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1. Introduction

In humans, the threshold of normal aging is accepted to involve the age of 60 years. At the
same time, the age above the normal aging was divided into three subgroups, including
young olds (65-75 years of age), old olds (75-85 years), and eldest olds (above 85 years of age)
[1]. Normal aging is defined as weakening of the repair and defense processes of the body.
The weakening of the defense in aging organism leads to increase in the level of toxic fac-
tors such as reactive oxygen species (ROS), calcium ions, and immuneinflammatory response.
The consequence of the change in the level of these molecular factors is the development of
age-related diseases, among others, atherosclerosis, tumors and neurodegenerative diseases.
Simultaneously, ROS may lead to the damage of macromolecular compounds, such as lipids,
proteins, and DNA [2, 3]. ROS may also play an important role in the modulation of transcrip-
tion factors activation, gene expression, and various life processes of a cell.

2. Genetic factors and normal aging

It seems that the aging process is determined by both changes in the levels of biochemical
factors as well as multiple genetic variants. It is believed that normal aging is associated with
genes such as SIRT1, AKT1 and CDKN1A, while longevity with e.g. FOXO3A and CETP. On
the other hand, weakness of cognitive function during senescence may be modified by poly-T
variants of TOMM40 and APOE alleles via influencing the level of apolipoprotein E [4, 5].

A detailed description of the molecular factors in aging process is provided in the chapter on
genetic factors associated with longevity. According to the authors, longevity may be a complex
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polygenic trait influenced by many genetic changes. In addition, longevity phenomena are influ-
enced by both epigenetic and environmental factors.

The aging process may be traced based on experimental models using candidate genes
enabling early detection of aging before the emergence of typical phenotypes. Such experi-
mental model may be plants because they allow for the examination of complex mechanisms
of molecular changes during aging.

In the last years, publications point to the involvement of many molecular factors in the devel-
opment of normal aging. However, we still did not prevent the pathological changes in the
aging organism in the form of cardiologic, neurological, or oncological diseases.

3. Aging and old age diseases

In the aging process, functions of the p53 protein, genome trader, are impaired. The p53 pro-
tein does not lead to repair cells with damaged DNA or does not direct them to the path
of apoptosis. The effect of these functional changes is increased susceptibility to infections,
autoimmune diseases and cancers, including malignancies [1, 2]. The pathogenesis of tumors
associated with the p53 protein is contained in this book.

In addition, older people often develop neurological diseases including Alzheimer’s and
Parkinson’s diseases, epilepsy, and stroke. Based on the modern knowledge, it is difficult to
separate normal and pathological aging, and neurodegeneration of central neurons. More
information in the chapter, normal aging and neurodegenerative disorders.

The aging process is not limited to the central nervous system. It also includes other organs
such as heart and liver. It is believed that the loss of liver regenerative capacity is disturbed
in the elderly. Defective liver cells undergo apoptosis or aging. Aging cells are responsible for
fibrosis and hepatocellular carcinoma. Is senescence important in hepatic diseases, available
in this book.

Moreover, recently a growing interest focuses on senescent cells in the context of old age dis-
eases, malignancy and insulin resistance, and as a therapeutic goal to prolong health.

4. Summary

Despite current intensive research on the aging process, many questions about the pathomech-
anism of disorders in the old body remain unanswered. Moreover, the causes of unfavorable
changes in the aging organism are not fully understood. It is not known which factors pre-
cisely define aging and/or longevity and contributes to the development of senility. Finding
unknown paths in the pathogenesis of aging may improve the comfort of life of elderly and
protect them from diseases typical for old age.
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Abstract

Introduction: Life expectancy and the rate of survival into old age have risen dramatically
throughout the past century. The positive ageing outcomes may be due to a variety of fac-
tors including healthy lifestyle behaviors, but it is clear that longevity has a genetic basis,
with heritability estimate of 20-35%. In this contest, it was emerged that human longev-
ity seems strongly influenced by gender defined as the combination between biological
sexual characteristics and factors related to behavior, social role, lifestyle and life experi-
ences. Body —research methods: Successful ageing seems to be related to gene involved
in different pathways of regulation, such as immune-inflammatory responses and oxida-
tive stress. The aims of the present review are to discuss recent findings and highlight the
genetic basis of longevity. For these reasons we are aimed to describe the most important
underpinning which is the gender differences in longevity between males and females.
Conclusion—key results: It appears clear that longevity may represent a complex poly-
genic trait that is influenced by the interaction of multiple genetic variants, as was dem-
onstrated by several genetic studies conducted in the last years. Furthermore, epigenetic
and environmental factors actin on the longevity phenotype.

Keywords: longevity, genetic basis, healthy lifestyle, inflammation, oxidative stress,
epigenetics

1. Introduction

Human life expectancy has increased over the last two centuries worldwide [data shown by
the World Health Organization, 2012], and this is mainly due to improvement of health care,
lifestyle and nutrition. Considering the continuous increase of lifespan and the consequent
growth of the elderly population, research on ageing has been continuously increasing in
thelastdecades. The age threshold used to define “longevity” variesby study butis typically >85
years old and “exceptional longevity” may be considered at age > 95 years old [1].
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Many epidemiological data conducted in different populations indicate the presence of a
strong familial component of longevity. These studies demonstrate that parents, siblings and
offspring of long-lived subjects have significant survival advantage. In particular, it seems
that these subjects had higher probability to become long-lived persons and to have a lower
risk to undergo the most important age-related diseases, such as cardiovascular diseases
(CVD), diabetes and cancer. For these reasons, most of the human ageing studies concentrate
around long-lived families, including highly and middle-aged members.

The presence of strong familial component of longevity led to hypothesize the presence of
a genetic basis, most likely expected to be polygenic, and was demonstrated a heritability
estimates of 20-35% [2]. In fact, human lifespan is a complex trait which is assumed to be
determined by many genes with small individual effects [3].

The gerontogenes, genes controlling ageing and longevity, are highly interconnected and
related to stress response [4]. Prolonged or severe stress exposure exhausts the defence
mechanism accelerating the process of ageing by accumulation of mistakes and physiological
abnormalities. Nevertheless, on the other hand, it is known that moderate stress could have
beneficial effects stimulating innate defence resources of the body thereby by expression of
gene responsible for stress resistance. This stimulation increases the body ability to cope with
higher levels of stress and slows down ageing in the so-called lifespan hormesis effect [5].

Genomic studies into ageing thus far focus on the determinants of human lifespan variation
by using age at death, prospective survival, disease-free survival or exceptional longevity as
outcome. From a genomic perspective, individuals from long-lived families are assumed to
be characterized by a decreased prevalence of disease-promoting variants and an increased
prevalence of variants conferring maintenance of health and protection from disease, when
compared to population controls [6]. However, in 2010 a study conducted by Beekman et al.
[7] tested whether a set of alleles increase the risk of coronary artery disease, cancer and type 2
diabetes for compatibility with human longevity, but they found that longevity is not com-
promised by the cumulative effect of this set of risk alleles for common disease.

Studies in the field of genetics aim to decipher the impact of variation in the DNA structure
that either can be inherited and are therefore found in the germ line DNA or that arises dur-
ing an individual’s lifespan. Core end points in the field of genetics are (1) single nucleotide
polymorphisms (SNPs), which are single base variations in the DNA structure which are
found in 1% of the population or more and (2) copy number variations, which are segments
of DNA that vary in copy number between genomes of different individuals ranging from one
kilobase to several megabases in size.

Genome-wide association study (GWAS) of human longevity has accumulated lots of data.
In order to provide insight into the process of ageing, the applications of integrative genomic
may to evaluate heritability of transcripts and identify sequence polymorphism can be useful.
Very few copy number variations (CNVs) have been found to be linked with successful age-
ing and remain the area of active investigation in immune-related genes involved in ageing.
A comprehensive consciousness of the interactions between genetic factors involved in the
regulation of immune system will help know their roles in longevity and age-related diseases.
They also will provide guidance for personalized efforts to intervene in the ageing process.
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During ageing, vital bodily function, such as regeneration and reproduction slowly declines
and the loss of essential body function leads to age-related pathologies, which ultimately
cause death [8]. A large part of ageing phenotype is explained by an imbalance between
inflammatory and anti-inflammatory response, which result in “inflammaging”, a low-grade
chronic pro-inflammatory status of ageing. Successful ageing seems to be related to point-
ing out that polymorphisms for the immune system genes, which are involved in the regu-
lation of immune-inflammatory responses, may play a key role in the genetics of ageing.
Another important pathway implicated in longevity concerns the oxidative stress. The bal-
ance between pro-oxidants and enzymatic antioxidant systems may be of particular impor-
tance in the elderly. In this scenario, nutritional deficiencies and sedentary lifestyle concur
with a depletion of dietary antioxidants and increased susceptibility to oxidative stress.

Women live longer than men, and this difference in life expectancy is a worldwide phenom-
enon indicating that human longevity seems strongly influenced by gender defined as the
combination between biological sexual characteristics and factors related to behavior, social
role, lifestyle and life experiences [9].

The aims of the present review are to discuss recent findings, highlight the genetic basis of
longevity and describe the most important underpinning which is the gender differences in
longevity between males and females.

2. Insulin-like signaling pathway

The most studied pathway that regulates the ageing process is the insulin-like pathways.
Briefly, upon insulin-like growth factor-1 (IGF-1) binding to IGF-1 receptor (IGF-1R), the intra-
cellular phosphoinositol-3-kinase (PI3K) is activated, leading to formation of the downstream
intermediate phosphoinositide-3,4,5-trisphosphate. The latter binds to 3-phosphoinosit-
ide-dependent kinase 1 (PDK-1), which, in turn, phosphorylates and activates the kinases
Akt/PKB and serum- and glucocorticoid-inducible kinase (SGK-1) that control regular growth
processes in the cell. Together, the stress resistance factors, among which forkhead box gene,
group O (FOXO) transcriptional factor, are activated [10]. This signaling activity is reduced in
long-lived subjects of different species, such as nematode, mice and humans.

Gene encoding for protein involved in this pathway contains mutation correlated to longevity.
In particular, mutation in IGF-1R gene in humans was associated to longer survival compared
to usual [11]. Furthermore, in animal models, mutation in genes encoding for substrates of
insulin receptors 1 and 2 results in the extended lifespan [12], and mutations in genes encod-
ing kinases PI3K, AKT/PKB and PDK are associated with a prolonged life [13].

Insulin-like signaling inhibits the mechanisms of stress response regulated by FOXO transcrip-
tion factor [14]. In mammals, there are four FOXOs (FOXO1, FOXO3, FOX0O4, FOXO06) that
regulate different genes in different cell types [15]: FOXO3 may undergo a greater decline with
ageing. The mechanism by which longevity-associated alleles of FOXO3 reduce age-related
mortality is currently of great clinical interest. FOXO3 has been associated with longevity
in multiple candidate gene association studies in diverse groups including German, Italian
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and Chinese centenarians [16-18]. The precise mechanism by which FOXO3A influences
longevity may be due to its effects on oxidative stress, insulin sensitivity and cell cycle pro-
gression [2]. A recent GWAS meta-analysis observed only a modest association of FOXO3
with survival to 290 years of age [6]. Further, in a genome-wide linkage analysis among nona-
genarians, linkage to FOXO3 and another forkhead box gene, FOXO1, was not detected [19].
The lack of an association observed in these studies may be due to small sample sizes of
exceptionally long-lived individuals, as the association of FOXO3 with longevity is stronger
in persons aged > 95 years and especially in centenarians [17, 18].

3. Lipid metabolism

Lipid metabolism is downregulated with time, leading to age-dependent diseases, such as
metabolic syndrome and atherosclerosis. As previously demonstrated, dyslipidemia is associ-
ated with altered activity in a number of genes.

Three major genes of lipid metabolism are involved longevity, the genes encoding for apolipo-
protein E(APOE), cholesterylester transfer protein (CETP) and peroxisome proliferator-activated
receptor (PPAR).

In prior candidate gene association, variants of APOE have been consistently associated with
longevity. The APOE gene encoded for the apolipoprotein E, a protein that combines with lip-
ids in the body to form lipoproteins, and are responsible for packaging cholesterol and other
fats and carrying them through the bloodstream. Maintaining normal levels of cholesterol is
essential for the prevention of disorders that affect the heart and blood vessels (CVD), includ-
ing heart attack and stroke, and consequently it contributed to good ageing.

The APOE gene has three common polymorphic alleles, leading to six possible genotypes
[20], called €2, €3 and €4. The most common allele is €3, which is found in more than half
of the general population. Both €4 and €2 alleles have been associated with cardiovascular
disease (CVD) risk [21]. The associations with CVD may be related to the involvement of
these isoforms in inflammation, elevated lipid levels and oxidative stress [22]. Some stud-
ies have observed that APOE2 occurs at a higher frequency in the elderly and centenarians,
suggesting an association with longevity [23]; on the contrary, APOE4 may be less com-
mon in these groups and associated with early mortality [24]. However, a study conducted
in Italian subjects showed that the €2 allele is associated with an increased likelihood of
longevity. Interestingly, all of the Italian centenarians of the study were free of cognitive
impairment and major age-related diseases, suggesting an association of €2 allele with
successful ageing [25].

A particular chromosomal region, 19q13.11-q13.32 showed linkage with longevity, as shown
in a large genome-wide linkage scan among nonagenarian sibling pairs of the European
ancestry [19]; subsequent association analyses using GWAS data found that APOE4 and
APOE?2 alleles explain linkage at this region. Further studies are needed to elucidate the role
of rare APOE variants on longevity and healthy ageing.
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Variants in the CETP gene, which is involved in the regulation of high-density lipoprotein
levels, were previously suggested as markers of exceptional longevity and healthy ageing
in Ashkenazi Jews and Japanese-American men, respectively [26, 27]. However, in a recent
case-control study among Han Chinese long-lived individuals, none of the four SNPs in the
promoter region of the CETP gene was associated with longevity [28]. Additionally, a meta-
analysis of eight studies did not observe an association between CETP polymorphisms and
longevity [29].

Peroxisome proliferator-activated receptors (PPARs) are ligand-inducible transcription fac-
tors that belong to the nuclear hormone receptor superfamily. PPAR ligands comprise fatty
acids and their derivatives. PPARa is activated by fatty acids, eicosanoids, 15-d prostaglandin
and oxidized fatty acids. PPARa function antagonizes the metabolic syndrome and ageing in
general [30], through regulation of genes promoting lipid oxidation and metabolism of lipo-
proteins, such as main apolipoprotein of high density, Apo A-1.

4. Inflammation

Inflammation forms the basis of many physiological and pathological processes. Much is
known about how inflammation is initiated, develops and resolves over the short term. But
less is known about the causes and consequences of chronic inflammation. Chronic inflamma-
tion, by contrast, is a prolonged, dysregulated and maladaptive response that involves active
inflammation, tissue destruction and attempts at tissue repair. Such persistent inflammation
is associated with many chronic human conditions and diseases, including allergy, athero-
sclerosis, cancer, arthritis and autoimmune diseases [31].

Alarge part of the ageing phenotype is explained by an imbalance between inflammatory and
anti-inflammatory networks, which results in the low-grade chronic pro-inflammatory sta-
tus of ageing, called “inflammaging” [32], which appears accelerated in many age-associated
diseases. The source of the age-associated chronic inflammation was mainly attributed to the
progressive activation of immune cells over time and to the acquisition of a specific senescent
cell phenotype [33]. Thus, the accumulation of senescent cells in aged subjects could contrib-
ute to the perpetuation of “inflammaging”, and the systemic chronic inflammatory status
could, in turn, contribute to the disease development.

Data on case-control studies suggest that the presence of pro-inflammatory genotype is unfa-
vorable for the achievement of extreme longevity in good health and, in addition, it likely
favors the onset of age-related diseases, such as CVD and Alzheimer’s disease, major causes
of mortality and disability in the elderly. In the contrary, it was shown that centenarians have
an increased level of inflammatory mediators in comparison to old subjects, but they also
have a high level of anti-inflammatory cytokines together with protective genotypes.

Genes implicated in inflammatory pathways may be associated with longevity, as was dem-
onstrated in a case-control study in which a homozygous genotype of the RAGE gene was
more frequently found in male long-lived subjects [34]. A study in German long-lived cases
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and younger controls observed that cases were less likely to be deficient in complement C4
long genes, suggesting a potential role of immunity in lifespan [35].

The cellular communication has a fundamental role in regulating the reaction of the immune
system to a possible danger [36]. In this scenario, a key role may be played by Toll-like recep-
tor 4 (TLR4) that initiated both innate and clonotypic immunity to Gram-negative bacteria
and to other agents. A SNP in TLR4 gene, ASP299GLY, was known to regulate the receptor
signaling that the presence of 896G allele seems to be attenuated with a minor risk to develop
carotid atherosclerosis and less intima-media thickness in the common carotid artery. In addi-
tion, 896G TLR4 allele shows a significantly lower frequency in patients affected by acute
myocardial infarction with respect to controls, whereas centenarians show higher frequency
[37]. This is in agreement with the hypothesis that genetic basis of inflammation might play
an opposite role in CVD and in longevity because people genetically predisposed to a weak
inflammatory activity less likely develop CVD and, at the same time, without any serious
infectious disease complication, more likely live longer [38].

TLR4 activates the inflammatory cell via the NF-kB pathway by inducing the expression of
a variety of cytokines; some of these have been shown to be involved in atherosclerosis and
reciprocally in longevity. In a previous study, conducted by Candore et al. [39], it was demon-
strated that the 896 G allele carriers produce low levels of the pro-inflammatory cytokines IL-6
and tumor necrosis factor (TNF)-a and a higher level of the anti-inflammatory cytokine IL-10.

Cytokines are the expression of a network involving genes, polymorphisms and environment,
and are involved both in inflammation and anti-inflammation. Pro-inflammatory cytokines seem
to play a pathogenic role in age-related diseases, and in previous study, it was demonstrated that
genetic variations located within their promoter regions may influence the susceptibility to age-
related diseases, by increasing gene transcription and therefore cytokine production [40, 41].
Conversely, successful ageing seems to be associated to genetic variations determining increased
production of anti-inflammatory cytokines or decreased production of pro-inflammatory cyto-
kines, suggesting a role for the control of the inflammatory state in the attainment of longevity.

IL-1, IL-2, IL-6, IL-12, IL-15, IL-18, IL-22, IL-23, TNF-a and interferon (IFN)-y were described
as pro-inflammatory cytokines, while IL-1Ra, IL-4, IL-10 and TGF-f1 as anti-inflammatory
cytokines. High levels of IL-1, together with IL-6, tumor necrosis factor (TNF) and interferon
(IEN)-y, are associated with increased risk of morbidity and mortality in the older subject.
Two studies have investigated the role of genetic variability of IL-1 gene cluster and a possible
association with longevity [42, 43]. Neither study showed statistically significant differences
comparing the allele frequencies, genotype frequencies and haplotype frequencies between
long-lived patients and youth nor between males or females.

Also, IL-6 cytokine polymorphisms have been linked to longevity. Several data suggest
that IL-6 ~174C/G locus variability seems to modulate individual susceptibility to common
causes of morbidity and mortality among the oldest subjects (e.g. type 2 diabetes, CVD and
dementia) and therefore interferes with an individual’s ability to reach the extreme limits of
human lifespan [44-47]. A meta-analysis, conducted in Europeans, analyzed that data regard-
ing long-lived subjects and controls from eight case-control studies showed no association
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between the IL-6 polymorphism and the probability of achieving a very old age. However,
in Italian centenarians the IL-6 -174GG genotype appeared to be negatively associated with
longevity and reduced the chance for male GG carriers of achieving centenarian status [48].
Also, a Turkish study, conducted by Kayaalt: et al. [49], found an association between
IL-6 —174G/C promoter region polymorphism and longevity.

As regards TNF polymorphisms, it was found that there was no association between distribu-
tion of TNF-a -308 genotypes and longevity [43, 50]. However, GA genotype was associated
with decreased prevalence of dementia in centenarians, and, in centenarians, the AA geno-
type was associated to higher mortality risk and higher plasma levels of TNF-a [51].

Studies evaluating IFN-y polymorphisms in longevity showed no association [52, 53]. A gen-
der study evaluated the distribution of +874T — A IFN-y polymorphisms in 174 Italian cente-
narians and showed that +874T allele was found less frequently in centenarian women than in
centenarian men or in control women, whereas no significant differences were observed in the
distribution of the two alleles between male and female controls. These data seem to strengthen
the idea that gender may be a major variable in the biology of the ageing process [54].

According to the best of our knowledge, there is no data in the literature to support significant
associations between polymorphisms in the anti-inflammatory cytokines and longevity.

Accumulated data strongly suggest that besides chronic up-regulation of pro-inflammatory
genes and cytokines, also cyclooxygenases are induced during the ageing process. In fact,
cyclooxygenases (COX-1 and COX-2), key enzymes in the conversion of arachidonic acid to
the precursors of bioactive lipid mediators, prostaglandin, thromboxane and prostacyclin,
and lipoxygenases (LOX) enzymes that catalyze the stereospecific insertion of molecular oxy-
gen into various positions in arachidonic acid, were intimately involved in inflammation.
Previous studies have shown that —-765GC and -1708GA SNPs in the promoter region of
COX-2 gene and 5-LOX genes, respectively, resulting in a significant lower promoter activity,
were found to be associated with reduced risk of severe atherosclerosis [55]. In centenar-
ians the frequencies of these pro-inflammatory alleles were significantly lower, whereas age-
related controls were higher [56].

Ageing and longevity are complex traits resulting not only and not exclusively from genetics
but rather from the interactions between genetics, environment and chance.

5. Oxidative stress

The role of the oxidative stress response in healthy ageing and longevity is a hot topic in the
field of human ageing studies.

The free radical theory of ageing, proposed in 1956, suggests that free radical-induced accu-
mulation of damage to cellular macromolecules is a primary driving force of ageing and a
major determinant of lifespan [57]. Under normal conditions ROS (including NADPH oxi-
dases (NOX), mitochondria, xanthine oxidase, monoamine oxidase and nitric oxide synthase)

11
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were maintained at the physiological levels by several endogenous antioxidant systems,
such as superoxide dismutatase (SOD), catalase, glutathione peroxidases and glutathione
reductase (GR). Other antioxidant systems involving thiol-disulfide oxidoreductase systems
include the cytosolic proteins thioredoxin (TRX) and glutaredoxin (GRX). ROS at physiologi-
cal levels can interact with redox state and play a role in mediating cell signaling, while at
pathological levels can result in oxidative damage to cellular components that activate several
cell death pathways.

The close interrelationship of redox balance to oxidative stress has in recent years become a
more prominent aspect of the free radical theory of ageing that was extended to implicate the
mitochondrial production of ROS [58]. In fact, studies in long-lived species showed the pres-
ence of reduced oxidative damage [59], reduced mitochondrial free radical production [60],
increased antioxidant defences [60] and increased resistance to oxidative stress both in vivo
and in vitro [61]. However, a lack of correlation of oxidation with lifespan [62], or even an
increase in oxidative damage/stress associated with long lifespan, has also been reported [63].

In addition, in support of the importance of genetic factors in the ageing organism’s ability to
counteract the negative effects of oxidative stress, genetic modifications of the stress response
with age have also been reported. These modifications may minimize health risks, and they
may increase the individual’s possibilities of achieving a longer life [64].

Several studies suggest that both genetic factors and modifiable lifestyle habits have major
impact on the oxidative stress response, but the relative contribution of genes and lifestyle
in promoting an efficient stress response in cells is difficult to estimate. Data collected in the
literature shows that in experimental organisms and in exceptionally long-lived individuals,
among the antioxidant enzymes, a major role in longevity seems to be attributed to genes
SOD2 and GPX [65].

Knowing that oxidative stress accelerates telomere loss, the genes encoding the telomere
maintenance pathway, mainly telomerase reverse transcriptase (TERT) and telomerase RNA
component (TERC), are also important to happen [66, 67]. In addition, in support of gender
difference in longevity, some genes involved in the stress response pathway, like heat shock
protein A1A (HSPA1A) or paraoxonase 1 (PON1), show sex-specific effects [68].

A study in Chinese centenarians and nonagenarians and younger controls identified signifi-
cant genotype differences in the GNB3 and eNOS genes, whose variants have been impli-
cated in hypertension and vascular function via nitric oxide (NO) generation, respectively
[69]. Another study found that variants of two NO synthase genes, NOS1 and NOS2, decrease
the probability of attaining longevity, suggesting that NO production and signaling may be
involved in ageing [70].

Mitochondrial genetic variability, both germ line and somatic, influences the stress response
and is associated with human ageing/longevity. In both physiological and pathological condi-
tions, a strict coordination between nuclear and mitochondrial genomes is necessary to ensure
the biosynthesis and functional activity of mitochondria [71]. In normal conditions, signals
from the nucleus to mitochondrion are essential for maintaining an adequate mitochondrial
structure and function. The mitochondrial replication and transcription were modulated by
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several nuclear-encoded transcription factors and coactivators, such as transcription factors
which bind to the promoter regions of mtDNA (transcription factors A (Tfam) and B (mtTFB)
that enhancing the rate of transcription initiation of mtDNA genes and mitochondrial bio-
genesis) and nuclear respiratory factors NRF-1 and NRF-2 and the peroxisome proliferator-
activated receptor-y coactivator-1 (PGC-1) family coactivators (PGC-1a, PGC-1a,and related
coactivator PRC) [71-73].

Although many association studies explored the effect of genetic variability at candidate genes
belonging to the oxidative stress pathway in relation to age-related clinical conditions [74], as
well as with human longevity, few papers investigated their role on the quality of human age-
ing and in particular on the functional decline characterizing human senescence. Most of the
studies investigate the association of genes related to oxidative stress with cognitive ability and
cognitive ageing in healthy older people [75-79] and found an involvement of apolipoprotein
E (APOE), catechol-O-methyltransferase (COMT), brain-derived neurotrophic factor (BDNF)
and dystrobrevin-binding protein 1 (DTNBP1) genes in cognitive ability in older people.

A recent work conducted by Dato et al. [80] investigated the association between 311 SNPs at
38 genes belonging to the oxidative stress pathway with functional status at very older age.
They found associations for TXNRD1 variability with activities of daily living and walking
speed, NDUFSI1 and UCP3 with handgrip strength and walking speed and GCLC and UCP2
with walking speed. They also found that the association between genetic variability in the
pro-oxidant-antioxidant pathway and functional status at old age is influenced by sex and
in particular in nonagenarian females. From these data it is possible to speculate that pro-
oxidant-antioxidant pathway is able to modulate physical and cognitive performance after
the ninth decade of life, finally influencing extreme survival.

Thus, the balance between pro-oxidants and enzymatic antioxidant systems may be of par-
ticular importance in the elderly, whose nutritional deficiencies and sedentary lifestyle con-
cur with a depletion of dietary antioxidants and increased susceptibility to oxidative stress.

