+ re-absorption in

the kidney (Imura et al 2007; Hoenderop et al. 2005), small calcium precipitates are

expected in the nephrons responsible for regulated Ca2+ re-absorption. In these
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cells, Ca2+ in the urine enters cells at the luminal membrane (apical) via TRPV5 or

TRPV6 and is sequestered by calbindin-D28K or -D9K. Bound Ca2+ then diffuses to

the basolateral cell surface, where Ca2+ ions are extruded into the blood compart-

ment via NCX-1 and plasma membrane calcium ATPase 1b (PMCA1b). 1,25

(OH)2D enhances the expression and function of TRPV5 and thereby

up-regulates Ca2+ re-absorption/influx (Hoenderop et al. 2005). At the basolateral

side, α-Kl has been proposed to play a critical role in the efflux of Ca2+ by

regulating the plasma-membrane recruitment of the Na+-K+-ATPase complex

(Imura et al. 2007). Therefore, the overproduction of 1,25(OH)2D and α-Kl defi-
ciency likely lead to the excessive influx of Ca2+ and down-regulated efflux of Ca2+,

respectively, resulting in the overflow of Ca2+ in the cytoplasm. This action may be

responsible for the calcium precipitates that specifically accumulated in the distal

nephron segments in α-kl�/� mice but not in cyp27b1�/�/α-kl�/� mice, in which

1,25(OH)2D production is down-regulated (Ohnishi et al. 2006).

10.5 α-Klotho and FGF23 in the Pathogeneses of CKD

Notably, the aging-related phenotypes seen in α-kl�/� mice are very similar to

many of the complications that develop in patients suffering from advanced chronic

kidney disease (CKD) (London and Drueke 1997; Rostand and Drueke 1999;

Milliner et al. 1990; Urena and De Vernejoul 1999; Kuizon and Salusky 1999).

This similarity is further supported by the following: (i) the expression of α-kl
mRNA and α-Kl protein are severely reduced in these patients (Koh et al. 2001);

(ii) high serum phosphate, the major cause of abnormalities of α-kl�/� mice, is

reportedly closely associated with high levels of cardiovascular disease morbidity

and mortality in patients with CKD, particularly in patients with end-stage renal

disease (Mathew et al. 2008; Komaba and Fukagawa 2012; Quarles 2012); and (iii)

defects in FGF23 (Stubbs et al. 2007) and α-Kl (Kuro-o et al. 1997), together with

the dysregulation of endogenous anti-calcification factors (Wallin et al. 2001;

Proudfoot and Shanahan 2006; Moe et al. 2005; Mellgren and Huang 2007), are

considered to play an important role in cardiovascular calcification, a dire compli-

cation of CKD. These observations suggest that α-Kl and FGF23 are involved in the
pathogeneses of not only aging-related syndromes but also the complications of

CKD. Thus, α-Kl, FGF23 and their downstream molecules are candidate targets for

therapeutic approaches that intend to ameliorate or delay age-related syndromes

and CKD complications.

As predicted from the report that cardiovascular calcification is an active process

that recapitulates regulated osteogenesis (Sage et al. 2010; Shao et al. 2010), the

induced expressions of Fgf23 and osteogenesis-related genes, Runx2, Osteopontin,

and RANKL were identified in the calcified arteries of α-kl�/� mice (Fig. 10.5).

However, they were not detected when ectopic calcification was blocked with

calpain-1 inhibitor treatment and in the arteries of young α-kl�/� mice (2 weeks

of age) prior to the development of cardio-vascular calcification, which suggests
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that the ectopic expression of FGF23 is induced in calcified arteries in parallel with

the progression of cardio-vascular calcification. The ectopic expression of FGF23 at

least partly mirrors the progression of cardiovascular calcification, a major risk

factor for cardiovascular mortality and thus may be responsible for the close

association between the increased plasma levels of FGF23 and high cardiovascular

mortality, particularly in late- to end-stage CKD patients (Isakova et al. 2011;

Kendrick and Chonchol 2011).

10.6 Molecular Functions of α-Klotho

The extracellular domain of α-Kl contains two internal repeats (α-KL1 and α-KL2)
that are very similar to the family 1 β-glycosidase. Members of the family 1 -

β-glycosidase operate according to a molecular mechanism that leads to the overall

retention of the anomeric configuration and involves the formation and breakdown

of a covalent glycosyl enzyme intermediate. Two conserved active center

sequences are involved in this catalytic mechanism. Particularly, two glutamic

acid (Glu) residues at the putative active centers are highly conserved and are

believed to be critical for catalytic action; one acts as a nucleophile and the other

Fig. 10.5 Expression of Runx2, RANKL, Osteopontin and FGF23 in calcified arteries. (a) The
expressions of osteogenesis genes and FGF23 in the calcified arteries of α-kl�/� mice. (b) Serum
levels of FGF23 in wild type, α-kl�/� mice and rescued α-kl�/� mice. (c) FGF23 expression in the
kidney of α-kl�/� mice. The figures shown are quoted from Nabeshima et al. (2014)
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acts as an acid/base (Rye and Withers 2000; McCarter and Withers 1994). Intrigu-

ingly, unlike other members of family 1 β-glycosidase, the nucleophilic Glu residue
is present in the α-KL1 region (N-terminal domain), but the acid/base Glu residue is

replaced by Asn residue. Inversely, the acid/base Glu residue is present in the

α-KL2 region (C-terminal domain), but the nucleophile Glu is replaced by Ala

and Ser residues in mouse and human α-Kl, respectively (Kuro-o et al. 1997)

(Fig. 10.6). Thus, the enzymatic action of α-Kl has been questioned. Nonetheless,

α-Kl was found to exhibit subtle but specific β-glucuronidase activity (Tohyama

et al. 2004). This activity suggests α-Kl may have dual functions as an enzyme or as

a glycoside-binding protein.

In the kidney, certain proportions of the Na+-K+-ATPase β-subunit, FGF-R1 and
several other proteins are immuno-precipitated using anti-α-Kl antibodies. Our
recent data suggest that specific N-glycan chains are commonly attached to these

proteins. However, FGF23 does not contain this type of N-glycan, even though it

efficiently binds to α-Kl. Instead, an O-glycan was identified in the C-terminal

region of FGF23. The O-glycan is required for the α-Kl-dependent kidney accu-

mulation of FGF23, critical for the stabilized/facilitated interaction of α-Kl and
FGF23 (α-Kl efficiently binds to the native form of FGF23 that contains this

O-glycan but weakly to non-glycosylated FGF23 synthesized in E. coli), necessary

for FGF23 signal transduction at physiological doses and directly bound to

α-Kl. When α-Kl was co-incubated with the O-glycan, the binding affinities of

Fig. 10.6 The molecular roles of O-glycan and N-glycan in protein-protein interaction.

(a) Schematic structures of α-Klotho and β-Klotho. “E” shows the glutamate residue of the

putative active center. N and A are asparagine and alanine residues, respectively. (b) Schematic

representation of enzyme action mechanism of β-glycosidase. (c) Predicted model of FGF23/α-Kl/
FGFR1 complex formation. The distinct roles of N-glycan and O-glycan are proposed in this

model
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non-glycosylated FGF23E.coli to O-glycan-docked-α-Kl were dose-dependently

strengthened and reached the affinity levels between α-Kl and O-glycosylated

FGF23. These findings suggest an unexpected role for O-glycan in the interaction

between α-Kl and FGF23. Because co-incubated glycan does not covalently bind to
FGF23, glycan can be reasonably assumed to induce conformational changes at the

binding site and affect the conformation of α-Kl at wider regions, sifting α-Kl
toward high-affinity states for FGF23E.coli. This prediction was further supported by

calorimetric analyses. O-glycan, by binding to α-Kl, increases the thermodynamic

stability of α-Kl and induces the conformational change of α-Kl, which may convert

the surface structure of α-Kl from a hydrophobic state to a hydrophilic state.

Figure 10.6 summarizes the roles of N-glycan and O-glycan in the ternary complex

formation of FGF23, α-Kl and FGFR1. FGFR1, which contains a specific N-glycan,
preferentially and selectively binds to α-Kl. In contrast, the O-glycan of FGF23

induces a conformational shift of α-Kl that leads to the stable binding of FGF23 and
α-Kl. Taken together, these results support our proposal that α-Kl functions as a
glycoside-binding protein.

References

Alexander RT, Woudenberg-Vrenken TE, Buurman J, Dijkman H, van der Eerden BC, van

Leeuwen JP, Bindels RJ, Hoenderop JG (2009) Klotho prevents renal calcium loss. J Am

Soc Nephrol 20:2371–2379

Bhattacharyya N, Chong WH, Gafni RI, Collins MT (2012) Fibroblast growth factor 23: state of

the field and future directions. Trends Endocrinol Metab 23:610–618

Blaustein MP, Lederer WJ (1999) Sodium/calcium exchange: its physiological implications.

Physiol Rev 79:763–854

Bringhurst FR, DemayMB, Kronenberg H (2011) Hormones and disorders of mineral metabolism.

In: Bringhurst FR, Demay MB, Kronenberg HM (eds) William’s textbook of endocrinology,

12th edn. Elsevier Saunders, Philadelphia, pp 1237–1304

Brown EM, Gamba G, Riccardi D, Lombardi M, Butters R, Kifor O et al (1993) Cloning and

characterization of an extracellular Ca2+ sensing receptor from bovine parathyroid. Nature

366:575–580

Brzobohaty B, Moore I, Kristoffersen P, Bako L, Campos N, Schell J, Palme K (1993) Release of

active cytokinin by a beta-glucosidase localized to the maize root meristem. Science

262:1051–1054

Calleja-Agius J, Muscat-Baron Y, Brincat MP (2007) Skin ageing. Menopause Int 13:60–64

Campbell RL, Davies PL (2012) Structure-function relationships in calpains. Biochem J

447:335–351

Cheng CY, Kuro-o M, Razzaque MS (2011) Molecular regulation of phosphate metabolism by

fibroblast growth factor-23-klotho system. Adv Chronic Kidney Dis 18:91–97

Davies G, Henrissat B (1995) Structures and mechanisms of glycosyl hydrolases. Structure

3:853–859
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Chapter 11

Role of the Forkhead Box O Family

and Neuropeptide Y in Calorie Restriction

Ryoichi Mori, Seongjoon Park, and Isao Shimokawa

Abstract Calorie restriction (CR) is known to extend lifespan and reduce the risk

of various morbidities in lower animals to primates. The effects of CR are regulated

by the expression of several age-related genes and a signaling pathway, including

forkhead box O (FOXO) and neuropeptide Y (NPY). Heterozygous Foxo1-deficient

mice under CR exhibit alterations in cancer development but not lifespan, indicat-

ing that FOXO1 contributes to anti-cancer effects in aging. NPY deficiency in mice

under CR attenuates lifespan and adiposity but does not affect anticancer efficacy

and oxidant stress tolerance, suggesting that NPYmight play a role in the regulation

of age-related metabolic diseases. Furthermore, intracellular organelles including

mitochondria contribute to CR benefits. Recently, CR effects have been examined

in individuals, leading to development of CR mimetic compounds. This review

summarizes the current insights into the molecular mechanisms linking regulation

of age-related genes and CR benefits in mammals.

Keywords Calorie restriction • Calorie restriction mimetics • Longevity • FOXO •

NPY

11.1 Introduction

The most effective method to delay aging and extend lifespan is CR. Conversely, it

is known that overeating accelerates the onset of lifestyle-related diseases and

aging. The reason for these observations is that regulation of aging and longevity

are maintained by a cooperative metabolic control network between various distant

organs. These energy and metabolism regulation mechanisms (e.g., feeding regu-

lation and fat accumulation) involve various endocrine, autocrine, and paracrine

systems in each internal organ, which are systematized in individuals.

On the other hand, cells stimulated by nutrients such as glucose and endocrine

factors actively perform bioactive phenomenon including metabolism, stress
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responses, DNA repair, and epigenetic control to regulate homeostasis. Therefore,

it is thought that the life of an individual is maintained by relationships between

intracellular metabolism and the metabolism of internal organs, and their break-

down induces aging and morbidity. Taken together, the balance of energy con-

sumption as an individual, such as CR, maintains low stress in internal organs.

Furthermore, it is thought that CR leads to longevity and disease onset prevention.

McCay and colleagues reported that CR led to lifespan extension, although the

molecule mechanism was unknown (McCay et al. 1935). In studies linking molec-

ular mechanisms with longevity and gene regulation, Friedman and Johnson iden-

tified age-1 as an age-related gene [phosphoinositide 3-kinase (PI3K) homolog in

mammals] (Friedman and Johnson 1988) because Caenorhabditis elegans
(C. elegans) with mutant age-1 lived longer than controls, suggesting that a single

gene might regulate lifespan. Analyses of age-1 and insulin receptor homolog daf-2
showed that the insulin pathway, which is involved in glucose metabolism, might

regulate aging and longevity (Kenyon et al. 1993; Kimura et al. 1997). Subse-

quently, it was shown that the insulin-like growth factor (IGF)/insulin pathway

participated in the lifespan of Drosophila melanogaster (D. melanogaster) andMus
musculus (M. musculus). These findings indicate that (1) a single gene influences

lifespan and (2) lifespan control is evolutionarily conserved from yeast and lower

organisms such as C. elegans to mammals such as mice and humans.

It is clear that the IGF/insulin pathway related to longevity has been conserved

during evolution. Activation of the IGF/insulin pathway can be controlled by CR in

mammals. Molecules in the IGF/insulin pathway have been studied extensively. Of

the various molecular groups identified thus far, the FOXO family and NPY are

particularly interesting. Therefore, in this review, we will provide an outline of the

molecular mechanisms of the FOXO family and NPY that are at the core of present

research into aging.

11.2 Role of the Foxo Family in Aging and Homeostasis

A dwarf mouse, which exhibits a low serum concentration of IGF-1 because of

inadequate secretion of growth hormone (GH), shows a phenotype of longevity

(Bartke and Brown-Borg 2004). We reported that overexpression of GH antisense

oligodeoxynucleotides in rats is longevity concomitant with attenuation of the

concentrations of IGF-1 and insulin (Shimokawa et al. 2002). The IGF/insulin

pathway participates in activation of the FOXO transcription factor family

(FOXO1, FOXO3, FOXO4, and FOXO6 in mammals) through the PI3K-protein

kinase B/thymoma viral proto-oncogene (AKT) pathway. FOXO family members

control glucagon production and glucose metabolism. Therefore, it has been

thought that the FOXO family participates in aging under CR, and its molecular

mechanisms have been clarified (Nakae et al. 2008).

Mutation of the daf-2 gene encoding the IGF receptor in C. elegans extends

lifespan (Kenyon et al. 1993; Kimura et al. 1997). Lifespan extension through an
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IGF pathway is indispensable to increase activation of daf-16 that is known as Foxo
in C. elegans (Ogg et al. 1997; Lin et al. 1997). Heterozygous type 1 IGF receptor-

deficient mice and adipose tissue-specific insulin receptor-deficient mice have

extended lifespans (Holzenberger et al. 2003; Bluher et al. 2003), suggesting that

Foxo, which is downstream in the IGF pathway, participates in lifespan extension.

The lifespan of Foxo1/Foxo3a/Foxo4 triple-conditional deficient mice is shorter,

but each Foxo conditional deficient mouse shows no alteration in lifespan (Paik

et al. 2007), suggesting compensation by other FOXO proteins (only one kind of

FOXO protein exists in C. elegans). Taken together, a single FOXO protein is

involved in lifespan extension, although a FOXO isoform is considered to syner-

gistically participate in lifespan extension because each Foxo conditional deficient

mouse shows no alteration in lifespan.

Foxo1 deficiency (Foxo1�/�) in embryonic mice has been shown to be lethal,

causing abnormal vascular development (Furuyama et al. 2004; Hosaka

et al. 2004). Therefore, we investigated the function of Foxo1 in aging processes

under CR using heterozygous Foxo1-deficient (Foxo1+/�) mice (Yamaza

et al. 2010). Foxo1+/� mice are viable despite expressing <50 % of both FOXO1

in intact skin and Foxo1 mRNA in liver, spleen, muscle, adipose, and hippocampal

tissues. The rate of lifespan extension in CR-Foxo1+/� mice is similar to that in

CR-WT mice. Interestingly, compared with CR-WT mice, there is a significant

increase in the incidence rate of malignant lymphoma and liver cancer in

CR-Foxo1+/� mice. One of the features of CR is an anti-cancer effect. These results

suggest that FOXO1might contribute to protection against tumor growth under CR.

11.3 Role of NPY in Aging and Energy Metabolism

Animals have a system that responds to starvation. When food is plentiful, they

readily consume food and reserve energy as fat. Under starvation or CR, the fat is

metabolized to produce energy. Furthermore, to exclude unnecessary energy con-

sumption, there is attenuation of fundamental physiological functions such as

reproduction, growth, and heat generation.

In mammals, neurons of the hypothalamus arcuate nucleus control secretion of

neuroendocrine factors that increase food consumption and body weight. They

secrete the orexigenic neuropeptide NPY and agouti-related protein (Agrp) to

increase blood insulin and leptin, and decrease ghrelin (Schwartz et al. 2000).

Conversely, other kinds of neurons express anorexigen neuropeptides such as

proopiomelanocortin (Pomc) (Sainsbury and Zhang 2012). Two different kinds of

neurons control the balance of appetite and fundamental physiological phenomena

(the so-called neuroendocrine hypothesis) (Stanley et al. 2005; Schwartz

et al. 2000; Sainsbury and Zhang 2012). Several studies have reported that NPY

is regulated by mammalian target of rapamycin (mTOR) and SIRT1-FOXO1

signaling pathways (Hong et al. 2012; Martins et al. 2012). For example, an

mTOR inhibitor, rapamycin, inhibits the orexigenic action of ghrelin through
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suppression of NPY and Agrp, as well as phosphorylated (p)-cAMP response

element-binding protein (CREB) and p-FOXO1 in rats (Martins et al. 2012). Fur-

thermore, mRNA expression of NPY is regulated by SIRT1 and FOXO1 in mouse

hypothalamic cells (Hong et al. 2012). In the next section, we will discuss molec-

ular mechanisms linking CR and the neuroendocrine hypothesis.

NPY plays roles in energy consumption control, stress responses, and protection

of neurons. Overexpression of NPY in rats leads to lifespan extension in the

absence of CR (Michalkiewicz et al. 2003). We have reported that NPY�/� mice

show attenuation of lifespan under CR (20 % prolonged lifespan in WT-CR mice vs

7 % prolonged lifespan in NPY�/�-CR mice compared with AL-WT mice) (Chiba

et al. 2014). The anticancer efficacy and oxidant stress tolerance in CR-NPY�/�

mice are unaltered compared with CR-WT mice, suggesting that NPY has an

important role in anti-aging under CR.

NPY is not only involved in hypothalamic regulation of appetite but also

peripheral regulation of lipid metabolism. Administration or overexpression of

NPY promotes adiposity (Ruohonen et al. 2012; Zarjevski et al. 1993), whereas

inhibition of NPY or its receptor reduces adiposity in diet-induced obese mice

(Chao et al. 2011; Ishihara et al. 2006). These results indicate that antagonism of

NPY may prevent diabetes and obesity. Some studies have shown that NPY

regulates adipogenesis and lipolysis in adipocytes, but the precise mechanism by

which NPY regulates adipocyte metabolism is poorly understood. We recently

showed that deficiency of NPY activates lipolytic actions through augmentation

of SIRT1, p-hormone sensitive lipase (HSL) (ser563), and CGI-58 in white adipose

tissue. These metabolic changes due to NPY antagonism in adipose tissue lead to

amelioration of factors contributing to the age-related imbalance of adipose tissue

metabolism, such as increased inflammatory cytokines, decreased de novo lipogen-

esis, and reduced thermogenic activity in white adipose tissue (Park et al. 2014).

However, the functions of NPY in regulation of fat metabolism appear to be gender

specific. For example, NPY knockout mice show reduced adiposity in female mice

but not in male mice (Park et al. 2014). Further studies should be performed to

verify gender differences in the role of NPY in regulation of adipose tissue

metabolism.

11.4 CR Applications in Humans

The aim of aging and CR research is establishment of a method to control human

aging and its associated diseases. There are many similarities in CR effects between

primates and rodents (Table 11.1) (Lane et al. 2001). Two institutes, the National

Institute on Aging (NIA) and Wisconsin National Primate Research Center

(WNPRC), currently perform CR studies using primates (Colman et al. 2009;

Mattison et al. 2012). Indicators of CR such as body temperature, attenuation of

the GH/IGF-1 signaling pathway, and the serum concentration of insulin in
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primates are also present in rodents. These observations indicate that CR studies

using primates and rodents apply to humans.

In recent years, there has been development of CR mimetics (CRM) that act on

molecules relevant to the CR effect (Chiba et al. 2010). Criteria for a CRM are as

follows (Ingram et al. 2006): (i) similarity to the metabolic, hormonal, and phys-

iological effects of CR; (ii) it does not significantly reduce long-term food intake;

(iii) it activates stress response pathways observed in CR and provides protection

against a variety of stressors; (iv) it produces CR-like effects on longevity, reduc-

tion of age-related disease, and maintenance of functions. Phytochemicals in plants

have recently attracted considerable attention (Son et al. 2008). CRMs are involved

in hormesis, inhibition of the insulin/IGF-1 pathway, metabolism, and activation of

the sirtuin pathway (Table 11.2). Ultimately, it is expected that life expectancy will

be extended and age-related disease will be overcome by CRMs in the future.

Table 11.1 Similarity of CR effects in primates and rodents

Item Sign Similarity

Weight Down Yes

Amount of fat and muscle Down Yes

Age of sexual maturation Delay Yes

Glucose and insulin (fasted) Down Yes

Insulin sensitivity Up Yes

Metabolic activity (short span) Down Yes

Metabolic activity (long span) No change Yes

Body temperature Down Yes

Locomotion No change or up Yes

Serum triglyceride Down Yes

Serum HDL2B Up Yes

GH/IGF-1 Down Yes

Interleukin-6 Down Yes

Testosterone No change Yes

Estradiol No change Yes

Luteinizing hormone No change Yes

Follicle-stimulating hormone No change Yes

Progesterone No change Yes

Wound healing No change Yes

Fibroblast clonal proliferation No change No report

β-gal positive senescence cell No change No report

Rate of decline in DHEAS Inhibition No report

Lymphocyte number Down Yes

Lymphocyte calcium response No change No

Adapted from Lane et al. (2001)

Abbreviations: HDL high density lipoprotein, DHEAS dehydroepiandrosterone sulfate
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11.5 Summary and Conclusion

Longevity-related genes have been identified in several organisms including

C. elegans, D. melanogaster, and M. musculus. These molecules play major roles

in homeostasis and age-related diseases. We believe that the mechanisms of CR

include hierarchical clustering in which the hypothalamus controls neuroendocrine

factors, blood hormone secretion, and intracellular organelle functions (Fig. 11.1).

In mammals, redundancy might improve homeostasis upon deletion of one gene,

making analysis difficult. However, transgenic mice and CRMs are useful tools for

CR studies.

Table 11.2 CRM candidates

Name Possibility for effect Model Target References

Juglone Stress resistance C Foxo1,

Nrf2

Przybysz et al. (2009)

Sulforaphane Stress resistance CC, D,

M

Nrf2/ARE

pathway

Son et al. (2008)

Curcumin Stress resistance CC, M Induction

of HO-1

Son et al. (2008)

Resveratrol Extend life span Obesity

M

SIRT Baur et al. (2006)

Rapamycin Extend life span M mTOR

pathway

Miller et al. (2011)

2DG Extend life span C Glucose

metabolism

Schulz et al. (2007)

Metformin Extend life span C, M AMPK Onken and Driscoll (2010)

and Martin-Montalvo

et al. (2013)

Statin Extend life span D Oxidative

stress

Spindler et al. (2012)

Metoprolol Extend life span D, M β1-Adren-
ergic

receptor

Spindler et al. (2013)

Nebivolol Extend life span D, M β1-Adren-
ergic

receptor

Spindler et al. (2013)

STAC Possibility for improv-

ing metabolic/age-

related diseases

CC SIRT1 Hubbard et al. (2013)

Abbreviations: C C. elegans, CC cultured cells, D D. melanogaster,MM. musculus, Nrf2 NF-E2-
related factor 2, ARE antioxidant response element, HO-1 heme-oxygenase 1, mTOR mechanistic

target of rapamycin, 2DG 2-deoxy-D-glucose, AMPK AMP-activated protein kinase, STAC
sirtuin-activating compounds

204 R. Mori et al.



References

Bartke A, Brown-Borg H (2004) Life extension in the dwarf mouse. Curr Top Dev Biol

63:189–225. doi:10.1016/s0070-2153(04)63006-7

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS, Lopez-

Lluch G, Lewis K, Pistell PJ, Poosala S, Becker KG, Boss O, Gwinn D, Wang M,

Ramaswamy S, Fishbein KW, Spencer RG, Lakatta EG, Le Couteur D, Shaw RJ, Navas P,

Fig. 11.1 Hierarchical clustering mechanisms of anti-aging effects and longevity in

CR. Individuals adapt to CR because of a decrease in calorie intake and alterations in the

hypothalamus and hormone balance (neuroendocrine hypothesis). mTOR is inhibited because of

a decrease in blood insulin and IGF-1. Inhibition of FOXO is reduced and susceptible to redox.

Changes in the constitution of mitochondrial respiratory chains lead to increases in the efficiency

of respiratory chains and variations in reactive oxygen species (ROS). There are alterations in the

expression of several transcription factors (i.e. FOXO, Nrf2, CREB, and NF-κB) and regulation of
the expression of redox-activated target genes with roles in anti-aging and anti-cancer effects

(mitohormesis hypothesis). Arrows: potentiation of signaling; dashed arrows; attenuation of

signaling; lines: potentiation of inhibition signaling; dashed lines; attenuation of inhibitive

signaling

11 Role of the Forkhead Box O Family and Neuropeptide Y in Calorie Restriction 205

http://dx.doi.org/10.1016/s0070-2153(04)63006-7


Puigserver P, Ingram DK, de Cabo R, Sinclair DA (2006) Resveratrol improves health and

survival of mice on a high-calorie diet. Nature 444(7117):337–342. doi:10.1038/nature05354

Bluher M, Kahn BB, Kahn CR (2003) Extended longevity in mice lacking the insulin receptor in

adipose tissue. Science 299(5606):572–574. doi:10.1126/science.1078223

Chao PT, Yang L, Aja S, Moran TH, Bi S (2011) Knockdown of NPY expression in the

dorsomedial hypothalamus promotes development of brown adipocytes and prevents diet-

induced obesity. Cell Metab 13(5):573–583. doi:10.1016/j.cmet.2011.02.019

Chiba T, Tsuchiya T, Komatsu T, Mori R, Hayashi H, Shimokawa I (2010) Development of calorie

restriction mimetics as therapeutics for obesity, diabetes, inflammatory and neurodegenerative

diseases. Curr Genomics 11(8):562–567. doi:10.2174/138920210793360934

Chiba T, Tamashiro Y, Park D, Kusudo T, Fujie R, Komatsu T, Kim SE, Park S, Hayashi H,

Mori R, Yamashita H, Chung HY, Shimokawa I (2014) A key role for neuropeptide Y in

lifespan extension and cancer suppression via dietary restriction. Sci Rep 4:4517. doi:10.1038/

srep04517

Colman RJ, Anderson RM, Johnson SC, Kastman EK, Kosmatka KJ, Beasley TM, Allison DB,

Cruzen C, Simmons HA, Kemnitz JW, Weindruch R (2009) Caloric restriction delays disease

onset and mortality in rhesus monkeys. Science 325(5937):201–204. doi:10.1126/science.

1173635

Friedman DB, Johnson TE (1988) Three mutants that extend both mean and maximum life span of

the nematode, Caenorhabditis elegans, define the age-1 gene. J Gerontol 43(4):B102–B109

Furuyama T, Kitayama K, Shimoda Y, Ogawa M, Sone K, Yoshida-Araki K, Hisatsune H,

Nishikawa S, Nakayama K, Ikeda K, Motoyama N, Mori N (2004) Abnormal angiogenesis

in Foxo1 (Fkhr)-deficient mice. J Biol Chem 279(33):34741–34749. doi:10.1074/jbc.

M314214200

Holzenberger M, Dupont J, Ducos B, Leneuve P, Geloen A, Even PC, Cervera P, Le Bouc Y

(2003) IGF-1 receptor regulates lifespan and resistance to oxidative stress in mice. Nature 421

(6919):182–187. doi:10.1038/nature01298

Hong SH, Lee KS, Kwak SJ, Kim AK, Bai H, Jung MS, Kwon OY, Song WJ, Tatar M, Yu K

(2012) Minibrain/Dyrk1a regulates food intake through the Sir2-FOXO-sNPF/NPY pathway in

Drosophila and mammals. PLoS Genet 8(8):e1002857. doi:10.1371/journal.pgen.1002857

Hosaka T, Biggs WH 3rd, Tieu D, Boyer AD, Varki NM, Cavenee WK, Arden KC (2004)

Disruption of forkhead transcription factor (FOXO) family members in mice reveals their

functional diversification. Proc Natl Acad Sci U S A 101(9):2975–2980. doi:10.1073/pnas.

0400093101

Hubbard BP, Gomes AP, Dai H, Li J, Case AW, Considine T, Riera TV, Lee JE ESY, Lamming

DW, Pentelute BL, Schuman ER, Stevens LA, Ling AJ, Armour SM, Michan S, Zhao H,

Jiang Y, Sweitzer SM, Blum CA, Disch JS, Ng PY, Howitz KT, Rolo AP, Hamuro Y, Moss J,

Perni RB, Ellis JL, Vlasuk GP, Sinclair DA (2013) Evidence for a common mechanism of

SIRT1 regulation by allosteric activators. Science 339(6124):1216–1219. doi:10.1126/science.

1231097

Ingram DK, Zhu M, Mamczarz J, Zou S, Lane MA, Roth GS, deCabo R (2006) Calorie restriction

mimetics: an emerging research field. Aging Cell 5(2):97–108. doi:10.1111/j.1474-9726.2006.

00202.x

Ishihara A, Kanatani A, Mashiko S, Tanaka T, Hidaka M, Gomori A, Iwaasa H, Murai N,

Egashira S, Murai T, Mitobe Y, Matsushita H, Okamoto O, Sato N, Jitsuoka M, Fukuroda T,

Ohe T, Guan X, MacNeil DJ, Van der Ploeg LH, Nishikibe M, Ishii Y, Ihara M, Fukami T

(2006) A neuropeptide Y Y5 antagonist selectively ameliorates body weight gain and associ-

ated parameters in diet-induced obese mice. Proc Natl Acad Sci U S A 103(18):7154–7158.

doi:10.1073/pnas.0510320103

Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R (1993) A C. elegans mutant that lives twice

as long as wild type. Nature 366(6454):461–464. doi:10.1038/366461a0

Kimura KD, Tissenbaum HA, Liu Y, Ruvkun G (1997) daf-2, an insulin receptor-like gene that

regulates longevity and diapause in Caenorhabditis elegans. Science 277(5328):942–946

206 R. Mori et al.

http://dx.doi.org/10.1038/nature05354
http://dx.doi.org/10.1126/science.1078223
http://dx.doi.org/10.1016/j.cmet.2011.02.019
http://dx.doi.org/10.2174/138920210793360934
http://dx.doi.org/10.1038/srep04517
http://dx.doi.org/10.1038/srep04517
http://dx.doi.org/10.1126/science.1173635
http://dx.doi.org/10.1126/science.1173635
http://dx.doi.org/10.1074/jbc.M314214200
http://dx.doi.org/10.1074/jbc.M314214200
http://dx.doi.org/10.1038/nature01298
http://dx.doi.org/10.1371/journal.pgen.1002857
http://dx.doi.org/10.1073/pnas.0400093101
http://dx.doi.org/10.1073/pnas.0400093101
http://dx.doi.org/10.1126/science.1231097
http://dx.doi.org/10.1126/science.1231097
http://dx.doi.org/10.1111/j.1474-9726.2006.00202.x
http://dx.doi.org/10.1111/j.1474-9726.2006.00202.x
http://dx.doi.org/10.1073/pnas.0510320103
http://dx.doi.org/10.1038/366461a0


Lane MA, Black A, Handy A, Tilmont EM, Ingram DK, Roth GS (2001) Caloric restriction in

primates. Ann N Y Acad Sci 928:287–295

Lin K, Dorman JB, Rodan A, Kenyon C (1997) daf-16: an HNF-3/forkhead family member that

can function to double the life-span of Caenorhabditis elegans. Science 278(5341):1319–1322

Martin-Montalvo A, Mercken EM, Mitchell SJ, Palacios HH, Mote PL, Scheibye-Knudsen M,

Gomes AP, Ward TM, Minor RK, Blouin MJ, Schwab M, Pollak M, Zhang Y, Yu Y, Becker

KG, Bohr VA, Ingram DK, Sinclair DA, Wolf NS, Spindler SR, Bernier M, de Cabo R (2013)

Metformin improves healthspan and lifespan in mice. Nat Commun 4:2192. doi:10.1038/

ncomms3192

Martins L, Fernandez-Mallo D, Novelle MG, Vazquez MJ, Tena-Sempere M, Nogueiras R,

Lopez M, Dieguez C (2012) Hypothalamic mTOR signaling mediates the orexigenic action

of ghrelin. PLoS One 7(10):e46923. doi:10.1371/journal.pone.0046923

Mattison JA, Roth GS, Beasley TM, Tilmont EM, Handy AM, Herbert RL, Longo DL, Allison

DB, Young JE, Bryant M, Barnard D, Ward WF, Qi W, Ingram DK, de Cabo R (2012) Impact

of caloric restriction on health and survival in rhesus monkeys from the NIA study. Nature 489

(7415):318–321. doi:10.1038/nature11432

McCay CM, Crowell MF, Maynard LA (1935) The effect of retarded growth upon the length of

life span and upon the ultimate body size. J Nutr 10(1):63–79

Michalkiewicz M, Knestaut KM, Bytchkova EY, Michalkiewicz T (2003) Hypotension and

reduced catecholamines in neuropeptide Y transgenic rats. Hypertension 41(5):1056–1062.

doi:10.1161/01.hyp.0000066623.64368.4e

Miller RA, Harrison DE, Astle CM, Baur JA, Boyd AR, de Cabo R, Fernandez E, Flurkey K,

Javors MA, Nelson JF, Orihuela CJ, Pletcher S, Sharp ZD, Sinclair D, Starnes JW, Wilkinson

JE, Nadon NL, Strong R (2011) Rapamycin, but not resveratrol or simvastatin, extends life

span of genetically heterogeneous mice. J Gerontol A Biol Sci Med Sci 66(2):191–201. doi:10.

1093/gerona/glq178

Nakae J, Oki M, Cao Y (2008) The FoxO transcription factors and metabolic regulation. FEBS

Lett 582(1):54–67. doi:10.1016/j.febslet.2007.11.025

Ogg S, Paradis S, Gottlieb S, Patterson GI, Lee L, Tissenbaum HA, Ruvkun G (1997) The Fork

head transcription factor DAF-16 transduces insulin-like metabolic and longevity signals in

C. elegans. Nature 389(6654):994–999. doi:10.1038/40194

Onken B, Driscoll M (2010) Metformin induces a dietary restriction-like state and the oxidative

stress response to extend C. elegans healthspan via AMPK, LKB1, and SKN-1. PLoS One 5(1):

e8758. doi:10.1371/journal.pone.0008758

Paik JH, Kollipara R, Chu G, Ji H, Xiao Y, Ding Z, Miao L, Tothova Z, Horner JW, Carrasco DR,

Jiang S, Gilliland DG, Chin L, Wong WH, Castrillon DH, DePinho RA (2007) FoxOs are

lineage-restricted redundant tumor suppressors and regulate endothelial cell homeostasis. Cell

128(2):309–323. doi:10.1016/j.cell.2006.12.029

Park S, Fujishita C, Komatsu T, Kim SE, Chiba T, Mori R, Shimokawa I (2014) NPY antagonism

reduces adiposity and attenuates age-related imbalance of adipose tissue metabolism. FASEB

J. doi:10.1096/fj.14-258384

Przybysz AJ, Choe KP, Roberts LJ, Strange K (2009) Increased age reduces DAF-16 and SKN-1

signaling and the hormetic response of Caenorhabditis elegans to the xenobiotic juglone. Mech

Ageing Dev 130(6):357–369. doi:10.1016/j.mad.2009.02.004

Ruohonen ST, Vahatalo LH, Savontaus E (2012) Diet-induced obesity in mice overexpressing

neuropeptide y in noradrenergic neurons. Int J Pept 2012:452524. doi:10.1155/2012/452524

Sainsbury A, Zhang L (2012) Role of the hypothalamus in the neuroendocrine regulation of body

weight and composition during energy deficit. Obes Rev 13(3):234–257. doi:10.1111/j.1467-

789X.2011.00948.x

Schulz TJ, Zarse K, Voigt A, Urban N, Birringer M, Ristow M (2007) Glucose restriction extends

Caenorhabditis elegans life span by inducing mitochondrial respiration and increasing oxida-

tive stress. Cell Metab 6(4):280–293. doi:10.1016/j.cmet.2007.08.011

11 Role of the Forkhead Box O Family and Neuropeptide Y in Calorie Restriction 207

http://dx.doi.org/10.1038/ncomms3192
http://dx.doi.org/10.1038/ncomms3192
http://dx.doi.org/10.1371/journal.pone.0046923
http://dx.doi.org/10.1038/nature11432
http://dx.doi.org/10.1161/01.hyp.0000066623.64368.4e
http://dx.doi.org/10.1093/gerona/glq178
http://dx.doi.org/10.1093/gerona/glq178
http://dx.doi.org/10.1016/j.febslet.2007.11.025
http://dx.doi.org/10.1038/40194
http://dx.doi.org/10.1371/journal.pone.0008758
http://dx.doi.org/10.1016/j.cell.2006.12.029
http://dx.doi.org/10.1096/fj.14-258384
http://dx.doi.org/10.1016/j.mad.2009.02.004
http://dx.doi.org/10.1155/2012/452524
http://dx.doi.org/10.1111/j.1467-789X.2011.00948.x
http://dx.doi.org/10.1111/j.1467-789X.2011.00948.x
http://dx.doi.org/10.1016/j.cmet.2007.08.011


Schwartz MW, Woods SC, Porte D Jr, Seeley RJ, Baskin DG (2000) Central nervous system

control of food intake. Nature 404(6778):661–671. doi:10.1038/35007534

Shimokawa I, Higami Y, Utsuyama M, Tuchiya T, Komatsu T, Chiba T, Yamaza H (2002) Life

span extension by reduction in growth hormone-insulin-like growth factor-1 axis in a trans-

genic rat model. Am J Pathol 160(6):2259–2265. doi:10.1016/s0002-9440(10)61173-x

Son TG, Camandola S, Mattson MP (2008) Hormetic dietary phytochemicals. Neuromolecular

Med 10(4):236–246. doi:10.1007/s12017-008-8037-y

Spindler SR, Li R, Dhahbi JM, Yamakawa A, Mote P, Bodmer R, Ocorr K, Williams RT, Wang Y,

Ablao KP (2012) Statin treatment increases lifespan and improves cardiac health in Drosophila

by decreasing specific protein prenylation. PLoS One 7(6):e39581. doi:10.1371/journal.pone.

0039581

Spindler SR, Mote PL, Li R, Dhahbi JM, Yamakawa A, Flegal JM, Jeske DR, Lublin AL (2013)

beta1-Adrenergic receptor blockade extends the life span of Drosophila and long-lived mice.

Age (Dordr) 35(6):2099–2109. doi:10.1007/s11357-012-9498-3

Stanley S, Wynne K, McGowan B, Bloom S (2005) Hormonal regulation of food intake. Physiol

Rev 85(4):1131–1158. doi:10.1152/physrev.00015.2004

Yamaza H, Komatsu T, Wakita S, Kijogi C, Park S, Hayashi H, Chiba T, Mori R, Furuyama T,

Mori N, Shimokawa I (2010) FoxO1 is involved in the antineoplastic effect of calorie

restriction. Aging Cell 9(3):372–382. doi:10.1111/j.1474-9726.2010.00563.x

Zarjevski N, Cusin I, Vettor R, Rohner-Jeanrenaud F, Jeanrenaud B (1993) Chronic intracerebro-

ventricular neuropeptide-Y administration to normal rats mimics hormonal and metabolic

changes of obesity. Endocrinology 133(4):1753–1758. doi:10.1210/endo.133.4.8404618

208 R. Mori et al.

http://dx.doi.org/10.1038/35007534
http://dx.doi.org/10.1016/s0002-9440(10)61173-x
http://dx.doi.org/10.1007/s12017-008-8037-y
http://dx.doi.org/10.1371/journal.pone.0039581
http://dx.doi.org/10.1371/journal.pone.0039581
http://dx.doi.org/10.1007/s11357-012-9498-3
http://dx.doi.org/10.1152/physrev.00015.2004
http://dx.doi.org/10.1111/j.1474-9726.2010.00563.x
http://dx.doi.org/10.1210/endo.133.4.8404618


Chapter 12

Oxidative Stress and Endoplasmic Reticulum

Stress in Kidney Aging: Impact of Uremic

Toxins as the Cause of Stress

Reiko Inagi

Abstract Population aging continues all over the world. Kidney aging is a major

factor in the development and progression of chronic kidney disease (CKD), which

shows premature phenotypic changes. Kidney aging associated with a decline in

kidney function affects the functions of remote organs (heart, blood vessels, and

brain), and CKD is a significant risk factor in cardiovascular disease (CVD) and

stroke, both of which are age-related diseases. This association strongly indicates

that kidney aging accelerates the aging of remote organs and that the kidney is a

central organ in the maintenance of life.

Recent studies of the pathophysiology of CKD emphasize the contribution of

endoplasmic reticulum (ER) stress and the link between ER stress and other

pathogenic stresses such as oxidative stress and glycative stress, both of which

are known to lead to premature aging. In particular, uremic toxins have received

attention as causal factors of a vicious cycle of these stress signals, resulting in

progression of CKD, rather than being a consequence of CKD. This article sum-

marizes the impact and pathophysiological significance of oxidative stress and

glycative stress, and ER stress. It also discusses the crosstalk of these stresses,

novel evidence regarding uremic toxins as inducers of these stresses, and finally the

contribution of these stresses to kidney premature aging.
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12.1 Kidney Aging and Chronic Kidney Disease (CKD)

CKD is a serious public health problem. In Japan, more than 13.3 million people, or

roughly one in every eight adults, suffer from CKD, and the number continues to

increase year by year. CKD is a major cause of the increase in number of hemo-

dialysis patients who suffer from end-stage kidney failure. The cost and resource

utilization of renal replacement therapy for these patients continues to grow.

Although early detection and treatment can often halt the progression of CKD,

the kidney is called a silent organ, and CKD progresses without clinical symptoms.

Progression can eventually lead to kidney failure, which requires dialysis or a

kidney transplant to maintain life. Even before the initiation of renal replacement

therapy, asymptomatic CKD, which progresses over time, carries a number of risks.

In particular, CKD leads to damage in remote organs, including the heart, blood

vessels, and brain, resulting in a poor quality of life (Fig. 12.1). The high suscep-

tibility of CKD patients to cardiovascular disease is now recognized as the “cardio-

renal connection”. In sum, CKD has high morbidity and mortality, and treatment of

CKD imposes a heavy economic burden.

Previously, the main cause of CKD was immune-mediated glomerulonephritis.

Importantly, the recent increase in the number of patients with CKD is closely

linked with the aging of the population and an increase in the prevalence of life-

Fig. 12.1 Impact of CKD on the crosstalk between remote organs. The various factors, including

hyper glycemia, dyslipidemia, hypertension, and uremic toxins (derived from gut microbiota),

significantly accelerate kidney damage, leading to the development and progression of chronic

kidney disease (CKD). Importantly, CKD increases the risk of cardiovascular events, stroke, and

alteration of gut microbiota, indicating that the kidney is an important organ for the maintainance

of the remote organs
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style diseases such as diabetes, hypertension. In fact, CKD becomes more common

with aging: while one in three or four people between 65 and 74 years suffer from

CKD, this increases to half in people aged 75 or more. Many pathological condi-

tions related with CKD progression are more common in elderly people, including

diabetes, high blood pressure and heart disease, indicating that simple measures to

control these conditions can slow the progression of CKD regardless of age and

prevent damage to remote organs, such as cardiovascular events and stroke. In an

aging society, CKD is thus important in improving the quality of life in both

medical and economic terms. Reflecting this, the theme of the International Society

of Nephrology’s 2014 World Kidney Day was “Chronic Kidney Disease and
Aging” (www.worldkidneyday.org).

Patients with CKD suffer from oxidative stress and endoplasmic reticulum

(ER) stress, exhibiting a ‘premature aging’ phenotype (Kooman et al. 2014). More-

over, the premature senescence, or stress-induced senescence, which occurs in

CKD contributes to the progression of CKD (Table 12.1). Premature aging is

associated with the progressive accumulation of harmful changes and an increase

in the risk of various diseases and death. Why is the premature aging phenotype,

particular cellular senescence, so predominant in CKD? Many toxic factors that

induce cellular stress and premature senescence are excreted by the kidneys, and

any loss of kidney function with aging accelerates their accumulation in the body.

This acceleration of accumulation in turn accelerates the progression of CKD

and the synergistic derangement of physiological kidney aging, including DNA

and mitochondrial alterations, chronic inflammation, phosphate toxicity, and

dysregulation of the klotho-FGF-23 axis (signal transduction pathway related to

aging phenotypes), among others (Kuro-O 2011; Shanahan 2013; Stenvinkel and

Larsson 2013).

Recent evidence highlights the molecular mechanism by which the accumula-

tion of uremic toxins due to loss of kidney function contributes to premature aging,

or cellular senescence, in the kidney (Adijiang et al. 2011; Shimizu et al. 2012). In

this article, we focus on uremic toxins as key players in premature aging through

oxidative stress and ER stress.

Table 12.1 Premature aging in CKD

Common evidence between kidney aging and CKD

Decline of kidney function (eGFR #)
Accumulation of uremic toxins

Increase in ROS production

Oxidative stress ", glycative stress "
Decline of defense system against glycation (glyoxalase 1)

Glycative stress "
Decrease in quality of proteins due to oxidative or glycative posttranslational modification

ER stress "
CKD chronic kidney disease, eGFR estimated glomerular filtration, ER endoplasmic reticulum,

ROS reactive oxygen species
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12.2 Impact of Oxidative Stress in Kidney Aging

Oxidative stress is one of the major pathogenic stresses in the kidney. It is caused by

various renal pathogens, including hypertension, metabolic disorders (hyperglyce-

mia, dyslipidemia), ischemia, and nephrotoxic drugs. Oxidative stress activates

numerous intracellular signaling pathways via reactive oxygen species (ROS)-

mediated modulation of various enzymes and critical transcription factors. Oxida-

tive free radicals can induce the age-related deterioration of organs through

increased apoptosis or DNA mutations. Thus, increased production of ROS is a

key player in oxidative stress-related tissue/organ damage and kidney aging. This

“oxidative stress theory” holds that a progressive and irreversible accumulation of

oxidative damage caused by ROS impacts critical aspects of the aging process and

contributes to impaired physiological function in the aged population, an increased

incidence of age-associated disease, and a reduction in life span.

While the free radical theory of aging remains valid, attempts to induce longev-

ity by eliminating oxidative stress in genetically engineered mice have not neces-

sarily been successful (Pérez et al. 2009a, b). Contrary to expectations, for example,

mice overexpressing major antioxidant enzymes do not have an extended lifespan.

This evidence strongly suggests the involvement of factors other than free radicals

in aging, and that various factors induce senescence phenotypes in a context-

dependent manner.

Recent evidence emphasizes that uremic toxins induce oxidative stress and may

accelerate kidney aging. In the following sections, I summarize the impact of

uremic toxins as premature aging factors which induce oxidative stress, and the

crosstalk between oxidative stress and other stresses.

12.3 The Link Between Oxidative Stress and Hypoxia by

Uremic Toxins

Superoxide, a representative ROS, is produced by an imbalance in oxygen metab-

olism. In addition to causing direct damage to the kidney, superoxide radicals

decrease the bioavailability of nitric oxide through the formation of peroxynitrite.

Reduced levels of nitric oxide lead to a decrease in regional blood flow. Further-

more, nitric oxide suppresses mitochondrial respiration, and depletion of nitric

oxide by oxidative stress stimulates mitochondrial respiration and uncouples it

from chemical energy consumption, resulting in excessive oxygen consumption

and tissue hypoxia. Thus, oxidative stress and hypoxia are intricately linked.

This pathogenic linkage of oxidative stress and hypoxia is also induced by

uremic toxins. Indoxyl sulfate, a representative uremic toxin, increases oxygen

consumption in freshly isolated rat and human proximal tubules in an oxidative

stress-dependent manner (Palm et al. 2010). Furthermore, an increase in the serum

level of indoxyl sulfate is associated with a decline in renal function via the
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dysregulation of oxygen metabolism in tubular cells in experimental animals (Palm

et al. 2010).

To make matters worse, uremia suppresses the activation of hypoxia-inducible

factor (HIF), a master transcriptional regulator of adaptive responses against hyp-

oxia. The expression level of HIF is regulated by degradation of the a subunit via

hydroxylation of the proline residues. This proline hydroxylation is controlled by

the oxygen-dependent activity of prolyl hydroxylases (PHD). Hypoxia inactivates

PHD, leading to accumulation of the α subunit, which forms a heterodimer with a

constitutively expressed β subunit, and transactivates 100–200 target genes. Rep-

resentative HIF target genes include erythropoietin, vascular endothelial growth

factor, glucose transporters, and glycolytic enzymes. These target genes all evoke

powerful responses in adaptation against hypoxia. However, indoxyl sulfate

induces the expression of HIF-inhibitory CITED2 (Tanaka et al. 2013), making

uremic patients susceptible to ischemic diseases such as cardiovascular disease and

CKD per se.

12.4 Impact of Glycative Stress Associated with Oxidative

Stress Due to Uremic Toxins in Kidney Aging

Glycation is a non-enzymatic reaction of proteins or DNA with carbohydrate,

which generates advanced glycation endproducts (AGEs). Carbonyl compound

derivatives, which are mainly generated by carbohydrate oxidation and glycolysis,

react with lysine or arginine residues of proteins and cause glycative modification,

which is a type of posttranslational modification. Among the many carbonyl

compounds, glyoxal and methylglyoxal are highly reactive compounds, and are

well known as glycation precursors that contribute to AGE formation. Importantly,

these representative glycation precursors are also representative uremic toxins.

The state of physiological glycation is regulated by a balance between the

formation and clearance of glycated proteins, or AGEs. Diabetic conditions and

oxidative stress accelerate AGE formation, in turn leading to glycative stress. In

addition, uremic toxins classified as glycation precursors are excluded by the

kidney, demonstrating that kidney dysfunction also induces glycative stress through

the defective clearance of AGEs. These findings strongly support the idea that aging

that is associated with metabolic disorders, and that the decline in kidney function is

a critical trigger of glycative stress.

