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and changes in plasma membrane potential is integral for coordinating blood flow,
governing the exocytosis of neurotransmitters, and modulating gene expression
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Preface

In biology, senescence is a process by which cell ages and permanently stops dividing.
Senescence is a natural universal phenomenon affecting all living organisms (e.g.,
humans, animals, and plants). The underlying mechanisms of senescence at the
cellular level are not fully understood. Senescence is a multifactorial process that can be
induced by several stimuli including cellular stress, DNA damage, telomere shortening,
and oncogene activation. Senescence impacts the lifespan of living organisms. The
lifespan ranges from a few hours (with mayfly) to potential eternity (with jellyfish and
hydra). The maximum theoretical lifespan in humans is around 120 years. Senescence
plays a role in the development of several age-related chronic diseases in humans

(e.g., ischemic heart disease, osteoporosis, and cancer). Senescence is emerging as a
therapeutic target for several diseases. Clinical trials using anti-senescent therapies are
in progress. Results from early pilot studies suggest that senolytic drugs can decrease
senescent cells, reduce inflammation, and alleviate frailty. This book provides the
reader with a comprehensive overview of the current knowledge on the mechanisms
and the management of senescence in humans together with comparative data on
animals and plants.

The book contains six chapters by authors from Russia, Serbia, and the United States.
I would like to thank all of them. I would also like to thank the great assistance of
Ms. Dolores Kuzelj at IntechOpen who supervised this book project.

Hassan M. Heshmati, M.D.
Endocrinology Metabolism Consulting, LLC,
Anthem, AZ, USA
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Chapter1

Comparative Senescence and
Lifespan

Hassan M. Heshmati

Abstract

The word senescence is derived from the Latin word “senex” (meaning old). In
biology, senescence is a process by which a cell ages and permanently stops dividing.
Senescence is a natural universal phenomenon affecting all living organisms (e.g.,
humans, animals, and plants). It is the process of growing old (aging). The underly-
ing mechanisms of senescence and aging at the cellular level are not fully understood.
Senescence is a multifactorial process that can be induced by several stimuli including
cellular stress, DNA damage, telomere shortening, and oncogene activation. The most
popular theory to explain aging is the free radical theory. Senescence plays a role in
the development of several age-related chronic diseases in humans (e.g., ischemic
heart disease, osteoporosis, and cancer). Lifespan is a biological characteristic of
every species. The lifespan of living organisms ranges from few hours (with mayfly)
to potential eternity (with jellyfish and hydra). The maximum theoretical lifespan in
humans is around 120 years. The lifespan in humans is influenced by multiple factors
including genetic, epigenetic, lifestyle, environmental, metabolic, and endocrine
factors. There are several ways to potentially extend the lifespan of humans and
eventually surpass the maximum theoretical lifespan of 120 years. The tools that can
be proposed include lifestyle, reduction of several life-threatening diseases and dis-
abilities, hormonal replacement, antioxidants, autophagy inducers, senolytic drugs,
stem cell therapy, and gene therapy.

Keywords: senescence, aging, lifespan, humans, animals, plants

1. Introduction

Senescence is a process by which a cell ages and permanently stops dividing [1]. It
is a natural universal phenomenon affecting all living organisms (e.g., humans, ani-
mals, and plants). Senescence in cells occurs with the process of growing old (aging).
It is a multifactorial process that can be induced by several stimuli including cellular
stress, DNA damage, telomere shortening, and oncogene activation.

Lifespan is a biological characteristic of every species. The lifespan of living organ-
isms ranges from few hours (with mayfly) to potential eternity (with jellyfish and
hydra). The maximum theoretical lifespan in humans is around 120 years. The lifespan
in humans is influenced by multiple factors including genetic, epigenetic, lifestyle,
environmental, metabolic, and endocrine factors [2-26].
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Lifespan can potentially be extended by mutations or by a variety of interventions
in humans, animals, and plants. In humans, interventions such as lifestyle, reduction of
several life-threatening diseases and disabilities, hormonal replacement, antioxidants,
autophagy inducers, senolytic drugs, stem cell therapy, and gene therapy can potentially
help to extend lifespan and eventually surpass 120 years [6-8, 12-15, 17, 20-22, 24-41].
This chapter presents a comparative overview of senescence and lifespan in
humans, animals, and plants.

2. History of life on planet Earth

According to the core accretion theory, planet Earth formed around 4.54 billion
years ago (approximately one-third the age of the universe) by accretion from the
solar nebula [42]. The initial Earth was a dry planet, without atmosphere and ocean
components [43].

The origin of life question is one of the most challenging questions in science. Both
ribonucleic acid and peptides played key roles in the emergence of life on Earth [44].
Although the beginning of the presence of life on Earth cannot be determined with
accuracy, there is evidence that primitive life with bacteria-like organisms was present
around 3.50 billion years ago (Figure 1).

Figure 1.
Primitive life was likely present on Earth around 3.50 billion years ago. Copyright symkin (Huxoaaii Bubux)/
Depositphotos Inc.

The evolution of species is a complex phenomenon that is supported by several
theories. According to Darwin, the natural selection enabled simple life to evolve into
complex life over a long period of time (Figure 2) [45].

Figure 2.
Evolution of humans. Copyright YAYImages (Alex Golke)/Depositphotos Inc.
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3. Diversity of life on planet Earth

Diversity of life refers to the variety of existing living organisms in relation to their
species, races, ethnicities, and habitats.

3.1 Species, races, and ethnicities

There is a variety of species (several million), races, and ethnicities on planet Earth.
However, most species, including those living in the ocean, remain to be described [46].
Some species are extremely abundant, while others are moderately common or rare.

3.1.1 Humans

The historical definition of human races has evolved over more than two centuries.
The initial definition of Black, Brown, Red, White, and Yellow races was at the origin
of prejudice and racism. These shameful attitudes are still present in our societies.

To encourage diversity and promote uniformity and comparability of data on race and
ethnicity, the National Institutes of Health in the USA has defined the following racial and
ethnic categories: American Indian or Alaska Native, Asian, Black or African American,
Hispanic or Latino, and White. To be comprehensive with this classification, we should
also include different combinations of the above races and ethnicities (Figure 3).

o 9 & *

2\

N

Figure 3.

v
Diversity of humans. Copyright macrovector (Alejandro Sdnchez Blanes)/Depositphotos Inc.

3.1.2 Animals

It is estimated that there are over 7 million animal species, but most have not been
described (Figure 4). With approximately 1,000,000 described species, insects
represent about 55% of all known species.

The basic animal classes include invertebrates, fish, amphibians, reptiles, birds,
and mammals. Within each animal species, there are several breeds. For dogs, for
example, more than 300 breeds have been described.
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Figure 4.
Diversity of animal species. Copyright Jim_Filim (Iakov Filimonov)/Depositphotos Inc.

3.1.3 Plants

There are close to 400,000 species of plants. The large majority of plants are
vascular and flowering plants (Figure 5).

THAST &N
PLPYR
PIOTIN:

Figure 5.
Diversity of plant species. Copyright interactimages (Matthew Cole)/Depositphotos Inc.
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3.2 Habitats

There are two main types of habitats for the living organisms: terrestrial (e.g.,
regular land, grassland, forest, desert, mountain, and polar region) and aquatic
(freshwater, marine, and coastal region). Based on their habitat, living organisms can
be exposed to a variety of air, sunlight, temperature, humidity, and noise (Figure 6).

Figure 6.
Organisms living in the water. Copyright Vlad61 (Baaoumup I'oay6es)/Depositphotos Inc.

4. Senescence and aging

The word senescence is derived from the Latin word “senex” (meaning old).
In biology, senescence is a process by which a cell ages and permanently stops divid-
ing. In addition to exiting the cell cycle, senescent cells undergo other phenotypic
alterations including metabolic reprogramming, chromatin rearrangement, and
autophagy modulation [1]. Senescence is a natural universal phenomenon affecting all
living organisms (e.g., humans, animals, and plants). However, there is a wide range
of diversity in the pattern of senescence across species. Senescence is the process of
growing old (aging) with a progressive deterioration of the cell and organ functioning.
Senescence is associated with a decrease in fertility and/or an increase in mortality.

4.1 Mechanisms

The underlying mechanisms of senescence and aging at the cellular level are not
fully understood. Senescence is a multifactorial process that can be induced by several
stimuli including cellular stress, DNA damage, telomere shortening, and oncogene
activation. The most popular theory to explain aging is the free radical theory [47].
According to this theory, continuous, unrepaired oxidative damage of macromolecules
constitutes the molecular basis of aging.
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4.1.1 Humans

Human senescence and aging result from accumulation over time of genetic,
molecular, and cellular damages.

Aging is associated with a gradual, time-dependent, and heterogeneous decline
of physiological functions ultimately leading to death (Figure 7). The human body
goes through multiple changes including endothelial pro-atherosclerotic changes,
an overall decrease in the size of organs, ovarian atrophy, osteopenia, sarcopenia,
skin atrophy, and adipose tissue enlargement (non-exhaustive list) [7, 10, 12, 26].
Some of these changes play a role in the development of several age-related chronic
diseases (e.g., ischemic heart disease, osteoporosis, and cancer) responsible for
increased mortality. Senescence is emerging as a therapeutic target for several
diseases.

Figure 7.
Evolution of humans with aging. Copyright cherstva (Olena Cherstva)/Depositphotos Inc.

4.1.2 Animals

Senescence and aging are also present in animals and influenced by multiple
factors including genetic and environmental factors [48]. The rate and intensity of
aging vary considerably among animals. Interestingly, some animals do not exhibit
clear evidence of biological aging (negligible senescence) and have superior resis-
tance to age-related diseases. These animals include ocean quahog clam, Greenland
shark, Aldabra giant tortoise, rougheye rockfish, freshwater pearl mussel, and naked
mole-rat (non-exhaustive list). At least two animals, jellyfish (Turritopsis dohrnii) and
hydra, are considered potentially immortal [49].

4.1.3 Plants

Senescence and aging in plants are associated with a complex deterioration of
cellular metabolism that includes loss of chlorophyll, carotenoids, and proteins, and
an increase in lipid peroxidation and membrane permeability, leading to a decline in
photosynthesis. Multiple factors including phytohormones, sunlight, temperature,
and water play a role in plant senescence [50].
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5. Lifespan

Lifespan is a biological characteristic of every species. It is determined by a
complex interaction between genetic and environmental factors. The lifespan of
living organisms ranges from few hours (animals) to few thousand years (animals and
plants) or to eternity (animals). Phenotypic plasticity can affect the long lifespan of
both animals and plants [48].

5.1 Lifespan by species
5.1.1 Humans

The lifespan in humans is influenced by multiple factors including genetic,
epigenetic, lifestyle, environmental, metabolic, and endocrine factors [2-26].

The maximum theoretical lifespan in humans is around 120 years. Very few indi-
viduals reach this theoretical age since several events can impact lifespan (e.g., diseases,
suicide, accident, and war).

Centenarians are subjects living 100 years or older. They represent a model of
successful aging [9, 31, 51, 52]. Semi-supercentenarians are those who reach an age
of 105-109 years (Figure 8). A very small fraction of centenarians (up to 0.5%) will
live 110 years or older (supercentenarians) [5, 52]. The oldest supercentenarian with
well-documented age was Jeanne Louise Calment (1875-1997) from Arles (France)
who lived 122 years. The second oldest supercentenarian was Sarah DeRemer Knauss
(1880-1999) from Hollywood, Pennsylvania (USA) who lived 119 years.

According to United Nations estimates, in 2020, the number of centenarians in the
world was approximately 573,000 (mainly from the USA). This number could reach
approximately 3,676,000 by 2050 (mainly from China).

Figure 8.
A semi-supercentenarian Chinese woman (105 years old) and her great granddaughter. Copyright Chinalmages
(IMAGINECHINA LIMITED)/Depositphotos Inc.
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5.1.2 Animals

The lifespan in animals is between few hours to potential eternity. The shortest
lifespan is seen with mayfly (1 day). Aside from jellyfish (Turritopsis dohrnii)
(Figure 9) and hydra which are considered potentially immortal animals, the longest
lifespan has been observed with glass sponge (around 10,000 years) (Table1) [49].

Figure 9.
Jellyfish (Turritopsis dohrnii) is considered a potentially immortal animal. Copyright Winston (Sergey Belov)/
Depositphotos Inc.

Animal Lifespan
Jellyfish Potentially immortal
Hydra Potentially immortal
Glass sponge 10,000 years
Coral 4,000 years
Clam 500 years
Shark 270 years
Giant tortoise 250 years
Rougheye rockfish 200 years
Parrot 100 years
Crocodile 70 years
Elephant 50 years
Monkey 45 years
Camel 40 years
Horse 30 years
Cow 20 years
Snake 20 years

Cat 18 years
Lion 15 years
Tiger 15 years

Dog 13 years
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Animal Lifespan
Rabbit 12 years
Chicken 10 years
Pigeon 5 years
Ant 4 years
Rat 2 years
Mosquito 6 weeks
Fly 1 month
Mayfly 1day
Table 1.

Lifespan (average or record) in animals vanked by descending order of duration (non-exhaustive list).

5.1.3 Plants

The lifespan in plants ranges from few weeks (in annuals) to few thousand years
(in trees). Bristlecone pine (Pinus longaeva), a tree found in the higher mountains of
California (USA), is among the plants with the longest lifespan (around 5,000 years)
(Figure 10).

Figure 10.
Bristlecone pine (Pinus longaeva) can live around 5,000 years. Copyright mkopka (Melissa Kopka)/
Depositphotos Inc.

5.2 Evolution of lifespan

The important increase in human lifespan over the past 100 years is one of the
greatest achievements of humanity [53]. The evolution of human lifespan over time is
reported in Table 2.
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Period Lifespan

Pre-historic 30 years

Early 16th century (developed countries) 40 years

Early 20th century (developed countries) 50 years

Early 21st century (worldwide) 73 years
Table 2.

Evolution of average lifespan in humans throughout the history of mankind.

5.3 Interventions to extend lifespan

Although lifespan is a biological characteristic of every species, it can be modified
by mutations or by a variety of interventions in humans, animals, and plants.

Extending lifespan while keeping health and vitality has always been a dream for
mankind. The “successful aging” is aging without any disabilities and severe diseases
(Figure 11) [27, 53].

Figure 11.
Healthy old couple. Copyright nicoletaionescu (Nicoleta Ionescu)/Depositphotos Inc.

There are several ways to potentially extend the lifespan of humans and eventually
surpass the maximum theoretical lifespan of 120 years. The tools that can be pro-
posed include lifestyle, reduction of several life-threatening diseases and disabilities,
hormonal replacement, antioxidants, autophagy inducers, senolytic drugs, stem cell
therapy, and gene therapy (Table 3) (Figure 12) [6-8, 12-15, 17, 20-22, 24-41].

Clinical trials using anti-senescent therapies are in progress. Results from early
pilot studies suggest that senolytic drugs can decrease senescent cells, reduce inflam-
mation, and alleviate frailty. Stem cell therapy represents a new emerging era in
medicine that has the potential to delay the aging process and, therefore, extend
lifespan, by better treating life-threatening diseases that impact lifespan. Genetic
interventions, although promising, may be difficult to implement in humans without
the knowledge of all the potential health consequences during entire life.
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Tool Example

Lifestyle Diet (rich in vegetables, fruits, and fiber, poor in saturated fat and red meat),
Caloric restriction, Exercise, Clean and stress-free environment

Reduction of life- Treatment of Ischemic heart disease, Chronic obstructive pulmonary disease,

threatening diseases Cancer, Overweight/Obesity, Type 2 diabetes, Osteoporosis, etc.

Hormonal replacement Estrogen, Dehydroepiandrosterone

Antioxidants Resveratrol, Curcumin, etc.

Autophagy inducers Caloric restriction, Exercise, Vitamin D, Resveratrol, Metformin, Rapamycin, etc.

Senolytic drugs Dasatinib, Quercetin, Fisetin, Navitoclax, etc.

Stem cell therapy Stem cells

Gene therapy Gene editing, Viral or Non-viral vectors

Table 3.

Tools proposed for the potential extension of the lifespan in humans (non-exhaustive list).

-l

v 4 Y

Figure 12.
Regular exercise can be very beneficial for the extension of lifespan. Copyright kornetka (Svetlana Ivanova)/
Depositphotos Inc.

6. Conclusions

Senescence is a process by which a cell ages and permanently stops dividing. Itisa
natural universal phenomenon affecting all living organisms (e.g., humans, animals,
and plants). Senescence is the process of growing old (aging). It can be induced by sev-
eral stimuli including cellular stress, DNA damage, telomere shortening, and oncogene
activation. The most popular theory to explain aging is the free radical theory.