6. Gender and longevity

The impact of gender difference in ageing has been extensively assessed, but the precise
mechanisms of interaction between a series of fundamental aspects, such as hormonal, immu-
nological and metabolic pathways as well as genetic background remain largely unknown.
The high prevalence of women among centenarians suggests that men and women follow dif-
ferent trajectories to reach extreme longevity. In particular, females benefited from healthier
lifestyles and favorable environmental conditions in the past century [81]. Moreover, the dif-
ferences in longevity between genders are related to free radical production because mito-
chondrial oxidative stress is higher in males than females. Estrogens in women confer better
protection against ageing, through an up-regulated expression of antioxidant longevity-
related genes [82]. In support of this, there are also some available epidemiologies of age-
related diseases confirming substantially different between genders and showing changes
dramatically in women after menopause [83].
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Much research has been carried out into the role of sex hormones in determining lifespan
[84], and one hypothesis is that sex hormones appear to influence the immune system. It is
well known that estrogens, androgens and progesterone affect cells of the innate and adap-
tive immune system differently during the reproductive phase of life [85]. It is widely recog-
nized that estrogens inhibit natural killer cell cytotoxicity and reduce neutrophil chemotaxis
and consequently inflammation [86, 87]. Moreover, macrophages treated in vitro with oes-
tradiol display a reduced production of pro-inflammatory cytokines, such as IL-1§3, IL-6 and
TNF-a [88]. Estrogens and androgens are responsible for a reduced immature number of
T-lymphocytes and thymus involution after puberty [89] and can also influence the adaptive
immunity in an opposing way, contributing to an improved humoral response in women but
also favoring the appearance of autoreactive clones and the susceptibility to autoimmune
diseases [90].

The sudden loss of ovarian estrogen and progesterone production that characterizes meno-
pause induces pathophysiological changes in different organs and systems [91], bone density,
breast cellular composition, cardiovascular health, mood/cognitive function and sexual well-
being. Menopause reflects the inevitable final hallmark of a woman'’s fertile lifespan and of
the above-described beneficial effects of estrogens on immune responses. Rapid reduction of
estrogen levels results in an increased susceptibility and mortality toward a series of infec-
tious diseases caused in old women losing of their immunological privilege toward infection
85, 92].

It is noteworthy that women will soon spend half of their life in postmenopause, if the current
trend of increasing human life expectancy should persist.

7. Lifestyle and physical activity

The ageing process is dynamic and characterized by a continuous remodeling, and it appears
evident that the main actors are DNA repair, apoptosis, immune response, oxidative stress
and inflammation that these mechanisms are necessary to interact in an efficient way. But
life expectancy at birth has been increasing in western societies thanks to the continuous
improvement of medical assistance with respect to age-related diseases, especially CVD and
cancer, environmental factors and lifestyle.

Among lifestyle factors, having a major impact on the whole organism oxidative stress
response, there are impaired nutrition, reduced physical activity, alcohol consumption and
cigarette smoking, which are major contributors to the failure of systemic homeostasis, espe-
cially if persisting for a long part of the individual’s life. For these reasons the effects of physi-
cal activity and diet in oxidative stress response in humans have been suggested that both are
able to tip the balance of oxidative burden/antioxidant response.

In support of this hypothesis, it has been reported that dietary restricted mice, which live
much longer and show a very delayed aging phenotype [93, 94]. Thus, dietary restriction
can trigger a molecular genetic response which postpones ageing and age-related pheno-
types. Specifically, reduced glucose metabolisms result in an increase in ROS accumulation
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by stimulating the basal metabolic rate and consequently increase oxidative stress [95]. This
has brought to search for drugs or interventions which may act on these mechanisms without
the side effects of calorie restriction [96]. Among the most important measures in this context,
you may name the protein restriction and the use of drugs involved in the IGF-1 axis and in
the FOXO/TOR pathway [97]. As emerged from the analysis of data resulting from studies in
geographical areas with exceptional longevity (such as Sardinia and Okinawan), it seems to
be important to follow a low-protein diet, such as the Mediterranean diet [98]. In these cases,
the traditional diet seems to allow to stimulate molecular mechanisms that increase the lifes-
pan. The Mediterranean diet and red wine consumption, rich in antioxidants like resveratrol,
have been shown to have protective effects against oxidative damage. People who consume
large amounts of fruits and vegetables have a lower incidence of CVD, stroke and tumors, and
it has been proposed that the assumption of micro-nourishments with antioxidant activity
could be responsible for the reduction of chronic diseases [99]. Consistently, long-lived indi-
viduals seem to prefer a diet rich in vegetables and in natural antioxidants. In addition, lower
degree of oxidative stress was found in healthy Okinawan centenarians compared to aged
subjects, data obtained by measuring the level of lipid peroxide and tocopherol (Vitamin E)
in plasma [100]. Okinawan diet, with its high intake of green leafy and yellow-root vege-
tables, sweet potatoes as a dietary staple and soy as a principle protein, supplemented by
small amounts of fish and meat, may be a significant advantage in achieving their exception-
ally long life expectancy, thanks to a particularly high amount of antioxidant vitamins [102].
However, this finding could be due not only to nutritional factors [101] but also to a specific
genetic background.

Moderate physical activity attenuates several age-related diseases, reduces blood pressure in
hypertensive patients [103] and improves the serum lipid profile with an average reduction
of 3.7% in triglyceride and 5% in low-density lipoprotein (LDL)-cholesterol levels and a 4.6%
increase of HDL-cholesterol levels [104]. Benefits derived by physical activity in older people,
for the maintenance of an optimal health status and the prevention or management of chronic
diseases, can derive from exercise-induced adaptations of the cellular antioxidant defence
systems [105]. In these subjects indeed, the presence of higher serum levels of antioxidants
associated with higher strength and physical performance was demonstrated [106, 107].

8. Epigenetics

In the field of longevity, more recent studies have shown that an important role is also played
by epigenetics. In fact, studies in various models have revealed that genetic differences and
somatic modulations underlie longevity, but also non-genetic factors play an important role.
These considerations have pointed out the importance of epigenetic mechanisms in modulat-
ing longevity pathways.

Epigenome, the intermediate layer of genomic information between the genome and tran-
scriptome, is another molecular level that could provide additional insight in the processes
of ageing. Epigenetic regulation of transcription is mediated by histone modification, DNA
methylation and microRNAs.
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Chromatin and epigenetic factors influenced gene expression dynamically by regulating
access of transcriptional machinery to DNA. It is clear that, with age, there is a general loss of
histones coupled with local and global chromatin remodeling, an imbalance of activating and
repressive histone modifications and transcriptional change in all ageing models.

Additionally, particularly in mammalian systems, there is a global and local change in DNA
methylation, site-specificloss and gain in heterochromatin and significantnuclear reorganization

Methylation patterns of genes involved in, for example, development and morphogenesis,
DNA binding and regulation of transcription [108, 109], seem to change with age; a progres-
sive linear increase in methylation with age at the ELOVL2 gene was found in a cohort of 501
long-lived individuals [110].

The epigenomic field recently became more accessible for the screening of large study popula-
tions; however, larger studies, new methodologies and the consistent use of different study
designs to follow up results might help to unravel the genomic component of healthy ageing
and longevity.

It was proposed that a mathematical model, on the basis of the methylation levels of 353 CpG
units, formulated a mathematical model, the so-called epigenetic clock, which was able to
predict the chronological age of a subject starting from the methylation level of several cells
and tissues of his body [111]. This model also indicates that methylation represents one of
the most accurate biomarkers of age and it was able to predict all-cause mortality also after
adjusting for traditional risk factors [112]. Finally, when it was used to estimate the biological
age of several tissues from supercentenarians, it has been demonstrated that the brain and
muscle represent the youngest tissues of these exceptional individuals [113].

However, even if the relationship between methylation process and ageing is still not clear,
this discovery has some wide potential applications, ranging from detailed monitoring of
changes occurring with age to forensic purposes. It therefore appears clear that future
advances in this field could help the understanding of the complex physiology of ageing,
lifespan and age-associated diseases.

Starting from the observations, epigenetic modifications affect not only the ageing process
but also its quality [114]. Epigenome-wide association studies identified hundreds of sites
spread along the entire genome in which methylation levels change between the oldest old
and younger subjects.

Although serum microRNAs play roles in the diagnosis of various diseases, little is known
about circulating miRNAs in the ageing process. Human serum from healthy individuals
contains abundant quantities and species of circulating miRNAs, and they can be readily
detected with almost all routine RNA analysis techniques, including qRT-PCR. Zhang et al.
evaluated miRNA expression profiles in the sera of healthy individuals at different steps of
the ageing process, and they found a different miRNA regulation in the ageing process. In
particular, they found that miRNAs changed significantly in the ageing process: miR-29b,
miR-106b, miR-130b, miR-142-5p and miR-340 decreased, and miR-92a, miR-222 and miR-375
increased [115].
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Evidence provided suggested also that TLR signaling transduction is impaired in cells from
aged animals, as suggested by lack of response to the stimulation of lipopolysaccharide (LPS),
and the increased pro-inflammatory cytokine release observed in macrophages of aged mice
even if no conclusive results can be obtained on the TLR baseline expression level in animal
model during ageing [116]. In particular, a trio of miRNA, such as miR-155, miR-21 and miR-
146a, has proven to be key TLR signaling modulators, and, importantly, these miRNAs are
codified by endotoxin-responsive genes [117].

9. Discussion

Human longevity is an extremely complex trait on which genetic, epigenetic and environ-
mental factors act. It is becoming evident that the genetic differences concur lowly to life
expectancy before 60 years, but their impact on survival becomes more prominent at old
ages. Unfortunately, the currently available knowledge is not sufficient to explain the secret
of longevity, even because available data, reviewed in this work, are sometimes conflicting.
The precise reason for these data discrepancy is unknown; however, several factors may be
involved, such as ethnic, lifestyle and cultural differences among the population analyzed in
the diverse studies.

During the past decade, several longevity gene candidates have been identified; the majority
of them concern components of the inflammatory system, stress response or lipid and glucose
metabolism.

As discussed above, longevity is characterized by a balance between pro-inflammatory and
anti-inflammatory agents, which act as key players. A pro-inflammatory propensity can con-
fer high resistance against infectious diseases, but it also may increase susceptibility to inflam-
mation-based diseases. On the other hand, an anti-inflammatory tendency, instead, may
cause an increased susceptibility to infections and might not allow to reach a more advanced
age. According to a perspective suggested in recent years, the best candidates to become cen-
tenarians are not the strongest, and most robust subjects among their age cohort, but subjects
that better adapt to the environment, show more biological plasticity.

Since genetic variants may exert small to moderate effects on human longevity, additional
prospective investigation with large sample size is needed to elucidate the role of genetic vari-
ation. It may also be worthwhile for future studies to evaluate the genetic basis of ageing sepa-
rately in male and female, which is especially importantly given the longer lifespan of females.

Therefore, the balance between lifestyle and physiological changes during ageing on the one
hand and risk factors for age-associated diseases on the other should be taken into consider-
ation. Several studies suggest that on the oxidative stress response both genetic factors and
modifiable lifestyle have major impact. Studies in experimental organisms and in exception-
ally long-lived individuals have tried to identify genetic factors modulating the oxidative
stress response, but the relative contribution of genes and lifestyle in promoting an efficient
stress response in cells is difficult to estimate.
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Data deriving from different studies indicate that stress response pathway is an integrated

network of molecular activities, ranging from immunity to inflammatory regulation and acti-

vation, to glucose homeostasis and mitochondrial metabolism. Therefore, ageing seems to be

associated with a loss of complexity in the dynamics of multiple control systems that may

reduce the ability to adapt to stress, leading to a state of impaired homeostasis and vulnerabil-

ity to internal and external stressors. On the contrary, the healthy oldest old seems be able to

maintain a higher level of integration among the different physiological pathways operating

within the cell, thus interacting more successfully with stressors.
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Abstract

Leaf senescence is a complex process controlled by multiple genetic and environmental
variables. In different crops, a delay in leaf senescence has an important impact on grain
yield trough the maintenance of the photosynthetic leaf area during the reproductive
stage. In sunflower (Helianthus annuus L.), the fourth largest oil crop worldwide, senes-
cence reduces the capacity of plants to maintain their green leaf area for longer periods,
especially during the grain filling phase, leading to important economic losses.

In crop species, taking into account the temporal gap between the onset and the phe-
notypic detection of senescence, identification of both, candidate genes and functional
stay-green are indispensable to enable the early detection of senescence, the elucida-
tion of molecular mechanisms and the development of tools for breeding applications.

In this chapter a comprehensive literature revision of leaf senescence process not only
in model plant species but also in agronomical relevant crops is presented. Results
derived from system biology approaches integrating transcriptomic, metabolomic
and physiological data as well as those leading to the selection and characterization of
stay green sunflower genotypes are included, making an important contribution to the
knowledge of leaf senescence process and providing a valuable tool to assist in crop
breeding.

Keywords: sunflower, candidate genes, leaf senescence, stay-green genotype, molecular

markers
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1. Introduction

Leaf senescence is an age-dependent complex process at the cellular, tissue, organ or organ-
ism level, leading to death at the end of the life span [1]. Annual plants as grain and oil crops
undergo a visual process toward the end of the reproductive stage that is accompanied by
nutrient remobilization from leaf to developing seeds [2]. Senescence process is controlled
by multiple genetic and environmental variables, which has strong impact on crop yield [3].
Environmental factors such as light, nutrient availability, concentration of CO,, abiotic and
biotic stresses caused by disease may affect the rate of senescence. In this context, not only
environmental conditions but also biotic factors influence senescence, being this an irrevers-
ible process prematurely induced under these adverse conditions [4]. Moreover, reproductive
growth is mentioned as a factor that usually impacts on leaf senescence, and particularly in
sunflower, the lack of sinks delays the onset of senescence [5]. During this process, changes
in gene expression result in a metabolic shift from anabolism to catabolism, which leads to
decreased photosynthetic activity, progressive degradation of cellular structures and oxida-
tive burst [6-8]. It has been documented that a delay in leaf senescence has a substantial
impact on grain yield through the maintenance of the photosynthetic leaf area during the
reproductive stage in different crops [3, 9, 10].

In sunflower (Helianthus annuus L.), the largest important oil crop worldwide, the senescence
process reduces the capacity of plants to maintain their green leaf area for longer periods,
especially during the grain-filling phase, affecting the yield and thus leading to economic
losses [11, 12]. This production constraint has deepened since sunflower crop production has
been gradually moved to marginal areas due to the rapid change of agricultural practices in
crops such as soybean and maize, which have greatly increased their cultivated areas as a
consequence of favorable commodity prices and because farmers found more profitable to
sow transgenic crops with resistance to herbicides and insects [13, 14].

During the last years, many efforts have been achieved to build up useful functional genomics
tools for cultivated sunflower involving physiological, transcriptional and metabolic profiles
[15-23].

In crop species, considering the temporal gap between onset and phenotypic detection of senes-
cence process, the availability of candidate genes and molecular markers to the early detection
of senescence is indispensable to discriminate between early-senescing and late-senescing lines
to be applied in the different context of breeding activities [24]. For example, the identification
of functional stay-green genotypes for breeding applications and/or for elucidating molecular
mechanisms involved in this complex trait.

2. Senescence and crop yields: stay-green genotypes

Senescence is an essential process for the normal growth and development of plants, being an
important mechanism for the adaptation to several environmental conditions.
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The hypothesis that a delay leaf senescence increases the productivity may be valid for most
crops with regard to total biomass production and tuber crops, but this assumption is more
controversial with respect to seed yields [3]. However, it has been documented that a delay
in leaf senescence has a high impact on grain weight and quality in different crops, including
sunflower [3, 5, 25, 26].

Stay-green is a regular term given to genotypes in which the senescence phenotype is delayed
in comparison with a standard reference genotype. Stay-green genotypes could be classified
into five different types taking into consideration functional or cosmetic stay-green [27, 28].
Functional stay-green genotypes have a photosynthetically active leaf area showing a delay
in the onset of senescence (class A), or differing in the rate of the process (class B), whereas
cosmetic stay-green genotypes are those in which the senescence proceeds normally but
they show problems in chlorophyll degradation (class C), or the chlorophyll content does
not decline due to rapid tissue death (class D), or they have a higher chlorophyll content
with no change in onset or rate of senescence development (class E) [28]. Mature leaf is a net
contributor of photosynthates to the whole plant. The carbon capture phase of the leaf is fol-
lowed by a net organic nitrogen remobilization. The transition from carbon capture to nitro-
gen remobilization corresponds to the functional initiation of senescence [29]. In this sense,
functional stay-green genotypes are present in those genotypes in which the C-N transition
is delayed, or the transition occurs but the subsequent yellowing and N remobilization run
slowly [29-31].

In this sense, functional stay-green genotypes could intercept more radiation, increasing pho-
tosynthesis and yield in crops with seeds rich in carbon compounds. However, a delay in
the C-N transition could negatively affect the seed quality in crops with seed rich in protein
compounds [30], such as soybean [32] and cowpea [33].

3. Study of leaf senescence process in sunflower

Sunflower is the fourth most important oil crop worldwide and the second one in the
Argentine. Moreover, Argentina is the third largest exporter of crude oil and the second of
protein and pellet flour. The added value of oilseed industrialization contributes in the econ-
omy with US$ 1400 million approximately, with a total production between 3.2 and 3.8 million
tons of grain annually [34].

Sunflower is an annual monocarpic species in which reproductive phase exerts a strong control
on leaf senescence and nutrient remobilization, affecting grain weight [35]. Potential yields of
sunflower crop are far from the real ones in all Argentina productive regions. In Balcarce loca-
tion, for instance (Southeast of Buenos Aires province), one of the best productive regions of
Argentina, while the potential yields are estimated in 5000 kg ha™, those obtained by the best
producers only reach 3000 kg ha™, and the average in the region ranges in 1800 kg ha™ [36].
Among the factors that contribute to the productivity gap, one of the most important is the
inability of current hybrids to keep their green leaf area for long periods, limiting the incident
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radiation capture during the grain-filling period and impacting negatively on the yield and
oil concentration [12, 37].

Sunflower genome complexity characterized by of long and highly similar repeats has slowed
the pace of getting a complete genome reference. Recently, a high-quality assembly comprising
3.6 Gigabases has being achieved by means of PACBIO sequencing [38]. The reference genome
together with extensive transcriptomic data from vegetative and floral organs is accessible at
https://www.heliagene.org/HanXRQ-SUNRISE. In the last years, our group accomplished a
series of transcriptional and metabolic profiling studies that were integrated into physiologi-
cal, molecular and cytological analysis to contribute to the understanding the senescence pro-
cess in this crop and breeding genotypes against abiotic constraints [19-23, 39-41].

Through a system biology approach and using a commercial sunflower hybrid, we character-
ized the leaf senescence process by integrating transcriptomic and metabolomic analyses using
both glasshouse and field conditions [22]. Our results revealed early metabolic changes before
to anthesis in the absence of the onset of the first visual senescence symptoms, with more pro-
nounced changes observed when physiological and molecular variables were assessed under
field conditions (Figure 1). Metabolite remobilization from mature and senescent leaves to the
different sinks, particularly into seed development, affects their quality and quantity and is one
of the most important aspects of crop improvement [3]. In this study, we showed a decrease
of photosynthetic activity and cell growth before anthesis, whereas sucrose, fatty acid, nucleo-
tide and amino acid metabolisms increased. The role of sugars in senescence has been widely
discussed in recent years. Sugars are central elements of the source-sink relationships [42, 43]
and have been reported as growth [44] and photosynthetic rate regulators [45]. However, the
effect of sugars on senescence is controversial and differs between different species [1, 46, 47].
In sunflower, sugar content decreases during leaf development (Figure 1). This finding is
in line with previous studies in tomato and higher plants, in which the photosynthetic rate
dropped together with sugar levels in a mature leaf [48-50]. Furthermore, sunflower is a plant
with a high demand for nutrient, especially sugars as substrate for oil synthesis, during the
grain-filling phase. Likewise, low levels of sugars may increase production and/or ethylene
sensitivity, which acts as senescence enhancer [51, 52].

Pathways related to nutrient recycling processes were also up-regulated. We found high
expression levels of enzymes involved in recycling, such as asparagine synthetase and gluta-
mine synthase, as well as the associated metabolites, asparagine and glutamine. These amino
acids are involved in nitrogen and carbon transport between the different organs and are the
most abundant amino acids in the xylem and phloem [53, 54], indicating a high recycling
activity at early stages of leaf development.

Transcription factors (TFs) are key proteins involved in the regulation of gene expression and
signal transduction networks, regulating different biological processes and their function is
crucial for triggering and/or controlling the different aspect of senescence process. Members
of the NAC, AP2-EREBP, HB, bZIP and MYB transcription factor families showed high
expression levels, and their expression level was highly correlated, suggesting their involve-
ment in sunflower senescence. These results are in agreement with previous results described
for Arabidopsis thaliana [55]. Particularly, we found a transcript with high sequence identity
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regulated, blue: down-regulated) [22].
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to ANACO2 or ATAF1. This transcript might be associated with an upstream regulation of
the signaling pathway involving ORE1 and EIN2 [56], thus activating their expression and
inhibiting the expression of Golden2-like (GLKSs) genes, which are necessary for chloroplast
development and maintenance [57]. ORE1 also acts as an antagonist of GLK protein, adding
more complexity to this regulation pathway [57]. In A. thaliana, ORE1 TF induces leaf senes-
cence [58]. In addition, the micro-RNA miR164 suppress ORE1 transcript levels; miR164 and
ORE1 may be regulated in a loop that would also involve EIN2, where EIN2 would promote
the expression of ORE1 and would inhibit miR164 [59]. In a previous work conducted in sun-
flower, expression profiles of candidate genes Ha-EIN2 and Ha-NACO01 (with high sequence
identity to ORET) were evaluated together with miR164 levels [21] showing similar expression
patterns to Arabidopsis and in line with the increase in the nutrient remobilization rate.

Moreover, using bioinformatic approaches and evaluating two different approaches for gene
expression correlation analysis: Weighted Gene Correlation Network Analysis (WGCNA) and
BioSignature Discoverer (BioSD, Gnosis Data Analysis, Heraklion, Greece), we integrated tran-
scriptomic and metabolomic data [39]. WGCNA allowed the detection of 10 metabolites and 13
TFs (Figure 2), whereas BioSD allowed the detection of one metabolite and six TFs as potential
biomarkers. Comparative analysis demonstrated that three transcription factors were detected
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Figure 2. Integrated network of hubs metabolites and transcription factors detected by WGCNA [39]. 24 selected hubs
metabolites and 82 TFs statistically significant during senescence were correlated (p-value < 0.0001) and visualized in
Cytoscape [60] by degree (node size and color) and edge weight (edge size and color).

by both approaches, highlighting them as potentially robust biomarkers associated with leaf
senescence in sunflower. This complementary use of network and BioSignature Discoverer
analysis of transcriptomic and metabolomic data provided a useful tool for identifying candi-
date genes and metabolites, which may have a role in the triggering and development of the
leaf senescence process.

Transcriptomic analysis in combination with metabolic profile is a comprenhensive tool for
the study of leaf senescence. These results suggest a complex regulatory network underlying
this process. Thus, the identification of regulatory networks based on expression profiling is
an important starting point for the detection of new key genes involved in the triggering of
the senescence process in this crop.

4. Selection of stay-green genotypes in sunflower

Given the importance of the stay-green genotypes selection for studies of this complex char-
acter, we performed a screening and selection of contrasting sunflower genotypes associ-
ated with early leaf senescence process evaluating 135 different genotypes from the INTA
Sunflower Breeding Program (INTA Manfredi Sunflower Germplasm Collection) [61] growing
under field conditions through a physiological, cytological and molecular approach.
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Physiological measurement of growing cycle, anthesis time, number of leaves, plant size, evo-
lution of total/dry leaf, green leaf area at anthesis time and SPAD was performed to select
pairs of contrasting genotypes with very similar plant architecture, phenology and leaf area
until anthesis, but with different senescence rate. This analysis allowed us to select 10 geno-
types that were further evaluated, allowing the identification of two contrasting senescence
inbred lines, R453 (early senescence genotype) and B481-6 (putative stay-green genotype) [23]
(Figure 3).

Figure 3. Phenotypic analysis of sunflower genotypes under field experiment. (A) and (B) early senescence genotype
R453. (C) and (D) Stay-green genotype B481-6. Images (A) and (C) correspond to 15 days after anthesis and images
(B) and (D) 30 days after anthesis.
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At the physiological level, green leaf area evolution (GLA) is an indirect measurement of
photosynthetically active leaf area, and its decrease has been reported as product of active
chloroplast degeneration and chlorophyll degradation.

R453 and B481-6 displayed similar GLA evolution until anthesis. Then, GLA decreased
abruptly in R453 and faster than the B481-6 genotype. GLA decline in B481-6, on the other
hand, was gradual and reached complete senescence at 200 °CdAE later (Figure 4A). In
sunflower, and many other monocarpic species, this senescence symptom is evident after
anthesis, during grain-filling period, and is mainly due to source-sink relationships estab-
lished at this stage of development [5, 20, 36, 62]. Radiation interception at the canopy
level showed similar patterns with an early decrease in the early senescence genotype
(Figure 4C). In grain crops, a delay in leaf senescence should have a positive impact on
grain yield [3, 26]. Yield components were evaluated displaying significant differences in
yield, with higher seed weight in the stay-green genotype (Figure 4B). These observations
are in agreement with the expected for this trait suggesting a type B stay-green pheno-
type [28]. Moreover, photosynthesis measurement was performed 15 days after anthesis
showing higher photosynthesis rate in the stay-green genotype (Figure 4D), supporting
this finding.

A B
7000 45
__ 6000 - _ %0
S = ]
£ 5000 - . >
- % 30 A
$ 4000 - ]
© Q 25
% 3000 | ] T
O - 20 4
3 b
= 2000 - 5
g £ 15 4
& 1000 - T oo
H
0 5 |
500 1000 1500 2000
°CDAE 0 L—
C D
30
1
25 4
x 0,8 -
)
2 06 o 20 1
5 o
2 E 15 4
o 04 A =
4 E
2 S 10 A
£ 0.2 A
5 -
0
500 1000 4epne 1500 2000 0

Figure 4. Physiological analysis of contrasting genotypes. R453 in orange and B481-6 in green colors. (A) Green leaf area
(GLA); (B) yield; (C) radiation interception and (D) photosynthesis. °CdAE indicates thermal time after emergence. Red
line in (A) and (C) indicates anthesis time for both genotypes.



Sunflower Leaf Senescence: A Complex Genetic Process with Economic Impact on Crop Production
http://dx.doi.org/10.5772/intechopen.68588

To confirm the senescence phenotype of the selected genotypes, we also performed cytological
and molecular analysis. As senescence involves programed Cell Death (PCD), nuclear DNA
degradation associated with PCD can be detected in situ by TUNEL assay. In this sense, we
analyzed mesophyll cells nuclei of both genotypes 10 days after anthesis. R453, with premature
senescence phenotype, also showed TUNEL-positive nuclei, whereas B481-6, with stay-green
phenotype, had TUNEL-negative nuclei (Figure 5). Mesophyll is the most photosynthetically
active tissue of higher plants, having cells with high chloroplast and chlorophyll content and
the cells in this tissue are affected firstly during senescence [9, 62, 63]. TUNEL-positive nuclei
detection indicates that senescence process has already started in the early senescence genotype.