Serum AGE levels increase with age in a large cohort of normal subjects,

correlating well with levels of established markers of oxidative stress and inflam-

mation (Uribarri et al. 2007). These results imply a link between oxidative stress

and glycative stress. Importantly, AGE accumulation associated with oxidative

stress is closely linked with the development or progression of age-related diseases

(cardiovascular disease and stroke, as well as CKD) and lifespan, suggesting that
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glycative stress is likely to be a cause rather than a consequence of the aging

process, at least in part (Rabbani and Thornalley 2011; Kizer et al. 2014).

12.5 Anti-glycation Enzyme, Glyoxalase 1

AGE precursors, some of which are uremic toxins, particular the highly reactive

carbonyl compound methyglyoxal, are detoxified by anti-glycation enzymes, such

as glyoxalase 1 (GLO1). GLO1 contributes to the regulation of physiological

glycation state (Rabbani and Thornalley 2011). When the level of AGE precursor

formation is increased or GLO1 activity is decreased under pathogenic microenvi-

ronments, such as hyperglycemia, hypoxia, or aging, AGE formation is accelerated.

AGEs then accumulate in the body, leading to glycative stress.

We previously reported that glycative stress significantly accelerates both kid-

ney aging and kidney disease and that GLO1 is a beneficial renoprotective molecule

(Ikeda et al. 2011). We also showed that the overexpression of GLO1 ameliorates

senescence phenotypes of the kidney via the detoxification of AGE precursors

(Ikeda et al. 2011). For example, compared with young rat kidneys (10 weeks),

aged rat kidneys (14 months) showed increased renal accumulation of AGEs: the

methylglyoxal adduct CEL (N(e)-carboxyethyllysine), a representative marker of

glycative stress, was mainly accumulated in age-related damaged tubules associ-

ated with tubulointerstitial thickening. We elucidated that age-induced glycative

stress was significantly correlated with a decrease in renal GLO1 activity.

To evaluate the role of GLO1 in kidney aging, we established transgenic

(Tg) rats which overexpress human GLO1 systemically, and showed that GLO1

overexpression significantly ameliorated age-induced glycative stress in the kidney.

These GLO1 Tg rats also showed the amelioration of not only glycative stress

but also oxidative stress: while levels of renal 4-HNE and urinary 8OH-dG, two

representative oxidative stress markers, increased with age, GLO1 overexpression

significantly decreased them. Importantly, an age-related increase in both renal

oxidative stress and glycative stress via a decline in renal GLO1 activity was

correlated with an increase in expression of cellular senescence markers in tubules,

such as P53, P21, and P16, and improvement of these stresses decreased the

expression of cellular senescence markers at the protein and mRNA levels.

As one age-related morphological change in the kidney of elderly humans, we

detected interstitial thickening, estimated by Masson’s trichrome staining, in asso-

ciation with a decline in estimated glomerular filtration rate (eGFR). This thicken-

ing was also observed in the aged rat kidney and was ameliorated by GLO1

overexpression (Ikeda et al. 2011). Interestingly, this phenomenon was closely

associated with an alteration in renal senescence state: an increase in the number

of senescence-associated b-galactosidase (SABG)-positive senescent tubules was

observed in elderly rats, and was significantly reduced by GLO1 overexpression.

These improvements indeed ameliorated age-related renal dysfunction; namely,

they suppressed the decline in eGFR with age. Together, our results demonstrated
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that kidney aging is associated with both oxidative stress and glycative stress, and

that GLOI delayes these renal senescence phenotypes via the alteration of these

stresses. In other words, GLO1 may be a key player in reducing AGE precursors of

uremic toxins that accumulate with age, and thereby retard renal senescence.

Furthermore, we also observed that glycative stress contributes to vascular aging

(Jo-Watanabe et al. 2014). Our GLO1 Tg rats showed a threefold increase in

vascular GLO1 activity in association with a reduction in vascular glycative stress

with age. Vascular GLO1 overexpression partly ameliorated age-related vascular

dysfunction, in association with enhancement of NO production. Further, we found

that GLO1 overexpression suppressed the inhibitory phosphorylation of eNOS

(Thr495) and showed a tendency to increase the active phosphorylation (Ser1177)

of eNOS. These in vivo data are consistent with an in vitro study utilizing cultured

human endothelial cells which showed that methylglyoxal increased the inhibitory

phosphorylation level of Thr495 in cultured human endothelial cells in a dose- and

time-dependent manner, but that this effect was markedly reduced in cells

overexpressing human GLO1 cDNA. These data demonstrate that the age-related

increase in methylglyoxal in vessels, which is mainly caused by the age-dependent

loss of kidney function, increases the inhibitory phosphorylation level of eNOS,

resulting in the suppression of eNOS activity and subsequent endothelial damage.

Importantly, this pathway was significantly inhibited by GLO1 to maintain vascular

homeostasis.

These results emphasize the pathophysiological role of glycative stress and

oxidative stress in aging of the kidney and vessels. Uremic toxins, namely glycation

precursors, accumulate with age and induce oxidative or glycative stress, which

leads to kidney and vascular dysfunction, as well as the aging of these organs (Ikeda

et al. 2011; Jo-Watanabe et al. 2014). This kidney dysfunction then further exac-

erbates the accumulation of these uremic toxins. To prevent these effects, we

identified the effectiveness of renal GLO1 as an anti-glycation enzyme, or an

anti-kidney aging enzyme.

12.6 Endoplasmic Reticulum (ER) Stress as a Novel

Pathogenic Stress in CKD in Kidney Aging

Protein homeostasis, or proteostasis, is achieved via the operation of sophisticated

networks of mechanisms which act to maintain the quality of proteins. The quality

control of proteins is regulated by the balance of protein synthesis, folding, and

degradation. The most important point is that because proteostasis significantly

influences the structure and function of cells, it contributes to cell fate determina-

tion. Defective proteostasis occurring in kidney cells under pathogenic conditions

would lead to kidney disease as well as kidney aging (Inagi 2010, 2014) (Fig. 12.2).

The major site of proteostasis networks is the ER. The ER plays an important

role in the quality control of proteins via its regulation of synthesis, folding and
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trafficking (Wang and Kaufman 2014). The balance of capacity between protein

synthesis and folding is important for ER homeostasis, or in other words, ER

proteostasis. Various disturbances decrease folding capacity, however, including

folding mutation, hypoxia, or oxidative stress. This decrease in folding capacity

induces the accumulation of malfolded proteins in the ER, which leads to ER stress.

This ER stress in turn triggers the unfolded protein response (UPR) as an adaptive

response to ER stress. The ER stress-induced UPR pathway is known as a stress

signal which normalizes ER function and ER proteostasis. In contrast, maladapta-

tion due to excessive or prolonged UPR activation induces the apoptotic UPR and

contributes to the progression of kidney damage.

12.6.1 Adaptive UPR Pathway

The UPR pathway is an adaptive signal transduction induced by ER stress which

acts to maintain ER function (Fig. 12.3). The primary purpose of the UPR pathway

is to facilitate adaptation to the changing environment which evokes it and to

maintain ER function. Activation of the adaptive UPR pathway enhances protein-

folding capacity by activating the transcription of UPR target genes such as ER

chaperones, including glucose-regulated protein 78 (GRP78), GRP94, and

Fig. 12.2 Pathophysiological link of ER stress with common pathogenic stresses. Protein homeo-

stasis, or proteostasis, in the ER is regulated by protein synthesis, folding, and degradation through

the UPR pathway. Under normal conditions, the adaptive UPR pathway determines cell fate by

maintaining cell development, structure and function (left side). In contrast, when kidney function
declines, resulting in the accumulation of uremic toxins (indoxyl sulfate, glycation precursors),

low oxygen tension (hypoxia), increased production of ROS by oxidative stress and loss of protein

function by glycative stress occur in kidney cells. These conditions induce overwhelming activa-

tion of the adaptive and/or apoptotic UPR pathways (referred to as ER stress). This maladaptive

UPR system leads to a defective proteostasis, and subsequently to kidney ageing as well as kidney

disease. Abbreviations: CKD chronic kidney disease, ER endoplasmic reticulum, ROS reactive

oxygen species, UPR unfolded protein response
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calreticulin. GRP78, also referred to as BiP, is a central regulator of ER function

under pathogenic conditions. The N-termini of transmembrane ER proteins, such as

inositol-requiring enzyme 1 (IRE1), double-stranded RNA-activated protein

kinase-like ER kinase (PERK), and activating transcription factor 6 (ATF6), are

normally held in an inactive (or physiological) state in the ERmembrane by binding

to GRP78. When unfolded proteins accumulate in the ER lumen, GRP78 releases

the transmembrane ER proteins, allowing them to either dimerize (or polymerize)

in the case of PERK or IRE1, or move to the Golgi in the case of ATF6 within the

cell. PERK and IRE1 activate the downstream transcription factors ATF4 and

XBP1, respectively. ATF6 is activated by cleavage in the Golgi, and the truncated

ATF6 acts as a transcription factor. The PERK-ATF4, IRE-XBP1, and ATF6 axes

initiate expression of the downstream target genes (ER chaperones and the mole-

cules which act to degrade malfolded proteins) to maintain ER homeostasis, or

proteostasis.

Fig. 12.3 Adaptive and apoptotic UPR pathways as ER stress signals. Under ER stress, the UPR

modulators PERK and IRE1 are activated by dimerization followed by phosphorylation, and ATF6

is cleaved in the Golgi apparatus, inducing the activation of UPR transcription factors ATF6 (p50),

ATF4 and XBP1s. These transcription factors mainly upregulate the adaptive UPR pathway and

normalize ER function to maintain the cells via the ATF6, PERK–eIF2a–ATF4 or IRE1-XBP1

pathways. Under long-term ER stress, the adaptive UPR pathway fails to rescue the cells, and the

apoptotic UPR pathway, namely the PERK-eIF2a-ATF4-CHOP or IRE1-TRAF2 pathway, is

induced to eliminate the defective cells. Abbreviations: ATF activating transcription factor,

CHOP C/EBP-homologous protein, eIF2a eukaryotic translation initiation factor 2a, ER endo-

plasmic reticulum, IRE1 inositol-requiring protein 1, P phosphate, PERK double-stranded

RNA-activated protein kinase (PKR)-like endoplasmic reticulum kinase, TRAF2 tumour necrosis

factor receptor-associated factor 2, UPR unfolded protein response, XBP1 X-box binding protein

1, XBP1s spliced form of XBP1
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12.6.2 Apoptotic UPR Pathway

When cells exposed to excessive or prolonged ER stress fail to resolve the protein-

folding defect or rescue ER homeostasis via the adaptive UPR pathway, apoptosis

mediated by the maladaptive UPR is induced (Fig. 12.3). This is called the

apoptotic UPR pathway. To induce apoptosis, the PERK-ATF4 axis or ATF6 axis

activates proapoptotic CHOP (CCAAT/enhance-binding protein homologous pro-

tein) expression, and the IRE1 axis activates TRAF2 (tumor necrosis factor

receptor–associated factor 2) followed by caspase 12 or caspase 4 activation. The

UPR pathway is thus like a double-edged sword, and is altered in a context-

dependent manner.

Dysfunction of ER Ca+ homeostasis by ER stress also contributes to apoptosis

through multiple pathways: Ca+ leaked from the ER lumen enters the mitochondria,

depolarizes the inner mitochondrial membrane, and generates mitochondrial ROS.

This increased ROS production is associated with a vicious cycle of oxidative stress

in both the ER and mitochondria, where it activates several apoptotic pathways,

including the caspase 9-mediated or BAX/BAK-mediated pathways. This dispen-

sation with dysfunctional cells represents a last resort on the part of multicellular

organisms.

12.6.3 Link Between ER Stress, Oxidative Stress,
and Glycative Stress

Persistent oxidative stress induces ER dysfunction in association with prolonged or

severe UPR activation, and thereby initiates ER stress-associated apoptotic cas-

cades. This ultimately represents a vicious cycle of ER stress and oxidative stress.

The cycle might be mediated by ROS produced by the dysfunction of ER Ca+

homeostasis, as described above.

As another way to link oxidative stress to ER stress, Hasnain et al. (2014)

demonstrated the contribution of inflammation. Oxidative stress and ER stress are

often accompanied by hyperglycemia-induced pancreatic beta cell damage

(impaired insulin biosynthesis and secretion). These authors showed that multiple

inflammatory cytokines elevated in diabetic pancreatic islets induced beta cell

oxidative and ER stress, with interleukin-23 (IL-23), IL-24 and IL-33 being the

most potent. In contrast, islet-endogenous and -exogenous IL-22 suppressed both

the oxidative stress and ER stress caused by cytokines or glucolipotoxicity. These

results were confirmed by in vivo studies: in obese mice, antibody neutralizing

IL-23 or IL-24 partially reduced ER stress in beta cells and improved glucose

tolerance, whereas IL-22 administration modulated oxidative stress regulatory

genes in islets, resulting in the suppression of ER stress and the restoration of

glucose homeostasis. Given that chronic inflammation is one of the key factors of

the aging process in various organs (Jurk et al. 2014; Walke et al. 2014) and that
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diabetes is a major cause of CKD, we suggest that oxidative stress and ER stress

induced by hyperglycemia-induced inflammation in diabetes may enhance exacer-

bate premature aging of the pancreas and kidney, resulting in the development of

CKD with diabetes.

Recent evidence also emphasizes that ER stress links to not only oxidative stress,

but also glycative stress (Inagi 2011; Zhuang and Forbes 2014). It has been reported

that AGEs accumulated under glycative stress conditions induce ER stress directly.

For example, glycated serum albumin (AGE-bovine serum albumin, AGE-BSA)

induced ER stress, as estimated by GRP78 expression, and the apoptotic UPR

induced apoptosis in a dose- and time-dependent manner in mouse podocytes.

This phenomenon was caused by an increase in intracellular Ca2+ concentration.

The ER stress inhibitor taurine-conjugated ursodeoxycholic acid (TUDCA), which

acts as a chemical chaperone that enhances the folding and trafficking of proteins,

prevents AGE-induced podocyte apoptosis, suggesting that this apoptosis is medi-

ated by ER stress, namely the apoptotic UPR pathway, rather than by signaling

through the receptor for AGE (RAGE) (Chen et al. 2008).

Further, Liu et al. (2014) showed that RAGE promotes senescence of proximal

tubular epithelial cells via activation of ER stress-dependent p21 signaling. The

elevated expressions of RAGE, ER chaperone GRP78 as a marker of UPR pathway

activation, and cellular senescence marker p21 were correlated with an accumula-

tion of senescence-associated β-galactosidase in diabetic nephropathy patients. In

vitro studies revealed that AGE-BSA induced the expression of RAGE, GRP78,

and p21 in cultured mouse proximal tubular cells. These data strongly indicate that

premature senescence in tubules is induced by glycative stress via the induction of

ER stress, or the maladaptive UPR pathway.

Glycated LDL (low-density lipoprotein) also causes aberrant ER stress, as

estimated by increased GRP78, PERK phosphorylation, and ATF6 activation, in

cultured bovine aortic endothelial cells (Dong et al. 2010). This is followed by

endothelial dysfunction, such as impaired endothelium-dependent vasorelaxation.

Similar results were observed in in vivo studies utilizing isolated aorta from mice

fed an atherogenic diet. Importantly, chronic administration of Tempol, a potent

antioxidant, attenuated the endothelial dysfunction induced by glycated LDL in

association with the amelioration of ER stress (Dong et al. 2010). These findings

also suggest that oxidative stress, glycative stress, and ER stress crosstalk during

the progression of atherosclerosis, and that this stress network contributes to the

phenotypic changes of endothelial cells.

Like glycated albumin and LDL, AGE precursors also lead to ER stress-induced

apoptosis. Extracellular matrix is frequently modified by AGE precursors in the

skin of diabetic patients. Type I collagen modified by an AGE precursor such as

methylglyoxal or 3-deoxyglucosone, both of which are uremic toxins, causes ER

stress-mediated apoptosis via ROS-mediated CHOP activation in dermal fibro-

blasts, suggesting a pathophysiological role for the link between glycative stress

and ER stress in diabetic wounds (Loughlin and Artlett 2011).

Another study utilizing diabetic mice also showed that ER stress in 22-month-

old diabetic kidneys resulted in the up-regulation of CHOP (Wu et al. 2010). CHOP
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might play a role in exacerbating kidney lesions given that CHOP-deficient prox-

imal tubular cells were resistant to ER stress-induced cell death, and that CHOP-

deficient mice were protected from diabetic nephropathy. CHOP deficiency also

protected the mouse kidney from tubulointerstitial fibrosis, a major renal aging

phenotype which is accelerated with age. Taken together with the finding that

diabetic nephropathy is also exacerbated with aging, these findings suggest that

ER stress associated with unfavorable CHOP activation might contribute to the

progression of premature kidney aging, in turn leading to age-related kidney

damage.

12.7 Conclusion

Kidney aging is a multifactorial process in which several key-mediators play a

significant role, including oxidative stress, ER stress, and glycative stress. The

defective crosstalk of these stresses under pathogenic conditions often leads to a

vicious cycle and contributes to kidney premature aging phenotypes. Further

investigation of these stress pathways is needed to develop pharmacological

approaches to retarding these aging processes or the decline in renal function in

both the elderly and the general population.
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Chapter 13

Vitamin K Benefits in Aging and Cancer

Kotaro Azuma and Satoshi Inoue

Abstract Vitamin K is well known as a critical blood coagulation factor. In

addition, epidemiological studies suggest that reduced vitamin K intake is associ-

ated with several geriatric diseases, such as osteoporosis, osteoarthritis, dementia,

and arteriosclerosis. Indeed, the therapeutic benefits of vitamin K have been

demonstrated in osteoporosis patients in several clinical studies. It has also been

proposed that vitamin K may contribute to the prevention and treatment of some

types of malignancies. Vitamin K functions as a co-factor of γ-glutamyl carboxyl-

ase (GGCX) and regulates the activity of vitamin K-dependent proteins expressed

in various tissues via posttranscriptional modifications. As an additional mecha-

nism of vitamin K action, we revealed that vitamin K activates the Steroid and

Xenobiotic receptor (SXR), a member of nuclear receptor superfamily, leading to

changes in gene transcription. Analysis of the bones of pregnane X receptor (PXR)-

deficient mice demonstrated that the bone protective effects of vitamin K are

partially mediated by SXR/PXR-dependent signaling. In certain malignancies,

vitamin K exerts therapeutic activity in an SXR/PXR-dependent manner. Another

distinct function of vitamin K involves apoptotic induction of leukemia cells, which

may be attributed to the covalent association of vitamin K2 epoxide with

pro-apoptotic protein Bak. The progress of vitamin K research has opened up

new possibilities that vitamin K can be useful for prevention and treatment of a

variety of diseases.
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13.1 Introduction

Vitamin K is a fat-soluble vitamin that was discovered around 1930 as an essential

factor for blood coagulation (Dam 1935). The mechanism by which vitamin K

promotes blood coagulation was clarified in the 1970s, reporting that vitamin K is

involved in the posttranscriptional modification of coagulation factors (Nelsestuen

et al. 1974; Stenflo et al. 1974). Vitamin K2 is administered to newly born babies in

order to prevent intracranial hemorrhage. On the other hand, warfarin, which

inhibits vitamin K function, is widely used as an anticoagulant. More recently,

vitamin K has been examined in connection with various physiological and path-

ological conditions related to aging and cancer. In this chapter, we will discuss the

recently discovered functional mechanisms and roles of vitamin K in aging and

cancer.

13.2 Structure of Vitamin K

Vitamin K is actually a group of compounds, existing in any of seven possible

forms (Fig. 13.1). Among these, only vitamin K1 (phylloquinone) and K2

(menaquinone) are naturally occurring products. Vitamin K1 is present in vegeta-

bles while vitamin K2 is synthesized by microorganisms (Booth and Suttie 1998).

The traditional Japanese food “Natto,” which consists of fermented soybeans,

contains high concentrations of vitamin K2. Vitamins K1 and K2 differ only in

their side chains, and it was recently observed that vitamin K1 is actually a

precursor of vitamin K2, as K1 is converted to K2 to become active in the body

(Okano et al. 2008; Nakagawa et al. 2010). Vitamin K2 is abbreviated as ‘MK-n’
according to the number of isoprene units in its side chain. MK-4 has been shown to

be the most abundant form of vitamin K in the human body (Thijssen and Drittij-

Reijnders 1996), while ‘Natto’ contains MK-7. Two forms of synthetic vitamin K,

vitamin K3 (menadione) and vitamin K4 (menadiol), were clinically used in the

past but have since been discontinued due to toxicity from the production of

reactive oxygen species and suppression of bilirubin metabolizing enzymes.
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Vitamin K1 (Phylloquinone)

Vitamin K2 (Menaquinone)

Vitamin K3 (Menadione)

Vitamin K4 (Menadiol)

Vitamin K5

NH2

Vitamin K6

NH 2

NH2

Vitamin K7

NH2

Fig. 13.1 Molecular structures of the seven forms of vitamin K. Vitamin K1, K2, and K3 that

have a common naphthoquinone ring but differ in their side chains. Vitamin K1 has a phytyl side

chain while the side chain of vitamin K2 is composed of a varying number of isoprenoid residues.

In contrast, vitamin K3 lacks a side chain. Vitamin K1 and K2 are naturally occurring products,

whereas the rest are synthetically produced

13 Vitamin K Benefits in Aging and Cancer 225



13.3 Vitamin K Function Mediated by Protein

Modification

To date, several vitamin K mechanisms have been elucidated or proposed

(Fig. 13.2). It can act as a co-factor for γ-glutamyl carboxylase (GGCX), and it

also serves as a ligand for the nuclear steroid and xenobiotic receptor (SXR), as well

as its murine homolog, pregnane X receptor (PXR).

The role of vitamin K as a co-factor of GGCX was first elucidated in the 1970s

(Nelsestuen et al. 1974; Stenflo et al. 1974). GGCX mediates the addition of a

carboxyl group to glutamate residues in substrate proteins. The most well-known

substrates for this reaction are the vitamin K-dependent coagulation factors II, VII,

IX, and X. These coagulation factors become active only when several glutamate

residues are γ-carboxylated (known as Gla residues). Proteins involved in the

fibrinolysis cascade, including proteins C, S, and Z (Rezaie et al. 2008), are also

known to be substrates for GGCX. To date, 18 human proteins are known to be

γ-carboxylated, including growth arrest specific-6 (Gas6) (Varnum et al. 1995),

which regulates endothelial function; osteocalcin (also called bone Gla protein;

CH2

CH2

COOH

CH2

CH

COOHCOOH

Vitamin K 
hydroquinone Vitamin K cycle

Vitamin K 
epoxide

Glutamate
residue

GGCX

VKOR

Warfarin

Gla residue
SXRE

SXR
(PXR)

RXRVitamin K

Responsive
genes

DNA

Vitamin K as a co-factor of GGCX Vitamin K as a ligand of SXR/PXR

Vitamin K 

Vitamin K 
epoxide

Protein

Covalent association of vitamin K 
epoxide and target protein

(quinone)

Fig. 13.2 Model of mechanisms of vitamin K actions. Vitamin K functions as a co-factor of

γ-glutamyl carboxylase (GGCX). GGCX catalyzes conversion of glutamate residues into Gla

residues by incorporating an additional carboxyl group onto the glutamate. This reaction requires

the cyclic use of vitamin K. Vitamin K epoxide reductase (VKOR) is required for recycling

vitamin K, which is oxidized during γ-glutamyl carboxylation. Warfarin inhibits VKOR and

vitamin K recycling, and as a result, suppresses GGCX activity. Vitamin K also functions as a

ligand of steroid and xenobiotic receptor (SXR), and its murine homolog, pregnane X receptor

(PXR). SXR/PXR form heterodimers with 9-cis-retinoid acid receptor (RXR), and this complex

binds to SXR-responsive elements (SXRE) within the promoter or enhancer regions of target

genes. Covalent binding of vitamin K epoxide and its target proteins has been also proposed as a

novel mechanism of vitamin K action
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Table 13.1 The expression sites and known functions of γ-carboxylated proteins. Including

transthyretin, which only contains one Gla residue, and the conantokins, which are not expressed

in vertebrates, the total of γ-carboxylated proteins are known in total comes to around 20

Expression Function

Coagulation factor II (prothrombin) Liver, kidney, adrenal gland,

heart, parathyroid gland, etc.

Blood coagulation

Coagulation factor VII Liver, kidney, intestine, testis,

adrenal gland, etc.

Blood coagulation

Coagulation factor IX Liver Blood coagulation

Coagulation factor X Liver, etc. Blood coagulation

Protein C Liver, kidney, testis, etc. Anti-coagulation

Protein S Liver, endothelium, monocyte,

etc.

Anti-coagulation

Protein Z Liver Anti-coagulation

Osteocalcin (bone Gla protein, BGP) Osteoblast Regulation of bone

calcification

Regulation of glu-

cose metabolism?

Enhancing male

fertility?

Matrix Gla protein (MGP) Chondrocyte, vascular smooth

muscle cell, etc.

Regulation of

calcification

Growth arrest specific-6 (GAS6) Lung, heart, kidney, intestine,

endothelium, vascular smooth

muscle cell, bone marrow,

oseteoblast, osteoclast, monocyte,

etc.

Thrombus

formation

Inflammation

Cell proliferation

Proline-rich Gla protein 1 (PRGP1) Spinal cord, etc. Unknown

Proline-rich Gla protein 2 (PRGP2) Thyroid, trachea, prostate, intes-

tine, kidney, etc.

Unknown

Transmembrane Gla protein

3 (TMG3)

Brain, heart, lung, kidney, etc. Unknown

Transmembrane Gla protein

4 (TMG4)

Kidney, pancreas, etc. Unknown

Periostin Periosteum, periodontal ligament,

heart valve, adrenal gland, lung,

thyroid, intestine, ovary, testis,

prostate

Maintenance of

periodontal

ligament

Bone development

Maintenance of

bone mineral

density

Tissue repair

Enhanced fibrosis

TGFβ induced (TGFBI) Bone, joint, skin, cornea, kidney Bone development

Maintenance of

cornea

(continued)
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BGP) (Price et al. 1976), which is expressed in osteoblasts; matrix Gla protein

(MGP) (Luo et al. 1997), an inhibitor of calcification in cartilage; periostin (Coutu

et al. 2008), which is expressed in periosteum, periodontal ligament, and heart;

TGFβ induced (TGFBI) (Coutu et al. 2008), which is involved in corneal dystrophy;
proline-rich Gla protein 1 and 2 (Kulman et al. 1997); transmembrane Gla protein

3 and 4 (Kulman et al. 2001); Gla-rich protein (Viegas et al. 2008); and

transthyretin (Rüggeberg et al. 2008) (Table 13.1). Even GGCX itself has been

shown to be γ-carboxylated (Berkner and Pudota 1984). In non-vertebrates,

conantokin G (McIntosh et al. 1984) and conantokin T (Warder et al. 1998), toxic

compounds produced by a marine cone snail, have also been reported to be

γ-carboxylated. Altogether, these γ-carboxylated proteins are known as Gla pro-

teins, or vitamin K-dependent proteins, as vitamin K-dependent γ-carboxylation is

assumed to be required for their activity.

GGCX localizes to the membrane of the endoplasmic reticulum (ER), and most

of its substrates have a highly conserved pro-peptide at their N-terminus containing

a carboxylase recognition site (Coutu et al. 2008). GGCX substrates are first tagged

on their pro-peptide with GGCX, and then multiple glutamate residues are sequen-

tially γ-carboxylated (Fig. 13.3) (Morris et al. 1995). The glutamate residues to be

γ-carboxylated form clusters, known as the “Gla domain,” near the N-terminus of

GGCX substrates. The typical sequence of the Gla domain is Gla-x-x-x-Gla-x-Cys,

and this sequence is highly conserved among vitamin K-dependent proteins. After

all glutamate residues in the Gla domain have been carboxylated, the pro-peptide at

the N-terminus is cleaved off and the rest of the protein is transmitted to the Golgi

body. Among γ-carboxylated proteins, transthyretin is exceptional in that it lacks

pro-peptide and only has one reported Gla residue. The γ-carboxylated transthyretin
is only detected in the cerebrospinal fluid of subjects with moyamoya disease,

suggesting γ-carboxylation of transthyretin may contribute to pathophysiological

function.

Table 13.1 (continued)

Expression Function

Gla-rich protein (GRP)/Upper zone

of growth plate and cartilage matrix

associated protein (Ucma)

Chondrocyte, osteoblast, osteo-

cyte, vascular smooth muscle cell,

skin

Unknown

Transthyretin (Prealbumin) Liver, kidney, pancreas, choroid

plexus, retina

Transfer of thyroid

hormone and

retinoid

γ-glutamyl carboxylase (GGCX) Systemic (High expression in

liver)

γ-carboxylation of

vitamin K-depen-

dent proteins

Conantokin G Venom of the marine cone snail Inhibition of

NMDA receptor

Conantokin T Venom of the marine cone snail Inhibition of

NMDA receptor
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In serving as a co-factor for GGCX, cyclic use of vitamin K is essential (Stafford

2005). When vitamin K-dependent proteins are carboxylated, vitamin K is oxidated

into vitamin K epoxide. They must then be recycled before functioning as a GGCX

co-factor again. Specifically, vitamin K epoxide is reduced by an enzyme known as

vitamin K epoxide reductase (VKOR). Warfarin, which is clinically used as an anti-

coagulant, is an inhibitor of VKOR and leads to a subsequent decrease in GGCX

activity (Fig. 13.2). VKOR co-localizes with GGCX and the regulatory protein

calumenin, which functions as a GGCX inhibitor (Fig. 13.3).

Recently, a novel vitamin K action, mediated by protein modification, was

reported in a study of pro-apoptotic effects of vitamin K on leukemia cells.

Karasawa et al. found that vitamin K promoted modification of the pro-apoptotic

protein Bak (Karasawa et al. 2013). Based on mass spectrometric analysis, they

proposed Bak is covalently modified by the epoxide form of vitamin K2 (Fig. 13.2).

Although GGCX activity is required to generate this epoxide form, this mechanism

of action appears to be distinct and further validation, as well as a search for

potential binding partners, is required.

propeptide

γ−glutamyl carboxylase (GGCX)

Cytoplasm

ERGla
Glu

Vitamin K-dependent protein

Gla domain

Vitamin K

Carboxylase recognition site

Calumenin

VKOR

Fig. 13.3 γ-Carboxylation of vitamin K-dependent proteins. In the endoplasmic reticulum (ER),

vitamin K-dependent proteins associate with GGCX via their N-terminal pro-peptides, which

contain a carboxylase recognition site. Multiple glutamate residues (Glu) are then sequentially

converted into Gla residues in this complex. The glutamate residues to be γ-carboxylated form a

cluster known as the “Gla domain,” which consists of the highly conserved “Gla-x-x-x-Gla-x-Cys”

sequence near the N-terminus of GGCX substrates. On the ER lumen, GGCX is co-localized with

VKOR, which has an important role in the vitamin K cycle. A protein called calumenin, which

negatively regulates GGCX activity, is also found in this complex
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13.4 Vitamin K Function Mediated by Transcriptional

Regulation

In addition to the effects of vitamin K that are mediated by posttranscriptional

modifications, we recently identified secondary mechanism of its action, occurring

at the level of transcriptional regulation (Tabb et al. 2003). Vitamin K functions as a

ligand of the nuclear receptor SXR and its murine ortholog PXR (Tabb et al. 2003).

This receptor is also known as NR1I2, according to standardized nomenclature

designated by the nuclear receptor committee. Blumberg et al. cloned and charac-

terized SXR/PXR as a novel nuclear receptor that is mainly expressed in the liver

and intestine (Blumberg et al. 1998). SXR/PXR functions as a ligand-dependent

transcription factor and is activated by various pharmaceutical agents and xenobi-

otic compounds (Zhou et al. 2009). Since endogenous ligands of SXR/PXR were

unknown at the time it was cloned, SXR/PXR was originally classified as an orphan

receptor. However, it is now reported that secondary bile acids are endogenous

ligands for this receptor (Staudinger et al. 2001; Xie et al. 2001). When a ligand

binds to SXR/PXR, it forms a heterodimer with 9-cis retinoid acid receptor (RXR).

This complex then binds to SXR-responsive elements (SXRE) in the promoter or

enhancer regions of target genes (Fig. 13.2). Typical target genes include the drug

metabolizing enzyme CYP3A4, and the ABC family transporter MDR1, indicating

that SXR/PXR functions as a xenobiotic sensor by inducing genes involved in

detoxification and drug excretion (Synold et al. 2001). SXR/PXR expression has

also been detected in the kidney, lung (Miki et al. 2005), and peripheral mononu-

clear cells (Albermann et al. 2005).

We have previously shown that SXR is expressed in osteoblastic cell lines and is

activated by vitamin K2 (Tabb et al. 2003). We also demonstrated that vitamin K2

can serve as a ligand for PXR in osteoblasts using PXR-deficient and wild typemice

(Tabb et al. 2003). The fact that it can function as a ligand for SXR/PXR has

suggested the possibility that vitamin K may influence many physiological and

pathological processes through regulation of PXR/SXR target genes.

13.5 Roles of Vitamin K in Age-Related Diseases

In Japan and several other Asian countries, vitamin K is used in the treatment of

osteoporosis. Interestingly, epidemiological studies have revealed that intake of

Natto is negatively correlated with incidence of hip fracture (Kaneki et al. 2001). In

fact, vitamin K is the only nutrient that is significantly correlated with hip fracture

incidence (Yaegashi et al. 2008). Clinical studies, which included meta-analysis,

have confirmed the ability of vitamin K to prevent hip fracture (Cockayne

et al. 2006).

We previously demonstrated a functional single nucleotide polymorphism in

GGCX that is associated with bone mineral density in elderly Japanese women
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(Kinoshita et al. 2007), suggesting the bone protective function of vitamin K may

occur at the level of GGCX activity. However, effects of vitamin K on bone tissue

mediated by γ-carboxylation are difficult to evaluate, as its hepatic functions

hamper the analysis of extra hepatic roles of GGCX. GGCX-deficient mice die

before birth or on the day of birth due to peritoneal hemorrhage (Zhu et al. 2007).

Recently, we developed mouse models with tissue-specific ablation of GGCX in

order to overcome these issues (Azuma et al. 2014). In an epidemiological study,

high concentrations of non-carboxylated osteocalcin, designated as

undercarboxylated-osteocalcin, are shown to be associated with a high risk of hip

fracture (Vergnaud et al. 1997). Considering osteocalcin is a major substrate of

GGCX in bone tissue, these findings may indicate that reduced activity of GGCX

promotes bone fragility. However, osteocalcin-deficient mice have been shown to

have mechanically stronger bones than wild type mice (Ducy et al. 1996), demand-

ing a reconsideration of its actual function in bone tissue.

According to results from recent investigations, including our own, activation of

SXR/PXR in bone tissue could mediate the beneficial effects of vitamin K. We

established cells stably overexpressing SXR using the human osteoblastic cell line

MG63. By comprehensive transcriptome analysis using microarrays, we identified

genes induced by vitamin K in an SXR-dependent manner (Ichikawa et al. 2006),

including tsukushi (TSK), matrilin-2 (MATN2), and CD14. Among these, TSK

encodes a protein that has a collagen-accumulating effect (Ohta et al. 2004),

MATN2 is a protein comprising extracellular matrix as like collagen (Wagener

et al. 2005), while CD14 regulates osteoblastogenesis (Roman-Roman et al. 2003)

and osteoclastogenesis by inducing differentiation of B cells (Filipp et al. 2001;

Manabe et al. 2001). Induction of these genes is not inhibited by warfarin treatment,

indicating a GGCX-dependent mechanism is not involved.

We also confirmed the involvement of SXR/PXR signaling in formation of bone

tissue by analyzing the bone phenotype of PXR-deficient mice. Contrary to GGCX-

deficient mice, PXR-deficient mice are viable after birth and are fertile, which

enabled us to investigate in vivo effects of SXR/PXR signaling on bone tissue. We

found that 4-month-old female PXR-deficient mice displayed lower femoral bone

mineral density. Micro CT images of the femoral trabecular bone revealed a fragile

structure in these mice. Histomorphometric analysis revealed enhanced bone

resorption and reduced bone formation in PXR-deficient mice. The mechanical

weakness of bone from PXR-deficient mice was confirmed using the 3-point

bending test (Azuma et al. 2010). Considering the bone turnover status of

PXR-deficient mice, there may be other mechanisms involved in bone tissue

formation, since enhanced bone resorption may not be explained by known target

genes in osteoblasts. One candidate mechanism involves the suppression of NF-κB
by SXR/PXR signaling. SXR activation has been shown to repress NF-κB activity,

and PXR-deficient mice display small bowel inflammation (Zhou et al. 2006),

suggesting a proinflammatory diathesis was probably caused by lack of NF-κB
suppression. This pro-inflammatory response might contribute to enhanced bone

resorption.
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Epidemiological studies have suggested that vitamin K deficiencies may be

related to other skeletal diseases, such as osteoarthritis. In both North America

and Japan, low vitamin K intake has been correlated to the prevalence of osteoar-

thritis (Neogi et al. 2006; Oka et al. 2009; Misra et al. 2013). However, a random-

ized controlled study found vitamin K to have no therapeutic benefit in patients with

osteoarthritis (Neogi et al. 2008). To clarify whether the study length was insuffi-

cient to capture the positive effect, or if vitamin K’s effects are only preemptive,

further studies are required.

Vitamin K deficiency has also been reported in dementia, another aging-related

disease. Epidemiological study of patients showing early-stage Alzheimer’s disease
found they consume less vitamin K when compared with cognitively intact controls

(Shatenstein et al. 2007). In vitro analysis demonstrated the protective effect of

Gas6, a vitamin K-dependent protein, in amyloid beta-induced apoptosis of cortical

neurons (Yagami et al. 2002). These findings may provide a mechanistic explana-

tion for the benefits of vitamin K in Alzheimer’s disease. Vitamin K has also been

linked to neurological function through the regulation of key enzymatic activities

involved in sphingolipid metabolism (Sundaram and Lev 1988), a process whose

dysfunction has been identified in neuro degenerative disorders. However, to the

best of our knowledge, there is no report of an intervention study to evaluate the

therapeutic effect of vitamin K in such a setting.

Finally, in this section we would like to describe the relationship of vitamin K

and atherosclerosis. There are independent epidemiological studies reporting the

association of vitamin K intake and lower incidence of coronary heart disease

(Beulens et al. 2009; Gast et al. 2009). Additionally, there is an interventional

trial showing administration of vitamin K1 suppressed the progression of coronary

artery calcification (Shea et al. 2009). Two vitamin K-dependent proteins, Gas6 and

MGP, are involved in atherosclerosis, providing a possible explanation of how

vitamin K functions in this disease. Gas6 is known to suppress atherosclerosis

through anti-apoptotic effects in vascular smooth muscle cells (Son et al. 2006).

The anti-calcification function of MGP was demonstrated by re-expressing MGP in

vascular smooth muscle cells of MGP knockout mice, which rescued the arterial

calcification phenotype (Murshed et al. 2004).

13.6 Roles of Vitamin K in Malignancies

Vitamin K may also contribute to the prevention and treatment of malignant

diseases, which increase in incidence according to age. Although many studies

have focused on the cytotoxic activity of synthetic vitamin K3 (Lamson and Plaza

2003), the vitamins K1 and K2 have also been shown to have antitumorigenic

activities.

An epidemiological study in North America revealed that postmenopausal

women treated with vitamin K1 had a lower risk of cancer than those who received

placebo (Cheung et al. 2008). In this study, almost half of the detected malignancies
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were breast cancers. Interestingly, an epidemiological study carried out in Europe

found dietary intake of vitamin K2, rather than vitamin K1, led to reduced risk of

malignancies. The reduction in risk was statistically significant in male population,

and was driven by a pronounced reduction in prostate and lung cancer (Nimptsch

et al. 2010).

Clinical trials carried out in Japan found that the administration of vitamin K2

reduced the de novo occurrence of hepatocellular carcinoma, a condition associated

with liver cirrhosis (Habu et al. 2004). It has also been reported by two different

groups in Japan that administration of vitamin K2 prolongs incident free time in

hepatocellular carcinoma patients following treatment initial (Mizuta et al. 2006;

Kakizaki et al. 2007). However, one of these groups reported no beneficial effect of

vitamin K in a subsequent, larger, randomized controlled study (Yoshida

et al. 2011). As for hematopoetic diseases, vitamin K2 may alleviate cytopenia in

some patients with myelodysplastic syndrome (MDS) and post-MDS acute myeloid

leukemia (Miyazawa et al. 2000).

The antitumor activity of vitamin K could be explained both by changes in the

activity of GGCX, as well as the transcriptional activation of SXR/PXR. The

growth of hepatocellular carcinoma is stimulated by des-γ-carboxyprothrombin

(DCP; also known as PIVKA II), which is produced in response to vitamin

K-deficiencies (Ma et al. 2009). Administration of vitamin K prevents DCP pro-

duction and leads to reduced proliferation. It has been reported that an abnormality

in GGCX mRNA splicing deregulates carboxylase activity in hepatocellular carci-

noma cell lines (Ueda et al. 2008). Meanwhile, we hypothesized that the tumor-

suppressing effect of vitamin K could be attributed to its SXR/PXR-dependent

functions, as the receptor is abundantly expressed in the liver. We confirmed

endogenous SXR expression in the hepatocellular carcinoma cell lines, HepG2

and HuH7. Overexpression of exogenous SXR in HuH7 cells suppressed prolifer-

ation and cellular motility (Azuma et al. 2009). The effects of SXR overexpression

were further enhanced when cells were stimulated with vitamin K, again supporting

the idea that these are SXR-dependent vitamin K effects (Fig. 13.4).

Verma et al. demonstrated that several SXR activators inhibit proliferation of the

breast cancer cell lines, MCF-7 and ZR-75-1 (Verma et al. 2009). This may explain

the prophylactic effects of vitamin K in the treatment of breast cancer. Conversely,

a clinicopathological study reported that SXR expression was positively correlated

with histological grade and lymph node status in estrogen receptor-positive breast

cancer (Miki et al. 2006).

Regarding hematopoietic dysfunction, it was recently reported that expression of

SXR in myeloid progenitor cells and that treatment with vitamin K2 or rifampicin,

promoted CD11b and CD14 expression in these cells (Sada et al. 2010). Notably

CD14, which triggers differentiation of B cells, was also induced in an osteoblastic

cell line in an SXR-dependent manner (Ichikawa et al. 2006). This indicates that

SXR-dependent vitamin K actions promote differentiation of myeloid progenitor

cells, preventing their transition to leukemia. Recently, it was reported that PXR-

deficient mice develop lymphoma at older ages, implying that SXR/PXR signaling

would also be involved in normal differentiation and proliferation of lymphocytic
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lineages (Casey et al. 2011). Other than promoting differentiation, vitamin K has

also been reported to negatively affect leukemic cells by inducing apoptosis

(Yaguchi et al. 1997). This is proposed to occur through covalent modification of

the pro-apoptotic protein Bak in response to reaction with the epoxide form of

vitamin K2 (Karasawa et al. 2013).

In cholangiocellular carcinoma and colon cancer (Enomono et al. 2007;

Kawakita et al. 2009), vitamin K2 is reported to induce autophagic cell death; a

type of programmed cell death that is distinct from apoptosis. However, the

molecular mechanism of this phenomenon remains unclear.

Lastly, it should be noted that expression of SXR correlates with clinical

prognosis in several types of cancer. In esophageal cancer, SXR is associated

with a favorable prognosis (Takeyama et al. 2010), and we have demonstrated

that expression of SXR, and its target gene CYP3A4, correlate with favorable

prognoses in prostate cancer (Fujimura et al. 2012). Thus, esophageal and prostate

cancers may be potential targets for therapy with SXR ligands. In contrast, prog-

noses of breast (Miki et al. 2006) and ovarian cancers (Yue et al. 2010) have been

reported to be inversely correlative with SXR expression as determined by histo-

logical examination.
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Fig. 13.4 Vitamin K-dependent growth suppression in the hepatocellular carcinoma cells. SXR

was stably expressed in the hepatocellular carcinoma cell line, HuH7 (HuH7-SXR cells). (a)

HuH7-SXR cells and negative control HuH-vec cells were seeded at a density of 1,000 cells/well

and cultured in DMEM with 10 % FCS. Cell growth was assayed using WST-8 tetrazolium salt.

Mean� SEM of relative absorbance at 450 nm for each clone on each day, normalized to values at

day 0, is shown (n¼ 3). (b) HuH7-SXR and HuH7-vec cells were seeded at a density of 1,000

cells/well and cultured in phenol red-free DMEM with charcoal/dextran-treated FCS (5 %) and

MK-4 (VK; 10 μM) or ethanol (Et). Cell growth was assayed using WST-8 tetrazolium salt. Bars
represent the mean� SEM of relative absorbance at 450 nm for each clone on day 4 normalized to

values at day 0 (n¼ 4). N.S. not significant
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13.7 Conclusion

We have discussed the molecular mechanisms underlying vitamin K effects on

aging-related diseases and cancer. We have also introduced a novel mechanism of

vitamin K action mediated by SXR/PXR activation, and possible covalent modifi-

cation with vitamin K epoxide. Theoretically, vitamin K can exert functional effects

in many organs and tissues where SXR/PXR is expressed, in addition to those

where Gla proteins are present. Further investigation of vitamin K will shed light on

the physiological and pathological manifestations of aging and cancer. Considering

it is a naturally occurring compound, and is known to be relatively safe in clinical

use, vitamin K and its related compounds would be promising therapeutic and

preventive agents for these diseases.
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Aging Brain: Adult Neurogenesis, Synaptic
Plasticity, and Brain Volume



Chapter 14

Insights into Aging of the Hippocampus:

A View from the Topographic Differentiation

Shozo Jinno

Abstract More than fifty years ago, a number of studies reported the reduction of

neuron numbers related to brain aging. However, later studies have concluded that

the neuronal loss due to aging is limited to specific regions of the nervous system

and its significance is irrelevant in both humans and non-human mammals. Instead,

several other mechanisms that may underlie brain aging have attracted attention in

the field of neuroscience research. Namely, some papers have indicated the rela-

tionship between memory impairment and decline in adult neurogenesis in the

hippocampus during aging. It has also been reported that abnormalities of oligoden-

drogenesis in the mature brain may be involved in age-related cognitive decline.

We herein briefly review recent findings on age-related changes in adult

neurogenesis and oligodendrogenesis, and discuss their functional significance

from the view point of topography of the hippocampus. Namely, the hippocampus

has shown to be structurally and functionally differentiated along the longitudinal

and transverse axes. In the rodent brain, the dorsal (septal) hippocampus is involved

in cognition, learning, and memory, while the ventral (temporal) hippocampus

contributes to regulation of emotion, mood, and anxiety. Nevertheless, the question

of how topographic differentiation of the hippocampus might be affected by aging

still remains largely unanswered. Our latest studies have shown that the waning of

adult neurogenesis and oligodendrogenesis during aging is more relevant in the

ventral hippocampus than in the dorsal hippocampus. We therefore hypothesize

that the ventral-dominant decline in hippocampal neurogenesis and oligoden-

drogenesis may partly explain why major depression frequently precedes dementia

in elderly people. These findings provide new insights into aging of the

hippocampus.
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14.1 Introduction

More than fifty years ago, much attention was given to changes in neuron numbers

related to brain aging, and many papers reported the significant neuron loss

occurred in the aged brain (Brody 1955). However, later studies have concluded

that neuronal loss due to aging is limited to specific regions of the nervous system,

and is irrelevant (probably no more than 10 %) in both humans and non-human

animals (Curcio and Coleman 1982; Peters and Sethares 1993; Pakkenberg and

Gundersen 1997). Considering that the variance of neuron numbers in humans with

normal cognitive function is large, it is unlikely that a 10 % loss in neurons that is

not ubiquitous is the significant factor causing various symptoms that often accom-

pany normal aging (Pannese 2011). To date, several other mechanisms causing

brain aging have attracted attention in the field of neuroscience research. For

instance, there is a substantial amount of data showing that the rate of adult

neurogenesis in the hippocampus radically wanes during aging (Merkley

et al. 2014). It has also been suggested that age-related decline in adult neurogenesis

is an important factor influencing cognitive performance (Artegiani and Calegari

2012). Similar to neurogenesis, oligodendrogenesis and white matter homeostasis

might also be affected by aging (Sim et al. 2002; Miyamoto et al. 2013). We herein

briefly review recent findings on age-related changes in adult neurogenesis and

oligodendrogenesis, and discuss their functional significance from the view point of

topography of the hippocampus.

14.2 Differentiation of the Hippocampus

The rodent hippocampus has an elongated shape with its major axis extending in a

C-shaped fashion from the septal nuclei of the basal forebrain to the temporal lobe.

Importantly, the structure and function of the rodent hippocampus is differentiated

along the longitudinal (dorsoventral) and transverse axes (Fanselow and Dong

2010). Earlier anatomical studies have reported the topographic differentiation of

the hippocampus along the dorsoventral axis (Gaarskjaer 1978). The dorsal hippo-

campus sends massive projections to the retrosplenial cortex and mammillary

complex (Ishizuka 2001; van Groen and Wyss 2003). The ventral hippocampus

has intimate reciprocal connections with the amygdala and strong projections to the

nucleus accumbens (Pitkänen et al. 2000). The dorsal dentate gyrus (DG) receives

afferents both from the lateral and medial area of the entorhinal cortex, whereas the

ventral DG receives projections from the medial area of the entorhinal cortex

(Witter et al. 1989). In a series of our studies, we have demonstrated the existence

of dorsoventral differences in the cellular architecture of the mouse hippocampus

(Jinno and Kosaka 2006, 2010). Functional differentiation along the dorsoventral

axis has also been reported in the past two decades. Injuries to the dorsal hippo-

campus impair spatial learning (Moser et al. 1993), but lesions of the ventral
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hippocampus affect anxiety-related behavior, and have no effect on spatial learning

(Bannerman et al. 2003). Genes expressed in the dorsal hippocampus are associated

with the brain regions related to cognitive information-processing, while genes

expressed in the ventral hippocampus are associated with regions involved in

emotional behaviors (Dong et al. 2009). To date, it has been widely accepted that

the dorsal hippocampus plays a preferential role in cognition, learning and memory,

while the ventral hippocampus is involved in regulation of emotion, mood, and

anxiety. Interestingly, the differentiation of the hippocampus is evolutionarily

conserved in rodents, monkeys (Colombo et al. 1998) and humans (Small

et al. 2011).