Lifespan is a biological characteristic of every species. The lifespan of living
organisms ranges from few hours (with mayfly) to potential eternity (with jellyfish
and hydra). The maximum theoretical lifespan in humans is around 120 years. The
lifespan in humans is influenced by multiple factors including genetic, epigenetic,
lifestyle, environmental, metabolic, and endocrine factors. The lifespan in animals is
between few hours to potential eternity. The lifespan in plants ranges from few weeks
to few thousand years.

There are tools that can potentially extend the lifespan of humans and eventually
surpass 120 years. They include lifestyle, reduction of several life-threatening diseases
and disabilities, hormonal replacement, antioxidants, autophagy inducers, senolytic
drugs, stem cell therapy, and gene therapy.
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Abstract

hnRNP A1 is a member of the hnRNPs (heterogeneous nuclear ribonucleopro-
teins) family of proteins that play a central role in regulating genes responsible for
cell proliferation, DNA repair, apoptosis, and telomere biogenesis. Previous studies
have shown that hnRNPA1 had reduced protein levels and increased cytoplasmic
accumulation in senescent human diploid fibroblasts. The consequence of reduced
protein expression and altered cellular localization may account for the alterations in
gene expression observed during senescence. There is limited information for gene
targets of hnRNP A1 as well as its in vivo function. In these studies, we performed
RNA co-immunoprecipitation experiments using hnRNP A1 as the target protein to
identify potential mRNA species in ribonucleoprotein (RNP) complexes. Using this
approach, we identified the human double minute 2 (HDM2) mRNA as a binding tar-
get for hnRNP Al in young and senescent human diploid fibroblasts cells. It was also
observed that alterations of hnRNP A1 expression modulate HDM2 mRNA levels in
young IMR-90 cells. We also demonstrated that the levels of HDM2 mRNA increased
with the downregulation of hnRNP A1 and decrease with the overexpression of
hnRNP A1. Although we did not observe a significant decrease in HDM2 protein level,
a concomitant increase in p53 protein level was detected with the overexpression
of hnRNP A1. Our studies also show that hnRNP A1 directly interacts with HDM2
mRNA at a region corresponding to its 3’ UTR (untranslated region of a gene). The
results from this study demonstrate that hnRNP A1l has a novel role in participating in
the regulation of HDM2 gene expression.

Keywords: senescence, fibroblasts, hnRNP A1, hdm2, RNP complexes

1. Introduction

Cellular senescence is best described as an inevitable irreversible proliferation
arrest the phase of primary human fibroblasts in culture [1, 2]. The senescent phe-
notype is characterized by distinctive changes in morphology to become enlarged,
flattened, and granular [2]. Multiple factors that activate senescence include various
types of stress-related stimuli such as aberrant oncogenic signaling, oxidative stress,
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and DNA damage [2]. Moreover, the onset of senescence can be regulated by events
such as epigenetic regulation, chromosome dynamics, protein degradation, mito-
chondrial mechanisms, and metabolic pathways. The molecular pathways of senes-
cence differ considerably among cell types as well as different species [3].

Alternative splicing of pre-mRNAs is a process in which varied mRNA transcripts
are generated to provide a major source of protein diversity in higher eukaryotes.
Pre-mRNA splicing is a nuclear process that can be constitutive or alternative [4, 5].
Constitutive splicing involves the removal of introns and the joining of adjacent
exons in the order of their arrangement. One of the core proteins involved in splic-
ing is hnRNPAL1 [5, 6]. Consequently, a single protein may be produced from a single
pre-mRNA in constitutive splicing [7]. In contrast, in alternative splicing, the vari-
able use of splice sites permits two or more mature mRNAs to be generated from the
same pre-mRNA. Among the nuclear complexes primarily responsible for alternative
splicing are heterogeneous nuclear ribonucleoproteins, small nuclear ribonucleopro-
teins snRNPs, and SR proteins [8, 9]. Splicing factors that play a crucial role through
concentration changes or alterations of their expression patterns have significant
impacts on mRNA alternative splicing [9, 10].

We have previously found that hnRNP A1 is significantly downregulated in cellu-
lar senescence [10] and can regulate the levels of the alternatively spliced INK** locus
that generates the mRNA isoforms, p16"™** and p14*** both of which are growth
suppressors that are important in senescence [10, 11]. Increased expression levels of
hnRNP Al via over-expression can shift the expression pattern toward the p14***
mRNA isoform [10].

We initiated this study to identify novel targets of hnRNP A1 and to further
explore the role of hnRNP A1 in the modulation of gene expression during cellular
senescence. The experimental approach used in this study was to identify the in vivo
RNA targets bound in hnRNP A1 RNP complexes isolated from human fibroblasts.
RNP complexes were isolated by a brief co-immunoprecipitation step with the 4B10
hnRNP Al-specific monoclonal antibody [12]. RNA species in these complexes were
then subjected to reverse transcription followed by amplification. The products were
then cloned and sequenced. Our findings suggest that hnRNP A1 is involved in the
regulation of HDM2 gene expression. However, the involvement of hnRNP Al in the
regulation of HDM2 gene expression remains to be elucidated.

2. Results
2.1 hnRNP Al-messenger ribonucleoprotein (mRNP) complexes

We sought to identify putative mRNA substrates for hnRNP A1 by identifying
mRNA sequences that directly bind to the hnRNP A1 protein. We employed a modi-
fication of a procedure that had been used for the characterization of RNP complexes
by Mili et al. [12]. We isolated hnRNP A1 protein complexes bound to their RNA
targets from total young and senescent fibroblast cell lysates. To demonstrate that the
complexes represented the majority of hnRNP A1-mRNP complexes found in cellular
pools, we measured the mRNA levels of hnRNP A1l and actin in the isolated complexes
by RT-PCR. Actin has been previously reported to be in hnRNP A1 RNP complexes;
thus, we used actin as a positive control. The results in Figure 1A, show that actin and
hnRNP A1 protein were present in lysates isolated from young and senescent IMR-

90 fibroblasts. We assessed the protein level of hnRNP A1 in 4B10 RNP complexes
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Figure 1.

A,gExpreysion of hnRNPA1 in young and old IMR9o fibroblasts. The endogenous level of hnRNP A1 protein

is significantly lower in old IMR9o fibroblasts (major band at ~34 kDa is nRNPAz1). Equivalent amounts of
protein (20 yg) were loaded. B. Post-immunoprecipitation levels of hnRNPA1 were also low in old cells, see the
band at ~34 kDa. C. RT-PCR on cDNA transcribed from RNA isolated complexes, using hnRNPA1 and B-actin
primer sets. In both young and old lysates, there appear to be comparable amounts of hnRNPA1 mRNA species in
the isolated hnRNPA1-containing complexes.

isolated from young and senescent protein lysates. 4B10 RNP complexes reflect the
results in panel A (Figure 1B) as hnRNP Al was lower in senescent IMR-90 protein
lysates following immunoprecipitation when compared with young cell lysates. These
observations indicate that hnRNP A1l was present in the isolated RNP complexes. One
known mRNA target of hnRNP A1 is its own RNA; therefore, we measured the level
of hnRNP A1 mRNA by RT-PCR (Figure 1C). We found that the 4B10 monoclonal

23



Mechanisms and Management of Senescence

antibody immune-precipitated hnRNP A1 mRNA in RNP complexes from both young
and senescent lysates. While the level of hnRNP A1 mRNA was lower in senescent
RNP complexes, it was sufficient enough to determine putative mRNA targets.

2.2 Analysis of the hnRNPA1-mRNA complex

RNA that was isolated from the hnRNP Al-complexes was reverse transcribed
and then amplified by PCR using random decamers to amplify all cDNA sequences.
We used two different concentrations of cDNA template for PCR as it was not always
possible to visualize PCR products in the senescent samples because the cDNA
abundance is typically lower in these cells. There was a correlative increase in PCR
products as shown in Figure 2 with an increase in cDNA template. PCR products were
then immediately ligated into a pCR2.1cloning vector.

There may also be a differential availability of hnRNP A1 protein in old cells
as hnRNPA1 is modified by post-translational events, such as phosphorylation
and methylation [13, 14]. There is an additional possibility that rearrangements of
individual components in hnRNPA1-mRNA ribonucleoparticles may change during
senescence, which could alter specific and non-specific mRNA sequences bound in
the complex.

2.3 Identification of RNA species in hnRNP A1-mRNP complexes

We then determined the identity of the cloned inserts by sequencing. We found
that there were partial mRNA sequences for four human genes bound in young and

IMR90 Sample: Young Senescent
cDNA template: M - S5ul  15uL S5uL 15uL

Figure 2.

Analysis of nRNP A1 RNP complexes. A. RNA isolated from hnRNPA1 complexes was reverse transcribed to
c¢DNA and amplified using random decamers as primers for the reaction. No amplification was observed in the
absence of cDNA as indicated in the (—) lane.
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senescent RNP complexes. The identity of genes was identical for both young and old
cells. Scores were considered to be positive if the similarity score was more than 200
[15]. The genes identified were Homo sapiens HDM2 gene (AF144029), intron 9 and
exon 10, partial sequence; H. sapiens asthmatic clone 1 mRNA (AF095853), 3" UTR;
H. sapiens D1551506 ca repeat region (AF018071), complete sequence, and H. sapiens
partial HR gene for hairless protein (AJ277249). As these four human genes were the
only gene candidates identified, we chose to score the sequences by the number of
times a positive hit occurred in a (BLAST) similarity search for individually isolated
clones. The sequence for HDM?2 that occurred most frequently was further analyzed
to determine potential splicing enhancer/silencer elements by Zhang, et al. [16, 17]
using the PESX utility (http://cubweb.biology.columbia.edu/pesx/). Figure 3 shows
a schematic illustration of the HDM2 mRNA sequence that binds to hnRNP Al. The
binding site is between exon 9 and intron 10. The regions marked in red are putative
silencer sequences. We found that there were several matches to these sequences
within the isolated HDM2 mRNA from hnRNPA1 RNP complexes.

The identification of the human double minute 2 gene (HDM?2) was of particular
interest to us. It is the human homolog of the mouse double minute 2 (MDM?2) and is a
known oncogene [18-20]. It is a protein of ~90 kDa size and is usually localized in the
nucleus of cells. Overexpression of HDM2 causes cells to proliferate uncontrollably as
it facilitates the proteasomal degradation of p53 by acting as a ubiquitin ligase [21, 22].

The human murine double minute 2 (HDM2) gene is a 33-KB nucleotide sequence
located on chromosome 12 (q14.3-q15). The gene consists of 12 exons and 11 introns
[18, 20]. Transcription of the HDM2 gene is controlled by two different promoters,
referred to as P1 and P2 that are P53-independent and P53-dependent, respectively [19].

exon3 4 5 6 7 3 9 10 11 12
HDM2
pasang pio RNA
E2F1 P
DP1
A1-BS
Intron 9
leggttatatatititcitgeaga

M2 1 i geag;
[EEPUEEEEEREEEE R LR EEEEE T CP LR L EE L EEE T e et
Al-BS cactatagggegaatigggeeclclagatgealgelegageggecgecaglglgalggatatelgeagaaticggtiatatatiiticligeags

Figure 3.

PESX analysis. PESX (putative exon spliyancer/silencers) is a utility that can predict regions of an mRNA that
may be involved in exon splicing to enhance the inclusion or exclusion of an exon. In addition to the identification
of the putative splicing regulatory sequences, the sequences were also scanned for putative hnRNPA1-binding sites
[UAG (G/a)] based on known binding sites.
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The P1 promoter controls the basal expression of HDM2 and is positioned upstream
in the first exon of the HDM2 gene [19, 20]. Transcription from the P2 promoter is
highly regulated, responsible for the inducible expression of HDM2, and is found in
the first intron [21]. The HDM2 transcript is translated into a protein of 491 amino
acids with multiple sizes ranging from about 50 to 90 kDa [22]. HDM2 can be regu-
lated positively by AKT, a serine-threonine kinase, leading to the repression of p53
activity. AKT phosphorylates HDM2, which leads to its nuclear entry and subsequent
attenuation of p53 activity and p53 degradation [23]. p14 (ARF), a protein product
from the CDNK2A locus, is a negative regulator of HDM?2 [24]. The pl14ARF protein
binds to the central domain of HDM2, including the acidic region, leading to inhibi-
tion of the ability of HDM2 to act on p53 [25]

To determine whether the full-length HDM2 mRNA was bound to hnRNP Al in
RNP complexes, we isolated RNA from the complexes and used semi-quantitative to
amplify full-length sequences. We found full-length HDM?2 in total RNA and com-
plexes isolated from young cells (Figure 4A). To provide an estimation of the nature
of the HDM?2 exons normally present in young fibroblasts, we amplified sequences
from exon 1to 2, exon 6 to 7, and exon 9 to 10. Figure 4B shows that of the regions
amplified, the one that covered exon 9 to 10 was in the least abundance by a factor
of 4 when compared with the most abundant region that spanned from exon 6 to 7.
These results indicate that there may be preferential exon inclusion/exclusion in
young fibroblasts in which hnRNP A1 is highly expressed.

2.4 Identification of p16INK4a mRNA in hnRNPA1 complexes

We have previously shown that changes in the expression of hnRNP A1 regulate
the alternative splicing and mRNA levels of two mRNA isoforms of the INK4a locus
known as p14*™ and p16(INK4a) [10]. Both protein isoforms are growth suppres-
sors and knockout of the INK4a gene allows cells to escape cellular senescence [11].

A B

BHDMZ A
BHDM28
BHDMZC

mdm2 tin
lanes 13 lanes 44 lanes 10-11
B6bp frag 1T1bp frag BAbp frag 171bp frag

Relative quantification of mRNA
5

B

HDM2 A HDM2B HDM2 C
Exons 6-7 Exons 1-2 Exons 9-10

Figure 4.

HDM2 mRNA variant expression levels. RNA was isolated from co- immunoprecipitated hnRNPA1 protein
complexes from young IMR9o fibvoblasts and reverse transcribed. Three independent replicates of cDNA were
used as templates for detecting HDM2 regions: Exons 6-7, HDM2A; exons 1—2, HDM2B and exons 910,
HDM2C. Tagman primer-probe sets specific for these regions of the HDM2 gene were used in qRT-PCR assays
and compared to actin mRNA levels.
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Our previous studies have shown [9] that overexpression of hnRNA1 results in a
preferential expression of the p14*™ mRNA isoform, and an increase in the mRNA
levels of both isoforms, thus suggesting a role for hnRNP A1 in control of cell pro-
liferation and senescence [10]. In this study, we assessed the ability of hnRNP A1 to
directly bind to INK4a transcripts in hnRNPA1 complexes. For this, we used AR5
cells and PRNS-1 (SV40-transformed clones of HS74 primary human bone marrow
fibroblasts) since these cells express high levels of INK4a transcripts as compared
with normal IMR-90 fibroblasts [26].

Figure 5 shows that the p16 transcript was amplified from hnRNPA1IRNP com-
plexes indicating that hnRNP A1 directly binds to p16 mRNA. We also measured the
ability of hnRNP A1 to bind to actin mRNA as a positive control for our co-immuno-
precipitation studies. Actin mRNA has been previously identified in hnRNPA1-RNP
complexes [12]. Figure 5 shows that in addition to p16, we were also able to detect
actin mRNA in the RNP complexes.

2.5 Expression of HDM?2 is modulated by hnRNPA1 expression levels

We next sought to determine whether hnRNPA1 modulated the expression
of HDM?2 mRNA levels. hnRNP Al was overexpressed in young IMR-90 human
fibroblast cells followed by real-time RT-PCR analysis using primer sets that ampli-
fied different regions of HDM2 mRNA. We observed a significant decrease in the
full-length HDMd2 mRNA levels in cells overexpressing hnRNP A1 as compared with
cells expressing the empty GFP Vector (Figure 6B). Downregulation of hnRNP A1l

A B C

AR5 PRNS-1

actin

actin

Co-IP actin

Figures.

Immunoprecipitation of specific mRNA hnRNP A1 RNP complexes. RNA was extracted from
co-immunoprecipitated hnRNPA1 protein complexes isolated from AR5 and HS74-PRNS-1 cells and reverse
transcribed. Primers set specific for p16 and actin were used to identify their respective mRNAs in hnRNP A1
RNP complexes. AR5 and HS74-PRNS-1 cells are SV40-transformed immortal cell lines.
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Figure 6.