The gene expression pattern of the senescence-associated candidate transcription factors was
evaluated for differences in the timing of senescence pathways activation between the early
senescence and stay-green genotype [21, 22]. HaNACO01, HaNAC03 and HaNACO5 transcrip-
tion factors were evaluated at two different times, 5 days after anthesis (DAA) and 15 days
after anthesis (Figure 6). R453 showed higher expression levels of the three NAC transcription
factor than B481-6, and its expression increased by 15 days post-anthesis.

Altogether, these findings highlight these genotypes as interesting potential candidates for fur-
ther analysis of leaf senescence in sunflower. The B481-6 genotype showed a stay-green phe-
notype, also evidenced by cytological and molecular analysis and an increase of seed weight,

DAPI TUNEL

Figure 5. TUNEL assays of selected contrasting genotypes. (A) and (C): Nuclei visualization by DAPI staining. (B):
TUNEL-positive nuclei in mesophyll cells of premature senescence genotypes (R453). (D): TUNEL-negative nuclei in
stay-green genotype (B481-6) [23].
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Figure 6. qPCR analysis of NAC transcription factors candidate genes. Relative transcript levels are shown as the ratio
(log2 scale) between the expression in the early senescence genotype (R453) in relation to the stay-green genotype
(B481-6) in two different times 5 days after anthesis (DAA) and 15 days after anthesis [23].

which makes this genotype a potential candidate for the functional stay-green phenotype in
comparison with R453 genotype.

5. Conclusions and perspectives

Integration of transcriptomic and metabolomics data arises as a powerful approach to iden-
tify pathways and candidate genes related to the senescence process in sunflower, an eco-
nomically important oil crop without previous molecular information about this process. The
results discussed in this chapter provide an important start point for understanding the senes-
cence process and open new insights to explore alternative strategies and possibilities.

Moreover, by a combination of physiological, cytological and molecular analysis, we identified
two senescence contrasting genotypes. B481-6 genotype showed a delay in senescence symptom
evaluated both, under physiological and molecular measurement. This senescence delay, together
with an increase in photosynthesis rate, leads to an increase in yield, highlighting this genotype
as functional stay-green. These results together with a better understanding of the onset of the
process will in turn impact on the development of different senescence management strategies
and could help controlling the grain-filling process. All in all, these advances provide a valuable
tool to assist in crop breeding, which represents a significant challenge for the future of agricul-
ture attending to the increase in both, world population and climate risks that affect productivity.
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Abstract

Accelerated senescence of cancer stem cells (CSCs) represents an adaptive response allow-
ing withstand cell death. TP53, the pivotal tumor suppressor plays an important role in this
process by inducing a prolonged dual state with senescence and self-renewal as potential
outcomes. Molecularly, this is achieved by activating both OCT4A (POU5F1) and p21CIP1.
OCTH4A suppresses the excessive activity of p21 preventing the immediate precipitation of
apoptosis or terminal senescence. It persists as long as sufficient cellular energy remains;
generated through autophagy, itself sequestrating p16INK4A in the cytoplasm. As such,
autophagic capacity is the bottleneck of these TP53-dependent senescence reversal processes,
as well terminal senescence will follow if DNA damage is not ultimately repaired. In TP53
mutants the CSC-like state is boosted by stressed cells overcoming the tetraploidy barrier.
These cells acquire additional DNA repair capacity through mitotic slippage and entrance
to a sequence of ploidy cycles, allowing repair and sorting DNA damage, ultimately facili-
tating the genesis of mitotically competent daughter cells following final depolyploidisa-
tion. Again, autophagy is required to fuel this process. More detailed knowledge of these
arcane processes anticipates the provision of anti-cancer drug targets, such as AURORA
B kinase and Survivin, which ensure mitotic slippage and the continuity of ploidy cycles.

Keywords: accelerated senescence, cancer stem cells (CSCs), TP53, DNA damage, self-
renewal OCT4A (POUS5F1), p21CIP1, pluripotency, apoptosis, metastability, DNA repair,
autophagy, p16INK4A, tetraploidy, ploidy cycles, AURORA B, Survivin, AMPK

1. Introduction

In 2001 Roninson and colleagues [1] published the now seminal article entitled “If not apoptosis,
then what? Treatment-induced senescence and mitotic catastrophe in tumor cells”. After decades
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of overwhelming attention toward apoptosis induction as the cure for cancer, this article gave
birth to a new field in cancer research. They wrote: “Inhibition of the program of apoptosis has
been reported to have little or no effect on clonogenic survival after treatment with drugs or
radiation in several tumor cell lines. A decrease in apoptosis is compensated in such cell lines by
an increase in the fractions of cells that undergo permanent growth arrest with phenotypic fea-
tures of cell senescence. The senescent phenotype distinguishes tumor cells that survived drug
exposure but lost the ability to form colonies from those that recover and proliferate after treat-
ment. Although senescent cells do not proliferate, they are metabolically active and may produce
secreted proteins with potential tumor-promoting activities.”

Since that article, the induction of senescence was even claimed as the new goal of cancer
treatment [2] and many researchers stepped on this path.

In this chapter, we describe our data over the last 2 decades, which along with other research,
substantiates the exact opposite: that so-called accelerated cell senescence (ASC) (also called
stress-induced premature senescence) and mitotic catastrophe (MC) are not desired goals of
cancer treatment. Rather, we show that these processes can enable genotoxically treated can-
cer cells to escape cell death, not only by secretion of survival promoting components [3] but
also by effective DNA repair. By stabilizing or recovering the innate stem properties of cancer
stem cells (CSCs) senescence can be reversed by DNA damaged-induced ACS. To explore
these concepts clearly it is first important to review and define the typical features of cell
senescence and the biology of CSCs.

2. Biological features of cell senescence: what is clear and what is not?

Replicative senescence is usually dependent on TP53/p21CIP1/pRb/E2F pathway, whereas
accelerated senescence can be mediated through TP53/p21CIP1/pRb/E2F or, pl6ink4a/pRb/
E2F pathway or both [4]. Cells acquire flat morphology, upregulate autophagy, and become
positive for sa-p-galactosidase (pH 6.0) staining, indicative of high lysosomal activity. Erosion
of telomeres and achievement of the Hayflick limit characterizes proliferative senescence,
while in ACS the telomeres are not shortened [5]. However, the emergence of DNA strand
breaks and the resulting DNA damage response (DDR) characterizes both proliferative and
accelerated senescence [6]. Persistent irreparable DNA damage triggers the senescence-asso-
ciated secretome [7], which is another feature of cell senescence. Emergence of endopolyploid
cells, some capable of escaping senescence is also a typical feature of normal [8] and cancer
cells [9, 10]. The reversibility of genotoxically induced senescence coupled to reversible poly-
ploidy and its relation to stemness and population recovery are key phenomenon to under-
stand if we wish to develop better cancer treatments [11-17]. The polyploidy component of
senescence is associated with resistance to chemotherapy and involves mTOR activation; its
inhibition causes senescence reversal, neo-expression of stem cell markers [18] and increased
resistance of cancer cells to chemotherapy [19]. However, whether any senescing primary
somatic cancer cell is capable of displaying the above features associated with senescence
reversal or whether this only applies to cancer stem cells (CSCs) and how the recovery finally
occurs is still largely unclear.
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3. The common biological features of embryonic stem cells (ESCs)
and CSC

It is now generally accepted that CSCs play a central role in cancer genesis and promotion.
Firstly, they possess the developmental potential, being capable of sphere formation and the
ability to differentiate into mesoderm, endoderm and ectoderm progenies. Many gene mod-
ules of ESC are found active in various cancers [20], in turn, aggressive tumors express the
markers of ESC or germ cells [21-24]. Third, tumors also acquire epigenetic profiles of ESC
under genotoxic [25-28] or hypoxic conditions [29], in association with overcoming the tet-
raploidy barrier. So, epigenetically, CSCs of highly de-differentiated tumors possess many
features of ESC.

Epigenetic instability is another notable feature of ESC and likely also of CSC. ESCs pos-
sess ‘poised’, chromatin marking of key developmental genes. Such marking consists of large
regions of H3 lysine 27 methylation harboring smaller regions of H3 lysine 4 methylation.
These domains tend to coincide with genes of transposable elements (TE) expressed at low
levels [30]. Some activity of TE may provide the transcriptional noise, which is necessary for
the fate changes observed during early embryo development [31, 32]. Moreover, the enhanc-
ers in ESCs are enriched for the transposable elements and genetic variations associated with
cancer [33].

An additional peculiarity of ESC (and likewise CSC) is the absence of the cell cycle G1/S
restriction checkpoint: here OCT4 and NANOG activate cyclin D kinases cdk4 and cdk6
[34] to force ESC into S-phase. Therefore, damaged ESC cells typically accumulate in the G2
DNA damage checkpoint instead, whose relative weakness allows mitotic slippage [35, 36].
Moreover, stressed ESC and likely also CSC possess a peculiar intermediate post-slippage
phase (not 4 N-G1) [37, 38] containing non-degraded cyclin B1, which is normally destroyed
after mitosis. In irradiated lymphomas and HeLa cells this nondegraded cyclin B1 was found
to be sustained by activated Mos kinase [39]. Some additional activators of meiotic prophase
were also revealed [40, 41] indicating a possible trigger from the mitotic DNA damage check-
point into a meiotic prophase-like state with its more effective recombination checkpoint.
Potentially, this meiosis-like molecular setting allows CSCs to tolerate both DNA damage and
tetraploidy and use this compartment for DNA repair by homologous recombination [14, 42].
All three facets of CSC biology; poised chromatin, an epigenetic shift to embryonality, and the
peculiar cell cycle checkpoints are apparently interrelated and involved in ACS, whose main
hallmark is persistent DNA damage. The remainder of this chapter is an attempt to assess this
notion within our experimental material.

4. Accelerated senescence of human fibroblasts induces senescing
tetraploid cells with transient self-renewal potential

In one of our recent experimental systems, embryonal lung human fibroblasts (IMR90 cells)
were grown in normoxia (20%) and 5% CO, and reached full senescence (proliferative arrest
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with zero mitotic index) after 32-34 passages. Senescence was characterized by flat morphology
of enlarged cells, nuclear positivity of p21CIP1 and cytoplasmic accumulation of p16INK4A;
at the terminally stage nuclei were swelling and p16 entered the cell nuclei [43]. DNA cytom-
etry revealed an accumulation of a portion of the prematurely senescing cells in the G2 com-
partment (Figure 1A, B) which were also overcoming the tetraploidy barrier with formation
of a few (4-6%) tetraploid cells, which sometimes entered aberrant mitoses. These cells with
large polyploid nuclei began to express both senescence markers (p21CIP1 and p16INK4A)
with the self-renewal marker NANOG; these cells were also positive for DNA double strand
breaks (DSB) (Figure 1C-F). The acquisition of bi-potentiality by a small proportion of normal
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Figure 1. Characteristics of IMR90 human embryonal fibroblasts undergoing pre-senescence. Cells were cytospun, fixed
and stained for DNA image cytometry. DNA content was determined for at least 200 cells in each condition and is
represented as the percentage in a state of (A) logarithmic growth; (B) presenescence with some accumulation of cells in
the G2M (4C) checkpoint and some increase of >4C DNA cell numbers. (C) shows the results from immunofluorescence
studies staining for y-H2AX, NANOG, P21CIP1 or p16INKA4A proteins with positive staining discriminated with
respect to nuclei size; (D-F) — typical immunofluorescence patterns showing combinations of self-renewal (NANOG)
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and positivity for DSBs y-H2AX. Bars= 10 um. Republished from Ref. [43].
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cells overcoming the G2M DNA damage checkpoint is reminiscent of stem cell activity; with
the same lack of arrest in the G1/S checkpoint and weak G2M checkpoint. Nevertheless, these
cells did not persist in the culture and NANOG expression was lost in later passages.

These observations heightened our interest in the role of senescence in the CSC model.

5. Ovarian germline cells challenged by genotoxic stress display the dual
p53-dependent expression of p21CIP1 and OCT4A

As a model for CSC we chose the ovarian germline cancer cells PA1. These cells are wt TP53,
possessing features of embryonal carcinoma [44]. They were treated with etoposide (ETO), the
inhibitor of Topoisomerase 1II, to induce DSB through the impairment of S-phase [45]. Cells
entered massive, prolonged, G2-arrest, acquired flat morphology, and signaled persistent
DDR for about 4-5 days in nearly 100% of cell nuclei (positive for y-H2AX and CHK2 foci)
with some cells overcoming the tetraploid barrier (Figure 2A, B). The most surprising fact was
that regulators of the opposing processes of senescence (p21CIP1) and self-renewal OCT4A
(POUS5F1) were highly induced in the same G2-arrested cells (Figures 2C and 4A). This was
downstream of activated TP53, as both p21 and partly OCT4A became downregulated after
TP53 RNA:i silencing (Figure 2C) [45]. Further study [46] revealed that p53-activated OCT4A
down-regulated p21CIP1, moderating its expression and preventing cells from precipitat-
ing terminal senescence or apoptosis (Figure 2D), thus providing the opportunity for repair.
Downregulation of p21 via OCT4 was previously shown in ESC [47].

Moreover, such stress-activated OCT4A was transiently disconnected from its self-renewal
partners (SOX2 and NANOG), as those protein levels were low and/or not activated
alongside Oct4A [46]. Therefore, the autoregulatory and feedforward loops seen in ESC
[48] were not present, potentially due to the known down-regulation of the Nanog gene
promoter by activated p53 [49] and/or the down-regulation of NANOG by high levels of
OCT4A [50]. However, it is also possible that another, Cdk4-activating function of OCT4A
[34] could be enhanced, while inhibiting action of p21lon Cyclin D/cdk4,6 checkpoint func-
tion reduced forcing escape of the damaged cells from G1/S checkpoint leading to their
accumulation in G2-arrest. Figure 3 presents these hypothetical relationships between the
cell cycle and pluripotency functions of stress-activated OCT4A induced by DNA damage
through activated p53.

The bizarre duality of OCT4A with p21CIP1 was subdued and cell cycle in the PA1 clones
returned to normal, on days 7-14 (Figure 2A), while silencing of stress-activated OCT4A pre-
vented recovery [46]. This transient undecided state in G2 arrest, between true senescence and
true self-renewal, was thus lasting as long as wtTP53 was activated by the DNA DSB.

In accordance with our findings in PA1 cells after ETO treatment, a recent high-throughput
RNAI screen revealed the intrinsic roles of S and G2, functionally establishing that pluripo-
tency control is hardwired to the cell-cycle machinery and that the ATM/ATR-CHEK2-p53 axis
enhances the TGF-b pathway to prevent premature cell death [36]. As well, [3] showed that
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Figure 2. Response of PA -1 cells to ETO treatment. PA -1 cells were treated with 8 uM ETO for 20 h, then washed and
assessed at the indicated time point. (A) Cells were cytospun, fixed and stained for DNA image cytometry as previously
described [46]. DNA content was determined for at least 200 cells in each condition and is represented as a percentage.
Profound G2 arrest on day 2 was observed followed by the simultaneous emergence of a polyploid (>4C) and 4nG1
fraction on day 5 before the recovery of the normal cell cycle profile by day 7. (B) The proportion of pCHK2-positive
cells was examined in the context of DNA content with cells sub-divided into small or large cells. In the NT control
sample, all cells were pCHK2-negative with an expected nuclei size distribution (2C 80%; > 4C 20%). On day 2, all cells
were pCHK2-positive and the vast majority of nuclei were large (24C). By day 5, cells with small nuclei appeared, all
of which were pCHK2-negative. Data are representative of>three independent experiments; (C) Immunoblot analysis
of TP53, OCT4A and P21CIP1 in PA-1 cells after ETO treatment. PA-1 cells were treated with non-target (ntg) siRNA
(-) or siRNA-TP53 (+) for 24 h before treatment with 8 uM ETO, washing after 20 h and cell lysates made and assessed
by immunoblotting for p53, P21CIP1, OCT4A or GAPDH as a loading control at the indicated time-points (day 3 and
5). p53 was upregulated in response to ETO treatment and suppressed by siRNA-TP53. P21CIP1 and OCT4A were
also upregulated by ETO treatment, and the upregulation was restricted by treatment with siRNA-TP53. Data are
representative of three independent experiments. (A—-C) republished from Ref. [45]. (D) OCT4A suppresses p21CIP1 and
induces senescence. PA-1 cells were treated with ntg-siRNA or OCT4-siRNA for 24 h before treatment with 8 uM ETO for
20 h and replacement with fresh media. Protein expression was assessed at the indicated time points by immunoblotting.
Cell lysates were made and assessed by immunoblotting for pCHK2, RAD51, p53, p21CIP1, OCT4A and GAPDH as a
loading control. Republished from Ref. [46].

cellular senescence accompanying DNA damage or DNA damage as such favors cell repro-
gramming in vivo models. It should be noted however, that the frequency (chance) of survival
in our PA1-ETO model was not high. It stresses the importance of another possible player in
this “undecided” stage between senescence and self-renewal, of transcriptional noise.
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Figure 3. Schematic of the response of wt TP53 cancer stem cells to genotoxic damage. P53 is activated and simultaneously
induces p21CIP1 and OCT4A. OCT4A moderates the expression of p21CIP1 preventing apoptosis or terminal senescence
[45, 46]. Activated p53 also downregulates the promoter of Nanog gene [49]. Therefore, the multipotency circuit based
on Nanog stimulation of OCT4A and SOX2 [48] (dashed lines) is interrupted. In addition, the overexpressed OCT4A
also down-regulates NANOG [50]. Activated OCT4A also enhances the activity of cdk4 and favors cells exit from
the G1/S restriction checkpoint [34] and accumulation in G2. Activated p53 also activates pAMPK, likely via OCT4A.
PAMPK activates autophagy. Functional autophagy sequesters and digests p16INKA4 within the cytoplasm, preventing
its transition into the cell nuclei and hence terminal senescence. With exhaustion of autophagic capacity (halting of
autophagic flux) pAMPK activates a metabolic checkpoint [51], which precipitates cell death in the G1 and possibly also
G2 cell compartments.

6. Transient bi-potentiality of CSC for senescence and self-renewal
displays the population features of “noisy” expression and activated
transposable elements

One of the interesting facets of this dual expression of self-renewal and senescence regulators
in the PA1-ETO model was the high heterogeneity in response, with individual cells express-
ing wildly differing levels of OCT4 and p21 (Figure 4A). This explorative chaos continued for
4-6 days and culminated with massive cell death selecting a small proportion (<1%) of resis-
tant survivors. Earlier studies on ESC observing the extensive heterogeneity and fluctuations
of gene expression in individual stem cells led the authors to suggest that “noise “may be the
central driving force behind multipotency [32, 50, 52].

Therefore, notably, a similar long ‘stochastic’ phase of choice between senescence and self-
renewal (initiated by activating DNA repair and mesenchymal to epithelial transition), with
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Figure 4. Population heterogeneity in expression of OCT4A and p21CIP1 in response of PA1 cells to ETO treatment.
(A) Population heterogeneity in expression of OCT4A and p21CIP1 is extended for days 2—-6 post ETO treatment,
before recovery from day 7, when it reduces; (B) Population heterogeneity is accompanied by a degree of polyploidy as
represented by DNA histograms on day 4, with underreplication of the cells in late S-phase of diploid and polyploid cell
cohorts; this phenomenon is enhanced after impediment of autophagic flux. Republished from Ref. [46].
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heterogenous activation of pluripotency genes, preceding the period of further determination
of self-renewal circuitry has also been reported during the induction of pluripotent stem cells
[53].

Our study of DNA histograms in ETO-treated PA1 cells revealed in addition to G2M arrest, a
strong under-replication in late S-phase (Figure 4B), the time of constitutive heterochromatin
replication [46]. Similarly, arrest in late S- and G2M phase was reported after Doxorubicin
treatment in p53 mutant cancer cells [54]. This feature may therefore be equally required
for any senescence causing release from silencing and subsequent activation of TE nested in
constitutive heterochromatin as retrotransposition was found in replicative cell senescence
[55, 56]. In particular, under-replication may cause de-repression of TE genes and result in
the epigenetic activation of the developmental genes in the poised chromatin regions [30]
enabling the reprogramming by senescence. Indeed, we observed the activation and clus-
tering of ALU elements in the ETO treated PA1 cells [57]. The initial de-repression of trans-
posons could provide the necessary “noisy” background of transcription allowing chaotic
fluctuations of gene expression, which enable stochastic choice of the appropriate attractors
for cell fate change and escape from terminal senescence.

7. The role of autophagy in preventing terminal senescence

Our further observations in the PA1 model showed the importance of autophagy in with-
standing the proteotoxic stress following ETO treatment and its crucial role in maintain-
ing viability; inhibition of autophagy culminated in chromatin fragmentation and nuclei
disintegration [46, 57]. Stress-activated OCT4A mainly colocalized, and correlated in its
nuclear concentration in individual cells, with activated AMP"72 kinase (Figure 5A, B).
AMP-activated protein kinase (AMPK) serves as a general energy depletion sensor and acti-
vator of autophagy. The energy stress-response of AMPK is also tightly linked to the DDR
of p53 [58, 59] and can induce a p53-dependent glucose-sensitive metabolic checkpoint [51]
precipitating apoptotic cell death from the G1/S and likely autophagic death from G2M
checkpoint [60].

We found, in addition, that active autophagy in PA1-ETO cells sequestered p16INK4A aggre-
somes within the autophagic vacuoles (Figure 5C i-ii), while disability of autophagy enabled
p16 diffuse distribution in the cell nuclei and caused terminal senescence with nuclear dis-
integration (Figure 5 iii-iv) preventing survival of ETO-treated cells [46]. The p53-dependent
role of AMPK, its relationship with stress-activated OCT4A, and the role of autophagy in the
prevention of terminal senescence for TP53 wild-type CSC cells is schematically presented in
Figure 3.

However, in TP53 mutants, the cells find an additional pathway for potential recovery —
they undergo mitotic slippage and employ polyploidy for repair and sorting the damaged
DNA.
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Figure 5. Autophagic response of PA1 cells to ETO-mediated DNA damage: (A) Scatterplot of image cytometry
of OCT4A and pAMPK in individual cells assessed on day 4 after ETO treatment. There is a clear correlation
between enhanced expression of OCT4A and pAMPK™"'72 of ETO-treated cells; (B) OCT4A and pAMPK™"72
immunofluorescence in PA-1 cells 4 days after ETO-treatment. (C) The relationship between autophagy and
senescence. PA1-ETO cells were treated without or with Bafilomycin Al, prior to media being removed and
replaced with fresh media; cells were harvested 48 h later (day 4). (i) imunofluorescent staining for pl6ink4a,
LAMP2 or DAPI as shown via the BRG optical filter, (ii) only LAMP2 demonstrating high level of functional
autophagy sequestrating pl6ink4a-containing aggresomes. (iii-iv) shows an example of autophagic failure, where
sequestration of p16ink4a is partly lost, diffusing into the cytoplasm and nucleus, which is destroyed. Bars = 10 pm.
Republished from Ref. [46].
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8. TP53 mutants with persistent DNA damage undergo mitotic slippage,
ploidy cycles, and are capable of reversing senescence alongside

polyploidy

Some authors have reported that genotoxically treated cancer cells can paradoxically
combine sa-p-gal-positivity (considered as a universal marker of senescence) with expres-
sion of Ki67, a hallmark signature of proliferation. This “swing phenotype” is apparently
dependent on p21 and TERT [61]. Others have reported that sa-B-gal-positivity is also
compatible with polylploid cells (induced by DNA chemotherapy) undergoing de-poly-
ploidization and surviving [13, 16]. Overcoming the tetraploidy barrier in TP53 mutants,
boosting the self-renewal network [25, 26] — can likely convert tumor cells into CSCs or
stabilize them. Moreover, paradoxically, genotoxically challenged TP53 mutant tumor
cells, which uncouple DNA replication from cell division and undergo mitotic slippage
possessing both DNA DSBs and Ki67 expression (Figure 6A). As well the mitotic chromo-

\

H3ser10

Figure 6. Mutant TP53 tumors have additional options for repair and sorting of DNA damage in ploidy cycles. The
genotoxic damage in mutant TP53 cancer cell lines of various origins favors mitotic slippage with exaggerated: (A)
H3ser10 activation by mitotic AURBK and (B) expression of proliferation marker Ki67 tolerating DNA damage detected
by y-H2AX foci. This is followed by (C) DNA damage sorting by micronuclei in the next mitosis of the polyploid cells
and/or (D) by expelling and autophagic digestion of the whole subnuclei of multi-nucleated cells. (A) HeLa cells, 10 Gy
irradiation, day 4; (B) MDA MB 231 breast cancer cells on day 4 after 100nM Doxorubicin treatment (in collaboration
with A. Boiko); (C) SK-Mel-28 cell, 30Gy, day 2 (in collaboration with TR Jackson); (D) WI-L2-NS lymphoblastoma,
10Gy, day 6. Republished from Ref. [62]. Bars (A)=20 um; (B-D)=10 pum.
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some passengers, such as catalytically active Aurora B kinase (Figure 6B) and Survivin
are expressed during mitotic slippage and in resulting polyploidy interphase [19, 63, 64].
Notably, activated AMPK, responsible for the metabolic aspect of senescence-associated
autophagy, also possesses these same chromosome passenger features [65]. All of these
observations indicate that stress-induced “senescent” cancer cells retain their proliferation
potential through induced polyploidy coupled to active autophagy. During this process
or/and in the next tetraploid/octaploid cell cycle they can additionally repair DNA [42]
and also sort the un-repaired DNA damage in micronuclei (Figure 6C), as first reported by
Haaf et al. [66]. The autophagic nature of this sorting found by Rello-Varona et al. [67]; has
been reviewed previously in Ref. [68]. This sorting of the DNA damage through micronu-
cleation was observed by us in several tumor cell line models after different kinds of geno-
toxic treatments as exemplified in Figure 6 (A-C). The autophagic elimination of large
DNA portions or whole sub-nuclei with damaged DNA was also observed (Figure 6D)
[62, 68, 69] as another intriguing feature of the late post-damage events of genotoxically
treated TP53 mutants.

All this indicates that TP53 mutants have a strong capacity for surviving genotoxic damage
and reversing cell senescence by reversible endopolyploidy through a pathway involving
boosted stemness. This pathway is in fact far away from the regulations of the typical mam-
malian cell cycle. More likely, these tumor cells exploit the life-cycle-like regulations of the
unicellular organisms recapitulated from evolutionary ploidy cycles as we have postulated
previously in Refs. [70, 71] and showed recently by bioinformatics study of polyploidy [72].
It only remains to add that in general tumor cells cannot bear wild type TP53 and inactivate
it, if not by mutations, then in many other ways [73]. Perhaps the increased ability to access
additional routes to cell survival by overcoming senescence and repairing DNA damage as
detailed above, also help explain this inactivation of TP53 function in tumors.
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Abstract

Current knowledge indicates that the aging process starts with subclinical changes at
the molecular level. These include the accumulation of mutations, telomere attrition, and
epigenetic alterations leading to genomic instability. Such defects multiply exponen-
tially over time, resembling a “snowball effect,” and eventually leading to morphological
and functional deterioration of the brain, including progressive neuronal loss, reduced
levels of neurotransmitters, excessive inflammation, and disrupted integrity of vessels,
followed by infarction and microbleeds. Additionally, the decreasing efficiency of DNA
repair mechanisms increases the susceptibility to reactive oxygen species and sponta-
neous mutagenesis, resulting in age-related neoplasia. Moreover, the malnutrition and
malabsorption seen commonly in the elderly may cause deficiency of vitamin B, and
folic acid, both necessary for homocysteine metabolism, and lead to vascular damage.
Altogether, these lead to brain damage in old age and greatly increase the risk of develop-
ing diseases of the central nervous system, such as stroke, epilepsy, Parkinson’s disease,
Alzheimer’s disease, and other dementias.