14.3 Topography of Adult Hippocampal Neurogenesis

Throughout adulthood, new granule cells are continuously generated in the

subgranular zone of the DG (Altman and Das 1967; Kaplan and Hinds 1977;

Cameron et al. 1993). Recent studies indicated that adult neurogenesis is involved

in various hippocampal functions (Balu and Lucki 2009). Drug-induced inhibition

of cell proliferation impaired learning of a hippocampus-dependent spatial memory

task (Shors et al. 2001). Addition and removal of adult-born granule cells in the DG

might influence spatial learning and memory (Drapeau et al. 2003; Dupret

et al. 2007; Farioli-Vecchioli et al. 2008).

In our recent study (Jinno 2011a), we examined the topography of adult

neurogenesis along the longitudinal (dorsal vs. ventral) and transverse

(suprapyramidal vs. infrapyramidal) axes of the DG of young adult mice using

endogenous neurogenesis markers (Fig. 14.1): brain lipid binding protein (BLBP),

doublecortin (DCX), calretinin (CR), proliferation cell nuclear antigen (PCNA) and

Ki-67. BLBP belongs to the fatty acid binding protein family (Feng et al. 1994), and

is expressed in radial-glia like progenitors and intermediate progenitors, i.e., neural

stem cells (NSCs). DCX is a microtubule-associated phosphoprotein (Gleeson

et al. 1999; Francis et al. 1999), which labels both lineage-restricted neuronal

progenitors and immature granule cells, i.e., neural lineage cells (NLCs) (Brown

et al. 2003; Rao and Shetty 2004). CR belongs to the EF-hand calcium-binding

protein family, and is transiently expressed in granule cells at early postmitotic

stage (Liu et al. 1996). PCNA (Celis and Celis 1985) and Ki-67 (Gerdes et al. 1984)

can label dividing cells. Using combinations of these markers, the cells at specific

stages of adult neurogenesis can be identified (Kempermann et al. 2004).

It was reported that adult neurogenesis may be more active in the dorsal

hippocampus than in the ventral hippocampus (Snyder et al. 2009). In adult male

gerbils, the number of 7-day-old bromodeoxyuridine (BrdU)-labeled granule cells

was larger in the dorsal DG than in the ventral DG (Dawirs et al. 1998). Similarly,

the number of 14-day-old BrdU-labeled granule cells was larger in the dorsal

hippocampus than in the ventral hippocampus in adult male C57BL/6J mice

(Ferland et al. 2002). In agreement with these studies, our recent study has shown

14 Insights into Aging of the Hippocampus: A View from the Topographic. . . 245



that the numerical densities (NDs) of DCX+ NLCs and BLBP+ NSCs are signifi-

cantly higher in the dorsal DG than in the ventral DG in young adult male C57BL/

6J mice (Jinno 2011a). Considering the functional differentiation of the hippocam-

pus, these results suggest that newly generated granule cells may play different

roles in regulation of cognition (dorsal) and emotion (ventral).

Currently, functional dissociations along the transverse axis of the hippocampus

are less intensively examined, but earlier studies reported some structural differ-

ences between two blades in the DG. For instance, the mossy fibers from the

Fig. 14.1 Topography of the rodent hippocampus and endogenous markers of the adult

neurogenesis. (a) The hippocampus (shaded) can be divided into the dorsal, middle and ventral

regions according to the longitudinal axis. (b) Inverted image of 40,6-Diamidino-2-phenylindole,

dihydrochloride (DAPI)-stained transverse section of the dorsal DG. Arrowhead indicates the

crescent. (c) Stages and endogenous markers of the adult neurogenesis in the hippocampus. Scale
bar in b¼ 200 μm (applies to b). Amy amygdala, CC corpus callosum, dDGi infrapyramidal blade

in dorsal DG, dDGs suprapyramidal blade in dorsal DG, FX fornix (Modified and reproduced from

Jinno (2011a), with permission of the publisher)
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suprapyramidal blade cross directly through the stratum radiatum to reach the distal

part of the stratum lucidum, whereas those arising from the infrapyramidal blade

travel through the hilus and contact the proximal part of CA3 area in the rat

(Claiborne et al. 1986). With regard to the inter-blade differences in the adult

neurogenesis, Ambrogini et al. (2000) showed that the number of 15-day-old

BrdU+ granule cells was larger in the suprapyramidal blade than in the

infrapyramidal blade in rats. Similarly, we have found that the NDs of DCX+

NLCs are relatively higher in the suprapyramidal blade in the dorsal DG (Jinno

2011a). Further research is necessary to tie these findings together and elucidate the

functional significance of inter-blade difference in adult neurogenesis.

14.4 Age-Related Changes in Adult Neurogenesis

There is a substantial amount of data showing that the rate of new cell production in

the hippocampus radically wanes during aging (Seki and Arai 1995; Cameron and

McKay 1999). However, the mechanism underlying age-related decline in adult

neurogenesis is still controversial. Namely, Alonso (2001) showed that the reduc-

tion of neurogenesis in aged rats was attributable to the decline in proliferation of

primary progenitors. Hattiangady and Shetty (2008) also reported that aging did not

alter the number of primary progenitors, and suggested that age-related decline

might be an outcome of increased quiescence of progenitors in the neurogenic

region of the rat hippocampus. By contrast, Olariu et al. (2007) claimed that the

decreased neurogenesis in aged rats was attributable to loss of primary progenitor

cells. Aizawa et al. (2011) reported that decline in primary progenitors defined by

Sox2, GFAP, and BLBP expression was specific for aged primates, and there were

no alterations in the number of these cells in aged (2-year-old) ICR mice. Walter

et al. (2011) reported that age-related reduction in proliferation was not only caused

by a general reduction in total number of progenitor subtypes but also by a subtype-

specific alteration of the proliferation rate.

In our recent study (Jinno 2011b), we examined the age-related differences in

adult neurogenesis between young adult (2-month-old) and middle-aged

(10-month-old) mice using endogenous markers (see, Fig. 14.2). The age-related

reductions in BLBP+ NSCs were significantly larger in the ventral DG (76 %

decrease) than in the dorsal DG (56 % decrease). The age-related reductions in

DCX+ NLCs were more drastic than those of NSCs accompanying with a similar

dorsoventral gradient: the ventral DG (95 % decrease), dorsal DG (91 % decrease).

In the field of geriatric psychiatry, major depressive disorder and dementia are

common conditions in old age, and frequently occur concurrently (Korczyn and

Halperin 2009). These two clinical entities have a very complicated relationship,

and accurate mechanisms underlying their co-occurrence are largely unclear. Some

studies hypothesize that depressive disorder is a risk factor for developing dementia

(Kessing and Nilsson 2003; Ownby et al. 2006), and suggest that depression is an

early prodromal phase of dementia state (Schweitzer et al. 2002). Our findings
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indicate that hippocampal neurogenesis wanes faster in the ventral hippocampus

than in the dorsal hippocampus during aging. Interestingly, exposure to chronic

mild stress results in decreased cell proliferation in the ventral but not in the dorsal

hippocampus (Jayatissa et al. 2006). Chronic treatment with agomelatin, an anti-

depressant, increases neurogenesis only in the ventral DG (Banasr et al. 2006).

Together, these findings provide some key to understand why depression frequently

precedes dementia in aged people. Future studies addressing this issue will inform

Fig. 14.2 Schematic illustration of the age-related changes in adult neurogenesis and oligoden-

drogenesis in the rodent hippocampus. (a) The dorsal hippocampus is mainly involved in cogni-

tion, learning and memory. In this region, the number of NSCs and NLCs halves from YA (young

adult) to MA (middle-aged). The number of quiescent OPCs decline with age, and the fraction of

mitotic OPCs remains invariant during aging. The number of residual OLs declines with age, while

the fraction of newly generated OLs increases during aging. As a result, the number of OLs remain

unchanged. (b) The hippocampus contributes to the regulation of emotion, mood and anxiety. The

number of NSCs and NLCs drops sharply from YA to MA. The number of quiescent OPCs

declines with age, and the fraction of mitotic OPCs remains invariant during aging. The number of

residual OLs declines with age, and the fraction of newly generated OLs remains unchanged

(Modified and reproduced from Jinno (2011b), with permission of the publisher)
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us on how age-related alterations in neurogenesis are involved in late onset depres-

sion and dementia.

At this time, only a few attempts have been made at the functional significance

of age-related changes in transverse differentiation of the DG. In our study, we have

reported that there were no inter-blade differences in neurogenesis in middle-aged

(10-month-old) mice (Jinno 2011b), while the number of BLBP+ NLCs and DCX+

NLCs were significantly higher in the suprapyramidal blade than in infrapyramidal

blade in young adult (2-month-old) mice (Jinno 2011a). In this regard, there is an

interesting report showing that deposition and maturation of granule cells begin

near the lateral tip of the suprapyramidal blade and proceed into the infrapyramidal

blade, establishing the suprapyramidal to infrapyramidal morphogenic gradient in

the DG (Angevine 1965). These results indicate that dentate neurogenesis might be

more active in the suprapyramidal blade than in the infrapyramidal blade only

during adolescence and young adulthood, and also suggest that larger number of

new granule cells in the suprapyramidal blade could be involved in the higher

cognitive performance of young animals.

14.5 Oligodendrogenesis and Myelin Homeostasis

Oligodendrocytes (OLs) synthesize myelin, which is required for fast saltatory

conduction of nerve impulses. The majority of myelinating OLs are born in the

early postnatal period by differentiation of oligodendrocyte precursor cells (OPCs).

Recent evidence shows that impaired paranode structure and function can impact

neural circuitry, leading to downstream effects related to emotion and potentially to

mood regulation in human psychiatric disorders (Edgar and Sibille 2012). Histo-

logical analysis using Kluver–Barrera staining method revealed that the staining

intensity of deep white matter in the dorsolateral prefrontal cortex was significantly

less intense in subjects who suffered from major depression (Regenold et al. 2007).

A decrease in OL density has been reported in the frontopolar cortex of major

depressive disorder subjects (Hayashi et al. 2011).

In the healthy adult brain, OPCs continue to divide and generate new OLs

(Richardson et al. 2011). It has been shown that OPCs express NG2 proteoglycan

(so they are also known as NG2 cells) and the platelet-derived growth factor

receptor-alpha (PDGFαR). NG2 and PDGFαR play a critical role in proliferation,

migration and survival of OPCs (Noble et al. 1988; Barres et al. 1993; Hill

et al. 2013; Binamé et al. 2013). Recent studies have indicated that OPCs are not

just progenitors, but are also involved in regulation of neuronal circuits, because

these cells receive synaptic inputs from neurons and respond to neurotransmitters

released at synapses (Bergles et al. 2000; Wigley et al. 2007). Particularly, OPCs

have AMPA-type glutamate receptors, which are activated by neural activity (Lin

et al. 2005). In addition, OPCs sense fine changes in extracellular K+ concentrations

during physiological neuronal activity (Maldonado et al. 2013). The authors sug-

gest that OPCs possibly remove the excess K+ caused by neuronal K+ efflux at
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specific sites devoid of astrocytes via Kir4.1 channels. Moreover, OPCs are

considered to release soluble factors, which promote neuronal survival, maintain

axonal structure, and support synaptic plasticity (Wilkins et al. 2003; Sun

et al. 2013). It is conceivable that OPCs sense the “state of health” of their partner

neurons over the neuron-glial synapse and respond accordingly by release of

neuroprotective substances (Sakry et al. 2011).

14.6 Topography of Age-Related Changes in Hippocampal

Oligodendrogenesis

Until now, many papers reported the involvement of microglia and astrocytes in

brain aging (Bronson et al. 1993; Sheng et al. 1996; Wu et al. 2005). Recently,

age-related changes in OLs have also been well documented. For instance, several

studies have shown that abnormalities of OLs and myelin may be involved in

age-related cognitive decline (Peters and Kemper 2012; Kohama et al. 2012). The

NDs of OLs in the rat hippocampus showed a significant aging-dependent reduction

(Tanaka et al. 2005). The intensity of immunostaining for 20,30-cyclic nucleotide

30-phosphodiesterase (a marker of OLs) in the rat hippocampus declined with age

(Hayakawa et al. 2007). The number of OLs in the rat subcortical white matter also

showed an aging-dependent reduction (Chen et al. 2011). Interestingly, the number

of OLs in the mouse anterior commissure began to decline between 9 and 12 months

and remained fairly low between 15 and 22 months, before rising sharply to above

the 9 month level between 22 and 25 months and thereafter remaining constant

(Sturrock 1987). In rhesus monkeys, the number of OLs in the optical nerve showed

an age-dependent increase (Sandell and Peters 2002), while there were no signif-

icant age-related changes in the number of OLs in the occipital and prefrontal

cortices (Peters and Sethares 2002).

In our recent study (Yamada and Jinno 2014), we estimated the age-related

changes in oligodendrogenesis of young adult (2-month-old) and middle-aged

(10-month-old) mouse hippocampi. To identify OPCs and OLs, we used a set of

molecular markers, oligodendrocyte lineage transcription factor (Olig2) and

PDGFαR. Intracellular dye injection shows that PDGFαR+/Olig2+ cells and

PDGFαR-/Olig2+ cells can be defined as OPCs and OLs, respectively (Fig. 14.3).

The quantitative analysis showed that the number of OLs declined with age in the

ventral hippocampus, but they were not compromised in the dorsal hippocampus

(Fig. 14.2). In this regard, it is necessary to consider two possibilities here. The first

is the dorsoventral difference in death of OLs. The vulnerability of OLs increases

with increasing age at differentiation as later-differentiating cells myelinate

increasing the number of axonal segments (Bartzokis 2004). We thus hypothesized

that mature OLs in the hippocampus might be more susceptible to aging in the

ventral than the dorsal region. The second is the dorsoventral differences in

production of OLs. Differently from neurogenesis, previous studies have shown
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the rather controversial effects of aging on oligodendrogenesis. Namely, in the

murine spinal cord, oligodendrogenesis was not only preserved, but it also

increased during aging (Lasiene et al. 2009). In the rostral migratory stream of

mice, the number of proliferative OPCs and new OLs remained unchanged during

aging (Capilla-Gonzalez et al. 2013). Here we observed that the number of BrdU+

mitotic OPCs in the Ammon’s horn were not compromised with age both in the

dorsal and ventral hippocampus. It should also be noted that the number of BrdU+

newly generated OLs in the Ammon’s horn significantly increased with age in the

dorsal hippocampus, but remained unchanged in the ventral hippocampus.

Together, these findings suggest that the number of OLs in the dorsal Ammon’s
horn may be compensatory maintained by increased generation of OLs.

Fig. 14.3 Identification of OPCs and OLs by intracellular labeling and immunostaining for

PDGFαR and Olig2 in the hippocampus. (a, b) Intracellular injection of lucifer yellow

(LY) into OPC (a) and OL (b) in the mouse hippocampus. (c) An Olig2+/PDGFαR+ OPC

shows short multi-branched processes. (d) An Olig2+/PDGFαR- OL shows long extended pro-

cesses with ramified structure. Scale bars in b¼ 20 μm (applies to a and b), in d3¼ 10 μm (applies

to c1–3 and d1–3) (Modified and reproduced from Yamada and Jinno (2014), with permission of the

publisher)
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14.7 Conclusion

Despite the increased number of publications in the field of gerontology,

age-related changes in the topography of the hippocampus still remains largely

unanswered. As this review summarizes here, the waning of adult neurogenesis and

oligodendrogenesis during aging is more relevant in the ventral hippocampus than

in the dorsal hippocampus. Because the ventral hippocampus mainly contributes to

regulation of emotion, while the dorsal hippocampus has a preferential role in mem-

ory, these findings may provide some key to understanding various psychiatric

problems seen in elderly people without dementia.
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Chapter 15

Knowledge of Signal Transduction Provides

an Approach to Attacking Memory Decline

Shuichi Yanai and Shogo Endo

Abstract Memory, the basis of higher cognitive functions, has been a major topic

of interest for a very long time. One of the major setbacks most of us face as we age

is a decline in declarative memory, which mainly depends on a brain structure

called the hippocampus. Because memory decline has such a negative impact on

quality of our life, intense efforts are being directed toward finding therapeutic

interventions to ameliorate or even prevent memory decline. A major focus is on

molecular targets to improve or maintain memory. Through the knowledge

obtained from extensive study of amnesic patients and rapid progress in modern

biochemical and neurosciences, the molecular mechanisms underpinning learning

and memory and neural plasticity in the central nervous system have been revealed.

In this review, we present a brief summary of memory characteristics in psycho-

logical terms, followed by a discussion of the basic concept of the memory system,

its underlying cellular mechanisms, and age-related decline in memory. Anti-

dementia drugs developed on the basis of the cholinergic hypothesis are also

discussed. Finally, we assess the use of phosphodiesterase inhibitors, which control

the cAMP-PKA-CREB signal transduction pathway, as potential candidates for

treating memory decline beyond the existing cholinergic-based strategies.

Keywords Memory • Learning • Attention • cAMP • PKA • CREB • ICER • ACh •

PDE

15.1 Introduction

Most of us experience decline in memory function during aging, even before we

feel the effects of diminished physical ability. This decline in memory is mostly the

type of memory called declarative memory, which mainly depends on a brain

structure called the hippocampus (Squire 1992, 2004; Squire and Zola 1996;

Tulving and Markowitsch 1998; Eichenbaum 2000). Memory decline due to
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aging has great impact on healthy aging, because memory is the basis for a variety

of other higher cognitive functions, including thought, language, and emotion.

Higher cognitive functions are an essential part of our life, as they are what make

a biological man a human being, one having a personality and dignity (Haas and

Canli 2008; Passmore et al. 2012).

Thanks to modern medical achievements, aging populations continue to expand

around the world. Along with this growth comes the increasingly important task of

addressing issues common to an aging population—such as memory decline and

impairment. Therapeutic interventions aimed at overcoming and delaying the onset

of memory decline are paramount. To attack this major need, researchers have

focused their attention on identifying critical molecular targets related to memory

to guide the development of future memory-enhancing drugs or drugs to prevent

memory decline. Despite the existence of a huge amount of basic research on

learning and memory, there are still no clear answers to basic questions about

memory mechanisms. How is sensory information acquired, stored as memory,

maintained, and recalled? How do we lose information stored as memories, or

alternatively, lose access to information stored as memories?

Modern psychology has characterized a variety of features of memory, including

the learning curve, forgetting curve, and the spacing effect, all first studied in detail

by Hermann Ebbinghaus in the nineteenth century (Ebbinghaus 1885). In the last

century, Donald Hebb proposed that the central nervous system (CNS) possessed an

essential characteristic, called neuronal plasticity (flexibility), that could theoreti-

cally support memory formation (Hebb 1949). This hypothesized flexibility of CNS

synapses was verified during the 1970s and 1980s by using electrophysiological

techniques in mammals (Bliss and Lømo 1973; Ito et al. 1982). This discovery of

neuronal plasticity in the CNS was a great catalyst to initiate investigations of

molecules involved in neuronal plasticity and memory (Milner et al. 1998; Kandel

2001). Hundreds of molecules are now known to be involved in hippocampal long-

term potentiation (LTP) (Miller and Mayford 1999) and cerebellar long-term

depression (LTD) (Ito 2011; Ito et al. 2014), two examples of neuronal plasticity.

Neurological diseases such as schizophrenia, bipolar disorder, Alzheimer’s
disease, and Parkinson’s disease impair particular cognitive functions, besides

also influencing learning and memory in a variety of ways (for recent reviews,

see Danion et al. 2007; Pfennig et al. 2007; Kidd 2008; Tr€oster 2008). Modern

biomedical research on neurological diseases has developed to the point of identi-

fying causal relationships between a particular disease and gene(s), gene product(s),

transmitter(s), and brain region(s) (neuronal circuitry). A huge number of studies

have produced basic information on several diseases and has also revealed molec-

ular and cellular mechanisms for memory. Based on these results, a variety of

genetically modified animal models have been developed, including ones using

mice (Hsiao et al. 1996; Oddo et al. 2003); Drosophila (Chakraborty et al. 2011;

Mhatre et al. 2014); and Caenorhabditis elegans (Link et al. 2003). These have

begun to elucidate the mechanisms underlying higher cognitive functions, includ-

ing memory.
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In this review, first, we present a summary of memory characteristics in psy-

chological terms and also discuss neuronal plasticity as cellular mechanisms for

memory. Second, we focus attention on the memory system in mammals that

critically depends on the hippocampus. In this context, we also summarize what

is known about the underlying cellular and molecular mechanisms in the memory

system. Finally, we describe potential therapeutic interventions for ameliorating

memory decline through the application of knowledge on signal transduction

mechanisms underlying memory.

15.2 Memory and Neuronal Plasticity in Psychology

and Physiology

Traditionally, memory is thought to be essential function of thought and other

cognitive function. For this reason, memory has been a major research target for

philosopher and psychologist. We take a brief look at the memory from the view of

psychology and discuss the classification of memory. We then summarize neuronal

plasticity, the cellular substrate of memory, which alter the information processing

depending on the input.

15.2.1 Classification of Memory

To date, several classifications of memory have been proposed by psychologists.

Among them, two types are characterized primarily by their duration and content.

These two types of classification are described and discussed below.

15.2.1.1 Sensory, Short-Term, and Long-Term Memory

The most simple and popular classification might be one that is based on the

duration information persists in memory. Atkinson and Shiffrin (1968) proposed

a multi-store model of memory, which consists of two distinct memory stores:

short-term and long-term. A third type of memory, termed sensory memory, was

subsequently added. Now three memory stores are widely recognized in most basic

models of memory operations (Fig. 15.1).

Cognitive psychology often describes the five senses and the brain as an infor-

mation processing system. Information from the outside world enters the human

information processing system through a variety of what could be called sensory

registers (Fig. 15.1). Because huge amounts of information impinge on the senses

continuously and because most of this cannot be processed immediately, informa-

tion that we do not attend to is held in sensory memory for a very short period of
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time and then dissipates rapidly. The duration of sensory memory stored in the

sensory registers differs depending on the modality of the information. For exam-

ple, the duration of visual sensory memory is less than 500 msec (Sperling 1960),

but for auditory sensory information, the duration is about 4 sec (Glucksberg and

Cowan 1970).

Selectively attended sensory memory is then transferred to another temporary

store called short-term store (Fig. 15.1). The capacity of this short-term memory is

about seven pieces of information (Miller 1956), and it persists for approximately

20 sec (Peterson and Peterson 1959). Information that enters the short-term store

fades away as soon as it is no longer attended to. However, information at this stage

can be maintained by actively repeating it within “a rehearsal buffer”, which can

then be transferred to the long-term store. It is believed that long-term memory has

a virtually unlimited capacity and can last for several hours or as long as a lifetime.

Information held in the long-term store can be recalled at a later time, even if one is

no longer selectively attending to its original source or actively rehearsing it. The

form of these long-term memories can be characterized in different ways, and the

brain regions primarily involved have now been described.

15.2.1.2 Brain Regions Responsible for Declarative

and Non-declarative Memories

Some of the best evidence for the classification of memory has emerged from the

study of amnesic patients who became amnesic because of specific brain damage.

One such patient, known in the literature as H.M., became densely amnesic after

receiving in 1953 a bilateral lobectomy of the medial temporal lobes for the

treatment of intractable epilepsy (Scoville and Milner 1957; Milner et al. 1998).

His resection included the hippocampal formation and adjacent medial temporal

structures. H.M. became the most studied amnesic patient in history and was

Fig. 15.1 Multi-store model of memory proposed by Atkinson and Shiffrin (1968). Huge amounts

of information enter the information processing system through sensory registers (besides visual

and auditory sensory registers, likely registers for the other three senses also exist). Most sensory

memory is lost almost immediately; however, selectively attended to information is transferred to

a second store, short-term memory, which has a somewhat longer duration. Short-term memory

can be maintained longer, however, by actively repeating items in it within a rehearsal buffer.

Finally, information is transferred to long-term memory. Long-term memory has an unlimited

capacity and can persist as long as one’s entire life
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influential not only because of the knowledge he provided about memory impair-

ment and amnesia, but also because results of these studies led to a better under-

standing of how specific brain regions are involved in memory formation and how

memory can be classified in different ways. H.M. was severely impaired on

memory tests that assessed the recollection of facts and events, including names,

faces, and places. On the other hand, his motor skill learning and retention of the

skill were preserved (Milner 1962). These observations suggest that memory is not

a single entity but instead consists of several separate components that depend on

different brain systems.

Based on knowledge gained by the study of amnesic patients, a second classi-

fication of memory has been appreciated. According to Squire (1992), long-term

memory can be roughly divided into declarative and non-declarative memory

(Fig. 15.2). The key distinction between these two types of memories is twofold:

(1) the ability or inability to “declare” the retained information, i.e., put the memory

into words; and (2) the presence or absence of conscious recollection in order to

express the memory. Declarative memory in humans is memory that can be

described using words and that requires conscious recollection of related informa-

tion (i.e., recall of facts, faces, places). Much evidence has supported the hypothesis

that the medial temporal lobe, including the hippocampus, plays an important role

in declarative memory (Squire 1992, 2004; Squire and Zola 1996; Tulving and

Markowitsch 1998; Eichenbaum 2000. It should be noted that there are species

differences in the form of memory in which the hippocampus is involved. While it

is still being studied and debated, the human hippocampus is often associated with

episodic memory (Squire and Zola 1998; Tulving and Markowitsch 1998;

Eichenbaum 2000), whereas the rodent hippocampus is often associated with

spatial navigation and memory for the environment (O’Keefe and Nadel 1978;

Olton et al. 1979).

Fig. 15.2 Classification of long-term memory. Declarative memory is a type of long-term

memory that can best be described using words (e.g., a parrot is a kind of bird; Paris is in France)

and that requires the conscious recollection of facts and events. On the other hand, non-declarative

memory is a type of long-term memory that cannot be described simply in words and that does not

require conscious recollection for the incidence(s) of the learning for its expression (e.g., playing a

good game of table tennis). Much evidence suggests that memory is not a monolithic entity but

consists of several separate components that depend on different brain systems (Revised from

Squire (1992), Squire and Zola (1996))
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By contrast, non-declarative memory is memory that cannot be described easily

using linguistic terms and does not require awareness of conscious recollection in

order to be expressed. Squire perhaps characterizes this type of memory best:

“Nondeclarative memory refers to a heterogeneous collection of distinct learning

and memory abilities where performance changes but without affording access to

the experience or experiences that caused the change” (Squire 1992). Thus,

non-declarative memory can be further divided into four forms: procedural mem-

ory, priming, classical conditioning, and non-associative learning. Evidence

obtained from amnesic patients and lesion studies using nonhuman primates

revealed that non-declarative memory depends on multiple brain systems. Medial

temporal lobe regions have little, if any, involvement in declarative memory. Many

reviews are available that discuss in detail the responsible brain regions for declar-

ative and non-declarative memory (Squire 1992, 2004; Squire and Zola 1996).

15.2.2 Neuronal Plasticity

By the end of the nineteenth century, it was widely believed that the number of

neurons in the adult brain did not increase with advancing age. This notion

constrained theories of memory formation and how neurons are involved. Within

this working hypothesis of an absence of newborn neurons after brain maturation,

formation of new memory in the brain could not be achieved by a simple change in

neuron number. How do memories continuously accumulate throughout a lifetime

without increasing the number of neurons? Hebbian theory (1949) was the answer.

In his book, Hebb postulated how memories might be established by strengthening

the connections (synapses) between existing neurons to enhance the effectiveness

of signal transduction (communication) among a network of neurons. Although the

theory is widely believed now to be the most viable mechanism for biological

instantiation of memory, it was nearly 25 years after it was advanced before a Hebb-

like synapse was discovered in the mammalian brain. This was largely because no

appropriate electrophysiological equipment existed to test his theory experimen-

tally in mammalian brain.

Partly based on the important role of the hippocampus in memory revealed by

the study of amnesic patients, electrophysiologists directed their attention to the

study of the mammalian hippocampus. Bliss and Lømo (1973) discovered long-

lasting electrophysiological changes in synaptic efficacy at perforant path–granule

cell synapses in the rabbit hippocampus. Because this phenomenon corroborated

Hebbian theory, this type of synaptic plasticity was thought to underlie learning and

memory. Since its initial discovery by Bliss and Lømo, long-lasting synaptic

plasticity has received much focus from many scientists who have been fascinated

with the ability of synapses to respond to specific patterns of activation, effecting

various changes in synaptic efficacy.
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15.2.2.1 Hippocampal Long-Term Potentiation (LTP)

LTP is a form of persistent, activity-dependent synaptic plasticity that is induced

experimentally by brief, high-frequency stimulation of afferent fibers. Excellent

reviews for the mechanisms underlying hippocampal LTP are available (Bliss and

Collingridge 1993; Lynch 2004; Malenka and Bear 2004). The NMDA receptor

(NMDA-R) plays essential roles in LTP induction in area CA1 of the hippocampus.

NMDA-R-dependent LTP requires synaptic activation of NMDA-Rs that coincide

with postsynaptic depolarization. The brief rise of Ca2+ through NMDA-Rs is a

critical and sufficient step to initiate the signal for LTP induction (Lynch et al. 1979;

Malenka et al. 1992).

Activation of kinase pathways also plays essential roles in LTP (Malinow

et al. 1988; Soderling and Derkach 2000). Thus, “leaky” Ca2+ influx through

hippocampal NMDA-Rs leads to a functional decline of the hippocampus to control

memory formation. This is one reason why hippocampal NMDA-Rs are a prime

target for drug development aimed at preventing or ameliorating memory decline

(Parsons et al. 1999; Robinson and Keating 2006). For example, memantine is an

NMDA-R antagonist approved for the treatment of moderate-to-severe Alzheimer’s
disease, and its mechanism of action is to prevent leaky NMDA-Rs in dementia

(Van Marum 2009).

In normal aging, reduced hippocampal LTP has been reported, and this decline is

associated with age-related defects in spatial memory in human and rodents (Barnes

1979; Bach et al. 1999; Huang and Kandel 2006). These facts also support the

essential role of neuronal plasticity, especially LTP, in the formation and mainte-

nance of memory.

15.2.2.2 Long-Term Depression (LTD)

In addition to potentiation of synaptic transmission, a decrease in efficacy of

synaptic transmission is also observed in the CNS (Malenka 1994; Malenka and

Bear 2004). LTD of parallel fiber–Purkinje cell synapses was first discovered in the

cerebellum byMasao Ito, then at Tokyo University (Ito et al. 1982). Low-frequency

stimulus-induced cerebellar LTD seems to control cerebellum-dependent memo-

ries, including motor memories (Llinás et al. 1997; Ito 2011; Ito et al. 2014).

Besides the cerebellum, LTD also can be induced in the hippocampus (Dudek

and Bear 1992). Hippocampal LTD involves the phosphatase pathway (Mulkey

et al. 1994), in contrast to the important role of kinase pathways for hippocampal

LTP (Malinow et al. 1988; Soderling and Derkach 2000). Controlling the efficiency

of synaptic transmission by adjusting basal levels, enhanced levels (LTP), and

depressed levels (LTD) gives the CNS a myriad of different ways to affect synaptic

transmission compared to a situation in which synaptic transmission might only be

controlled by adjusting only basal levels and enhanced levels of synaptic

transmission.
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Even though LTP and LTD are thought to be essential parts of the neuronal

plasticity that produce memory, there are some reports that suggest certain genet-

ically modified mice in which hippocampal LTP is absent have normal memory

(Zamanillo et al. 1999; Leiva et al. 2009).

15.3 Aging and Memory Decline

Aging is typically associated with a broad range of cognitive declines related to

memory function. Imaging studies of the human brain have revealed that structural

and functional declines in hippocampus are prominent during the course of aging.

These changes may explain why age-related decline in memory is observed mainly

in hippocampal-dependent declarative memory (Squire 1992). In fact,

non-declarative memories, which don’t depend on the integrity of the hippocampus,

remain relatively stable (Hedden and Gabrieli 2004). For these reasons, in rodents,

behavioral tests that assess hippocampal-dependent memory are frequently used to

evaluate pharmacological interventions aimed at treating human dementia.

In addition to age-related decline in hippocampal-dependent memory, atten-

tional processes that depend on the prefrontal cortex are vulnerable to aging

(Prakash et al. 2009; Hedden et al. 2012). Attention plays an important role not

only in memory but also in other higher cognitive functions such as executive

function.

Memory decline experienced by the elderly is referred to as age-associated

memory impairment, which is clearly distinguished from the memory impairment

cases observed in dementia. In fact, most of the elderly do not suffer from dementia,

but instead are in what can be called a state of “normal” memory decline (Plassman

et al. 2007). Several risk factors have been identified for pathological memory

impairment, although biological mechanisms are not completely understood yet

(Scalco and Van Reekum 2006; Patterson et al. 2008). Memory decline associated

with normal aging does not seem to be caused by an individual risk factor, but is

caused instead by a complex mixture of several risk factors (Fig. 15.3).

15.4 Attacking the Problem of Memory Decline Through

Application of Knowledge About Signal Transduction

Research on molecular mechanisms underlying memory and neuronal plasticity has

provided a variety of molecules and mechanisms to control memories. Some

regulate memory in positive ways and the other in negative ways (Endo 2012).

Among those molecules, neuronal transmitter systems and signal transduction

pathways are of the attention to attack memory decline and memory-related dis-

eases. We take a look at cholinergic system as a representative of neuronal
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transmitter systems and, cAMP and its degradation enzyme, phosphodiesterases, as

representatives of signal transduction system.

15.4.1 Acetylcholine

Acetylcholine (ACh) was the first neurotransmitter identified as a chemical signal

of synaptic transmission from one neuron to the other. The role of cholinergic

function in cognition was initially suggested by observations that anti-cholinergic

drugs had amnesic effects (Longo 1966; Drachman and Leavitt 1974). The impor-

tance of cholinergic neurotransmission led to the “cholinergic hypothesis” for

several essential brain functions, including memory, and also for the notion that

at least some memory impairment is due to a disruption in cholinergic function.

The cholinergic hypothesis postulates that decreased synaptic transmission,

mediated by ACh, resulting from a loss of cholinergic neurons in the nucleus
basalis magnocellularis, leads to cognitive impairment (Appel 1981; Gibson

et al. 1981; Bartus et al. 1982). Based on the cholinergic hypothesis, strategies

aimed at increasing synaptic levels of ACh have been widely explored in efforts to

develop anti-dementia drugs. One such strategy is to restore adequate ACh con-

centrations in cholinergic synapses by blocking ACh degradation by inhibition of

acethycholinesterase (AChE). Two AChE inhibitors, donepezil and galantamine,

were developed for treating memory impairment (Rogers et al. 1998; Tariot

et al. 2000). In Europe, AChE inhibitors are prescribed to treat mild and moderate

stages of Alzheimer’s disease only. In Japan and the United States, donepezil is

approved for all stages of the disorder.

Fig. 15.3 Risk factors for pathological memory impairment. Several factors may increase the risk

of developing pathological memory impairment. These risk factors include genetics, lifestyle, and

age. Although inherited genes cannot be controlled, some risk factors can be changed. The

thickness of arrows indicates roughly the relative risk factors for Alzheimer’s disease (Details

are described in Scalco and Van Reekum (2006) and in Patterson et al. (2008))
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Another anti-dementia drug based on the cholinergic hypothesis is rivastigmine,

an inhibitor of AChE and butyrylcholinesterase (BChE). AChE specifically hydro-

lyzes the neurotransmitter ACh, while BChE non-specifically hydrolyzes choline

esters in addition to ACh. Rivastigmine is reported to increase intracerebral ACh

concentrations more than donepezil (Bullock et al. 2006). There are no significant

differences among these AChE inhibitors with respect to efficacy on cognitive

function improvement. However, rivastigmine has the possible advantage in

being effective for treating age-related cognitive impairment (Birks 2006).

Among the three anti-dementia drugs (donepezil, galantamine, and

rivastigmine) that were developed based on the cholinergic hypothesis, donepezil

has been extensively studied and considered to be the first-line treatment in patients

with mild-to-moderate Alzheimer’s disease (Pepeu and Giovannini 2009). Recent

studies using a mouse model of Alzheimer’s disease has provided new insights on

the effects of donepezil. Donepezil is effective in alleviating age-related attentional

deficits (Romberg et al. 2011) and in reducing soluble amyloid β (Aβ) protein and

the number of plaque depositions (Dong et al. 2009). However, to our knowledge,

no clinical evidence has been reported showing that donepezil ameliorates

age-related attentional deficits and the pathology associated with Alzheimer’s
disease.

15.4.2 cAMP, ATP, PKA, CREB

A number of lines of evidence have revealed that cyclic nucleotides are ubiqui-

tously distributed in mammals, and these regulate intracellular signal transduction

(Florian et al. 2006; Ota et al. 2008). This occurs via well-defined pathways. When

cells receive stimuli such as neurotransmitters or hormones, cyclic adenosine

monophosphate (cAMP) is synthesized from adenosine triphosphate (ATP) by

adenylate cyclase. Then, cAMP activates cAMP-dependent protein kinase A

(PKA), which phosphorylates other enzymes or transcription factors such as

cAMP response element binding protein (CREB) in the nucleus.

Phosphorylation controls CREB activity. Phosphorylation of CREB bound to

cAMP response element (CRE) on genes triggers the recruitment of other tran-

scriptional components and then initiates transcription of downstream genes (Dash

et al. 1990; Kaang et al. 1993). CREB-dependent gene activation leads also to the

expression of immediate-early genes (IEGs), including c-fos, c-jun, and zif-256

(Franceschi and Xiao 2003). These IEGs are transcription factors, and together with

CREB, initiate and control gene expression. The cascade of gene activation and

resulting gene products are thought to be essential for the late phase of LTP

induction and thus are thought to represent the molecular mechanism underpinning

memory (Bartsch et al. 1998).

The importance of CREB in both the transition to and consolidation of short-

term memory to long-term memory has been demonstrated (Bartsch et al. 1995) by

using genetically modified mice in which CREB function is disrupted (Kida
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et al. 2002; Korzus et al. 2004). Also, the upregulation of CREB transcriptional

activity in genetically modified mice enhances memory (Suzuki et al. 2011). These

results support the hypothesis that the cAMP-CREB system is an essential part of

normal memory function.

In concert with the CREB system inducible cAMP early repressor (ICER),

which suppresses the function of CREB in transcription, plays important roles in

memory (Kojima et al. 2008; Borlikova and Endo 2009). The CREB system works

as an “accelerator”, while the ICER system works as a “brake” for memory function

(Borlikova and Endo 2009). As observed in other physiological systems, this

“brake” acts to suppress memory formation in order to avoid the excess memories.

Excessively strong memories that cannot be erased easily might contribute to

psychological symptoms such as post-traumatic stress disorder (PTSD) in humans

(Dell’Osso et al. 2011; Sekiguchi et al. 2013).

The cAMP and CREB pathways are involved in a variety of functions, including

memory and age-related physiological decline. For example, the expression of

sirtuin 1 (SIRT-1)—a “longevity” gene activated by caloric restriction—is

suppressed in CREB-1-deficient mice (Fusco et al. 2012). Thus, CREBs are poten-

tially good targets for drugs developed to improve declining physiological func-

tions associated with aging. However, pharmacological agents directly modulating

the function of CREB have not been developed to date.

15.4.3 Phosphodiesterases

Phosphodiesterases (PDEs) are enzymes that hydrolyze cyclic nucleotides by

breaking their phosphodiester bond (Burgers et al. 1979; Goldberg et al. 1980).

Since the first isolation of PDE in the early 1970s (Uzunov and Weiss 1972; Strada

et al. 1974), 11 major PDE families have been identified in mammalian tissue and

characterized based on their pharmacology, substrate specificity, and tissue distri-

bution (Table 15.1). PDE-specific inhibitors increase the intracellular concentration

of cAMP and/or cyclic guanosine monophosphate (cGMP) and potentiate cAMP/

cGMP signal transduction. Thus, the use of PDE inhibitors is considered to be a

novel pharmacological intervention for treating cognitive impairment beyond the

existing cholinergic-based strategies (Reneerkens et al. 2009; Terry et al. 2011).

Among the 11 types of PDEs, PDE6 and PDE11 are not expressed in the CNS

(Table 15.1). Therefore, these two types of PDEs are likely irrelevant targets for

affecting memory enhancement. On the other hand, a considerable number of

studies have demonstrated that the PDE4-selective inhibitor rolipram restores

cognitive function in an animal model of cognitive impairment (For reviews, see

Rose et al. 2005; Richter et al. 2013). Because of a number of studies that have

reported beneficial effects of rolipram, a specific PDE4 inhibitor, on cognitive

impairment, rolipram underwent clinical trial in the United States. Unfortunately,

clinical development of PDE4 inhibitors has been terminated because of its potent
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emetic effects. This appears to be caused by their inhibition of PDE4D in the area

postrema (Tenor et al. 2011). In order to be clinically useful as an anti-dementia

drug, it is important for a drug to have few or no side effects.

Recently, PDE3 inhibitors have been considered as the next potential therapeutic

intervention for cognitive impairment. In studies using a mouse model of

Alzheimer’s disease in which Aβ25-35 is injected, administration of the selective

PDE3 inhibitor cilostazol significantly improved performance in the Y-maze and

passive avoidance (Hiramatsu et al. 2010) and in the Morris water maze (Park

et al. 2011). Surprisingly in non-genetically modified young mice, cilostazol also

enhanced performance in the Morris water maze and contextual fear conditioning

(Yanai et al. 2014). Thus, cilostazol might be a potential candidate for a novel anti-

dementia drug.

Bolstering these results in animals, a retrospective study of mild dementia

patients taking donepezil showed that adding cilostazol to the therapy slowed

cognitive decline significantly (Ihara et al. 2014). Based on these findings, a clinical

trial is now underway in Japan to gain approval for the use of cilostazol in treating

mild cognitive impairment. Because cilostazol has been prescribed as an anti-

platelet agent for more than two decades already (O’Donnell et al. 2009), drug
safety and proper use are well established.

Additional recent studies have demonstrated that several other PDE inhibitors

improve or enhance memory and cognitive function in rodent models. Some

examples include the drugs BAY60-7550 (PDE2 inhibitor, Sierksma et al. 2013);

S14 (PDE7 inhibitor, Perez-Gonzalez et al. 2013); and BAY73-6691 (PDE9 inhib-

itor, Van der Staay et al. 2008). Taken together, PDE–based strategies might

represent the next approach to developing anti-dementia drugs (Reneerkens

et al. 2009; Terry et al. 2011).

Table 15.1 Localization, substrate specificity and inhibitors of phosphodiesterase (PDE)

PDE

Localization Substrate

specificity Typical inhibitorPeripheral CNS

PDE1 + + cAMP/cGMP IC224, vinpocetine

PDE2 + + cAMP/cGMP BAY60-7550, EHNA

PDE3 + + cAMP/cGMP Amrinone, cilostamide, cilostazol, milrinone

PDE4 + + cAMP Cilomilast, roflumilast, rolipram

PDE5 + + cGMP Sildenafil, tadalafil, verdenafil, zaprinast

PDE6 + � cGMP (Sildenafil)a

PDE7 + + cAMP BRL50481, IC242

PDE8 + + cAMP Dipyridamole

PDE9 + + cGMP BAY73-6691

PDE10 + + cAMP/cGMP Papaverine

PDE11 + � cAMP/cGMP Dipyridamole, (tadalafil)a

aSildenafil and tadalafil, PDE5 inhibitors, also inhibit PDE6 and PDE11, respectively.

CNS central nervous system, EHNA erythro-9-(2-hydroxy-3-nonyl)adenine, cAMP cyclic adeno-

sine monophosphate, cGMP cyclic guanosine monophosphate.
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15.5 Summary and Conclusion

Studies on the molecular mechanisms underlying memory have revealed that a

variety of signal transduction pathways are involved. Among the four types of anti-

dementia drugs that have been developed to date, donepezil is considered to be the

first-line treatment for patients with mild-to-moderate Alzheimer’s disease. How-
ever, the ameliorative effect of donepezil on memory impairment can begin to abate

as quickly as 6–18 months after starting drug treatment (Riepe et al. 2007). Con-

sidering that the aging of the world population is accelerating, it is imperative that a

viable therapeutic intervention is established soon, one that will exert its anti-

dementia effects for an extended period of time.

This potentially disastrous situation might be addressed by employing combi-

nation therapy; using two or more targeted drugs has been demonstrated to be an

effective strategy for treating some diseases (Croom and Dhillon 2011). The

combined use of a PDE inhibitor and an AChE inhibitor has already been shown

to enhance, to some extent, cognitive function both in animal models (Lee

et al. 2007) and in patients with moderate Alzheimer’s disease (Arai and Takahashi
2009). In addition, these inhibitors are known to affect memory processes through

different ways. PDE inhibitors improve memory consolidation, and AChE inhibi-

tors enhance acquisition of memory (Prickaerts et al. 2005). Hence, concurrent

administration of a PDE inhibitor with another anti-dementia drug, such as

donepezil, may offer a new pharmacological approach for viably treating cognitive

disorders in age-related neurological disease. Along with the knowledge of signal

transduction already gained for the four anti-dementia drugs considered here,

further research will continue to attack the problem of memory decline in aging

and age-related neurological disease. Successes in this realm will achieve much

more than a better quality of life for older persons. They will also allow generations

of older ones to continue their existence as valued human beings, ones with

personality and dignity, rather than ones with failing biological processes lacking

even a hint of their former younger selves.
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Chapter 16

Critical Roles of Oxidative Signals

in Age-Related Decline of Cerebellar

Synaptic Plasticity

Sho Kakizawa and Nozomu Mori

Abstract A strong correlation between increasing age and the accumulation of

oxidative modifications of functional molecules, such as proteins and lipids, has

been observed in biological systems, including the central nervous system. Thus,

oxidative signals, especially reactive oxygen species (ROS), are thought to be

primary factors affecting age-related decline in brain functions. However, the

molecular mechanism of the inhibitory action of oxidative signals is not yet fully

understood. In this review article, we introduce our novel hypothesis on the

molecular mechanism of aging in the nervous system: oxidative signals impair

neuronal function through the inhibition of protein S-nitrosylation by nitric oxide

(NO). This idea is based on the fact that the thiol group in cysteine residues is the

common target of NO and oxidative signals. Actually, S-nitrosylation-dependent

synaptic plasticity in the cerebellar cortex as well as NO-induced S-nitrosylation of

cerebellar proteins are abolished by ROS treatment and aging. Furthermore, the

functions of some proteins involved in synaptic plasticity, such as NSF, stargazin

and ryanodine receptor 1, are demonstrated to be regulated in dependent on

S-nitrosylation. Taken together, these studies open a new avenue in the study of

the molecular mechanism of brain aging.
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16.1 Introduction

Aging is associated with a general decline in physiological function in biological

systems, including those in the nervous system, such as impairments of learning and

memory. In fact, cells in all regions of the nervous system are affected by aging, as

indicated by the decline of sensory, motor and cognitive functions with time

(Barnes 1988, 2003; Finch 2003; Hofer et al. 2003; Landfield 1988). These nervous

system dysfunctions are thought to occur when cells fail to respond adaptively

to age-related increases in oxidative, metabolic and ionic stress. Among these

stressors, the “oxidative stress” hypothesis of aging is widely accepted due to the

strong correlation between increasing age and the accumulation of oxidative dam-

age of cellular macromolecules observed in a wide range of studies (for a review,

see Beckman and Ames 1998). In this hypothesis, oxidative stress is thought to

induce damage to the cell via the oxidation of cellular components such as mem-

brane lipids, proteins and DNA. For example, enhanced lipid peroxidation and

protein oxidation are observed in aged rat brains (Calabrese et al. 2004; Cini and

Moretti 1995; Devi and Kiran 2004; Forster et al. 1996; Murray and Lynch 1998).

Correspondingly, several studies have shown that behavioral deficits of aged

animals are associated with increases in oxidative stress (Butterfield et al. 2006;

Cantuti-Castelvetri et al. 2000; Fukui et al. 2001).

Oxidative stress refers to the imbalance between the cellular production of

reactive oxygen species (ROS), such as superoxide, hydroxyl radical and hydrogen

peroxide (H2O2), for example, and the antioxidant mechanisms that remove them

(Halliwell 1992). In fact, many studies indicate that the redox environment of the

brain can be altered in favor of oxidation by an increased production of ROS and/or

by a decreased activity of antioxidant defenses. However, the mechanisms through

which oxidative signals induce decline in neuronal functions are not yet fully

understood. This decline occurs, at least partly, due to the inconsistency of the

effects of oxidative signals on the nervous system. For example, the effects of

oxidative signals on synaptic plasticity in studies where ROS were exogenously

applied to hippocampal slices induced paradoxical effects (Klann and Thiels 1999;

Serrano and Klann 2004). In some studies, ROS are suggested to be essential for

long-term potentiation (LTP) in hippocampal slices (Kamsler and Segal 2003a;

Knapp and Klann 2002). Conversely, inhibitory effects of ROS on the synaptic

plasticity are also reported in other studies (Auerbach and Segal 1997; Kamsler and

Segal 2003a, b; Pellmar et al. 1991; Watson et al. 2002). In these studies, different

protocols were applied for the induction of synaptic plasticity, and the species and

ages of the animals studied were diverse. In addition, the target molecules or

signaling pathways of oxidation in the course of the induction of the synaptic

plasticity were not identified in these experiments. Therefore, the identification of

the target molecules of oxidation in synaptic plasticity could provide critical insight

concerning how oxidative stress results in deficits in synaptic plasticity and brain

function in aged animals.
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16.2 Effects of Oxidative Signals on NO-Dependent LTP

in the Cerebellum

Among the excitatory synapses in the central nervous system, the parallel fiber to

Purkinje cell synapse (PF synapse) in the cerebellar cortex is a good model for

examining molecular mechanisms in synaptic plasticity (Ito 2006; J€orntell 2014).
The cerebellum, a structure located at the back of the brain stem, consists of two

parts: the cerebellar cortex and cerebellar nuclei. The cerebellar cortex consists of

three layers: the molecular layer, the Purkinje cell layer and the granule cell layer

(granular layer), from the surface to the inner portion. Purkinje cells (PCs), the sole

output of the cerebellar cortex, receive two types of glutamatergic inputs. These

inputs are climbing fibers (CF) from the inferior olive, and PF, the axon of

cerebellar granule cells (Fig. 16.1). In the mature cerebellum, a single CF makes

LTP

Parallel fiber (PF)

Purkinje
cell (PC)

Molecular
Layer

Purkinje
cell layer

Granular
Layer

Stim.

Rec.