Ex%aression of HDM2 mRNA levels following alteration of hnRNP A1 expression. Panel a: Scrambled siRNA
(control) or siA1 oligonucleotides weve transfected into IMR-90 fibroblast cells. Real-time PCR was performed
using primers for constitutive HDM2 mRNA (exon 1-3) and p53-inducible HDM2 mRNA (exon 2-3). RPLPO
mRNA levels weve used as an internal control. Panel B: Expression plasmids pEFGP empty vector or pEFGP-A1
were transfected into IMR-90 fibroblast cells. After 2 days of incubation, total RNA was extracted from cells and
real-time PCR was performed with different sets of primers for detection of constitutive and p53-inducible HDM2
mRNA. RPLPO and GAPDH RNA levels were used as internal standards. Panel C: The steady-state endogenous
levels of constitutive and p53-inducible HDM2 were measured in young and senescent mRNA.

by siRNA transfection showed increased levels of HDM2 mRNA (Figure 6A). These
results indicate that hnRNP A1 protein levels modulate the mRNA levels of HDM?2.
Since we had previously shown that hnRNP A1 expression and its subcellular distri-
bution were altered during cellular senescence [27], we compared the endogenous
HDM?2 mRNA levels in young and senescent cells. We found that there was a signifi-
cant increase in HDM2 mRNA levels in senescent cells as compared with young cells
(Figure 6C). These results show that endogenous levels of HDM?2 were consistent
with our overexpression and siRNA results discussed earlier.

We also investigated whether the protein level of HDM2 was modulated by the
level of hnRNP A1 protein expression. To determine whether endogenous hnRNP Al
has an effect on HDM2 protein expression, scrambled siRNA or siAl was transfected
into IMR-90 fibroblast cells. We found that upon siRNA knockdown of hnRNP A1,
the protein level of HDM2 was not altered as shown in Figure 7A. hnRNP A2, which
has overlapping biochemical activity with hnRNP A1, when inhibited by siRNA
interference, did not affect HDM2 expression. On the other hand, overexpression
of hnRNP A1 in young cells transfected with GFP-A1 resulted in a slight decrease of
HDM?2 protein levels and an increase in p53 levels when compared with cells trans-
fected with the GFP-Empty vector (Figure 7B). The increase in p53 protein levels
may be a result of the decreased HDM2 expression. A direct correlation between
protein and mRNA levels for any given gene is complicated by varying processes. For
instance, studies conducted by various groups such as Vogel et al. [28] pointed out
that transcription, mRNA export, decay, translation, and protein degradation are key
processes in determining steady-state protein concentration [28].

2.6 Identification of HDM2 RNA sequences that bind to hnRNP A1

Our PESX analysis revealed that hnRNP A1 has a putative binding site within the
intronic region between intron 9 and exon 10 of HDM2 (Figure 4). We obtained
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Figure 7.

Ef_%ect of varying hnRNP A1 expression on HDM2 protein levels a. scrambled siRNA (control), siA1, siA2, or both
oligonucleotides were transfected into IMR-90 fibroblast cells. About 30 g of protein lysates were subjected to 12%
SDS-PAGE and immunoblotted for hnRNPA1 and actin. The membranes were stripped and veprobed for total
actin levels. B. IMR-90 cells were transiently transfected with GFP-hnRNP A1 and empty vector for 48 hours.
Whole-cell lysates were prepared using RIPA lysis buffer. 30 pg of protein lysates were simultaneously subjected to
12% SDS-PAGE and immunoblotted for hnRNP A1, HDM2, p53 and actin. The membranes were stripped and
reprobed for total actin levels. C. the relative protein levels was quantified by image density analysis software
(image J), and the data were represented as mean value + SEM (n = 3, and * p < 0.05 value).

HDM2 constructs from Dr. Meek (University of Dundee). We performed biotin
pull-down assay using MP4 construct that is similar to the MDM2-B isoform lacking
p53-binding region followed by Western immunoblotting. We performed the biotin
pull-down assay by first incubating the hnRNP A1 antibody (4B10) with Dynabeads
Myone streptavidin. We also incubated the Bietinlabeled HDM2 mRNA (MP4 probe) or
Biotinabeled B-actin RNA probe with IMR-90 cell lysate and the mixture was incu-
bated overnight. We performed Western blot analysis as described in Material and
Methods to investigate the interaction between ®*""labeled HDM2 mRNA and hnRNP
A1. As shown in Figure 8, hnRNP A1 is directly associated with Biotin|a heled HDM?2
mRNA (MP4 probe). The direct association between hnRNP A1 and ®*""labeled
HDM?2 mRNA appears to be specific since these interactions were not observed with
similar RNA-binding protein hnRNP AQ. Furthermore, associations between hnRNP
Al and negative-control ®*"labeled B-actin were not observed. These results demon-
strate that hnRNP A1 has specific binding to Biotin]abeled HDM2 mRNA (MP4 probe).
These results also show that hnRNP A1 can bind to the 3’ end of HDM2 as MP4 is the
3’ of HDM2 which is also a region devoid of HDM2 sequences upstream of exon 11.
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Figure 8.

H[g)Mz transcript (MP4) binds to hnRNP A1. A. Schematic representation of full-length HDM2 and mini-
protein “MP” fragment of HDM2 MP4. B. the interaction between hnRNP A1 and biotinylated HDM2 mRNA
(MP4) was examined by biotin pull-down assay. Biotinylated HDM2 and actin probes were incubated with
IMR-9o0 cell lysates. Interactions were analyzed by Western blotting. The protein-RNA probe streptavidin
complexes were subjected to electrophoresis on a 12% SDS-PAGE. The 4B10 monoclonal antibody and anti-actin
antibody were used to detect hnRNP A1 and actin, vespectively.

3. Discussion

The role of hnRNP Al during cellular senescence is unclear. Significant
alterations in its levels, localization, and activity in senescent cells suggest that
hnRNP Al may contribute to the senescent phenotype [27]. However, only a few
gene targets are known for hnRNP A1 [12]. This prompted us to search for additional
mRNA targets for hnRNP Al in young and senescent IMR-90 cells. We used an RNA
co-immunoprecipitation protocol [12] to identify mRNA new targets for the hnRNP
A1 protein. We found that hnRNP Al is bound to several mRNAs not previously
identified. Of particular interest to us was the observation that hnRNP A1l bound to
HMD2 mRNA. Other RNA-binding proteins have been reported to bind to specific
regions in HDM?2 mRNA. La antigen, an RNA-binding protein, was found to interact
with HDM2 5'UTR in a BCR/ABL cell line resulting in increased HDM2 expression
[29]. It was further demonstrated that translational regulation contributed to the
increased HDM2 levels in BCR/ABL cells [29]. Nucleolin, a multifunctional nucleolar
protein with defined roles in ribosomal RNA processing, has also been reported to
bind to the NLS/NES and RING domain of HDM2 [30]. The expression of HDM?2
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mRNA is transcriptionally regulated by p53 in response to stress such as DNA
damage [31, 32]. We have found that the modulation of hnRNP A1 expression can
regulate HDM2 mRNA levels.

Posttranscriptional regulation of gene expression is important for the control
of cellular processes such as cell proliferation, differentiation, development, and
apoptosis [33]. RNA-binding proteins are the main regulators of post-transcriptional
regulation [33]. hnRNP Al is a multifunctional RNA-binding protein implicated
in the regulation of major steps in posttranscriptional regulation of gene expres-
sion [14]. Upon observation that hnRNP A1l binds to HDM2 mRNA, we sought to
determine whether the modulation of the expression of hnRNP A1l had an effect on
steady state HDM2 mRNA levels. Given that our previous results demonstrated that
overexpression of hnRNP A1 significantly decreased HDM2 mRNA levels, we next
asked whether the HDM2 protein levels were also lowered when hnRNP A1l was over-
expressed. Our Western blot analysis data revealed that overexpression of GFP-A1l
slightly decreased HDM2 protein levels (Figure 7B), whereas knockdown of hnRNP
A1 did not have effect on HDM2 protein expression. We also observed that p53 levels
increased upon GFP-A1 overexpression suggesting that the levels of p53 protein were
increased by the decreased expression of HDM2 (Figure 7B). Previous studies have
shown that HDM2 regulates p53 by targeting it for degradation [19]. Recent studies
have demonstrated that overexpression of hnRNP A1 led to a reduction of HDM2-FL
transcript levels in HaCat cells [34]. More importantly, it was also shown that UVB
irradiation increased the binding of hnRNP A1 to HDM2 pre-mRNA [34]. Our studies
are consistent with these findings whereby we have found that overexpression of
hnRNP A1 decreased HDM? transcript levels.

In this study, our findings suggest that hnRNP A1 binds to the ***"labeled HDM?2
mRNA probe (MP4) that includes part of exons 11 and 12 of HDM2 mRNA as shown in
Figure 8A. Previous approaches as those used by SJ. Park et al. [35] demonstrated that
hnRNP A1 associates with Drpl mRNA at the 3’ UTR [35]. We applied this approach
and found that hnRNP A1 binds to the HDM2 MP4 mRNA and that this binding was
specific as hnRNP A0 did not bind to the HDM2 MP4 probe (Figure 8B). Our sequenc-
ing data of the HDM2 MP4 reveal that it contains a putative G/AGAAG nucleotide
sequence similar to the 5’AGAAG 3’ high-affinity binding site found in the purine-rich
3’ splice site of c-src mRNA exon N1 [36]. hnRNP A1 has been shown to bind to these
sites in c-H-ras and HIV TAT [37, 38]. Overall, our RNA-protein interaction experi-
ments data strongly suggest that hnRNP A1 interacts with a region of HDM2 transcript
corresponding to its 3’ UTR. It has been previously reported that RNA-binding protein
RNPC1 binds to the 3'UTR region in HDM2 transcripts and inhibits its expression
[39]. Thus, the HDM?2 3’ UTR is bound by different RNA-binding proteins that might
either repress or induce its expression. For example, HuR, an RNA-binding protein,
has been shown to bind and stabilize HDM?2 via its 3’ UTR. From our studies, we
found that hnRNP A1 modulated the mRNA expression of HDM2. Therefore, the MP4
sequence maybe partially contributing to this modulation. Our findings are significant
when taken in the context of RNA-binding protein contributing to the aging pheno-
type. Both HuR and hnRNPA1 are involved in regulating the senescent phenotype
[40, 41]. Inhibiting HuR expression induces the senescent phenotype [41]. hnRNP A1l
has been recently shown to antagonize cellular senescence through the SIRT1 pathway
[42]. The research findings of the research project are important because they can add
to the knowledge of the regulation of HDM2 gene expression.
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4. Materials and methods
4.1 Cell culture and generation of senescent fibroblasts

The human lung fibroblast cell strain IMR90 from Coriell, NJ, was subcultured
from early passage to terminal passage as previously described by Hubbard and
Ozer [43] in Dulbecco’s modified Eagle’s medium and Ham’s F10 medium in a 1:1
mixture supplemented with 10% fetal bovine serum. IMR90 fibroblasts at population
doubling <35 were used in all experiments and are considered comparable to young
fibroblasts as determined by gene expression profiles previously performed [43].
Senescent IMR90 in all experiments was at a population doubling of 62. For transfec-
tion experiments, once cells had reached 90% confluence, either the expression plas-
mid pEFGP (Control) or pEFGP-A1 was transfected into IMR-90 cells in DMEM/F10
media without FBS/penicillin using Lipofectamine 2000 (Invitrogen) and incubate at
37°C in a CO, incubator for 6 h.

4.2 RNA isolation and RNA-PCR to check for genomic contamination

After RNA was isolated as detailed above, to ensure that there was no genomic
contamination, an RNA-PCR procedure was performed. 2 pL of template RNA
was added to a PCR mixture using f-actin primers, which would detect genomic
sequences if present. The total PCR reaction was composed of 2 pl of template RNA,
5 pl of 10x RT-PCR Buffer (100 mM Tris-HCI, pH 8.3, 500 mM KCl, 15 mM MgCl,),
2.5 pl of ANTP mix (2.5 mM each dNTP), 0.25 pM each PCR primer, 0.5 unit of
Thermostable DNA Polymerase (Novagen).

The primers for actin were: actin forward (5CGCCGCCCTAGGCACCA3') and
actin reverse (5'TTGGCCTTAGGGTTCAGGGGGG 3’). For hnRNPA1, primer set
were: hnRNP A1l forward (5 CTAAAGAGCCCGAACAGCTGAG 3’) and hnRNP A1l
reverse (STCAGTGTCTTCTTTAATGCCACCA 3’). SYBR™ green stain. SYBR™
green can be visualized by blue fluorescence (Molecular Dynamics, Amersham) and
quantified with ImageQuant software (Amersham).

5.Immunoblotting and protein analysis

Standard Western blotting protocols (Harlow et al. 1999) were to analyze specific
proteins [44]. Protein extracts isolated from young and senescent fibroblasts were
generated by washing cells were washed 3 times with 1X cold PBS and then, cultures
were placed on ice. Cold RIPA (radioimmunoassay buffer containing NP-40 at 1%,
sodium deoxycholate at 1%, sodium dodecyl sulfate at 0.1%, NaCl at 150 mM and
Tris-HCl at 10 mM with protease inhibitors leupeptin at 0.1 pg/ml, pepstatin at
0.1 pg/ml, and phenylmethylsulfonyl fluoride at 1 mM) was added to culture dishes
followed by scraping cells into cold microfuge tubes. The lysate was passed through
a 21-gauge syringe needle to ensure complete lysis. Lysates were centrifuged at
10,000xg for 10 minutes at 4°C. The cleared lysate was collected and aliquots were
prepared to estimate the amount of protein by the Bradford protein assay (Bio-Rad).
Lysates were run on 8-12% acrylamide gels and then transferred in an electroblotting
apparatus. Membranes (PVDF, Osmonics) were blocked with 5% non-fat milk in PBS.
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Monoclonal antibody 4B10 (1:10,000) was used to detect hnRNPA1/A1. An anti-actin
monoclonal antibody (1:5000) was obtained from Chemicon. Antibodies specific for
HDM?2 were graciously provided by Dr. Jill Bargonetti. Secondary antibody, goat IgG,
or mouse IgG conjugated with HRP were used for visualization of bands using the
ECL kit (Amersham).

6. Overexpression of hnRNP A1 by transient transfection

Young IMR-90 cells were cultured in 10-cm plates. After approximately 24 h of
incubation when the cells reached 90% confluence, the expression plasmid pEFGP
(control) or pEFGP-A1 was transfected into IMR-90 cells in DMEM/F10 media
without FBS/penicillin using Lipofectamine 2000 (Invitrogen) and incubated at 37°C
in CO, incubator for 6 h. We changed the media to DMEM with FBS and without
penicillin and incubated for 48 h at 37°C.

7. RNA co-immunoprecipitation protocol

The RNA co-immunoprecipitation protocol was a modified version published
by Mili et al. [12] that included a short immunoprecipitation step that minimized
degradation of protein-associated RNA.

8. Confirmation of gene expression using real-time PCR

Real-time PCR experiments on selected genes were performed using an Applied
Biosystems 7500 real-time PCR system that utilizes TagMan gene expression assays
for the following genes: mdm2; Human GAPD (GAPDH) Endogenous Control FAM/
MGB (4333764F). Reactions were performed according to standard methods using
the universal 10X PCR TagMan mix, at a final reaction volume of 25 pL (Applied
Biosystems).

9. Cloning protocol and sequencing

PCR products were ligated into the pCR 2.1 (Invitrogen, TA cloning kit) cloning
vector that utilizes the single dT overhangs that are a by-product of PCR reactions
catalyzed by Taq polymerase. The ligation reaction was performed at 14°C overnight
using T4 DNA ligase and 3 pL of fresh PCR product (Invitrogen protocols).

10. Sequence analysis using BLAST and PESX

Vector sequences were subtracted from the sequences obtained. The rest of the
sequence was compared against known sequences using the BLAST tool (www.
ncbi.nlm.nih.gov). Sequences were chosen based on being previously identified as
human genes and either in the coding regions or in the flanking regions of the mRNA
sequences of known genes.
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11. Biotin pull-down assay

Biotinylated transcripts were obtained by reverse transcription with the
Maxiscript Kit (Invitrogen) according to manufacturer instructions and as previ-
ously described above in Section 3.2. The biotin pull-down assay was performed by
first incubating hnRNP A1 antibody (4B10) with Dynabeads Myone streptavidin
(Invitrogen) for 1 hour at 4 C. Also, incubated Biotin]abeled HDM2 mRNA (MP4
probe) or B-actin RNA probe with 25 pg of IMR-90 cell lysate for 1 h at RT. Following
this incubation, we added the biotinylated RNA probes and protein lysate mixtures to
the Myone streptavidin beads coated with 4B10 (hnRNP Al antibody) and performed
a second overnight incubation, immediately subjected the protein-RNA complexes to
Western blot analysis as described in Section 2.4 to detect specific proteins bound
to biotinylated transcripts.
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Chapter 3

Genetic and Epigenetic Influences
on Cutaneous Cellular Senescence

Tapash Jay Sarkar, Maiko Hermsmeier, Jessica L. Ross
and G. Scott Herron

Abstract

Skin is the largest human organ system, and its protective function is critical to
survival. The epithelial, dermal, and subcutaneous compartments are heterogeneous
mixtures of cell types, yet they all display age-related skin dysfunction through
the accumulation of an altered phenotypic cellular state called senescence. Cellular
senescence is triggered by complex and dynamic genetic and epigenetic processes. A
senescence steady state is achieved in different cell types under various and overlapping
conditions of chronological age, toxic injury, oxidative stress, replicative exhaustion,
DNA damage, metabolic dysfunction, and chromosomal structural changes. These
inputs lead to outputs of cell-cycle withdrawal and the appearance of a senescence-
associated secretory phenotype, both of which accumulate as tissue pathology observed
clinically in aged skin. This review details the influence of genetic and epigenetic factors
that converge on normal cutaneous cellular processes to create the senescent state,
thereby dictating the response of the skin to the forces of both intrinsic and extrinsic
aging. From this work, it is clear that no single biomarker or process leads to senescence,
but that it is a convergence of factors resulting in an overt aging phenotype.