Keywords: aging, molecular factor, neurological diseases

1. Introduction

Physiological aging starts after 60 years of age. Senescence in both animal models and
humans is accompanied by alterations in the function of central cholinergic neurons. These
changes essentially involve decreased levels of cholinergic receptors, reduced synthesis and
release of acetylcholine, and a marked decrease in the number of muscarinic cholinergic
neurons, all which may be linked to the age-related memory deficits, a typical change in
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Figure 1. Molecular factors associated with aging and age-related neurological diseases. The pathological changes
starting at the molecular level induce oxidative stress and disturb cell cycle that affects cells of the aging organism
and lead to systemic deterioration. The genetic variation may give rise to age-related neurological diseases. ROS—
reactive oxygen species, HHcy —hyperhomocysteinemia, AEDs—antiepileptic drugs, AD— Alzheimer’s disease, and
PD—Parkinson’s disease.

Alzheimer’s disease (AD) patients. Moreover, a decrease in the levels of dopaminergic neu-
rons of up to 40-50% may be observed in the substantia nigra and of dopamine in the stria-
tum at the end of the sixth decade of life, which are typical changes seen in patients with
Parkinson’s disease (PD).

Increased longevity in much of the developed world appears to have lead to higher stroke
incidence. Apart from an aging population, there is a significant impact of the growing preva-
lence of hypertension, diabetes, obesity, and disorders of the cardiovascular system on the
increase in the incidence of stroke. The prevalence of these diseases increases with age.
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The most common causes of epilepsy in the elderly are vascular changes in the brain (approxi-
mately 5%) and degenerative diseases of the central nervous system (CNS) (10-20%). Seizures
also occur in patients with AD, demyelinating diseases (multiple sclerosis, or MS), metabolic
disorders, as well as in toxic and hormonal disorders, or in individuals with a history of brain
injuries or CNS infection.

The mechanisms leading to the development of neurological disorders in the elderly have not
been fully elucidated. There are no known mechanisms that regulate cell death in the aging
brain. It is not known whether the age of various cells induces the process of apoptosis and
other mechanisms of neuronal death, and what factors determine the susceptibility to devel-
oping neurological diseases in old age. Understanding the causes of the increased incidence
of neurological diseases in the elderly may help in their prevention and improve quality of
life in old age (Figure 1).

The following review is based on literature search through public databases, such as PubMed
and Scopus, with the use of keywords: “aging,” “molecular mechanism,” “neurological dis-
eases,” “stroke,” “epilepsy,” “vascular dementia,” “Alzheimer’s disease,” “Parkinson’s disease,”
and “brain tumor.” Subsequently, the authors selected eligible publications and performed fur-

ther searches through their references in order to find additional articles. The last search was

”ou

a ” o

performed in February 2017.

2. The molecular mechanisms of aging

The molecular mechanisms of aging include genome instability as a consequence of the
accumulation of gene mutations, telomere attrition, and epigenetic alterations. Interestingly,
instability occurs more frequently in some genome regions than in others. The association
and interactions between the above mechanisms lead to the functional decline of aging
organisms.

2.1. Aging due to DNA damage

The theory of aging establishes that somatic mutations happen randomly during an organism’s
lifetime and their accumulation eventually affects key functions such as DNA synthesis, degra-
dation, and repair, consequently causing the “error catastrophe.” Genetic damage occurs both
innuclear DNA (nDNA) and mitochondrial DNA (mtDNA) [1, 2]. However, mitochondria have
an oxidative environment, due to multiple redox reactions in the electron transport chain, and
a less efficient DNA repair system, which results in the accumulation of more damaged mDNA
than nDNA [3, 4]. The decreased activity of autophagy and mitophagy may also be responsible
for the accumulation of mtDNA mutations and mitochondrial dysfunction during aging [5].

The integrity and stability of DNA may be disrupted both by exogenous factors, such as
physical, chemical or biological agents, as well as endogenous factors, including DNA rep-
lication errors and reactive oxygen species (ROS) [6]. Most of the damage to DNA occurs
during the replication process, and the majority of this damage is corrected by a complex net-
work of DNA repair mechanisms. The mismatch repair (MMR) system provides the fidelity
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of replication. The checkpoint response is activated by damage that is unrepaired and leads
to cell senescence or death, which may also alter tissue and the homeostasis of the body. The
loss of key MMR proteins has been observed during aging. The question becomes: is such
deterioration a cause or an effect of senescence [7, 8]?

The cell cycle and repair processes are controlled by tumor protein 53 (p53, encoded by TP53
gene), which is a pivotal regulator of multiple cellular processes, such as reversible and irre-
versible cell cycle arrest and senescence. The protein is activated by various stress factors to
induce apoptosis or autophagic cell death, depending on the cell category [9]. The initiation
of cellular aging is designed to prevent proliferation of damaged cells and tumorigenesis.
Two main groups of signals activate p53: DNA damage and oncogenic stress. It has been
demonstrated that loss of p53 function occurs in senescent cells, as 50% of human neoplasms
possesses a mutated copy of the TP53 gene [10]. Moreover, the mutations in TP53 were
observed also in age-related dementias, such as AD in both humans and its murine model
[11, 12] (Figure 1).

2.2. The role of telomeres

Telomere attrition is another molecular mechanism responsible for senescence. Telomeres
are a structural component of chromosomes localized at the end of each chromatid. They
consist of DNA and telomere binding proteins. Telomere DNA is made up of the sequence
5-TTAGGG-3' repeated 150-2000 times [13]. The main functions of telomeres are protection
against loss of genetic information during replication and prevention of abnormal recombi-
nation, chromosome fusion, or chromosomal degradation by exonucleases [14]. During each
cell division, the telomere sequence is shortened by a length of 50-200 base pairs (bp) and
the structure of telomeres changes. This biological clock is considered to be one of the main
mechanisms determining the number of possible cell divisions. Hayflick’s observations [15]
on somatic cells specified the maximum number of divisions after which cells stop dividing
but remain metabolically active. This maximum number is called the Hayflick limit and varies
by tissue type and organism. It is known that a reduction in the number of divisions prevents
the accumulation of mutations [16].

2.3. Epigenetics of aging

Epigenetic alterations are another molecular mechanism involved in aging and include DNA
methylation and histone modifications [17]. The epigenome becomes deregulated with age.
Global levels of DNA methylation decrease with age, and changes in the methylation profile may
lead to age-associated immune deficiency [18]. The chemical modification of histones includes
acetylation, methylation, phosphorylation, ubiquitination, deamination, citrullination, sumoy-
lation, ADP (adenosine diphosphate) ribosylation, and proline isomerization and lead to
changes in histone-DNA or histone-histone interactions [19]. Both changes in the DNA meth-
ylation pattern and histone modifications can directly alter chromatin packaging, resulting in
different parts of the DNA being exposed to transcriptional factors and results in the expres-
sion of different genes. Epigenetic studies have demonstrated progressive changes at the
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transcriptomic level associated with aging. The age range of 49-56 years in humans seems to
be critical in transcriptional senescence. Changes in gene expression, either their increase or
decrease, are a longitudinal and dynamic process [20] (Figure 1).

2.4. Aging of the brain

Furthermore, senescence comprises aging of the cerebral white matter (WM) and gray matter
(GM), including progressive neuronal loss, decreased levels of neurotransmitters, increased
inflammation, disrupted integrity, lesions, infarction, and microbleeds [21]. Aging affects not
only neurons but also glial cells (astrocytes, oligodendrocytes, microglia), vascular cells, and
the basal lamina matrix and interferes with their functions such as maintaining metabolic
and ion homeostasis in the CNS, regulating the cerebral blood flow, impulse conduction, and
phagocytosis [22]. During aging, the reduction of WM volume is almost threefold higher (loss
of 28% of neurons) than the reduction of GM volume (10% of neurons). Thus, changes in WM
may result in behavioral and cognitive decline in the elderly. Additionally, the ability for WM
repair has been found to be decreased in older individuals. Changes in WM are observed in
diseases, such as stroke, PD, and AD [21].

Multiple molecular changes take place during aging, and these form a vast network of inter-
actions. This makes it nearly impossible to determine if age-related diseases are caused by a
snowball effect of senescence, or if the converse is true: that these diseases are the result of
individual variability. It seems that both hypotheses may be true, as aging is an important
risk factor for diseases such as stroke, epilepsy, PD, AD, and brain tumors, but not a certain
causative factor (Figure 1).

3. Neurological diseases associated with aging

3.1. Stroke

According to World Health Organization (WHO), stroke is defined as “rapidly developing
clinical signs of focal (or global) disturbance of cerebral function, lasting more than 24 hours
or leading to death, with no apparent cause other than that of vascular origin” [23]. There
are two main types of stroke, ischemic and hemorrhagic, which have different pathogenesis.

3.1.1. Ischemic and hemorrhagic stroke

In an ischemic stroke, the blood supply to some brain areas is reduced due to narrowing or
complete occlusion of arteries, which leads to dysfunction of this part of the brain tissue. The
molecular mechanisms involved in the pathomechanism of ischemic stroke include progres-
sive damage of the blood-brain barrier (BBB) due to loss of integrity, degeneration or death
of neurons, glial reaction, and infiltration of immune cells. Ischemic stroke represents 85-90%
cases of stroke [24, 25]. Age-related changes in WM are thought to increase the risk for stroke,
poststroke death [26], and ischemic injury after stroke [27]. One of the molecular features
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of ischemic stroke in the elderly is excitotoxicity due to changes in protein expression (e.g.
increase in GLT-1, a transporter for glutamate) and production of ROS. The generation of
ROS leads to the death of oligodendrocytes and to the disruption of axons within WM. In the
aged brain, the functional decline of mitochondria and antioxidant systems is associated with
greater oxidative stress and worsen the WM injury upon ischemia [21].

Hemorrhagic stroke may be caused by cerebral hemorrhage and subarachnoid hemorrhage
as a result of damage to the brain’s blood vessels by chronic hypertension, cerebral arterio-
venous malformation, intracranial aneurysm, disambiguation, cerebral amyloid angiopa-
thy, or drug-induced bleeding. The molecular basis of such a hemorrhage is represented by
cytotoxicity of blood, hypermetabolism, excitotoxicity, oxidative stress, and inflammation
[28, 29].

3.1.2. Senescence, civilization diseases, and stroke

The American Heart Association has reported that stroke is the fifth cause of death in the
United States [30]. The risk factors of stroke are divided into modifiable (e.g. hypertension
and other cardiovascular diseases, migraine, diabetes, dyslipidemia, diet, addictions) and
unmodifiable (age, sex, race, genetic factors). Among the unmodifiable risk factors, the most
important is age [31]. The risk of stroke increases exponentially with age in both men and
women. It is estimated that the incidence of stroke doubles with each decade of life after the
age of 55 and affects as many as 5% of people over the age of 65 [32]. It is known that the
majority of modifiable risk factors, such as hypertension, atrial fibrillation, hyperhomocys-
teinemia (HHcy), and inflammatory processes (e.g. periodontal disease, infections, increased
hs-CRP), are more common in the elderly. The effect of aging on the cardiovascular system
is cumulative [33]. Atrial fibrillation occurs in 5% of individuals aged 70 or above and is a
cause of one quarter of stroke incidents in patients at the age of 80. The risk of stroke can be
decreased by antithrombotic therapies [34].

The serum total homocysteine (Hcy) concentration is another independent risk factor of isch-
emic stroke in the elderly, as it correlates with thrombosis. The population attributable risk
of stroke incidence in high Hcy levels (>17.4 pmol/L) changes with age and was estimated
at 21 and 26% for age 40-59 years (men and women, respectively) and at 35 and 37% for
individuals over 60 years of age (men and women, respectively) [35]. HHcy (level of Hey
more than 15.0 umol/L) promotes the development of atherosclerosis. Clinical studies have
shown that HHcy has a toxic impact on both the vascular and nervous systems and may be
observed not only in stroke but also in PD, mild cognitive impairment (MCI), and epilepsy
[36]. Supplementation of folate and vitamin B, is essential in the treatment of HHcy, but
folate alone does not reduce the risk of stroke [37].

Two thirds of the population aged over 65 years suffers from hypertension [31]. Hypertension
has been proven to increase fourfold the risk of stroke; as the blood pressure increases, so
does the probability of suffering stroke. Fortunately, a blood pressure reduction of about
10/5 mmHg decreases the risk of stroke by about 35% [33]. Hypertension is often linked with
obesity, abnormalities in lipid profile, and type 2 diabetes. Together, these comorbidities
contribute to atherosclerosis and thromboembolic stroke.
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Diabetes has been found to have a greater impact in developing stroke in women than in
men. Diabetes is a significant independent contributor of stroke in older women [38, 39].
However, the risk of stroke in diabetic patients can be decreased with proper intervention
and treatment. The Systolic Hypertension in the Elderly Program has shown that antihy-
pertensive treatment in individuals with diabetes can reduce the risk of stroke by about
20% [40].

Disturbances in the lipid profile should be regularly reviewed and treated as necessary, as
they are another contributor to stroke. Independent studies have shown that high levels of
total cholesterol (in the 240270 mg/dL range) [41-43] and triglycerides [44, 45] as well as a low
level of high-density lipoproteins (HDL, up to 35 mg/dL) [43, 46, 47] increase the incidence of
ischemic stroke. According to the Heart Protection Study, statin therapy in the elderly group
can reduce the risk of a first stroke by 29% [48]. Another side of the coin is obesity, defined
as body mass index (BMI) >30 kg/m?, or abdominal obesity, defined by a waist circumference
>102 cm (men) and >88 cm (women) [33]. It is known that abdominal obesity is a stronger
predictor of stroke than BMI [49].

Moreover, it has been observed that infection with some pathogens may cause acute stroke
within a week; these pathogens are Chlamydophila pneumoniae, Haemophilus influenzae,
Mycoplasma pneumoniae, Helicobacter pylori, Cytomegalovirus, Epstein-Barr virus, and Herpes
simplex virus types I and II. This occurs due to the activation of leukocytes and increased ten-
dency for thrombosis at the site of atherosclerotic plaque. Because of immune deficiencies, the
elderly are more susceptible to infections and, therefore, to postinfection complications [33].

It should be mentioned that controlling and regulating the modifiable risk factors is
extremely important in stroke prevention. Older people tend to pay more attention to
stroke avoidance. Epidemiological studies performed in the USA assumed that, in the
last decade, the stroke death rate declined more in subjects after the age of 65 than in the
younger population [30].

Stroke is a heterogeneous syndrome, with possible genetic background. Single-gene dis-
eases may cause rare, hereditary disorders for which stroke may be a primary manifestation.
Recent studies suggest that common and rare genetic polymorphisms that induce diabetes,
hyperlipidemia, or hypertension may activate specific stroke mechanisms causing danger-
ous angiopathies [50]. For instance, the genetic variation at chromosome 16 (locus q24.2) had
been shown to induce small vessel stroke. Traylor et al. using modern GWAS method have
found that rare variant rs12445022 in ZCCHC14 gene may induce small vessels dysfunc-
tion, thus greatly increase the risk of stroke [51]. Another interesting genetic factor studied
in stroke is a polymorphism in BDNF gene (rs6265), which results in amino acid change
(Val->Met) in the precursor protein, causing a reduction in brain-derived neurotrophic fac-
tor (BDNF) activity, which plays a role in rehabilitation after stroke. The studies show that
concentrations of BDNF were decreased in acute ischemic-stroke patients compared to con-
trols. BDNF signaling is dependent on the genetic variation which could affect an individu-
al’s response to recovery after stroke. The rs6265 polymorphism may also affect the risk of
ischemic stroke, post-stroke outcomes and the efficacy of the various forms of rehabilitation
[52] (Figure 1).
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3.2. Epilepsy

Epilepsy is one of the most common neurological diseases, with approximately 50 million suffer-
ers worldwide. Epilepsy is a collection of somatic, vegetative, and/or mental symptoms, which
may be the result of morphological or metabolic changes in the brain. Although the disease has
a chronic character and had long been thought to be connected with events in infancy or child-
hood, epidemiological studies have revealed that there is pronounced incidence of epilepsy in
people over 65 years of age [53, 54]. To date, many various causative factors have been associated
with epilepsy. However, the etiology of the disease remains unknown in 65-75% of patients [55].

Epilepsy that develops after the age of 60 is symptomatic in the vast majority, although gener-
alized epilepsy may also rarely manifest in the elderly [56]. Epileptic seizures are often under-
diagnosed in that age group. The symptoms are usually recognized as memory disorders or
mental changes of uncertain origin [57]. Risk factors for epilepsy and seizure etiology vary
with age. The most common mechanism of pathogenesis of new-onset epilepsy and seizures
in the elderly may be associated with cerebrovascular diseases (CVDs), neuron degenerative
disorders, intracerebral tumors, and traumatic head injury [58, 59].

3.2.1. Epilepsy and cerebrovascular diseases

CVDs account for 30-50% of all identified causes of epilepsy in the elderly [60, 61]. Epilepsy
attacks may be affected by a stroke and may occur immediately after an ischemic event or
be delayed. Seizures may also be the first clinical manifestation of brain ischemia or hemor-
rhage, increasing the risk to develop epilepsy within the first year after the vascular episode
by 20 times. The study of Alberti et al. [62] showed that hemorrhagic transformation of an
ischemic stroke is a predictive factor for epilepsy and may also be related to the disruption
of the BBB [63]. Numerous genetic factors may be engaged in epileptogenesis. According to
Yang et al. [64], mitochondrial aldehyde dehydrogenase 2 (ALDH2, encoded by the ALDH2
gene) has a protective effect in CVDs. Nevertheless, allele A of the rs671 polymorphism in the
ALDH?2 gene was shown to be connected with post-stroke epilepsy due to decreased activ-
ity of ALDH2 leading to accumulation of the potential ALDH2 substrate —4-hydroxynonenal
(4-HNE), considered to be a specific marker of oxidative stress and involved in myocardial
and cerebral ischemia. Zhang et al. [65] suggest that the T allele of the -1C/T polymorphism
in the CD40 gene may be associated with susceptibility to poststroke epilepsy (Figure 1). The
proposed mechanism includes raised plasma concentrations of sCD40L, which is involved
in the inflammatory response. Moreover, poststroke epileptogenesis was shown to be associ-
ated with lifestyle factors (alcohol use), acute metabolic disturbances (hyperglycemia), non-
CNS comorbidities (type 1 or 2 diabetes, hypertension, coronary heart disease or myocardial
infarction, as well as peripheral infections), CNS diseases (early seizures, depression or use of
antidepressants, dementia), and pharmacotherapy (statins) [66].

3.2.2. Epilepsy due to head trauma

Another causative factor of epilepsy in the elderly may be head trauma. Due to an increased
likelihood of imbalance, older people are more prone to falls causing head injuries. Acute events,
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such as skull fractures, subdural hematoma, brain contusion, accidental injury, concussion, or
loss of consciousness, were shown to be associated with increased risk of posttraumatic epilepsy
[67]. Moreover, various genetic factors were shown to be associated with head injury as a risk fac-
tor for late posttraumatic seizures. Diaz-Arrastia et al. [68] showed that carriers of the pathogenic
APOE E4 allele were more likely to develop epilepsy after suffering acute head trauma (Figure 1).

3.2.3. Epilepsy due to brain tumor

Epileptic seizures are common symptoms of brain tumors (BTs) in 20-40% of patients. The study
of de Assis et al. [69] demonstrates that BTs related to epilepsy include primary CNS lymphoma,
meningioma, anaplastic ependymoma, and anaplastic astrocytoma. The highest incidence of
epilepsy occurs in low-grade tumors like primary astrocytoma, oligodendroglioma, mixed
astrocytoma WHO grade I and II, as well as meningiomas. It seems that the incidence of seizures
is inversely correlated to the grade of the malignancy. Age is a risk factor for increased mortal-
ity in those BT patients who develop seizures. Epilepsy attacks also appear in 67% of patients
with melanocytic brain metastases, in 48% patients with lung cancer metastases, in 33% patients
with breast cancer, and in 55% of patients in whom the primary cancer type was unknown.
Unfortunately, BT-related epilepsy is characterized by pharmacological resistance [69, 70].

3.2.4. Biochemical factors in epilepsy

Hcy seems to have additional and interesting significance for the development of epilepsy. As
stated earlier, HHcy has demonstrated an association with several disorders, including epi-
lepsy [71]. High Hcy concentration has been shown to be related to numerous factors, includ-
ing lifestyle (smoking, high consumption of alcohol, caffeine), age (due to the weakening of
the excretory function of the kidneys, malabsorption of vitamin B,, in the stomach, hormonal
disorders, e.g. in women during and after menopause), comorbid diseases, pharmacotherapy
(e.g. antidiabetic drugs or fibrates), or unbalanced diet (deficiency of vitamin B,, or folic acid)
[72-75]. Moreover, Schwaninger et al. [76] demonstrated that prolonged treatment with anti-
epileptic drugs (AEDs) may increase the plasma concentration of Hcy. On the other hand, the
authors were not able to conclude whether the HHcy in epilepsy patients was a sole effect of
pharmacotherapy or a causative factor of the disease.

Seizures may also occur in metabolic disorders, because of multiple comorbidities and poly-
pharmacy. There should be a high index of suspicion for electrolyte imbalance, especially
hyponatremia and hypoglycemia, in this group of patients. Other metabolic disorders, such
as hyperglycemia and uremic or hepatic encephalopathy, are less specific to this age group
[77]. The role of alcohol appears to be less important in the elderly than in young adults, but
should not be neglected [78], as it may intensify the number of calcium channels and promote
seizure activity by increasing the concentration of neurotransmitters [79].

3.2.5. Epilepsy in degenerative diseases

AD is a significant risk factor of epilepsy in the elderly. Imfeld et al. [80] suggested that
patients with a longer history of AD (>3 years) may have a higher risk of developing seizures
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or epilepsy than those with a shorter duration of disease. Similar results were presented by
Amatniek et al. [81], who observed that the incidence of seizures increased as the disease
progressed; the cumulative incidence over 7 years was 8%. The risk of seizure onset is higher
in AD patients with hyperlipidemia and severe dementia [82]. The epileptogenetic mecha-
nism has not yet been elucidated in patients with neurodegeneration. It might be associated
with B-amyloid (AP) deposition, neuronal loss and gliosis, and antidementia drugs [83, 84].
High levels of A{3 are considered a cause of AD, but they are also related to synaptic activ-
ity. AP serves as a potent regulator of synaptic transmission, causing presynaptic facilita-
tion at relatively low A{3 concentrations and postsynaptic depression with higher A levels.
The modulation of synaptic transmission has an important effect on producing epileptiform
activity [85].

Another degenerative disorder which may potentially induce seizures is MS, a chronic disease
of the CNS. MS usually occurs in young adults (aged 20 to 40 years). However, 1.1-12% of MS
patients experience the first symptoms of the disease after the age of 50 [86]. The prevalence
of seizures among MS patients was shown to be higher than the general population, which
may indicate the relationship between seizures and MS [87]. One possible explanation is that
MS lesions act as epileptogenic sites [88]. Generally, a small fraction (2.5%) of MS patients
develop seizures [89]. The study of epilepsy in the elderly among MS patients is inconclusive,
but clinicians should be aware of the risk of epilepsy in people with MS [88].

3.3. Aging and dementia

Dementia—as a form of cognitive decline—is strongly associated with old age. Almost 10% of
those older than 65 years suffer from some kind of memory impairment. The most common
causes of dementia include AD and vascular dementia (VaD). The prevalence of dementia
increases with age, affecting nearly 50% of the population over 85 years of age. Dementia is a
progressive disorder, finally leading to severe disability and complete dependence of suffer-
ers on caregivers [90].

3.3.1. Vascular dementia

VaD was initially understood to be an advanced effect of repetitive brain lesions [91]. The
development of brain imaging techniques revealed that silent ischemic lesions appeared
to be quite common and later became known as a significant cause of dementia [92, 93].
Epidemiological studies have shown that vascular dysfunction causes 10-20% dementia cases
[94, 95]. The frequency of VaD in the general population varies from 1.2 to 4.2% of individuals
over 65 years, depending on the methodological approach [94, 96]. The prevalence of VaD is
strongly connected with age. A Canadian study described that frequency of vascular cognitive
impairment increased from 2.0% in those aged 65 to 74 years to 13.7% in those over 85 years
of age [97]. A meta-analysis from 1998, synthesizing the results of 23 studies from around
the world, confirmed the trend of increasing incidence of VaD in senescence [98]. Increasing
longevity in many populations has also increased the importance and burden of vascular-
related memory deficits. A long-term survey demonstrated that the incidence of post-stroke
dementia between 1984 and 2001 had doubled [99].
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Several studies have analyzed the risk factors, other than age, of CNS vascular lesions. They
identified hypertension, heart disease, diabetes with insulin resistance, and dyslipidemia to
be related to an increased risk to develop VaD. It is important to note that the results obtained
by different authors occasionally contradict each other [100-109]. The cluster of cardiovascu-
lar risk factors, also called “metabolic syndrome,” that include dyslipidemia, obesity, hyper-
tension, and insulin resistance, has also been shown to be associated with VaD [110, 111].
Additionally, patients with fully symptomatic metabolic syndrome obtained lesser scores
in neuropsychological testing [112]. Moreover, HHcy, previously associated with vascular
diseases and stroke, was shown to be associated with VaD [113].

Many studies have also demonstrated that a symptomatic stroke incident, occurring mostly
in the elderly, may inflict memory deficits in 6 to 32% of patients, depending on the follow-
up period (3 months—20 years) [114-128]. MCI preceding stroke increases the probability of
post-stroke dementia [129, 130], and memory decline seemed to progress more rapidly with
later stroke episodes [131]. Similarly, recurrent stroke was associated with greater cognitive
impairment when compared with patients with a single vascular incident [122] (Figure 1).

3.3.2. Alzheimer’s disease

AD is the most common form of dementia in older adults [132]. AD is a progressive incur-
able neurodegenerative disease where aging is the primary risk factor. AD may be divided
into two main clinical subtypes: familial AD (FAD) characterized by early onset (before 65
years of age) and, frequently, the presence of mutations in the APP, PSEN1, and PSEN2
genes. This genetic triad is responsible for nearly half of the FAD cases seen [133]. However,
mutations in these genes occur very rarely in the human population. Subsequently, the
majority (90%) of AD cases are sporadic (SAD) and manifest mostly in patients over 65 years
of age. The multifactorial character of the disease makes it extremely difficult to determine
a causative factor for SAD [134]. To date, nearly 700 genes have been associated with AD,
although the most investigated risk factor for SAD remains the E4 allele of the APOE gene
[90, 135, 136].