Climbing fiber

Cerebellar
nuclei

Fig. 16.1 Excitatory synaptic inputs to cerebellar Purkinje cell. The cerebellar cortex consists of

three layers: the molecular layer, Purkinje cell layer and granular layer (also called granule cell

layer). Purkinje cells (PCs), the sole output from the cerebellar cortex, receives two types of

excitatory inputs. One input is the climbing fiber (CF), which originates from the inferior olive,

and the other is the parallel fiber (PF), the axon of the granule cell. From the presynaptic terminals

of CF and PF, the neurotransmitter glutamate (Glu) is released. At the PF-to-PC synapse, a form of

synaptic plasticity, long-term potentiation (LTP), is induced by the repetitive stimulation of

PF. This LTP is dependent on NO/S-nitrosylation signals (see text for detail)
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an excitatory synapse onto the proximal dendritic region of the PC. On the other

hand, each PC is innervated by hundreds thousands of PFs making synapses on the

distal dendritic region. At the PF synapse, various types of synaptic plasticity have

been characterized so far, including postsynaptic forms of LTP and long-term

depression (LTD) as well as a presynaptically expressed LTP (Evans 2007; Ito

2006; J€orntell 2014). The LTD at the PF synapse is one of the most extensively

studied plasticities in the central nervous system, and its involvement in motor

learning tasks, such as eyeblink conditioning and vestibulo-ocular reflex (VOR), is

indicated in multiple studies (Ito 2002, 2013). On the other hand, the functional

roles of postsynaptic and presynaptic LTP at PF are not yet fully understood,

although the possible involvement of postsynaptic LTP in fear conditioning has

been suggested (Sacchetti et al. 2004).

Among them, the postsynaptically expressed LTP at the PF synapse is demon-

strated to be dependent on NO signals (Kakegawa and Yuzaki 2005; Lev-Ram

et al. 2002; Namiki et al. 2005). Nitric oxide is a gaseous messenger in biological

systems and is produced from L-arginine by three distinct NO synthases (NOSs)

(Alderton et al. 2001; Stuehr et al. 2004). Two of these NO synthases, neuronal

(nNOS) and endothelial (eNOS), are calcium dependent, whereas inducible NOS

(iNOS) is calcium independent. This NO-dependent LTP at the PF synapse

(NO-LTP) is shown to be induced by the repetitive stimulation of PF (Kakegawa

and Yuzaki 2005; Lev-Ram et al. 2002; Namiki et al. 2005). In addition, granule

cells, the origin of PF, express high levels of nNOS (also called NOS1), whereas the

immunohistochemical signal of nNOS is not observed in PCs. These observations

suggest that NO, which is essential for the induction of the LTP at the PF synapse,

derives from PF. Nitric oxide has two downstream signaling pathways: the activa-

tion of soluble guanylyl cyclase (sGC) and S-nitrosylation (the term “S-nitrosation”

is also used for this modification of proteins Iyer et al. 2014) (Fig. 16.2). The

activation of sGC induces the elevation of cyclic guanosine monophosphate

(cGMP) in cytoplasm and the subsequent activation of protein kinase G, which

regulates the functions of various proteins through protein phosphorylation. On the

other hand, S-nitrosylation of cysteine residues in various proteins results in the

modification of protein functions including those of enzymes and ionic channels

(Calabrese et al. 2007; Hess et al. 2005; Jaffrey et al. 2001; Nakamura and Lipton

NO

Protein S-nitrosylation

sGC - cGMP - PKG - phosphorylation

Fig. 16.2 The two downstream signaling pathways of nitric oxide. Nitric oxide (NO) has two

downstream signaling pathways. One pathway involves the activation of soluble guanylyl cyclase

(sGC) and results in the elevation of cyclic GMP (cGMP) levels in the cytoplasm (upper). cGMP

subsequently activates protein kinase G (PKG), which phosphorylates a wide range of proteins.

The other pathway involves protein S-nitrosylation (lower). The functions of some protein are

known to be regulated by S-nitrosylation
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2007). The NO-LTP at the PF synapse is not impaired by 1H-[1,2,4] Oxadiazolo

[4,3-a] quinoxalin-1-one (ODQ), an inhibitor of sGC, but is inhibited by ascorbic

acid, a reductant which reduces S-nitrosylated thiol, when applied to the PC using a

micropipette (Kakizawa et al. 2012b; Namiki et al. 2005). These results indicate

that the S-nitrosylation of the proteins in PCs is essential for the induction of

PF-LTP. Moreover, the LTP is also abolished by the preincubation of the cerebellar

slices with the N-ethyl-maleimide (NEM), a membrane-permeable thiol blocker, or

glutathione (reduced form; GSH) and N-acetyl-cysteine (NAC), membrane imper-

meable thiol donors (Kakizawa et al. 2012a). These results indicate critical roles of

thiol groups in cysteine residues in NO-LTP. Furthermore, because GSH and NAC

are membrane impermeable, the results also indicate that NO released from PF into

the synaptic cleft significantly contributes to the induction of the LTP. Taken

together, the NO-LTP is indicated to be dependent on the S-nitrosylation of proteins

in PCs.

Thiol groups in cysteine residues are the targets of S-nitrosylation by NO as well

as the targets of oxidation and the subsequent formation of disulfide bonds by

oxidative signals including ROS. In addition, the accumulation of protein oxidation

is reported by many studies, as described above. Therefore, it is highly possible that

oxidative signals inhibit NO-induced protein S-nitrosylation through the formation

of disulfide bonds. When a thiol group is in a reduced state (R-SH), it has the

potential to be S-nitrosylated by NO signals. However, the same thiol is

difficult to S-nitrosylate when it is already oxidized and involved in a disulfide

bond (R-S-S-R0) because the disulfide bond is very stable in general (Fig. 16.3).

If this hypothesis is true, protein S-nitrosylation as well as S-nitrosylation-

dependent biological events could be inhibited by endogenous and exogenous

oxidative signals. Kakizawa et al. examined this hypothesis and experimentally

demonstrated the inhibitory effects of oxidative signals on the S-nitrosylation of

cerebellar proteins and NO-LTP which is indicated to be dependent on protein

S-nitrosylation in PCs (Kakizawa et al. 2012a). They first demonstrated that

NO-LTP, induced by burst stimulation of PF, was blocked by the pretreatment of

Thiol
(reduced)

S-nitrosylation

Function

Thiol
(oxidizaed) Dysfunction

Fig. 16.3 Inhibition of protein S-nitrosylation by oxidative signals through the formation of a

disulfide bond. Thiol groups in cysteine residue are targets of both S-nitrosylation by nitric oxide

(NO) and oxidation (formation of a disulfide bond) by oxidative signals. When a thiol is in a

reduced state (upper; R1-SH), the group can be S-nitrosylated by NO (R1-SNO) and exert its

biological function. Conversely, when the same thiol is already involved in a disulfide bond

(lower; R1-S-S-R2), NO cannot S-nitrosylate the group and induce its biological function because

the disulfide bond is very stable and difficult to break
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the cerebellar slices from young 1-month-old mice with oxidative agents (e.g.,

hydrogen peroxide) or a thiol blocker (NEM, for example) (Fig. 16.4). The pre-

treatments did not affect basic electrophysiological properties (e.g., input-output

relations and paired-pulse ratio) of the excitatory postsynaptic current of PF

(PF-EPSC). In addition, the application of the oxidative reagent itself did not induce

LTP at the PF synapse, and the results exclude the possibility that NO-LTP is

occluded in the cerebellar slices pretreated with the oxidizing reagents. Therefore,

the oxidative signals were revealed to specifically inhibit the signaling pathways

essential for the induction of NO-LTP at the PF synapse.

In addition to the inhibitory effects of oxidative reagents, which are exogenous

oxidative signals, the possible involvement of endogenous oxidative signals in

NO-LTP inhibition was also indicated in that study (Kakizawa et al. 2012a).

NO-LTP was impaired in the cerebellar slices from aged mice older than 20 months,

whereas no significant changes in basic electrophysiological properties of PF-EPSC

were observed. These results suggest the inhibition of NO-LTP by endogenous

oxidative signals in aged mice (Fig. 16.4).

Do oxidative signals inhibit NO-LTP through the inhibition of protein

S-nitrosylation? To examine this issue, the S-nitrosylation levels of cerebellar

proteins were quantitatively estimated by biochemical analysis, biotin-switch

assay in which S-nitrosylated thiols are displaced with biotin labels (Jaffrey

et al. 2001) (Fig. 16.5). Incubation of the cerebellar slices from young mice with

NO donor, NOC7, resulted in the increase in S-nitrosylation levels of the cerebellar

proteins. On the other hand, pretreatment of the cerebellar slices with oxidative
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Fig. 16.4 Inhibitory effects of ROS and aging on NO-dependent LTP at the PF synapse. When the

cerebellar slices from young mice (1-month-old) are not pretreated with ROS (Control), burst

stimulation (BS) to parallel fibers (PF) induces long-term potentiation (LTP) at the PF synapse.

Conversely, when slices from young mice are pretreated with ROS (ROS), or when cerebellar

slices are obtained from aged mice (older than 20 months old (Aged >20 M)), the LTP is almost

completely abolished. (Left) Normalized amplitude of excitatory postsynaptic current (EPSC

(norm)) at the PF synapse before and after the BS). The value is normalized with the averaged

value over 1–10 min before the BS, and results are expressed as the Mean � S.E.M. (Right).
The averaged amplitudes of PF-EPSC during the 21–30 min after the BS. Mean �
S.E.M. ***p< 0.001, compared with the value for the control
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reagents, such as H2O2, severely impaired the NO-induced elevation of the protein

S-nitrosylation levels (Kakizawa et al. 2012a) (Fig. 16.6). The possible involve-

ment of endogenous oxidative signals in the inhibition of protein S-nitrosylation is

also suggested. In the cerebellar slices from mice older than 20 months old, the

elevation of protein S-nitrosylation levels induced by NO-donor application is

severely impaired. Again, the result supports the idea that endogenous oxidation

signals also inhibit protein S-nitrosylation (Fig. 16.6). Taken together, these results

strongly indicate that the inhibitory action of oxidizing signals on the induction of

the NO-LTP is mediated by the impairment of protein S-nitrosylation induced by

acute NO signals.

16.3 Target Proteins of S-Nitrosylation in the Central

Nervous System

In the notion that oxidative signals affect biological events through the inhibition of

NO-induced protein S-nitrosylation, oxidative signals could impair the protein

S-nitrosylation in a “competitive” manner because thiol groups are targets of

S-nitrosylation as well as oxidation. Therefore, it is quite informative to specify

S-nitrosylated /oxidized proteins to reveal the molecular mechanisms of the inhib-

itory actions of the oxidative signals on the biological systems. For a long time,

S-nitrosylation site specification has been laboriously tackled on a protein-by-

protein basis (Hess et al. 2005). Moreover, a high-throughput proteomic approach

that enables the simultaneous identification of S-nitrosylated-Cys sites and their

cognate proteins in complex biological mixtures has only recently been developed

(Hao et al. 2006). This approach, termed SNOSID (SNO Site Identification), is a

modification of the biotin-switch technique of S-nitrosylated cysteines (Jaffrey

et al. 2001), including the biotinylation of protein SNO-Cys residues, trypsinolysis,

affinity purification of biotinylated-peptides, and amino acid sequencing by liquid

chromatography tandem mass spectrometry (MS) (Hao et al. 2006). Studies using

these techniques have identified several proteins which undergo S-nitrosylation,

and some of these proteins are indicated to be involved in neuronal functions,

including synaptic plasticity, in the central nervous system. These proteins could be

Fig. 16.5 The biotin-switch assay. S-nitrosylated thiol was labeled and detected in a biotin-switch

assay. First, reduced thiols (�SH) are specifically blocked by N-ethylmaleimide (NEM). Then,

S-nitrosylated thiol (�SNO) was reduced by ascorbic acid (ascorbate), and subsequently labeled

by biotin (-S-C-Biotin). The biotinylated thiol was detected using streptavidin conjugated with

horseradish peroxidase (HRP)
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Fig. 16.6 Inhibition of NO-induced protein S-nitrosylation by pretreatment with ROS or aging.

The overall protein S-nitrosylation in cerebellar slices treated with NOC7 was resolved using

a biotin-switch assay (see Fig. 16.5). (a) (upper) Effects of H2O2 on NO-induced protein

S-nitrosylation in the cerebellar slices from 1-month-old mice. Lane 1, vehicle-pretreated cere-

bellar slice; Lane 2, cerebellar slice treated with NOC7, an NO donor; Lane 3, H2O2-pretreated

cerebellar slice; Lane 4, NOC7-treated cerebellar slice after the pretreatment with H2O2. The

molecular weights of marker proteins are given to the left. The values shown at the bottom are

overall protein S-nitrosylation levels, calibrated with β-tubulin levels and then normalized with the

value for the vehicle-pretreated group (lane 1). (lower) Summary of the fold changes in

S-nitrosylation levels. Mean � S.E.M. (b) (upper) NO-induced protein S-nitrosylation in the

cerebellar slices from young (1-month-old) or aged (older than 20-month-old) mice. Lane 1, cer-

ebellar slice from a young mouse treated with vehicle; Lane 2, cerebellar slice from an aged mouse

treated with vehicle; Lane 3, cerebellar slice from a young mouse treated with NOC7; Lane

4, cerebellar slice from an aged mouse treated with NOC7. Molecular weights of marker proteins
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potential candidates of the targets of the oxidative signals, and the oxidation of

these target-proteins is expected to inhibit S-nitrosylation-dependent biological

events (e.g., NO-LTP) through the inhibition of the S-nitrosylation of the proteins.

In this section, we highlight representative proteins that are demonstrated to

undergo S-nitrosylation and play key roles in the modulation of neuronal functions

in a manner dependent on protein S-nitrosylation.

NSF

N-ethylmaleimide sensitive factor (NSF) is thought to be a target for NO-mediated

S-nitrosylation. In fact, its name originates from its sensitivity to

N-ethylmaleimide, which is known to alkylate the sulfhydryl groups of cysteine

residues in proteins (Block et al. 1988). Actually, NO-mediated S-nitrosylation of

NSF was identified as a regulator of the exocytosis of endothelial granules

(Matsushita et al. 2003).

The essential role of NSF S-nitrosylation in the regulation of synaptic plasticity

is also suggested (Huang et al. 2005). NSF is revealed to regulate excitatory

synaptic transmission by stabilizing or recycling alpha-amino-3-hydroxy-5-

methyl-4-isoxazole propionic acid receptor (AMPA-R) subunit GluR2 (Osten

et al. 1998; Song et al. 1998) and disassemble the GluR2/PICK1 protein complex

that regulates cerebellar LTD (Steinberg et al. 2004; Xia et al. 2000). Huang

et al. (2005) reported that NSF is physiologically S-nitrosylated by endogenous,

neuronally derived NO (Huang et al. 2005). The S-nitrosylation of NSF enhances

its binding to the GluR2 subunit, and the surface expression of GluR2 is regulated

by NO and NSF-GluR2 interactions. These results strongly suggest that the

S-nitrosylation of NSF is a physiological mediator for the surface expression of

GluR2 during the induction of synaptic plasticity.

16.3.1 Stargazin

Stargazin has also emerged as a principal regulator of AMPAR surface expression.

Selvakumar et al. (2009) demonstrated that stargazin is physiologically

S-nitrosylated, resulting in increased surface expression of the receptor in HEK

293 cells and primary neurons (Selvakumar et al. 2009). The S-nitrosylation of

stargazin enhances its binding to the AMPAR subunit GluR1, resulting in increased

surface expression of the AMPAR.

⁄�

Fig. 16.6 (continued) and the values shown at the bottom are the same as (a). (lower) Summary of

the fold changes in S-nitrosylation levels. Mean � S.E.M. **p< 0.01 and ***p< 0.001 indicate

significant differences different
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16.3.2 Type 1 Ryanodine Receptors

Ryanodine receptors (RyRs) located in the sarcoplasmic / endoplasmic reticulum

(SR/ER) membrane are required for the intracellular Ca2+ release that is involved in

a wide range of cellular functions. In addition to Ca2+-induced Ca2+ release (CICR)

in cardiac cells and voltage-induced Ca2+ release in skeletal muscle cells,

NO-induced Ca2+ release (NICR) was recently identified in neuronal cells such as

cerebellar Purkinje cells and cortical neuronal cells (Kakizawa et al. 2012b).

Thus far, three isoforms of the RyRs have been identified and cloned: type 1 RyR

(RyR1) was first detected in skeletal muscle (Takeshima et al. 1989), type 2 RyR

(RyR2) was first found in cardiac muscles (Nakai et al. 1990) and type 3 RyR (RyR3)

was found in the brain (Giannini et al. 1992;Hakamata et al. 1992). They are encoded by

three distinct genes and share ~70 % sequence homology (Rossi and Sorrentino 2002).

Because theRyRhas approximately 100 cysteine residues per subunit and almost half of

the thiol groups are kept in a reduced state under the resting condition, RyR is thought to

be one of the substrate proteins for S-nitrosylation. Actually, the open probability of

RyR1measured in lipid bilayers is increased byNOdonors (Eu et al. 2000; Stoyanovsky

et al. 1997; Sun et al. 2003; Xu et al. 1998), and this response is accompanied by an

increase in the S-nitrosylation of the Ca2+ release channels.

S-nitrosylation-dependent activation of RyR1 is also observed in neuronal cells.

In cerebellar Purkinje cells, which express significantly higher levels of RyR1, the

application of an NO donor induced prominent increases in Ca2+ levels. Because

this NO-induced Ca2+ increase is impaired by dantrolene, an inhibitor of RyR1, or

the systemic deletion of the RyR1 gene, the Ca2+ increase is revealed to be due to

Ca2+ release from the ER and mediated by RyR (Kakizawa et al. 2012b). In

addition, the NO-induced Ca2+ release is not inhibited by ODQ, a sGC inhibitor,

but is inhibited by ascorbic acid. These results indicate that the NO-induced Ca2+

release is indicated to be dependent on protein S-nitrosylation. Furthermore, a

single-site C3635A-mutation in rabbit RyR1 abolished NO-induced Ca2+ release

and S-nitrosylation of the mutated channels expressed in HEK 293 cells. Taken

together, S-nitrosylation of RyR1 is revealed to be essential for the activation of the

channel and the resultant cellular response, NO-induced Ca2+ release (Fig. 16.7).

Thus far, the possible involvement of NICR in NO-LTP and NO-induced neuronal

cell death is suggested by pharmacological studies (Kakizawa et al. 2012b).

16.4 Perspectives

In this review article, we propose a possible molecular mechanism of the inhibitory

action of oxidative signals on biological events. Specifically, we propose that the

inhibitory action of an oxidizing signal could be mediated through the impairment

of protein S-nitrosylation. Because thiol groups in cysteine residues are the targets

of S-nitrosylation by NO as well as the targets of oxidation and the subsequent

formation of disulfide bond, NO and oxidative signals, such as H2O2, could
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compete the binding to thiol groups. When a thiol is in a reduced state (R-SH), NO

could S-nitrosylate the thiol (formation of R-SNO) and induce its effects. On the

other hand, when a thiol is already involved in a disulfide bond (R-S-S-R0), NO can

no longer modify the groups because the disulfide bond is very stable. In accor-

dance with this notion, in cerebellar slices pretreated with an oxidizing reagent

(e.g., H2O2), NO-induced S-nitrosylation of cerebellar proteins is severely

impaired. Furthermore, the treatment also inhibits S-nitrosylation-dependent LTP

at the PF-PC synapse (NO-LTP).

These findings indicate that the S-nitrosylation of functional protein(s) is essen-

tial for the induction of the NO-LTP. As described above, some functional proteins

such as NSF, stargazin and RyR1 are candidates for S-nitrosylation and oxidation

(formation of disulfide bond) because these proteins are indicated to be involved in

synaptic plasticity and the functions of these molecules are regulated in a manner

dependent on S-nitrosylation. The inhibitory actions of oxidative signals on the

molecular functions of these proteins are expected to be clarified in future studies.

However, it should also be noted that the target cysteines of S-nitrosylation and

oxidation are not necessarily the same. For example, phosphatase with sequence

homology to tensin (PTEN) is known to be oxidized by high concentrations of H2O2

RyR1-C3636

SH→SNO

Ca2+ Ca2+
Ca2+

Ca2+

Ca2+

L-Arg

NO

nNOS

Ca2+

NO-induced
Ca2+ release SERCA

sGC

ER

PF terminal

Purkinje cell

Ca2+

O2-

ONOO-

Fig. 16.7 A schematic diagram of signaling pathways for nitric oxide-induced Ca2+ release

(NICR) in cerebellar Purkinje cells. Nitric oxide (NO) is produced at the parallel-fiber terminal

in response to neuronal activity and diffuses into the cerebellar Purkinje cell. Then, type

1 ryanodine receptors (RyR1) located in the endoplasmic reticulum (ER) membrane are

S-nitrosylated and activated, resulting in Ca2+ release from the ER. Cyclic GMP and peroxynitrite

produced by the reaction of NO with superoxide are unlikely to be involved in NICR. nNOS
neuronal NO synthase, SERCA sarco/endoplasmic reticulum Ca2+ ATPase
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(>0.5 mM), which results in disulfide bond formation between Cys-71 and Cys-124

(Lee et al. 2002). On the other hand, the protein is selectively S-nitrosylated by low

concentrations of NO donor (1–10 μMSNOC) at a specific cysteine residue, Cys-83,

and the nitrosylation of the cysteine is reported to regulate the enzymatic activity

of the protein (Numajiri et al. 2011). Whether NO-dependent-S-nitrosylation is

abolished by oxidative signals is probably influenced by the 3-D topology of the

protein as well as the concentration of NO and oxidative signals.

In this review article, we discussed a possible molecular mechanism for

age-related decline in brain function, focusing on S-nitrosylation-dependent LTP

(NO-LTP) at the PF synapse in the cerebellum as a model. In addition to NSF,

stargazin and RyR1, which have been already demonstrated to have S-nitrosylation-

dependent functions involved in synaptic plasticity, it is also possible that mole-

cules involved in the structural plasticity of dendritic spines in hippocampal and

cortical regions could be S-nitrosylated or oxidized. The identification of the

candidate molecules involved in S-nitrosylation-dependent structural plasticity

and the observation of an inhibitory action of oxidative signals on plasticity may

further clarify the molecular mechanisms of aging in brain systems (Fig. 16.8).

Receptor
Dynamics

(e.g. GluRs)

Structural
Dynamics
(e.g. spine)

NO

R-SH → R- SNO

?

S-nitrosylation 

NSF
Stargazin

RyR1

Oxidative
Signals

Synaptic Plasticity
Fig. 16.8 A schematic diagram of possible mechanisms through which oxidative signals inhibit

synaptic plasticity. A thiol group in a reduced state (R-SH) is S-nitrosylated (R-SNO) by nitric

oxide (NO). S-nitrosylation of some molecules, including N-ethylmaleimide sensitive factor

(NSF), stargazin and type 1 ryanodine receptor (RyR1), regulates the dynamics of postsynaptic

receptors, e.g., glutamate receptors (GluRs), and subsequently induces synaptic plasticity. It is also

possible that molecules involved in the structural dynamics of dendritic spines are S-nitrosylated

and induce synaptic plasticity, although the candidate molecule(s) has yet to be identified. On the

other hand, oxidative signals could inhibit S-nitrosylation through the mechanism shown in

Fig. 16.3 and could therefore abolish synaptic plasticity
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Chapter 17

Brain Aging Using Large Brain MRI

Database

Yasuyuki Taki

Abstract Now we confront a super aging society in Japan. In the situation, it is

important to preserve our cognitive function for entire life by preventing us from

pathological brain aging. To perform the aim, we have built a large brain magnetic

resonance imaging (MRI) database from around 3000 subjects aged from 5 to 80 in

order to reveal how brain develops and ages. We have also collected several

cognitive functions, lifestyle such as eating and sleeping habits, and genetic data.

Using the database, we have revealed normal brain development and aging, and

also have revealed what factors affect brain development and aging. For example,

there were significant negative correlation between alcohol drinking and gray

matter volume of front-parietal region, and body mass index and gray matter

volume of the hippocampus in cross-sectional analysis. In addition, having intel-

lectual curiosity showed significant negative correlation with regional gray matter

volume decline rate in the temporo-parietal region. These findings help understand-

ing the mechanism of brain development and aging as well as performing differ-

ential diagnosis or diagnosis at an early stage of several diseases/disorders such as

autism and Alzheimer’s disease. In addition, I will introduce you the Tohoku

Medical Megabank Project, in which we will build brain MRI database of around

30,000 healthy subjects. By performing the project, we aim to build a system of

preventive medicine for several diseases/disorders such as Alzheimer’s disease.

Keywords Brain development • Brain aging • Magnetic resonance imaging •

Database • Preventive medicine • Normal subject
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17.1 Introduction

Now we confront a super aging society in Japan. In the situation, it is important to

preserve our cognitive function for entire life by preventing us from pathological

brain aging. Recently, the importance of human neuroimaging database was rec-

ognized greatly. The normal brain structure and function database can be used as

the references not only for neuroimaging study for humans but also for early

diagnosis and computer aided automated diagnosis of the brain diseases. Most

remarkable recently developed method for brain image analysis is a voxel-based

morphometry (VBM). It includes anatomical standardization of the brain to a

standard brain, brain tissue segmentation and finally voxel based statistical analysis

based on general linear model. This technique enables us to extract brain regions

which show correlations between tissue volume and variables, such as age, sex and

other subject’s characteristics. We can analyze not only age-related normal changes

but also diseased brain, such as dementia and schizophrenia. It has been believed

that functional imaging precede structural imaging to detect early pathological

findings of the diseases. However, recent development of high resolution structural

imaging and sophisticated analytical technique enable us to detect the brain disease

at very early stage. Now we have collected over 3000 brain MRI of healthy

Japanese aged from 5 to 80 and constructed an MRI database together with their

characteristics such as age, sex, blood pressure, present and past disease history and

cognitive functions. This is a largest brain MRI database in Japan and one of the

largest one in the world.

17.2 Imaging Studies of Brain Aging

17.2.1 Correlation Between Baseline Regional Gray Matter
Volume and Global Gray Matter Volume Decline Rate

Evaluating whole-brain or global gray matter volume decline rate is important in

distinguishing neurodegenerative diseases from normal aging and in anticipating

cognitive decline over a given period in non-demented subjects. Whether a signif-

icant negative correlation exists between baseline regional gray matter volume of

several regions and global gray matter volume decline in the subsequent time

period in healthy subjects has not yet been clarified. Therefore, we analyzed the

correlation between baseline regional gray matter volumes and the rate of global

gray matter volume decline in the period following baseline using magnetic reso-

nance images of the brains of 381 healthy subjects by applying a longitudinal

design over 6 years using voxel-based morphometry.

All subjects were Japanese individuals recruited from our previous brain-

imaging project. We selected participants who had lived in Sendai City at the

time of the previous study, whose collected data had no missing values and who
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had no serious medical problems from an initial 1604 eligible persons. All partic-

ipants were screened with a mail-in health questionnaire and underwent telephone

and personal interviews. Persons who reported a history of any malignant tumor,

head trauma with loss of consciousness for >5 min, cerebrovascular disease,

epilepsy, any psychiatric disease, or claustrophobia were excluded from the

study. All subjects were screened for dementia using the Mini-Mental State Exam-

ination (MMSE), An experienced neuroradiologist examined the MR scans for any

tumors and cerebrovascular disease. The final sample consisted of 381 participants

(40.1 % of the eligible cohort: 158 men, 223 women). All images were collected

using the same 0.5 T MR scanner, including baseline images using MP-RAGE

pulse sequences. After the image acquisition, all MR images were analyzed using

statistical parametric mapping 2 in Matlab. We calculated gray matter volume,

white matter volume using fully automated techniques. To normalize the head size

of each subject, we defined the gray matter ratio (GMR) as the percentage of gray

matter volume divided by the intracranial volume. Next, to reveal the annualized

rate of change in GMR with age, we determined the annual percentage change in

GMR (APCGMR) for each subject. We determined regional gray matter volume

using voxel-based morphometry as shown in Fig. 17.1. To investigate the correla-

tion between baseline regional gray matter volume and APCGMR, we performed a

multiple regression analysis with age, gender, intracranial volume, and APCGMR as

independent valuables and baseline regional gray matter volume as a dependent

valuable. We used the random field theory method to correct for the Familywise

Error Rate (FWE); any resulting P-value less than 0.05 was considered significant.

Next, we tested whether the gray matter regional volume that showed the significant

Fig. 17.1 Schematic of the image analysis
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negative correlation with APCGMR at baseline could predict whether the APCGMR

was above or below the APCGMR mean by applying a standard (not stepwise) linear

discriminant analysis in SPSS11.5. For the discriminant analysis we used the mean

gray matter volume over a cluster in each region, and the regional gray matter

volume as defined by multiple regression analysis. We set the significance level at

P< 0.05.

As a result, the gray matter regions showing significant negative correlation with

APCGMR adjusted for age, gender, and intracranial volume are shown in Fig. 17.2.

Baseline regional gray matter volumes of the right PCC/precuneus and the left

hippocampus showed significant negative correlations with APCGMR after

adjusting for age, gender, and intracranial volume (right PCC/precuneus, t¼ 5.42,

P¼ 0.020; left hippocampus, t¼ 5.29, P¼ 0.035) (Taki et al. 2011a). Therefore, we

used the gray matter regions of the right PCC/precuneus and the left hippocampus

in the next discriminant analysis. Baseline regional gray matter volume of both the

right PCC/precuneus and the left hippocampus significantly distinguished whether

APCGMR was above or below the APCGMR mean. The F-value, p-value, and

discriminant function coefficient were 13.51, <0.001, and 0.833 in the right

PCC/precuneus, and 5.71, 0.017, and 0.350 in the left hippocampus, respectively.

Overall, 58.4 % of the APCGMR (55.8 % of APCGMR below the mean of APCGMR

and 60.9 % of APCGMR above the mean of APCGMR) was correctly distinguished

using the discriminant function.

This study provides the first longitudinal findings showing that baseline regional

gray matter volumes in the right PCC/precuneus, and the left hippocampus show a

significant negative correlation with the rate of global gray matter volume decline

in the following period, as represented by APCGMR, adjusting for age, gender, and

intracranial volume. In addition, baseline regional gray matter volumes of both the

right PCC/precuneus and the left hippocampus significantly distinguished whether

the APCGMR was above or below the APCGMR mean. These results indicate that

subjects who had smaller baseline regional gray matter volumes in those regions

showed higher rate of global gray matter volume decline in the following period.

In summary, using a longitudinal design over 6 years in 381 community-

dwelling healthy individuals, we examined the correlation between baseline

regional gray matter volume and the rate of global gray matter volume decline in

the following period. We found a significant negative correlation between APCGMR

and the baseline regional gray matter volumes of the right PCC/precunei and the left

hippocampus after adjusting for age and gender. In addition, baseline regional gray

matter volume of both the right PCC/precuneus and the left hippocampus signifi-

cantly distinguished whether the APCGMR was above or below the APCGMR mean.

Our results suggest that baseline regional gray matter volume predicts the rate of

global gray matter volume decline in the following period in healthy subjects. Our

study may contribute to distinguishing neurodegenerative diseases from normal

aging, and to predicting cognitive decline.
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Fig. 17.2 Gray matter regions showing significant negative correlations with annual percent

change of the gray matter ratio (APCGMR) adjusted for age, gender, and intracranial volume
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17.2.2 Correlation Between Degree of White Matter
Hyperintensities and Global Gray Matter Volume
Decline Rate

Whether the degree of white matter hyperintensities (WMHs) shows a significant

correlation with the rate of global gray matter volume decline over a period

following initial baseline measurement remains unclear. The purpose of the present

study was to reveal the relationship between the degree of WMHs at baseline and

the rate of global gray matter volume decline by applying a longitudinal design.

Using a 6-year longitudinal design and magnetic resonance images of the brains

of 160 healthy individuals aged over 50 years and living in the community, we

analyzed the correlation between degree of WMHs using Fazekas scaling at

baseline and rate of global gray matter volume decline 6 years later. To obtain

the rate of global gray matter volume decline, we calculated global gray matter

volume and intracranial volume at baseline and at follow-up using a fully auto-

mated method.

As a result, the annual percentage change in the gray matter ratio (GMR,

APCGMR), in which GMR represents the percentage of gray matter volume in the

intracranial volume, showed a significant positive correlation with the degree of

deep WMHs and periventricular WMHs at baseline, after adjusting for age, gender,

present history of hypertension, and diabetes mellitus (Taki et al. 2011b).

The degree of WMHs, both DWMH and PVWMH, at baseline showed a

significant positive correlation with the rate of global gray matter volume decline,

represented by APCGMR, adjusting for age, gender, and present history of hyper-

tension and diabetes mellitus in healthy subjects using longitudinal analysis. To our

knowledge, we are the first to show the correlation between the degree of WMHs at

baseline and the rate of subsequent global gray matter volume decline in healthy

elderly individuals. Our result is partially consistent with recent studies that showed

a significant positive correlation between the degree or load of WMHs and

decreases in gray matter volume in healthy elderly people, although those studies

were conducted using cross-sectional design. However, another recent study using

longitudinal analysis has shown that WMH is not a predictor of brain atrophy rate in

elderly subjects. The inconsistency between the findings of the recent study and the

present study may have arisen from differences in the volume that was measured. In

the present study, we focused on the rate of decline of gray matter volume, not

whole-brain volume, because gray matter volume is significantly correlated with

several cognitive functions. Our results suggest that the rate of global gray matter

volume decline could be predicted using the degree of WMHs at baseline, evaluated

by simple visual scaling.

In summary, using a longitudinal design over 6 years in 160 community-

dwelling healthy individuals, the degree of WMHs was measured at baseline, and

the rate of global gray matter volume decline was obtained. As a result, APCGMR

showed a significant positive correlation with the degree of deep WMHs and

periventricular WMHs at baseline adjusting for age, gender, and present history
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of hypertension and diabetes mellitus. Our results suggest that degree of WMHs at

baseline predicts the rate of subsequent gray matter volume decline and also

suggests that simple visual scaling of WMHs could contribute to the prediction of

the rate of global gray matter volume decline.

17.2.3 Correlation Between Gray Matter Density-Adjusted
Brain Perfusion and Age Using Brain MR Images
of 202 Healthy Children

In understanding brain aging, the knowledge of brain maturation is very important,

for the relationship between brain maturation and brain aging is regarding as a

“mirror pattern”. In detail, brain regions that mature earlier such as occipital regions

are robust in brain aging, whereas brain regions that mature rather late such as

prefrontal regions are vulnerable for aging. Brain development continues through

childhood and adolescence. Recently, it has been revealed that human brain devel-

opment is a structurally and functionally non-linear process. However, despite this

growing wealth of knowledge about maturational changes in brain structure in

children, the trajectory of brain perfusion with age in healthy children is not yet

well documented.

Recently, arterial spin-labeling (ASL) perfusion magnetic resonance imaging

(MRI) has been developed for evaluating brain perfusion. We examined the corre-

lation between brain perfusion and age using pulsed ASL MRI in a large number of

healthy children.

We collected data on brain structural and ASL perfusion MRI in 202 healthy

children aged 5–18 years. Structural MRI data were segmented and normalized,

applying a voxel-based morphometric analysis. Perfusion MRI was normalized

using the normalization parameter of the corresponding structural MRI. We calcu-

lated brain perfusion with an adjustment for gray matter density (BP-GMD) by

dividing normalized ASL MRI by normalized gray matter segments in 22 regions.

Next, we analyzed the correlation between BP-GMD and age in each region by

estimating linear, quadratic, and cubic polynomial functions, using the Akaike

information criterion.

As a result, the correlation between BP-GMD and age showed an inverted U

shape followed by a U-shaped trajectory in most regions (Taki et al. 2011c) as

shown in Fig. 17.3. In addition, age at which BP-GMD was highest was different

among the lobes and gray matter regions, and the BP-GMD association with age

increased from the occipital to the frontal lobe via the temporal and parietal lobes.

In the frontal lobe, all gray matter regions showed an inverted U-shaped trajec-

tory for the correlation between BP-GMD and age, and the best fit was a negative

quadratic or positive cubic polynomial function. The estimated age at which

BP-GMD was highest was earlier in the precentral gyrus, cingulate gyrus, and
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anterior cingulate cortex than in the superior, middle, and inferior frontal gyri as

shown in Fig. 17.4.

We demonstrated a correlation between BP-GMD and age using ASL brain

perfusion MRI in a large number of healthy children over a wide age range. As a

result, the trajectory of the correlation between BP-GMD and age showed an

inverted U-shaped second-order polynomial function in most regions in the frontal

lobe, a third-order polynomial function in the parietal and temporal lobes, and a

U-shaped second-order and negative linear correlation in the occipital lobe. Our

results indicate that higher-order association cortices mature after the lower-order

cortices in terms of brain perfusion. As a result, the trajectory of the correlation

between BP-GMD and age showed an inverted U shape followed by a U-shaped

trajectory in most regions. In addition, the age at which BP-GMD was highest was

different among the lobes and gray matter regions, showing a progression from the

occipital lobe to the frontal lobe, via the temporal and parietal lobes. Our results

indicate that higher-order association cortices mature after the lower-order cortices

mature. This may help not only clarify the mechanisms of normal brain maturation

from the viewpoint of brain perfusion, but also distinguish normal from develop-

mental disorders that show abnormal brain perfusion patterns.

Fig. 17.3 Correlation between brain perfusion, adjusted for gray matter density, and age in the

frontal lobe, parietal lobe, occipital lobe, and temporal lobe in each hemisphere
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17.2.4 Risk Factors for Brain Volume Decrease

17.2.4.1 Hypertension

By VBM technique, we analyzed correlation between regional gray matter volume

and subject’s characteristics. We found that total gray matter volume negatively

correlated with systolic blood pressure (Taki et al. 2004). Figure 17.5 represents the

brain regions that showed negative correlation between gray matter volume and

systolic blood pressure. These regions mainly distributed watershed regions

between major cerebral arteries.

17.2.4.2 Alcohol Drinking

We also tested the correlation between gray matter ratio and life time alcohol

intake. There was a strong negative correlation between the log transformed

Fig. 17.4 Correlation between brain perfusion, adjusted for gray matter density, and age in the

precentral gyrus, superior frontal gyrus, middle frontal gyrus, inferior frontal gyrus, superior

temporal gyrus, and middle temporal gyrus
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lifetime alcohol intake and the gray matter ratio (Taki et al. 2006). Figure 17.6

shows the gray matter regions that had a significant negative correlation between

the lifetime alcohol intake and the regional gray matter volume. The gray matter

volume of the bilateral middle frontal gyri showed a significant negative correlation

with the log transformed lifetime alcohol intake.

Fig. 17.5 Brain regions that showed negative correlation between gray matter volume and

systolic blood pressure

Fig. 17.6 Brain regions that showed negative correction between gray matter volume and life

time alcohol intake
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17.2.4.3 Obesity

We tested correlation between gray matter ratio and obesity. As an indicator for

obesity, body mass index (BMI) was used. Volumetric analysis revealed that there

are significant negative correlation between BMI and the gray matter ratio, which

represents the percentage of gray matter volume in the intracranial volume, in men

(p< 0.001, adjusting for age, systolic blood pressure, and lifetime alcohol intake)

whereas not in women. VBM revealed that regional gray matter volumes of the

bilateral medial temporal lobe, occipital lobe, frontal lobe, and anterior lobe of the

cerebellum show significant negative correlation with BMI, and those of posterior

lobe of the cerebellum, perisylvian regions of the bilateral frontal and temporal

lobes, and bilateral orbitofrontal gyri show significant positive correlation with

BMI in men as shown in Fig. 17.7 (Taki et al. 2008).

17.3 Conclusion

We constructed a large scale brain MRI database for healthy Japanese and clarified

age-related volume changes of the human brain and their risk factors. Several

factors such as hypertension, alcohol drinking, and obese are related with gray

matter volume reduction of several regions. In addition, we have shown that several

factors such as baseline gray matter volume structure and white matter lesions

predict the global gray matter volume decline rate. These results may contribute to

the understanding of normal brain aging, as well as age-related brain diseases, such

as dementia.

Fig. 17.7 Brain regions that showed correlations between gray matter volume and body mass

index (BMI). Red and blue color indicated negative and positive correlations, respectively
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Neurodegeneration



Chapter 18

Brain Aging as a Cause of Alzheimer’s
Disease

Toshiharu Suzuki, Ayano Kimura, Kyoko Chiba, Tadashi Nakaya,

and Saori Hata

Abstract Alzheimer’s disease (AD) is the most common form of senile dementia.

Identification of genes causally associated with familial Alzheimer’s disease (FAD)
advanced our understanding of the molecular mechanisms of AD pathogenesis.

However, FAD is much less common than sporadic Alzheimer’s disease (SAD),

which constitutes the majority of cases. Despite its similar pathology (albeit at a

later age of onset), SAD is not linked to mutations in FAD-associated genes. In both

FAD and SAD, the generation and oligomerization of amyloid β (Aβ) peptide play
central roles in neurotoxicity, but it remains unclear how qualitative and quantita-

tive alterations in Aβ occur in SAD patients in the absence of causative mutations.

The predominant risk factor for SAD is aging, suggesting that some as-yet-

unknown alterations in the aged brain augment the amyloidogenic metabolism of

APP and promote the neural toxicity of Aβ oligomers. In this chapter, we discuss

potential biochemical changes in amyloid β precursor protein (APP) and proteins

related to APP metabolism and function in the aged brain. APP axonal transport,

membrane microlocalization and metabolism, including generation of Aβ in neu-

rons, are regulated by interactions with several cytoplasmic proteins and phosphor-

ylation of the APP cytoplasmic region. Age-related decline or aberration in the

regulation of APP transport, localization and metabolism may induce generation of

altered Aβ. Here, we focus on APP phosphorylation at threonine 668 in the

cytoplasmic domain and the roles of APP regulatory proteins, including X11-like

(X11L), JIP1, kinesin-1, and Alcadein, on the regulation of APP metabolism and

intracellular trafficking.
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18.1 Dementia and the Growing Population of Aged People

In almost all developed countries, the elderly population is increasing rapidly, and

the relative size of the younger population is shrinking. Dementia is a major illness

that critically impairs the health of older people, threatening their ability to live

independently. The latest WHO report suggested that over 35 million people

worldwide suffer from dementia, and this number is expected to triple by 2050

(WHO and Alzheimer’s Disease International 2012). In countries with a growing

aged population, the expanding costs of treating and caring for people with demen-

tia has become a serious social and economic issue.

Alzheimer’s disease (AD) is the most common form of senile dementia, account-

ing for 60–70 % of cases (Thies et al. 2013). Contributions by many AD researchers

identified three causative genes involved in the pathogenesis of familial AD (FAD):

amyloid β precursor protein (APP) and presenilins 1 and 2 (PS1 and PS2) (Haass

and Selkoe 2007). Patients carrying pathogenic mutations in the APP or presenilin

(PS) genes suffer from early-onset AD, as distinct from late-onset or sporadic AD

(LOAD or SAD). Since their discovery of these genes in the late 1980s to early

1990s, the accumulated findings regarding their functions and the effects of caus-

ative mutations advanced our understanding of the molecular mechanisms of AD

pathogenesis in both forms of the disease.

FAD is relatively rare; the majority of the AD patients have SAD, which is not

linked to mutations in genes causally associated with FAD. Nonetheless, SAD

exhibits pathology similar to that of typical FAD: neurodegeneration accompanied

by extracellular senile plaques and intracellular neurofibrillary tangles. In both

FAD and SAD, generation and oligomerization of amyloid β (Aβ) peptide are

believed to play central roles in the expression of neurotoxicity; thus, Aβ is thought
to be a primary trigger of neurodegeneration (Haass and Selkoe 2007). However, it

remains unclear how qualitative and quantitative alterations in Aβ generation occur
in SAD patients in the absence of causative mutations. Studies aimed at identifying

genes involved in SAD revealed the ε4 allele of the ApoE gene as the strongest risk

factor among many candidate genes (Kanekiyo et al. 2014). Although ApoE4 has

been implicated in several aspects of AD pathogenesis, including Aβ deposition and
clearance (Kok et al. 2009; Mawuenyaga et al. 2010), the molecular mechanisms

and pathogenic roles of this ApoE4 isoform in SAD remain incompletely under-

stood (Kanekiyo et al. 2014). A genomics analysis of AD-related genes affected by

ApoE isoforms identified several genes related to intracellular protein trafficking,

including the X11L gene (APBA2), as risk genes for AD (Rhinn et al. 2013),

suggesting a role for intracellular trafficking defects in pathogenesis.

Notwithstanding the contributions of genetic factors, the predominant risk factor

for SAD is aging itself. Therefore, it is important to understand what types of

alterations in the aged brain augment the amyloidogenic metabolism of APP and

promote the neurotoxicity of Aβ oligomers. In this chapter, we focus on potential

biochemical changes in APP, as well as in proteins linked to APP metabolism or

intracellular trafficking, in the aged brain. For almost three decades, we have sought
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to understand the intracellular transport, metabolism, and function of APP (Suzuki

et al. 2006; Suzuki and Nakaya 2008; Taru and Suzuki 2009). APP axonal transport,

membrane microlocalization and metabolism, including Aβ generation in neurons,

is regulated by interactions with several cytoplasmic proteins and the phosphory-

lation of the APP cytoplasmic region. Age-related dysfunction in APP transport and

metabolism may trigger quantitative or qualitative alterations in the generation of

Aβ, even in patients lacking pathogenic mutations in causative genes. This chapter

describes neuron-specific APP phosphorylation at threonine 668 (Thr668) in the

cytoplasmic region; APP-binding proteins that regulate intracellular metabolism,

such as X11L and JIP1; and trafficking of APP. Furthermore, we describe alter-

ations in substrate cleavage by γ-secretase, based on our analysis of the membrane

proteins known as Alcadeins. Over the course of brain aging, changes in expression,

localization, modification, and/or interaction of APP with regulators can augment

amyloidogenic APP metabolism.

18.2 Phosphorylation of APP

APP is subject to proteolytic cleavages, initially by α- or β-secretase primarily and

then by γ-secretase (Fig. 18.1). A combination of cleavages of APP by α- and
γ-secretase generates the p3 fragment, which consists of 24–26 amino acids. This is

N

C

Extracellular

Intracellular

APP

β

α

γ
ε

β cleavage

α cleavage

sAPPβ 

Aβ 

γ/ε cleavage

sAPPα  

p3 

γ/ε cleavage

AICD

AICDCTFα

CTFβ

Fig. 18.1 Metabolism of APP. APP is cleaved at the juxtamembrane α- or β-site to generate

membrane-associated CTFα or CTFβ, accompanied by secretion of sAPPα or sAPPβ. CTFs are
further cleaved at the γ-site, followed by the ε-cleavage site. This intramembrane cleavages result

in secretion of p3 or Aβ and release of AICD into the cytoplasmic milieu. Amyloidogenic (right
upper) and non-amyloidogenic (right lower) pathways are shown schematically
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accompanied by secretion of sAPPα, a large extracellular domain, and the cyto-

plasmic release of the AICD fragment, followed by the generation of membrane-

associated CTFα (C83), the 83 amino-acid C-terminal fragment. Because the

α-secretase, which is largely composed of ADAM10 and ADAM17, cleaves APP

at the α-site within the Aβ domain on the cell membrane, this primary cleavage of

APP is referred to as the non-amyloidogenic pathway or amyloidolytic processing.

By contrast, the β-secretase, BACE, cleaves APP at the β-site and β0 site to generate
CTFβ (C99) and CTFβ0 (C89), respectively. Although cleavage of the β0-site is also
amyloidolytic, the major BACE cleavage occurs at the β-site. Therefore, cleavage
by BACE is generally referred to as amyloidogenic processing (Cole and Vassar

2008) (Fig. 18.2). The cleavage of APP by β-secretase occurs in the acidic envi-

ronment of early and/or recycling endosomes, into which APP molecules that

escape from cleavage by α-secretase on plasma membrane are incorporated

(Thinakaran and Koo 2008).

All secretases and their components for APP processing are membrane proteins.

BACE and α-secretase (ADAM 10/17) are type I membrane proteins with single

transmembrane domains, like their substrate APP (Suzuki et al. 2006). By contrast,

the γ-secretase is a complex of membrane proteins composed of PS, anterior

pharynx-defective complex subunit (APH-1), presenilin enhancer-2 (PEN-2), and

nicastrin (NCT). PS is subject to endoproteolytic cleavage by the active γ-secretase
complex. Therefore, the regulation of microlocalization of APP and active

secretases in the membrane are important determinants of whether APP is subject

to amyloidogenic or non-amyloidogenic processing.

Active BACE and γ-secretase predominantly localize in lipid raft–like mem-

brane microdomains. The microdomain containing BACE activity can be biochem-

ically isolated as a 1 % Triton X-100-resistant membrane fraction (Riddle

et al. 2001; Saito et al. 2008), whereas the fraction containing active γ-secretase
complex is prepared using 1 % CHAPSO (Matsushima et al. 2012). Thus, active

BACE may localize in a detergent-resistant membrane (DRM) fraction that is

…SEVKMDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA…

b-site b’-site

613597 607
human APP695

a-site g-site

636
Ab40

Ab42

CTFa

CTFb’

CTFb

Fig. 18.2 Cleavage site of APP by α-, β-, and γ-secretases, and small peptide products of APP

generated by secretase cleavages. α-site, cleavage site by α-secretase; β- and β0-sites, β-cleavage
site by β-secretase; γ-site, major γ-cleavage sites by γ-secretase. Amino-acid sequences of Aβ and
N-terminal amino-acid sequence of CTFs are shown
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biochemically distinct from the fraction containing the active γ-secretase complex.

Alternatively, because γ-secretase consists of multiple subunits, it may be unstable

in DRMs prepared with Triton X-100.

APP is a type I membrane protein, and its short 47 amino-acid cytoplasmic

region is exposed to many factors that regulate the trafficking of APP-containing

membrane vesicles and APP metabolism (Suzuki et al. 2006; Suzuki and Nakaya

2008; Taru and Suzuki 2009). Several APP isoforms/splicing variants with identical

cytoplasmic regions exist, including APP770, APP751, and APP695; the APP695

isoform (composed of 695 amino acids) is exclusively expressed in neuronal cells.

APP is subject to N-glycosylation in the ER to yield immature APP (imAPP) andO-
glycosylation in Golgi to yield mature APP (mAPP). Therefore, mAPP with both N-
and O-glycans is the true substrate of secretases, which act in the late secretory

pathway. mAPP is further subject to neuron-specific phosphorylation at Thr668

(numbering of amino-acid positions is based on the APP695 isoform) (Iijima

et al. 2000) (Fig. 18.3). The constitutive phosphorylation level of mAPP is low

compared to CTFs, and in the brain almost 50 % of CTFs are phosphorylated at

Thr668 (Matsushima et al. 2012). Phosphorylation induces a conformational

change throughout the cytoplasmic region (Ramelot and Nicholson 2001; Ando

et al. 2001), which regulates DRM localization of APP CTFs. The C-terminal end

Fig. 18.3 Neuron-specific phosphorylation site in APP cytoplasmic region, and the conforma-

tional change of the cytoplasmic tail of APP that occurs upon phosphorylation. (a) Amino-acid

sequence of the APP cytoplasmic region and the position of Thr668, which is subject to phos-

phorylation in neurons. (b) The C-terminal tail of APP CTFs exhibits lipid-binding ability. This

binding decreases the membrane fluidity of APP CTFs. (c) Phosphorylation of APP CTFs alters the

overall conformation of the cytoplasmic region, resulting in translocation of the tails of APP CTFs

into the cytoplasm
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of the APP cytoplasmic region tends to be anchored to membrane lipids, restricting

CTF fluidity in the membrane (Beel et al. 2008). CTF phosphorylated at Thr668

loses its lipid-binding ability due to the conformational change, and thereby

acquires greater mobility in the plasma membrane (Matsushima et al. 2012).