Keywords: skin, DNA damage, telomeres, epigenetics, immunosenescence,
inflammaging

1. Introduction

A consensus agreement on the definition of cellular senescence may be stated asa
viable but non-proliferative condition distinct from the GO quiescent phase of the cell cycle
and postmitotic terminal differentiation [1, 2]. While aged living organisms accumulate
senescent cells, aging and senescence are not synonymous terms—the cellular and molecu-
lar pathways that eventuate in the senescent state can be activated by diverse mechanisms,
not necessarily chronologic aging nor the limit of replicative cell division. It was the latter
phenomenon, in fact, that led early investigators to the original concept of cellular senes-
cence as an iz vitro observation; that replicating fetal “skin tissue cells” stop dividing at
a certain passage number, the so-called “Hayflick Limit” [3]. This review focuses on our
current understanding of how cellular senescence occurs in the skin, its irreversible (and
possibly reversible) characteristics, description of known trigger points involving genetic
and epigenetic factors and their clinical implications in health and disease.
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Cellular senescence is characterized by cell cycle arrest [4], the expression of
senescence associated secretory phenotype (SASP) [5, 6], damage to DNA [7-9],
deregulated metabolic profile [2, 10], changes to the epigenome [11] and transcrip-
tome [12], resistance to apoptosis [13, 14], and altered immune surveillance [15, 16]. It
can be triggered by multiple factors [2], the mechanisms of which appear to categorize
the ‘type’ of senescence into two main groups; so-called replicative senescence (RS)
due to shortened telomeric DNA resulting from excessive cell division cycles [17-20];
and a state generally termed ‘premature senescence’ (PS), in which both oncogene-
induced senescence (OIS), triggered by activation of oncogenes such as ras [21], and
several other ‘molecular stresses’ [4] also eventuates in the senescent phenotype.

There are a variety of biomarkers for cellular senescence but not all senescent cells
express the same biomarkers due to these differential molecular induction pathways.
Several senescent biomarkers have been identified in the skin [22]; however, it is
currently unclear how the multitude of cell types that comprise this tissue respond to
senescence-inducing triggers and how this correlates with skin aging, other than the
fact that senescent cells accumulate in all skin compartments with age, just like other
organ systems. What is becoming clear, however, is that cellular senescence plays
critical roles in the pathobiology of skin aging and disease [23].

2. Aging of the skin

Both intrinsic (time, genetic and hormonal) and extrinsic (environmental) factors
contribute to skin aging. Old skin not only appears clinically different from young
skin but has altered physiology due to a combination of molecular, cellular, and bio-
chemical processes, and tracing the pathogenic origin of the ‘skin aging phenotype’
remains a work in progress. From a clinical perspective however, the skin of most
people older than 6-7 decades of life, particularly in photo-exposed areas, is thinner,
looser, less tethered to underlying tissue, more wrinkled, more translucent with more
visible capillary vessels, more discolored, drier, and less padded by the subcutaneous
layer [24, 25]. Scalp skin also ages, commonly observed as pigment loss (graying), and
most people experience hair loss as another inevitable esthetic problem.

Anatomically, the structure of human integument tissue we call ‘skin’ is composed
of ectodermal-derived epithelial cells layered as stratified squamous epithelium on top
of mesenchymal-derived dermis separated by a specialized basement membrane zone
(BMZ) called the dermal-epidermal junction (DE]). Directly below the dermis is the
fatty hypodermis (or subcutaneous layer) separating fascia and muscle from the skin.
Epithelial-mesenchymal interactions that occur during embryogenesis (and wound repair)
contribute to the formation of glandular structures buried within these compartments
(called adnexa) which are comprised of eccrine, apocrine, sebaceous and hair follicle
structures. Peripheral nerves and blood vessels traverse the subcutaneous and dermal lay-
ers and together with all other structures of the integument, serve the functions of barrier
protection, retention of heat and water, sensation, contractility, and lubrication [26].

This multi-compartmental system is the largest organ of the body and is composed
of about 20 different cell types responsible for skin function and its stratification [27],
all of which also change with age to contribute to the overall ‘skin aging phenotype’. At
the microscopic level, skin tissues of older individuals exhibit common characteristics
regardless of whether sun protected or chronically exposed to ultraviolet (UV) light
[28]. The most obvious and well documented structural changes include epidermal
thinning, loss of rete ridges and flattening of dermal papillae [29, 30], keratinocyte
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and melanocyte architectural changes [31, 32], BMZ/DE] alterations [33], less dense
and altered reticular dermal collagen structure [34], accumulation of altered elastin and
elastic fiber structural abnormalities [35], altered shape and loss of papillary dermal
capillary loops [36-38], and size and structural alterations in glandular structures of
the eccrine, apocrine and sebaceous units [39]. Concomitant with morphologic changes
observed in aged skin, senescent cell populations increase in all skin compartments.

2.1 Effects of aging on epidermal structure and function

The epidermis, consisting of 5 different layers of keratinocytes, continuously
renews itself on an approximate 27-day cycle by a differentiation program involving
basal cells which are maintained and replenished by stem cells residing in the bulge
region of the hair follicle and the interfollicular epidermis [40]. Of particular impor-
tance to aging of the epidermal compartment is the general concept that the cellular
microenvironment (or niche) of stem cell populations plays a critical role in homeo-
static resupply of transient amplifying basal cells [41]. The epidermis maintains a
dynamic equilibrium by proliferating in the basal layer that is attached to the DE],
then cell division ceases and basal keratinocytes undergo terminal differentiation
while spatially migrating towards the top of the epidermis. During this transition,
keratinocytes acquire specialized cytoskeletal components and create an intercel-
lular diffusion barrier, eventually forming the outermost epidermal layer called the
stratum corneum (SC). The SC is a specialized acidic, hydrophobic, protein-lipid-
carbohydrate flexible ‘shell’ resistant to wear and tear, water loss, and invasion of
microbes [42]. The “barrier function” of the skin is derived from the SC.

The epidermal compartment appears to deal with the ravages of extrinsic aging ina
fundamentally different way than the dermal compartment because terminally differ-
entiated (cell cycle arrested) keratinocytes are continuously shed, thus removing accu-
mulated DNA and other macromolecular damage that otherwise trigger the senescent
phenotype. But since the epidermis is continuously replenished by stem cells arising from
the interfollicular niche, its alteration can affect epidermal biology in profound ways. In
fact, epidermal stem cell niche can be affected during aging by both basal keratinocytes
[43] and dermal fibroblasts [44]. Niche microenvironments can be altered by intrinsic
and extrinsic aging at cell-cell, cell-matrix and paracrine signaling levels, leading to stem
cell depletion and the ‘atrophic epidermal phenotype’ observed in intrinsic aged skin [45].

Many other cell types localize to the epidermis, including pigment-producing
melanocytes found in the basal layer that protect against UV radiation. Pigment is
synthesized within the melanocyte but transferred to neighboring basal keratinocytes
(and specialized hair follicle-associated keratinocytes) via a complex melanosomal
exo/phagocytosis mechanism localizing at the dendritic tips of melanocytes which
interdigitate with up to 20 keratinocytes [46]. Melanocyte dysfunction associated with
extrinsic aging (mostly photoaging) manifests clinically as abnormally dispersed and/
or diminished melanin pigment (i.e., dyschromia, lentigines, and in the scalp, cani-
ties). Senescence of the melanocyte has been observed both iz vitro and in vive and the
molecular pathways involved identified [47]. In fact, based on biomarker (e.g., P16)
expression, senescent melanocytes appear to represent most senescent cells in aged
epidermis [48] and their contributions to development of the epidermal atrophic phe-
notype via autocrine and paracrine (i.e., SASP) mechanisms have been identified [49].

The epidermal immune system is a network of resident antigen-presenting den-
dritic Langerhans cells (LC) thought to function as immune sentinels [50] together
with trafficking lymphoid immune cells including resident memory T cells as CD8+
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and CD4+ cells [51]. Of interest, a specialized CD4 + T cell (Treg) residing near the hair
follicle bulge areas (located in the dermis) has been shown to play a role in hair growth
cycling [52]. Skin aging is associated with variable deterioration of both adaptive and
innate immune function, generally referred to as cutaneous ‘immunosenescence’. This
term has become controversial in the literature [16] because immune cell senescence

is, in part, a physiologic adaptive response to survival and fitness of the organism. Its
use to describe altered skin immune responses with age appears appropriate in the
context of inflammaging [53], since the concept of immunosenescence encompasses
both systemic chronic, low-grade inflammation [i.e., elevated serum levels of interleu-
kins IL-6 and IL-8 and increased tumor necrosis factor alpha (TNF-a), etc.] and the
presence of dysfunctional immune responses in various skin compartments apparently
related to both tissue level RS and PS. Currently unknown, however, is whether cutane-
ous inflammaging is a cause or an effect of dysfunctional innate immune responses
observed in the elderly and whether cellular senescence is responsible.

Examples of cutaneous aged-related immune dysfunction include reported
reductions in the number and functionality of LC in aged skin and this correlates
with both age related defective epidermal barrier function and inflammaging [54].
Likewise, defective physiologic immune clearance of senescent cells that contribute to
aged skin pathologies have been demonstrated in dermal fibroblasts by the observa-
tion that these cells express a nonclassical major histocompatibility antigen (HLA-E).
Its increased expression appears to block activation of natural killer (NK) cells and
CD8+ cells responsible for clearing damaged cells, suggesting that evasion of dermal
immunosurveillance leads to persistence of senescent dermal fibroblasts [55].

Aging is a clinical comorbidity in many skin diseases pathogenically linked to
defective cutaneous innate and adaptive immune responses [53]. The incidence and
prevalence of autoimmune blistering disorders such as bullous pemphigoid (BP),
pemphigus vulgaris, and epidermolysis bullosa acquisita are all increased in older
populations, BP being the most common example [56]. Likewise, aging is a comor-
bidity in the development of skin cancers, and the loss of immunosurveillance due to
dysfunctional LCs is thought to contribute to progression of both non-melanoma skin
cancer (NMSC) [57] and melanoma [58].

Another unique cell type scattered along the DEJ, considered part of the epidermal
compartment, and possessing mixed neuronal, endocrine, and immunologic functions
(as well as embryonic origin) is the Merkel cell (MC) [59]. Its involvement in the skin’s
somatosensory system is key to the sense of fine touch discrimination, which is decreased
in the elderly [60]. In glabrous skin MC form complexes with intraepidermal sensory
neurites found at the DE]J termed ‘touch domes’ or Merkel’s discs. Digital skin of aged
humans contains less of these complexes, lower density of MC and decreased expres-
sion of the stretch-activated ion-channel component Piezo2 [61]. Occurring mainly in
aged humans, a rare but very aggressive skin cancer, Merkel cell carcinoma (MCC) has
attracted recent attention due to its mysterious etiopathogenesis. 80% of MCC is associ-
ated with integration of a newly identified polyoma virus (MCPyV) [62], whereas 20%
appear linked to accumulation of UV light-induced somatic mutations [63]. As detailed in
the next section on epigenetics, it is of interest that the majority of MCC display expected
chronologic age but DNA methylation patterns of epigenetically youthful cells [64].

2.2 Aging and the dermis

The dermal compartment is divided into superficial, reticular, and deep dermis
with unique cellular, vascular, extracellular matrix (ECM), and adnexal components
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that define each space. Much of the ‘business-end’ of the dermis is localized to the
superficial dermal compartment and the DE] is central to its structure and functionality.
It is considered part of both the epidermis and the superficial dermis because cel-
lular components of each layer contribute to its synthesis, maintenance, and renewal.
Serving as an adhesive scaffolding for basal keratinocytes, a shear-resistant Velcro-like
surface securing the dermis to the epidermis, a complex paracrine factor-sequestering
and mechano-transducer signaling layer, the DE] modulates a remarkable number of
cutaneous cellular processes involved in skin structure, function, regeneration, and
resistance to trauma [33]. Comprised mainly of Type IV collagen and laminin, like other
BMZs, DE] complexity has been dissected at the molecular level to reveal a complex
network of other collagens (VII, XVII and XVIII), 4 different isoforms of laminin (511,
521, 311 and 332), perlecan, nidogens, SPARC, fibrulins-1 and -2, dystroglycans, and
integrins a3bl and a6b4. All of these DE]J components are altered during aging and these
changes correlate with age dependent increases in both DE]J thickness and stiffness [65].
Immediately beneath the DEJ, forming nipple-like structures projecting into the
epidermal compartment and containing unique ECM, microvasculature, specialized
fibroblasts, and dermal mesenchymal stem cells is the papillary dermis (PD). Here,
undulating dermal protrusions interdigitate with epidermal rete ridges (pegs) to
increase surface area for nutrient transfer, trafficking of immune cells, and increased
tensile strength. The transition of superficial to reticular dermis is static and defined
mostly by changes in ECM structure but dynamic during repair and disease. The
majority of space in reticular dermis is occupied by thick bundles of interstitial colla-
gens I and III, elastin and fibrillin fibers, and amorphous ‘ground substance’ comprised
of hyaluronic acid, proteoglycans and glycoproteins. Like the DE], most if not all these
dermal ECM components are altered and/or dysfunctional due to aging [35]. Both
intrinsic and extrinsic aging correlate with the loss of rete ridges and flattening of
dermal papillae [29, 30]. Compared to young, non-exposed and old photo-protected
skin, the PD of chronically photodamaged skin displays marked structural changes,
the most dramatic feature of which is the presence of “solar elastosis” in the superficial
dermis. Solar elastosis consists of pathologically altered elastin fibrils [66] that present
as dense accumulations of amorphous material best visualized with trichrome staining.
The cellular composition of these dermal sub-compartments is a complex mix of
fibroblasts, endothelial cells, myofibroblasts, macrophages, mast cells, trafficking
immune cells, adipocytes, various stem cells, sensory neurites, and the differentiated
cellular components of dermal adnexa (including the hair follicle). An example of such
cellular complexity, the significance of which continues to evolve, is the apparent post-
natal plasticity of the dermal fibroblast. Single cell RNA sequencing has revealed at least
four different subpopulations of human dermal fibroblasts [67, 68], and skin aging has
been demonstrated to have a strong effect on both dermal ‘fibroblast’ phenotype and
functionality. For example, young papillary dermal fibroblasts can direct reformation
of youthful DE]J and epidermal structure and function, whereas old papillary and/or
reticular dermal fibroblast populations cannot [69]. Furthermore, it is the senescent PD
fibroblast and CD271+, laminin 332-expressing interfollicular stem cells that contrib-
ute to age-associated pathologic remodeling of the DEJ [33, 70]. Recent attention has
focused on specific dermal fibroblast subpopulations and their involvement in wound
healing, fibrosis, and loss of epidermal stem cell ‘stemness’ due to niche signaling
dysfunction. The homeobox gene engrailed-1 (EN-1) expression appears to distinguish
two types of fibroblasts; those cells expressing EN-1 are associated with fibrotic healing
phenotype whereas EN-1 negative fibroblasts promote physiologic remodeling [71, 72].
Epigenetic modulation of the fibrotic phenotype is reviewed in the next section.
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2.3 Subcutaneous layer involvement in skin aging dysfunction

The subcutaneous compartment (hypodermis) is composed mainly of cellular lipid
storage units (adipocytes) separated by thin weblike networks of specialized ECM
stroma containing microvasculature, adipose derived mesenchymal stem cells (ADSC)
and immune cells. It functions as a thermoregulatory and shock-resistant barrier, as
well as a reservoir of bioactive factors involved in systemic lipid metabolism, energy
balance, and endocrine function [73]. Subcutaneous fat also undergoes age-related
changes that are generally like the epidermal and dermal compartments where an
‘atrophic’ phenotype becomes clinically evident. With aging, subcutaneous fat depos-
its in various body locations disappear and/or are redistributed to visceral locations
elsewhere in the body, causing esthetic concerns; this redistribution is associated with
avariety of systemic age-related disease states, including insulin resistance, meta-
bolic syndrome, cardiovascular disease, and obesity [74, 75]. Of note, senescent cells
have been shown to accumulate in aged adipose tissue [76], contributing to systemic
inflammaging. Experimental clearance of senescent cells can dramatically affect the
redistribution of fat from the visceral to the subcutaneous compartment and decrease
SASP expression [77]. The mechanism(s) of adipose cell senescence has not been
clearly defined; however, ADSC exhaustion, oxidative stress by reactive oxygen species
(ROS), and niche disruption appear to play important roles [78].