The diagnosis of probable AD is based on clinical criteria [137], however, the disease may be
diagnosed with certainty only after death, by histopathologic study of the brain, revealing
characteristic lesions: A3 plaques and neurofibrillary tangles (NFTs) formed by hyperphos-
phorylated protein tau. Af is formed via pathologic cleavage of (amyloid precursor protein
(APP), encoded by the APP gene) by 3- and y-secretases (encoded by the BACE and PSEN
genes, respectively). The appearance of AB plaques and NFTs seems to be one of the causes
for neurodegeneration: the morphological and functional loss of neurons and synapses, as
well as excessive neuroinflammatory processes occurring in AD brains. Martin et al. [138]
showed that aging and AP pathology may activate similar receptors on microglia and mono-
cyte-derived macrophages. Moreover, carriers of the APOE E4 allele and rare variants in other
genes, such as HLA-DRB5/DRB1, INPP5D, MEF2C, CR1, CLU, and TREM2, may exhibit an
even stronger activation of microglia than noncarriers [139]. This explains why older patients
with unfavorable genetic variants are more prone to excessive neuroinflammatory responses
leading to neuronal loss and dementia.

73



74

Senescence - Physiology or Pathology

The neurons mostly affected by AD are cells expressing acetylcholine (ACh) receptors, also
called “cholinergic neurons” (AChN). Loss and degeneration of this type of cells is another
hallmark of dementia and occurs gradually with age and the course of the disease [140]. The
age-related degeneration of AChN leads to decreasing levels of ACh in the brain. ACh has
been proven to be the neurotransmitter that is most reduced in the majority of AD patients
[141]. It seems that genetic factors, such as the presence of the pathogenic APOE E4 allele, may
also significantly influence the production and release of ACh. The study on transgenic mice
expressing human APOE indicated that age-related decrease in ACh levels released by the
hippocampus was more prominent in mice with human APOE E4/E4 than in mice with APOE
E3/E3 variants [142] (Figure 1).

The main cholinergic structure of the brain is the basal forebrain (BF), the underlying neu-
rodegeneration of which may be observed in advanced aging as well as in the early phase
of AD and other dementias [143]. BF degeneration occurs due to a decrease in cholinergic
neurotransmission and a reduction in the amount of ACh in synaptic clefts, followed by a
loss of cholinergic receptors, finally resulting in AChN death. This process, according to the
“cholinergic deficit hypothesis,” results in behavioral and cognitive impairment, especially
learning difficulties, which advance rapidly with age [144].

It is worth noting that in AD, similarly to VaD and stroke, the concentration of Hcy may be
increased and so may inflict damage to the vasculature, thereby leading to decreased blood
flow and inefficient nutrient delivery to neurons. Subsequently, the starving cells become
more prone to ROS and apoptosis. HHcy is also associated with a decrease of the glutathione
pool, the deficiency of which results in the deterioration of protection mechanisms from free
radicals, further contributing to neuronal loss and neurodegeneration [145].

3.4. Parkinson’s disease and aging

PD is an age-related neurodegenerative disease characterized by resting tremor, rigidity, and
bradykinesia. The number of PD patients increases over the years due to population aging.
The exact pathomechanism of PD remains unclear, but it is known that the degeneration
process starts many years before the occurrence of clinical symptoms. The hallmark of PD
is dopaminergic (DA) neuron death in the substantia nigra (SN), which is a result of Lewy
body (LB) formation due to impairment of the ubiquitin-proteasome system and disturbances
in the proteins alpha-synuclein (ASN) and Parkin [146, 147]. Molecular characteristic of PD
include increased ROS production due to mitochondrial dysfunction and accompanied by
decreased mitophagy [148], neuroinflammation and loss of neurotrophic factors [149, 150],
exposure to (1-methyl-4-phenyl-1, 2,3,6-tetrahydropyridine (MPTP)) or paraquat [151],
exposure to trichloroethylene or polychlorinated biphenyls [152], iron (the level of which
increase in the SN with age), copper, manganese [153, 154], or mutations in PARK genes [155].
Mitochondrial dysfunction is associated with aggregation of ASN, apoptosis, accumulation
of damaged mitochondria, and changes in the activity of complex 1 [156]. A decline in mito-
chondrial function as well as inflammation and changes in DA metabolism are linked with
the aging process.
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Advancing age is the most important risk factor of developing PD. PD affects about 1% of the
population over the age of 60 and 5% over the age of 85 [157]. It has been since 1987 that the
loss of DA neurons progresses with aging, but the rate of the physiological process is slower
than that seen in PD [158]. Moreover, LB may be present in elderly individuals without PD
[159]. The aging brain is also more prone to stressor stimuli and generation of ROS, which
results in the injury and eventual death of SN neurons. On the other hand, a decreased level or
even loss of ROS scavengers, e.g. neuromelanin, in the PD brain may be a cause of DA neuron
damage rather than an effect of this damage [157].

Many epigenetic mechanisms, such as changes in DN A methylation profile and histone modi-
fication, play an important role in aging and contribute to PD. The epigenetic clock can be
characterized just by measuring the DNA methylation pattern. Interestingly, PD patients rep-
resent an increased acceleration in aging when compared to controls of the same age [160].
Hypomethylation of SNCA, the gene encoding ASN, leads to an increased expression of ASN
and has been observed in the SN of PD patients [161]. ASN can also influence histone acetyla-
tion (a feature of transcriptionally active genes) and enhance ASN fibrillation [162].

During normal aging, the functional decline of the BBB can cause neuroinflammation and
the development of neurodegenerative diseases [163]. Disturbances in BBB permeability
observed in the senescence process may be involved in the genesis of WM lesions, which may
also affect the efficacy of treatment. In the course of aggregation of ASN in PD, elevated ROS
production and increased levels of proinflammatory cytokines or toxic agents may intensify
disruptions of the BBB [164].

HHcy observed in PD may be involved in the disease pathogenesis; however, the exact mech-
anism of interaction remains unrecognized. Both HHcy and age are risk factors for develop-
ing dementia in PD patients [165]. Treatment with L-dopa may be responsible for HHcy in
individuals with PD [166]. In those patients, Hcy is formed in the methylation of L-dopa via
catechol-O-methyltransferase (COMT) [167]. Other side effects of L-dopa at the molecular
level include increased oxidative stress, as well as altered concentrations of catecholamines
and apoptotic proteins [147]. Damage of DA neurons due to oxidative stress may be enhanced
by elevated Hcy (Figure 1). A study performed on mice has shown that elevated Hcy increases
the sensitivity to MPTP and developing PD-like dysfunction [168].

3.5. Brain tumors in the elderly

Another type of CNS disease, manifesting particularly in the elderly, are brain tumors, classi-
fied according to WHO criteria to four grades, with grade IV considered most malignant [169].
In adults, the most prevalent type of primary brain tumor is malignant glioma (MGs), with
the highest incidence between 40 and 65 years of age. The majority of MGs are sporadic, with
ionizing radiation as the only known risk factor. The most common type of glioma is glio-
blastoma multiforme (GBM), qualified as a WHO grade IV astrocytic tumor, and constituting
about half of all MGs with the highest incidence in the elderly, between 70 and 90 years of age
[170-172]. Old age is a negative prognostic factor in GBM [173]. One of the most significant
characteristics of GBM is an increasing prevalence with age; thus, due to an increasing median
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length of life, the number of patients is expected to grow in the coming decades. Other types
of brain tumors common in the elderly are primary CNS lymphomas (PCNSLs) and menin-
giomas [174].

GBM comprise a rather heterogenic group of neoplasms, with two major types: primary glio-
blastomas (85-90%) and secondary GBMs that arise from low-grade astrocytomas (10-15%)
[175]. Although both types are indistinguishable under the microscope, they appear to differ
genetically. Genetically, primary GBMs exhibit by amplification and mutation of the EGFR
gene, a lack of heterozygosity on chromosome 10q, inactivation of the PTEN homolog gene,
and only rare occurrence of mutations in the IDH and TP53 genes. Conversely, the genetics
of secondary GBM are characterized by mutations in the IDH and/or TP53 genes, as well as
platelet-derived growth factor receptor activation [176]. A gene expression-based GBM clas-
sification was established by The Cancer Genome Atlas (TCGA) Research Network in 2010. The
authors distinguished four subtypes of GBM. Characteristics that differentiate the subtypes at
most were indicated as follows: proneural GBM has alterations of the PDGFRA gene and point
mutations of IDH1, classical GBM has EGFR aberrations, and mesenchymal demonstrates GBM
aberrations in NF1. The fourth subtype, neural GBM, is characterized by the expression of neu-
ron markers such as NEFL, GABRA1, SYT1, and SLC12A5. Each subtype of GBM differs in its
sensitivity to radiotherapy and chemotherapy, thus determining the genetic type of a surgically
removed or biopsied lesion could protect patients against unnecessary ineffective therapy [177].

Unfortunately, GBMs are mostly incurable in the elderly, with most of these patients surviv-
ing less than 6 months [171]. Diagnosis of primary brain tumors in old age can be further
complicated and delayed due to nonspecific symptoms that can be masked by physical and
cognitive changes observed in the normal aging process [178]. Moreover, elderly patients are
an underrepresented group in many clinical trials [179]. The literature data indicate that, at
the close of the twentieth century, the chances of receiving a treatment, be that surgery and/
or radiotherapy, were decreasing as the patient got older. Treatment mostly took place for
82% of patients younger than 65 years of age, whereas only 47% of people older than 65 years
and merely 25% of patients older than 75 were subjected to any kind of therapy. Additionally,
patients treated with radiotherapy and/or surgery had a significantly lower survival rate as
they crossed the age border of 60 years [180].

Although pathological processes differ depending on the glioma subtype, there is a common
core of molecular events. Growth factor receptor tyrosine kinases cause downstream signal-
ing by activation of extracellular signal-regulated kinases (ERK) or protein kinase B (Akt)
pathways. Lack of p53 activation is followed by the loss of the ability to activate DNA repair
processes and cell death by apoptosis. An additional adverse characteristic occurring in GBM
is that the cells provoke the secretion of vascular endothelial growth factor (VEGF), which
is responsible for angiogenesis. The secretion of VEGF by GBM results in vascularization of
the tumor, elevation of capillary permeability of the BBB, and creation of extracellular edema
[181]. Finally, due to vasculature growth, there is progression of tumor invasion [182].

Although these brain tumors are very invasive, it is important to note that, depending on the
tumor subtype, they may be effectively treated in elderly patients by maximally safe surgical
resection, radiotherapy, and/or chemotherapy with Temozolomide, a drug which is especially
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preferable as first-line treatment in patients with the MGMT promoter [179, 183]. In addition
to radiotherapy and/or Temozolomide, Bevacizumab (BV, Avastin®) is being studied for the
treatment of brain tumors. BV is a humanized IgG1 monoclonal antibody targeting VEGF
with high affinity and inactivating the growth factor. Thus, BV promotes tumor regression
and helps to decrease the risk of cerebral edema [184]. Interestingly, it has been demon-
strated that, although old age is a negative prognostic factor, BV was more effective in older
patients (255 years of age); those treated with BV remained in better health longer and used
lower doses of steroids. These findings were in line with the study published by Nghiemphu
et al. [185], who demonstrated that expression of VEGF was 1.4-fold higher in older patients
than in younger subjects, and so inhibition of VEGF could give a more positive outcome in
these patients.

The increased incidence of brain tumors in the elderly may also be due to decreased efficiency of
repair mechanisms. Inactivation of genes involved in DNA repair, such as the above-mentioned
TP53 and MGMT, may advance with age. This may lead to increased accumulation of DNA dam-
age, in turn resulting in further activation of proto-oncogenes and silencing of tumor suppressor
genes. Such changes, inflicted either by mutation or epigenetic changes, may cause additional
destabilization of cellular repair mechanisms, increasing the susceptibility to ROS and spontane-
ous mutagenesis, and triggering the positive feedback loop of neoplasia [186] (Figure 1).

4. Summary

The molecular mechanism of aging includes genome-wide changes such as genomic instabil-
ity due to accumulation of mutations, telomere attrition, and epigenetic alterations. These
changes collect over the years during the life of the organism, leading gradually to morpho-
logical and functional deterioration. The brain seems to be particularly vulnerable, as neurons
generally do not divide and their pool decreases with the passage of time. Structural changes
in the senescent brain affect mostly the cerebral WM and GM; these effects include progres-
sive neuronal loss, decreased levels of neurotransmitters, increased inflammatory processes,
and disrupted integrity of vessels and the BBB followed by infarction and microbleeds. These
changes may lead to degenerative diseases, such as PD and dementias.

The frequently observed malnutrition and malabsorption syndrome in the elderly may
cause decreased concentrations of the vitamins necessary for Hcy metabolism. This in turn
results in increased injury to the cerebral vasculature, leading to degeneration and strokes.
Consequently, progressive age-related vascular damage of the brain develops, additionally
connected to an increased prevalence of epilepsy in the elderly.

An increased incidence of brain tumors may also be observed in old age, probably as an effect
of the diminished efficiency of repair mechanisms. The inactivation of genes involved in DNA
repair has been shown to advance with age. Such alterations, inflicted either by epigenetic
changes or mutation, may cause further destabilization of immunologic systems and cellular
repair mechanisms, thus increasing the susceptibility to ROS and spontaneous mutagenesis
and resulting in uncontrolled cellular growth and age-related neoplasia (Figure 2).
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Figure 2. Changes during the senescence process may be associated with neurological diseases. The pathological
changes starting at the molecular level affect cells of the aging organism and lead to systemic deterioration, giving rise
to age-related neurological diseases. ROS—reactive oxygen species, WM —white matter of the brain, and GM—gray
matter of the brain.

In summary, the senescence mechanisms start at a molecular level and gradually lead to mor-
phological disintegration and functional loss of brain cells. Finally, they lead to the deteriora-
tion of the CNS and an increased risk of developing neurological diseases.
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Abstract

Alzheimer’s disease (AD) is the most common type of dementia characterized by mas-
sive neuronal loss. Pathological hallmarks of the disease are overproduction of 3-amyloid
(AP) and hyperphosphorylation of tau protein accumulated into senile plaques (SPs)
and neurofibrillary tangles (NFTs), respectively. SPs with cortical tau pathology are also
hallmark of pathological ageing (PA). Recently, an extensive overlap has been shown
between A levels and profiles in PA and AD brains, suggesting that PA could be a pro-
dromal AD phase. Presenilins are major components of the y-secretase complex involved
in Ap production. Furthermore, presenilins interact with players of numerous signal-
ling pathways important in the PA and AD. Integration of various modern research
approaches would reinforce the role of presenilins signalling network in brain pathology.
These approaches include high-throughput (epi)genetic and transcriptomic analyses,
large-scale microscopic imaging studies, immunoaffinity purification or mass spectrom-
etry. Comprehensive integration of these methods is necessary to update the definition
of the role of presenilins in AD and PA. Hereby, we summarize the available data on
presenilins’ functions and interactions. We believe that the systematization of the existing
knowledge will stimulate further research and will help reveal the molecular nooks and
crannies in Alzheimer’s disease and in pathological ageing.

Keywords: presenilins interactome, Alzheimer’s disease, pathological ageing

1. Introduction

Major clinical hallmarks of Alzheimer’s disease (AD) are memory loss and cognitive impair-
ment. Pathologically, AD is manifested by overproduction of toxic intracellular 3-amyloid (A)
oligomers, deposited into extracellular senile plaques (SPs), and by hyperphosphorylation of
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tau protein deposited into neurofibrillary tangles (NFTs). A3 is processed by the y-secretase
complex, where the most important component is presenilin [1]. There are two major types of
AD: early-onset AD (EOAD), often linked with familial AD (FAD), and late-onset AD (LOAD),
linked with sporadic AD (SAD). Familial EOAD represents 5-10% of all cases of AD and is
associated with mutations in PSEN1 encoding presenilin (PS1), PSEN2 encoding presenilin 2
(PS2), and APP encoding amyloid (3 protein precursor (APP) [2, 3]. Overall, presenilins and
APP mutations directly cause a production of toxic assemblies of oligomerized A, followed by
a formation of senile plaques [4]. Toxic AP forms induce apoptosis, oxidative stress, unfolded
protein stress response, inflammation, or disturbances in calcium signalling, of which many
are present in pathological ageing or in Alzheimer’s disease.

Normal ageing results from natural maturational processes, whereas pathological ageing is
related to non-normative factors such as disease or trauma to the brain. Ageing disproportion-
ately affects frontal lobes [5]. Substantial overlap between ageing and neurodegeneration was
demonstrated in several brain autopsy studies of aged people with no record of neurologi-
cal diseases. These reports showed the presence of amyloid plaques, neurofibrillary tangles,
Lewy bodies, inclusions of TAR DNA-binding protein 43 (TDP-43), synaptic dystrophy, and
loss of neurons in most of ageing brains [6, 7]. However, unlike AD, pathological ageing usu-
ally lacks cognitive impairment despite similar senile plaque [8]. It was found that oxida-
tive stress, commonly accompanying both ageing and AD, causes pathogenic conformational
change of PS1 in neurons in vitro, which was followed by an increased ratio of A{342/40. It was
further concluded that this conformational shift and deregulation of PS1 precedes A3 deposi-
tion in pathological ageing [9]. These data demonstrated a direct connection between prese-
nilins and PA. Presenilins contribute to brain pathology not only by deposition of toxic A_.
Both PS1 and PS2 have been found to be involved in the regulation of apoptosis in neurons
induced by trophic withdrawal or A3 and via Jun Kinase pathway, respectively [10]. What is
more, the role of presenilins in the progression of AD and PA is underlined by their numerous
functions in the adult cerebral cortex functions, including maintenance of synaptic plasticity,
long-term memory, and neuronal survival, which are critical for normal ageing, healthy brain,
and cognitive ability [11].

Summarizing, presenilin functions can be controlled at different cellular levels, that is, (1)
gene architecture, together with the influence of damaging genetic variants, in PSEN1 and
PSEN?2, (2) gene expression, together with corresponding regulatory protein networks, (3)
protein structure with its enzymatic activity, controlled by the assembly of the y-secretase
complex with accompanying partners and by post-translational modifications (phosphory-
lation and ubiquitination), (4) quantity, quality and availability of numerous substrates of
presenilins and finally (5) by the interaction with molecular partners involved in numer-
ous biological processes. Hereby, we highlighted that presenilins can determine different
physiological and pathological processes by the interplay with diverse signal transduction
pathways and by processing of various substrates. Generally, presenilins form a signalling
network, which is critical for both AD and PA. Therefore, we present below molecular play-
ers that might affect biological functions of presenilins forming together so-called presenilin
interactome.
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2. Presenilin genetic structure and transcriptional regulation network

Presenilins 1 and 2 are encoded by homologous genes PSENT and PSEN?2, located at chromo-
somes 14q24.3 and 1q42.1, respectively [12, 13]. The genomic sizes of PSENT and PSEN?2 are
largely different, and it is 70 kb for PSENT and 24 kb for PSEN2. PSEN1 contains 13 exons and
three first exons are located in the 5’ untranslated region (5'UTR) [14]. The first two exons and
exon 9 of PSENT1 could be alternatively spliced, causing structural changes to the protein [15].
PSEN? contains 12 exons and two first are located in the 5" UTR [16]. The alternatively spliced
products in PSEN2 include in-frame omissions of exon 8 and simultaneous omissions of
exons 3 and 4 [17]. Moreover, it has been found that splicing of exon 5 in PSEN2 occurred
under hypoxic stress conditions [18]. The transcription of PSEN1 depends on two promoters
producing two mRNA transcripts of 2.7 and 7.5 kb, with different 5 UTRs [15]. PSEN2 is also
transcribed into two different transcripts of 2.4 and 2.8 kb [16].

Transcriptional regulation of presenilins might have an implication in AD and PA pathogenesis.
Promoters of PSENs lack a TATA box but contain transcriptionally active GC. PSEN1 promoter
contains GC boxes corresponding to Sp1-like transcriptional factor, and the most active region is
located between —22 and -6 bp. Transcriptional co-activator p300 with histone acetyl-transferase
(HAT) activates PSENT1 transcription. In particular in neuronal system, enhanced transcription
of PSEN1 was observed upon stimulation by N-methyl-D-aspartate (NMDA) or brain-derived
neurotrophic factor (BDNF), under control of cAMP-responsive element binding (CREB). PSEN1
expression and risk of AD and premature PA are also influenced by PSEN1 promoter polymor-
phisms, found at -22C/T and —48C/T positions. Another suppressor of presenilin 1 is p53 protein
that recruits other proteins to occupy PSEN1 promoter [19]. Relatively little is known on the tran-
scriptional regulation of PSEN2, where the promoter is located in a CpG island and is regulated
by early growth response gene-1 (Egr-1) transcription factor, involved in learning and memory
processes [20]. In addition, PSEN2 promoter has been found to be regulated by nerve growth fac-
tor (NGF), with an NGF-responsive element localized between —403 and +13 [19]. Interestingly,
parkin protein, known to be associated with Parkinson’s disease, was found to act as a transcrip-
tional factor modulating trans-activation of PSENT and PSEN2 promoters via RING1-IBR-RING2
domain and to influence y-secretase activity [21]. The expression of both PSENT and PSEN2 was
also described to be under thigh control of inflammatory cytokines, including tumour necrosis
factor (TNF)-a, interferon (IFN)-y, interleukin (IL)-1 {3, IL-10 or TGF-f1 [22]. Generally, tran-
scriptional regulation of presenilins is based on the complex signalling cascades controlling pro-
moter’s activation and requires a large variety of transcriptional factors. The dense network of
signalling pathways related to the regulation of the promoters of PSEN1 and PSEN2 indicates
numerous cellular processes that may contribute to the incidence and progression of AD and PA.

3. Presenilin structure and expression patterns

Structurally, PS1 and PS2 are integral membrane proteins of 467 and 448 amino acids, respec-
tively [14, 15]. The homology between PS1 and PS2 is about 67%, with the highest similarity
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in transmembrane domains (TMDs). PS1 and PS2 comprise nine TM, among them TM1-6
are located at N'-terminal and TM7-9 at the C'-terminal. The catalytic centre with aspartate
residues is located at the cytoplasmic side of TM6 and TM7, forming large hydrophilic loop
(HL) [14]. Presenilins are activated by endoproteolysis yielding N'-terminal and C'-terminal
portions. Endoproteolytical cleavage of PS1 occurs at HL, with the predominant cleavage site
between amino acids 291 and 292, generating 28 kDa N'-terminal and 17 kDa C'-terminal frag-
ments [23]. Similarly, PS2 is endoproteolytically cleaved into 35 kDa N'-terminal and 20 kDa
C'-terminal fragment [24]. The most common mutations of presenilins occur in gene portion
encoding C'-terminal, containing proline, alanine and leucin residues, and are usually loss of
function for presenilins [25]. Due to protein structure complexity, presenilins interact with
different partners, which will be described in detail in Section 6.

Presenilins are ubiquitously expressed, with some tissue-specific differences. Generally,
PSENT transcript is expressed at higher levels than PSEN2. The expression pattern of PSEN1
and PSEN2 in the brain is similar and present in different brain cells, such as cortical neurons,
hippocampal neurons, granule cells or neurons of amygdala [26], and different types of glial
cells [27]. In neurons, presenilins are expressed in the cell body and dendrites [28] and are
localized in several subcellular compartments, that is, rough endoplasmic reticulum, Golgi
complex, mitochondria, and at plasma membrane [29]. Moreover, presenilins were found to
be expressed in several non-nervous cells and tissues, including lymphoblasts, fibroblasts,
liver, spleen, and kidney [15].

4. Presenilin biological functions

Presenilins are aspartyl proteases and constitute a subunit of y-secretase complex involved in
the processing of APP and producing various A peptides (described in Section 5). Besides that,
presenilins are involved in numerous biological processes, playing various molecular func-
tions in distinct subcellular compartments. Presenilins reprocess more than 90 substrates [30].
Presenilin substrates are involved in various signalling pathways, and several examples are
provided in subsequent text.

Receptor tyrosine-protein kinase erbB-4 (ErbB4) processing by presenilins leads to enhanced
spine formation through activation of Rac signalling [31]. Furthermore, presenilin-dependent
cleavage of ErbB4 interplay is crucial for signal transduction during cells maturation [32].
Importantly, ErbB4 is involved in EGF/neuregulin signalling crucial for cell proliferation, dif-
ferentiation, apoptosis, oligodendrocyte maturation, angiogenesis, synapse formation, LTP,
and nerves myelination [33]. Another presenilin substrate of great biological importance
is E-cadherin, which misprocessing affects transcriptionally regulated genes downstream
of E-cadherin, involved in cell adhesion [34]. Next to that, glutamate receptor proteolysis
performed by y-secretase complex was found to be crucial for synaptic transmission [35].
Furthermore, VEGF receptor proteolysis and phosphorylation controlled by presenilins were
reported to be important for angiogenesis, what could have further consequences in damages
of brain areas by interfering with oxygen and energy supply [36]. Presenilin substrates selection
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is also a way of modulation of cell signalling and processing of presenilins’ substrates regulated
by the y-secretase substrate-recruiting factors (YSSRFs) [37]. This establishes a complex signal-
ling network of the process important in brain, thus in PA and AD.

Summarizing, presenilin biological functions and resultant interactome are not merely attrib-
uted to the y-secretase activity and APP processing. Diversity of presenilin substrates is
reflected by numerous biological implications including postsynaptic Ca*" signalling, synap-
togenesis, neurites outgrowth, lipid metabolism, cell adhesion, axon guidance, cell growth,
regulation of dendritic spines, angiogenesis, LTP or glutamate synaptic transmission [30
(Tables 1 and 2), 38, 39]. In this regard, the amyloid cascade is complemented with the above-
listed processes disturbed in AD. Similarly, pathological ageing is manifested by a loss of
protein homeostasis, DNA damage, lysosomal dysfunction, epigenetic changes, immune
deregulation, or disturbed calcium homeostasis [6]. Altogether, AD and PA might result from
presenilin-dependent processes or presenilins” interactomes.

5. Presenilin substrate APP and production of toxic f-amyloid peptides

A peptides are generated from amyloid B-precursor protein (APP) by enzymatic digestion
involving the activity of a-, 3- and y-secretases. Amyloidogenic cleavage of APP is started by
[-secretase, which generates a 100-kDa-soluble N-terminal fragment and membrane-bound
12-kDa C-terminal fragment (C99), which is further cleaved by y-secretase, yielding the APP
intracellular domain (AICD) and 40, 42, up to 56 amino acids A{3 peptides. C99 cleavage by
Y-secretase is inaccurate and results in numerous different Ap species, but those ending at
position 40 (A31-40) are the most abundant and considered as physiological (~80-90%), fol-
lowed by less abundant but toxic 42 (Ap1-42, ~5-10%). The second cleavage, which takes
place within the hydrophobic transmembrane domain (TMD) and is regulated by intramem-
brane proteolysis (RIP), has been attributed to the y-secretase complex with presenilins, as
the catalytic component. The y-secretase is a membrane-bound protease complex consisting
of four components: nicastrin, anterior pharynx-defective 1 (APH-1) and presenilin enhancer
2 (PEN-2) and presenilin (1 or 2) forming aspartyl protease subunit and activity centre of the
complex [40, 41].