Although phosphorylated and non-phosphorylated CTFs are kinetically equivalent

substrates of γ-secretase, phosphorylated CTF can escape more easily from lipid

raft–like membrane microdomains enriched in active γ-secretase. The phosphory-
lation of CTFβ is not affected for γ-cleavage of CTFβ; nevertheless, phosphorylated
CTFβ is a poorer source of Aβ than non-phosphorylated CTFβ due to its freer

mobility and ability to escape from lipid raft–like membrane microdomains

(Matsushima et al. 2012) (Fig. 18.4).

The phosphorylation level of APP CTF decreases with brain aging in monkey,

indicating that more APP CTF is available for cleavage by γ-secretase in the aged
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Fig. 18.4 Membrane localization of APP CTFs. (a) In brain neurons, phosphorylated (pCTF) and

non-phosphorylated (nCTF) forms of APP CTFs are equally abundant, but nCTFs are preferen-

tially cleaved by γ-secretase. (b, c) Because the C-terminal tails of nCTFs are prone to be anchored

in membrane lipids (see Fig. 18.3), more nCTFs are localized in the lipid-rich membrane

microdomain where γ-secretase is active. pCTFs are also localized in the microdomain, but

without a lipid-binding C-terminal tail they are more mobile and can escape quickly
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brain. This phenomenon may arise due to elevated generation of neurotoxic Aβ. In
fact, deposition of Aβ peptide and Tau phosphorylation in the brain both increase

over the course of aging in cynomolgus monkeys (Matsushima et al. 2012; Oikawa

et al. 2010). Thus, it is possible that phosphorylation of APP CTFs at Thr668 plays

an important role in regulation of membrane microlocalization of CTFs. However,

it remains unclear which protein kinase phosphorylates APP at Thr668 in the brain

in vivo; candidate kinases include CDK5, JNK, and GSK3β. Likewise, the protein
phosphatase that dephosphorylates phosphorylated APP CTFs in neurons has not

been identified. Prevention of APP CTF phosphorylation represents a therapeutic

strategy to overcome Aβ generation.

18.3 Intracellular Trafficking of APP in Neurons

Neurons have highly specialized, polarized shapes consisting of a long axon and

highly branched dendrites. In these cells, transport systems for proteins, RNA, and

organelles are organized by a bidirectional motor system (Hancock 2014). In

particular, anterograde transport in axon plays an essential role in supplying various

materials to nerve termini (synapses); consequently, perturbation of axonal trans-

port system might induce neurodegenerative diseases (Millecamps and Julien

2013). APP is subject to axonal anterograde transport by the kinesin-1 motor

(Kamal et al. 2000; Araki et al. 2007), which is composed of two light chains

(KLC) and two heavy chains (KHC) (Verhey and Hammond 2009; Hirokawa

et al. 2009). Amyloidogenic processing, including neurotoxic Aβ generation and

axonopathy, are facilitated when anterograde transport of APP cargo is disturbed

(Araki et al. 2007; Stokin et al. 2005).

In the presence of JNK-interacting protein 1 (JIP1), APP predominantly associ-

ates with kinesin-1 motor. This interaction is mediated by JIP1b (Araki et al. 2007;

Chiba et al. 2014); among JIP1a, JIP1b, and JIP2, the JIP1b isoform has the highest

affinity for APP (Taru et al. 2002). In Drosophila, APP-like protein (APPL) is

transported in an anterograde direction in axons, as is APP in mammals, and

Drosophila APPL-interacting protein (APLIP1) is an ortholog of JIP1 (Taru

et al. 2002; Horiuchi et al. 2005). Human APP expressed in Drosophila is

transported to fly synapses in a manner resembling axonal transport in mammals

(Yagi et al. 2000). Thus, APP cargo anterograde transport by kinesin-1, mediated

by the JIP1 association, is conserved across widely divergent animals. Together,

these observations indicate that APP is the cargo receptor for kinesin-1, rather than

a simple cargo that is transported within vesicles. Although kinesin-1 was the first

anterograde motor identified in squid giant axon (Vale et al. 1985), the cargo

receptors of kinesin-1 and the mechanisms of regulation of cargo transport by this

protein remain unknown. In addition to APP, apolipoprotein receptor 2 (ApoER2)

and Alcadein α (Alcα) have been identified as kinesin-1 cargo receptors. Alcadein

forms a tripartite complex with APP, mediated by its association with X11-like

(X11L) (Araki et al. 2003). Complex formation stabilizes the intracellular
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metabolism of APP and Alcα; however, both APP and Alcα cargoes are transported

largely independently (Araki et al. 2004, 2007).

Alcα is a cargo receptor that can directly bind KLC (Araki et al. 2007; Konecta

et al. 2006; Kawano et al. 2012), whereas APP and ApoER2 require scaffold and/or

adaptor proteins, such as JIP1, to associate with KLC. APP and ApoER2 contain the

NPXY motif, to which JIP1 binds, whereas Alcα contains an NP motif, to which

X11L but not JIP1 can bind. The velocity of Alcα cargo transport by kinesin-1,

measured in live axons, closely matches the speed of kinesin-1 on microtubules

in vitro. Intriguingly, anterograde transport of APP by kinesin-1 is almost twice as

fast as transport of Alcα cargo (Araki et al. 2007). Efficient APP cargo transport

with increased velocity and higher frequency in the anterograde direction suggests

the importance of cargos that APP carries to the nerve terminus, and implies that

neuronal function would deteriorate if the APP cargo transport system were

impaired.

In JIP1-deficient neurons, the velocity of anterograde transport of APP cargo is

reduced, but the speed can be restored by expression of exogenous JIP1b. Effi-

ciency of anterograde transport of APP cargos is also reduced in the absence of JIP1

(Chiba et al. 2014). Therefore, JIP1b is an essential factor for rapid and efficient

anterograde transport of APP cargo. The JIP1 carboxyl-terminal region, consisting

of 11 amino acids (C11), interacts with the tetratricopeptide repeat (TPR) motifs of

KLC1, and the amino-terminus of KLC1 binds to KHC (Verhey et al. 2001).

However, recent analysis revealed that the interaction between JIP1b and KLC is

more complex than previously thought. A tyrosine residue in C11 is essential for

high-velocity transport, but a more complex interaction regulates the association of

JIP1b with KLC, resulting in efficient anterograde transport of APP cargo (Chiba

et al. 2014) (Fig. 18.5). Although it remains unknown at the molecular level how

JIP1b increases the velocity of APP cargo transport by kinesin-1, it is clear that JNK

binding to JIP1b and the phosphorylation of APP by JNK are not involved in
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Fig. 18.5 Schematic picture of Alcα and APP cargos transport by kinesin-1. Alcα associates with

kinesin-1 directly, whereas APP associates with KLC by mediation of JIP1. JIP1 mediates efficient

anterograde transport of APP cargo at high velocity. Schematic interaction between JIP1b and

KLC1 is also shown at right. Complex interactions regulate the transport activity of APP cargos.

JBD JNK-binding domain, SH3 Src homology domain 3, PI phosphotyrosine interaction domain,

TPR tetratricopeptide repeat. KLC1 is the major KLC isoform expressed in neurons
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regulating the interaction between APP and JIP1b or the association of JIP1b with

KLC (Chiba et al. 2014). In the absence of JIP1 expression, the efficiency of APP

cargo transport is slower, and the frequency of anterograde transport is reduced. If

the efficiency of APP anterograde transport is impaired in the neurons of aged brain,

as in JIP1-deficient neurons, this may affect neuronal function. The reduced effi-

ciency of APP cargo transport could also affect the transport of contents in cargo

and/or induce metabolism of APP itself, including alterations in Aβ generation. In

fact, kinesin-1 levels are reduced in the brains of AD patients (Morel et al. 2012),

and a specific KLC isoform modifies Aβ accumulation in brain (Morihara

et al. 2014). Although it is impossible to observe alteration of APP axonal transport

in living neurons in vivo, biochemical changes in cargo receptors, adaptor proteins,

and motor molecules suggest that the cargo transport system is altered in the aged

brain. Preservation of axonal transport system may be important for maintenance of

neural function in the aged brain, and for protecting the brain against neurodegen-

erative diseases.

18.4 Alcadein in AD

Alcadeins (Alcs), also called calsyntenins, are evolutionarily conserved neural

membrane proteins of the cadherin superfamily. The family has three members in

mammals: Alcα, Alcβ, and Alcγ (Araki et al. 2003; Vogt et al. 2001). Alcs are

largely similar to APP in regard to function, metabolism, and localization. Meta-

bolically, Alcs are subject to a primary cleavage by APP α-secretase, resulting in

secretion of a large extracellular domain fragment (sAlc) and generation of

membrane-associated carboxyl-terminal fragments (Alc CTFs). Alc CTFs are fur-

ther cleaved by γ-secretase, as is APP, resulting in secretion of a small peptide

(p3-Alc) and release of the cytoplasmic-domain fragment (Alc ICD) into the

cytoplasm (Araki et al. 2003, 2004, 2007; Hata et al. 2009; Takei et al. 2015). In

contrast to Aβ from APP, secreted p3-Alc peptide is not prone to aggregation;

consequently, unlike p3 peptide of APP, p3-Alc is sufficiently metabolically stable

to be detected in cerebrospinal fluid (CSF) and blood (Fig. 18.6). Therefore,

qualitative and quantitative alterations of p3-Alc can reflect metabolic changes in

APP, including Aβ generation, in the aged brain (Hata et al. 2011, 2012; Konnno

et al. 2011; Kamogawa et al. 2012; Omori et al. 2014). Because APP γ-cleavage is
altered in the brains of SAD patients (Kakuda et al. 2012), as are the γ-cleavage
sites of p3-Alcα in the CSF of SAD patients (Hata et al. 2011), dysfunction in

γ-cleavage is as obvious a contributor to the pathogenesis of SAD as PS pathogenic

mutations are to the pathogenesis of FAD. Recently, the molecular mechanisms by

which γ-secretase cleaves APP and Alc have been revealed (Takami et al. 2009;

Piao et al. 2013). Both APP and Alcs are surrogate substrates for detecting dys-

functions in γ-secretase and/or changes in the membrane environment where

γ-cleavage occurs.
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The magnitudes of carboxyl-terminal alterations generated by altered cleavages

of CTFs by γ-secretase are not equivalent among APP, Alcα, Alcβ, and Alcγ (Hata
et al. 2009; Piao et al. 2013). This suggests that some alteration for γ-secretase or its
environment in a specific brain area appears on the alteration of γ-cleavage of APP,
such as an increase of Aβ42 generation, whereas other alteration is apparent in Alc

but not APP. Even if we cannot detect alterations in Aβ generation by analyzing

CSF and/or blood, the underlying alteration in γ-cleavage alteration might initially

be detected as a change in Alc γ-cleavage, and appear subsequently in Aβ as brain

aging progresses. Therefore, the use of a substrate panel would represent an

effective means for detecting γ-secretase dysfunction and alterations in membrane

environment that induce altered γ-cleavage of substrates in the pre-pathogenic state
of AD.

18.5 Summary and Conclusion

The majority of AD patients have the sporadic type of disease, which is distinct

from the much less common familial disease associated with mutations in APP and

PSs. Although the brain pathologies of SAD patients are similar to those of FAD
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Fig. 18.6 Comparison of Alcadein proteolysis with APP proteolysis. Alcadein is cleaved by α-
and γ-secretase, as is APP. The cleavages generate a small secreted peptide, p3-Alc, which is not

prone to aggregation. Therefore, quantitative and qualitative alterations of p3-Alc are detectable in

body fluids. Alterations of γ-cleavage appear on the C-terminal amino-acid sequence of p3-Alc as
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patients, as can be observed from the formation of senile plaques and neurofibrillary

tangles, SAD may have various primary causes. In some cases, β- or γ-secretase
activity may be altered, resulting in elevated levels of pathogenic Aβ, whereas in
other cases, the ability to clear Aβ may be reduced. Currently, we do not know

which events in the aged brain are the major causes of AD. Because the critical

causes may differ among individual patients, we should identify alterations that

might contribute to AD pathogenesis to advance the development of personalized

medicine.

In this chapter, we introduced three potential mechanisms that might alter the

level of pathogenic Aβ, as follows. (1) Phosphorylation of APP at Thr668. Phos-
phorylated APP CTFs, substrates of γ-secretase, are clearly capable of escaping

from membrane microdomains in which γ-secretase is active. Aging generally

decreases the phosphorylation level of CTFβ in monkey brain, and this reduction

is significant in the brains of AD patients relative to age-matched non-demented

subjects. (2) The axonal transport system. Dysfunction in axonal transport can

induce many types of neurodegenerative diseases; thus, it is a general cause of

brain disorders rather than a specific cause of AD. In this context, however, we

should focus our attention on the function of APP as a cargo receptor. Although

previous studies have described multiple APP functions, it is clear that APP’s
primary function in neurons is to serve as the cargo receptor for kinesin-1, the

major anterograde motor in this cell type, suggesting that APP plays an important

role in a transport of proteins. Defective transport of as-yet-unidentified proteins

by APP cargo may promote neurotoxicity in the aged brain and trigger

AD. (3) Dysfunction of γ-secretase or γ-cleavage of APP, which is common in
FAD patients carrying PS gene mutations. Recent studies showed that alteration of
γ-cleavage also occurs in SAD patients, even if they do not carry any mutation in PS

genes. Aβ, the pathogenic product of APP γ-cleavage, shows a strong tendency to

aggregate; thus, because the majority of Aβ is aggregated or precipitated in body

fluids, it is difficult to determine the extent of qualitative and quantitative alteration

of γ-cleavage of Aβ peptides in quality and/or quantity. Almost 100 type I mem-

brane proteins are candidate substrates of the γ-secretase. However, the detailed

mechanism of γ-cleavages has been revealed for only a few substrates, including

APP, APP family proteins, Notch, and the Alcadeins. We have proposed using a

substrate panel to detect γ-secretase dysfunction and alteration of γ-cleavage, and
thereby identify subjects in preclinical or very early stages of AD. Classification of

AD patients based on major pathogenetic events and early detection of preclinical

subjects will be essential for the effective development of personalized therapies for

elderly people.
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Chapter 19

Catabolism and Anabolism of Amyloid-β

Shoko Hashimoto, Per Nilsson, and Takaomi C. Saido

Abstract According to the amyloid cascade hypothesis, the initial elevation of

amyloid β-peptide (Aβ) level is the primary trigger of Alzheimer’s disease (AD).

The steady-state levels of Aβ are determined by the balance of the production and

clearance of Aβ. In familial AD, an imbalance in Aβ kinetics arises from the

abnormal generation of Aβ due to mutations in the secretases, which cleave Aβ
from the amyloid precursor protein (APP), or in APP itself. However, the large

majority of AD is sporadic AD (SAD), which lacks a strong genetic component. In

SAD, inactivations of Aβ degradation systems might instead be the cause of the

disease. We previously identified neprilysin (NEP) as the major Aβ-degrading
enzyme. Importantly, NEP declines in the human brain with aging, which may

contribute to the increased Aβ pathology. Therefore, the up-regulation of NEP

activity in the brain represents a potential therapy for the prevention of AD. To

that end, we recently developed a system to overexpress NEP throughout the brain

using an newly designed adeno-associated viral vector carrying the NEP gene

(AAV-NEP). In addition to the Aβ-degrading enzymes, we recently found that

autophagy plays an important role in Aβ metabolism. Specifically, autophagy

influences the intracellular sorting and secretion of Aβ. Intriguingly, autophagy
deficiency induces intracellular Aβ accumulation, which enhances autophagy

deficiency-induced neurodegeneration. This result indicates that intracellular Aβ
might be toxic. Indeed, Aβ clearance systems are potential therapeutic targets in

AD, to prevent the disease via a treatment already in early stages.
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19.1 Introduction

Although the physiological function of the amyloid β (Aβ) precursor protein (APP)
remains largely unknown, the Aβ peptide that is cleaved out of APP plays a central

role in Alzheimer’s disease (AD) because Aβ accumulation is a key event in

AD. Aβ is generated from APP, which is a type I membrane protein, through

proteolytic cleavages mediated by the β- and γ-secretases. APP is first cleaved by

either α- or β-secretase (also termed β-site APP-cleaving enzyme 1 (BACE1)).

Following cleavage by BACE1, which is a type I transmembrane aspartic protease,

the C-terminal part of APP is further digested by γ-secretase which releases Aβ. The
peptide that is produced from APP by α-and γ-secretase, termed P3, is highly

soluble and non-amyloidogenic, while the β- and γ-cleaved Aβ peptide, which is

40–43 amino acids long, is biochemically less soluble and tends to form patho-

logical oligomers and fibrils (Hardy and Selkoe 2002). Mutations in the genes

encoding presenilin 1 (PS1) and presenilin 2 (PS2) (PSENl and PSEN2, respec-
tively), which are the enzymatic components of γ-secretase, or in APP cause the

majority of cases of early onset familial AD (FAD). These FAD-linked mutations

increase either the total Aβ levels or the ratio of Aβ42/Aβ40 and give rise to an

aggressive pathology due to the higher aggregation propensity of Aβ42 compared to

Aβ40. Consistently, Aβ42 levels are increased by approximately 1.5-fold in the

brains of mutant PS1 transgenic or knock-in mice that possess the PS1/I213T

missense mutation (Nakano et al. 1999b). More than 100 mutations that cause

familial AD have been identified thus far in PSEN1/2 and APP. A larger proportion

of familial AD patients (more than 70 %) have mutations in the PSEN1 gene while

mutations in the APP sequence account for less than 10 % of FAD. The FAD-linked

mutations in APP are located around the β- or γ- cleavage sites or in the N-terminal

part of Aβ. The former mutations affect the proteolytic cleavage performed by β- or
γ-secretase, and the latter alter the aggregation propensity and cause amyloid

angiopathy. Additionally, the recent discovery of a mutation in APP that protects

against AD further strengthens the association of Aβ with AD (Jonsson et al. 2012).

Moreover, we have demonstrated that some of the FAD-associated mutations in

APP, such as the Dutch, Flemish, Italian and the Arctic mutations, not only affect

the production of Aβ but also the resistance of Aβ to the proteolysis catalyzed by the
Aβ catabolic enzyme neprilysin (NEP) (Tsubuki et al. 2003). Even though the

precise neurotoxic role of Aβ is yet to be fully understood, Aβ has been shown to

interfere with several receptors. Aβ binds to α7-nicotinic acetylcholine receptor,

tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) death receptors,

and receptor tyrosine kinase Ephrin type-B receptor 2 (EphB2) which activate

neurodegenerative pathways (Cisse et al. 2011; Wang et al. 2000; Liu et al. 2001;

Fossati et al. 2012). In the Aβ anabolism section, we will describe the pathway of

physiological and pathological Aβ generation in more detail.

Because the FAD-linked mutations in PSEN1/2 and APP strongly associate Aβ
with AD, the Aβ-generating enzymes BACE1 and PS1 have been focused on as

therapeutic targets, and numerous attempts have been made to develop inhibitors of
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these enzymes. Clinical trials of BACE1 and γ-secretase inhibitors have faced

several difficulties including the facts that these secretases have endogenous sub-

strates other than APP. However, autosomal dominant FAD-linked mutations

account for less than 1 % of all AD cases, whereas sporadic AD (SAD) accounts

for the majority of AD case. SAD is also characterized by increased Aβ levels but

has a much more elusive etiology than FAD, which suggests that other mechanisms

contribute to Aβ accumulation in SAD. Steady-state Aβ levels are maintained by

the balance between the production and clearance of Aβ (Fig. 19.1). Because an

over-production of Aβ has not been observed in SAD, it might be an impairment of

Aβ clearance that causes the increase in Aβ levels and the onset of the disease. The
major processes involved in Aβ clearance include the proteolytic degradation of Aβ
and transport of Aβ from the brain tissue to the cerebrospinal fluid or blood. In the

Aβ catabolism section, we summarize the present knowledge regarding Aβ clear-

ance, including the actions of Aβ catabolic enzymes and autophagy-mediated Aβ
metabolism.

19.2 Aβ Anabolism

Aβ is produced from the cleavage of APP by two aspartic proteases, β-secretase
(BACE1) and γ-secretase (Saido 2003). First, BACE1 cleaves APP at the first Asp

residue of the Aβ-sequence, which gives rise to the N-terminus of the Aβ peptide.

This cleavage produces two fragments, the secreted ectodomain (sAPPβ) and the

membrane-bound C-terminal fragment (CTFβ). Next, CTFβ is digested at the γ-site
by γ-secretase which releases the Aβ peptide from the APP intracellular domain

APP Aβ Fragments

Oligomers/ Aggregates

CatabolismAnabolism

Transport

Brain parenchymal cells

CSF/ Plasma

Fig. 19.1 The relationships between Aβ production, degradation and transport within and outside
of the brain. The steady-state Aβ level is determined by the APP concentration, the rate constants

of Aβ production, the rate of Aβ degradation in the brain, and the out-of-brain transport of Aβ
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(AICD) (Wolfe et al. 1999) (Fig. 19.2). γ-secretase is a membrane-associated

complex consisting of the following four different proteins: PS1/2, nicastrin,

Aph1, and Pen2 (Saido 2003; Hardy and Selkoe 2002). Due to the ability of

γ-secretase to cleave at multiple positions, not only the major Aβ40 peptide but

also longer and shorter peptides are produced. Among these peptides, Aβ42 is

known to be a primary amyloidogenic and pathogenic agent in AD due to its high

aggregation propensity. Additionally, Aβ43, which is overproduced in PS1/R278I

knock-in mice and increased in AD brains (Welander et al. 2009; Sandebring

et al. 2013), exhibits an even greater propensity to aggregate and is more neurotoxic

than Aβ42 (Saito et al. 2011).

APP is produced in the endoplasmic reticulum (ER) and transported to the cell

surface by the trans-golgi network (TGN). BACE1 is localized in the TGN, and

although the majority of γ-secretase is localized in the ER, a portion is transported

from the ER together with APP by the TGN where Aβ is generated. Alternatively,

APP located at the cell surface is endocytosed and cleaved by BACE1 and

γ-secretase in the endosomes. It remains to be resolved which of these two path-

ways makes the greatest contribution to Aβ generation and secretion.

Inhibitors of γ-secretase are likely to reduce Aβ generation and are therefore

potential drugs for AD. A substantial number of such inhibitors have been devel-

oped over the years (Ghosh et al. 2012), and some have progressed to human

clinical trials. However, γ-secretase acts not only on APP but also on more than

Amyloidogenic pathway Non-Amyloidogenic pathway

CTFβ

Aβ

sAPPαsAPPβ

AICD AICD
CTFα

α-cleavageβ-cleavageγ-cleavage γ-cleavage

membrane

Fig. 19.2 APP processing and Aβ generation. APP is localized to the membrane and is sequen-

tially cleaved by β- and γ-secretase to generate Aβ. Aβ formation is prevented by the

non-amyloidgenic pathway, which is initiated by α-cleavage of APP
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60 other substrates, including the trans-membrane receptor and signaling protein

Notch (Nakayama et al. 2011). Notch signaling is involved in somitogenesis, cell

differentiation, and neural development; therefore, this might be the reason why

many γ-secretase inhibitors are toxic to patients (Nakayama et al. 2011; Bolos

et al. 2007). Nevertheless, several γ-secretase inhibitors, including R-flurbiprofen,

exhibit low toxicity. Indeed, R-flurbiprofen decreases the levels of Aβ42 without

inhibiting the activities of Notch or other substrates. Although an Aβ-lowering
effect has been observed, the inhibition of cognitive decline by R-flurbiprofen is

limited to mild AD patients, and no improvements have been observed in moderate

AD (Green et al. 2009).

As an alternative to γ-secretase inhibitors, the inhibition of BACE1 would

decrease Aβ generation. Indeed, several groups have reported that BACE1 knock-

out mice are nearly devoid of Aβ in addition to being healthy and fertile. Therefore,
research progressed to develop inhibitors of BACE1, but the recent discovery of

additional endogenous substrates of BACE1 and the side effects of BACE1 inhi-

bitors have been discouraging. Moreover, because there are many other aspartic

acid proteinases than BACE1, such as renin, neuregulin 1 and cathepsin D, a high

specificity is required to establish a BACE1 inhibitor without side effects. In

addition, the large active site of BACE1 is a challenge for the design of inhibitors

with high specificity (Hong et al. 2000). Moreover, additional research has

suggested that BACE1 knockout mice do exhibit several phenotypes, including

schizophrenia endophenotypes (Savonenko et al. 2008), hyperactivity (Dominguez

et al. 2005; Savonenko et al. 2008), spine density reduction (Savonenko et al. 2008),

an increase in astrogenesis (Hu et al. 2013), a decrease in neurogenesis

(Hu et al. 2013), neurodegeneration (Hu et al. 2010), memory deficits (Ohno

et al. 2004; Laird et al. 2005), or axon guidance defects (Cao et al. 2012; Hitt

et al. 2012), that are likely induced via substrates other than APP. Recently, a

clinical trial of the BACE1 inhibitor LY2886721 was discontinued due to abnormal

liver values, although the relationship between its toxicity and the off-target effect

of the compound is unclear. Simultaneously, a Phase III study of the BACE1

inhibitor MK-8931 for the treatment of AD and mild cognitive impairment was

initiated. Although the outcome of this trial has yet to be revealed, it has been

difficult to establish a drug based on the inhibition of β- and γ-secretases thus far.
However, a recent research field has emerged that aims to identify compounds that

modify the activity of γ-secretase in an APP-specific manner rather than inhibit it

which may open up for γ-secretase-based treatments.

Due to the apparent challenges to developing BACE1 and γ-secretase inhibitors,
identifying new targets and designing drugs for these targets are necessary to

overcome AD. Indeed, Aβ catabolism is a potential pathway that has attracted

increasing attention recently and has advanced since our discovery of the major

Aβ-degrading enzyme NEP (Iwata et al. 2001). The next section will focus on the

research related to Aβ degrading enzymes.
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19.3 Aβ Catabolism

19.3.1 Aβ Degrading Enzymes

To a large extent, AD research has focused on Aβ generation based on the proposed
Aβ cascade hypothesis (Selkoe 1991) and the discovery of the FAD-linked muta-

tions. In contrast, research on Aβ catabolism has been less in focus. However, Aβ
catabolism has gained increasing attention due to its crucial role in determining the

steady-state levels of Aβ, a mechanism that might be impaired in SAD. Through

in vitro experiments that aimed to investigate Aβ degrading activities, many pro-

teases or peptidases have been identified and reported to exhibit Aβ-cleaving
activity. These include NEP, insulin-degrading enzyme (IDE) (Kurochkin and

Goto 1994; McDermott and Gibson 1997; Qiu et al. 1998), endothelin-converting

enzyme (ECE)1/2 (Eckman et al. 2001), angiotensin-converting enzyme (ACE)

(Hu et al. 2001), cathepsin D (Yamada et al. 1995; Hamazaki 1996), urokinase-type

plasminogen activator (Sasaki et al. 1988), and matrix metalloendopeptidase-9

(Carvalho et al. 1997). Below, we briefly discuss some of these peptidases, and

subsequently present a separate section about NEP.

IDE is known as a zinc metalloendopeptidase that was originally implicated in

insulin metabolism (Duckworth 1979). IDE hydrolyzes multiple peptides, includ-

ing insulin, glucagon, atrial natriuretic factor, transforming growth factor-α,
β-endorphin, amylin, and AICD in addition to Aβ (Duckworth et al. 1998; Selkoe

2001). Numerous reports have indicated a role for IDE in Aβ metabolism via

in vitro, cell-based, and animal model studies (Farris et al. 2003). However, in

mice, a genetic deficiency of IDE only increases Aβ42 levels by 1.4-fold (Miller

et al. 2003). This rather small increase in Aβ levels might be explained by a

difference in cellular localization; IDE is located in the cytosol, while Aβ is

primarily membrane bound. Furthermore, IDE lacks a secretory signal and there-

fore might not appropriately interact with Aβ in the extracellular space to meta-

bolize Aβ (Table 19.1).

ECE1 and 2 are transmembrane metalloproteases and belong to the same family

as NEP. ECE1 and 2 are detected primarily in vascular endothelial cells where they

process pro-endothelin-1, which is a potent vasoconstrictive peptide produced in

vascular endothelial cells, but are also present in neuronal cells in the brain (Masaki

2004). Knockout of ECE1/2 in AD model mice leads to a 1.2 to 1.3-fold increase in

Aβ, which indicates that ECE1 and 2 are potentially Aβ-degrading enzymes

(Eckman et al. 2003) (Table 19.1).

ACE is a membrane bound zinc-dependent dipeptidyl carboxypeptidase. ACE

converts angiotensin I (AngI) to AngII, which plays roles in maintaining blood

pressure, body fluid, and sodium homeostasis (Guy et al. 2005). Genetic studies in

humans have provided evidence for a potential relationship between ACE and AD

(Kehoe et al. 1999). Patients with an insertion polymorphism within intron 16 of the

ACE gene are at a greater risk to develop AD (Kehoe et al. 1999). In contrast,

patients with a deletion polymorphism are at a lower risk for AD (Elkins

324 S. Hashimoto et al.



et al. 2004). Moreover, it has been shown in vitro that ACE exhibits significant

inhibitory effects on the aggregation, deposition, and cytotoxicity of Aβ
(Hu et al. 2001) and that purified ACE can efficiently cleave Aβ42 to Aβ40 (Zou

et al. 2007). In agreement, it has been shown that ACE degradates endogenous

Aβ40 and Aβ42 in cell culture (Hemming and Selkoe 2005). However, treating AD

models with ACE inhibitor did not increase Aβ accumulation in vivo. Consistently,

we previously showed that the knockout of ACE has no effects on Aβ levels

(Takaki et al. unpublished data) (Table 19.1).

19.3.2 Neprilysin

Many potential Aβ-degrading enzymes have been reported. To identify the main

Aβ-degrading enzyme in vivo, we previously established a physiologically relevant

experimental system which can detect the Aβ catabolic processes in the brain (Iwata
et al. 2000). In this approach, synthetic radiolabeled Aβ42 is injected into the

hippocampus of anesthetized live rats, and the degradation process is analyzed by

high-pressure liquid chromatography and a liquid scintillation counter. We tested

the effects of Aβ degradation of more than 20 peptidase inhibitors and found that

thiorphan, a well-characterized neutral endopeptidase inhibitor, was the most

potent inhibitor. Hence, a neutral endopeptidase family member that is similar or

identical to NEP appears to play a major role in Aβ catabolism.

NEP, which is membrane bound protein, was originally discovered in renal

brush border membranes (Wong-Leung and Kenny 1968). Later, it was also

found that NEP was identical to enkephalinase, which participates in the proteolytic

inactivation of enkephalins (Malfroy et al. 1978). In the brain, NEP is abundant in

the striatonigral pathway (Barnes et al. 1988) and plays a major role in degrading

opioids and other neuropeptides (Matsas et al. 1983; Turner et al. 2001). Indeed,

Table 19.1 Aβ levels in mice after knockout (KO) of different peptidases

Mouse genotype Ab42 (fold) Ab40 (fold) References

NEP-KO (�/�) 2 2 Iwata et al. (2001)

NEP-KO (+/�) 1.5 1.5 Iwata et al. (2001)

ECE2-KO (�/�) 1.3 1.3 Eckman et al. (2003)

ECE2-KO (+/�) 1.2 1.2 Eckman et al. (2003)

ECE1-KO (+/�) 1.3 1.3 Eckman et al. (2003)

IDE-KO (�/�) Not significant 1.1–1.2 Farris et al. (2003)

IDE-KO (�/�) 1.4 1.6 Miller et al. (2003)

tPA-KO (�/�) Not significant Not significant (Unpublished data by Iwata et al.)

uPA-KO (�/�) Not significant Not significant Ertekin-Taner et al. (2005)

ACE-KO (�/�) Not significant Not significant (Unpublished data by Takaki et al.)

Plasmin (�/�) Not significant Not significant Nakano et al. (1999a)
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NEP colocalizes with opioid receptors (Waksman et al. 1986), tachykinin and

substance P (Barnes et al. 1993). NEP is also abundant in the hippocampus,

especially in the dentate gyrus molecular layer and the dentate gyrus granule cell

layer, while in the cortex, NEP is present in layers 2/3 and 5 (Iwata et al. 2001). In

the neurons, NEP is localized presynaptically in the axons but is also present in the

membrane fractions of ER, TGN and endosomes.

Knockout studies in mice have shown that NEP deficiency decreases the degra-

dation of both exogenously administered Aβ and endogenous Aβ (Iwata

et al. 2001). This leads to a twofold increase in the Aβ levels in the brains of

NEP-deficient mice, which clearly indicates that NEP dominantly regulates the

steady-state level of Aβ (Table 19.1). Moreover, Aβ levels in the mouse brain are

inversely correlated with NEP levels; mice that are heterozygous for NEP-KO

exhibit approximately 50 % increases in the levels of both Aβ40 and Aβ42 (Iwata

et al. 2001; Akiyama et al. 2001). Importantly, clear decreases in NEP activity have

been detected in the brains of both aged mice and in aging healthy people as well as

in AD patients through biochemical and neuropathological examinations (Iwata

et al. 2002). Interestingly, the amount and activity of NEP decline in age-dependent

manners, especially in the outer molecular layer and the polymorph layer of the

hippocampal dentate gyrus, and Aβ levels consequently increase in these brain

areas (Iwata et al. 2002). The outer molecular layer of the dentate gyrus receives

nerve projections from the entorhinal cortex through the perforant pathway. This

pathway is markedly damaged in AD, and pathological changes in this region are

closely linked to the cognitive impairments in the early stage of AD (Iwata

et al. 2002). McGeer and co-workers reported that the NEP protein levels decrease

in the hippocampus and the temporal lobe in Braak stage II and suggested that these

reductions in NEP precedes neurodegeneration (Yasojima et al. 2001a). Addition-

ally, NEP mRNA levels are decreased in the hippocampi and temporal cortices of

early AD patients, whereas these levels are unchanged in the cerebellum (Yasojima

et al. 2001a, b). Because AD pathology primarily involves the hippocampus and the

association cortices and spares the cerebellum, these data suggest a close relation-

ship between region-selective declines of NEP activity and AD pathogenesis.

Further contributing to the lowered NEP activity in AD is the increased binding

of 4-hydroxynonenal (HNE) to NEP (Wang et al. 2003). HNE is produced under

oxidative stress possibly as a result of Aβ deposition or neuroinflammation and

leads to increased inhibition of the enzymatic activity of NEP.

In an effort to understand the regulatory mechanisms of NEP, we recently found

that the phosphorylation status of NEP controls the cellular localization of NEP,

which affects extracellular Aβ levels (Kakiya et al. 2012). By analyzing the effects

of neurotrophic factors, including brain-derived neurotrophic factor, nerve growth

factor, and neurotrophins 3 and 4, on NEP localization, we established that these

factors enhance the phosphorylation of the NEP intracellular domain and that this

process is mediated by MEK/ERK signaling and leads to reduced NEP activity on

the cell surface. In contrast, the activation of protein phosphatase-1a increases cell

surface NEP activity, which lowers the Aβ levels.
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What other mechanisms regulate NEP activity in the brain? In peripheral cells,

such as fibroblasts, neutrophils, and bone marrow cells, NEP levels are influenced

by several peptides including substance P and opioid calcitonin (Wang et al. 1997;

Howell et al. 1993; Bae et al. 2002). These factors act on receptors and regulate

NEP levels; therefore, ligand-receptor systems have been considered to also control

NEP activity in the brain. To that end we previously screened tens of biochemical

ligands, including hormones, neurotransmitters and cytokines, and found that NEP

activity in primary neuronal cultures are enhanced by the addition of the neuropep-

tide somatostatin (Saito et al. 2005). Somatostatin activates NEP activity by

increasing the localization of NEP to the cell surface, which leads to an enhanced

degradation of Aβ42. As described above, the localization of NEP is regulated by

phosphorylation and dephosphorylation, which are mediated by MEK-ERK and

PP1a, respectively. PP1a activity is in turn controlled by DARPP32 (Greengard

et al. 1999), the levels of which are reduced in the brains of somatostatin receptor-1

(SSTR1) and SSTR5 double-KO mice (Rajput et al. 2011). Therefore, somatostatin

possibly regulates the phosphorylation statues and hence the NEP activity through

PP1a. Together, these observations suggest that SSTR agonists are potential drugs

as Aβ-lowering treatments for AD. SSTRs are 7-transmembrane G-protein-coupled

receptors (GPCR) (Hoyer et al. 1995), and approximately 45 % of all pharmaco-

logical products act on receptors, most of which are GPCRs. Through our recent

research, we have discovered that two SSTR subtypes mediate the somatostatin-

induced activation of NEP. These findings might be a step forward in the develop-

ment of a somatostatin-based treatment for AD.

19.3.3 Gene Therapy Using Neprilysin

Because a decline in NEP activity might contribute to the Aβ pathology of AD, the
up-regulation of NEP would be a promising therapy for the prevention of

AD. Indeed, several studies have shown that gene delivery of NEP can efficiently

rescue impaired Aβ catabolism (reviewed in Nilsson et al. 2010). In an initial

approach, we found that the expression of NEP from a sindbis viral vector in

murine primary cortical neurons leads to significant decreases in intra- and extra-

cellular Aβ40 and Aβ42 (Hama et al. 2001). Subsequent in vivo studies showed that

the overexpression of NEP by intracerebral injection of a lentiviral vector

expressing human NEP under the control of a CMV promoter reduces Aβ and

ameliorates neurodegeneration in the frontal cortices and hippocampi of two APP

transgenic mouse lines (Marr et al. 2003). Further, mice injected with an adeno-

associated viral vector carrying the NEP gene (AAV-NEP) into their brains exhibit

increased presynaptic NEP throughout the brain (Iwata et al. 2004). The

overexpression of NEP significantly reduces the increased levels of Aβ in

NEP-KO mice and reduces the formation of amyloid plaques in APP-transgenic

mice. However, intracerebroventricular (ICV) injection is not a suitable method for

gene delivery to humans in terms of safety and efficiency. Additionally, ICV
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injection leads to the local expression of the target. Taking the broadly distributed

pathology of AD into account, we therefore constructed AAV vectors that mediate

neuronal gene expression throughout the brain after peripheral administration

(Iwata et al. 2013). This newly designed rAAV9 vector encoding NEP was intro-

duced into NEP-deficient mice by intracardiac administration. The injection was

performed into the left ventricle of the heart because this allows direct access to the

brain through the internal carotid artery. Using this method to express NEP in AD

model mice resulted in the elevation of NEP activity broadly across the brain,

reductions in monomeric and oligomeric Aβ, and the amelioration of the abnormal

learning and memory deficits induced by the amyloid burden (Fig. 19.3). This study

is the first example of an innovative therapeutic strategy for neurodegenerative

diseases in which the global transduction of a target gene into the brain via

extracerebral injection was achieved. The use of modified NEPs, such as mutants

with higher activities or NEP variants that are targeted to the cell membrane or

bind Aβ with higher specificity, might further improve the efficiency of the

method. Moreover, co-treatments with somatostatin agonists in combination with

NEP-AAV might synergistically increase NEP activity and reduce Aβ pathology.
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Fig. 19.3 Gene delivery of NEP decreases Aβ amyloidosis in vivo. Intracardiac injection of a

rAAV9 vector encoding NEP under the control of the Synapsin I (SynI) promoter leads to a

widespread gene transduction of wild-type NEP (NEPWT) and non-active NEP mutant (NEPMT) in

the brain. Brain sections from wild-type mice (a), NEP-knockout (KO) (b), and NEP-KO mice

14 days after intracardiac injection of rAAV9 encoding wild-type (c) or mutant NEP (d) were

stained for NEP. (e) NEP-activity in the limbic regions of wild-type mice, NEP-KO mice injected

with rAAV9 encoding NEPMT and NEP-KO mice injected with rAAV9 encoding NEPWT 14 days

after intracardiac injection. (f–h) The levels of Aβ40, Aβ42 and total Aβs in the limbic regions

after NEP gene transfer were determined by sandwich ELISA. The data are presented as the

mean� s.e.m. of 7–9 mice. Scale bars, 200 μm
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19.3.4 Aβ Metabolism and Autophagy

Together with the proteasome, autophagy is a protein quality control system in the

cell that efficiently recycles cellular waste, such as aberrant organelles including

depolarized mitochondria and toxic protein aggregates. This process generates free

amino acids that are reused to synthesize new proteins. Autophagy is therefore a

key mechanism in cellular metabolism and homeostasis. Increasing evidence points

towards a dysfunctional protein quality control in AD that includes protein

misfolding, ER stress, aberrant protein degradation, and impaired clearance of

misfolded protein. Furthermore, the accumulation of autophagosomes in AD brains

indicates that the autophagic system is disturbed, which might contribute to the

impaired proteostasis in AD. Importantly, autophagy is also involved in the meta-

bolism of Aβ (reviewed in Nilsson and Saido 2014). In addition to the previously

established degradative role of Aβ by autophagy, we recently found that autophagy
also mediates the intracellular sorting and secretion of Aβ to the extracellular space
(Nilsson et al. 2013). Hence, autophagy directly influences Aβ plaque formation.

The initiation of autophagy is highly regulated by network signaling that

responds to starvation, different nutrients, hypoxia, ER stress, and oxidative stress

(Lipinski 2010). Oxidative stress is a particularly important part of AD pathology

which includes abnormal metal ion homeostasis and the activation of glial cells that

produce reactive oxygen species (ROS). Therefore, dysfunctions in the oxidative

stress response system and the protein quality control system, including autophagy,

might cause cell injury. Indeed, alterations in autophagy have been observed in

various neurodegenerative diseases (reviewed in Nixon 2013). The main regulator

that controls autophagy is mTOR complex 1 (mTORC1). Under stress conditions,

such as starvation, mTORC1 is suppressed, which activates a cascade that involves

the autophagy-related proteins (Atg) and leads to the formation of autophagosomes.

To investigate the contribution of autophagy to Aβ pathology, we previously

generated an autophagy-deficient APP transgenic mouse by conditionally knocking

out Atg7 in excitatory neurons in the mouse forebrain (Nilsson et al. 2013). Genetic

manipulation of Atg7, which is one of the upstream proteins that is involved in the

formation of autophagosomes, is commonly used to experimentally abrogate

autophagy. Contrary to our expectations, the autophagy deficiency drastically

reduced the extracellular Aβ plaque burden despite the inhibition of protein quality
control mediated by autophagy (Fig. 19.4). After having thoroughly investigated

the autophagy-deficient APP mice, we found that the reduction in Aβ plaque was

due to the inhibition of Aβ secretion, which in turn led to intracellular Aβ accumu-

lation in the golgi prior to Aβ plaque formation (Nilsson et al. 2014). Consistently,

rapamycin, an inhibitor of mTORC1 that activates autophagy, induces Aβ secre-

tion, while spautin-1, an inhibitor of autophagy, decreases Aβ secretion from

cultured neurons.

Interestingly, the combination of autophagy-deficiency and intracellular Aβ
accumulation cause neurodegeneration and severely impair the memories of the

mice. Intracellular Aβ accumulation is also observed in AD brains. The
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accumulation of Aβ in cells induces the production of ROS, which are toxic to

lysosomes and mitochondria, and enhances cell death through lysosomal membrane

permeabilization and the subsequent release of cathepsins (Wirths and Bayer 2012;

Friedrich et al. 2010; Abramowski et al. 2012; Hedskog et al. 2012; Aits and

Jaattela 2013). Further investigation is warranted to clarify how autophagy

deficiency-induced intracellular Aβ causes neurodegeneration. Taking these results
together, we propose that autophagy mediates Aβ sorting and secretion and that

failure in the autophagic system causes neurodegeneration due to the intracellular

accumulation of Aβ.

19.3.5 Aβ Clearance by Transport

In addition to degradation, secreted Aβ is cleared from the brain through the

cerebrospinal fluid (CSF) and further transported to the vascular system. It has

been demonstrated that 125I-Aβ40 peptides injected to the mouse brain are

transported to the blood with a half-time of approximately 25 min (Shibata

et al. 2000). Aβ peptides are exported in a dose-dependent manner that can be

saturated by high dose injections. These findings indicate that Aβ is cleared through
active transport. The brain is separated from the blood by the blood brain barrier

(BBB), which is localized to the brain capillaries and pia-subarachnoid membranes,

and the CSF barrier, which is localized to the choroid plexus. These barriers consist

of tight junctions between brain endothelial cells and epithelial cells. Therefore, Aβ
needs to bind to receptors or other transport systems to cross these barriers. Thus,
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the system that transports Aβ from the brain parenchyma to blood consists of Aβ
uptake from parenchymal to vascular endothelial cells and the subsequent export

from the endothelial cells to the blood. The low-density lipoprotein receptor

(LDLR) family proteins, which are cell surface receptors that recognize extra-

cellular ligands, play a role in the active transport of Aβ from the brain to the

blood or CSF. Low-density lipoprotein receptor-related protein 1 (LRP1), which is

a member of the LDLR family, and very-low-density lipoprotein receptor (VLDL)

are located in the membranes of endothelial cells and are involved in the uptake of

Aβ from parenchymal to endothelial cells, while P-glycoprotein (also termed ATP

binding cassette B1 (ABCB1)), ABCG2, and ABCC1 participate in the trans-

location of Aβ from endothelial cells to the blood (Yan et al. 2006; Deane

et al. 2008; Cirrito et al. 2005; Xiong et al. 2009) (Fig. 19.5). P-glycoprotein,

ABCG2 and ABCC1 are family members of ABC transporters.

LRP1 binds multiple ligands, including ApoE, α2-macroglobulin and Aβ, and is
the main receptor for Aβ transport across the BBB (Herz 2001). The binding of Aβ
to LRP1 on the abluminal side of the BBB facilitates Aβ clearance via transcytosis
across the BBB into the blood (Shibata et al. 2000; Deane et al. 2004). A recent

study suggested that Aβ binds to ApoE or α2-macroglobulin and that Aβ is cleared
by the binding of these complexes to LRP1 (Koistinaho et al. 2004; Narita

et al. 1997). Among the three different isoforms of ApoE that exist in humans,

ApoE4 is a risk allele for AD. Interestingly, the binding of ApoE4 to Aβ reduces the
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Fig. 19.5 Transport of Aβ over the BBB. Aβ is transported to the blood or CSF through active

transport systems that are mediated by membrane receptors and transporters. LRP1 and VLDL are

involved in the uptake of Aβ by endothelial cells, and ABC transporters facilitate export to the

blood. RAGE regulates the import of Aβ (P-gp P-glycoprotein)
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clearance of Aβ from the brain because the binding of ApoE4 to Aβ causes a shift

from LRP1-mediated rapid efflux to VLDL receptor-mediated slow efflux that

results in poor Aβ clearance from brain. Additionally, transport efficiency is further

decreased by the binding of lipids to ApoE4. In contrast, ApoE2 and ApoE3 only

moderately inhibit clearance due to the ApoE2/3-Aβ complex’s ability to interact at
least partially with LRP1 (Deane et al. 2008). Several groups have found that

elderly people with less P-glycoprotein in their brain epithelia exhibited more Aβ
plaque and more vascular Aβ (Vogelgesang et al. 2002, 2004). A recent study

suggested that the deficiency of ABCC1 in APP/PS1 mice more strongly influences

Aβ transport and accumulation than do deficiencies of P-glycoprotein or ABCG2

(Krohn et al. 2011). Moreover, several other Aβ transporters such as ABCA1 and

ABCG4 have recently been identified, and additional research is required to clarify

the whole picture of Aβ transport (Do et al. 2012; Jedlitschky et al. 2014).

In addition to the clearance of Aβ from the brain across the BBB, a system to

import Aβ into the brain across the BBB also exists. The receptor for advanced

glycation end products (RAGE) binds to a number of ligands in the blood, including

Aβ, which it incorporates into the brain parenchyma (Yan et al. 1996). Interestingly,

RAGE expression is altered depending on the levels of its ligands (Bierhaus

et al. 2005). Upon the accumulation of pathogenic Aβ species in AD brains or in

the brains of transgenic mouse models of amyloidosis, RAGE expression is

upregulated in cerebral vessels, neurons and microglia (Yan et al. 1996; Deane

et al. 2003; Miller et al. 2008). This mechanism potentially aggravates the patho-

logy by increasing amyloidosis in the brain. The RAGE/Aβ interaction is also

involved in neurovascular stress not only via mediating the import of circulating

Aβ across the BBB but also by influencing the inflammatory responses of the

endothelium, and by suppressing cerebral blood flow. Based on these findings, it

is clear that RAGE is also a potential drug target to lower Aβ amyloidosis.

In the 1990s, it was suggested that an anti-Aβ antibody could be used to prevent

Aβ fibril formation (Solomon et al. 1996). Indeed, in 1999, it was demonstrated that

active immunization against full-length Aβ with an adjuvant reduced Aβ plaque

burden in a PDAPP (APP/V717F-transgenic) AD mouse model (Schenk

et al. 1999). After this proof of concept, anti-amyloid immunotherapies for AD

began to be developed. There are several hypotheses regarding the mechanisms of

Aβ clearance by the Aβ vaccines. One such hypothesis is the peripheral sink

hypothesis, which postulates that the levels of soluble Aβ in the brain and the

periphery are in equilibrium, such that peripheral depletion of Aβwould leads to the
removal of Aβ from the brain. To understand the effects of Aβ vaccines on AD, it is
crucial that future research clarifies the mechanisms of Aβ transport.

19.4 Future Perspectives

Elucidating the anabolic and catabolic systems of Aβ is of the utmost importance

for the understanding of AD. Studies of mouse models of Aβ amyloidosis have

provided important knowledge about Aβ metabolism. However, these previously
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generated models of AD are based on transgenic paradigms that overexpress APP to

achieve high levels of Aβ. Due to the APP overexpression, fragments other than Aβ,
such as sAPP, CTFα, CTFβ and AICD, are generated at non-physiologically high

levels. These elevated levels might have affected the obtained results related to the

pathways upstream and downstream of Aβ pathology and might have induced

artificial phenotypes. To circumvent these intrinsic problems, we produced novel

AD mouse models based on a knock-in strategy. The APP knock-in mice, which

express APP at endogenous levels, exhibit a pronounced Aβ amyloidosis (Saito

et al. 2014). These mice also exhibit neuroinflammation and impaired memory. Our

intention is that these new mouse models will become the standard AD mouse

models in AD research and will lead to better understandings of Aβ anabolism and

catabolism and to the discovery of new drug targets for AD.
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Chapter 20

Biomarkers in Alzheimer’s Disease: From
Pathogenic Initiation to Downstream

Outcomes

Sun-Ho Han, Jong-Chan Park, and Inhee Mook-Jung

Abstract Alzheimer’s disease (AD) is a progressive neurodegenerative disorder

and is currently the most common form of dementia in the elderly population. Even

though AD-related molecular alterations begin decades before the appearance of

clinical symptoms, early diagnosis is not possible due to the absence of early

diagnostic biomarkers. Early therapeutic treatment interventions are also lacking.