The influence of adipogenic hormones in skin aging and senescence has received
recent attention with the discovery that UVB-light induced PS in human keratinocytes
can be rescued by adiponectin via its suppression of inflammatory signaling pathways
and human beta defensin-2 (#BD2) expression [79]. Human dermal fibroblasts express
adipokine receptors and both leptin and adiponectin have been shown to stimulate
expression of the ECM components hyaluronic acid and interstitial collagen [80]. These
adipogenic hormones secreted by subcutaneous fat cells thus appear to represent para-
crine cutaneous anti-aging factors for both the epidermal and dermal compartments.

‘Fat grafting’ has become a popular procedure in esthetic medicine and a variety of
other clinical indications [81, 82] with special attention focused on ADSC. These cells
can be isolated from subcutaneous fat removed during liposuction procedures after the
stromal vascular fraction (SVF) is either mechanically sorted or enzymatically digested
with bacterial collagenase, decanted (or centrifuged), washed, and grafted [83]. SVF is
composed of cellular components (pre-adipocytes, adipocytes, histiocytes, endothelial
cell progenitor cellsand ADSCs) and is a rich source of growth factors (i.e., bFGF,
IGF-1, VEGFs, PDGF-BB), matrikines, and other paracrine cellular factors. The ADSC
secretome has been well characterized, consisting of soluble protein factors and lipid
membrane particles (exosomes and ectosomes) that are used internationally in mul-
tiple therapeutic clinical trials for a vast array of indications, including dermatologic
conditions (esthetics, wound healing, fibrotic diseases, dermatoporosis, etc). It is the
loss of ADSC stemness, decreased proliferative potential, and dysfunctional secretome
expression accompanying skin aging that continues to draw intense interest [82].

3. Genetic influences on cutaneous cellular senescence

The two major molecular pathways resulting in RS and PS have been observed in the
skin [23]. These are reviewed in the following section by examining first the genetic aspects
of cutaneous cellular senescence, followed by epigenetic influences. It should be noted here
that acquisition of these cellular senescence phenotypes plays a critical role in both normal
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organismal and tissue level physiology by, for example, dampening fibrotic responses dur-
ing the remodeling phase of wound repair or suppressing tumor formation [84]. However,
it also appears to be a major pathologic driver in age-related disease states [85].

3.1 DNA damage related to telomere biology

The senescent phenotype can be activated by DNA damage at the ends of all eukary-
otic chromosomes, called telomeres, which consist of DNA loops containing noncoding
repeats of guanine-rich sequences complexed with protective oligomeric proteins
(Shelterins). Discovery that chromosomal replicative machinery responsible for somatic
cell division cannot synthesize exact duplicates of these structures led to the concept
of the ‘end-replication problem’ during serial passaging [20]; thus, telomeric DNA is
subjected to attrition because DNA polymerase fails to replicate the 3’ lagging strands.

Telomeric DNA are shortened by approximately 50-200 bp per cell division and
thus a molecular clock is achieved, reflecting the replicative history of primary cells
[86]. A specialized DNA polymerase (telomerase) is responsible for fixing the ‘end
replication problem), maintaining telomeric length, but its expression and function are
restricted to immortal postnatal cells; i vivo, comprising stem, progenitor, and cancer
cells. When cells reach their ‘Hayflick Limit’ telomeres lose enough DNA [87] to trigger
a genomic instability signal and chromosomes become ‘uncapped’ by loss of Shelterin.
This genomic instability signal is a specialized DNA damage response (DDR) and gen-
erates telomere dysfunction-induced foci (TIFs). Approximately half of all persistent
DNA damage foci are localized to telomeres, and these can trigger RS. But senescent
cells can harbor many other forms of persistent chromosomal DNA damage foci, called
DNA-SCARS (DNA segments with chromatin alterations reinforcing senescence) [9].
These dynamic structures can also trigger cell cycle arrest and SASP induction.

Independent of telomere length or uncapping by loss of Shelterins, guanine-rich
telomeric DNA repeats can become damaged by ROS, generating DDR telomere-asso-
ciated foci (TAFs), which are associated with triggering the senescence phenotype
[19]. This observation has particular relevance to the state of chronic inflammation,
SASP expression, and tissue aging (Inflammaging) in skin and other tissues [15, 88,
89], as discussed in Section 3.2.

While epidermal, dermal, and subcutaneous cellular compartments all harbor
evidence of RS in aged skin tissue, direct evidence that telomeric DNA associated RS
is involved in skin aging is supported by experiments involving ectopic expression of
human telomerase (RTERT). We reported that neonatal human dermal microvascular
endothelial cells (HDMEC) undergo RS in vitro but can become immortalized with
viral transfer of the catalytic subunit of A”TERT [90]. Furthermore, these telomerized
HDMEC formed fully functional microvessels in vivo (perfused with murine blood)
that exhibited superior durability with time after xenografting in immunodeficient
mice versus vessels created with in vitro-aged primary HDMEC [91]. As previously
reviewed, cutaneous microvasculature of aged papillary dermis is markedly reduced
and abnormally structured versus young dermis [38], presenting clinically as telangi-
ectasia and senile purpura/dermatoporosis. The roles of RS, OIS, and other senescent
pathways on skin vasculature remain to be determined.

3.2 Genotoxic and exposome insults

As noted in the introduction, cellular senescence can be induced in the absence
of any telomeric damage or loss and this premature senescence (PS) has similar
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deleterious effects on aged tissues, including the skin. The triggers for the PS program
generally fall into (a) accumulation of subcytotoxic, unrepairable, non-telomeric
DNA damage, including mitochondrial DNA (mtDNA), (b) macromolecular insults
to cytosolic and secreted proteins and lipids, and (c) metabolic dysfunction involv-
ing an altered mitochondrial-lysosomal axis [92]. All of these PS triggers have been
demonstrated in skin cells iz vitro and in vivo [93].

The molecular and cellular effects of chronic UV light exposure (photoaging) have
also been well-documented and, in many ways, more extensively than intrinsically
aged human skin. Both UVA (320-400 nm, less energy) and UVB (280-320 nm, more
energy) light cause photoaging but UVB is mostly absorbed by the epidermis, where it
causes sunburns. UVA penetrates the superficial and reticular dermal compartments
and is considered a major factor in photoaging. While both UVA and UVB wavelengths
generate reactive oxygen species (ROS), indirectly damaging DNA, UVB is also directly
mutagenic, causing DNA defects called cyclobutene pyrimidine dimers and 6-4
photoproducts [94]. Remodeling of dermal ECM favoring an atrophic phenotype is
triggered in unwounded skin by UV exposure via the activation of mitogen-activated
protein kinase (MAPK) and activator protein 1 (AP-1) signaling pathways which causes
downstream expression of matrix metalloproteinases (MMPs) in both the epidermal and
dermal compartments [95]. These same pathways block transforming growth factor beta
(TGF-p)/SMAD signaling via TGF-b type II receptor down regulation causing decreased
collagen synthesis [96, 97]. Dissection of the molecular effects of chronic UV exposure
on the DE]J and PD have been recently reviewed [33].

Our understanding of the role senescent cells play in cutaneous aging pathologies
continues to evolve. In the past, senescent cells observed in the skin with biomarkers
in vivo were believed to be passive, unresponsive bystanders recognized morpho-
logically by their enlarged, seemingly flattened, abnormal shapes and senescence-
associated (SA) p-galactosidase staining. But characterization of SASP expression
in senescent cells (and their paracrine effects) provided compelling evidence that
senescent cells are anything but passive.

It is now widely accepted that senescent cells remarkably influence surround-
ing non-senescent neighbors and ECM networks via secretion of inflammatory
cytokines, chemokines, matrikines, MMPs, tissue inhibitors of metalloproteinases
(TIMPs), and other proteinase-inhibitor systems that comprise the tissue ‘proteinase
web’ [98]. One such example is the role played by plasminogen activator inhibitor-1
(PAI-1) in modulating senescence. PAI-1 is a soluble and matrix bound serine protease
inhibitor with multiple matricellular functions and can be found at increased levels
in both dermal fibroblasts from aged donors and premature aging syndrome patients
[99-101]. Ectopic expression of PAI-1 in fibroblasts induces the senescent phenotype
and is both necessary and sufficient for RS downstream of p53 [102]. Many other
examples of SA ECM alterations have been reviewed [33].

The quintessential example of extrinsic aging involves the postmitotic dermal fibro-
blast population which responds to ‘expososomal’ damage [103] by activating DDR
pathways, triggering PS and subsequent expression of macromolecular damage profiles
involving mtDNA damage. One mechanism of mtDNA damage appears to involve UV
light-induced deletion of a significant length of mtDNA, termed the ‘common deletion’
(CD) [104]. This 49 kb mtDNA fragment contains codons for electron transport chain
(ETC) protein complexes I, IV and V which together express 72 ETC subunits, the loss
of which cripples physiologic functions of mitochondrial energy metabolism, ROS pro-
tective mechanisms, and calcium homeostasis. Tracking the mtDNA CD in human skin
revealed that both intrinsic (photo-protected) and extrinsic (chronic UV-damaged)
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skin contain this marker [105], and that dermal fibroblasts appear to be the culprit for
subsequent age-related tissue damage of ECM [106, 107].

3.3 Genetic skin diseases associated with DNA repair pathway defects

Analysis of progeroid syndromes have provided insights into molecular mecha-
nisms of intrinsic and extrinsic skin aging. Common skin phenotypic signs and
symptoms shared by both these premature aging disorders and skin aging in the
general population include skin atrophy, alopecia, fibrosis, telangiectasia, poikilo-
derma, canities and both NMSC and melanoma. Rare autosomal recessive patterns
of different mutations in DNA repair genes group these heritable disorders into those
involving; (1) multiple defects in nucleotide excision repair (NER) genes [e.g., DNA
polymerase eta (POLH) among six others] coding for repair proteins in xeroderma
pigmentosum (XP) [108], (2) transcription and transcription-coupled NER genes
in Cockayne syndrome (CS) and (3) mutations in the gene family of RecQ helicases
involved in DNA double strand break repair in Werner syndrome, Bloom syndrome,
and Rothman-Thomson syndrome [109]. In the latter three disorders, mitochondrial
defects have been well documented and correlate with cellular senescence phenotypes
[110, 111]. In XP-V null mouse models, loss of POLH leads to obesity and marked
adipose tissue senescent phenotype expression [112].

3.4 SNPs and transcriptomics

Several genome-wide association studies (GWAS) and meta-analyses performed
on young and old populations have identified single nucleotide polymorphisms
(SNPs) in genes thought to be correlated with skin aging [113-118] or ‘perceived’
facial age’ [119]. These large cohort-based studies suggest specific allelic variants
of pigmentation gene (MCIR), aryl hydrocarbon receptor gene (AHR), basonuclin
2 gene (BCN2), type-1 collagen alpha-2 gene (Col1A2) or SNPs within or near the
DIAPH2, KCND2 and EDEM1 loci all appear to correlate with both intrinsic and
extrinsic skin aging phenotypes and/or youthful skin appearance.

Of all these identified genes and their allelic variants, the biology of MCIR gene
has received perhaps the most recent attention due to its central role in modulating
human (and murine) skin pigmentation systems, the clinical influence of which led
to the categorization of Fitzpatrick Skin Phototypes. MCIR signaling is associated
with both skin cancer and skin aging via its mixed role in UV induced PS in melano-
cytes and promotion of efficient DNA damage repair [120]. Genetic variants of MCIR
(coding for G protein-coupled transmembrane melanocortin receptor-1 on mela-
nocytes) are strongly linked to increased risk of both NMSC and melanoma in both
red and brown Caucasian phototype cohorts [121]. Meta-analysis of several GWAS
studies demonstrated SNPs in or near MCIR (and SLC45A2 and IRF4) correlated with
different skin aging phenotypes using a skin surface topographic scoring system of
solar elastosis [116] and the MCIR gene may also affect inflammaging via generation
of ROS independent of its function in melanin production [122].

Gene expression studies of the skin aging phenotype have revealed several impor-
tant observations about the complexities of distinguishing intrinsic from extrinsic
mechanisms, as they appear to overlap in many important ways. In human skin,
gene profiling and transcriptomic analyses [115, 123-128] have identified thousands
of upregulated and downregulated genes in old vs. young and intrinsically aged vs.
extrinsically aged (photoaged) skin. One transcriptomic study showed genes associated
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with mitigating oxidative stress, control of lipid synthesis, and epidermal differentia-
tion were all downregulated in both exposed and photo-protected skin, whereas, elastin
expression was increased in exposed skin (consistent with formation of solar elastosis),
and interstitial collagen expression decreased in sun protected skin (consistent with
intrinsic aging) [127]. Similarly, confirming histologic studies, expression profiling

of human aging that spanned subjects between the ages of 24-70 years demonstrated
younger-appearing skin upregulated expression of the LAMA5 gene (DEJ component)
and epidermal cell-cell adhesion complex (desmosomal) genes DSC3 and CDH1 [126].

Race, sex, and skin tone of subjects also all play a role in the genetic correlates of skin
aging. The expression of some aging related genes was found to be sex-dependent in a
Caucasian sample [129], and studies in a Han Chinese sample showed distinct genetic
variants and phenotypes from that in a Caucasian population [118]. These discrete
expression patterns further highlight the complexity of cataloging aging mechanisms
in the skin and suggest that much more information would be required from a wider
diversity of samples to understand any potential global age-related changes.

Altogether, genetic factors, including telomere DNA loss, genotoxic accumulation
of mutations in both genomic and mtDNA, DDR signaling, DNA repair dysfunction,
and allelic variations in key cutaneous protective genes controlling pigmentation,
inflammation, dermal, epidermal, and subcutaneous physiology all converge on our
emerging understanding of the central role cellular senescence plays in skin aging.
What follows is a review of how epigenetic factors also influence cellular senescence
in cutaneous biology and the aging phenotype.

4. Epigenetic influences on cutaneous cellular senescence

Though the evolution to senescence is usually characterized as a genomically
driven phenotype, its manifestation can be largely characterized as an epigenetically
entrenched state. The baseline definition of a senescent cell is an otherwise mitotic
cell that has entered permanent cell cycle arrest, but this also begets a broader shift in
cell behavior and protein production. For these changes to be permanent they must be
encoded in long-term gene expression tendencies, i.e., in the cellular epigenome. The
epigenome is the composite architecture consisting of chemical and physical modifi-
cations to the DNA that do not alter the underlying coding and noncoding sequences
but instead modify its oligomeric structure and transcription. These modifications
span multiple layers from the local control of specific gene promoters to large scale
regulation of entire domains of genes.

Canonically, the epigenome is most strongly associated with cell identity, as it makes
accessible the portions of genomic DNA needed for the cell’s functional role while
segregating and silencing irrelevant regions. Thus, the most dramatic epigenetic shifts
are observed when cells differentiate from stem or progenitor states. In this full and
dramatic state transition, the function of the cell is redefined, affecting everything from
its morphology to its protein production and factor secretion [130]. For skin this can
mean, for instance, a transiently amplifying cell in the basal epidermis fully differentiat-
ing to a corneocyte through natural turnover or endothelial progenitor cells differentiat-
ing into new endothelium in response to an angiogenic signal. Conversely, cells undergo
constant but more minor epigenetic events as they are exposed to regular stimuli from
the environment, which can lead to upregulation or downregulation of certain behav-
iors [131]. For instance, methylation sequencing of the same cell type across patients
(e.g., epidermal keratinocytes) will show a distribution with perturbation on the mean
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population value based on internal and local external stimuli [132]. This heterogene-

ity evolves with different stressors, and with aging itself becomes more prominent.
Eventually the stressors can lead to enough diversity to characterize pseudostates

and pseudostate transitions that may by-and-large retain the cell’s identity but with a
different grade of functionality across multiple genes. We will discuss a few additional
examples of this in the following sections, like fibrotic versions of connective tissue cells
and pro-/anti-inflammatory versions of macrophages; however, the focus of this section
that could also be considered an epigenetic pseudostate is senescence. It meets the
criteria in that it still retains core cell identity but also dramatically affects a multitude of
genes to alter protein production and secretion profile, and thus requires a core epigen-
etic component. In this section we will review the multitude of epigenetic changes that
accompanies this pseudostate evolution in skin cells, what role they play in establishing
the senescent phenotype and how they may potentially be engaged therapeutically.