As mentioned above, PA patients are characterized by the presence of amyloid deposits.
However, PA is manifested by fewer-cored plaques and there is little or no neuritic pathol-
ogy or neurofibrillary tangles in the cortex. Moreover, the species of A3 peptides in PA dif-
fers from AD brains. It has been demonstrated that AB1-40 levels were 20-fold higher in
AD brains compared to PA brains, whereas Ap1-42 levels were only twofold higher [42].
Overall, several studies suggested quantitative and qualitative differences in the amyloid
deposits between PA and AD brains [43]. It can be concluded that a wide spectrum of harm-
ful effects of AP species, peptides, oligomers or plaques coincides with the disturbed prese-
nilin signalling. These data demonstrate both common and different mechanisms of AD and
PA, with the contribution presenilin, whose functions influence qualitative and quantitative
status of amyloid.
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6. Presenilin interactome: implementation in AD and PA

Numerous studies have been conducted in order to identify proteins interacting with PS1 and
PS2. Majority of these studies have focused on the key signalling cascades specific for AD, as
well as for PA, that is, oxidative stress, generation of free radicals or inflammatory processes.
The best studied presenilin partners are components of y-secretase complex (nicastrin, APH-1
and PEN-2), presenilin substrates (APP, Notch) and proteins involved in a regulation of cell
death, calcium homeostasis and cell adhesion. It should be stressed that the knowledge on full
PS interactome is crucial for more detailed definition of the pathomechanisms of AD and PA,
and further studies are needed to complement this image.

6.1. The y-secretase complex partners

Direct partners of presenilins are the components of the y-secretase complex, namely nicas-
trin, APH-1 and PEN-2 [44]. Nicastrin associates with the complex comprising PS1-C’ termi-
nal and APH-1 [45]. Nicastrin is required for the assembly of presenilin complexes to mediate
Notch signalling and for processing and trafficking of 3-amyloid precursor protein and thus
plays a role in amyloid plaque formation [46]. Proper signalling between presenilin and nica-
strin is important not only for processing of APP and accumulation of A3 peptides but also
for synaptic plasticity [47]. The next component of y-secretase complex is PEN-2, a membrane
protein with two predicted transmembrane domains, both N" and C’ terminals are in extra-
cellular space and with hydrophilic cytosolic loop [48]. PEN-2 binds to the fourth transmem-
brane domain of PS and helps to stabilize the y-secretase complex after PS endoproteolysis
[49]. Together with APH-1, PEN-2 is indispensable for Notch signalling [50], exhibiting thus
similar properties like nicastrin. Importantly, mutations in TM4 reduced PS1-PEN-2 interac-
tion which was further accompanied by an increased A42 production and disrupted the
endoplasmic reticulum calcium homeostasis [51]. The final component of y-secretase complex
is APH-1, a protein composed of seven transmembranes with N-terminus and large loops at
cytosolic side [52]. APH-1 contains a conserved GXXXG motif that may be involved in inter-
actions with other subunits of the complex [53]. APH-1 together with nicastrin forms a stable
complex that constitutes a scaffold prior to the generation of the full presenilin complex [54].
APH-1 directly interacts with both immature and mature forms of the presenilins and nicas-
trin and this is indispensable for y-secretase activity [55]. According to that described above,
presenilin biological functions are regulated by complex assembly.

6.2. Mitochondrial interactome of presenilins

The y-secretase complex was found in mitochondria [56]. Since Af3 is not a substrate for mito-
chondrial y-secretase complex, its mitochondrial implication may be related to cell death sig-
nalling, switching between necrosis and apoptosis depending on ATP levels [56]. Moreover,
PS2 was found to modulate ER-mitochondria juxtaposition and interactions, and that was
enhanced in the case of PS2 mutations [57]. In detail, the components of y-secretase complex
were found in mitochondria-associated ER membranes (MAMs) with lipid raft-like domain [58].
Mutations in presenilin 1 were found to impair the IP3 receptor- and voltage-dependent calcium
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transport, as well as Ca?*-dependent mitochondrial proteins transport, and this was followed by
a mitochondrial dysfunction, reduced patients” motor coordination and AP aggregation with
ultimate dementia [59]. Presenilin 1 was found to interact with mitochondrial intramembrane
cleaving protease, called presenilin-associated rhomboid-like protein (PARL), which could pro-
mote changes in mitochondrial morphology [60]. Next to mitochondrial membrane residing
proteins, presenilins interact with immunophilin FKBP38 forming macromolecular complexes,
which promoted anti-apoptotic protein Bcl-2 sequestration into endoplasmic reticulum and
Golgi apparatus compartments [61]. Importantly, AD-linked presenilin mutants enhanced the
pro-apoptotic activity by reducing levels of mitochondrial Bcl-2 [62]. In the light of above, pre-
senilins and other elements of the y-secretase complex located in mitochondria establish a novel
type of cellular signalling and interacting network.

6.3. Hif-1x interaction

Hypoxia-inducible factor 1a (Hif-1a), which upregulates y-secretase activity, was recently
identified as PSs partner [63]. Hif-1a is related to ubiquitin-mediated proteolysis, induction
of angiogenesis, inflammation or increase of vascular tone. Villa et al. [63] showed that Hif-1a
acts as a subunit of y-secretase activity, which is distinct from its canonical role as a tran-
scription factor. Moreover, hypoxia-induced cell invasion and metastasis were improved by
either y-secretase inhibitors or a dominant-negative Notch coactivator, indicating essential
role of y-secretase/Notch signalling [63]. These data provided the molecular mechanism for
an increased incidence of AD and PA following cerebral ischaemic injuries and strokes [64]. In
addition, cells lacking presenilin 1 were characterized by an impaired induction of HIF-1« in
response to hypoxia. Furthermore, presenilin 1 and HIF-1a physical interaction may protect
HIF-1a from degradation through proteasome. Additionally, M146V Psenl mutation impaired
metabolic induction of HIF-1a [65]. These data suggest that PS1 regulates the induction of
HIF-1a.

6.4. Presenilin interactome of tetraspanin-enriched microdomains (TEMs)

Tetraspanin-enriched microdomains (TEMs) consist of proteins and lipids crucial for coordina-
tion of many biological processes, including cell adhesion, proteolysis, cell motility or sorting
to exosomes [66]. A series of proteins transiently interacting with the y-secretase complex were
found in TEM network. Moreover, the disruption of TEM inhibited A3 production [67]. The
study of Wakabayashi and co-workers showed an interaction of y-secretase complex with tet-
raspanin proteins, that is, CD81, Upklb and CD9 and cell surface immunoglobulin superfam-
ily proteins EWI-2 and EWI-F [67]. Another research evidenced that the association of TEM
with y-secretase complex is needed for an enhancement of its proteolytic activity [68]. These
data also confirmed a localization of y-secretase in the raft-like domains [69]. All the above
studies revealed that the integrity of tetraspanin microdomains is crucial for presenilins and
v-secretase signalling. In addition to TEM, presenilin complex and its interactive network
were shown to be located predominantly in a specialized sub-compartment of ER, spatially
and biochemically connected to mitochondria, called mitochondria-associated ER membranes
(MAMs). MAM is a lipid raft-like structure, enriched in anionic phospholipids, cholesterol
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and sphingomyelin. MAM is involved in cholesterol and phospholipid metabolism, calcium
homeostasis and in mitochondrial function and dynamics. MAM function was altered and
ER-mitochondrial connectivity is significantly increased in AD. The authors of these find-
ings proposed the “MAM-AD hypothesis” with a central role of ER-mitochondrial-presenilin
network in AD pathogenesis [70]. Schon and Area-Gomez [71] reported a large list of genes
encoded in MAM, including genes involved in the regulation of apoptosis process, mainte-
nance of calcium signalling, inflammatory response (formation of inflammasomes) or protein
ubiquitination. In addition, they discovered that a MAM function in cholesteryl ester and phos-
pholipid synthesis was overactive in AD. According to Schon and Area-Gomez [71], MAM is
an unexplored research area, and its importance is vastly underestimated in brain pathology,
both AD and PA.

6.5. Recent findings on presenilin interactome

The large list of molecular partners of presenilins supports their extended significance in
AD and PA. Testing whole presenilin interactome, instead of selected signalling pathway,
is highly recommended due to the fact that any brain pathologies are extremely complex
diseases, where causative and susceptibility genes are highly interconnected [72]. Novel
PSEN-related genes were discovered through high-throughput immunoaffinity (co-IP and
pull-down) studies [73, 74]. Novel findings on PS1 partners involved ST13, GCDH, ECSIT and
CDC37 proteins, and novel PS2 partners were PDCD4, DYNC1H1 and ECSIT. These interac-
tions together with the already known might provide a novel and holistic insight into the
molecular pathways interconnection underlying various brain pathologies. Soler-Lépez and
co-workers also indicated and confirmed a physical connection between apolipoprotein E
(APOE) and PS1 [73, 74]. Direct evidence on APOE and PS1 binding provided a novel insight
into the pathogenic role of APOE as a regulator of PS1 in APP cleavage. Furthermore, Soler-
Lopez et al. also confirmed an interaction between PS1 and PS2, previously suggested to
cooperate as part of the y-secretase complex in APP cleavage [73, 74]. The direct binding of
APP with both PS1 and PS2, confirmed by co-IP, had been previously suggested [75]. These
results provided a fresh perspective on the possible functions of presenilin in the process of
brain degeneration in AD or PA.

Furthermore, the interaction of presenilin with ECSIT components (evolutionarily conserved
signalling intermediates in Toll pathway) could constitute a molecular link between oxidative
stress, inflammation and mitochondrial dysfunction in AD. Supporting the idea of the implica-
tion of presenilins’ interactome in oxidative stress response, another component of redox signal-
ling, glutaryl-CoA dehydrogenase (GCDH), also interacts with PS. Moreover, the association of
ECSIT with APOE was shown to bind A3 in its oxidized form Ref. [76]. Another novel example of
presenilin interaction partners is the member of the tumour necrosis factor receptor-associated
factor (TRAF) family. More precisely, presenilin full-length holo-proteins were suggested to
be novel substrates of TRAF6-mediated Lysine-63-linked ubiquitination. Furthermore, TRAF6
induced PS1 gene transcription in a JNK-dependent manner. Notably, TRAF6-mediated ubiqui-
tination of presenilin did not affect y-secretase enzyme activity, but likely regulated presenilin
function in calcium signalling. TRAF6 deficiency coincided with reduced PS1 ubiquitination,
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protein levels and Ca* leakage from ER, suggesting that ubiquitination may be an important
regulatory post-translational modification of presenilin function [77]. On the other hand, TRAF6
is involved in nerve growth factor (NGF)-dependent phosphorylation, ubiquitination and asso-
ciation of tropomyosin receptor kinase A (TrkA) with p75NTR, thereby promoting cell survival
and differentiation. Under pathological conditions in AD or PA, pro-NGF stimulation can lead
to nitrosylation of TrkA, thereby impairing its ubiquitination and downstream signalling which
results in apoptosis [78]. In addition, presenilin ubiquitination was shown to be controlled by
ubiquilin 1. In detail, ubiquilin 1 promoted the formation of PS1-positive aggregosomes [79, 80].
Furthermore, PS1 ubiquitination was found to demand Cdc4 component of the SCF ubiquitin
E2-E3 ligase complex (Skp1-Cdc53/CUL1-F-box protein) and formation of this complex was
followed by an increase in A3 production [81]. Overall, the above-described scientific reports
present a large spectrum and different aspects of presenilin interactome, important for brain
functions thus implemented in brain pathological ageing or degeneration.

6.6. Presenilins and synaptic transmission

One of the most important pathologies of brain degeneration or pathological ageing is dis-
turbed synaptic transmission. It is believed that the impairment of synaptic function accounts
for pathological ageing or degeneration independently on SP deposition. Recently, presenilins
were proposed to participate in neurotransmitter release in the y-secretase function-independent
manner. It was reported that presenilins are essential for regulating neurotransmitter release
like glutamate, and its inhibition is mediated by a depletion of ER Ca®" storage and a block
of intracellular Ca** release [82]. Importantly, PS1 knockout and PS1-M146V neurons did not
exhibit synaptic strengths. On the other hand, synaptic activity was found to modulate PS1
activity and Ap40/42 ratio via altering PS1 conformation [83]. Additionally, it has recently
been demonstrated that the interaction of PS1 with synaptic vesicle-associated protein, syn-
aptotagmin 1 (Sytl), implicated novel synaptic functions of PS1, and both proteins modulated
each other’s functions in neurons via direct activity-triggered interaction, and the PS1-Syt1 com-
plexes were crucial for exocytosis at the synapses and safeguarding of PS1 conformation [84].
Overall, mounting evidence points to a role of presenilins in synaptic transmission. It is clear
that the interplay between presenilins and synaptic activity could originate from presenilins
Y-secretase activity.

6.7. Other aspects of interactomes of presenilins 1 and 2

PS1 and PS2 can exhibit distinct from y-secretase activities [85]. For instance, it has been
demonstrated that autophagy and lysosomal proteolysis required presenilin 1 [86], as well
as presenilin 2 through a y-secretase-independent mechanism [87]. Further detailed analy-
ses revealed novel interactions of the y-secretase core complex with a molecular machinery
targeting synaptic vesicles to cellular membranes, and with the H*-transporting lysosomal
ATPase macrocomplex [88]. Importantly, lysosomal dysfunction is also associated with many
age-related pathologies like Parkinson’s and Alzheimer’s disease, as well as with a decline in
lifespan. Conversely, targeting lysosomal functional capacity is emerging as a means to pro-
mote longevity [89]. Another example of y-secretase-independent interaction is the catenin/
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cadherin network that was almost exclusively found associated with PS1. In detail, catenin a2,
catenin 31 and plakophilin 4, as well as the cadherins 2 and 11, were repeatedly and strongly
enriched in the PS1-specific sample [90]. On the other hand, an intramembrane protease, sig-
nal peptide peptidase (SPP), predominantly co-purified with PS2-containing y-secretase com-
plexes and was observed to influence A production [90]. Another interesting interaction was
found between PS2 and DREAM protein [91]. The Ca*-binding protein DREAM regulates
gene transcription and activity of potassium channels in neurons. DREAM interaction with
PS2 might have implication in the regulation of the Ca* content in endoplasmic reticulum.
The transient co-expression of DREAM and presenilin 2 potentiated the decrease of endoplas-
mic reticulum Ca? observed in presenilin-overexpressing cells. This could be due to a direct
effect of DREAM on presenilin 2 as the two proteins interacted in a Ca*-independent fashion.
Finally, an example of an interaction unique to PS2 is the DRAL protein. DRAL is an LIM-only
protein containing four LIM domains and an N-terminal half LIM domain. The PS2-DRAL
interaction was confirmed using yeast two-hybrid and immunoaffinity studies, suggesting
that DRAL functioned as an adaptor protein that links PS2 to an intracellular signalling [92].
This paragraph outlines the differences between PS1 and PS2, and cautions against correct
attributing of a given interactome with disease phenotype.

7. Pathological ageing and Alzheimer’s disease in the omic era

The above-presented insight on the presenilins” interactome provides important information
about the background of pathological ageing and neurodegeneration. Nevertheless, the pro-
tein interactome is still only a small fragment recognized by the systemic biology. Thus, there
is a need to integrate interactome data with other high-throughput data. The importance of
integration of different parts of biological systems is stressed by the fact of becoming an ageing
society. Undoubtedly, the ageing is one of the major risk factors for various diseases, rang-
ing from cancer, cardiovascular diseases, type 2 diabetes (T2D) and ending with Alzheimer’s
disease. This creates a long list of ageing-related diseases (ARDs). In this regard, a recognition
of the whole functional network linking ageing and ARD becomes one of the key tasks of
current medical science. In the era of omics research, publicly available domains allow com-
parison of genomics, transcriptomics, proteomics, metabolomics, miRomics, epigenomics, reg-
ulomics (regulatory genomics), microbiomics, and lipidomics with particular diseasome [93].
These criteria are met by the ‘GeroNet’ research model, an approach that is targeting the rela-
tionship between ageing and hundreds of ARD [94]. These studies indicated several subnet-
works associated with ageing, including ‘response to reduced oxygen levels’ or ‘cell cycle
checkpoints’. Importantly, the GeroNet model has helped to identify several genes that may
play a key role combining pathological ageing and Alzheimer’s disease, including the top
five most significant STAT3, P53, FOS, BCL2 and NFKBI1. The next example of integration
of several omics research is analysis of the genes associated with longevity and ageing, col-
lected in Ageing Gene/Interventions database (http://www.kaeberleinlab.org/ageid) and in
GenAge database, which can be useful for the research on different interactome networks in
AD or PA. Another recent omic approach was presented in the studies on inflammaging with
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propagation of pro- and anti-inflammatory mediators in a dynamic manner from cell to cell
and from organ to organ, supplemented by glycomics data [95]. Additionally, other wide-
genomic studies revealed longevity and age-related functional biological networks, under-
lining the importance of neuronal development, autophagy and other processes associated
with Alzheimer’s diseases [96]. Furthermore, the integration of various systemic biology data
has revealed common mechanisms associated with genomic instability and reduced capacity
to DNA repair for both ageing and neurodegeneration. [97, 98]. Genomic instability is also
influenced by a number of epigenetic changes that can be associated with both ageing and
AD. These epigenetic changes occur at different levels, for example, histone methylation pat-
tern, replacement of the canonical histones by rare variants of histones or regulated by an
altered expression of non-coding RNA [99]. Indeed, there are studies confirming a decrease in
genome-wide DNA methylation occurring in both ageing and AD patients [100]. Significantly,
epigenetic regulation of the presenilins 1 and 2 was found to be pivotal in the development
of the cerebral cortex of mice [101]. This epigenetic regulation of PS1 and PS2 was controlled
by the acetylation and methylation of histone H3K9/14 and this was associated with further
differential expression of PS1 and PS2, as well as their interacting protein partners. These data
indicated that multiple levels of epigenetic regulation may be involved in controlling the for-
mation of amyloid beta. Given epigenetic context, interestingly, dietary supplementation with
B group vitamins restored methylation of promoters of presenilin 1, APP and BACE1 and
slowed down the progression of AD [102]. In addition, this was associated with a decrease in
oxidative stress and a delay in the accumulation of neurological symptoms in transgenic mice
with beta amyloid pathology [102]. Generally, the methylation status of all the elements of pre-
senilins’ interactome may be suitable for future research on ageing and AD. Supplementing
the above data, an important matter in the era of omics research is the use of appropriate
computational and mathematical models. One example is weighted gene co-expression net-
work analysis method (WGCNA), which by the use of large omics data may predict gene-
gene, protein-protein, or gene-miRNA interaction nature [103]. In particular, the WGCNA
method was used to organize gene expression data into a functionally significant structure, in
order to indicate the modules of co-expressed genes and novel gene signatures associated with
Alzheimer’s disease [104].

Overall, ADs or PAs are systemic diseases based on the interplay of several cellular networks.
Thus, it should be noted that conducting the research only on individual protein factors, as the
studies on presenilins and processing of APP, is only a part of the holistic homeostatic insight
on these pathological states and such comprehensive approach is still missing in the discus-
sion. Due to wide-range nature of ageing and degeneration process, the conducted studies
should be more non-deterministic, without a concrete causation and particular trigger (gene,
protein pathway). The holistic approach should include the response to DNA repair with
cell cycle and genome integrity checkpoints, proteostasis, unfolded protein response, protein-
folding chaperone networks, ER-associated degradation/ubiquitin proteasome system, endo-
lysosomal network, autophagy, inflammatory response and other stress-response networks.
This can be accomplished by integration of various omics data and can be fulfilled when
supported by latest methods and research approaches including next-generation sequencing,
modern neuroimaging or high-throughput computational bioinformatic studies. Complexity
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and multi-level nature of the network of genes, proteins, their interactomes and relationships
with ageing-related disease processes present in both AD and PA have been reported in sev-
eral recent review papers [94, 98, 105-107]. This and other reviews underline the importance
of the integration of different biological data provided for the process of brain degeneration,
in both PA and AD, and other neurodegeneration disorders with dementia.

8. Challenges of the future

The aim of the future will be to develop an accurate map of omic data of the ageing pro-
cess. This is associated with the problem of collection of the samples for multiomics data
from a human across lifespan. Second, the factors that can be a source of a noise in the omic
data should be identified, including information on the ethnicity, personal immunological
history or parameters of lifestyle (dietary habits, physical activity and microbiological sta-
tus). Comprehensive of integrative interactomics of (epi)gene-protein-pathways axis would
demand more advanced and consolidated computational, mathematical and bioinformatic
tools. These methods should integrate the data obtained with a use of various methodological
approaches and engines, from different biological range and integrate the statistical power
for all of them. Further aspects, which require to be consolidated or demand additional com-
putational approaches, are related to the source material (tissues and cells) used for omics
analyses. These and other criteria must be met to be able to pinpoint the cause and prevent a
decline in cognitive skills, so important in everyone’s life.

9. Summary

Neurodegeneration in AD or PA is a multiparametrical process. Thus, there is a need of not
only for an establishment of the most complete genetic background but also to pinpoint the
functional implications of this knowledge. Despite strong efforts of the recent research, based
mostly on modern technologies, including GWAS and WES, it is still a largely unknown
domain. It is very likely that expanding the interactomes PS1 and PS2 will help to emerge the
complex biological processes accompanying processing of many substrates of presenilins. The
broad spectrum of y-secretase substrates and interacting proteins has invoked the analogy to
y-secretase ‘secretosome’ or “proteasome of the membrane’. The complexity of the interac-
tome of presenilin 1 is implicated in a number of molecular functions, manifested in different
cell components and implicated in a variety of biological processes, crucial for Alzheimer’s
disease and pathological ageing, and is depicted in a schematic presentation of this chap-
ter (Figure 1). Additionally, it is important to take into account environmental factors, for
example, psychological circumstances might affect gene expression profile via epigenetical
mechanisms, and thus presenilins interacting network, with further functional implications.
In conclusion, the understanding of existing genetic mechanisms together with presenilin
functions leading to brain degeneration in AD or PA is crucial for better understanding of
molecular bases of these pathologies and facing them in the future.
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Figure 1. The interactome of presenilin 1 in Alzheimer’s disease and in pathological ageing. Presenilin 1 interactome was
generated using Ingenuity Pathway Analysis software (www.ingenuity.com). Presenilin 1 interactome is implicated in
a number of molecular functions, cell components and biological processes of presenilin 1, according to GeneCards®:
The Human Gene Database. Presenilin 1 interaction network with its functional consequences are crucial both for
Alzheimer’s disease and for pathological ageing brains.
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Abstract

Aging is a condition in which a person gradually loses the ability to maintain homeostasis,
due to structural alteration or dysfunction. Aging changes biological processes in many
organs and tissues. The loss of regenerative capacity is the most dramatic age-associated
alteration in the liver. Cellular damage, if not repaired, leads to apoptosis or senescence.
The presence of permanent cell cycle arrest, the acquisition of major morphological
change, and expression of senescence-associated [-galactosidase (SA-f-gal) are the
characteristics of cellular senescence (CS). Interestingly, CS plays a crucial role in aging
of both individual organs and the entire organism; consequently, senescent cells accumu-
late in organs and decline in organ function. Senescent cells have considerable influence
on their microenvironment and exert both beneficial and detrimental effects through
secretory associated senescent phenotype (SASP) factors. CS has attracted considerable
recent interest with recognition of pathways linking aging, malignancy, and insulin resis-
tance and the current focus on therapeutic interventions to extend healthspan. There are
major implications for hepatology in the field of fibrosis and cancer, where cellular senes-
cence of hepatocytes, cholangiocytes, stellate cells, and immune cells has been implicated
in chronic liver disease progression.

Keywords: senescence, aging, chronic liver diseases

1. Introduction

Aging is a biological process that consists of a series of structural and functional changes that
appear over time and are not a consequence of diseases or accidents. In general, tissues are
comprised of specific cells that determine the tissue microenvironment. Various factors affect
the cellular environment, such as oxygen pressure, oxidative stress, temperature, and several
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growth factors secreted by cells. Sometimes the cell’s microenvironment alters the tissue
homeostasis, causing a permissive environment that favors tumor promotion and develop-
ment. This progressive aging is caused by multiple factors. The following nine characteristics
are generally considered to contribute to the aging process: altered intracellular communication,
genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, deregulated
nutrient sensing, mitochondrial dysfunction, stem cells exhaustion, and cellular senescence [1].

2. Cellular senescence

Cellular senescence (CS) is a stable form of cell cycle arrest that limits the proliferative potential of
cells [2]. Senescence is the result of various degenerative changes characterized by shortening of
the telomeres, chromosomic instability, DNA damage, oxidative stress producing reactive oxygen
species (ROS), and oncogene overexpression [3-10]. Some researchers consider CS the natural
solution to prevent cell damage, which may lead to various diseases including cancer. In contrast,
with age, CSis considered to promote several chronic diseases. The pathological effects of CS may
affect the health of elderly people due to the accumulation of senescent cells in several organs and
tissues because CS can impair tissue regeneration. Furthermore, senescent cells can release several
molecules, such as growth factors, cytokines, and chemokines that alter cellular homeostasis [11].

Up to date, two basic mechanisms have been identified to induce senescence: replicative
senescence and premature senescence. Replicative senescence, or the Hayflick limit, is associ-
ated with telomere attrition; telomere exhaustion causes the limited proliferative capacity of
certain types of in vitro cultured cells [12]. Cells react to the loss of telomeres as if it is DNA
damage, which therefore triggers the DNA damage response (DDR); the cellular response is
similar to that initiated by external agents, for example, ionizing radiation and drugs.

In contrast, premature senescence is related to chromosomic instability, DNA damage, oxida-
tive stress, oncogene overexpression, and epigenetic changes. Senescent cells have a typical
morphology in culture: cells are enlarged, vacuolated, and flattened and in some cases, they
are multinucleated. However, in vivo senescent cells retain the normal morphology according
to the tissue to which they belong. It has been found that these cells are metabolically active,
and they can secrete growth factors, chemokines, and metalloproteases; this is known as the
senescence associated secretor phenotype (SASP) [13].

2.1. Senescence markers

Senescent cells have several typical characteristics. First, they are positive for [3-galactosidase
activity at a suboptimal pH (pH 6), and this activity is based on the increment of lysosomal activ-
ity. One limitation of the B-gal assay is the need to use fresh or frozen samples [14]. Another
characteristic is that senescent cells are in cellular arrest. Cellular arrest is an essential condition for
senescence to occur, as senescent cells are positive for Ki67 protein or negative for the incorporation
of 5-bromodeoxyuridine (Brdu) [15]. Other senescent markers are related to tumor suppressors
such as p53, pl6, p21, and the hypophosphorylated Rb protein. Heterochromatin bodies are
known as heterochromatin foci in the nucleolus. In cells with DNA damage, it is common to find
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v-H2AX histone phosphorylation which carries the DDR. Another finding is the decrease in lamin
B1 levels as a common feature in many types of senescence [16, 17]. On the other hand, senescent
cells have been found in biological processes other than aging as in systems such as humans, mice,
and chicken embryos, suggesting that these cells are important to embryogenesis [18].