Numerous clinical trial failures of promising therapeutic candidates have forced

clinicians and researchers to identify diagnostic biomarkers for early detection.

Here, we summarize promising biomarker candidates for AD that have been

discovered to date, based on information from functional studies of neuropatho-

logical mechanisms and clinical research in AD. Potential biomarkers include

cerebrospinal fluid (CSF)-based, blood-based, and immunological biomarkers as

well as biomarkers detected by genetic profiling and neuroimaging. We discuss the

use of these proposed biomarkers in practical applications to diagnose and initiate

therapeutic treatment, along with their advantages and limitations.

Keywords Alzheimer’s disease • Biomarker • Neurodegenerative disease • CSF •

Amyloid β • Tau • Inflammation • Blood-brain barrier

20.1 Introduction

Among all the neurodegenerative disorders affecting the current elderly population,

Alzheimer’s disease (AD) has one of the most severe pathologies leading to

memory loss and cognitive dysfunction. Sporadic AD occurs most frequently,

and thus AD risk increases with age. The number of deaths due to AD has been

drastically rising, and the number of patients with AD is expected to reach approx-

imately 80 million in 2050 (Humpel 2011). The absence of diagnostic tools,

particularly in the early course of the disease, and the lack of effective therapeutic

S.-H. Han • J.-C. Park • I. Mook-Jung (*)

Department of Biochemistry and Biomedical Sciences, College of Medicine, Seoul National

University, Seoul 110-799, South Korea

e-mail: inhee@snu.ac.kr

© Springer Japan 2015

N. Mori, I. Mook-Jung (eds.), Aging Mechanisms,
DOI 10.1007/978-4-431-55763-0_20

341

mailto:inhee@snu.ac.kr


treatments are the biggest hurdles that must be overcome to prevent this predicted

exponential increase. In contrast to the huge impact of AD on modern society, the

history of AD research is relatively short. Research has revealed specific hallmarks of

AD: extracellular plaques and intracellular tangles in the brain. Amyloid β (Aβ) and
tau comprise these plaques and tangles, respectively, and were discovered in the

mid-1980s. These two proteins are thought to be the main causative factor of

AD. Subsequently, the amyloid cascade hypothesis supported the critical role of Aβ
in the pathogenesis of AD and abnormal tau phosphorylation was demonstrated to be

tightly related toAD (Alonso et al. 1994; Hampel et al. 2010; Hardy and Selkoe 2002).

A biomarker is an indicator of the status of a biological condition, including

health, pathogenic processes, and medical intervention. Biomarker studies are

valuable, not only as a diagnostic indicator, but also for determining disease risk

factors or therapeutic targets. Discovering biomarkers for AD is critical because

there is neither an accurate diagnostic tool nor a therapeutic treatment currently

available. Reliable biomarkers could enable clinicians to distinguish patients from

healthy individuals, as well as distinguish AD from other forms of neurodegenera-

tive disease. Differentiating AD from other neurodegenerative diseases is fairly

challenging because these diseases share many common biochemical features and

symptoms, such as dementia. Biomarkers that could help clinicians to identify and

distinguish different stages of AD progression are critical because drug treatment or

disease-modifying strategies might vary during different stages. Furthermore, bio-

markers have great potential as surrogate markers, which are essential to monitor the

effectiveness of new drug development as well as disease initiation and progression.

20.2 Biomarkers for Alzheimer’s disease

20.2.1 Cerebrospinal Fluid (CSF)-Based Biomarkers

Early diagnosis of AD in the course of disease progression is important for devising a

therapeutic strategy. Further, a clinical method to differentiate AD from other types

of neurodegenerative diseases that share similar symptoms is necessary to treat and

modify disease progression. Thus, three AD biochemical hallmarks (Aβ, total tau,
and phospho-tau-181) have attracted much attention and have emerged as promising

biomarkers for early diagnosis. Specially, biomarker levels in the CSF reflect changes

in the brain during AD pathogenesis (Fig. 20.1). CSF analysis has revealed a

significant decrease in Aβ42 and an increase in both total tau and phospho-tau-181

in patients with AD compared to controls (cut-off values: Aβ42< 500 pg/mL, total

tau >600 pg/mL, and phosphor-tau-181> 60 pg/mL) (Humpel 2011) (Table 20.1).

Reduced clearance of brain Aβ42 into the blood/CSF and increased accumulation as

plaque deposition in the brain leads to decreased CSF Aβ42. The Aβ42/Aβ40 ratio

may be a better indicator for AD diagnosis, as one study demonstrated that CSF Aβ40
was increased or unchanged, while CSF Aβ42 was decreased in AD (Shoji 2002).
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However, other studies failed to demonstrate enhanced accuracy of diagnosis using

the Aβ42/Aβ40 ratio (Schoonenboom et al. 2005). The total CSF tau level increases

with age; however, a significantly high CSF level (cut-off value: 600 pg/mL) was

observed in patients with AD compared to age-matched controls (Humpel 2011). The

CSF tau level differentiated whether mild cognitive impairment (MCI) proceeded to

AD or not: higher CSF tau level was detected in 90 % of patients with MCI who

developed AD, but not in patients who did not (Blennow 2004; Riemenschneider

et al. 2002). However, an increased total tau level in the CSF is also related to other

types of neuronal damage, such as infarct size in acute stroke and Creutzfeldt-Jakob

disease (Blennow 2005) (Table 20.1).

Tau has 39 possible phosphorylation sites and is hyperphosphorylated in

AD. Specifically, tau hyperphosphorylation at position 181 is correlated with AD

pathogenesis (Hampel et al. 2010), and the P-tau181/Aβ42 ratio discriminates

patients with AD from both control subjects and individuals that have other types

of dementia or neuropsychiatric diseases, such as frontotemporal lobe dementia,

alcohol dementia, and major depression (Blasko et al. 2006). However, CSF growth

factors and cytokines/chemokines were ineffective to discriminate patients with

AD in this study. In CSF samples from patients with early AD and MCI-AD,

decreased Aβ42, increased total tau, and increased tau phosphorylated at threonine

181 were detected; the CSF Aβ42 cutoff concentration for optimal determination of

Fig. 20.1 Biomarker candidates during AD pathogenesis
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early AD as opposed to other types of dementia was 197.7 pg/mL (Lewczuk

et al. 2008). The combinatorial detection of these biomarkers along with other

diagnostic tools for early detection of AD pathogenesis also reportedly distin-

guished incipient AD in MCI patients (Blennow 2004; Zetterberg et al. 2003).

Other forms of phosphorylated tau (e.g., phosphor tau-199, 231, 235, 396, and 404)

may be potential biomarkers that implicate AD. Specifically, phosphor-tau-181 and

phosphor-tau-231 distinguish AD from other types of psychiatric disorders, such as

frontotemporal lobe dementia, Lewy body dementia (LBD), vascular dementia, and

major depression (Cedazo-Minguez and Winblad 2010; Hampel et al. 2010).

20.2.2 Blood-Based Biomarkers

Although some AD-related biomarkers in the CSF are highly specific, CSF sample

collection is invasive. This is particularly a problem for elderly patients who must

repeatedly undergo the procedure. Thus, clinicians and researchers are desperately

seeking a noninvasive, routine way to detect biomarkers. Researchers first

attempted to detect known CSF biomarkers, including Aβ, in blood. However,

detection of a reliable amyloid biomarker in blood has been problematic, as

Table 20.1 Changes in the CSF levels of Aβ1-42, total tau and phosphorylated tau in Alzheimer’s
disease and other neurodegenerative diseases

Diagnosis

CSF biomarkers

Aβ1-42
(pg/ml) Total tau (pg/ml, age)

Phosphorylated tau

(pg/ml)

Control 794� 20 136� 89, (21–50 years) 23� 2

243� 127, (51–70 years)

341� 171, (>71 years)

AD # (<500) " (>450, 51–70 years; >600,

>71 years)

" (>60)

Depression – – –

Neuroinflammation # – –

Alcohol dementia – – –

PD – – –

CJD ## """ –

FTD ## " –

LBD ## " "
VaD ## " –

Acute stroke – "" –

This table was modified from the tables by Humpel (2011) and Zetterberg et al. (2010)

– Normal, " or # Mild increase or decrease, "" or ## Moderate increase or decrease, """ or ###
Marked increase or decrease

CSF cerebrospinal fluid, Aβ1-42, amyloid-β, AD alzheimer’s disease, PD Parkinson’s diasease,
CJD Creutzfeldt-Jakob disease, FTD frontotemporal dementia, LBD Lewy body dementia, VaD
vascular dementia
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Table 20.2 Summary of biomarker candidates tested in Alzheimer’s disease

Categories Biomarkers Phenomenon Analytical methods References

CSF-based

biomarkers

Aβ1-42 # ELISA, INNO-BIA

AlzBio3 Luminex-

based technology

Humpel (2011),

Shoji (2002),

and Blennow

(2005)

Total tau "
Phosphorylated

tau 181

"

Blood-based

biomarkers

Aβ Diverse

results

ELISA Cedazo-

Minguez and

Winblad (2010)

and Zetterberg

et al. (2010)

ApoE " Western blotting Taddei

et al. (1997)

– ELISA Slooter

et al. (1998)

# ELISA, Immunotur-

bidimetry, mass spec-

trometry and flow

sorting analysis

Vliet

et al. (2009),

Siest

et al. (2000), and

Han et al. (2014)

Adhesion mole-

cules (VCAM-

1, ICAM-1)

" ELISA Ewers

et al. (2010)

Transthyretin # ELISA, Western

blotting

Han et al. (2011)

and Velayudhan

et al. (2012)

Immunological

biomarkers

Peripheral

blood cells

Alteration of

distribution

or reactivity

Flow cytometry, IHC

and two photon

microscopy

Richartz-

Salzburger

et al. (2007),

Fiala

et al. (2005), and

Baik

et al. (2014)

Cell adhesion

molecules

ratio (ICAM-

3/CD14,

P-selectin/

CD14) #

Multiplex ELISAs Hochstrasser

et al. (2010)

Apoptosis ",
antiapoptotic

proteins and

antioxidant

caspase "

Flow cytometry Ankarcrona and

Winblad (2005),

Bergman

et al. (2002),

Leuner

et al. (2007), and

Schindowski

et al. (2006)

(continued)
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previous studies on blood Aβ level have been inconsistent and conflicting. These

studies reported AD-related increases, decreases, and no change of Aβ in blood

(Cedazo-Minguez and Winblad 2010; Zetterberg et al. 2010). Blood Aβ level is

fairly unstable because blood is a heterogeneous environment, which includes many

factors that influence Aβ concentration, including binding/aggregation status in

blood through direct and indirect binding, regulation of expression, and metabolism

of Aβ. In addition, diverse quantification of Aβ detection methods may affect Aβ
levels in peripheral blood. For this reason, researchers tried to expand the number of

potential blood biomarker candidates and have diverted their attention to other

targets indirectly related to AD pathogenesis (Table 20.2).

Table 20.2 (continued)

Categories Biomarkers Phenomenon Analytical methods References

Cytokines and

chemokines

(IL-1, IL-6 and

TNF-α)

" ELISA Licastro

et al. (2000) and

Rubio-Perez and

Morillas-Ruiz

(2012)

Aβ auto-

antibodies

# Immunoprecipitation

assay

Brettschneider

et al. (2005)

Genetic

variation

ApoE4 Significant

correlation to

AD

Polymerase chain

reaction

Corder

et al. (1993)

CLU and

PICALM

GWAS Harold

et al. (2009)

TOMM40 Ferencz

et al. (2012)

TREM2 Guerreiro

et al. (2013)

Neuroimaging Brain volume # MRI Petrella

et al. (2003) and

Matsuda (2007)
Cerebral blood

flow

# SPECT

Glucose

metabolism

# FDG-PET

Brain Aβ
plaques

" PiB-PET Kemppainen

et al. (2007),

Klunk

et al. (2004), and

Clark

et al. (2011)

– Normal, " Increase, # Decrease

Aβ amyloid-β, ELISA Enzyme-linked immunosorbent assay, ApoE Apolipoprotein E, VCAM-1
vascular cell adhesion molecule 1, ICAM-1 intrercellular adhesion molecule 1, IL interleukin,

TNF-α tumor necrosis factor-α, CLU clusterin, PICALM phosphatidylinositol-binding clathrin

assembly protein, TOMM40 translocase of outer mitochondrial membrane 40, TREM2 triggering

receptor expressed on myeloid cells 2, GWAS genome-wide association study, MRI magnetic

resonance imaging, SPECT single-photon emission computed tomography, FDG-PET
fludeoxyglucose positron emission tomography, PiB-PET Pittsburgh compound B positron emis-

sion tomography
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Aβ-interacting proteins were the next target for the detection of AD biomarker

candidates in blood, especially the proteins that regulate the lifespan of Aβ,
including Aβ production, aggregation, and degradation. Aβ-interacting proteins

play diverse roles in AD pathogenesis since Aβ elicits its toxicity through binding

or unbinding to numerous partners. Apolipoprotein E (ApoE) polymorphism has

been recognized as an indicator for the risk of AD (Corder et al. 1993; Tsai

et al. 1994) and ApoE is also known to bind to Aβ and to be involved in Aβ
aggregation and clearance. Conflicting results were reported regarding blood ApoE

level, including an AD-related increase (Taddei et al. 1997), AD-related decrease

(Siest et al. 2000; van Vliet et al. 2009) and no change (Slooter et al. 1998). A recent

study overcame methodological variation and used two distinct quantification

methods (i.e., targeted mass spectrometry and flow sorting analysis) to demonstrate

an AD-related decrease in blood ApoE level (Han et al. 2014). Transthyretin (TTR)

is another well-characterized protein in AD because it binds to Aβ, subsequently
affecting Aβ aggregation status and degradation (Costa et al. 2008; Schwarzman

and Goldgaber 1996). AD-related decrease of TTR level has been reported in blood

and the correlation has been shown between decreased TTR level in blood and

pathological severity of AD determined using the Mini-Mental State Examination

(MMSE) (Han et al. 2011; Velayudhan et al. 2012).

In addition to components of AD clinical hallmarks, other signaling proteins

may be possible biomarkers for AD. AD pathogenesis involves diverse molecular

mechanisms and different signaling pathways undergo dynamic alterations. Inter-

estingly, 18 signaling proteins detected in plasma samples were investigated to

identify patients with MCI who progressed to AD within 2–6 years, with 90 %

accuracy (Ray et al. 2007). These 18 signaling proteins were related to hematopoi-

esis, immune response, apoptosis, and neuronal support; therefore, the relevance of

these proteins to AD pathogenesis implies systemic dysregulation during disease

progress. This study suggested the manifestation of neurodegeneration in the

peripheral environment. Further investigation using blood mononuclear cell

transcriptome expression profiling analysis in subjects with sporadic AD demon-

strated systemic gene expression alterations (Maes et al. 2007). Significantly

decreased gene expression related to cytoskeletal maintenance, cellular stress

response, trafficking, redox homeostasis, transcription, and DNA repair was

observed (Maes et al. 2007). However, subsequent studies on some of those

18 blood biomarkers failed to replicate the initial findings, and lower sensitivity

and specificity were observed (Marksteiner et al. 2011). Alteration of the molecular

mechanism underlying AD pathology has been utilized as possible biomarkers in

blood level. Microvascular abnormalities and damage are well known pathological

phenomena in AD, particularly in the cerebrovascular systems such as the blood-

brain barrier (BBB). Analysis of microvascular biomarker candidates using diverse

vasodilators, vasoconstrictors, and adhesion molecules showed increased blood

levels of vascular adhesion molecule-1 (VCAM-1) and intercellular adhesion

molecule-1 (ICAM-1) in patients with AD (Ewers et al. 2010). Endothelial

vasodilatory function of endothelin (ET-1), adrenomedullin, atrial natriuretic pep-

tide, and sphingolipids were significantly modified in mild AD and in the
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predementia stage of MCI, suggesting the possibility that these molecules could be

early diagnostic biomarker candidates.

20.2.3 Immunological Biomarkers

Apart from traditional amyloid plaque and tangle neuropathology, immune

response activation and neuroinflammation contribute to the AD pathological

process. Local immune response activation has been reported in the AD brain,

including glial and astrocyte activation and secretion of diverse mediators from

these activated immune cells, which accelerated the disease progress (Akiyama

et al. 2000). In addition, brain inflammation occurs in AD, including upregulation

of cytokines, complement cascades, acute phase proteins, histamine, and

arachidonic metabolites (Akiyama et al. 2000; Eddleston and Mucke 1993; Gasque

et al. 2000). Hence, molecules involved in immune activation during AD patho-

genesis could be a potential biomarker at the peripheral level, as a growing number

of studies suggest synchronization of immune activation between central and

peripheral systems in AD. Altered distribution or reactivity of peripheral blood

cells (Richartz-Salzburger et al. 2007) and abnormal chemokine and cytokine

production also (Rubio-Perez and Morillas-Ruiz 2012) occur in AD.

Levels of various monocyte cell adhesion molecules reportedly change during

AD pathogenesis, resulting in a decreased ICAM-3/cluster of differentiation

14 (CD14) ratio in monocytes from AD and MCI and decreased ratio of

P-selectin/CD14 in monocytes from AD but not in monocytes from MCI

(Hochstrasser et al. 2010). Defective Aβ42 clearance in AD results from altered

monocyte functions, including poor differentiation into macrophages and surface-

only Aβ uptake and human leukocyte antigen DR and cyclooxygenase-2 were

abnormally expressed on neutrophils and monocytes in AD (Fiala et al. 2005).

The combinatorial detection of immune mediators and other molecules, such as the

combination of the interleukin-6 (IL-6) receptor, protein α1 fraction, cysteine, and

cholesterol, was beneficial in discriminating patients with AD from control subjects

(Teunissen et al. 2003). Other immune-related findings in patients with AD include:

increased sensitivity of peripheral blood cells to apoptosis and increased apoptosis

of CD4+ T cells and natural killer cells with increased expression of the anti-

apoptotic protein B-cell lymphoma 2 (Bcl-2), the antioxidant enzyme superoxide

dismutase 1 (SOD1), and different caspase subtypes (Ankarcrona and Winblad

2005; Bergman et al. 2002; Leuner et al. 2007; Schindowski et al. 2006). Infiltration

of activated peripheral monocytes into the brain was recently demonstrated via

two-photon in vivo imaging in a mouse model of AD, illustrating the concept that

central and peripheral immune activation is synchronized and that activated periph-

eral monocytes play a role in the AD pathological process (Baik et al. 2014).

In addition to immune cell activation, mediators secreted by activated immune

cells, such as cytokines and chemokines, play a critical role in AD pathogenesis.

IL-1, IL-6, and tumor necrosis factor (TNF)-α play critical roles in the
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inflammatory cascade in AD, and their levels were found to be increased in the

plasma from patients with AD (Licastro et al. 2000; Rubio-Perez and Morillas-Ruiz

2012). Furthermore, certain cytokines and chemokines are involved in Aβ produc-

tion and metabolism, which generates a vicious cycle during AD pathogenesis

(Blasko et al. 1999). Antigen/antibody reactions occur against Aβ; most neural

plaques in patients with AD were found to be surrounded by naturally occurring

autoantibodies against Aβ (Kellner et al. 2009). As expected, decreased Aβ42
autoantibodies were detected in AD serum (Brettschneider et al. 2005). Thus, Aβ
autoantibody detection may serve as an effective biomarker for AD (Humpel 2011;

Kellner et al. 2009).

20.2.4 Genetic Profiling and Neuroimaging

Genetic variation could be used as diagnostic tool and biomarker in late-onset

AD. ApoE ε4 is the most prominent polymorphism risk factor of late-onset AD

(Corder et al. 1993). A recent AD genome-wide association study (GWAS)

suggested an association between some genetic variations with increased risk of

late-onset AD, including variation in the CLU gene and 50 region of the PICALM

gene (Harold et al. 2009). In addition, the significant association of translocase of

outer mitochondrial membrane 40 (TOMM40) with late-onset AD suggested that

mitochondrial dysfunction is relevant to the pathophysiology of this disease

(Ferencz et al. 2012). The significant association of triggering receptor expressed

on myeloid cells 2 (TREM2) variants with AD has attracted much attention; the

differential expression of TREM2 in the brain of an AD mouse model suggested its

potential as a diagnostic biomarker (Guerreiro et al. 2013).

Gene expression profiling is promising for the diagnosis of AD as well, because

altered gene expression profiles reflect both increased genetic variation and the

molecular mechanism of pathogenesis. Using quantitative real-time reverse tran-

scription polymerase chain reaction (qRT-PCR), a study investigated the RNA

expression profile of 33 genes in white blood cell samples from patients with AD

and healthy controls. This study revealed that five genes were significantly corre-

lated with the degree of dementia, as determined using the MMSE (Grunblatt

et al. 2009). Among these five, H3-histone and cannabinoid-receptor-2 represented

the strongest correlation with dementia.

Diverse neuroimaging techniques have been used to obtain diagnostic and

prognostic markers for AD: magnetic resonance imaging (MRI), single-photon

emission computed tomography (SPECT), and positron emission tomography

(PET). Structural MRI and SPECT and 18F-fludeoxyglucose (FDG) PET functional

evidence are good indicators of AD and useful in diagnosing early stage AD, in

predicting MCI conversion to AD, and in estimating the rapidness of disease

progression (Matsuda 2007). MRI and CT have been utilized for routine evaluation

of AD, while volumetric and subtraction MR techniques have been used to monitor

dementia progression (Petrella et al. 2003). Functional imaging, including SPECT
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and PET, have been used to diagnose dementia; functional imaging was especially

useful in distinguishing AD from other types of dementia, such as vascular demen-

tia, frontotemporal dementia, LBD, and depression, and was suitable for early

diagnosis since it detected fairly subtle changes in pathologic processes (Petrella

et al. 2003).

Development of a new, sensitive Aβ ligand, Pittsburgh compound B (PiB),

enabled advanced neuroimaging in AD by allowing amyloid deposit quantification

in the brain of living subjects (Kemppainen et al. 2007; Klunk et al. 2004). Tech-

nical developments have resulted in production of new advanced Aβ ligands, such

as florbetapir, which accurately and reliably correlates with Aβ density (Clark

et al. 2011). Furthermore, neuroimaging initiatives have begun a new era in AD

research and have greatly contributed to neuroimaging development for early

detection and biomarker monitoring in AD. The Alzheimer’s disease Neuroimaging

Initiative (ADNI) is a longitudinal multicenter study that has put much effort into

developing standardized and optimized methods for MRI and PET imaging and

analysis for AD diagnosis, as well as clinical tests and CSF biomarkers (Weiner

et al. 2012).

20.3 Application of Biomarker Candidates to Diagnosis

and Therapeutic Treatments

AD biomarker candidate studies are valuable not only for diagnostic purposes, but

also for drug development, with the hopes of modifying disease initiation and

progression. Further, biomarkers can be used as surrogate markers to monitor

drug treatment efficiency and efficacy during different stages of disease progres-

sion. Tremendous effort has been devoted to obtain an accurate diagnostic bio-

marker for AD; quantification of CSF Aβ42, total tau, and phosphorylated tau are

the most promising candidates to date. However, CSF sample collection is a painful

procedure and noninvasive biomarkers for AD diagnosis are desperately needed

(e.g., biomarkers in blood, urine or saliva).

A single biomarker would likely not be sufficient to diagnose AD accurately. To

detect multiple biomarkers more effectively, a combinatorial approach would be

more sensitive and specific. Thus, biomarker selection for combinational detection

is critical because individual biomarkers must be specific enough to differentiate

AD pathology and be synergistic for maximum AD diagnosis accuracy. Different

biomarker combinations could be used for various goals in diverse disease progres-

sion stages. Certain combinations may be suitable for early detection of AD, and

other combinations may be more suitable for predicting the possibility or rapidness

of conversion from MCI to AD (Thambisetty and Lovestone 2010). Combinatorial

detection using neuroimaging and blood/CSF biomarkers may be optimal as an AD

diagnostic and prognostic method, as expected in the combinational detection of

CSF tau, phosphorylated tau, MRI and Aβ PET (Weiner et al. 2012).
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Quantification method is another critical factor in biomarker detection. Studies

on identical biomarker targets produce inconsistent results, possibly resulting from

differential quantification methods. Enzyme-linked immunosorbent assay (ELISA),

bead-based multiplex detection, and PCR are widely used for biomarker quantifi-

cation in body fluid samples. Target verification using more than one method is

necessary, and a worldwide, standardized biomarker method is prerequisite for a

future diagnostic platform for any newly discovered biomarker. In the future,

highly sensitive proteomic analysis, such as mass spectrometry and microarray,

may be useful for AD diagnosis to improve methodological specificity and sensi-

tivity, enable early AD diagnosis, and to determine a better treatment strategy.
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Chapter 21

Potentiation of Cellular Defense Capacity

by Phytochemicals Activating NF-E2-Related

Factor 2 for the Prevention and/or Treatment

of Alzheimer’s Disease

Gyu Hwan Park and Jung-Hee Jang

Abstract Increasing number of evidence suggest that nuclear factor erythroid

2-related factor 2 (Nrf2) plays a pivotal role in cellular endogenous defense against

neurotoxic insults via augmentation of numerous neuroprotective genes which wok

synergistically in the central nervous system (CNS). Therefore, we reviewed the

current literature investigating the roles and molecular features of Nrf2 in the

neuropathogenic process of Alzheimer’s disease (AD) such as oxidative stress,

inflammation, and apoptosis and further discussed the regulator mechanisms of

Nrf2 by covering upstream modulators and downstream target proteins. Finally, as

a strategy to fortify Nrf2 signaling pathway, we have introduced representative

naturally occurring phytochemicals exhibiting neuroprotective potentials by acti-

vating Nrf2 in the CNS and enhancing neurohormetic stress response as a promis-

ing therapeutic target for the prevention and/or treatment of AD. Collectively, the

information will provide a comprehensive understanding for the currently identified

roles of Nrf2 in AD and may facilitate the design of non-clinical and

clinical research establishing Nrf2 as a therapeutic target.
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21.1 Introduction

Alzheimer’s disease (AD) is a representative neurodegenerative disorder with

progressive loss of synapses and neurons in the brain, which has been correlated

with the formation of intraneuronal neurofibrillary tangles (NFTs) and extra-

neuronal senile plaques (SPs), the two neuropathological hallmarks of the disease.

As a major component of SPs, β-amyloid peptide (Aβ) is considered to play a causal
role in development and progression of AD (Hardy and Higgins 1992). There has

been compelling evidence supporting that Aβ-induced neurotoxicity is mediated

through accumulation of reactive oxygen and/or nitrogen species (ROS/RNS) and

oxidative damages. It has been reported that Aβ produces H2O2, which gives rise to

most potent oxidant hydroxyl radicals via the Fenton reaction in the presence of

transition metal ions such as iron and copper. Aβ has also been reported to generate
nitric oxide (NO) by induction of inducible nitric oxide synthase (iNOS), which

forms extremely potent oxidant peroxynitrite (ONOO�) by interacting with super-

oxide anion (O2
�•). Therefore, considerable attention has been focused on identi-

fying redox-sensitive transcription factors and their target genes that are able to

counteract excess ROS/RNS, thereby protecting against oxidative cell death for the

prevention and/or treatment of AD.

One of the promising candidates is NF-E2-related factor 2 (Nrf2), which is a

member of the cap‘n’collar (CNC) family of transcription factors including Nrf1,

Nrf3 and p45 NFE2. Nrf2 molecule has six functional erythroid-derived CNC

homology protein (ECH) domains, named Neh1-Neh6. The redox-sensitive tran-

scription factor Nrf2 is known to regulate expression of numerous cytoprotective

genes that encode detoxifying and antioxidant enzymes and other defensive pro-

teins against oxidative stress, inflammation, and apoptosis (Nguyen et al. 2003). In

cytosol, Nrf2 activity is mainly controlled by cytoskeleton-associated inhibitory

protein called Kelch-like ECH-associated protein 1 (Keap1). When cells are

exposed to electrophilic or oxidative stimuli, Nrf2 can translocate to the nucleus

and bind to antioxidant response element (ARE) or electrophile response element

(EpRE), which leads to up-regulation of phase II detoxification enzymes and

antioxidant proteins, such as γ-glutamylcysteine ligase (GCL), glutathione S-trans-
ferase (GST), glutathione peroxidase (GPx), heme oxygenase-1 (HO-1), NAD(P)H:

quinone oxidoreductase 1 (NQO1), thioredoxins (Trxs), superoxide dismutase

(SOD), and so on. Recent studies have revealed that Nrf2 activation involved in

neuronal survival under diverse neurological conditions and Nrf2 inhibition has

been found to decrease the cell viability by stimulating apoptosis. Although Nrf2

appears to be an important component of the cellular response to oxidative stress,

the molecular events and genetic programs of Nrf2 involved in providing cells with

resistance against neurotoxic insults, especially against the Aβ-induced neuronal

cell death and memory impairment in AD, have not been extensively reported.

Therefore, this review is to summarize the latest literature information on the

protective role of Nf2 in the neuropathogenesis of AD and on searching for

phytochemicals fortifying Nrf2-mediated cellular defense capacity as therapeutics
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for AD. To discuss the roles of Nrf2 in AD, we have focused on the cellular

processes of oxidative stress, neuroinflammation, apoptosis, autophagy, and neuro-

genesis in AD. Some upstream modulators of Nrf2 such as inhibitory protein

Keap1, diverse kinases, and interacting proteins and some downstream target

molecules including GCL, GST, HO-1, and NQO1 were described. Finally, based

on the roles and molecular features of Nrf2, we have introduced Nrf2-activating

phytochemicals derived from functional foods and medicinal plants for the preven-

tion and/or treatment of AD.

21.2 Protective Roles of Nrf2 in Diverse Neuropathological

Processes of AD

AD is characterized by a progressive impairment of cognitive functions including

memory loss and disturbance in behaviors. At macroscopic levels, the brains of AD

patients show cortical atrophy with narrowed gyri as well as widened sulci and at

microscopic levels, SPs and NFTs were predominantly observed. Aβ is the main

constituents of SPs, which is derived from the transmembrane amyloid precursor

protein (APP) by the sequential actions of β- and γ-secretases. As a result of the

imbalance between generation and clearance of Aβ from the brain, Aβ starts to

aggregate in various types of extraneuronal depositions forming SPs. Intraneuronal

accumulations of paired helical filaments, which mainly consist of hyper-

phosphorylated microtubule-associated tau, lead to the formation of NTFs. Various

reports have demonstrated the fundamental roles of Nrf2 in the modulation of

oxidative and/or nitrosative stress, neuroinflammation, apoptotic cell death,

autophagy, and neurogenesis in cell cultures as well as animal models for AD

(Fig. 21.1).

21.2.1 Oxidative Stress in AD

There has been a growing body of evidence implicating ROS, ROS-induced

oxidative damages, antioxidant enzyme impairment, and excitotoxic mechanisms

in the pathogenesis of AD. The brain is more vulnerable to oxidative stress because

of high oxygen consumption, glucose-driven metabolic rates, polyunsaturated fatty

acids contents, and transition metal ions, and relatively poor antioxidant defense

molecules compared with other organs. Aβ is able to trigger the production of ROS
with consequent chemical, structural and conformational modifications of Aβ by

generating oxidized and cross-linked forms of Aβ, which are prone to aggregate

into SPs (Galeazzi et al. 1999). ROS produced by aggregated form of Aβ can

interact with almost every critical cellular macromolecules including DNA, lipids,
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and proteins, thereby causing functional as well as structural alterations in these

biomolecules, which ultimately leads to neuronal cell death and tissue damages.

The products of lipid peroxidation including thiobarbituric acid reactive sub-

stances (TBARS) and/or 4-hydroxynonenal (4-HNE) were significantly increased

in the brains (Sultana et al. 2006) and ventricular fluid (Lovell et al. 1997) of AD

patients compared to control subjects. The oxidative damage to nuclear and/or

mitochondrial DNA determined by using 8-hydroxy-20-deoxyguanosine
(8-OHdG) as a hallmark, were enhanced in the ventricular cerebrospinal fluid

(Lovell et al. 1999) and parietal cortex (Mecocci et al. 1994) of AD patients.

Proteins derived from the brains of AD patients are more oxidized than those

derived from age-matched controls (Sultana et al. 2006). Advanced glycation

endproducts (AGEs) formed by non-enzymatic reactions between glucose and

long-lived protein deposits present in the SPs produce more radicals than

non-glycated proteins, which augment neuronal death by increasing oxidative stress

(Durany et al. 1999). Conversely, the plasma levels of several antioxidants and

antioxidant enzymes such as SOD and GPx were reduced in elderly subjects with

early AD or with mild cognitive impairment (MCI) (Rinaldi et al. 2003).

Nrf2 has pivotal roles as the regulator of key endogenous defenses against

oxidative stress in the central nervous system (CNS). Nrf2 overexpressing neuronal

cultures exhibited higher levels of antioxidant proteins, detoxifying enzymes,

Fig. 21.1 Specific roles of Nrf2 in diverse neuropathological process of AD
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calcium homeostasis proteins, and growth factors (Lee et al. 2003b). Over-

expression of Nrf2 in astrocytes enhances the antioxidant capacity particularly

up-regulation of enzymes involved in biosynthesis, utilization, and transport of

glutathione (GSH) thereby protecting neurons from oxidative stress (Shih

et al. 2003). However, the lack of Nrf2 renders cultured cortical neurons and/or

astrocytes susceptible to oxidative stress induced by diverse neurotoxins (Lee

et al. 2003a, b).

The oxidative stress induced by neurotoxic insults in neuronal cells can be

attenuated by synthetic as well as natural compounds activating Nrf2 signaling

pathway. H2O2/FeSO4- and/or 4-HNE-induced oxidative damages were inhibited

by tert-butylhydroquinone (tBHQ), a representative inducer of Nrf2 in NT2N

neurons (Eftekharzadeh et al. 2010). tBHQ treatment also decreased formation of

Aβ in NT2N neuron treated with H2O2/FeSO4- and/or 4-HNE. Oxidative stress also

has been reported to increase production of Aβ. The Aβ1–42 levels were elevated in a
transgenic AD mice lacking CuZn-SOD by enhancing β-cleavage of APP

(Murakami et al. 2012). Moreover, lipid peroxidation product, 4-HNE modified

nicastrin, a γ-secretase substrate receptor, thereby enhancing its binding to the

substrate C99, which ultimately led to Aβ accumulation (Gwon et al. 2012).

Natural products, decursin and decursinol angelate derived from Angelica gigas
Nakai increased cellular resistance to Aβ25–35-induced oxidative injury in PC12

cells, presumably through not only the induction of Nrf2 and downstream anti-

oxidant enzymes (SOD, GPx, GST, and catalase (CAT)), but also the reduction of

Aβ aggregation (Li et al. 2011). Allicin, an organosulfur compound present in garlic

significantly ameliorated age-associated cognitive dysfunction through enhancing

of Nrf2-mediated antioxidant signaling pathways such as reduced levels of ROS,

lipid peroxidation, and protein carbonylation and increased levels of GSH, GPx,

GCL, NQO1, and total antioxidant capacity (Li et al. 2012).

21.2.2 Neuroinflammation in AD

Oxidative stress not only causes direct oxidative damages but also triggers neuro-

inflammatory responses by activating NF-κB-mediated transcription of inflam-

mation-related genes, which sensitize vulnerable brain regions to additional

stresses in AD (Akiyama et al. 2000). Elevated expression of inflammation-related

molecules and their receptors has been observed in the brains of patients with AD,

and recent studies have suggested that such brain-derived pro-inflammatory factors

disrupt normal neurophysiology and contribute to cognitive dysfunctions.

Diverse inflammation-related components have been reported to be activated in

the brains of patients with AD. Extensive activation of glia such as astrocytes and

microglia has been observed in the CNS of AD patients. A series of cytokines and

chemokines, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β),
and IL-6 were released form the activated microglia and astrocytes, which are

known to be associated with immunologic and inflammatory changes in the

AD-affected brains (Grammas and Ovase 2001). TNF-α, IL-6, and IFN-γ further
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stimulated the γ-secretase activity, which led to enhanced production of Aβ and the
intracellular domain of APP (Liao et al. 2004). Furthermore, prolonged exposure to

pro-inflammatory cytokines can induce activation of certain kinases, which block

the activation of Nrf2 thereby leading to neurological injuries. Treatment of

astrocyte-rich cultures with the pro-inflammatory cytokine TNF-α transiently acti-

vated Nrf2 after 24 h, which was finally down-regulated after 72 h (Correa

et al. 2012).

The principal enzymes that play a crucial role in mediating inflammatory

responses are cyclooxygenase-2 (COX-2) and iNOS. COX, also known as prosta-

glandin H2 synthase, is a rate-limiting enzyme in the synthesis of prostaglandins

(PGs) from membrane phospholipid arachidonic acids. COX-2 protein levels were

elevated in the frontal cortex region of AD patients which overlapped the cellular

morphological features of apoptosis (Pasinetti and Aisen 1998). In the AD brains,

neurons in the CA1–CA4 regions of the hippocampal pyramidal layer exhibited

intense COX-2 signals, which were also correlated with Aβ plaques and atrophy

(Ho et al. 1999). Furthermore, the neurons derived from transgenic mice over-

expressing COX-2 are more vulnerable to Aβ-induced toxicity by potentiation of

redox impairments (Ho et al. 1999).

NO, a potent pro-inflammatory mediator is produced by NOS-catalyzed oxi-

dative deamination of L-arginine to L-citrulline. Under normal condition, NO exerts

diverse physiological roles including proliferation, survival and differentiation of

neurons, synaptic transmission, neural plasticity, and memory functions (Calabrese

et al. 2009). However, a redox-mediated posttranslational modification to critical

cysteine residues in proteins including S-nitrosylation by NO can lead to protein

misfolding, mitochondrial dysfunction, synaptic loss, or apoptosis (Calabrese

et al. 2009). Moreover, excess NO can further react with superoxide anion (O2
�•)

to generate extremely potent oxidant peroxynitrite (ONOO�). Peroxynitrite can

attack diverse cellular macromolecules including DNA, proteins, and lipids in

complex ways, which ultimately leads to neuronal cell death. Nitrotyrosine (NT),

a combined product of tyrosine residues in protein with peroxynitrite, was detected

in neurons, astrocytes and blood vessels in AD patients (Lüth et al. 2002). More-

over, NO synthesizing enzyme iNOS were highly expressed in astrocytes of AD

patients and co-localized with nitrotyrosine (Lüth et al. 2002).

A growing body of evidence supports possible roles of Nrf2 during

neuroinflammatory responses in addition to its strong antioxidant properties. Nrf2

can play an important role against inflammation due to its ability to antagonize the

redox-sensitive transcription factor nuclear factor-κB (NF-κB) which regulates the

expression of pro-inflammatory genes (Jin et al. 2008). After traumatic brain injury

(TBI), Nrf2-deficient mice exhibited increase activation of NF-κB and elevated

expression of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 and

intercellular adhesion molecule-1 (ICAM-1) in the brains compared with control

wild-type mice (Jin et al. 2008). In Nrf2 knockout mice administered with

1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP), a range of inflammation

markers including astrogliosis, microgliosis, COX-2, iNOS, IL-6, and TNF-α
were increased whereas anti-inflammatory markers such as FIZZ-1, YM-1,

arginase-1, and IL-4 were decreased (Rojo et al. 2010). Nrf2 knockout mice were
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hypersensitive to the neuroinflammation induced by lipopolysaccharide (LPS), as

determined by an increase in the mRNA and protein levels of F4/80, indicative of

an increase in microglia, and upregulation of pro-inflammatory cytokines such as

iNOS, IL-6, and TNF-α compared with wild-type littermates (Innamorato

et al. 2008). Furthermore, APP/PS1 AD mice lacking Nrf2 exhibited increased

levels of Aβ and activation of glial cells such as astrocytes and microglia (Joshi

et al. 2014).

Conversely, the anti-inflammatory effects of some phytochemicals such quer-

cetin (Kang et al. 2013), trans-isoferulic acid (Dilshara et al. 2014), and kavalactone

(Terazawa et al. 2013) against LPS were partly mediated by activation of Nrf2 in

BV2 cells. As a downstream anti-inflammatory target protein of Nrf2 activation by

aforementioned phytochemicals, HO-1 and its product carbon monoxide (CO) have

been suggested, and a HO-1 inducer as well as a CO donor decreased

LPS-stimulated inflammatory responses (Terazawa et al. 2013).

21.2.3 Neuronal Cell Death in AD

Apoptosis, a programmed cell death in the neurodegenerative diseases including

AD, is generally characterized by membrane blebbing, shrinkage of cells, chroma-

tin condensation, and DNA fragmentation where dysfunction of mitochondria,

alterations in the Bcl-2 family proteins and activation of caspases play pivotal

roles. Bcl-2 family proteins include both proteins mediating cell survival (e.g.,

anti-apoptotic proteins such as Bcl-2, Bcl-XL, Bcl-w, etc.) and others promoting

cell death (e.g., pro-apoptotic proteins such as Bax, Bad, Bid, Bim, Bak, Bik, etc.).

Bcl-2 family proteins preserve or disrupt mitochondrial integrity by releasing

diverse mitochondrial apoptotic factors including cytochrome c, Smac/Diablo, or

apoptosis-inducing factor (AIF) (Vila and Przedborski 2003). Cytochrome c pro-

vokes apoptotic protease activating factor-1 (Apaf-1)-regulated activation of

caspase-9, which initiates the downstream effector caspase cascades (Obulesu

and Lakshmi 2014).

Caspases can be activated by proteolytic cleavage from procaspases, which are

divided into initiators (procaspases 2, 8, 9 and 10) and effectors (procaspases 3, 6,

and 7) (Vila and Przedborski 2003). Recent studies have suggested that caspase

activation may also play a role in facilitating neuropathological process of AD such

as formation of SPs and NFTs by promoting cleavage of APP as well as tau (Rohn

and Head 2009). During TNF-α-induced cell death in HeLa cells, Nrf2 was also

cleaved by active caspase-3 and overexpression of the C-terminal cleavage frag-

ment of Nrf2 containing the DNA binding and leucine-zipper domains caused

apoptotic cell death (Ohtsubo et al. 1999).

It has been reported that AD risk factors-induced neuronal cell death and

memory impairment are mediated by apoptotic process via activation of caspase-

3 and inactivation of Nrf2 as well. Homocysteic acid (HCA), an oxidized meta-

bolite of homocysteine, is one of the biomarkers in the brain with AD and expected
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to be involved in intraneuronal accumulation of Aβ1–42. In HT22 cell, HCA

increased ROS production, depleted GSH, inactivated Nrf2, and caused apoptotic

cell death by deteriorating mitochondrial membrane potential (MMP), increasing

Bax/Bcl-2 ratio, and activating caspase-3 (Tan et al. 2013). Epidemiological and

biological data support a correlation between type 2 diabetes mellitus and

AD. Therefore, patients with diabetes have a higher incidence of cognitive dys-

function and an increased risk of developing AD. In the animal model of AD

induced by streptozotocin (STZ), a toxin toward insulin-producing pancreatic β
cells, STZ caused neuronal cell death by increasing Bax/Bcl-2 ratio and cleaved

caspase-3 and by inactivating Nrf2 (Song et al. 2014).

Recently, several groups have reported that overexpression of Nrf2 promotes

cell survival by hampering the induction of apoptosis in CNS. Nrf2 overexpression

protected neuronal and/or glial cells from apoptotic cell death caused by

MPTP, rotenone (Lee et al. 2003b), 6-hydroxydopamine (6-OHDA),

3-morpholinosydnonimine (SIN-1) (Cao et al. 2005), ethanol (Narasimhan

et al. 2011), and H2O2 (Li et al. 2005). In an in vitro cell culture system,

pretreatment of astrocytes with tBHQ which induces Nrf2 nuclear translocation

and coordinates up-regulation of ARE-driven genes, attenuated H2O2 or platelet-

activating factor-induced cell death (Lee et al. 2003a; Li et al. 2005). Conversely,

Nrf2 inhibition has been found to decrease the cell viability by stimulating apo-

ptotic cell death. Nrf2�/� neurons were more susceptible to apoptosis induced by

rotenone and ionomycin (Lee et al. 2003b).

An array of data from in vitro cell culture models of AD showed that Nrf2-

activating phytochemicals inhibited diverse apoptotic signals involved in neuronal

cell death. In PC12 cells, Aβ25–35-induced cell death was mediated by apoptosis as

revealed by significant reduction in cell viability, phosphatidylserine external-

ization, decreased mitochondrial transmembrane potential, cytochrome c release,

activation of caspase-3, cleavage of PARP, and DNA fragmentation, which were

effectively inhibited by gypenoside XVII, a novel phytoestrogen isolated from

Gynostemma pentaphyllum by activating Nrf2-HO-1 pathway (Meng

et al. 2014a). In SH-SY5Y cells, Aβ25–35-induced cytotoxicity and apoptotic cell

death such as DNA fragmentation, elevated Bax/Bcl-2 ratio, dissipation of mito-

chondrial membrane potential, and activation of caspase-3 were attenuated by

[6]-gingerol treatment via Nrf2- GCL/HO-1 pathway (Lee et al. 2011).

21.2.4 Autophagy in AD

Autophagy is a self-degradation process of misfolded or aggregated proteins and

dysfunctional cellular components. Autophagic process consists with nucleation

(initiation), elongation-closure-cargo recruitment (trafficking), and maturation

steps with subsequent fusion with lysosome to form autolysosome (Friedman

et al. 2014). Diverse autophagy-related genes (ARGs) are involved in the
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autophagic process which is negatively regulated by mTOR signals (Friedman

et al. 2014). Growing body of evidence indicates the defective autophagic clearance

as one of the disease-causing factor in AD which is characterized by the aberrant

accumulation of endogenous proteins resulting in the formation of cytotoxic aggre-

gates and inclusions.

Activation of Nrf2 is involved in regulation of autophagic process via increasing

p62, a selective substrate of autophagy recruiting target poly-ubiquitinated proteins

for autophagosome-dependent degradation. When autophagy is impaired, p62

oligomers accumulates and interacts with poly-ubiquitinated proteins particularly

Keap1 to form aggregates/inclusions leading to the stabilization and activation of

Nrf2 (Komatsu et al. 2010; Lau et al. 2010). As the promoter region of the p62 gene

contain ARE binding sites, activation of Nrf2 in turns increases p62 levels as a

positive feedback loop (Jain et al. 2010).

p62-deficient MEF cells are more vulnerable to H2O2-induced cytotoxicity

and exhibited decreased activation of Nrf2 (Du et al. 2009). In the brains of aged

mice as well as human subjects and a triple transgenic AD mice, p62 levels were

marked decreased whereas oxidative damage to p62 promoter was increased

(Du et al. 2009). In APP/PS1 mice lacking Nrf2 (APP/PS1/Nrf2-/-), p62 is prone

to make insoluble aggregates, which leads to the accumulation of poly-ubiquitin-

conjugated proteins and inhibition of autophagy (Joshi et al. 2014). Moreover,

mTOR pathway, a negative regulator for autophagic process and its downstream

target p70S6k were activated in APP/PS1/Nrf2-/- mice (Joshi et al. 2014).

Autophagy adaptor protein NDP52 also contains AREs in its promoter region

which can be induced by activation of Nrf2. Therefore, overexpression of NDP52

can facilitate the clearance of hyperphosphorylated protein tau in the presence of an

autophagy stimulator (Kim et al. 2014). In Nrf2-knockout mice, phosphorylated

and sarkosyl-insoluble tau levels were increased in the brains where the NDP52

levels were decreased (Jo et al. 2014).

21.2.5 Neurogenesis in AD

Although neurogenesis is most active during prenatal development, it continues in

some parts of the brain including the hippocampus and the subventricular zone. The

stimulation of endogenous neurogenesis by trophic factors, cytokines, physical

activities, environmental stimuli, and drugs is regarded as a potential therapeutic

strategy for the treatment of AD (Felsenstein et al. 2014). Particularly, neurotropic

factors such as nerve growth factor (NGF), glial cell-derived neurotrophic factor

(GDNF), and brain-derived neurotrophic factor (BDNF) are important for the

maintenance, survival, and regeneration of specific neurons in the adult brains

(Allen et al. 2013).

Recent studies report a role of Nrf2 during prenatal as well as adult neurogenic

process in AD. In neural stem/progenitor cells (NPCs) that can proliferate to

produce new neurons in neurogenic areas throughout the lifetime, growth of
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neurospheres and neural differentiation were increased by overexpression of Nrf2

or by treatment with Nrf2-activating compound, pyrrolidine dithiocarbamate

(PDTC) (Kärkkäinen et al. 2014). Furthermore, Aβ1–42-induced toxicity and reduc-
tion in proliferation of neurosphere were prevented by Nrf2 overexpression, which

were also aggravated by inhibition of Nrf2 (Kärkkäinen et al. 2014).

In another study, intravenously transplanted bone marrow-derived endothelial

progenitor cells (BM-EPCs) migrated into the brain of rats and improved the

scopolamine (SCO)-induced learning and memory deficits by suppressing deposi-

tion of Aβ and hyperphosphorylation of tau, perturbations of neurotransmitter

levels, and neuroinflammation (Safar et al. 2014). Furthermore, BM-EPCs induced

behavioral recovery via enhancing vascular endothelial growth factor (VEGF),

NGF, BDNF levels and activating Nrf2 (Safar et al. 2014). In PC12h cells, carnosic

acid (CA), a compound derived from rosemary strongly promoted neurite out-

growth by activation of Nrf2 whereas suppressed by Nrf2 knockdown (Kosaka

et al. 2010). Moreover, CA increased p62 levels in an Nrf2-dependent manner while

CA-induced Nrf2 activation and neural differentiation were significantly reduced

by knockdown of p62 gene (Kosaka et al. 2010).

21.3 Downstream Target Molecules of Nrf2

Many basic leucine zipper (bZIP) transcription factors including Nrf, Jun, Fos, Fra

and Maf bind to the ARE sequences, defined as 50-A/GTGAC/TNNNGCA/G-30

thereby inducing the expression of a wide array of antioxidant proteins and phase

II detoxification enzymes (Hayes and McMahon 2001). The representative proteins

that are encoded by the ARE gene battery include enzymes associated with GSH

biosynthesis, redox proteins with active sulfhydryl moieties, and drug-metabolizing

enzymes. An array of cellular defense enzymatic and non-enzymatic systems exist

to counteract ROS/RNS that lower steady-state concentrations of ROS/RNS and

repair oxidative cellular damages. Nrf2-overexpressing cells have been shown to

exhibit high levels of endogenous antioxidant GSH and detoxification/antioxidant

enzymes such as GCL, GST, GPx, HO-1, NQO1, SOD and Trx as schematically

represented in Fig. 21.2.