4.1 Sequence specific modulation

One modality of epigenetic is sequence specific meaning it targets specific regions
of the genetic code—either DNA or RNA. DNA base pair methylation is a well-known
example of this modality. Cytosine is the most commonly methylated base in eukaryotic
cells and when methylated, often serves to block the activity of RNA polymerase, as in
the context of CpG islands. Found in the promoter region of many genes, CpG islands
are clusters of methylated cytosine followed by guanine, wherein the methylation
inhibits (silences) the transcription of that gene [132]. Widespread hypomethylation
has been documented in aging and senescent fibroblasts, and in some cases, impairs
cell cycling pathways through the suppression of cyclin pathways. Specifically, a lack of
methylated sites leads to the upregulation of p16]INK4a which inhibits cyclin D/CDK4 to
suppress G1 phase progression, while upregulation of p14ARF leads to activation of p53/
P21 and inhibits cyclin E/CDK4 to prevent S phase progression [7]. The global methyla-
tion status of fibroblasts is directly and strongly correlated with donor chronological
age through regression algorithms known as ‘epigenetic clocks. These algorithms calcu-
late a weighted linear combination of the beta coefficients (the percent signal from the
methylated out of the total unmethylated and methylated alleles) [133]. When dermal
fibroblasts were passaged towards replicative senescence (RS) these epigenetic clocks
show aggregated methylomic evolution. The cell cycle was reengaged by overexpressing
the telomerase gene h'TERT, causing cells to progress to further doubling. However, the
epigenetic clock did not reverse and the cells continued to age, bypassing RS, further
hinting that a broader epigenetic change was occurring through the progression to
senescence rather than just the suppression of a few mitotic arrest genes [134].

Conversely, sequence specific epigenetic regulation on the level of transcribed RNA is
accomplished through feedback mechanisms by families of non-coding RNA-including
microRNAs, siRNAs, long and short non-coding RNAs, and others. These non-coding
RNAs will interact with other DNA, RNA, and proteins to regulate their expression, fur-
ther enhancing the complexity of the transcriptome over the more rigid landscape of the
methylome [135]. Thus, non-coding species are often used to not just reinforce but also
propagate the senescence response. The particular influence of miRNAs, short sequences
that complement and bind to specific regions of mRNAs to limit their stability and thus
their translation likelihood, has been explored in the context of cutaneous cell senescence
[136]. For instance, UV-induced senescent fibroblasts are known to produce miR-34
which targets a number of transcripts within these cells for cell cycle regulatory genes like
MYC and BCL2 as well as genes for other epigenetic factors such as E2H and SIRT1 [137].
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Meanwhile, in wounding-induced senescence the extracellular secretion of miR-21 as

part of the SASP phenotype triggers the activation of resident macrophages to drive the
local inflammatory response [138], but these represent only a few of a handful of drivers.
Senescent keratinocytes, for instance, have displayed upregulation of over a hundred
different microRNAs correlated with expression of the senescence biomarkers p16, p53,
and senescence-associated f-galactosidase (SA-B-Gal) [136]. Together, these mechanisms
represent the precise regulation of specific genomic targets and interfering with transcrip-
tion machinery as one mode of enforcing the senescent epigenetic state.

4.2 Compaction

For regulation across gene domains (~150 base pairs or greater), the epigenome uses
methods of physical compaction to close off regions of the genome from transcription.
The negative charge of the DNA attracts it to wrap around the positively charged protein
octamer spools called histones, which segregate the sequences away from transcription
machinery. Chemical modifications like methylation, acetylation, and ubiquitination of
the amino acid residues on the tails of these histone proteins alter the charge interaction
with DNA and with other histones influencing oligomeric structure [139]. Senescence
engages in this mechanism by modulating the enzymatic activity that regulates these
histone tails. For example, the activity of methyltransferases like EZH2, which adds
trimethylation to the lysine residue 27 of histone 3 (H2K27me3), is reduced in senescent
cells. This reduction in the resulting H3K27me3, especially at the INK4a/ARF locus
mentioned previously, reinforces the discontinuation of the cell cycle [8]. Other forms of
histone tail modification include acetylation, which tends to promote more transcription.
One of the most well-studied classes of deacetylation enzymes is the sirtuin family of
proteins. In both fibroblasts and keratinocytes, Sirtl and Sirt6 directly respond to DNA
damage and inflammation, but their expression is diminished in senescent cells [140].
Interestingly, both Sirt1 and Sirt6 also play an active role in regulating collagen balance,
thus their downregulation could be conceptually likened to senescence of the dermal
ECM and its turnover, just like that of cellular turnover.

Histones can also be modified through changes within the core octamer proteins
themselves and a hallmark example of this phenomenon is the variant species of the
H2A protein known as H2A J. This modified protein is prevalent in a lot of senescent
skin cell types where it weakens the binding of another histone in the complex, H1,
triggering a signaling cascade that preempts the interferon response and contributes to
initiation of SASP expression [141]. In senescent epidermal keratinocytes in particular,
the increase in H2A J variants is correlated with arrested cell cycle and maturation of
the basal cells into mature corneocytes, thus it may play a direct role in the morpho-
logic phenomena of epidermal thinning seen with age [142]. The broader contribution
of these histone changes, along with local DNA methylation shifts, is the transition to
wide-reaching genome compaction in senescent cells, for example the condensation
of senescence associated heterochromatin foci, as in H3K9me3 rich regions of nuclease
resistant compact facultative heterochromatin [11]. These foci are seen across skin cell
types like fibroblasts and keratinocytes and are thought to entrench the senescent state
by long term segregation and silencing of mitotic genes [143]. However, the evolution
of these foci seems to be specific to the type of senescence induction, most prominent
in OIS, suggesting that senescence itself may even be a family of pseudo-states rather
than a distinct, singular manifestation [144]. Nevertheless, in general, these forms of
epigenetic modification which bias entire regions of genes from active to passive and
vice versa truly embody a cell state/pseudostate.
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4.3 Alternative epigenetic pseudostates

The natural and prevalent engagement of senescence, even in young tissues, reflects
its role as a form of stress response. In fact, a major function of senescence is to prevent
the evolution of alternate, more detrimental states of the cells and tissue under these
conditions. One such competing epigenetic pseudostate is fibrosis. The fibrotic transi-
tion is a common feature in the pathological evolution of many tissues, i.e., hypertro-
phic scarring and keloids in the skin, idiopathic pulmonary fibrosis in the lung, cirrhosis
in the liver [145]. A key component of fibrosis is the differentiation of various cell types
including fibroblasts, adipocytes, epithelial cells, and endothelial cells into a population
known as myofibroblasts [146]. As mentioned, differentiation is canonically an epigen-
etic event as cells convert and specify their functional gene regions while silencing other
unused regions. It involves the same modalities of control—methylation, histone tags,
chromatin structure, etc.—often with more dramatic and permanent modifications.
These activated myofibroblasts are critical for the repair response in that they secrete
superfluous extracellular matrix (ECM) components (Collagen 1, alpha-smooth muscle
actin (a-SMA), fibronectin, etc) that accumulate in the connective tissue [147]. At the
same time, these cells diminish the process of anabolic degradation of ECM through
reduction of MMPs [148]. Unbridled overgrowth of these myofibroblasts, as evidenced
by the overactivation of growth factors like connective tissue growth factor (CTGF),
leads to the buildup and disorganization of the connective tissue [149]. Senescence in
this context is thought to be a responsive, secondary epigenetic evolution that is engaged
to shut down this population and stop the overgrowth [150]. These processes—from
the epigenetic cell identity shift (e.g., epithelial-to-mesenchymal or fibroblast-to-
myofibroblast transitions, depending on the starting cell types) to the epigenetic
proliferation-suppressed state (induction of senescence)—represent relatively fast
epigenetic turnovers. As such, a key mediator of this rapid transition is thought to be the
slew of non-coding RNAs, like let-7 g to engage TGFbeta driven myoblast conversion
and miR-127-3p to induce p53/p21 drivers of senescence [151, 152].

Another alternative pseudostate that competes with senescence is of course cancer
and more particularly for skin, melanoma. Like senescence, cancer is a state transition
that involves bypassing apoptotic pathways, yet these aberrant cells also bypass the
suppression of their cell cycle gene networks [14]. It is thought that melanoma cells
are able to undo the senescence epigenetics and re-engage the cell cycle due to the
deleterious recruitment of epigenetic enzymes, like histone demethylases and Jumonji
proteins [153]. This means a host of pathways whose methylation would otherwise
lead to cell cycle suppression, like the p15INK4B or the p27Kipl pathways, are methyl-
ated without cell cycle arrest in melanoma [154-156]. The use of inhibitors to target
these epigenetic enzymes seems to be a promising methodology to restore the cell
cycle arrest and control the cancerous growth [157].

An interesting intersection of epigenetic and oncogenic pseudostates is high-
lighted in Merkel cell carcinoma (MCC). This aggressive, non-melanoma skin cancer
is rare but occurs primarily in the elderly and immunosuppressed. Interestingly,
methylation clock analysis of MCC cells shows their epigenetic age as significantly
younger than the chronologic age of the patients from which they were derived—a
stark contrast from the continually progressing epigenetic age of senescent cells.
Further analysis of these MCC cells did not indicate any signs of pluripotency [64].
The mechanism by which MCCs reverse their epigenetic age is still unknown, how-
ever, it may be related to other epigenetic alterations recently discovered in this cell
type, including decreased H3K27me3 expression [158, 159] and overactivity of the
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lysine-specific histone demethylase 1A [160, 161]. These are just some examples of
this fundamental need to tightly control and disengage mitotic networks and why
senescence requires a complex regulatory architecture like the epigenome.

4.4 Enablers of senescence

The phenomenon of senescence is promoted by the epigenetics of not just the
arrested cells in question, but also that of the other resident cells that enable this transi-
tion. Though senescence is thought to be a permanent state, the persistence of senescence
in the tissue is only meant to be transient. This is because the key function of this state
is to respond to stressors by retaining cells, despite their damage, to maintain the tissue
temporarily while preventing them going down the more detrimental alternate routes
mentioned, all the while signaling the immune system and other repair mechanisms.
When the immune system is young and efficient its cells are recruited to the skin and
other tissues to clear out the senescent cells [162]. With aging, however, the number
and lifetime of these senescent populations increases due to the altered epigenetic
pseudostates of the senescent clearing cells as well, contributing to innate immunosur-
veillance dysfunction of the skin. One example of this is in the dominance of the pro-
inflammatory M1 macrophage pseudostate over the anti-inflammatory M2 macrophage
pseudostate [163]. There are a number of histone methylation and acetylation modifiers
that play a role in pseudostate fate decision, for instance histone deacetylase 3 promoting
M1 macrophages or the SYMD family of methyltransferases promoting M2 macrophages
[164]. With the accumulation of stressors over a lifetime, the more pro-inflammatory
epigenetic pseudo-states are favored in skin and other tissues, especially in response to
factors like SASP or inflammaging [165]. In addition, in some disease states like type 2
diabetes, the wound healing response and inflammation tends to exaggerate the M1 state
response with focal DNA methylation components at sites like peroxisome proliferator
activated receptor gamma (PPARy) or and elevation of miR-125b [164]. This epigenetic
shift in the balance of macrophage cells then ties back to senescence as the M1 macro-
phage predominantly engages in more phagocytic clearance of foreign pathogens, while
the M2 macrophages carry out more phagocytic clearance of damaged host cells (effe-
rocytosis) [166]. This, coupled with the fact that senescent cells develop ways to better
evade apoptosis, means that they are more likely to accumulate [167] in aged tissue.
There are additional immune cell types that are similarly driven by the pro-inflammatory
transition, yet become impaired at senescent cell clearance, including NK cells and neu-
trophils [167]. Altogether, this epigenetic evolution of the regulator cells, part of inflam-
maging, proves just as critical to the manifestation of a sustained senescence pressure in
cutaneous tissue as epigenetic changes engaged in the non-dividing cells themselves.

4.4.1 Distinction from temporary cell cycle arvest

Though sometimes associated with senescence, somatic stem cells (as opposed to dif-
ferentiated cells) are typically associated with another form of cell cycle arrest, known as
quiescence. Because their role is to remain as a niched tissue reserve, they often enter peri-
ods of temporary cell cycle arrest with a prolonged GO, instead of a permanent one, until
they are called to activate, to proliferate and differentiate, by a stressor [168]. One major
epigenetic distinction that enables this temporary quiescence vs. permanent senescence is
the utilization of bivalent domains. These are regions of genes that are regulated by both a
repressive histone tag as well as an activating one, that allows the region to rapidly switch
from one state to another depending on stimulus [169]. A prime example of the use of this

52



Genetic and Epigenetic Influences on Cutaneous Cellular Senescence
DOI: http://dx.doi.org/10.5772/intechopen.101152

is in the coinciding utilization of repressive H3K27me3 and activating H3K4me3, which
maintains a tenuous baseline suppression of the gene region. This pair forming a bivalent
domain is widely used throughout the embryonic stem cell genome, establishing its broad
potency as a cell type with the potential to express a lot of different proteins [170]. But
when the same domains were searched for in dermal hair follicle stem cells (HFSC), they
were found to be substantially restricted to lineage-specific factors like Sox9 and Nfatc1
and growth factor FGF18 [171]. Then, when these HFSC were stimulated to activate, many
of the genes with H3K4me3 activating markers, which are located primarily near the gene
promoters, were further reinforced by additional H3K79 dimethylation in the gene body,
to tip the scale from suppression to activation [171]. These genes included many cell cycle
regulators which, when combined with the cell lineage factors, properly executed differ-
entiation. Thus, this mechanism of readily switchable suppression to expression estab-
lishes a major distinction in epigenetic regulation from cell cycle in quiescence from that of
senescence where the cell cycle genes are more permanently, epigenetically suppressed.

4.4.2 Manipulability of senescent epigenetics

Earlier, we mentioned how drugs targeting epigenetic enzymes represent one meth-
odology for modulating some of the epigenetic changes that drive senescence, such as
senolytic therapies. However, a broader and more dramatic approach of epigenetic evo-
lution is through the process of cellular reprogramming. This technology was inspired
by the core epigenetic reset that occurs during the process of reproduction in which
sperm and egg, two cells with very precise roles and epigenetic identities, are repro-
grammed to make embryonic cells—epigenetically plastic cells that can differentiate
into any cell in the body. The isolation and recapitulation of this process in any desired
cell type was achieved through the discovery of core transcription factors [172]. When
overexpressed in cells, this set of core transcription factors would drive a full epigenetic
remodeling to produce embryonic-like cells with all their differentiation potential. This
process is called induced pluripotent stem cell reprogramming (iPSC) and has been uti-
lized in a variety of different cell types with dermal fibroblasts being the gold standard
for many studies [173]. Even fully senescent fibroblast populations established from 51
population doublings and maintained for two months in culture, successfully showed
iPSC reprogramming, as evidenced by revived proliferation, reduced p16 and p21, and
re-differentiation after reaching the pluripotent state [174]. Crucially, the re-differenti-
ated progeny were once again able to be passaged into senescence, thus suggesting that
malignant transformation was not induced during the entire process. Furthermore, one
of the key reprogramming factors Oct4, has been shown to independently re-engage
senescent hair follicle mesenchymal stem cells back into cycling by engaging a host of
DNA methyltransferase to inhibit the p21 pathway [175]. More recently researchers
have shown that the prevalence of senescence in a population can be reduced with even
a transient application of the reprogramming factors [176-178]. Though whether this
means a re-engagement of senescent cells in the cell cycle or simply competitive growth
advantage of healthy cells remains to be seen. This represents an enticing new possibil-
ity in that epigenetic manipulation may possibly counter the accumulation of senescent
cells in many aged and diseased tissues, including the skin.

5. Conclusion

The skin represents an excellent organ system in which the effects of cellular
senescence manifest as observed clinical changes in organismal health and disease.
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A myriad of processes drives the genomic erosion that instigates the transition to
senescence. Some of these processes are more stereotyped, engineered into the cell
by design, and are observed in chronologically aged skin, while others are stochastic
and driven by environmental conditions, exemplified by exposomal damage. Either
way, the result is an evolution of the entire state of the cell. This means more than just
the direct arrestation of the cell cycle, but also entails changes through the cellular
transcriptome, proteome, and secretome as encoded by alterations to the core cellular
epigenome. This also involves a myriad of changes to the many layers of architecture
that encode a cell’s function and identity. The global process is critical for the skin’s
ability to retain functional integrity upon stress and insult as the first line of defense
for the body, and in many ways, senescence represents the least of multiple evils.