2.2. Senescence pathways

In the senescence process, there are two key tumor suppressors, the INK4/ARF locus and p53.
The INK4/ARF locus allows the expression of three important proteins, p16™, p14*T (p19*in
mice), and p15™. Serrano et al. discovered the protein pl6Ink4a. The p16™ binds to CDK4/6
cyclins, preventing the phosphorylation of the Rb protein family; therefore, the cell cycle is
inhibited at the G1 phase and cells enter in a cellular arrest, and this pathway is known as
pl6™-Rb [19]. In contrast, p53 is a transcription factor, which transcribes target genes to regu-
late various biological cell processes in response to stress stimuli; the biological cell processes
include apoptosis, senescence, energy metabolism, and antioxidant defense. p53 is stabilized
and phosphorylated by upstream kinases including ataxia telangiectasia (ATM) and Chk2 [10,
20, 21]. Phosphorylated p53 upregulates the transcription of its target gene, p21, which activates
the Rb protein through the inhibition of cyclin E/Cdk2. The hypophosphorylated Rb protein
inhibits the transcription of E2F genes, including cyclin A and proliferating cell nuclear antigen
(PCNA), which are required for cell cycle progression [22]. On the other hand, p144is directly
related to p53 and is linked to the mourin double murine 2 (Mdm?2) protein; therefore, p53 is
stabilized, and p21 is expressed and inhibits cyclin E/Cdk2 [23]. This senescent pathway is
called the p53-p21 pathway. Another senescence-signaling pathway is through the p38 protein,
which is a mitogen activated protein kinase (MAPK) protein that transforms a variety of stress
stimuli into a common senescence signal [24]. The inactivation of p38 delays the onset of vari-
ous forms of cellular senescence including replicative, oxidative-stress-induced, and oncogene
induced senescence. In contrast, enforced activation of p38 by a constitutive active form MAPK
kinase (MKK6EE) of upstream kinase, MKK®6, acutely induces cellular senescence [25, 26].

Inrecent years, other elements have been incorporated into the senescence pathway regulation.
Studies on genetic regulation in human fibroblasts and mice embryonic fibroblasts (MEFs)
showed the presence of long noncoding RNAs (IncRNAs), which are derived from noncoding
RNAs (ncRNAs). Tumor suppressors have specific IncRNAs; for example, several IncRNAs,
such as focally amplified IncRNA on chromosome 1 (FAL 1), BRAF-activated non-protein
coding RNA (BANCR), and long intervening noncoding RNAs (LINCRNA) p21, have been
found in p21 [27-30]. In the case of p53, IncRNA metastasis associated lung adenocarcinoma
transcript 1 (MALATT1) as well as 7SL have been related to p53 expression [31, 32]. The INK4a-
ARF locus and p16INK4amRNA are linked with IncRNAs VAD, antisense non-coding RNA
in the INK4 locus (ANRIL), MIR31 host gene (MIR31), and Urothelial cancer associated 1
(UCA 1) [33-38]. Another IncRNA associated with senescence is senescence-associated long
non-coding RNA (SALNR), which is related to NF-9 [39]. telomeric repeat containing RNA
(TERRA) is a IncRNA associated with telomere length [40]. Researchers have shown that
IncRNAs are tightly regulated and tissue specific. Moreover, the dysregulation of IncRNAs
has been associated with human diseases. Further studies must be performed to accurately
determine the functional role of these IncRNAs in senescence and aging [41].
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2.3. Chromatin alterations

Alterationsin thestructure of chromatin arebelieved to contribute to theirreversiblenature of the
senescentstate. Narita etal. found thatin DNA cells stained with 4’,6-diamidino-2-phenylindole
(DAPI), chromatin bodies called foci can be observed at the nucleus [42]. It is likely that DAPI-
stained foci correspond to highly compacted heterochromatin, as senescent cell chromatin is
resistant to micrococcal nuclease digestion; moreover, DAPI foci contain numerous proteins
characteristic of transcriptionally inactive heterochromatin, including hypoacetylated his-
tones, methylated histone H3 on Lys 9 (H3K9 me), and heterochromatin protein 1 (HP1). The
formation of heterochromatin structures known as heterochromatin foci is associated with
senescence-associated heterochromatin foci (SAHF). Various forms of stress induce SAHF for-
mation as well as other senescence phenotypes, suggesting that SAHFs can be used to identify
senescent cells in vivo and that SAHF formation somehow contributes to the mechanisms of
cellular senescence; although, not all senescent cells exhibit SAHFs [43].

2.4. Oxidative stress and liver senescence

Under normal physiological conditions, cells are protected from oxidative stress by an
array of endogenous antioxidants that maintain a balance between pro-oxidant produc-
tion and antioxidant capacity. An imbalance occurs when intracellular antioxidants are
unable to neutralize the pro-oxidants such as ROS, which are a number of highly reactive
molecules derived from molecular oxygen [44]. ROS are mainly produced by the mito-
chondrial respiratory chain, cytochrome P450, and autooxidation of endogenous sub-
strates such as heme proteins, catecholamines, quinones, among others [45]. ROS exert
a broad array of biological effects, ranging from physiological regulatory functions to
several oxidative modifications, which can contribute to the pathogenesis of various dis-
eases. ROS can also impact the cell by altering physiological and biochemical processes
such as gene expression, cell adhesion, cell metabolism, cell cycle, cell disease, and cell
death [46, 47]. Thus, oxidative stress has been confirmed to be a common participant
in several diseases including liver diseases [48]. It has been proposed that the damage
induced by oxidative stress may represent a common link between different chronic liver
diseases. This proposal is supported by the fact that free radicals are key players not only
in normal liver function but also in the genesis and progression of liver steatosis, fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) [49, 50]. Therefore, a strong association
is expected between oxidative stress and the pathogenesis of liver diseases. Oxidative
stress is an inherent component in the liver as the activity of many enzymes involved in
lipogenesis, fatty acid oxidation, cholesterol, and phospholipid metabolism is regulated
by the redox status of liver parenchyma, which can influence the redox balance of the cell
microenvironment [51]. Thus, following liver injury by different etiological factors [52],
endogenously produced ROS may have an accumulative impact (mainly evidenced as an
increase in lipid peroxidation), which plays a critical role in the progression of chronic
liver diseases [53].

Several studies have proposed that ROS production is one of the main activators and
stabilizers of CS. Although this is a preliminary proposal, there is evidence demonstrating
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a direct contribution of ROS to both the DDR and the redox-activated pathways [54, 55] and
induces telomere shortening [56], which results in a DDR and senescence activation. Up to
date, both experimental and clinical studies have strongly supported the association of CS
with chronic liver diseases. In addition to specific parenchymal or nonparenchymal liver
structures, studies have highlighted the appearance of CS in two paradoxical settings, as a
tumor suppressor and as a tumor promoter, and in two physiological processes, aging and
tissue repair [57, 58]. Cellular senescence is involved in multiple physiological processes; the
complexity of CS may be elucidated by deciphering the mechanisms that induce its activation,
such as oxidative stress. In this regard, evidence has shown that increased ROS production by
mitochondrial dysfunction is triggered after a DDR and subsequent CS activation, which in
turn is a consequence of p21 activation. The sequence of events maintains a dynamic feedback
loop that is necessary for the stability of growth arrest during the establishment of the senes-
cent phenotype [59]. A similar phenomenon was observed during the activation of the p16/RB
pathway, which induces high intracellular levels of ROS and thereby activates protein kinase
C-A (PKCA); consequently, further ROS are generated to establish a positive feedback loop
to sustain ROS-PKCA signaling [60]. Other studies have reported that activation of the RAS,
p21, and p53 pathways are also closely related to elevated ROS production [61, 62]. In these
reports, N-acetylcysteine treatment blocked cell cycle arrest and thereby CS, demonstrating
that ROS accumulation is an important mediator of CS; furthermore, researchers proposed
that ROS are a causal agent of CS. The evidence confirms that ROS play a key role in the CS
process; however, it is still unclear whether ROS are a consequence or cause of CS.

2.5. Reactive oxygen species and hepatic diseases

A variety of free radicals are found in the liver and can be classified as mitochondrial, prin-
cipally from complexes I and III, and extra mitochondrial, such as cytochrome P450, xanthine
oxidase, nitric oxide synthase, and nicotinamide adenine dinucleotide phosphate reduced
(NADPH) oxidase. Where neutrophils and Kupffer cells primarily produce free radicals, the
cytochrome P450 system and mitochondria are the major sites of ROS release in hepatocytes.
An important mechanistic source of ROS is lipid metabolism, which is dependent on the redox
balance of the liver, and its alteration is closely linked to both alcoholic and nonalcoholic ste-
atohepatitis [51, 63]. The above-mentioned sources of ROS are strictly controlled in normal
hepatocytes; however, in hepatic diseases, an overproduction of free radicals can overcome the
antioxidant defenses and induce liver injury [51]. Consequently, the liver is a continuous target
of oxidative stress and redox balance. It is not surprising that an increasing number of findings
have shown a close association between liver diseases and ROS production [63]. Clinical and
experimental reports have suggested that CS onset may be an intrinsic phenomenon from the
beginning of liver injury, such as the appearance of neoplastic nodules [64, 65]. This proposal is
supported by the presence of replicative and premature senescence in both parenchymal and
nonparenchymal liver cells [58, 66, 67]. Using a liver injury model to mimic sequential HCC pro-
gression (from fibrosis to cirrhosis and HCC) [68], we recently confirmed that CS appearance is
intrinsic to the initiation of liver injury, as a chronological increase of CS alongside HCC progres-
sion was observed [69]. We did not determine ROS levels in this investigation; however, HCC
was induced with continuous diethylnitrosamine administration, a hepatotoxic and potent
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ROS producer [70], suggesting that the chronological appearance of CS was accompanied by
persistent ROS induction. In a recent study, the role of hepatocyte senescence in the devel-
opment of insulin resistance was investigated [71]. Using HepG2 cells, they demonstrated
that H,O, treatment induced CS despite insulin stimulation. This phenomenon was accom-
panied by a persistent nuclear localization of FoxOl, a transcription factor that, among oth-
ers, promotes the expression of genes involved in cell cycle arrest and detoxification of ROS.
Moreover, an increase and decrease in the expression of glucose transporters 2 and 4 (GLUT2
and GLUT4), respectively, were proposed as senescence markers, as this pattern was found
in senescent HepG2, in human cirrhotic liver tissue, and in publicly available liver disease
datasets. In a different study by the same research group, gene expression profiles of HepG2
cells subjected to oxidative stress were compared with public microarray datasets obtained
from human cirrhotic samples. The results showed that the gene upregulation profile of senes-
cent HepG2 cells induced by H,O, treatment was similar to that in human cirrhotic livers.
Interestingly, gene expression profile patterns of senescent hepatocytes were markedly linked
to alterations in cell cycle regulation, morphology, metabolism, and stellate cell activation,
which occur alongside impaired synthetic function in senescence [72]. Although these results
suggest a close relationship between hepatocyte senescence and ROS action, the use of an
external stressor agent to induce CS may be a key factor to work in an asynchronous man-
ner in the sequence of molecular events involved in intrinsic ROS production. More direct
evidence has demonstrated a strong interconnection between senescence, ROS, and TGF-f3
signaling in chronic liver diseases. Borkham-Kamphorst et al. showed that the overexpression
of cysteine-rich protein 61 (CCN1/CYR61) significantly inhibited the production of collagen
type I and induced ROS, leading to CS and apoptosis in vivo and in vitro. This effect was
associated with an attenuation of TGF-f signaling; as a result, CCN1/CYR61 overexpression
mitigated liver fibrogenesis in a bile duct ligation model. This analysis is a clear example of
ROS and CS induction as a potential molecular mechanism for tissue repair and remodel-
ing promoted by the manipulation of CCN1/CYR61 during hepatic injury [73]. In a similar
study with contrasting reports, dioscin, a saponin plant steroid, promoted CS but decreased
the oxidative stress induced by CCl4 in activated hepatic stellated cells (HSC). Among oth-
ers, this antifibrotic effect was associated with the attenuation of TGF-3/Smad, Wnt/(3-catenin,
MAPK, and mitochondrial signaling pathways [74]. Recent investigations have shown that
Sir2 enzyme members, collectively called sirtuins, are involved in CS associated with liver
diseases. Sirtuin 6 (SIRT6), an enzyme that promotes resistance to DNA damage and oxidative
stress, plays a central role in the CS induced by ROS and TGF-{ signaling in HCC cells [75].
In this report, ROS and TGF- upregulated SIRT6 expression by inducing sustained activa-
tion of extracelular signal-regulated kinase (ERK) and Smad pathways. Upregulated SIRT6
not only abrogated the inducing effect of TGF-f3 and ROS on CS but was also required for
the ERK pathway to suppress p16 and p21 expression. Additionally, upregulation of SIRT6
promoted HCC cell tumorigenicity and contributed to the inhibitory effect of the ERK path-
way on cellular senescence. This feedback loop activation integrated by SIRT6 and TGF-3
has the potential to modulate both tumorigenicity and senescence and represents a clear
example of the molecular complexity around senescence activation. Another investigation
group demonstrated that SIRT1, an enzyme that deacetylates nonhistone proteins and allows
mammalian cell survival under oxidative stress, is downregulated in aged and middle-aged



Is Senescence Important in Hepatic Diseases?
http://dx.doi.org/10.5772/intechopen.68587

mice. This condition increased mice susceptibility to the effect produced by chronic alcohol
consumption and exacerbated alcoholic liver injury and fibrosis in hepatocytes and hepatic
stellate cells [76]. This evidence clearly reveals that the senescence and ROS pair in the liver
of elderly patients boosts alcohol liver disease, likely by the modification of liver metabolic
functions. This proposal is in accordance with a recent report of Cyp2el as a central player in
aging-dependent hepatic steatosis, apoptosis, and fibrosis. The investigation demonstrated
that Cyp2el increased the production of reactive nitrogen species and ROS in aged mice; as
a result, high levels of lipid peroxidation, oxidative protein modifications, oxidative DNA
damage, and inflammation were found. These changes were absent or decreased in aged
Cyp2el-null mice [77]. In the serum of patients with nonalcoholic steatohepatitis (NASH) and
NASH-related HCC, oxidative stress correlated with the levels of NASH activity markers,
while the antioxidative function was preserved in younger patients as well as in patients with
a well-preserved liver function; in contrast, patients with NASH-related HCC tended to be
older and exhibited a diminished antioxidative function [78]. In addition to the complexities
involved with senescence and ROS in liver diseases, there is evidence of SIRT1 and Cyp2el as
possible targets for preventing aging-related liver disease.

Senescence induction has also been another means for researchers to determine the efficiency of
chemotherapeutic agents against cancer. Most of these agents are strong oxidative stress induc-
ers such as cisplatin. In a recent study, this compound promoted a senescent phenotype in HCC
cell lines dependent on p53 and p21 activation and intracellular ROS generation [79]. Although
senescence activation appears to be a natural consequence of oxidative stress induction, ROS
generation may dictate different cellular consequences depending on the overall concentration
at steady-state levels and site of generation [80]. In support of this, an advanced investigation
has conferred an important role for ROS production and its participation as a decisive factor
in the progression and aggressiveness of cancer [81], and has also raised the complexity of the
senescence and ROS pair. Investigators reported that the normally high potential for mela-
noma cells to form subcutaneous tumors is limited after intravenous or intrasplenic transplan-
tation; this occurs because metastatic cells experience a charge of oxidative stress in the blood
and visceral organs, which is not present in established subcutaneous tumors. To overcome
that barrier, cells undergo reversible metabolic changes during metastasis that increase their
capability to withstand oxidative stress. It was found that mitochondrial membrane potential,
mass, and ROS levels declined more in circulating metastatic cells compared to subcutaneous
tumors, raising the possibility that mitochondrial function is reduced in circulating melanoma
cells in an effort to reduce ROS generation [81]. During the normal aging process, mitochon-
drial metabolic changes are implicated in the induction and maintenance of CS [82]. While the
investigation did not show whether oxidative stress also limits the initiation and early growth
of primary cutaneous cancer cells [81], it is reasonable to hypothesize that senescence activation
and/or ROS generation are determinant factors of the appearance and progression of different
multifocal HCC types. This intriguing hypothesis stems from a proposal that multifocal HCCs
are either from an HCC of multicentric origin or HCC of intrahepatic metastasis [83]. Thus,
in this scenario, ROS may modulate CS activation in the HCC microenvironment. As a result,
senescence and ROS may be the decisive molecular pair to establish the outcome of multifo-
cal HCC. This hypothetical proposal also raises the question of whether the appearance of
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senescence/ROS is a transitory, sporadic, or specific event of a determined HCC development
stage. We have recently shown that, concomitant to the HCC development induced by diethyl-
nitrosamine, there is also a chronological appearance of CS [69]; however, its association with
ROS generation and effect on the outcome of multifocal HCC type has not been investigated.
This is an interesting and comprehensive proposal worth investigating.

3. Is cellular senescence important in the development of
hepatic diseases?

Aging changes the biological processes in many organs and tissues of mammalians, leading
to the development of age-associated diseases and aberrant body homeostasis. Nearly 13%
of the population in the United States is over the age of 65 years; this percentage and the
number of elderly people will increase substantially over the next 50 years [84]. Although
the aging process does not cause death, elderly people appear to be predisposed to a variety
of diseases; therefore, aging facilitates the onset and/or progression of various pathologies
including diseases of the liver [84]. The ability to withstand hepatic insult decreases each
decade, including those associated with high triglyceride levels, nonalcoholic fatty liver dis-
eases, and HCC [85-87]. The percentage of deaths caused by liver diseases increases dra-
matically in humans over the age of 45 years. Accordingly, age is a critical determinant in
the outcome of hepatitis C infection [88] and liver transplantation [89]. However, the most
dramatic effect of aging on the liver is its delayed and/or reduced proliferation after a loss
of mass from a surgical or chemical injury [90-92]. Based on these correlations, it has been
suggested that elderly people are predisposed to liver diseases. The livers of young individu-
als regenerate after these treatments and maintain homeostasis; conversely, there is a dra-
matically reduced regeneration of the livers of older people. The clinical outcome of human
acute liver injury is also partially dependent on the potential for hepatic regeneration. In
older people, there is a higher incidence of acute liver failure and a higher mortality with
acute hepatitis A [93, 94]. In a cohort of patients with acute liver failure secondary to viral
hepatitis, age was an independent predictor of a poor outcome, with the worst outcomes in
people over the age of 50 years [95]. Wong et al. and Poynard et al. were among the first to
demonstrate that age at infection was a major risk factor for subsequent fibrosis progression
and that the rate of fibrosis progression accelerated with increasing age [96, 97]. Studies of
other liver diseases have demonstrated similar findings. Age is an independent risk factor
for poor outcomes in primary biliary cirrhosis (PBC) in addition to the presence of portal
hypertension and impaired liver function [98]. Similarly, age, independent of bilirubin, pro-
thrombin time, and renal function, predicted the outcome in patients with alcoholic hepatitis
[99]. There is some evidence that age may influence disease progression in nonalcoholic fatty
liver disease (NAFLD) [100, 101].

The role of CS in diverse chronic liver diseases has come into recent research. The structure
of hepatocytes changes with age. The volume of hepatocytes increases with development and
maturation but declines with senescence [84]. The relative volumes of hepatocyte organelles
also change during aging. The universal change in diagnostic liver biopsy specimens is the
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age-related cytoplasmic accumulation of highly oxidized insoluble protein lipofuscin or age
pigment, which in turn reflects a concomitant increase in the volume of the dense body com-
partment [102]. Accelerated hepatocyte aging and the accumulation of senescent hepatocytes
have been found in diverse chronic liver disorders [103-108]. Furthermore, the studies have
shown that the increased proportion of senescent hepatocytes is associated independently
with increased fibrosis stage, impaired hepatic function, and an adverse liver-related out-
come including liver-related death [103-109]. However, it is still unknown whether hepato-
cyte senescence contributes causally to fibrosis progression, declining hepatic function, or the
increased risk of an adverse liver-related outcome.

3.1. Hepatic fibrosis

Hepatic fibrosis is a common pathological consequence of chronic liver diseases and results
from the progressive accumulation of an excess quantity of extracellular matrix (ECM) tis-
sue. In many patients, continuous liver parenchyma insult ultimately leads to cirrhosis [110].
The ECM accumulation during chronic liver injury is caused by a heterogeneous population
of myofibroblasts derived mainly from hepatic stellate cells and from resident fibroblasts.
Myofibroblasts are highly proliferative cells with enhanced survival that migrate and accu-
mulate at sites of liver damage in response to a liver insult that caused a wide variety of
growth factors, cytokines, and lipid mediators. Recently, many studies have observed that the
presence of an increased proportion of senescent hepatocytes is associated with an increased
fibrosis stage. This results in impaired hepatic function and an adverse liver-related outcome,
including liver-related death [103, 104, 106-108].

3.2. Cirrhosis and HCC

In humans, cirrhosis is induced by a variety of liver diseases. Regardless of its etiology, cir-
rhosis evolves slowly over many years, and chronic hepatocyte death and renewal are major
predisposing factors [111]. Cirrhosis is associated with life-threatening complications due to
a decreased functional parenchymal reserve and altered hepatic blood flow. A recent report
by WHO indicates that cirrhosis accounts for 170,000 deaths in Europe per year [110]. The
cellular growth arrest and CS appear to be in a pro-fibrotic state. There is existing research
on the relation between cirrhosis and telomere shortening, showing that telomere shorten-
ing is a marker of cirrhosis and correlates with senescence-associated p-galactosidase in
84% of cirrhosis samples, specifically in hepatocytes [110]. CS contributes to age-related
tissue dysfunction, macroH2A1, and a variant of histone H2A. CS is also a marker of senes-
cence-associated heterochromatic foci that synergizes with DNA methylation to silence
tumor-suppressor genes in human fibroblasts. MacroH2A1, a variant of histone H2A, is a
marker of senescence-associated heterochromatic foci that synergizes with DNA methyla-
tion to silence tumor-suppressor genes in human fibroblasts. In a recent study, Borghesan
et al. investigated the relationship between macroH2A1 splice variants, macroH2A1.1 and
macroH2A1.2, and liver carcinogenesis. It was found that protein levels of both macroH2A1
isoforms were increased in the livers of very elderly rodents and humans, and were strong
immunohistochemical markers of human cirrhosis and HCC [112].
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3.3. Chronic hepatitis B

Chronic hepatitis B virus (HBV) infection can lead to the development of chronic hepatitis,
cirrhosis, and HCC. HBV infection is associated with age, cell cycle arrest, and CS. In a recent
study, the authors assessed the HBV antigen production in relation to cell cycle arrest and CS
in vitro using hepG2 and hepG2.2.15 cell lines [113].The authors found that cell cycle arrest
induced in vitro by the addition of H,0, caused increased levels of supernatant HBsAg and
HBV DNA and increased expression of HBcAg. In contrast, there was no observed effect on
HBsAg or HBV DNA production in senescent cells, with only a minor increase in cytoplasmic
HBcAg staining [113].Widespread telomere shortening is consistent with accelerated aging in
chronic HBV [114].

3.4. Chronic hepatitis C

Chronic infection with hepatitis C virus (HCV) affects approximately 170 million people
around the world. Moreover, 20% of these affected people develop cirrhosis and are at great
risk to develop HCC. An increased risk of HCV-related cirrhosis is associated with hepatic
steatosis, older age, and higher alcohol consumption [88, 115]. It has been reported that dur-
ing chronic HCV infection, telomere shortening is present in liver tissue [116], likely due
to increased hepatocyte turnover. Critically short telomeres trigger replicative senescence.
Marshall et al. found a strong correlation between hepatocyte G1 arrest, dysfunctional hepatic
regeneration, and increased cirrhosis in patients with chronic HCV. They showed increased
hepatocyte cell cycle arrest measured by the expression of the mini-chromosome maintenance
protein 2 (Mcm-2) in liver biopsy samples. The researchers also found that p21 expressed pre-
dominantly in hepatocytes and it was correlated with the stage of fibrosis [107].

3.5. Nonalcohol-related fatty liver disease (NAFLD)

NAFLD is a leading cause of chronic liver disease worldwide [117], which presents a wide
range of liver disorders including simple steatosis, steatohepatitis, cirrhosis, and HCC [117].
In ob/ob mice, NAFLD is associated with an increased expression of the cell cycle inhibi-
tor p21 and impaired liver regeneration [118]. The combination of impaired regeneration
and increased incidence of cancer in NAFLD suggests accelerated aging. In the literature,
NAFLD has been separately described by the appearance of premature telomere shortening,
increased hepatocyte nuclear area, advanced fibrosis, and p21 expression [103, 104]. Recently,
Aravinthan et al. performed a study on 105 archived formalin-fixed paraffin-embedded liver
needle biopsy specimens from 70 patients within the spectrum of NAFLD, and 43 liver needle
biopsies at the time of liver transplantation from age- and sex-matched donor livers served
as controls. In this study, the authors found a close correlation between hepatic steatosis and
short telomeres; additionally, the proportion of hepatocytes with DNA damage identified by
the presence of y-H2AX increased in parallel with steatosis grade. The authors suggested that
the accumulation of fat in hepatocytes causes DNA damage and telomere erosion, possibly
mediated by oxidative stress. A critically short telomere and a break in double-stranded DNA
lead to CS and permanent cell cycle arrest. The authors also found a pattern of predominant
hepatocyte G1/S phase cell cycle arrest in NAFLD, with an increased expression of Mcm-2
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compared to a normal liver. Furthermore, there was increased expression of the p21 protein.
A striking feature was the association of p21 expression with the fibrosis stage, which sug-
gests an accumulation of senescent hepatocytes with disease progression [105].

3.6. Alcohol-related liver disease

Alcohol-related liver disease (ALD) is one of the leading causes of liver-related morbid-
ity and mortality in the world. ALD encompasses a broad spectrum of liver injury from
simple steatosis to alcohol-related hepatitis, cirrhosis, and HCC. The pathophysiology of
ALD is a complex phenomenon; however, oxidative stress is an important factor in the
disease since alcohol consumption increases the production of ROS and diminishes cel-
lular antioxidant levels [119]. The validity of clinical criteria in predicting outcomes in
ALD has been studied. In one study, it was shown that the increase of the hepatocyte
nuclear area was related to hepatic dysfunction and suggests hepatocyte senescence, since
nuclear enlargement is a recognized morphological characteristic of CS [120]. In contrast,
irreversible cell arrest that limits the proliferative potential of cell is a hallmark of CS and
is mediated by p21 [121]. Thus, p21 has a vital role in the stability of cell cycle arrest and
the induction of senescence [121].

3.7. Senolytic drugs

The accumulation of senescent cells in tissues and organs contributes to age-related dis-
eases; however, the presence of radiations or genotoxic agents may contribute to the devel-
opment of senescence phenotype. This accumulation is important because senescent cells
contribute to alterations in the microenvironment. This can support conditions for diseases
such as cancer to develop, but senescent cell quantity is important for organ function in the
case of aging.