21.3.1 GCL

GCL is the rate limiting enzyme in the GSH biosynthesis. GSH is synthesized by

sequential actions of GCL and glutathione synthetase (GS). Glutamate and cysteine

are ligated by GCL to form γ-glutamylcysteine, which is then joined to glycine by

GS to form GSH. The synthesis of GSH is primarily controlled at the transcriptional

level of GCL. GCL is a heterodimer of a heavy catalytic subunit (GCLC, 73 kDa)

and a light modulatory subunit (GCLM, 31 kDa). GSH plays crucial roles in the
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CNS, including scavenging of ROS/RNS, redox-modulation of ionotropic receptor

activity, and neurotransmission (Bains and Shaw 1997). GSH redox status is

critical for transcriptional activation of specific genes involved in the redox-

regulated signal transduction and modulation of cell proliferation, apoptosis and

inflammation.

Diminished GSH status has been associated with normal ageing as well as with

diverse neurodegenerative diseases including AD. There is compelling evidence

supporting the altered GSH levels in specific brain regions of subjects affected by

AD (Aksenov and Markesbery 2001). Decreased GSH content was also observed in

lymphoblasts from patients carrying presenilin (PS) or APP mutations (Cecchi

et al. 1999). The significantly decreased GSH content in the red blood cells from

AD patients was associated with reduced GCL and GS activities (Liu et al. 2004). In

in vitro cell cultures, Aβ treatment significantly decreased GSH in neurons, astro-

cytes, and glial cells (Abramov et al. 2003; Sharpe et al. 2002), while N-acetyl-L-
cysteine (NAC) pretreatment has been shown to protect SH-SY5Y neuroblastoma

cells from Aβ-induced oxidative cell death (Olivieri et al. 2001).

The 50-flanking regions in both of human GCL subunits have been characterized,

and putative binding sites for ARE have been identified in the promoter region

(Dickinson et al. 2004). The transient overexpression of wild-type Nrf2 in HepG2

cells resulted in an increased activity of the GCL promoter reporter construct (Wild

et al. 1999). Nrf2�/� fibroblasts transiently transfected with Nrf2 cDNA expression

plasmid showed an increase in GSH levels and GCL gene transcription compared

with mock-transfected controls (Chan and Kwong 2000). Overexpression of equi-

molar ratio of Nrf2 and c-Jun led to maximum induction of ARE-mediated GCL

Fig. 21.2 Downstream neuroprotective proteins up-regulated by activation of Nrf2
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gene expression (Jeyapaul and Jaiswal 2000). Particularly, Nrf2 overexpression

up-regulated GSH levels by modulating genes involved in biosynthesis (xCT

cystine antiporter, GCL, and GS), use (GST and GR), and export (multidrug

resistance protein 1) in astrocytes and increased the resistance of neuronal cells

against glutamate-induced oxidative stress (Shih et al. 2003).

21.3.2 GST

GST catalyzes nucleophilic attack by reduced GSH on nonpolar xenobiotics that

contain an electrophilic carbon, nitrogen, or sulfur atom. In general, conjugation of

foreign compounds with GSH leads to formation of less reactive products that are

readily excreted. GST displays broad substrate specificity and plays a critical role in

providing protection against oxidative stress and electrophilic attack, leading to

their excretion. Seven classes of cytosolic GST are characterized in mammals based

on amino acid sequence similarities (alpha, mu, pi, sigma, theta, omega, and zeta).

Other classes of cytosolic GST, namely beta, delta, epsilon, lambda, phi, tau, and

the “U” class, have been identified in non-mammalian species (Hayes et al. 2005).

The level of GST expression is a pivotal factor in determining the susceptibility

of cells to a wide array of noxious stimuli and the induction of GST families is

regarded as a protective and/or adaptive response to oxidative stress and electro-

philic attack. GST activity and protein expression were found to be depleted in most

brain regions and ventricular cerebrospinal fluid of AD subjects (Lovell et al. 1998).

The continuous intracerebroventricular (i.c.v.) infusion of Aβ resulted in a signifi-

cant reduction of the GST immunoreactivity in the affected brain areas (Kim

et al. 2003). GSTs are present in many organs and have been implicated in the

detoxification of endogenous unsaturated aldehydes, including 4-HNE (Berhane

et al. 1994). Pretreatment of primary hippocampal cells with GST was shown to

enhance survival against HNE toxicity (Xie et al. 1998). Stable GST transfectants

exhibited increased resistance to ferrous sulfate-H2O2, Aβ, and peroxynitrite-

induced oxidative stress (Xie C et al. 2001). In addition, GST functions as a

regulatory molecule for cellular signaling pathways and may affect cell prolifer-

ation and cell cycle control.

A substantial number of GST genes have been found to contain an ARE or

related sequences (Hayes et al. 2005). Nrf2 overexpression significantly stimulated

placental GST (GST-P) expression in mouse F9 embryonal carcinoma and H4IIE

rat hepatoma cells (Ikeda et al. 2004). Conversely, in the livers of Nrf2�/�mice, the

levels of mRNA encoding GSTA1, GSTA2, GSTM1, and GSM3 have been

reported to be decreased (Chanas et al. 2002).
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21.3.3 HO-1

HO-1, also known as heat shock protein 32 (HSP32) or inducible HO, is a

representative antioxidant defense enzyme that catalyzes the rate-limiting step in

heme degradation leading to the formation of carbon monoxide (CO) and bili-

verdin/bilirubin (Dore 2002). HO-1 expression can be transiently activated not only

by its physiological substrate heme, but also by a wide variety of noxious stimuli

including oxidative and nitrosative stress. Enhanced HO-1 biosynthesis exerts

neuroprotective effects by converting prooxidant heme to biologically inactive

by-products, such as biliverdin/bilirubin and CO.

Significant induction of HO-1 levels has been observed in AD neocortex and

cerebral vessels in association with NFTs and SPs (Takeda et al. 2000; Premkumar

et al. 1995). According to a recent report, there is an increase in bilirubin and its

metabolites in cerebrospinal fluid of AD patients (Kimpara et al. 2000). The

elevation of HO-1 in response to noxious factors suggests that the enzyme may

function as a critical cytoprotective molecule. It has been recognized that induction

of HO-1 activity could afford neuroprotection. The transgenic mice overexpressing

HO-1 in the brain attenuated ischemic stroke-induced cellular injuries through

up-regulation of cGMP and Bcl-2 levels, inhibition of p53 activation, and suppres-

sion of lipid peroxidation (Panahian et al. 1999). In complementary in vitro studies,
cerebellar granule cells harvested from HO-1 transgenic mice were relatively

resistant to glutamate- and H2O2-related oxidative injuries (Chen et al. 2000).

Pretreatment of hybrid septal SN56 cells with HO-1 antisense oligonucleotides

exacerbated the Aβ- and H2O2-induced cytotoxicity, which was attenuated by

hemin, a HO-1 inducer (Le et al. 1999).

The ARE has been identified in the 50-flanking regions of the mouse and human

HO-1 genes, where it has been designated as a stress response element (STRE)

(Alam and Cook 2003). The peritoneal macrophages from Nrf2-deficient mice have

been shown to exhibit impaired expression of HO-1, A170, peroxiredoxin MSP23,

and cystine membrane transporter (Ishii et al. 1999). Stable transfection of L929

cells with a dominant negative mutant form of Nrf2 were shown to decrease the

HO-1 mRNA accumulation in response to CdCl2, ZnSO4, arsenite and tBHQ (Alam

et al. 1999).

21.3.4 NQO1

NQO1, an enzyme with DT-diaphorase activity, is a ubiquitous cytosolic flavo-

enzyme that catalyzes obligatory two-electron reduction of quinones thus

preventing their participation in redox cycling and subsequent oxidative stress.

NQO1 expression is induced in response to xenobiotics, oxidants as well as anti-

oxidants, heavy metals, ionizing radiations, and UV light. NQO1 has been found to

protect cells from oxidative stress, mutagenesis, and carcinogenesis (Jaiswal 2000).
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Dramatic increase in NQO1 activity has been detected in astrocytes and neurons

of the hippocampus in association with AD pathology (Wang et al. 2000). NQO1

might be a part of an active antioxidant enzyme system expressed in the

neuropathogenesis of AD, ameliorating cellular injury (SantaCruz et al. 2004).

The role of NQO1 in H2O2-, platelet-activating factor- or dopamine-induced

toxicity in primary astrocytes and/or neuroblastoma cell lines has been reported

as well (Lee et al. 2003a; Hara et al. 2003).

Deletion mutagenesis studies with the human NQO1 gene promoter identified

several cis-elements that are essential for the expression and induction of NQO1.

One of these elements is ARE which is involved in basal expression as well as

induction of NQO1 in response to β-naphthoflavone, tBHQ, and H2O2 (Jaiswal

2000). Nucleotide sequence analysis of human NQO1 gene ARE revealed that it

contains one perfect and one imperfect AP-1 (TPA response) elements arranged as

inverse repeats separated by three base pairs followed by a ‘GC’ box (Nioi and

Hayes 2004). Nrf1 and Nrf2 positively and c-Fos and Fra1 negatively regulate the

human ARE-mediated expression of NQO1 (Venugopal and Jaiswal 1996).

Overexpression of Nrf1 and Nrf2 cDNA was shown to up-regulate the expression

of NQO1 gene in response to antioxidants and xenobiotics (McMahon et al. 2001).

Furthermore, induction of NQO1 activity by treatment with tBHQ reduced gluta-

mate toxicity which was potentiated by the NQO1 inhibitor dicumarol in the

N18-RE-105 neuronal cell line (Murphy et al. 1991). Conversely, mice lacking

the Nrf2 gene showed a marked decrease in the expression and induction of NQO1

(McMahon et al. 2001).

21.4 Upstream Regulators of Nrf2

Although Nrf2 appears to be an important component of cellular defense system in

AD, molecular mechanisms of its activation are complex reflecting the multiplicity

of binding proteins and the existence of the large number of different gene-specific

sequences recognizing Nrf2. In cytosol, Nrf2 activity is controlled by its interaction

with a cytoskeleton-associated inhibitory protein called Keap1. By forming a

complex with its inhibitory counterpart Keap1, Nrf2 functions as an intracellular

sensor that recognizes redox signaling by detecting electrophiles or ROS/RNS.

Nrf2 dissociates from its cytoplasmic inhibitory protein Keap1 and moves into the

nuclei when cells are exposed to stimuli. Although the actual mechanism of

dissociation of Nrf2 from Keap1 remains unresolved, it is considered to involve

thiol modifications in the cysteine residues of Keap1 and Nrf2, phosphorylation of

serine, threonine, or tyrosine residues in Nrf2, and interaction with other regulatory

protein partners as indicated in Fig. 21.3.
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21.4.1 Thiol Modifications of Keap1 and Nrf2

Keap1 is a homodimer with five domains such as N-terminal region (NTR), Broad

complex, Tramtrack, and Bric-a-Brac (BTB) domain, cysteine-rich intervening

regions (IVR), double glycine or Kelch repeat (DGR), and C-terminal region

(CTR) (Lee and Surh 2005). Under normal condition, Keap1 molecules dimerized

through their BTB domains bind to Nrf2 (Neh2 domain) through DRG domain. The

repressor protein Keap1 enhances Neh2-dependent Nrf2 ubiquitination and degrad-

ation. N-terminal BTB domain and central linker region of Keap1 bind to an E3

ubiquitin ligase complex (ring-box1, Rbx-1) via an adaptor protein Cullin3, which

directs ubiquitination of Nrf2 on Neh2 domain and subsequent degradation by the

26S proteasome (Sandberg et al. 2013).

Modification of cysteine residues within Keap1 or Nrf2 could trigger the disso-

ciation of Nrf2-Keap1 from its tethering site. The cysteine residues at C151, C273

and C288 in IVR are required for Keap1-dependent ubiquitination of Nrf2 (Zhang

and Hannink 2003). Several groups subsequently have shown that mutation of

either C273 and C288 disrupts the repressive activity of Keap1 against Nrf2,

suggesting that modification of these two cysteine sites is critical for the suppres-

sion of Nrf2 (Wakabayashi et al. 2004). Nrf2 also contains a critical cysteine

residue in its DNA-binding domain that has been shown to be redox-regulated. In

human hepatoblastoma HepG2 cells, functionally inactive Nrf2 harboring mutated

C506S less efficiently induced activation of ARE-mediated gene expression com-

pared with wild-type Nrf2 (Bloom et al. 2002).

Fig. 21.3 Upstream regulatory molecules involved in the activation and/or inactivation of Nrf2

21 Potentiation of Cellular Defense Capacity by Phytochemicals Activating NF. . . 371



21.4.2 Phosphorylation by Protein Kinase C (PKC)

PKCs are a family of structurally related serine/threonine kinases. PKC isoforms

can be divided into three groups in mammals, the classical PKC (cPKC), novel PKC

(nPKC), and atypical PKC (aPKC) based on their structure in the amino-terminal

regulatory domain. Structural differences of the PKC isoforms result in the require-

ment of distinct cofactors for each of the PKC isoforms (Gutcher et al. 2003).

Calcium and diacylglycerol are required for activation of cPKCs, whereas calcium

is not essential for the activation of nPKC. aPKCs do not require these cofactors

when activated by certain lipid species including the products of phosphatidy-

linositol-3-kinase (PI3K) and ceramide. Increasing evidence indicates that cPKCs

as well as nPKCs play important roles in regulating cell proliferation, growth,

differentiation, apoptotic cell death, and carcinogenesis. aPKCs also have been

shown to be involved in the proliferation, differentiation, cell cycle, apoptosis,

cytoskeletal organization, and cell migration (Carter and Kane 2004). Therefore,

natural compounds and pharmacologic interventions which can modulate PKC

activity have been extensively studied to prevent or treat diseases with aberrant

activation of PKC.

Phosphorylation of Nrf2 Ser40 residing in the Neh2 domain by PKC interferes

with its interaction with Keap1 in HepG2 cells (Huang et al. 2000, 2002;

Numazawa et al. 2003). Phosphorylation of Nrf2 by PKC promoted its dissociation

from Keap1, whereas the Nrf2-S40A mutant bearing an alanine substitution at

Ser40 remained associated, suggesting that PKC-catalyzed phosphorylation of

Nrf2 at Ser40 is a critical signaling event in the ARE-mediated cellular antioxidant

response (Huang et al. 2002). The broad-spectrum PKC inhibitors, such as

staurosporine and Ro-32-0432, impaired ARE reporter gene activity stimulated

by phorbol 12-myristate 13-acetate (PMA), TPA, tBHQ and β-naphthoflavone
(Huang et al. 2000). aPKCs are responsible for the phosphorylation Nrf2 at

Ser-40 in response to 4-HNE. The ARE reporter activity induced by 4-HNE was

increased by coexpression of aPKCι, which was inhibited by an aPKC inhibitor

Ro-31-8220 (Numazawa et al. 2003).

21.4.3 Phosphorylation by Phosphatidylinositol-3-Kinase
(PI3K)

PI3K phosphorylates the D-3 position of inositol ring in phosphatidylinositol and

has been shown to form a heterodimer consisting of a 85 kDa (adapter) and 110 kDa

(catalytic) subunits. The involvement of PI3K in intracellular processes, such as

cell growth, differentiation, apoptosis, calcium signaling, insulin signaling,

autophagy, and neurogenesis is well known. PI3K has been implicated in neuronal

as well as glial survival and differentiation by inducing inositol lipid second

messengers, which bind to pleckstrin homology (PH) domains in diverse signal
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transduction proteins and subsequently alter their enzymatic activities and/or sub-

cellular localization (Rodgers and Theibert 2002). PI3K/Akt pathway also can

modulate mTOR activity, a major regulator for the autophagic process which

eliminates abnormal and toxic protein aggregates in neurodegenerative disorders

including AD (Heras-Sandoval et al. 2014).

PI3K signaling pathway modulates the rearrangement of actin microfilaments in

response to tBHQ, which allows the translocation of Nrf2 bound with actin to the

nucleus and stimulates rGSTA2 expression in rat hepatoma H4IIE cells (Kang

et al. 2002). Pretreatment of H4IIE cells with the PI3K inhibitors, wortmannin or

LY294002 abolished the induction of rGSTA2 mRNA by tBHQ, sulfur amino acid

deprivation, or SIN-1 (Kang et al. 2001). In the IMR32 and SH-SY5Y neuro-

blastoma cell lines, the pharmacological inhibition of PI3K attenuated ARE-driven

transcription in response of tBHQ and hemin, respectively (Li et al. 2002; Nakaso

et al. 2003).

21.4.4 Phosphorylation by Mitogen-Activated Protein
Kinases (MAPKs)

MAPKs encompass a large number of serine/threonine kinases involved in regu-

lating a wide array of cellular responses including proliferation, differentiation,

stress adaptation, and apoptosis (Owuor and Kong 2002). MAPK are divided into

three multimember subfamilies based on structural differences: extracellular signal-

regulated kinase (ERK), p38 MAPK, and c-Jun N-terminal kinase (JNK, also

named as stress-activated protein kinase or SAPK). The roles of MAPKs during

cell survival and death are controversial. However, in general, in response to

growth factor stimulation ERK is activated whereas environmental stress such as

ROS/RNS, ultraviolet irradiation, and endotoxin triggers activation of p38 MAPK

and JNK.

Simultaneous inhibition of ERK and p38 MAPK resulted in complete inhibition

of pyrrolidine dithiocarbamate (PDTC)-induced GCL transcription, suggesting that

ERK and p38 MAPK cooperate in maximal GCL subunit gene induction in

response to PDTC in HepG2 liver carcinoma cells (Zipper and Mulcahy 2000). In

human hepatoma HepG2 and murine hepatoma Hepa1c1c7 cells, the ERK inhi-

bition by PD98059 or dominant-negative mutant of ERK2 attenuated tBHQ- or

sulforaphane-induced ARE reporter gene activity, while inhibition of p38 acti-

vation by SB203580 enhanced it (Yu et al. 1999, 2000). Gastrodin, a phenolic

compound present in Gastrodia elata attenuated Aβ1–42-induced neurotoxicity in

primary hippocampal neurons and up-regulated Nrf2, SOD, and CAT via activation

of ERK1/2 (Zhao et al. 2012).
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21.4.5 Phosphorylation by Glycogen Synthase Kinase-3β
(GSK-3β)

GSK-3β is a multifunctional serine/threonine kinase implicated in the diverse

cellular mechanisms ranging from glycogen metabolism to neuropathological

characteristics of AD particularly hyperphosphorylation of tau and formation of

NFTs (Farr et al. 2014). GSK-3β expression has been reported to be elevated in the

brains of AD patients prominently in neuronal cell bodies as well as their processes

and co-localizes with NFTs (Pei et al. 1997). Exposure of rat hippocampal neurons

to Aβ25–35 and Aβ1–42 enhanced phosphorylation of tau through activation of

GSK-3β (Takashima et al. 1996).

GSK-3β can phosphorylate the Neh6 domain of Nrf2 and increase the expression

of a scaffolding protein, β-transducin repeat-containing protein (β-TrCP) that binds
Nrf2 and facilitates Nrf2 ubiquitination and degradation by Cullin1-Rbx1 complex

(Rada et al. 2012). Furthermore, GSK-3β activation acts as upstream of Src kinases

and phosphorylates a tyrosine kinase, Fyn leading to its nuclear localization.

Activated Fyn facilitates the subsequent phosphorylation of Nrf2 at Tyr568 and

eventually export Nrf2 out of the nucleus through interaction with exportin-1

(XPO-1) (Jain and Jaiswal 2007). Once excluded from the nucleus, Nrf2 is

ubiquitinated and degraded.

Transgenic mice that conditionally over-express GSK-3β in hippocampal and

cortical neurons showed diverse neuropathology of AD such as hyper-

phosphorylation of tau, neuronal death, and reactive gliosis and memory impair-

ments (Hernández et al. 2002). Conversely, antisense oligonucleotide against

GSK-3β improved age-related learning and memory deficit in SAMP8 mice by

increasing nuclear location of Nrf2 and by reducing oxidative stress such as

formation of protein carbonyls and protein-bound HNE (Farr et al. 2014). PDTC,

a clinically tolerated inhibitor of NF-κB reduced the amount of active GSK-3β with
concomitant improvement in the learning in APP/PS1 transgenic AD mice (Malm

et al. 2007). Puerarin, a major isoflavone glycoside from Kudzu root (Pueraria
lobata) protected primary hippocampal from Aβ25–35-induced oxidative stress via

inducing Nrf2-HO-1 pathway, which were reversed by treatment with a pharma-

cological inhibitor of GSK-3β, lithium chloride (Zou et al. 2013).

21.4.6 BTB (Broad-Complex, Tramtrack and Bric-a-Brac)
and CNC Homology 1 (Bach1)

Bach1 can bind to ARE sequence in conjugation with a small Maf protein and play

a role as a transcriptional repressor of Nrf2, quenching the expression of target

genes. Sulfhydryl oxidizing agent, diamide-induced Nrf2 nuclear translocation was

suppressed by ectopic expression of Bach1, which was abrogated by substitution of
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the cysteine residue (C574) in the DNA binding domain of Bach1 to serine

(Ishikawa et al. 2005).

21.4.7 Histone Deacetylases (HDACs)

Activation of Nrf2 can also be regulated by histone acetylation. Astrocyte-rich

cultures incubated with conditioned media derived from LPS-treated microglia

increased HDAC activity which deacetylates histones H3 and H4 and decreased

activation of Nrf2 and expression of its downstream target protein GCL (Correa

et al. 2011). Conversely, HDAC inhibitors such as valproic acid and trichostatin-A

elevated the acetylation levels of histone and restored activation of Nrf2.

21.5 Neuroprotective Phytochemicals via Activation

of Nrf2

In general, plant antioxidants derived from daily diet or dietary supplements, have

been reported to protect against ROS/RNS-related neurological disorders by

counteracting oxidative/nitrosative stress, inflammation, and apoptotic cell death.

However, the beneficial effects of these phytochemicals cannot be fully explained

by their antioxidant activity directly scavenging free radicals. Phytochemicals

trigger neurohormesis particularly by activating Nrf2 signaling pathway that

makes cells more resistant to severe neurotoxic insults. Herein we have introduced

neurohormetic phytochemicals for the prevention and/or treatment of AD

(Fig. 21.4) and reviewed their roles and regulatory mechanisms involved in these

responses.

21.5.1 Sulforaphane

Sulforaphane (SUL) is an isothiocyanate derived from cruciferous vegetables and

has been reported to have beneficial effects against acute and chronic neuro-

degenerative disorders including AD. SUL protected AD-like lesions induced by

combined administration of aluminum and D-galactose in Kunming mice (Zhang

et al. 2014b) and C57BL/6 mice (Zhang et al. 2014a) by attenuating cholinergic

neuronal loss whereas promoting neurogenesis (Zhang et al. 2014b) and amelio-

rating formation of Aβ plaques as well as protein carbonyls by restoring expression
and activity of GPx (Zhang et al. 2014a). SUL attenuated SCO-induced learning

and memory loss by fortifying cholinergic system as shown by the increased

expression of choline acetyltransferase (ChAT), decreased activity of
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acetylcholinesterase (AChE), and elevated acetylcholine (ACh) levels, which were

also confirmed in the primary cultures of cortical neurons (Lee et al. 2014).

In Neuro2A murine neuroblastoma cells, SUL exhibited neuroprotective effects

against Aβ1–42 by inducing proteasome expression (PSMB5 and PSMB6 subunits),

which facilitates the clearance of the Aβ and leads to improvement of protein

misfolding in AD (Park et al. 2009). Furthermore SUL protected Neuro2A and

N1E 115 cells from Aβ1–42-induced cell death, which was abolished by inhibition of
proteasome activities by MG132. SUL has been also shown to enhance proteasome

activities in HeLa and COS-1 cells by activation of heat shock transcription factor

1 (Hsf1)-mediated heat shock responses, particularly up-regulation of heat shock

protein 27 (HSP27) (Gan et al. 2010).

SUL exerts its neuroprotective effects in neurodegenerative disorders via

mechanisms related to the Nrf2/ARE-involved pathophysiological processes

(Table 21.1). In the primary cultures of astrocytes, SUL showed a long-lasting

elevation of endogenous antioxidant enzymes such as HO-1, NQO1, GCLC,

GCLM, and TrxR1 thereby increasing resistance to H2O2-induced cell damages

(Bergstr€om et al. 2011). SUL effectively suppressed 6-OHDA-induced caspase-3

activation and subsequent cell death in PC12 cells by inducing the nuclear trans-

location of Nrf2 and subsequent expression of HO-1 via PI3K/Akt pathway (Deng

et al. 2012). Aβ25–35-induced cytotoxicity and apoptotic features including c-JNK

activation, altered expression of Bcl-2 family proteins, decreased mitochondrial

membrane potential, and DNA fragmentation were effectively attenuated by SUL

pretreatment in SH-SY5Y cells (Lee et al. 2013). The antiapoptotic activity of SUL

was mediated by inhibiting oxidative stress via activation of Nrf2 and Nrf2 target

genes such as GCL, HO-1, and NQO1.

In in vitro studies, SUL protected female Fischer rats from spinal cord injury

(SCI) by not only increasing levels of Nrf2 and Nrf2-target protein GCL and but

Fig. 21.4 Representative neuroprotective phytochemicals preventing and/or protecting against

AD-related neurological damages
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Table 21.1 Neuroprotective phytochemicals-mediated activation of Nrf2 and its downstream

targets in neurological disorders

Compounds Inducers

Experimental

models

Downstream

targets

Upstream

regulators References

Cruciferous vegetables

SUL 6-

OHDA

PC12 cells HO-1 PI3K Deng

et al. (2012)

H2O2 Primary

astrocytes

GCL, HO-1,

NQO1, TrxR1

Bergstr€om
et al. (2011)

Aβ25–35 SH-SY5Y cells GCL, HO-1,

NQO1

Lee

et al. (2013)

SCI Fischer rats GCL (by deleting

HO-1, NQO1)

Wang

et al. (2012)

SCI ICR mice NQO1, GST Jin

et al. (2014)

TBI SD rats HO-1, NQO-1 Hong

et al. (2010)

HI SD rats HO-1 Ping

et al. (2010)

Ginseng

Gypenoside XVII Aβ25–35 PC12 cells HO-1 PI3K Meng

et al. (2014a)

Total saponins H2O2 Primary

astrocytes

HO-1, GST Zhou

et al. (2014)

Rg1 Iron SK-N-SH cells HO-1, SOD PI3K Du

et al. (2013)

Panaxatriol

saponins

OGD PC12 cells HO-1 PI3K Huang

et al. (2014c)

NGR1 OGD Primary neurons HO-1 PI3K Meng

et al. (2014b)

Rb1 6-

OHDA

SH-SY5Y cells HO-1 PI3K Hwang and

Jeong (2010)

NGR2 6-

OHDA

SH-SY5Y cells HO-1, GPx, GR MEK1/2 Meng

et al. (2013)ERK1/2

AST-IV w/ Rg1,

Rb1, and NGR1

IR C57BL/6 mice HO-1, SOD, GSH Huang

et al. (2014b)

Coffee

Coffee extract Aβ C. elegans

Decaffeinated

coffee extract

Aβ Drosophila GSH Trinh

et al. (2010)

Kahweol 6-

OHDA

SH-SY5Y cells HO-1 PI3K Hwang and

Jeong (2008)p38

MAPK

Coffee Humans (Blood

lymphocytes)

NQO1, GST Volz

et al. (2012)

(continued)
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also decreasing levels of pro-inflammatory cytokines including IL-1β and TNF-α
leading to a reduction in contusion volume and improvement in coordination

(Wang et al. 2012). Moreover, SUL improved SCI-induced defects in hindlimb

locomotor function, histologic injury, neuronal death, and spinal cord edema in

male ICR mice by activation of Nrf2 and upregulation of antioxidant enzymes such

as NQO1 and GST (Jin et al. 2014). Furthermore, SUL reduced inflammatory

damages such as production of pro-inflammatory cytokines such as TNF-α,
IL-1β, and IL-6 by inhibition of NF-κB.

In addition, SUL significantly reduced neuronal death, contusion volume, and

neurological dysfunction after TBI by activation of Nrf2, up-regulation of Nrf2-

dependent antioxidant enzymes (HO-1 and NQO1), and reduction of oxidative

damages to lipid (4-HNE) and DNA (8-OHdG), which were abolished in Nrf2-

knockout (Hong et al. 2010). In a neonatal hypoxia-ischemia (HI) brain injury

model, SUL pretreatment reduced infarct ratio, oxidative damages, activation of

microglia, neuronal cell death by increasing expression of Nrf2 and HO-1 in the

affected brain area (Ping et al. 2010).

21.5.2 Ginseng

Ginseng, the root of the plant Panax (C.A. Meyer Araliaceae) has been empirically

and traditionally used as a general tonic in the herbal medicine of eastern countries

to resist against a wide range of physical, chemical, and mental stresses. It is

regarded as an adaptogen protecting from noxious stimuli by strengthening physio-

logical functions and by restoring cellular homeostasis (Nocerino et al. 2000).

Ginseng exhibits a variety of pharmacological activities including anti-stress,

anticonvulsant, antipsychotic, and memory enhancing effects. Ginseng saponins

(ginsenosides) are triterpene dammarane derivatives and have a basic structure with

a steroid-like four-ring system and carbohydrate moieties attached. Ginsenosides

are the principal active ingredients of ginseng and more than 40 different

ginsenosides have been isolated and identified.

Table 21.1 (continued)

Compounds Inducers

Experimental

models

Downstream

targets

Upstream

regulators References

Soy

SIF Aβ Wistar rats HO-1, GCL, GSH Xi

et al. (2014)

SIF Aβ Wistar rats GSH, GPx, SOD,

HO-1

Ding

et al. (2013)
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Ginenosides have reported to exhibit neuroprotective and memory enhancing

effects in diverse animal models of memory defects by inhibiting oxidative stress

and neuroinflammation. Ginsenoside Rg1 significantly protected against learning

and memory impairments induced by chronic restraint stress (CRS) in male Kun-

ming mice, which was mediated by decreasing ROS generation, subsequent oxi-

dative damages, and cell death in the frontal cortex and hippocampus (Wang

et al. 2014). In STZ-injected Wistar rats, Rg5 improved cognitive dysfunction by

attenuating neuroinflammatory responses such as increased expression of TNF-α,
IL-1β, iNOS, and COX-2. Moreover, Rg5 fortified cholinergic function by reducing

AChE activity whereas inducing ChAT activity and alleviated Aβ deposits in the

hippocampus and cerebral cortex (Chu et al. 2014). In senescence-accelerated

mouse (SAM) model, Panax notoginseng (Chinese ginseng) saponins inhibited

the deposition of Aβ1–40 and Aβ1–42 and reduced the content of APP by both

increasing α-secretase activity and decreasing β-secretase activity, which seemed

to be mediated by enhancing up-regulation of ADAM9 and down-regulation of

β-site APP cleaving enzyme (BACE, β-secretase) respectively (Huang et al. 2014a).
Furthermore, in SAMP8 mice chronically treated with ginsenosides mixtures,

besides decreased Aβ1–42 levels in the hippocampus, the amount of antioxidant in

the serum and the expression of plasticity-related proteins in hippocampus were

markedly up-regulated (Zhao et al. 2009).

In cell culture as well as animal models of AD, ginsenosides exhibited neuro-

protective effects by regulating diverse molecular mechanisms involved in the

neuropathogenesis of AD. In PC12 cells, glutamate treatment decreased cell via-

bility by increasing intracellular calcium levels, production of malondialdehyde

(MDA) and NO, and expression of calpain II, caspase-3 and Aβ1–40, which were

effectively attenuated by Rg2 (Li et al. 2007). Pretreatment of PC12 cells with Rb1
not only inhibited Aβ25–35-induced ROS overproduction and lipid peroxidation, but

also modulated apoptotic signals by increasing the Bcl-2/Bax ratio and attenuating

caspase-3 activation (Xie et al. 2010). Notoginsenoside R1 (NGR1), a major

saponin isolated from Panax notoginseng significantly counteracted the effects of

Aβ25–35 by increasing cell survival, reducing oxidative damages and apoptosis,

and suppressing stress-activated MAPK signaling pathways in PC12 cells

(Ma et al. 2014).

In APP/PS1 AD animal model, NGR1 improved the learning performance by

inducing the membrane excitability of CA1 pyramidal neurons in hippocampal

slices via inhibition of voltage-gated K+ currents and reversed Aβ1–42 oligomers-

induced impairments in long term potentiation (LTP) (Yan et al. 2014).

Pseudoginsenoside-F11 (PF11), a component of Panax quinquefolium (American

ginseng) protected against AD-like cognitive impairment induced by i.c.v. injection

of Aβ1–42 in male KM mice and APP/PS1 transgenic AD mice (Wang et al. 2013).

PF11 significantly inhibited the expressions of APP and Aβ1–40 in the cortex and

hippocampus, restored decreased activities of antioxidant enzymes and increased

oxidative damages, and suppressed apoptotic changes such as activation of JNK,

p53, and caspase-3. In Sprague Dawley (SD) rats, i.c.v. injection of okadaic acid

(OA), a potent phosphatase inhibitor-induced memory impairment as shown by the
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increased phosphorylation of tau, activation of GSK-3β, and formation of Aβ, was
reversed by Rg1 (Song et al. 2013).

As a promising neuroprotective molecular mechanism of ginseng extracts and

ginsenosides, activation of Nrf2 and its downstream target genes were proposed in a

diverse experimental models of neurological disorders (Table 21.1). Total saponins

in leaves of Panax notoginseng reduced H2O2-induced cell death in primary rat

cortical astrocytes by attenuating intracellular accumulation of ROS via activation

of Nrf2 and up-regulation of downstream antioxidant enzymes such as HO-1 and

GST (Zhou et al. 2014). In SK-N-SH cells, Rg1 ameliorated iron-induced neuro-

toxicity by inducing nuclear translocation of Nrf2 and expression of HO-1 and SOD

though PI3K/Akt signals (Du et al. 2013). Panaxatriol saponins, the main compo-

nents extracted from Panax notoginseng and NGR1 protected PC12 cells and

primary cortical neurons respectively from oxygen-glucose deprivation (OGD)-

reperfusion-induced cell death via activation of PI3K/Akt-Nrf2-HO-1 pathway

(Huang et al. 2014c; Meng et al. 2014b). In SH-SY5Y cells, Rb1 and NGR2

inhibited 6-OHDA-induced apoptotic pathway by activation of Nrf2 and subse-

quent expression of HO-1 through PI3K/Akt and MEK1/2-ERK1/2 pathways,

respectively (Meng et al. 2013; Hwang and Jeong 2010). Astragaloside-IV

(AST-IV, the effective component of Astragalus) combined with ginsenoside

Rg1, ginsenoside Rb1, NGR1 could antagonize ischemic reperfusion (IR)-induced

oxidative damages, which were shown by the decreased survival rate of nerve cells,

reduced antioxidant systems such as Nrf2, HO-1, SOD, and GSH, and increased

contents of MDA and NO in C57BL/6 mice (Huang et al. 2014b).

21.5.3 Coffee

Epidemiologic data have indicated that coffee and caffeine could be an effective

therapeutics against AD. Coffee and/or caffeine reversed or protected against

AD-like cognitive dysfunction and accumulation of abnormal Aβ protein in trans-

genic animal models for AD (Arendash and Cao 2010). Early prospective studies in

human reported significant less cognitive decline in aged men taking three cups of

coffee daily (van Gelder et al. 2007) and in aged women with caffeine intake

equivalent to 3+ cups of coffee per day (Ritchie et al. 2007). Recent clinical studies

reported a decreased risk of AD in people drinking 3–5 cups of coffee a day during

their 40s–50s suggesting an association of coffee drinking at midlife with a

decreased risk of AD later in life (Gelber et al. 2011). Moreover, MCI subjects

with high plasma caffeine levels greater than 1200 ng/ml did not progressed to

dementia during the 2–4 year follow-up period (Cao et al. 2012).

Coffee is a complex mixture of bioactive compounds including natural alkaloid

caffeine, phenolic chlorogenic acid, and diterpenes such as kahweol and cafestol.

Caffeine treatment reversed pre-existing memory impairment by direct reduction of

Aβ deposition in aged AD transgenic mice (AD-Tg) due to suppression of both

β-secretase and PS1/γ-secretase expression (Arendash et al. 2009). In addition,
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administration of a transgenic AD mice with crude caffeine prevented memory

impairment by reducing Aβ levels as well as the number of SPs in the hippocampus

(Chu et al. 2012). In addition, crude caffeine protected primary neurons from

Aβ-induced cell death by suppressing activation of caspase-3. Moreover, caffeine

prevents Aβ-induced synaptotoxicity and neuronal damage by antagonizing the

adenosine A2A receptor (Canas et al. 2009). A long-term study in mice demon-

strated the protective effect of caffeine intake for the prevention of age-related

memory decline, which seemed to be associated with changes in neurotrophic

factor BDNF levels (Costa et al. 2008).

Chlorogenic acid, a main polyphenolic component in coffee, attenuated A-

β-induced cell death in SH-SY5Y cells and restored SCO-induced memory impair-

ment by inhibiting AChE activity and oxidative stress such as generation of free

radicals and lipid peroxidation (Kwon et al. 2010). Instant decaffeinated coffee and

chlorogenic acid protected PC12 cells from H2O2-mediated apoptotic changes such

as cleavage of poly(ADP-ribose) polymerase (PARP), down-regulation of anti-

apoptotic Bcl-XL and activation of caspase-3 by blocking the intracellular accu-

mulation of ROS (Butt and Sultan MT 2011). Eicosanoyl-5-hydroxytryptamide

(EHT), a minor component of coffee unrelated to caffeine improved AD-related

defects including cognitive impairment, elevated levels of Aβ, and hyper-

phosphorylation of tau in a rat model for AD induced by endogenous inhibitor of

phosphatase 2A (PP2A) which involved in the dephosphorylation of tau and APP

proteins (Basurto-Islas et al. 2014).

Experimental data from in vitro, in vivo, and clinical studies regarding the

consumption of coffee and/or its active compounds revealed an inverse correlation

with progression of AD via activation of Nrf2 (Table 21.1). Coffee and/or its active

compounds ameliorate oxidative cell death in AD by inducing a series of

cytoprotective genes and proteins via stimulation of Nrf2-ARE signaling pathway.

In a transgenic C. elegans AD model, coffee extract protected against Aβ-induced
toxicity by activation of skn-1 corresponding to Nrf2 in mammals and conversely

inactivation of skn-1 genetically or by utilizing RNAi strongly abrogated the

protective effects of coffee extract (Dostal et al. 2010). Decaffeinated coffee exerts

neuroprotective effects in a Drosophila model of AD by increasing the Cnc (Nrf2

homolog in Drosophila) transcripts and subsequent up-regulation of GSH (Trinh

et al. 2010). In SH-SY5Y neuroblastoma cells, kahweol, a diterpene present in

coffee significantly reduced 6-OHDA-induced neuronal cell death by suppressing

generation of ROS and activation of caspase-3 via up-regulation of PI3K and p38

MAPK-Nrf2-HO-1 signaling pathway (Hwang and Jeong 2008).

Male Wistar rats administered with coffee brew for 28 days exhibited greatly

increased cytosolic Nrf2 levels and potentiated activities of antioxidant enzymes

(SOD, CAT, and GPx) as well as total antioxidant capacity in the hepatic tissue

(Vicente et al. 2014). In HT29 human colon adenocarcinoma cells, chlorogenic

acid- and N-methylpyridinium-rich coffee extract (CN-CE) induced nuclear trans-

location of Nrf2 translocation, enhanced the transcription of ARE-dependent genes

such as NQO1 and GSTA1, and increased the enzyme activity of GST. Moreover,

in a pilot human intervention study, daily consumption of CN-CE for 4 weeks
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increased Nrf2 transcription in peripheral blood lymphocytes on average with

substantial inter-individual variations (Volz et al. 2012). Coffee lipid fraction

containing cafestol and kahweol act as a safeguard against some malignant cells

by regulating the detoxifying enzymes, the downstream target genes of Nrf2

activation (Butt and Sultan 2011).

21.5.4 Soy Isoflavones

Soy isoflavones (SIF) such as genistein, daidzein, glycitein, and equol have been

reported to exhibit beneficial effects in neurodegenerative disorders including

AD. SIF is regarded as phytoestrogens which have been demonstrated in cell

culture as well as animal studies to reduce AD-related neuropathology and allevi-

ating risk of AD progressing via interaction with estrogen receptors (Soni

et al. 2014). Meta-analysis of ten placebo-controlled randomized controlled trials

of SIF supplementation showed that SIF supplementation seemed to have a bene-

ficial effect on improving summary cognitive function and visual memory parti-

cularly in postmenopausal women (Cheng et al. 2014).

Soy germ phytoestrogens improved memory performance in ovariectomized rats

by increasing expression of BDNF and the synaptic formation proteins such

as synaptophysin, spinophilin, synapsin 1 and PSD-95 (Pan et al. 2010). Daidzein

also protected against obesity-induced disruption of adult neurogenesis in the

subgranular zone (SGZ) of the dentate gyrus and reversed the high fat diet

(HFD)-associated apoptotic and pro-inflammatory changes in the hippocampus as

well as in the dentate gyrus (Rivera et al. 2013).

SIF improved learning and memory impairments induced by i.c.v. injection of

Aβ1–42 in Wistar rats and ameliorated vascular Aβ transportation and vascular

inflammation by regulating the expression of receptor for advanced glycation

endproducts (RAGE), low-density lipoprotein receptor-related protein (LRP)-1,

NF-κB, and inflammatory cytokines such as TNF-α and IL-1β (Xi et al. 2013). In

female triple transgenic mouse model of AD, early intervention with estrogen

receptor β-selective phytoestrogenic formulation (phyto-β-SERM) containing SIF

prolonged survival, improved spatial recognition memory, and attenuated deposi-

tion of Aβ as well as formation of SPs (Zhao et al. 2013).

Genistein significantly attenuated Aβ-induced cytotoxicity and apoptotic cell

death by decreasing intracellular levels of calcium and activation of caspase-3 in

PC12 cells (Luo et al. 2012) and cultured hippocampal neurons (Zeng et al. 2004).

In the hippocampal cultures, genistein up-regulated the activity of α-secretase and
down-regulated the activity of β-secretase, which seemed to be mediated by

enhanced expression and activation of PKC (Liao et al. 2013). Furthermore, in

the primary culture of astrocytes, genistein suppressed Aβ-induced expression of

pro-inflammatory mediators such as COX-2, iNOS, IL-1β, and TNF-α (Valles

et al. 2010). In BV2 microglial cells, genistein significantly reversed Aβ-induced
inflammatory responses such as increased expression Toll-like receptors 2 and
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4, Myd88, IKK, NF-κB and IL-6 and decreased levels TGF-β and IL-10

(Yu et al. 2013).

In addition, as a molecular mechanism SIF is able to protect cells and tissues

from oxidative stress related to AD. Glycitein may suppress Aβ toxicity in

C. elegans through scavenging ROS such as H2O2 and hydroxyl radicals and

inhibition of Aβ deposits (Gutierrez-Zepeda et al. 2005). In hippocampal neurons,

genistein attenuated Aβ-induced cytotoxicity by suppressing intracellular accumu-

lation of ROS (Zeng et al. 2004). SIF significantly attenuated D-galactose-induced

oxidative damages such as lipid peroxidation in serum and brain, protein carbon-

ylation in liver, kidney and brain, and RAGEs in serum, and expression of Aβ, PS1
and BACE1 in brain of C57BL/6 mice (Hsieh et al. 2009).

Moreover, in in vivo animal models of AD, SIF effectively reduced Aβ-induced
oxidative stress such as excess formation of nitrotyrosine in cerebrovascular tissue

of Wistar rats (Xi et al. 2014). In this study, SIF maintained cellular redox

homeostasis by restoring down-regulation of Nrf2 and suppressing the increase in

Keap1. Subsequent expression of Nrf2 target genes such as HO-1 and GCL were

elevated by treatment with SIF, which may lead to increased GSH levels and

GSH/GSSG ratio. In another study, SIF reduced oxidative stress and improved

the antioxidant ability in mitochondria from rat brain damaged by injection of Aβ1–
42 in Wistar rats via activation of Nrf2 and expression of antioxidant defense

enzymes (Ding et al. 2013). SIF restored the reduced glutathione/oxidized gluta-

thione (GSH/GSSG) ratio and increased expression of GPx, MnSOD, and HO-1 in

brain tissue. Studies using in vitro as well as in vivo animal models of cardio-

vascular disease suggest SIF-increased eNOS activity and activation of Nrf2 sig-

naling pathway leading to up-regulation of detoxifying and antioxidant defense

enzymes (Mann et al. 2009). The roles and mechanisms of SIF-induced Nrf2

activation are summarized in Table 21.1.

21.6 Summary and Future Directions

Constitutive activation of the redox-sensitive transcription factor Nrf2 is part of a

self-defense program that enables neuronal cells to protect themselves against

oxidative stress. However, the complete molecular mechanisms involved in the

potentiation of cellular antioxidant defense capacity by Nrf2 remain to be eluci-

dated. Continued attempts are required to identify novel molecular targets of Nrf2

function and to elucidate their cross-talk with upstream as well as downstream

signaling molecules. Considering some neuronal cells can survive the accumulating

oxidative damages and degenerative processes, the understanding of the molecular

events that can alleviate the vulnerability of neurons and consequently can increase

their resistance to oxidative stress by using Nrf2-activating phytochemicals is of

great interest in the context of establishing efficient therapeutic strategies for the

prevention and management of AD.
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Heras-Sandoval D, Pérez-Rojas JM, Hernández-Damián J et al (2014) The role of PI3K/AKT/

mTOR pathway in the modulation of autophagy and the clearance of protein aggregates in

neurodegeneration. Cell Signal 26(12):2694–2701. doi:10.1016/j.cellsig.2014.08.019

Hernández F, Borrell J, Guaza C et al (2002) Spatial learning deficit in transgenic mice that

conditionally over-express GSK-3beta in the brain but do not form tau filaments. J Neurochem

83(6):1529–1533

386 G.H. Park and J.-H. Jang

http://dx.doi.org/10.1016/j.freeradbiomed.2008.11.003
http://dx.doi.org/10.1016/j.freeradbiomed.2008.11.003
http://dx.doi.org/10.1007/s12640-012-9362-3
http://dx.doi.org/10.1016/j.biochi.2009.12.001
http://dx.doi.org/10.1016/j.freeradbiomed.2013.11.014
http://dx.doi.org/10.1016/j.trsl.2013.11.001
http://dx.doi.org/10.1074/jbc.M110.152686
http://dx.doi.org/10.3233/JAD-2010-101428
http://dx.doi.org/10.3233/JAD-2010-101428
http://dx.doi.org/10.1111/j.1474-9726.2012.00817.x
http://dx.doi.org/10.1016/j.cellsig.2014.08.019


Ho L, Pieroni C, Winger D et al (1999) Regional distribution of cyclooxygenase-2 in the

hippocampal formation in Alzheimer’s disease. J Neurosci Res 57(3):295–303
Hong Y, Yan W, Chen S et al (2010) The role of Nrf2 signaling in the regulation of antioxidants

and detoxifying enzymes after traumatic brain injury in rats and mice. Acta Pharmacol Sin

31(11):1421–1430. doi:10.1038/aps.2010.101

Hsieh HM, Wu WM, Hu ML et al (2009) Soy isoflavones attenuate oxidative stress and improve

parameters related to aging and Alzheimer’s disease in C57BL/6J mice treated with

D-galactose. Food Chem Toxicol 47(3):625–632. doi:10.1016/j.fct.2008.12.026

Huang HC, Nguyen T, Pickett CB et al (2000) Regulation of the antioxidant response element by

protein kinase C-mediated phosphorylation of NF-E2-related factor 2. Proc Natl Acad Sci U SA

97(23):12475–12480

Huang HC, Nguyen T, Pickett CB et al (2002) Phosphorylation of Nrf2 at Ser-40 by protein kinase

C regulates antioxidant response element-mediated transcription. J Biol Chem 277(45):

42769–42774

Huang J, Wu D,Wang J et al (2014a) Effects of Panax notoginseng saponin on α, β, and γ secretase
involved in Aβ deposition in SAMP8 mice. Neuroreport 25(2):89–93. doi:10.1097/WNR.

0000000000000048

Huang XP, Qiu YY, Wang B et al (2014b) Effects of Astragaloside IV combined with the active

components of Panax notoginseng on oxidative stress injury and nuclear factor-erythroid

2-related factor 2/heme oxygenase-1 signaling pathway after cerebral ischemia-reperfusion

in mice. Pharmacogn Mag 10(40):402–409. doi:10.4103/0973-1296.141765

Huang Y, Yu J, Wan F et al (2014c) Panaxatriol saponins attenuated oxygen-glucose deprivation

injury in PC12 cells via activation of PI3K/Akt and Nrf2 signaling pathway. Oxid Med Cell

Longev 2014:978034. doi:10.1155/2014/978034

Hwang YP, Jeong HG (2008) The coffee diterpene kahweol induces heme oxygenase-1 via the

PI3K and p38/Nrf2 pathway to protect human dopaminergic neurons from

6-hydroxydopamine-derived oxidative stress. FEBS Lett 582(17):2655–2662. doi:10.1016/j.

febslet.2008.06.045

Hwang YP, Jeong HG (2010) Ginsenoside Rb1 protects against 6-hydroxydopamine-induced

oxidative stress by increasing heme oxygenase-1 expression through an estrogen receptor-

related PI3K/Akt/Nrf2-dependent pathway in human dopaminergic cells. Toxicol Appl

Pharmacol 242(1):18–28. doi:10.1016/j.taap.2009.09.009

Ikeda H, Nishi S, Sakai M et al (2004) Transcription factor Nrf2/MafK regulates rat placental

glutathione S-transferase gene during hepatocarcinogenesis. Biochem J 380:515–521
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Chapter 22

Immunotherapeutic Approaches Against

Amyloid-β in Drug Discovery for Alzheimer’s
Disease

Seung-Hoon Yang, Jiyoon Kim, and YoungSoo Kim

Abstract Alzheimer’s disease (AD) is a progressive neurodegenerative disorder

and the most common type of dementia. The major pathological hallmark and

culprit of AD is aggregation of the amyloid-β (Aβ) peptide. Since the Aβ abnor-

mality begins in the asymptomatic stage of AD, immunotherapeutic approaches

clearing Aβ aggregates are investigated as the most promising treatment in clinical

trials. Both active and passive immunization against Aβ showed significant reduc-

tion of Aβ levels in the brain and enhancement of learning and memory. Albeit

pathologically effective, these immunotherapeutic vaccines need to overcome side

effects such as vasogenic edema and microhemorrhages. In this chapter, we intro-

duce the basic concept of immunotherapy for clearance of Aβ, compare putative

immunotherapeutic vaccine candidates, and discuss their benefits, disadvantages,

and challenges.