This review gives a glimpse of how and why intrinsic and extrinsic factors trigger
cutaneous cellular senescent phenotypes, leaving several important questions unan-
swered. For example, which genetic and epigenetic factors determine the dominant
decision pathways favoring senescence vs. apoptosis or any other disease states for
different skin compartments? How are the various types of senescence manifestations
comparable in terms of evolution and manipulability? What are the molecular and
cellular consequences of therapeutic re-engagement of senescent cells into the cell
cycle? As the focus on aging grows as an ever more prominent factor in clinical and
investigative dermatology, insights on these questions into the nature of senescence
become a critical step towards both dermatologic therapeutic advancement specifi-
cally and translational medicine in general.
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Chapter 4
Cellular Senescence in Bone

Danielle Wang and Haitao Wang

Abstract

Senescence is an irreversible cell-cycle arrest process induced by environmental,
genetic, and epigenetic factors. An accumulation of senescent cells in bone results in
age-related disorders, and one of the common problems is osteoporosis. Deciphering
the basic mechanisms contributing to the chronic ailments of aging may uncover
new avenues for targeted treatment. This review focuses on the mechanisms and the
most relevant research advancements in skeletal cellular senescence. To identify new
options for the treatment or prevention of age-related chronic diseases, researchers
have targeted hallmarks of aging, including telomere attrition, genomic instability,
cellular senescence, and epigenetic alterations. First, this chapter provides an over-
view of the fundamentals of bone tissue, the causes of skeletal involution, and the
role of cellular senescence in bone and bone diseases such as osteoporosis. Next, this
review will discuss the utilization of pharmacological interventions in aging tissues
and, more specifically, highlight the role of senescent cells to identify the most
effective and safe strategies.

Keywords: bone, senescence, osteoporosis, bone remodeling, telomere dysfunction,
senolytic drug

1. Introduction

Aging is an inevitable physiological condition that comes with organ and tissue
function impairment. It is the most significant risk factor for developing chronic dis-
eases, including cancer, cardiovascular disease, metabolic dysfunction, osteoarthritis,
and osteoporosis. Osteoporosis originated from the Greek word for porous bones, is
one of the most common metabolic diseases. Associated with advancing chronologi-
cal age, it affects more than 200 million patients worldwide and increases morbidity,
mortality, and creates a significant burden of economic expenditures [1, 2]. Given
that the population segment with the most rapid growth is the elderly in many
countries, osteoporosis could present a global challenge impacting affected individu-
als’ health quality and life span. Characteristics of aging bone are low bone mineral
density and deterioration of bone architecture, producing weakened bone prone to
fractures. Thus, osteoporosis presents severe global health concerns, disposing to over
9 million fractures every year [3]. Senescent cells play a crucial role in aging bone;
therefore, it is essential to understand the cellular and molecular mechanisms to
develop treatments to prevent age-related diseases and maximize a healthy life span.
This chapter provides a comprehensive treatise of senescence in bone and emerging
therapeutic approaches to treatment.
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2. Physiology of bone tissue

The skeletal system is one of the most complex structures in mammals and
is essential for storing and maintaining the homeostasis of the body’s minerals.
Composed of various bones, cartilages, ligaments, tendons, and other tissues, it pro-
vides the framework for the body, supports locomotion, and protects vital organs such
as the brain and bone marrow. It is commonly thought that the metabolic functions
are carried out primarily by trabecular bone and the mechanical functions mainly by
cortical bone. Bone, specifically, is a complex tissue that exhibits four types of cells:
osteoclasts, bone lining cells, osteocytes, and osteoblasts. In addition, it houses bone
marrow and serves as the main reservoir for the body’s calcium and phosphate.

Bone is a highly dynamic tissue that adapts to change and is constantly shifting
throughout life. The most rapid rate of bone modeling occurs during childhood and
adolescence, where bones are architecturally modified to support skeletal functions.
Moreover, human skeletal tissue is in a constant state of remodeling throughout life
[4]. A retained net bone mass is needed for homeostasis.

3. Senescence in bone

Discovered more than five decades ago by Hayflick and Moorhead [5], cellular senes-
cence has played a significant role in our understanding and advancement in science. By
definition, cellular senescence is a permanent state of cell cycle arrest characterized by
specific phenotypic changes [6]. Characteristics include distinct cellular morphological
alterations, gene expression, chromatin structure, cell signaling, and the senescence-
associated secretory phenotype (SASP). Cellular senescence is found in bone and pro-
motes age-related diseases such as osteoporosis [7]. In addition, senescent cells damage
bone remodeling by impairing bone formation and osteoblast progenitor cell function,
thus promoting osteoclastogenesis [8]. This is triggered by various stressors, including
oxidative stress, genomic instability, and telomere shortening (replicative senescence).
Telomeres protect chromatins and help maintain replication and genome stability.

The various physiological and pathological processes such as remodeling, aging,
and injury can cause cells to become senescent. With aging, more cells become senes-
cent and accumulate in tissues, including bones. A prominent characteristic of cell
senescence is the SASPs, which are proinflammatory proteins that are primary contrib-
utors to their disease-inducing properties. Cyclin-dependent kinase inhibitors (CDKis)
such as p16, p21, p27, the release of cytokines, chemokines, and soluble factors, causes
this impaired microenvironment known as SASP. The SASP increases proinflammatory
factors and upregulates NF-xB, contributing to aging bone disease [9].

As a hallmark of aging, it is essential to understand cellular senescence to
effectively identify novel drugs to treat osteoporosis. Moreover, targeting cellular
senescence has emerged as a therapeutic target for preventing or treating age-related
diseases. Clearing these cells in mouse models has delayed tissue and organ dysfunc-
tions [10]. In addition, senescence has been shown to have antiproliferative effects, a
fundamental key to identifying novel drugs to treat osteoporosis.

4. Etiology of bone senescence

Bone loss is a part of the natural aging process in both men and women [11].
Developmental, genetic, and lifestyle factors (lack of physical activity, injuries,
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Pa%hogenesis of osteoporosis. Aging and various environmental exposures can induce DNA damage and instability,
oxidative stress, telomere attrition, dysfunction at the molecular level, and cell cycle arrest and senescence at the
cellular level. These will break the remodeling process of bone formation and resorption, decrease bone mineral
density, and progress to osteoporosis.

medication use, smoking, poor diet) contribute to bone fragility in older people. The
skeletal system goes through progressive bone loss, where changes in bone quality
and quantity will occur. An accumulation of weakened skeletal bone may result in
osteoporosis. Advancing chronological age is one of the significant risk factors for
osteoporosis [12]. Characteristics of aging bone include low bone mineral density and
weakened bone architecture, significantly increasing the risk of fractures for affected
individuals (Figure1).

5. Osteocyte and osteoblast differentiation

Throughout life, old bone is replaced by new bone, a process termed bone
remodeling. This continuous cycle is necessary for fracture healing and adaptation to
mechanical strains such as exercise. Bone regeneration occurs within bone cavities to
target and replaces bone with accumulated microfracture fatigue.
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On a cellular level, the well-balanced actions of three main specialized cell types,
osteoclasts, osteoblasts, and osteocytes, regulate bone homeostasis [4]. Osteoclasts
resorb damaged bone, and osteoblasts subsequently refill the resorbed area with an
equal amount of new bone matrix. Osteocytes are mechanosensory cells that act as
the central coordinators of this balanced process in transmitting signals needed to
sustain mechanical loads [13, 14]. Disruption among the actions of this repertoire can
turn to bone pathological conditions such as osteoporosis and rheumatoid arthritis.
On a subcellular level, the bone matrix is changed by rearrangement of trabecular
struts, changes in calcium deposition, subperiosteal expansion, and enlargement of
the medullary cavity. Unrepaired micro-damaged bone reduces bone health, resulting
in the mechanical failure of the tissue (fracture). The remodeling process is the same
in cortical and trabecular bone.

Under normal physiological conditions, the amount of bone resorbed and replaced
is equal, maintaining the bone mass. This process relies on having an adequate supply
of osteoblasts, which comes from the generation of stimulatory signals for osteoblast
formation produced by osteoclasts and osteocytes released during resorption [15].
Osteocytes regulate this fundamental bone regeneration process by sending signals
to osteoclasts and osteoblasts to control their actions [16]. Furthermore, there is an
association between lower osteocyte density in human central cancellous bone and
increased surface remodeling [17], an independent contributor to bone fragility [18].
Therefore, a primary strategy in finding therapeutic targets to treat osteoporosis
involves targeting osteoclasts [19].

Several molecular mechanisms concur to regulate osteoblast/osteoclast/osteocyte
activity. The main one involves the receptor activator of nuclear factor-kappa-B
ligand (RANKL) of tumor necrosis factor (TNF) superfamily ligand 11 (TNFSF11)
[20]. This cytokine is expressed on the surface of osteoblasts and osteocytes. On the
membrane of osteoclast precursors and mature osteoclasts, RANKL binds to its recep-
tor RANK, a ligand-receptor binding process termed the critical paracrine system,
regulating osteoclast function. This process can be inhibited by osteoprotegerin
(OPG), a decoy of RANKL produced by osteoblasts and osteocytes.

Moreover, osteocytes regulate bone formation by secreting modulators of the
wingless-type mouse mammary tumor virus [MMTV] integration site members
(Wnt) signaling pathways. These include activators nitric oxide and ATP, inhibitors
sclerostin SOST, as well as dickkopf-related protein 1 (DKK1)). Wnts modulate cell
proliferation, differentiation, and stem cell remodeling [21]. Previous studies have
found that the activation of Wnts impacts osteoblasts and osteoblast lineages by
increasing quantities and enhancing the functionality of osteoblasts [22]. Recently,
studies were done in vivo to test whether the Fzd-Lrp receptor with Wnt mimetics can
activate Wnt/p-catenin signaling and promote rapid bone growth [23]. It was found
that within 2 weeks after treatment with selected Wnt mimetics, bone mineral density
and vertebral cortical and trabecular bone growth increased significantly [23]. This
could provide a therapeutic therapy used to target bone diseases such as osteoporosis.

However, with aging, the bone remodeling process is affected. Osteoporosis occurs
when bone metabolism is perturbed. In addition, chronic diseases such as estrogen
deficiency, malignant disease, and chronic inflammation also cause the uncoupling
of osteoclasts and osteoblasts [24, 25]. As a result, less new bone is formed relative
to the resorption of old bone, ending in a net bone loss. The cortical and trabecular
thinning thereby leads to an overall bone loss and fragility. Thus, bone remodeling
causes a drastic loss of bone mass and strength over prolonged periods, eventually
osteoporosis.
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6. Sex steroid deficiency

The process of senescence in bone begins after peak bone mass is reached. This
is generally during the third decade of life but varies between sexes. Estrogens and
androgens are hormones that play crucial roles in skeletal homeostasis during growth
and adulthood.

Estrogen is the primary hormonal regulator of bone metabolism, inhibiting osteo-
blast and osteocyte apoptosis [26, 27]. Therefore, a decrease in androgen and estrogen
levels negatively affects bone remodeling by causing the uncoupling of osteoclasts
and osteoblasts [28]. Hormonal withdrawal also contributes to mineral disturbances
with calcium absorption [29].

The association between a decline of estrogen levels in postmenopausal women
and the onset of osteoporosis was first noted by Fuller Albright in 1940. Since then,
estrogen deficiency has become the primary cause of bone loss in older women [11].
An accelerated decrease occurs in the perimenopausal period when there is rapid
bone remodeling. As a result, women experience the loss of whole trabecular com-
ponents and combined with a negative remodeling balance, the bone loses mass and
strength. In addition, estrogen levels affect T cells by increasing tumor necrosis factor
secretion, promoting RANKL-induced osteoclastogenesis [30]. In men, a loss of both
estrogens and androgens is associated with a loss of bone mass and the development
of osteoporosis [31]. Small increases in estrogen levels can improve bone health
without some of the adverse effects of conventional-dose estrogen therapy [32]. Sex
steroids can regulate osteoclastogenesis and the survival of osteoclasts [33].

7. Pathology

Cellular senescence has been identified as a response to multiple stressors.
Common denominators of aging include telomere attrition, genotoxic agents, oxida-
tive stress, chromosome instability, and oncogene activation. Skeletal involution
results from the accumulation of poor nutrition, immobility, and the effects of
treatments, all of which often come with old age. Mediated with bone remodeling, the
progressive and cumulative pathologies of these factors contribute to the pathogen-
esis of osteoporosis.

71 SASP

Bone homeostasis is a balanced equilibrium between osteoblast and osteoclast
activities. In senescent cell microenvironments, osteocytes control myeloid lineage
cells [34]. Therefore, the SASP can be the cause of some of the severe effects of
senescent cells. With aging, more osteocytes become senescent that acquire a new
phenotype. As a result, they secrete various factors, including proinflammatory
cytokines, growth modulators, which collectively comprise the SASP. Regulated at
epigenetic, transcriptional, and posttranscriptional levels, SASP plays a critical role in
contributing to various outputs of senescence [35]. For example, SASP factors medi-
ate developmental senescence, wound healing, and tissue plasticity. In addition, the
SASPs secrete signals that are communicated and amplified by neighboring myeloid
lineage cells (such as B cells, osteoblasts, and T cells), resulting in the overproduction
of proinflammatory cytokines. As a result, it contributes to chronic inflammation and
creates a toxic local microenvironment that contributes to age-related bone loss.
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7.2 DNA damage

DNA damage is considered to be the root of aging-associated multimorbidity [36].
It is caused by exposure to harmful exogenous factors (such as chemical compounds
in the environment, chemotherapy, and UV radiation from the sun) and endogenous
factors (such as reactive oxygen species and metabolic by-products). Consequences
of accumulated DNA damage happen on the cellular and molecular levels. With
aging, there are impaired cell and organ functions, inflammation, and cancer [36].
On the cellular level, DNA damage induces permanent cell-cycle arrest. It molecularly
triggers genome instability with chromosome aberrations and mutations. Irreparable
DNA damage accumulation in tissues and organs leads to cellular senescence, one of
the main driving forces of aging [37].

7.3 Telomeres

Telomere dysfunction is induced in response to DNA damage. About half of the
DNA damage foci in senescent cells localize to telomeres. Accumulated and progres-
sive telomere shortening is a senescence biomarker and drives the aging process, a
concept first discovered in the late 1980s [38]. Telomeres are short DNA sequences
found at the ends of eukaryotic chromosomes that determine cellular life span [39].
Telomeric TTAGGG repeats and compound proteins make up the ends of chromo-
somes or the cap. The cap protects the telomere ends from appearing as double-break
strands and prevents chromosome fusion and genome degradation.

During each cell replication, DNA polymerase cannot fully replicate chromosome
ends, resulting in a loss of DNA. Accumulation of DNA damage at telomeres causes
uncapping. With each cell division, telomeres shorten in length, and cell proliferation
is restricted [40], a phenomenon termed replicative senescence [41]. To counteract
telomere shortening, a specialized ribonucleoprotein enzyme called telomerase
synthesizes new telomeric DNA [42].

The result of telomere shortening is telomeric DNA loop destabilization and
telomere uncapping, which produces telomere dysfunction-induced foci (TIFs). This
further activates the DNA damage repair (DDR), which recognizes double-strand
breaks and activates the p53/p21 and p16 pathways [43]. These factors result in the
pre-senescent cells withdrawing from the cell cycle and becoming senescent, which
increases with age [44]. Furthermore, through inflammatory cytokines and impaired
growth signaling, DDR results in replicative senescence [43].

7.4 Oxidative stress/ROS

Oxidative stress is a potential cause of results from various diseases and an impor-
tant mechanism in bone degradation. Aging causes an increase in reactive oxygen
species (ROS), which results in an imbalance of ROS and antioxidant defenses.
Increased reactive oxygen species influence numerous cellular processes, including
the timing of death by apoptosis, and have been linked to aging and the development
of age-related diseases. It can damage DNA and contribute to aging. It has been found
that oxidative stress increases with age in the bone of female or male C57BL/6 mice
[33]. Oxidative stress alters the bone remodeling process by disrupting osteoclast and
osteoblast activity. This can result in low bone mineral density, the characteristics of
osteoporosis.
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7.5 Oncogene stress

DNA damage is also responsible for oncogene-induced senescence (OIS).
Oncogenic stress is commonly known as a critical mechanism of cancer. Oncogene
activation is genetic stress and phenotypic changes that induce senescence. With acti-
vated oncogenes, there are high levels of replication. Pathways such as the ataxia
telangiectasia and Rad3-related (ATR), ataxia-telangiectasia mutated (ATM), and
P53 converge with the cyclin-dependent kinase inhibitors p16, p21, and p27 and
hyperphosphorylation of the retinoblastoma protein, thereby triggering withdrawal
from the cell cycle [45].

7.6 Glucocorticoid-induced osteoporosis

Glucocorticoids are drugs used to suppress allergic, autoimmune, and inflamma-
tory diseases. However, prolonged use of glucocorticoids can result in complications
such as glucocorticoid-induced osteoporosis (GIO). Glucocorticoids cause senes-
cence in various cell lines and have been found to stimulate the p21 gene expression.
During the initial treatment, this drug increases bone resorption with an enhance-
ment of osteoclast maturation and differentiation. However, long-term use inhibits
osteoclastogenesis by promoting apoptosis of osteoblasts and osteocytes [46, 47].
Dexamethasone, a type of glucocorticoid, was found to promote cell senescence and
activate parts of SASP through inhibition of osteoblast function [48]. This resulted
in decreased bone formation and increased bone resorption. Other effects include
suppressing insulin-like growth factor 1, which promotes bone formation and further
causes collagen degradation and osteoblast apoptosis [48].