Senolytic agents may be used for clearance of senescent cells in the organs. Chang et al. used
ABT263, a specific inhibitor of apoptosis genes BCL2 and BCL2L1, to selectively induce apop-
tosis in senescent cells in culture. They carried out experiments using a mouse model with
known p16-3 MR and administered ABT263 to mice and observed that p16-positive senescent
cells were depleted in bone marrow, lung, and muscle tissue via apoptosis. The data demon-
strate that ABT263 is a senolytic drug that acts in a highly specific manner on various tissues
to target senescent cells both in culture and in vivo. These findings significantly advance clini-
cal targeting of cell senescence [122].

4. Conclusion

Until now, the role of CS is poorly understood and little studied in hepatology. There are
major implications for hepatology in the field of fibrosis and cancer, and liver chronic dis-
eases. Further investigation into the molecular basis of senescence in liver diseases is neces-
sary, and the collaboration between basic and clinical researchers is fundamental to arrive to
better diagnosis and treatment.
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Abstract

Educational inequalities in mortality are large in Central and Eastern Europe. Mortality
levels are particularly high among low educated men as well as women in the Czech
Republic. However, differences in male mortality by educational attainment exceed those
of females. Two mortality patterns are apparent when dividing the Czech classification
of education into four categories—basic, vocational, secondary, and university. Males
with basic education experience much higher mortality when compared to their higher
educated counterparts. An anomaly in the mortality gradient is observed among women
when comparing basic and vocational education. Women with basic education show a
rather lower mortality level compared to their vocational counterparts. Three scenar-
ios show how the shifts toward a higher education could contribute to the change in
mortality level using temporary life expectancies between ages 30 and 80 for males and
females: (a) population structure by sex, age, and education remains the same as from
the census 2011; (b) 60% of males having the basic education move into the next higher
category (vocational) and 60% of women with basic and vocational education move into
the secondary education; and (3) sex age education-specific mortality rates will be shifted
upwards by one level.

Keywords: mortality, education attainment, sex-differences, Czech Republic population,
scenario
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1. Introduction

Kitagawa and Hauser [1] did the first one of the most complete studies of mortality differentials
by socioeconomic status (SES) in the United States. They found that higher SES groups exhib-
ited lower rates of all-cause mortality than did lower SES groups. Later on, the Black Report
on Inequalities in Health [2] published by the Department of Health and Social Security in the
United Kingdom launched debates about widening socioeconomic inequalities in mortality.
Significant differentials in mortality by SES had been identified despite a tremendous increase
in life expectancy at birth after the World War II. Since then, many studies have pointed out the
differences in mortality by socioeconomic status [1, 3-8]. Moreover, time trends in socioeco-
nomic inequalities in mortality have shown a widening of the gap, in relative terms, in Europe
as well as in North America [9-12]. Education, occupational status, and income are the most
widely used indicators of socioeconomic status. In reality, socioeconomic stratification reflects
benefits or returns of a given educational attainment. Therefore, education has become one of
the most commonly used indicators of socioeconomic position. The reasons for its use are that
educational level can be determined for all individuals (including older people and women).
Educational attainment is normally completed by the early adult years and does not change
later in life [13]. The educational level can be considered as a proxy not only for the socioeco-
nomic position/class but also because better-educated people lead a healthy lifestyle and can
be more efficient consumers of health care. They are also more likely to take advantage of new
technologies especially in treatment and prevention [6, 14, 15]. Therefore, the inverse associa-
tion between education and mortality risk (the gradient) has been evidenced in many studies
as well [6, 16-19]. Educational attainment is also a concrete indicator (compared to occupation)
for policymakers when deciding the health or social policies and investments [15].

Educational inequalities in mortality are large in Central and Eastern Europe [20]. Mortality
levels are particularly high among low educated men as well as women in the Czech Republic.
Therefore, we assume that on average, higher levels of schooling cause people to live longer.
The main purpose of our study is to find out to what extent the shifts in population structure
toward higher education or mortality reduction based on the shifts of death rates toward
one higher educational degree will impact on temporary life expectancy between ages 30
and 80. Changes in education-associated excess mortality aimed at lowering the risks pres-
ent a challenge for social and health policies. For instance, Woolf et al. [21] showed that more
lives would be saved by eliminating education-associated excess mortality than by medical
advances only.

The contribution will address the following issues: First, to show long-term trends in life
expectancy at birth in the Czech Republic,' France, and USA. Second, to illustrate differentials
in life expectancy at age 30 by education for selected European countries. Third, to pres-
ent three scenarios that will show how shifts (in population structure or in mortality rates)
toward a higher education contribute to the change in all-cause mortality level between ages
30 and 80 using temporary life expectancy indicator.

*All results are related to the territory of the current Czech Republic
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2. Long-term trends in mortality: The Czech Republic, France, and
United States

In 2012, US life expectancy at birth reached 81.2 years for women and 76.4 years for men
[22]. These figures can also be found in the Czech Republic in 2015 [23] where women’s life
expectancy at birth was almost the same reaching 81.4 years and slightly shorter for men
with 75.8 years (Czech Republic 2012: men 75.0; women 80.9). However, in the United States,
the life expectancy at birth for both women and men is not as long as in France [24]. In 2012,
French women lived 4 years longer than their American counterparts—84.8 years versus
81.2 years—and for men, the figures were 78.5 and 76.4 years, respectively. Looking back to
the history, more particularly before the World War II, the situation was the reverse and US
males and females enjoyed better survival [25]. Since the 1980s, life expectancy has increased
much more slowly in the United States compared with France and the lag behind France is
widening (Figure 1a and b).

The American slowdown is especially marked among women. Current US lower life expec-
tancy at birth compared to French one is for instance explained by the fact that although the
United States are world leaders in technological and medical innovation, not all inhabitants
benefit equally. Unlike Europe, a large proportion of the US population have no health
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Figure 1. a) Trends in life expectancy at birth since 1920, males. b) Trends in life expectancy at birth since 1920, females.
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insurance, and their access to health care is limited [25]. Despite the recent slowdown, US
healthcare expenditures exceed those of other high-income countries in Europe [26]. The
high cost of US healthcare may to some extent explain the higher levels of mortality com-
pared to the high income population of Europe. In July 2014, The Lancet journal published
a series of contributions on the health of Americans [27]. According to the authors, a frag-
mented healthcare delivery system, social environments (differences in health outcomes
according to race, education, region), and individual risk factors (health-related behavior:
obesity, smoking, physical inactivity, alcohol use, diets low in fruits, and vegetables) play
an important role for length of life.

The Czech Republic manifests four dissimilar stages of mortality development (Figure 1a and b):
before World War II; between World War II and mid-1960s; from the mid-1960s to the mid-
1980s; and from the mid-1980s until now [28]. During the interwar period up to the mid-1960s,
male and female survival in the Czech Republic was close to the levels observed in France
[29]. However, age-specific mortality rates at that time were different in both countries. Before
WWIL, a high infant mortality rate in the Czech population was counterbalanced by a lower
mortality at adult ages. Between World War II and the mid-1960s, the situation reversed and
the upward trend of life expectancy at birth accelerated mainly because of the decrease in
infant mortality rate, while adult and old age mortality had not changed too much. In the
Czech Republic from 1950, all health services were nationalized, provided free of charge,
and were accessible to anybody according to the new law. Particular attention was paid to
child and mother. The comprehensive network of services was established for children and
preventive vaccination and medical check-ups became compulsory. The “health-extensive
approach” —a large number of medical staff with limited expenditures for equipment, drugs,
and maintenance—was successful in reducing and controlling communicable and infectious
diseases. Later on, the emergence of new degenerative diseases required a “health intensive
approach” involving specialized training, sophisticated equipment, and expensive proce-
dures and drugs. Despite growing awareness among the medical profession, health systems
were not able to adjust to the changing health needs of the population. Therefore, the trend
of increased mortality started in the mid-1960s and affected most of the population of Central
and Eastern Europe including the Czech Republic. The deterioration was particularly marked
for the elderly and middle-aged adults and primarily for men. A substantial part of the mor-
tality increase was attributable to an “epidemic” of heart diseases. To a lesser degree, an
increase in cerebrovascular diseases, lung cancer, and cirrhosis of the liver was noticed [29].
For instance, by the mid-1980s, the mortality rate from cardiovascular and cerebrovascular
diseases was twice as high in the Czech Republic than in France [29]. It appears that the nega-
tive mortality development in the Czech Republic since the mid-1960s can be interpreted as
an accumulation of previous problems (relatively high mortality of the elderly) and of inapt
solutions for new ones (rising intensity of degenerative diseases). From that time, the gap
in life expectancy between the Czech Republic and France or USA began to widen rapidly.
Since the mid-1980s a new favorable trend in mortality has appeared in the Czech Republic,
a new mortality decline has been initiated [28]. From the medical perspective, the use of car-
diovascular drugs and the number of operations such as invasive heart surgery increased
considerably. In addition, the structure of treatment shifted from traditional medicines to
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the new generations of drugs. The surgical and invasive procedures such as coronary artery
bypass grafts, valve replacements, and angioplasties have also significantly increased [30].
The period of transition, beginning after 1989 and accompanied by political, economic, social,
and behavioral transformations, has had a different impact on health conditions in former
socialist countries. The Czech Republic escaped “Eastern European mortality crisis” [31] and
its health situation improved more rapidly. However, the time delay of the Czech Republic
in the reduction of mortality rate compared to France is too big, and therefore, the recent
improvement in survival rates has not diminished the gap between both countries and life
expectancies at birth have followed an almost parallel trend.

3. Educational inequality in mortality

Educational attainment plays a central role throughout a life course. In early life, harsh condi-
tions (due to parental socioeconomic status) might impact a later-life mortality risk. However,
infant and child mortality fell faster during the twentieth century and also childhood health
dramatically improved. Thus, the association between early-life conditions and adult mortal-
ity has diminished across cohorts at the aggregate level [12]. Consequently, personal behaviors
(diet, smoking, alcoholism, exercise) and the knowledge and the use of health technologies
affect adult mortality risk more than early life factors [12].

Everywhere, highly educated adults have lower mortality rates than less educated people.
Educational differences in mortality are frequently wider among younger adults compared with
their older counterparts. The convergence of differentials by education at later age seems to be
more complex, and the explanations vary. The study of Beckett [32] confirms the convergence gra-
dient with age and shows that the protective effect of higher education declines with age because
higher educated groups only postpone morbidity toward older age. On the other hand, Masters
et al. [12] demonstrate the use of age-period-cohort modeling that educational gap in mortal-
ity grows across birth cohorts but not across time periods. Disparities in mortality by education
are wider among men than among women. However, recent studies have shown that since the
mid-1980s the growing gradient for US all-cause female mortality reflected increasing mortality
among low educated women and faster-declining mortality among college-educated women [9].

Increases in all-cause life expectancy at adult ages mask a lot of disparities, including diverg-
ing trends, among population groups. Well-educated people live longer and thus represent
the potential for reducing future mortality developments. Information on stratification by
education of population as well as on mortality differentials can help in promoting and target-
ing health and social policies.

Figure 2a and b presents life expectancy at age 30 by gender in European countries where data
on education are available. Educational attainment is classified into three categories (ISCED
- The International Standard Classification of Education defined by Eurostat): basic = pre-pri-
mary, primary, and lower secondary education (ISCED levels 0-2); secondary = upper second-
ary and post-secondary non-tertiary education (ISCED levels 3 and 4); and tertiary = first and
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Figure 2. a) Life expectancy at age of 30 according to education level in 2010, males. b) Life expectancy at age of 30
according to education level in 2010, females.

second stage of tertiary education (ISCED levels 5 and 6). In all countries, under the study,
highly educated adults experience longer survival (the mean number of remaining years of
life beyond age 30 or mean survival duration at age 30 under the mortality conditions of the
year in question) than less educated people. The results show variation in survival by educa-
tional attainment everywhere. However, former socialist countries show not only shorter life
expectancies but also a wide variation in survival by educational attainment for both men and
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women. The Czech Republic displays a short life expectancy at age 30 for males and females
with the lowest education even when compared with countries of higher mortality (Estonia,
Hungary, Bulgaria). The difference between life expectancy at 30 of people with the highest and
the lowest educational attainment reaches 16.9 years among Czech men compared to 2.9 years
in Portugal or 3.9 in Sweden. The gap in Czech female mortality between the highest and the
lowest education level is the second high (7.5), after the Bulgarian one (8.5). This phenomenon
happens in spite of low social differentiation and universal access to health services. The expla-
nation can be related to the fact that university graduates experienced better health situation
because of better working conditions than people with only basic education working in facto-
ries with low-tech equipment and therefore in the more detrimental environment. In addition,
the lack of knowledge and awareness of less educated may impair the ability to use available
health care services. Also, differences in the lifestyle contributed in widening the gap in health
and mortality between educational groups. After the political change (started in 1989) accompa-
nied by transformation toward market economy, better-educated people have been less likely
to be unemployed and were better able to face economic hardship. They also have had higher
income and more fulfilling and rewarding jobs than less educated individuals. All these facts
imply that educational attainment (besides other factors) has played an important role for sur-
vival in any society, regardless of living under former socialism, capitalism, or new market
economy. Increasing the amount of schooling can lower total level of mortality by two ways:
(a) increasing share of highly educated people (with lower mortality) will impact total mortality
level as structural effect and (b) faster decrease of death rates among higher educated adults will
act as intensity effect. Therefore, in the next part, we model such situations in order to estimate
the effects of changing population structure and mortality rates by education toward higher
degrees.

4. Data and methods

The data on population structures by gender, age, and education come from the Population
and Housing Census conducted in March 2011 (midnight from March 25 to 26th 2011) in the
Czech Republic. The population counts were adjusted for the date of January 1, 2011 (by sub-
tracting deaths between January 1 and March 25). The modified census counts were used as
the denominator (mid-year population of the period 2009-2012) for mortality rates. Data on
the number of deceased people according to gender, age, and education were derived from
death certificates and served as the numerator for the mortality rates. Both data files (popula-
tions and deaths) were not linked because according to the Czech law, personal IDs had to be
deleted after cleaning the raw census data.

The study focuses on the age group between 30 and 79 years. As a mortality indicator, it
uses the temporary life expectancy between the exact ages 30 and 80. The age interval was
chosen because educational attainment does not change almost at all after the age of 30, the
death counts beyond the age of 80 are less frequent, and the information on education might
be less reliable. In addition, age-specific mortality rates by education at age 80 and older
converge.
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Temporary life expectancy (life expectancy between two specific ages) measures the average
number of years that a group of persons alive at exact age x will live from age x to x +1 years [33]

TX_ Tkﬂ
e )

x

i

iv is the temporary life expectancy between exact ages x and x + i; T is the total number of
person-years lived between exact ages x and x +i; and [_is number surviving to the beginning
of age interval x.

The data on population and deaths are classified into four educational attainment categories.
This classification has been in use in the Czech Republic since the WWIL: (1) less than high school
degree is indicated as basic. It takes 9 years usually from the ages of 6 to 15 and consists of a pri-
mary and lower secondary stage, where the primary stage encompasses grades 1-5, whereas the
lower secondary stage has grades 6-9 (Table 1). (2) Upper secondary education termed vocational
(apprenticeships or training for skilled occupation) is generally 4 years in length (grades 10-13),
and the certificate is not applicable for entering tertiary education. (3) Upper secondary general
education (frequently from the age 15 with the usual length of 4 years), called secondary (gram-
mar or high school resulting in a “Maturita” certificate), allows the entrance to the tertiary edu-
cation. Tertiary or university education includes all studies following the completion of upper
secondary education with a successful final examination and obtaining the Maturita certificate.

Three scenarios will be presented. The first one reflects the real situation, and the next two
scenarios simulate the shifts toward a higher education: (a) population structure by sex, age
and education will remain the same as from the census 2011 as well as mortality rates from
2009 to 2012 will not be changed (reference scenario); (b) change in population structure by
education; 60% of males having the basic education will move into the next higher category
(vocational) and 60% of women with basic and vocational education will move into the sec-
ondary education (it is because the difference in mortality between females with basic and
vocational education is negligible); (c) change in death rates; sex age education-specific mor-
tality rates will be shifted upwards by one level (basic = vocational, vocational = secondary,
secondary = university, new university = 0.80*university).

Level of education Educational attainment (ISCED 97) Educational attainment (ISCED 2011)
Basic ISCED 2 ISCED 2 and lower

Vocational ISCED 3C ISCED 35

Secondary ISCED 3A ISCED 34

University ISCED 5A and higher ISCED 64 and higher

Table 1. Classification of educational attainment in the Czech Republic based on ISCED codes.

5. Descriptive results

For the first introduction of the situation in mortality according to education attainment,
the age-specific mortality rates were calculated, separately for each education level defined
according to the ISCED levels (Table 1).
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From the age-specific mortality rates, several the most important basic features are visible
(Figure 3a and b). The first is a higher overall level of mortality for males—it holds for all
of the education levels. The second observable feature in Figure 3a is the regular gradient of
mortality levels according to education for males. In the case of males, the highest level of
mortality is tied with the lowest level of education and vice versa.

The third feature observable in Figure 3b is the irregular gradient of mortality levels accord-
ing to the education of females. This anomaly refers to the lowest education levels—basic
and vocational. In particular, at higher ages (above 45), the level of mortality of females with
basic education is lower in comparison with females with vocational education. There could
be long discussions about the reasons for this anomaly; however, in general, it is assumed
that this specificity could be tied to worse working conditions of females with vocational edu-
cation in comparison with their less educated counterparts. Those females (with vocational
education) worked more often manually in physically demanding jobs, in factories with sub-
standard working conditions. On the other side, females with basic education worked more
often in better conditions—as housewives, cleaners, etc.

Because the main goal of the study is to model possible changes of the education struc-
ture and their impact for the mortality changes, it is necessary to describe briefly the ini-
tial education structure of the population. The population structure by gender, age, and
education attainment from the 2011 population census is shown in Figure 4. From the
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Figure 3. a) Czech Republic, age-specific mortality rates, years 2009-2012, males. b) Czech Republic, age-specific mortality
rates, years 2009-2012, females.
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Figure 4. Czech Republic, population structure by gender, age, and education from the census 2011, ages 30-79 years.

population pyramid, many important differences could be pointed out. There is a clear
increase in the proportion of the population with tertiary education with decreasing age.
In the youngest age groups, the proportion of tertiary educated reached 22% for females
and 18% for males. On the other side, with increasing age, the proportion of the popu-
lation with only basic education rises, especially for females. At the highest age group
(75-79 years), almost 50% of females had only basic education. In the case of males, the
proportion was significantly lower—Iless than 20% at the oldest age groups and around
10% for the middle ages, and for the youngest age groups, the proportion was even
lower. The most common education level for males is the vocational one (almost 50%
share).

6. Model scenarios: shifting population or death rates by education

As was described in previous parts of the chapter, mortality in the Czech Republic is signifi-
cantly different according to various levels of education. The aim of the following analysis
was to transform the possible future changes of the education population structure or mortal-
ity rates into potential changes in temporary life expectancy. There are three different model
scenarios defined with the purpose to illustrate the theoretically possible impacts on overall
mortality caused by the changes in the education structure.
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6.1. Scenario 1

The first model scenario could be indicated as a reference model. In this model, we suppose
the education, gender, and age structures to remain unchanged. The population structure
by education, gender, and age is that from the census 2011 (adjusted for January 1, 2011)
and deaths rates those observed in the period 2009-2012. The population structure is graphi-
cally expressed by the population pyramid in Figure 4 and mortality rates by education in
Figure 3a and b.

The education structure from the 2011 census is characterized by a large proportion of people
with only basic education at higher ages, especially for females. For males at the highest age
groups, the proportion of basic education was only around 18% (in comparison to the pro-
portion for females at the highest ages, which was almost 50%). At the youngest ages, the
proportion of people with basic education decreased to only 7% for both the sexes. The largest
proportion of males reached the vocational education (40-50% and this proportion is nearly
invariant also at lower ages, except the youngest age group). For females, the vocational edu-
cation was the second of importance at ages 65 and older. Women aged 3049 most frequently
had the secondary education. Moreover, for females, the proportion of basic education rap-
idly decreased from the highest age groups to the youngest ones and the proportion of sec-
ondary and university graduates increased with decreasing age. For males, almost the same
trends can be depicted (see Figure 4).

6.2. Scenario 2

The second model scenario is characterized by only changes among people with the lowest
levels of education. In this scenario, we suppose that 60% of males with only basic educa-
tion will be moved into the higher category —vocational education. This assumption, in fact,
reflects the decrease in the proportion of basic education with decreasing age as well as the
high importance of vocational education among males.

For females, we suppose that 60% of females with basic and vocational education will move
into the secondary education. Also, in this case, the reason for this assumption could be found
in the decrease of the proportion of basic education with decreasing age and moreover the
significant increase of the proportion of females with secondary education.

The modeled education structure corresponding with the Scenario 2 is illustrated by the
population pyramid in Figure 5. According to this model scenario, the proportion of basic
education nearly diminishes. On the other side, the proportion of vocational education for
males would significantly increase together with the share of secondary education for females
would significantly increase. It could be hypothesized that especially for females, this shift in
educational structure could have a significant effect on the overall mortality level because the
mortality rates of secondary education are visibly lower in comparison to basic and vocational
education (see Figure 3b). Also in case of males, the effect of modeled changes in education
attainment could be expected in order to lower overall mortality, however, not as significant
as for females because the modeled change affects only the proportion of basic education
which was low already in the real population (see the model Scenario 1).
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Figure 5. Population structure by gender, age, and education in the model Scenario 2, population aged 30-79 years.

6.3. Scenario 3

The last model scenario modifies all death rates by education while preserving population
structure by education. In this model, we suppose shifts in sex age education-specific mortality
rates upwards by one level (basic = vocational, vocational = secondary, secondary = university,
new university = 0.80*university). The assumptions of this scenario are consistent with recent
rapid changes in the educational structure of the Czech Republic, with a significant shift toward
higher education levels. The proposed changes are supposed to impact overall mortality, above
all in the case of males. The modeled shift according to this third scenario would lead to signifi-
cant male mortality improvements due to their clear education gradient. The effect of change
could be rather contradictory for females because women with vocational education experi-
ence slightly higher mortality compared to those with basic attainment (the above-mentioned
anomaly in female mortality gradient by education, see Figure 3b). The shift from vocational
education to secondary as well as changes connected with shifts toward university education
would lower mortality levels for both genders.

7. Impact of education shifts on temporary life expectancy

The above-defined model scenarios of education shifts were further applied when calculating
temporary life expectancies. Temporary life expectancies between exact ages 30 and 80 accord-
ing to education attainment and based on Scenario 1 (no shifts) are presented in Figure 6.
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Figure 6. Temporary life expectancy for males and females between ages 30 and 80, Scenario 1, Scenario 2, Scenario 2
modified, and Scenario 3.

The most significant differences between males and females are visible for the basic level of
education—for males this level of education is clearly the less favorable (Figure 6). However,
females with basic education show longer temporary life expectancy (45.7 years) compared to
those having a vocational degree (44.0 years). The total temporary life expectancy from age 30
to 80 was 42.7 years for males and 46.2 years for females.

According to the Scenario 2, the population of the least educated (basic) males was reduced
and the majority of them (60%) moved into the higher educated (vocational) group. About
60% of females with basic and vocational education was moved into the secondary educa-
tion. The effect of lowering mortality, based on temporary life expectancy, was significant
only for females due to a large decrease in the share of women with basic and vocational
education moved into the secondary degree. Consequently, the total female temporary life
expectancy increased (47.1-46.2 = 0.9) by almost a year (Figures 6 and 7). For males, the
effect of the shift in educational population structure was negligible —the temporary life
expectancy increased by only 0.1 years (42.8-42.7 = 0.1). The reasons were already stated, the
proposed change in population educational structure (from basic into vocational) involved
only a relatively small group of males. Therefore, a modified Scenario 2 was elaborated for
males.

Modification of the Scenario 2 only consists in another shifting of the male population structure by
education (females movement is the same as in Scenario 2). According to the modified Scenario 2,
60% of males with vocational education was moved toward secondary education (60% with basic
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education moved into vocational). This assumption is in line with the general tendency in the edu-
cational structure of the Czech population over time, where secondary education is expanding for
males. Because the vocational education group of males is relatively large, we can expect that the
resulting effect on temporary life expectancy will be higher than in the Scenario 2 (without modifi-
cation). Of course, for females, the results will be the same based on Scenario 2 or Scenario 2 modi-
fied. The results are shown in Figure 7. As it was assumed, the shift of high proportion of the male
population with vocational education toward secondary (Scenario 2 modified) had a more signifi-
cant impact on the rise of the temporary life expectancy between ages 30 and 80 —it increased from
the initial value of 42.7 to 43.3 years. Based on the Scenario 2 or Scenario 2 modified, it is possible
to expect a future growth of the life expectancy caused (among others) by the ongoing changes of
population education structure. The improving education structure of the population could lead
to an increase in the temporary life expectancy between ages 30 and 80 by nearly a year.

The results based on the Scenario 3 (shifting death rates toward higher education category)
were to be the most optimistic ones, especially for males. In the case of females, lower
mortality of women with basic education compared to their vocational counterparts can
produce a contradictory effect and thus reduce the growth of temporary life expectancy.
The general shift in the education structure toward higher levels is likely and is consis-
tent with the ongoing education development in the Czech Republic. From the results
(see Figure 7), it is seen that initial hypotheses were correct. The estimated outputs (hypo-
thetical temporary life expectancies) are clearly more favorable in case of males (gain of
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45.2-42.7 = 2.5 years) in comparison with females (gain of 47.1-46.2 = 0.9 years). The male
advantage is closely connected to the shifts of high mortality education categories (basic
or vocational) toward much favorable survival experienced by men having a secondary or
a university degree. Females show a less pronounced gradient in mortality by education,
and therefore, mortality reduction is rather modest. Such a trend is in line with findings in
other countries [9, 15].

The complete disappearance of the most unfavorable group of males (with only basic educa-
tion) or females having a basic or vocational education is unlikely. Therefore, future mortality
decline will be primarily driven by lowering sex age education-specific mortality rates. It is
the field of health and social policies on one side and personal responsibility for one’s own
health and for successfully functioning in a society on the other side.

8. Conclusion

In recent years, the population of the Czech Republic experienced two important phenom-
ena: increase in the share of higher educated people and a significant decline in mortal-
ity at adult ages. The impact of changing education structure (in population as well as in
rates) can be especially influential due to large disparities in survival according to educa-
tional attainment in the Czech Republic. Because these differences are among the largest
in Europe, further studies of related factors are needed. Scientific understanding of deter-
minants of educational differences of adult mortality has increased substantially over the
past few decades in developed countries. Some striking phenomena have been identified:
(a) educational differences in mortality rates have widened over the past several decades
despite a dramatic progression of life expectancy, (b) mortality inequalities by education
among women are rising over time ant thus approaching male patterns, and (c) regional
differences in mortality by education are more pronounced when comparing with national
patterns.

In our contribution, the main goal was to model the potential development in mortality
under the various conditions addressing the education shift in the society. Based on the
scenarios and their assumptions, the changes in temporary life expectancy between ages
30 and 80 were estimated. The results have shown that a decrease of the proportion of the
population with the lowest education would lead to only a small increase in temporary
life expectancy. On the other hand, decreasing education specific death rates have a larger
impact on aggregate mortality indicators. However, it has to be kept in mind that even a
small sub-group of the population matters and is worth considering when looking at the
overall mortality level.
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