Keywords Alzheimer’s disease • Amyloid-β • Active immunotherapy • Passive

immunotherapy • Vaccination

22.1 Introduction

Alzheimer’s disease (AD) is the most common phenomenon of dementia, charac-

terized by the extensive loss of neurons and synapses and the progressive decline of

memories (Alzheimer’s 2012; Brookmeyer et al. 2007). AD is a polysynthetic

disease involving aggregation and deposition of amyloid-β (Aβ) and
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hyperphosphorylated tau, accompanied by oxidative stress, glial activation and

neuronal cell death (Wyss-Coray 2006). Aβ is a short peptide of 39–43 amino

acids and generated throughout the serial proteolysis of amyloid precursor protein

(APP) (De Strooper et al. 2010; Selkoe 2001; Wolfe 2006). In normal neurogenesis,

called the non-amyloidogenic pathway, the extracellular domain of APP is cleaved

by α-secretase, leading to release the soluble extracellular fragment known as

sAPP-α (Edwards et al. 2008; Pietri et al. 2013). Then, γ-secretase cleaves the

truncated APP in the plasma membrane into the APP intracellular C-terminal

domain (Shoji et al. 1992; Golde et al. 2013; Chang and Suh 2010). In the

amyloidogenic pathway, however, the sequential cleavage by β-secretase and

γ-secretase generates the Aβ peptide (Zhang et al. 2012; O’Brien and Wong

2011). In the monomeric state, Aβ is a soluble and non-toxic α-helical peptide
(Takano et al. 2006; Lansbury 1997; Kirkitadze et al. 2001). However, at high

concentration, the peptide undergoes a conformational change to form amyloid

oligomers and fibrils. Then, these fibrils aggregate into the insoluble cluster called

“plaques” in the brains of AD patients (Fig. 22.1) (Jellinger 2006; Walsh

et al. 2002; Shankar et al. 2007).

Aggregation of Aβ in the brain plays a pivotal role in AD as a pathological

culprit (Duran-Aniotz et al. 2013; Jin et al. 2011). Deposition of Aβ aggregates is

observed in the early stage during the development of AD (Leuner et al. 2012;

Gowing et al. 1994; Pigino et al. 2009). Thus, overproduction and aggregation of

Aβ have been the major target of AD drug candidates (Barten et al. 2006; Pohanka

2011; Doraiswamy and Xiong 2006; Lleo et al. 2006; Michaelis 2003). However,

disappointing clinical trials of amyloid inhibitors, targeting APP proteolysis or Aβ
aggregation, have raised concerns for alternative therapeutic approaches. As abnor-

mal Aβ deposition precedes cognitive decline, the newly suggested mode of action

is the immunotherapy to remove toxic Aβ oligomers and plaques from the brain of

AD patients. While numerous clinical trials have been investigated to reduce

cerebral Aβ deposits and facilitate Aβ clearance, the strongest approach to date is

immunotherapy, which can be mainly divided into active or passive (Lobello

et al. 2012). Active immunization utilizes administration of synthetic Aβ peptide

fragments conjugated with carrier proteins, and passive immunization uses human-

ized monoclonal antibodies against Aβ peptides.

22.2 Active Immunotherapy

The active immunotherapy aims specific activation of cellular and humoral immune

systems such as inducing antigen producing cells, T cells, and B cells. Once APCs

are initially activated by stimulation of compromised antigens, Aβ peptides, com-

bined with an immune adjuvant to get the high immune response, transfer their

immune signals to T cells. Activated T cells progressively stimulate B cells to

produce specific antibodies against Aβ. These antibodies bind to the Aβ peptides,

then target for clearance (Fig. 22.2) (Lemere and Masliah 2010).
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In 1999, Schenk and his colleagues first reported that the active immunotherapy

using synthetic Aβ peptides, with complete Freund adjuvant and incomplete Freund

adjuvant, could prevent the development of Aβ deposition in the brain of PDAPP

transgenic mice model with Aβ plaque pathology (Schenk et al. 1999). The

therapeutic approaches were, then, extended to diverse animal models and demon-

strated that active Aβ immunotherapeutic treatment can prevent the accumulation

of Aβ in the brain and rescue the abnormal cognitive behaviors (Lemere et al. 2000;

Weiner et al. 2000; Das et al. 2001; Sigurdsson et al. 2001; Maier et al. 2006).

Although the active immunotherapy is a powerful method due to its ability to

induce long-term antibody production, low-cost efficiency, and easy handling, it has

Fig. 22.1 A diagram of amyloid precursor protein (APP) processing. The transmembrane

protein APP can be cleaved by two pathways. In the non-amyloidogenic pathway, α-secretase
cleaves the extracellular domain of APP to release soluble extracellular fragments (sAPP-α). This
truncated APP is then cleaved by γ-secretase to release the APP intracellular C-terminal domain

(AICD) and p3 fragment. In the amyloidogenic pathway, β-secretase cleaves the extracellular

domain of APP to release soluble extracellular fragments (sAPP-β). Then, γ-secretase cleaves the
truncated APP of transmembrane part to generate Aβ monomers. At low concentration, Aβ, in
monomer state, is less toxic and plays several physiological roles. At higher concentration level,

the peptide undergoes the aggregation to form amyloid plaques and found in AD brains
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the risk of detrimental immune response. For example, if T cells recognize the

antigen as a self-protein, they do not induce the proper immune system. Also,

activated T cells induce a release diverse in pro-inflammatory cytokines to affect

the whole body defense mechanism. Moreover, since an active immunization leads

to polyclonal antibodies production that recognize multiple epitopes of Aβ peptides,
the antibodies may have low specificity or avidity against Aβ peptides, eventually

lead to less effective immune responses (Delrieu et al. 2012a; Lannfelt et al. 2014b).

22.2.1 AN-1792

In the late 1990s, Elan Pharmaceuticals and Wyeth Corporation introduced an

active immunotherapy (AN-1792) with synthetic pre-aggregated human Aβ 1–42

Fig. 22.2 Active immunotherapeutic vaccination approaches. Active immunization induces

the humoral immune system to generate Aβ-specific antibodies. Aβ peptides conjugated with

foreign T cell epitope carriers can be administrated as antigens and activate the antigen presenting

cells (APC), which engulf and process the antigen. Then, a signal can be transmitted via activating

naı̈ve T lymphocytes to produce several kinds of pro-inflammatory mediators. Another signal with

co-stimulatory molecules induces the enhancement of T lymphocytes, which leads to generate the

antibodies against Aβ from B lymphocytes
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in animal studies. Administration of AN-1792 blocked the formation of Aβ plaques
in the brain of AD transgenic mice and dramatically reduced preformed plaques in

aged mice (Schenk et al. 1999). AN-1792, in addition, induced improvement of

mice performance in behavior tests related to learning and memory (Bayer

et al. 2005; Ferrer et al. 2004; Masliah et al. 2005; Nicoll et al. 2003). Following

the promising animal studies, AN-1792 was tested in the clinical trial Phase I to

assess its therapeutic effects, safety, and tolerability in AD patients and was found

with no adverse side effect (Bayer et al. 2005). However, in Phase II-A trials, the

clinical investigation was suspended, when several participants developed severe

inflammation in the brain and the spinal cord. AN-1792 was eventually withdrawn

from the clinical trials in 2002, after 18 recipients with vaccination (about 6 % of

recipients) developed the brain inflammation such as meningoencephalitis (Gilman

et al. 2005; Orgogozo et al. 2003; Robinson et al. 2004).

22.2.2 ACC-001

Despite the suspension of AN-1792 in the clinical trial Phase II-A for safety

reasons, active Aβ vaccine is still an attractive therapeutic mode of action to treat

AD and several second-generation vaccines are currently tested in clinical trials.

Janssen Alzheimer Immunotherapy, a subsidiary of Johnson & Johnson, launched

Vanutide cridificar (ACC-001) vaccine, as a modified version of AN-1792.

ACC-001 was developed as a N-terminal short fragment of Aβ (Aβ 1–7) conjugated
with a carrier protein, a non-toxic variant of diphtheria toxin, using the saponin

adjuvant QS-21. ACC-001 induced a humoral immune response including antibody

generation with no sign of intolerable side effects in the clinical trial Phase I (Ryan

and Grundman 2009). However, this vaccine was briefly suspended in 2008,

because one of the patients, in Phase II, developed skin vasculitis, indicating

malfunction of immune or hypersensitive allergic responses. Although the patient

recovered and the clinical trials resumed within 6 weeks, no results have been

published in journals (Lemere and Masliah 2010; Okura and Matsumoto 2009). In

August 2013, this immunotherapy was been discontinued from clinical

development.

22.2.3 CAD106

Novartis Pharmaceuticals and Cytos Biotechnology developed an active Aβ vac-

cine, CAD106, composed of multiple copies of the Aβ 1–6 fragment coupled with a

virus-like carrier particle (Qβ). This vaccine is designed to block activation of the

autoimmune Th1-cell response and to induce the Th2-cell mediated humoral

response (Winblad et al. 2012). CAD106 was confirmed in animals to inhibit the

formation of Aβ plaques in the brain (Wiessner et al. 2011) and advanced to clinical
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trials with mild-to-moderate AD patients. In the Phase I, CAD106 induced a

significant humoral antibody response when high dose of antibody was adminis-

trated. The Phase II clinical investigations of CAD106 have been reported the

favorable safety, tolerability, and humoral antibody response (Kingwell 2012).

Besides, chill and fever, under the permissible level, were observed in the Phase

II (Winblad et al. 2012, 2014). However, numbers of concerns were raised regard-

ing reactivity and safety during the clinical trials. First of all, the six-amino-acid

synthetic Aβ fragment might not be long enough to specifically activate Th2-cells

and induce humoral immune responses. Furthermore, the design of the clinical trial

was re-evaluated by concerning the size and selection of patients; (1) the study was

tested in the small group of subjects, (2) the duration of the vaccine administration

was short to record clinical effects including safety and tolerability. In addition,

intracerebral hemorrhage was found in one patient from the CAD106 administra-

tion group, who had cerebral amyloid angiopathy (Winblad et al. 2014).

22.2.4 Affitope AD02

Affitope AD02, by AFFiRiS AG, is a KLH vaccine with the six N-terminal amino

acids of Aβ. By introducing the non-endogenous Aβ mimic, this vaccine was

designed to exhibit a favorable safety profile and to prevent development of

tolerance. The composition of Affitope AD02 enabled to prevent the autoimmune

T cells activation with cross-reactivity with APP by specific recognition of Aβ
(Schneeberger et al. 2009). In AD animal models, Affitope AD02 reduced levels of

Aβ plaques. In the clinical trial Phase I, a favorable safety profile was observed in

24 AD patients after four-time vaccination (Brody and Holtzman 2008; Madeo and

Frieri 2013; Winblad et al. 2014; Mangialasche et al. 2010). No meningoenceph-

alitis was found during the investigation. 332 AD patients were subjected to the

Phase 2 trial and limited data has been reported so far. The clinical investigation is

still on-going by enrolling patients.

22.2.5 ACI-24

AC Immune SA’s ACI-24 is an active tetra-palmitoylated Aβ 1–15 peptide vaccine,
embedded within a liposome to eventually induce the generation of β-sheet
conformation-specific antibody against Aβ (Muhs et al. 2007). In cynomolgus

monkeys and APP/PS1 transgenic mice, the antibodies generated by ACI-24 had

high titer level to induce the humoral immune response. In addition, ACI-24

significantly reduced concentration of soluble and insoluble Aβ and restored

behavioral performances of learning and memory (Muhs et al. 2007; Winblad

et al. 2014). ACI-24 is currently in the clinical trial Phase I/II for AD (Lemere

2013), so far little is known for more detail data in this stage.
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22.2.6 V950

Merck’s V950 is a multivalent vaccine that links N-terminal fragments of Aβ to an

adjuvant ISCO-MATRIX. V950 was reported to induce production of antibodies

against N-terminal of Aβ in the serum and CSF (Savage et al. 2010). The clinical

trial Phase I was performed with 86 AD patients in 51 sites for safety and

tolerability. The investigation was completed recently (October 2014) (Lemere

and Masliah 2010; Winblad et al. 2014) (Table 22.1).

22.3 Passive Immunotherapy

Passive immunotherapy refers to direct injection of monoclonal antibodies without

sensitizing the humoral immune system for generation of antibody responses

(Brody and Holtzman 2008; Bacskai et al. 2001). Mechanisms of the anti-Aβ

Table 22.1 Active amyloid-β immunotherapeutic vaccines in clinical trials

Vaccine (company)

Epitope

Phase

status Completion

Key behaviors observed

AN-1792 (Elan/Wyeth) Aβ 1–42 Phase II-A March, 2002

Blockage of plaque formation

Inflammation during Phase II-A (meningoencephalitis)

ACC-001 (Janssen) Aβ 1–7 with non-toxic diphtheria

toxin

Phase II August,

2013

High titers of antibody without intolerance in Phase I

Skin vasculitis in Phase II

CAD106 (Novartis/Cytos) Aβ 1–6 with Qβ carrier Phase II December,

2012

Prevention of the autoimmune Th1-cell activation

Blockage of plaque formation

Side effects such as chill or fever (permissible event in Phase II)

AFFITOPE AD02

(AFFiRiS AG)

Six-amino acid peptide that mimics

N-terminus of Aβ
Phase II Ongoing

Prevention of the autoimmune T cell activation

Reduction of Aβ plaques

Favorable safety in Phase I trials

ACI-24 (AC Immune SA) Tetra-palmitoylated Aβ 1–15 Phase I/II Ongoing

Generation of β-sheet conformation specific antibodies

Reduction of Aβ plaque deposition

Recovery of learning and memory in animal studies

V950 (Merck) N-terminal fragments of Aβ Phase I Ongoing

Production of antibodies against N-terminal of Aβ in the serum and

CSF
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passive immunotherapy can be categorized into microglial-mediated phagocytosis,

catalytic disaggregation of Aβ deposition, and peripheral sink (Fig. 22.3) (Alves

et al. 2014; Menendez-Gonzalez et al. 2011). In the microglial-mediated phagocy-

tosis, antibodies directly bind to amyloid plaques and trigger microglial activation

via their Fc receptors. Then, activated microglial cells rapidly facilitate the

elimination of Aβ through phagocytosis. Meanwhile, they may induce

neuroinflammatory events including secretion of various inflammatory mediators

such as IL-1, IL-6, TNF, free radical, and chemokines (Wilcock et al. 2004; Cai

et al. 2014; Kakimura et al. 2002). In catalytic disaggregation of Aβ deposition,

administered antibodies bind to Aβ aggregates and catalyze the conformational

change of Aβ peptides. Such actions eventually lead to disaggregation of Aβ
aggregates and reduction of amyloid-induced neurotoxicity (Solomon et al. 1996,

1997; Legleiter et al. 2004; Frenkel et al. 2000; Bacskai et al. 2001). The peripheral

sink hypothesis was first reported when the m266 anti-Aβ monoclonal antibody

directly targeted and completely sequestered Aβ in the plasma (DeMattos

et al. 2001). Peripheral administration of m266 to PDAPP transgenic mice induced

a rapid elevation of plasma Aβ levels due to the change in Aβ distribution between

Fig. 22.3 Passive immunotherapeutic approaches and proposed mechanisms. The mice

immunized with Aβ peptide to produce hybridoma cells. Then hybridoma cells are selected for

proper antibodies against Aβ. The antibodies are then purified and administrated to patients with

AD. The antibodies may clear Aβ through three kinds of proposed mechanisms: (1) microglial-

mediated phagocytosis, (2) catalytic disaggregation of Aβ deposition, and (3) peripheral sink

hypothesis in the bloodstream
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central nervous and peripheral circulatory systems. The altered equilibrium of Aβ
leaded to facilitate the peripheral clearance of Aβ in the plasma instead of Aβ
deposition in the brain (Deane et al. 2003, 2005; Dodart et al. 2002).

Compared to the active immunotherapy, antibody drugs shall be beneficial to

patients as the dosage of antibodies in each subject is known before administration.

The amount and concentration of antibodies can be easily controlled. Moreover, the

administration can be immediately stopped and the antibody will be rapidly

removed if there are any signs for side effects. Besides, unnecessary cellular

responses can be avoided in passive immunotherapy (Mangialasche et al. 2010;

Guan et al. 2012; Lemere 2013). However, high-cost humanized monoclonal

antibodies and repeated drug injection for long-term treatment is a considerable

disadvantage of the passive immunotherapy (McElhaney and Effros 2009). In

addition, antibody drugs may act as antigens and induce immune responses,

which may lead to side effects such as glomerulonephritis and vasculitis (Lemere

2013).

22.3.1 Bapineuzumab (AAB-001) and PF-05236812
(AAB-003)

Bapineuzumab (AAB-001) is a humanized therapeutic monoclonal antibody

against N-terminus of Aβ (3D6 clone, IgG1 isotype) developed by Elan, Wyeth,

Johnson & Johnson (Janssen), and Pfizer (Brody and Holtzman 2008; Blennow

et al. 2012; Panza et al. 2010). AAB-001 was reported to pass blood-brain barriers,

to bind fibrillar and soluble Aβ, and to induce microglial-mediated phagocytosis the

plaques in AD transgenic mice (Bard et al. 2000, 2003; Racke et al. 2005). How-

ever, in two large Phase II/III trials, no clinical benefit but serious side effects were

reported including cerebral vasogenic edema, retinal vascular disorder, and

microhemorrhages (Okura and Matsumoto 2009; Pfeifer et al. 2002; Racke

et al. 2005). MRI scans revealed that vascogenic edema was found in AD patients

with the high dose group (Khorassani and Hilas 2013; Sperling et al. 2012). These

results led the clinical investigation of AAB-001 to the termination in 2012. One of

the possibilities raised for the lack of clinical efficacy was that the administration of

this vaccine was too late in the disease process to reverse the neurodegenerative

changes.

PF-05236812 (AAB-003) was then developed as a derivative of bapineuzumab

with a modified Fc domain to reduce effector functions on microglial activation. It

was specifically designed to avoid amyloid-related imaging abnormalities (ARIA),

a complication of bapineuzumab administration. The clinical trial Phase I was

performed with 88 AD patients to evaluate the safety and tolerability of

PF-05236812 and trial was completed in August 2014 (Moreth et al. 2013).
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22.3.2 Solanezumab (LY2062430)

Eli Lilly & Co.’s Solanezumab (LY2062430) is a humanized IgG1 version of the

aforementioned m266 monoclonal antibody. Unlike Bapineuzumab, Solanezumab

targets the mid-domain of the Aβ peptide (Aβ 13–28) and binds selectively to

soluble Aβ species (Mangialasche et al. 2010; Moreth et al. 2013; Spencer and

Masliah 2014). Cognitive recovery of AD transgenic mice by m266 supports the

view that soluble oligomeric Aβ is highly related to neuronal and synaptic dys-

function in AD brains. During the clinical trials, the significant increase of Aβ
levels were observed in both the blood and CSF by the peripheral sink mechanism

(Farlow et al. 2012; Siemers et al. 2010). Currently, solanezumab is investigated in

two large clinical trial Phase III studies with a total of 2,052 subjects from

16 countries (Doody et al. 2014a, b). According to interim reports by Eli Lilly &

Co., cardiac disorders and even 24 deaths were observed in Solanezumab-treated

patients (Doody et al. 2014b). However, no clear relation was found between the

death and Solanezumab. Although Solanezumab is considered as the first clinical

evidence that anti-amyloid approach helps AD patients, it needs to consider for

further development of this vaccine and the skepticism still exists on the ability of

this drug to slow the rate of deterioration in patients with later-stage of diseases.

22.3.3 Gantenerumab (RO4909832, RG1450)

Gantenerumab (RO4909832, RG1450), by Roche, is a fully human IgG1 monoclo-

nal antibody against Aβ that has a high affinity to specifically bind to cerebral

amyloid plaques (Delrieu et al. 2012b). Gantenerumab appears to preferentially

bind the fibrillar form of Aβ by recognizing both N-terminus (Aβ 3–12) and

mid-domain (Aβ 18–27). Gantenerumab induces microglial-mediated phagocytosis

by binding to small Aβ plaques (Bohrmann et al. 2012). Thus, unlike Solanezumab,

Gantenerumab decreased Aβ deposition in the brain without increasing plasma Aβ
levels. In 360 mild-to-moderate AD patients administrated with Gantenerumab of

Phase II, it reduced brain amyloid load around 30 % by PET imaging analysis.

However, 2 patients with ARIA were observed in the high dose group (Ostrowitzki

et al. 2012). Recently, the Phase III was started with 1000 mild-AD patients via

subcutaneous injection (Novakovic et al. 2013). A separate clinical trial is also

under investigation in Phase III with prodromal AD patients through Dominantly

Inherited Alzheimer Network (DIAN).

22.3.4 Gammagard (Intravenous Immunoglobulin, IVIg)

Baxter Healthcare’s passive immunotherapeutic approach, Gammagard, is distinct

from aforementioned monoclonal antibodies. Gammagard is an intravenous
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immunoglobulin (IVIg), a pooled mixture of natural human polyclonal immuno-

globulin that extracted from the plasma of over one thousand blood donors. As a

result, Gammagard recognizes Aβ monomers, oligomers, and fibrils (Dodel

et al. 2002, 2004). IVIg is widely used for the treatment of various pathological

disorders as a replacement therapy for various immunodeficiency syndromes. Since

IVIg is the product from non-selective antibody collection from various normal

patients, it was doubtful for the potential clinical effect on AD. In 2002, Dodel

et al reported the effects of commercially available IVIg significantly reduced the

level of Aβ in the CSF and blood of AD patients after 6-month administration

(Dodel et al. 2002). Notably, administered anti- Aβ antibodies detected in the CSF

of patients as a indication that IVIg might transfer the blood-brain barrier and

directly decreased the Aβ level in the brain (Fillit et al. 2009; Relkin et al. 2009).

Currently, Baxter Healthcare and Alzheimer’s Disease Consortium Study (ADCS)

are investigating this vaccine in Phase III. A derivative of IVIg (Octagam) is

currently investigated by Octapharma in Phase II (Lobello et al. 2012; Moreth

et al. 2013). However, IVIg has potential side effects for AD patients; (1) IVIg can

lead to thromboemboli because it increases serum viscosity, (2) renal dysfunction

or failure can be induced because IVIg products use sucrose as a stabilizing agent

(Loeffler 2013), and (3) IVIg can also lead severe allergic difficulties such as

breathing or skin rashes, severe headache or fever, and dark colored urine (Levy

and Pusey 2000).

22.3.5 Ponezumab

Ponezumab, by Pfizer, is a humanized IgG2a monoclonal antibody, which recog-

nizes the C-terminus of the Aβ 40 peptide (Aβ 33–40). Ponezumab was reported to

reduce autoimmune T cell responses (Madeo and Frieri 2013). The clinical trial

Phase I for safety and tolerability was completed without microhemorrhage, ARIA,

or encephalitis. Ponezumab is currently in the Phase II with 234 AD patients

(Freeman et al. 2012; Landen et al. 2013).

22.3.6 Crenezumab

Crenezumab, by Genentech, is a fully humanized IgG4 monoclonal antibody

targeting both Aβ monomers and oligomers. The antibody was designed to reduce

the Fc receptor-mediated microglial activation and the risk of the immune cell

stimulation (Poduslo et al. 2010; van der Zee et al. 1986; Bruhns et al. 2009).

Crenezumab is currently in the clinical trial Phase II with 361 AD patients

(Adolfsson et al. 2012; Lemere 2013).
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22.3.7 BAN2401 (mAb158)

Conformation-dependent antibodies to selectively recognize pathogenic structures

have been attractive drug candidates and BioArctic developed the monoclonal

antibody 158 (mAb158) against Aβ protofibrils (Englund et al. 2007; Sehlin

et al. 2012). mAb158 reduced the level of Aβ protofibrils in the brain of both

young and old AD transgenic mice and eventually led the reduction of Aβ plaque

formation (Lord et al. 2009). Eisai acquired the antibody and developed BAN2401,

an immunotherapeutic IgG1 monoclonal antibody, by further optimization.

BAN2401 is currently in clinical trial Phase II with 800 AD patients (Tucker

et al. 2015; Lannfelt et al. 2014a; Araki 2010).

22.3.8 Aducanumab (BIIB037)

Biogen Ided’s Aducanumab is a fully human IgG1 monoclonal antibody that

strongly binds to aggregated forms of Aβ. Aducanumab was reported to reduce

the size of plaques in the brain of APP transgenic mice models (Lemere 2013;

Moreth et al. 2013; Prins and Scheltens 2013). However, in the high dose, the

antibody induced microhemorrhages. The clinical trial Phase I is currently under

investigation with 160 mild-AD patients (Table 22.2).

22.4 Conclusion and Further Discussion

In this review, we investigated current active and passive anti-Aβ antibody drugs in
AD drug discovery. Albeit promising, results from clinical trials suggest further

optimization of these immunotherapeutics for better efficacy and lower side effects.

The First issue is the selection of target epitope with high efficiency and safety

(Aisen and Vellas 2013). Newer immunotherapeutic vaccines need to avoid the

autoimmune response upon the anti-Aβ antibody treatment. Several strategies to

overcome this issue aim to develop a combination therapy of present adjuvants or to

use foreign T cell epitopes. Another issue is the need to monitor therapeutic

progression, as the clearance of Aβ cannot completely reverse clinical symptoms

such as neuroinflammation, which lead to neuronal cell death and cognitive impair-

ment. Therefore, selection for proper biomarkers is important to detect pre-clinical

disease with mild cognitive impairment and predict which patients may benefit

from immunotherapy. Several biomarkers are currently under investigation, but

more researches are required before they can clinically be useful (Mayeux and

Schupf 2011). Lastly, these antibodies have to cross the blood-brain barrier (BBB)

efficiently and safely. The BBB controls the passage of most proteins and small

molecules from the blood into the central nervous system. Thus, the transport of
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Table 22.2 Passive amyloid-β immunotherapeutic vaccines in clinical trials

Vaccine (company)

Epitope/target Isotype Phase status Completion

Key behaviors observed

Bapineuzumab

(AAB-001)

PF-05236812

(AAB-003) (Elan/Wyeth/

Janssen/Pfizer)

Aβ 1–5/soluble

and aggregated Aβ
IgG1 Phase III

(AAB-001)

August,

2012

Phase I

(AAB-003)

August,

2014

Aβ subjected to microglial-mediated phagocytosis

Patients found with vasogenic edema and microhemorrhages in

Phase II/III

Solanezumab

(LY2062430) (Eli Lilly)

Aβ 13–28/soluble

Aβ
IgG1 Phase III Ongoing

Aβ subjected to peripheral sink hypothesis

Significant increase of Aβ levels in the plasma

Patient found with cardiac arrhythmia and cardiac ischemia in Phase

III

Gantenerumab

(RO4909832, RG1450)

(Roche)

Aβ 3–12/aggre-

gated Aβ
IgG1 Phase III Ongoing

Preferentially binding to fibril form of Aβ
Leading to microglial-mediated phagocytosis

ARIA observed at the high-dose treatment during Phase II

IVIg (Gammagard/

Octagam) (Baxer

healthcare/Octapharma)

Central and

C-terminus of Aβ/
Aβ monomer,

oligomer, fibrils

Pooled mix-

ture of human

polyclonal

antibody

Phase III

(Gammagard)

Phase II

(Octagam)

Ongoing

Alternative therapy for various immunodeficiency syndromes

Aβ level reduced in the CSF

Patients found with thromboemboli, renal dysfunction, and allergic

reactions

Ponezumab (Pfizer) Aβ 33–40/soluble

and aggregated Aβ
IgG2a Phase II Ongoing

Targeting C-terminus of Aβ
Autoimmune T-cell response reduced

Crenezumab (Genentech) Aβ 12–23/soluble

oligomeric

IgG4 Phase II Ongoing

Fc receptor-mediated microglial activation reduced

BAN2401 (Eisai) N-terminus of Aβ/
soluble Aβ
protofibrils

IgG1 Phase II Ongoing

Targeting the oligomeric form of Aβ
Aβ plaque formation reduced

Aducanumab (BIIB037)

(Biogen Idec)

Conformational

Aβ/fibrillar Aβ
IgG1 Phase I Ongoing

Strong binding to aggregated form of Aβ
Plaques reduced

Animal models found with microhemorrhages
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monoclonal antibodies between BBB has been believed extremely difficult (Spen-

cer and Masliah 2014). Previous studies reported that only the small portion of

administered antibody crossed the BBB while the majority was metabolized in the

liver or excreted through the kidney (Banks et al. 2002). As the biological drugs

commonly cost higher than chemicals, increasing the BBB penetration rate will not

only contribute to the therapeutic efficacy but also the medical costs for patients.

Receptor-mediated BBB penetration of monoclonal antibodies into central nervous

system is currently under investigation (Boado et al. 2013).

More than 100 years has been passed since the initial observation of AD. Aβ was
identified as a critical pathogen of AD (Backman et al. 2004; Hardy and Higgins

1992; Okura and Matsumoto 2009; Jia et al. 2014). Among the numerous drug

mechanisms regulating amyloidogenesis, the immunotherapy using the Aβ peptides
or antibody against Aβ is the leading therapeutic strategy due to the clearance action
(Fig. 22.4).
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Chapter 23

Therapeutics for Polyglutamine Diseases

Through Protein Degradation Pathway:

Targeting the Nucleus

Atsushi Iwata

Abstract Polyglutamine diseases are caused by cytosine-adenine-guanine (CAG)

trinucleotide expansions that are translated to a polyglutamine (pQ) chain in

specific genes. This pQ chains tend to destabilize the entire proteins making them

aggregate. The aggregates are especially toxic in the nucleus for a variety of

reasons. Thus, for treating pQ diseases, targeting the nuclear pQ aggregates for

degradation seems to be a promising approach. The nuclear ubiquitin proteasome

system is the only major protein degradation machinery in the nucleus since the

autophagy lysosome system, one of the major cytoplasmic protein degradation

machinery, cannot function in the nucleus. There are ubiquitin ligases that recog-

nize and promote nuclear pQ degradation, thus activation of these ubiquitin ligases

could be one of the therapeutic approaches. We found that one of the histone

deacetylases (HDAC), HDAC3, regulates the nuclear ubiquitin proteasome system.

Although we may be closer to finding a molecular therapeutic approach for pQ

diseases, rigorous effort to study the basic pathomechanisms of pQ diseases are

necessary in order to expand our knowledge and find better therapeutics for these

devastating diseases.

Keywords Polyglutamine • Aggregate • Histone deacetylases • Proteasome •

Huntington’s disease • Cellular compartment

23.1 Introduction

Polyglutamine disease is a class of neurodegenerative diseases caused by the

expanded cytosine-adenine-guanine (CAG) trinucleotide sequence repeats

(Fig. 23.1) (Kovtun and McMurray 2008; Mirkin 2007). There are currently nine
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neurologic disorders discovered that are classified in this category (Table 23.1). The

CAG repeats are located in the coding region of the gene, which are translated into a

series of glutamine (Q) residues, thus forming a chain of polyglutamine (pQ) tract.

These disorders are autosomal dominant with the exception of spinobulbar muscu-

lar atrophy, which is X-linked; suggesting that the gain of function of pQ by CAG

expansion is somehow causing the neurodegeneration. These disorders usually have

a midlife onset and progress slowly with age. The number of CAG repeats correlate

A G C T T C C A G C C G C C A C C A C C T

A G C T T C C A G C A G C A G C C G C C A

S F Q P P P P

S F Q Q Q P P

Expansion of CAG repeat

genome

protein

genome

protein

Fig. 23.1 Polyglutamine diseases are caused by expansion of CAG trinucleotide repeat

Table 23.1 Polyglutamine diseases and their specific genes, showing normal, premutational, and

pathogenic CAG repeat lengths

Polyglutamine disease Gene Inheritance

Normal

Q length

Premutation

Q length

Pathogenic

Q length

Huntington’s disease
(HD)

HD AD 6–29 29–37 38–

Dentatorubral-

pallidoluysian atrophy

(DRPLA)

ATN1 AD 6–35 35–48 49–

Spinobulbar muscular

atrophy (SBMA)

AR XR 13–31 32–39 40–

Spinocerebellar ataxia

type 1 (SCA1)

ATXN1 AD 6–39 40 41–

Spinocerebellar ataxia

type 2 (SCA2)

ATXN2 AD �30 31–32 32–

Machado-Joseph disease

(MJD)

ATXN3 AD 12–40 41–85 52–

Spinocerebellar ataxia

type 6 (SCA6)

CACNA1A AD �17 19 20–

Spinocerebellar ataxia

type 7 (SCA7)

ATXN7 AD 4–17 29–33 36–

Spinocerebellar ataxia

type 17 (SCA17)

TBP AD 25–42 43–48 45–

AD autosomal dominantly inherited, XR X-linked recessive
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with the severity and the age of onset (Fig. 23.2). Successive generations tend to

have an earlier onset or express more severe symptoms, which is called anticipa-

tion. There is a certain threshold for the numbers of pQs that are pathogenic,

depending on the target genes. For example, Huntington’s disease (HD) occurs

when the subject has 36 or more CAG repeats in the HTT gene and does not occur

when the number of repeats are less than or equal to 35 (Table 23.1). However, the

number of CAG repeats tends to increase when it is close to threshold, which affects

offspring of those individuals harboring repeats nearing threshold (pre-mutation

length). Individuals with a pre-mutation allele will exhibit a normal phenotype, but

may have offspring who have a higher number of CAG repeats, and thus, be

affected by the disease. The increase in the number of repeats occurs almost

exclusively through paternal transmission. On the other hand, offspring of affected

mothers are more likely to show no change or even show reduced number of CAG

repeats (Kremer et al. 1995; Telenius et al. 1993; Wheeler et al. 2007). Studies in

mice models suggested that this paternal expansion occurs during the late germ cell

development stage (Telenius et al. 1994). The repeat number is also unstable in

post-mitotic neurons, and the degree of the expansion differs among cell types or

brain regions, which substantially affect the severity and age of onset among

individuals (Gonitel et al. 2008; Kovtun et al. 2007).

There are various theories as to how expanded CAG repeats cause the disease.

As mentioned in the earlier section, CAG repeats are translated to pQ tracts, which

tend to form a beta sheet structure when long enough, and affect the structure of the

entire protein containing the pQ chain. This structural alteration is thought to impair

the ability of the protein to fold properly, thus making it aggregate and exhibit

neurotoxicity (Perutz et al. 2002; Bevivino and Loll 2001; Tanaka et al. 2001).

Various studies on neurodegeneration support that oligomeric form of aggregated

proteins are more toxic to the neurons than the microscopically visible, highly

aggregated inclusion bodies implicated as disease specific structures (Fig. 23.3,

Table 23.2) (Arrasate et al. 2004; Iuchi et al. 2003; Takahashi et al. 2007; Legleiter

et al. 2010). Moreover, these inclusion bodies themselves are thought to be a

neuroprotective response by the cells bearing the aggregated proteins (Takahashi

et al. 2008; Kopito 2000; Tanaka et al. 2004a).

HD gene CAG length

Ag
e 

at
 o
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et

80

60

40

20

35 45 50 55 6040

Fig. 23.2 Repeat length

and age at onset have strong

negative correlations in

Huntington’s disease
(HD) (Modified from Lee

et al. 2012)
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23.2 Truncated pQ Proteins as a Tool for Studying

Aggregated Proteins

In order to study any kind of disease, it is ideal to have simple models in the cell

culture system or in laboratory animals. In this aspect, neurodegenerative diseases

are of particular interest since there are no naturally occurring animal models,

except for a few exceptions (ref). It has not been easy to recapitulate human

pathology in mice partly because the life span of mice is approximately 2 years,

which is too short to reproduce human diseases that manifest with advanced age.

Thus, generation of Alzheimer’s disease or Parkinson’s disease animal models have

been accomplished by overexpressing multiple genes related to those diseases. On

the contrary, generation of polyglutamine disease mouse model was rather easy

monomer polymer fiber Inclusion body

toxicity

degree of aggregation

Invisible with light microscope

Visible with light microscope

oligomer

Fig. 23.3 Aggregate is formed from monomeric proteins. The more the aggregation, the less

reversible it gets (note the length of left sided arrows). Cellular toxicity is a characteristic of

oligomeric species, and the microscopically visible inclusion bodies are thought to be a protective

response of the cells

Table 23.2 Neurodegenerative diseases and ubiquitin positive structures with aggregated

proteins

Neurodegenerative disease Ubiquitin positive structure Aggregated protein

Polyglutamine diseases Neuronal intra-nuclear

inclusions

Polyglutamine containing

proteins

Alzheimer’s disease Neurofibrillary tangles Tau

Frontotemporal lobar

degeneration

Ubiquitin positive inclusions TDP-43

Amyotrophic lateral sclerosis round bodies, skein like

inclusions

TDP-43

Parkinson’s disease Lewy bodies α-synuclein
Multiple system atrophy Glial cytoplasmic inclusions
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since huntingtin (Htt), a gene product in HD, has a CAG repeat in its 1st exon, and a

simple overexpression of the truncated 1st exon fragment reproduces severe phe-

notype and pathology resembling the human disease (Mangiarini et al. 1996). Thus,

although there have been criticisms that claim this model as artificial and

non-physiological, which is indeed true, this truncated over-expression model has

been a gold standard in studying the pathophysiology of pQ aggregates and to

screen for therapeutic measures (Fig. 23.4).

23.3 The Role of Aggregates and the Effect of Its Clearance

in Polyglutamine Diseases

It has been clearly shown that the presence of aggregated truncated huntingtin

affects cellular function in a Q length-dependent manner (Morley et al. 2002).

Therefore, removal of those aggregates will be a treatment strategy for the disease.

The proof of concept for this hypothesis was clearly shown by shutting off toxic

gene expression (Yamamoto et al. 2000) or introducing chemical chaperones to

reduce the amount of aggregated proteins (Tanaka et al. 2004b) resulting in a

dramatic recovery of the phenotype.

The pathological hallmark of neurodegenerative disorders is the presence of

ubiquitylated inclusion bodies in the neurons or in the glial cells. In the case of pQ

pQ25 pQ71

pQ25

pQ71

GFP image

GFP blot

huntingtin

Polyglutamine region

350kDaExon-1

GFPpQ25

pQ71

Htt exon-1

250

150

100

75

50

37

25

15

10

GFP

pQ71

pQ25

Fig. 23.4 Huntingtin exon-1 overexpression provides a valuable tool to study the aggregates and

their degradation. The exon-1 contains CAG repeat region, which in this case is fused to a green

fluorescent protein (GFP) and overexpressed in the cell culture system. The western blot shows

monomeric bands (arrows) as well as high molecular weight aggregates (arrowhead). Microscopic

images are even more dramatic with practically no cytoplasmic diffuse signals in pQ71. Arrows
are aggregated inclusion bodies
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diseases, these ubiquitylated inclusion bodies are often observed as intra-nuclear

inclusion bodies. The presence of ubiquitin-positive inclusion bodies suggests that

the aggregation-prone proteins are ubiquitylated by a certain ubiquitin ligase but

still escape the efficient proteasome degradation (Fig. 23.5), or that the aggregates

are sequestering the ubiquitylated proteins that would be degraded in the absence of

these aggregates, and therefore, interfering in the cellular protein quality control

system. The latter hypothesis is of particular interest since it has been shown that

the presence of aggregated huntingtin inhibits the ubiquitin proteasome system

(Bence et al. 2001) through a mechanism other than clogging the proteasome pore

(Hipp et al. 2012), since the inhibition occurs cross-compartmentally across the

cytoplasm and the nucleus (Bennett et al. 2005).

What happens when the ubiquitin proteasome system is impaired? The cellular

protein degradation machinery can be classified into two large categories, the

ubiquitin proteasome system, and the autophagy lysosome system (ref). It has

been reported that the presence of aggregated huntingtin stimulates autophagy

lysosomal pathway (Kegel et al. 2000), and autophagy is shown to be a major

backup system when the ubiquitin proteasome system is compromised (Iwata

Abnormally
Folded protein

polyubiquitylation

Binds proteasome
degradation

Ubiquitin ligase recognizes the
abnormally folded protein as
“needs to be degraded”

Polyubiquitin chain binds
to the proteasome for the
substrate degradation

autophagy handles
portion of aggregates

aggregates are more toxic
inside the nucleus

once in the nucleus, 
need to be processed 
inside the nucleus 

Iwata 2005 Iwata 2008

aggregates escaped 
proteasomal degradation 
accumulates as inclusion 
body

Fig. 23.5 Different degradation pathways for aggregated huntingtin. Abnormally folded

huntingtin are recognized by ubiquitin ligase and ubiquitylated. The ubiquitins are conjugated to

form a chain, which binds to the proteasome and facilitates the degradation of aggregated

huntingtin. Some portion of the ubiquitylated aggregates escapes this degradation pathway, but

are captured by the autophagosome to be degraded in the lysosome. Some of the aggregated

huntingtin are transported to the nucleus. Since post-mitotic cells have no disruption of the nuclear

envelope, aggregated huntingtin accumulates in the nucleus to exhibit neurotoxicity and form

inclusion bodies (Iwata et al. 2005a, b; Iwata 2008)
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et al. 2005a). Thus, these two degradation systems work harmoniously to maintain

protein quality control.

23.4 The Role of Nuclear pQ Aggregates and Their

Degradation

Aggregated huntingtin can be found as ubiquitylated inclusion bodies both in the

nucleus, as intra-nuclear inclusions, and in the cytoplasm, as dystrophic neurites.

Will the removal of aggregated huntingtin from the nucleus or from the cytoplasm

be more effective? There are multiple sets of evidence suggesting that the nuclear

aggregates are more toxic to the neurons than the cytoplasmic aggregates (Peters

et al. 1999; Schilling et al. 2004; Katsuno et al. 2002; Klement et al. 1998). The

nuclear toxicity of pQ aggregates are not completely understood, but could be due

to the sequestration of transcription factors into the inclusion bodies (Shimohata

et al. 2000; Nucifora et al. 2001), by disruption of chromatin organization (Seong

et al. 2010; Sathasivam et al. 2001), or by inhibition of DNA replication or repair

(Enokido et al. 2010).

Thus, nuclear aggregates are targets for therapeutics. However, autophagy does

not function in the nucleus (Iwata et al. 2005b). Therefore, how does ubiquitin

proteasome function in the nucleus? Nuclear proteins are synthesized and folded in

the cytoplasm, and enter the nucleus either by passive diffusion through the nuclear

pore (if small) or via active transport by importins. All of the pQ disease-related

proteins are large enough to require active nuclear transport, which means that they

are partially folded to escape cytoplasmic degradation and be recognized by

importins, while still being aggregation-prone to form inclusion bodies in the

nucleus. In the nucleus, the proteasome localizes in the euchromatin region as

well as at the periphery of the heterochromatin and nucleoli (Rivett and Knecht

1993; De Conto et al. 2000), which supports the idea that ubiquitin proteasome

system is the primary protein quality control system even in the nucleus.

The key component of the ubiquitin proteasome system is the ubiquitin ligase

(E3), which recognizes and ubiquitylates its substrate. Several mammalian nuclear

E3s have been discovered so far that are involved in nuclear pQ ubiquitylation

(Iwata et al. 2009; Fu et al. 2005; Janer et al. 2006). Activation of these E3s could be

one of the therapeutic approaches for pQ diseases.

As mentioned earlier, the presence of aggregates inhibits the function of

ubiquitin proteasome system through an unknown pathway. Since this inhibitory

effect crosses the nuclear membrane bi-directionally, at least in the cell culture

system (Bennett et al. 2005), there must be a regulatory pathway spanning the two

cellular compartments for the proteasome function. Since accelerated degradation

of the aggregates is one of the desired therapeutic strategies, this regulatory

pathway is an ideal target yet to be discovered.
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23.5 Role of HDAC in HD Pathogenesis

Gene expression profile analysis has revealed genes commonly dysregulated in pQ

models (Luthi-Carter et al. 2002). This dysregulation is attributed to the pQ proteins

themselves since many of the CAG bearing pathogenic proteins are transcription

factors or transcriptional co-activators. Rigorous study to find a common transcrip-

tional pathway has revealed several proteins including TATA-box-binding protein-

associated factor II 130 kDa (TAFII130) (Dunah et al. 2002), cAMP-response

element-binding protein (CREB) (ref), tumor protein p53 (Bae et al. 2005), and

CREB-binding protein (CBP) (Steffan et al. 2000) as interacting partners for

huntingtin. However, still no single pathway can explain neuronal dysfunction

and death.

One way to correct transcriptional dysregulation is to alter and fix gene expres-

sion by modifying histone acetylation. Multiple studies have shown that histone

deacetylase (HDAC) inhibitors can improve disease phenotype in pQ disease

animal models (Steffan et al. 2001; McCampbell et al. 2001; Hockly et al. 2003;

Minamiyama et al. 2004; Ryu et al. 2003). However, the drugs used in these models

were broad HDAC inhibitors, which is far from ideal due to their various potential

side effects in human subjects.

There are four classes of HDACs in mammals defined by homology and nicotin-

amide adenine dinucleotide (NAD) requirement (Table 23.3). Among them, cyto-

plasmic HDACs are not involved in the transcriptional regulation, but are involved in

the autophagic clearance of the cytoplasmic aggregates (Iwata et al. 2005a). There

are nine HDACs expressed in the nucleus. Thus, specific HDAC inhibition was

sought by utilizing specific inhibitors or by genetic ablation (Table 23.4). However,

we are still unclear as to which HDAC should be specifically inhibited.

Table 23.3 Mammalian histone deacetylases

Class Name Subcellular localization

CNS

expression

NAD

dependence

I HDAC1 Nucleus + �
HDAC2 Nucleus + �
HDAC3 Nucleus, cytoplasm + �
HDAC8 Nucleus + �

IIA HDAC4 Nucleus, cytoplasm + �
HDAC5 Nucleus, cytoplasm + �
HDAC7 Nucleus, cytoplasm,

mitochondria

+ �

HDAC9 Nucleus, cytoplasm + �
IIB HDAC6 Cytoplasm + �

HDAC10 Cytoplasm + �
III Sirtuins (SIRT1-

7)

Varies varies +

IV HDAC11 Nucleus, cytoplasm + �
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23.6 HDAC3 and HD

Upon testing specific HDAC activity on pQ aggregation, we were particularly

interested in HDAC3 since the result from the genetic ablation study and specific

inhibitors were contradicting (Table 23.4). HDAC3 is a unique class 1 HDAC found

in the cytoplasm as well as the nucleus (Gao et al. 2006; Yang et al. 2002).

However, the precise functions of HDAC3 in the two cellular compartments are

only vaguely known. HDAC3 directly binds to Htt with short pQ and this interac-

tion is important for suppressing the neurotoxicity induced by HDAC3. HDAC3

loses its interaction with Htt with long Q, thus promoting the neuronal death caused

by HDAC3 (Bardai et al. 2013). Moreover, HDAC3 knockdown mice are embry-

onic lethal, which shows that it is an essential protein during development

(Moumne et al. 2012).

The results for HDAC3 inhibition in pQ models are controversial. While one

study using a specific HDAC3 inhibitor showed improvement in a drosophila model

(Jia et al. 2012), another study showed no effect in a mouse model of HD (Moumne

et al. 2012). This discrepancy could be explained by the lack of specificity of the

inhibitors and the heterozygotic knockout animals used in the study. Another

possible cause for the discrepancy is that, unlike HDAC1 or 2 that only function

in the nucleus, HDAC3 can shuttle between the cytoplasm and the nucleus, where it

can have different roles. Therefore, the effect of HDAC3 inhibition in HD models

may depend on the balance between nuclear vs. cytoplasmic aggregates, or HDAC3

activity.

To clarify these issues, we utilized highly specific HDAC3 inhibitors made by a

click chemistry-based combinatorial fragment assembly technique (Suzuki

et al. 2013). These HDAC3 inhibitors have an IC50 against HDAC3 that is at

least 100-fold higher than those for other HDACs. By utilizing these newly

developed reagents, we tested the effect of HDAC3 inhibition in cellular HD

models (Iwata et al. 2009). In this study, we found that HDAC3 preferentially

binds to nuclear Htt over cytoplasmic Htt. Specific HDAC3 inhibitors increased the

total amount of Htt aggregates by increasing the amount of nuclear aggregates.

Table 23.4 Various studies testing the effect of HDAC inhibitors on pQ models

Target Effective Not effective

HDAC1 Small molecules (Jia et al. 2012) n.a.

HDAC3 Heterozygous knock out mice

(Moumne et al. 2012)

HDAC2 Small molecules (Mielcarek et al. 2013;

Thomas et al. 2008)

n.a.

HDAC4 n.a.

HDAC6 n.a. Knock out mice (Bobrowska

et al. 2011)

HDAC7 n.a. Knock out mice (Benn et al. 2009)

Sirtuins Small molecules (Hathorn et al. 2011) n.a.
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Both cytoplasmic and nuclear Htt aggregates were able to suppress endogenous

HDAC3 activity, which led to a decreased nuclear proteasome activity. Therefore,

we concluded that Htt aggregates impair nuclear proteasome activity through the

inhibition of HDAC3 (Fig. 23.6) (Mano et al. 2014).

23.7 Conclusion

In this review, I have tried to describe the current understanding about the molec-

ular pathogenesis of pQ diseases from a standpoint of aggregate toxicity and

degradation. There are multiple schools of thought regarding this issue, and aggre-

gates may not be the only culprit in neurodegeneration. There are aberrant tran-

scription caused by CAG containing RNAs without any translation, or there are

criticisms about aggregate being only the leftover of the damaged cells. It is

needless to say that future studies are required to further elucidate the various

pathomechanisms involved in pQ diseases.

Still, one thing I want to emphasize here is that even if so, pQ diseases are still a

very good model studying cellular protein quality control machinery and worth

looking deeper into the physiological function of the machinery especially in the

aggregated pQ 

HDAC3 

Aggregated pQ 

HDAC3 

? 

proteaseome 

cytoplasm 

nucleus 

HDAC3 does not binds 
to Htt in the cytoplasm 

HDAC3 binds to short Q Htt in the nucleus 

Nuclear pQ 
inhibits 
proteasome 
activity 

HDAC3 inhibitor does not 
impair cytoplasmic 
proteasome 

? Is this because cytoplasm lacks   

HDAC3 shuttles between the 
cytoplasm and the nucleus 

HDAC3 

Mano, 2014 

Fig. 23.6 Current model of polyglutamine degradation and its control by HDAC3 (Mano

et al. 2014)
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nucleus, since our knowledge about that is so sparse at this very point. I believe that

accumulation of small pieces of knowledge about cellular protein degradation

machinery will lead us to better science and hopefully to a cure for pQ diseases.

Conflict of Interest The author has nothing to declare for COI disclosure.
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