7.7 Chronic inflammatory diseases

Chronic inflammatory diseases are associated with bone loss, which increases
bone resorption and decreases bone formation, resulting in a bone deficit [24, 49].

The summary of the pathological factors that induce cellular senescence is pro-
vided in Table 1.

Pathological factors Causes Mechanisms

SASP Aging Chronic inflammation

DNA damage Aging, environmental factors Cellular senescence

Telomere dysfunction DNA damage Telomere uncapping, activates the p53/p21 and
pl6 pathways

Oxidative stress / ROS Aging imbalance of ROS and antioxidant defenses

Oncogene stress DNA damage (i.e. cancer) oncogene-induced senescence. Inhibits,
osteoclastogenesis

Glucocorticoid Glucocorticoid drugs stimulate the p21 gene expression, Osteoblast
apoptosis

Chronic-inflammation Chronic-inflammatory Increase osteoclast function, decrease osteoblast

diseases (i.e. arthritis function
Table 1.

Summariged mechanisms of bone senescence.
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8. Treatment

Both nonpharmacological (lifestyle factors, supplements) and pharmacological
(antiresorptive and anabolic) treatments exist. The chapter also highlights the ongo-
ing advancements of senescence research on aging-bone diseases (Figure 2).
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Treatments of osteoporosis. Antiresorptive and anabolic and senolytic treatments of osteoporosis. These treatments
target different pathways. Anabolic treatment options include teriparatide (A), strontium ranelate (B), and
romosozumab (C). The antiresorptive treatment includes bisphosphonates (D), calcitonin (E), denosumab (F),
cathepsin K inhibitors (G), and SERMs (H). With particular regard, senolytic drugs treatment includes Fisetin,
Dasatinib, quercetin, and D + Q.
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9. Nonpharmaceutical

Optimizing lifestyle factors by diet and physical exercise is beneficial to bone
health. Physical exercise and an active lifestyle have a significant impact on bone
health. During the muscular activity, the mechanical forces produced are sensed by
osteocytes and promote bone growth. In response to exercise, skeletal muscle also
secretes myokines, which are molecules that directly affect bone metabolisms, such
as irisin, myostatin, and insulin-like growth factor-1 [50]. Exercise also restores body
coordination and balance, decreasing the risk of falls, especially among older people.
On the other hand, limited physical movement and muscle atrophy with old age result
in osteoporosis [51].

In addition, an increase in nutrient intake, specifically vitamin D, protein, cal-
cium, and vitamin K2, will slow osteoporotic regression. Vitamin D has a critical role
in regulating calcium homeostasis and bone metabolism. In addition, calcium and
vitamin D can suppress serum levels of parathyroid hormones and stimulate bone
growth, making them have an antiresorptive effect. The daily calcium intake recom-
mendation is between 800 and 1200 mg, and vitamin D intake is 800 IU per day for
men and women over 50 [52].

Vitamin D insufficiency and low serum calcium levels are widespread in elderly
people, contributing to lower BMD and increased bone fragility [53]. Dietary sources
are the preferred option, but supplementation is beneficial, especially in elderly
people. With daily calcium and vitamin D supplements, fracture risk drops signifi-
cantly, making them essential in aging-bone disease treatments [54]. In most clinical
studies testing the efficacy of antiresorptive and anabolic therapies, calcium and
vitamin D have been used. When given together, they have been found to have been
effective in preventing fractures [53, 55]. However, in most clinical cases, calcium
supplementation is subsidiary to bisphosphonates or anti-RANKL drugs [56].

Nutraceuticals are substances including isolated nutrients, dietary supplements,
herbal products, and medical foods. For example, higher intakes of antioxidants, phy-
toestrogens (plant compounds that function like estrogen agonist-antagonists), and
other minerals such as phosphorus can be markers for a healthy lifestyle [57, 58].
Phosphorus is another critical factor in preventing aging-bone diseases such as
osteoporosis. It is an essential nutrient for bone formation, but too much of it harms
bone health [58].

Physical exercise and muscle fitness have a dramatic impact on bone health.
Muscle secretes a set of molecules, known as myokines, directly affecting bone
metabolisms, such as irisin, myostatin, and insulin-like growth factor-1. During
activity that produces mechanical force, osteocytes sense this and convert it into bone
deposition. On the contrary, disuse or muscle atrophy results in osteoporosis.

10. Pharmaceutics

The search for armamentariums targeting metabolic bone diseases is increasing.
Currently, various antiresorptive and anabolic therapies are available as treatments
for osteoporosis [23]. Antiresorptive therapies are the most common pharmacological
tools to prevent osteoporosis progression. These drugs inhibit osteoclast proliferation
and the recruitment and differentiation of its precursors [54]. It is suggested for early
menopausal women or patients with moderate osteoporosis. Anabolic therapies are
another option for treatment that targets osteoblasts to stimulate bone mineralization.
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In comparison to antiresorptive medications, anabolic agents reduce fracture risk
more efficiently. Thus, these should be considered first-line therapy for patients at
very high risk or with a history of vertebral fracture [59]. In addition, pharmaceutical
medications seek to improve bone fidelity and architectural foundation for long-term
skeletal health. Therefore, the search for armamentariums targeting skeletal diseases
is increasing. Currently, various antiresorptive and anabolic therapies are available as
treatments for osteoporosis [23].

Bone homeostasis is a balanced equilibrium between osteoblast and osteoclast
activities. In senescent cell microenvironments, osteocytes control myeloid lineage
cells [34]. With aging, more osteocytes become senescent that produces SASP signals.
These signals are communicated and amplified by neighboring myeloid lineage cells
(such as B cells, osteoblasts, and T cells), resulting in the overproduction of proin-
flammatory cytokines. As a result, a toxic local microenvironment is created that
contributes to age-related bone loss.

The antioxidant NAC, coupled with estrogens or androgens in male and female
mice, prevents a gonadectomy-induced increase in oxidative stress, bone loss, osteo-
blast, and osteocyte apoptosis. So, sex steroids can regulate osteoclastogenesis and the
survival of osteoclasts via antioxidant actions [33].

10.1 Antiresorptive

Antiresorptive therapy is the most common pharmacological tool to prevent osteo-
porosis progression. These drugs inhibit osteoclasts’ proliferation and the recruitment
and differentiation of their precursors [54].

Bisphosphonates (BPs) are the primary therapeutic options used to inhibit
osteoclast-mediated bone resorption. These nitrogen-containing drugs have a strong
affinity for bone apatite in vitro and in vivo. BPs bind to hydroxyapatite crystals on
bone surfaces and inhibit the mevalonate pathway in osteoclasts, increasing apop-
tosis. This preferentially occurs in sites with accelerated skeletal turnover rates. BPs
have been shown to increase bone mineral density (BMD), reduce bone turnover
markers, and reduce the risk of osteoporotic fractures. Some drug options include
alendronate, risedronate, and zoledronic acid. Currently, they are the most common
and effective drugs used for osteoporosis, Paget’s disease, and inflammation-related
bone loss [60].

Denosumab, an anti-RANKL antibody, is a fully human monoclonal antibody to
the RANKL, which blocks its binding to RANK. The prevention of RANKL and its
receptor RANK interaction thereby inhibits osteoclast differentiation [61]. Presently,
denosumab is the only FDA-approved monoclonal antibody to treat osteoporosis.
These antiresorptive agents have been most influential in decreasing the risk of verte-
bral fractures by more than 50%, nonvertebral fractures by 20-25%, and hip fractures
by 40-50% [62].

Selective Estrogen Receptor Modulators (SERMs) are an alternative for estrogen
and are used primarily in postmenopausal women of younger age. SERMs rely on
their tissue-selective estrogen receptor agonist or antagonist activity and their inter-
action with the estrogen receptor. They interact with the RANKL/RANK/OPG system
and downmodulate osteoclast function [63]. This process allows for the treatment of
vasomotor systems and the prevention of osteoporosis [64]. Various SERMs, includ-
ing raloxifene, which represents dual agonistic and antagonistic properties in estro-
genic pathways, have decreased bone fragility. In postmenopausal women with low
BMD, raloxifene has been shown to reduce vertebral fracture risk by 30-50% [63].
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In particular, this drug is recommended for patients with a family history of breast
cancer, as it has also significantly demonstrated reduced risks of breast cancer in
women [29].

Calcitonin receptors are found on osteoclasts and osteoblasts and serve as regula-
tors of osteoclast function and maturation. Calcitonin is a naturally occurring peptide
hormone that binds to specific receptors primarily on the surface of osteoclasts to
inhibit bone resorption activity strongly. It has been used to treat osteoporosis for
many years, especially for patients with acute osteoporotic fractures and postmeno-
pausal women [65].

Cathepsin K (CatK) is one of the most potent proteases in the lysosomal cysteine
proteases family. CatK’s primary function is to mediate bone resorption, making it
a strategic target for osteoporosis treatments. The only CatK inhibitor candidate,
Odanacatib (ODN), was developed by Merck & Co. Phase III clinical trials; it showed
high therapeutic efficacy in patients with postmenopausal osteoporosis but was
terminated due to the cardio-cerebrovascular adverse effects. As of now, there is
no available drug approved by the FDA that targets cathepsin k but is an ongoing
direction for osteoporosis treatment [66].

10.2 Anabolics

PTHrP is required for normal bone development. Teriparatide is a bioactive form
of the parathyroid hormone of recombinant human PTH 1-34 fragment rhPTH
(1-34) [67]. It is the first and only available therapeutic agent that activates and
stimulates osteoblasts. In contrast with antiresorptive therapy, teriparatide increases
bone formation by inhibiting sclerostin production in osteocytes and increases bone
resorption by stimulating RANKL production by osteoblasts and osteocytes. In addi-
tion, PTH inhibits pl6Ink4a and thereby downregulates senescence [68]. Intermittent
administration of PTH increases osteoblast amounts and activities, thereby improv-
ing skeletal architecture at both trabecular and cortical bone sites [69].

Furthermore, this drug provides some remediation of the architectural defects in
the osteoporotic skeleton [70]. Daily injections of teriparatide in patients with severe
osteoporosis can reduce hip fractures by 56% [71]. Abaloparatide, a 34 amino acid syn-
thetic analog of parathyroid hormone-related protein analog drug, is an FDA-approved
drug to treat postmenopausal osteoporosis.

Wnt signaling pathways modulate cell proliferation, differentiation, and stem cell
remodeling [21]. Activation of Wnts impacts bone remodeling by increasing quanti-
ties and enhancing the functionality of osteoblasts. The discovery of this pathway
has opened the way to new anabolic treatments. For example, sclerostin is a protein
secreted primarily by osteocytes and protects against the excessive bone formation.
Anti-sclerostin antibodies stimulate osteoprotegerin production, leading to decreased
bone resorption and uncoupling of osteoclast and osteoblast activity [4]. In addi-
tion, romosozumab, an anti-sclerostin monoclonal antibody that binds sclerostin,
has favorable dual effects on bone by increasing bone formation and reducing bone
resorption [72]. In studies done with postmenopausal women prone to osteoporosis,
a dose of 210 mg romosozumab monthly amounts resulted in significantly increased
BMD and was more effective than daily teriparatide or weekly alendronate doses [73].
Thus, it is considered another emerging therapeutic for skeletal aging.

Strontium ranelate is a relatively novel drug currently approved in Europe for
the treatment of postmenopausal osteoporosis. It has dual effects of inhibiting bone
resorption and promoting bone formation [74, 75]. It can stimulate the differentiation
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of pre-osteoblasts into osteoblasts and promotes osteoblast release of OPG. This can
act as a decoy receptor for RANKL and thereby interfere with osteoclast differentia-
tion. In every gram of bone, strontium is naturally occurring in trace amounts at
around 100 pg. In other words, the therapeutic strategy with strontium ranelate is
producing more strontium available to incorporate into bone [76]. In other words, the
therapeutic approach with strontium ranelate is producing more strontium available
to incorporate into bone [76].

Dual acting treatments that can coordinately stimulate osteoblasts and inhibit
osteoclasts have significantly improved bone quality compared with monotherapy
[77]. For example, a combination of teriparatide and denosumab generated more
significant increases in BMD and bone strength than independent use of either drug
[77]. In addition, the combination of Wnt mimetics and current clinical treatments
has been found to improve bone mass and strength [23]. Thus, compared with
monotherapy, sequential therapy can improve bone health and serve as an emerging
option for treatment. Compared with monotherapy, dual-acting treatments that can
coordinately stimulate osteoblasts and inhibit osteoclasts have significantly improved
bone quality [67]. For example, the combination of Wnt mimetics and current clinical
treatments has been found to improve bone mass and strength [23]. Thus, in com-
parison to monotherapy, sequential therapy has the potential to improve bone health
significantly.

10.3 Senolytic drugs

Interest in targeting senescence to halt or prevent age-related diseases, also known
as senotherapy, has grown. Senolytic drugs are SASP modulators that eliminate cell
senescence. More cells become senescent with advancing age and accumulate in
tissues, suggesting that targeting the senescent cells is a promising treatment. Hence,
several studies have explored senescent cells and their role in aging-bone diseases.
The first thorough evidence showing senescence in mammalian bone cells was found
in 2016 [78]. Osteocytes have the vital role of orchestrating bone remodeling, and
osteocytes with senescence attributes contribute to osteoporosis [78]. To build off
of this, another study found that genetically eliminating senescent cells and their
SASP could prevent age-related osteoporosis [79]. In addition, the elimination of
pl6lnka-senescent cells improved bone quality. To build on this finding, research-
ers performed another study and found that genetically eliminating senescent cells
and their SASP could prevent age-related osteoporosis [79]. Also, the elimination of
pl6Inka-senescent cells improved bone quality [10]. In mice, senolytic intervention
improved bone mass, strength, and microarchitecture [7]. Novel drugs that use this
strategy include Dasatinib (D), Quercetin (Q), D + Q [80], and Fisetin [81]. Senolytic
drugs have shown a positive impact on bone metabolism by preventing bone loss and
increasing health span.

11. Conclusion

The cellular morphological changes that come with aging dramatically affect bone
health and increase the risk of developing age-related bone diseases. The sequelae
of osteoporosis include decreased bone mass and increased pronation to fractures,
a significant concern for the aging population. Recent literature is addressing uti-
lizing new pharmaceutical targets to reverse or treat the adverse effects of aging.
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For example, cell senescence in bone paves the way for developing new therapeutic
targets. With improved knowledge of the pathophysiology of osteoporosis and new
targets, potential new treatments are being investigated. The use of pharmaceuticals
and nonpharmaceuticals appears promising in preventing or treating aging bone
diseases, including osteoporosis.
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Chapter 5

Aging and Neuropsychiatric
Disease: A General Overview of
Prevalence and Trends

Jelena Mili¢

Abstract

The increasing trend of life-expectancy is becoming a significant demographic,
societal and economic challenge. Currently, global number of people above sixty
years of age is 900 million, while United Nations expect this number to rise to
over 1.4 billion in 2030 and over 2.5 billion by 2050. Concordant to this trend,
numerous physiological changes are associated with aging and brain-related ones
are associated with neuropsychiatric diseases. The main goal of this chapter is to
identify the most important neuropsychiatric diseases to assess in older patients
to help to promote health and prevent diseases and complications associated
with chronic illness, as these changes are progressive and require important
psychological and setting-related social adjustments. Findings identify several
health-aspects highly present in elderly: stroke, white matter lesions, dementia
rise with age, changes in levels of neurotransmitters and hormones, depression
as well as the bereavement following loss of the loved one, and the most common
neurodegenerative disease—Alzheimer’s disease and Parkinson’s. In conclusion,
studying the aging process should include all developmental, circumstantial,
and individual aspects of aging. This offers opportunities to improve the health
of elderly by using a wide range of skills and knowledge. Thus, further studies
are necessary to elucidate what can be done do to improve the aging process and
health of elderly in the future.

Keywords: aging, neuropsychiatric diseases, dementia, Alzheimer’s, Parkinson,
depression, bereavement

1. Introduction

Aging of the population is a global phenomenon [1], it is accelerating and becom-
ing a significant demographic, societal and economic challenge [2]. Aging is the
process of becoming older. Many societies, especially in Western countries, have
already attained an older population structure than has ever been seen in the past,
and a trend toward this structure is being observed also in low, and middle-income
countries [3]. A population where the proportion of older people is increasing
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Figure 1.

The aging population and most common accompanying neuropsychiatric aspects.

is referred to as a cohort of the older adults or an aging population. The size and
proportion of the global population as relates to age over time is also known as
‘demographic aging’ and ‘population aging’ The old-age dependency ratio (OADR)
is the standard indicator of population aging used in order to quantify the aging
population. It expresses the amount of people aged 65 and over per 100 persons aged
15 to 64. In this way it provides an easy measure of the part of the population that
have reached the traditional age of pension in relation to those of working age. In
humans, aging represents the accumulation of changes in a human being over time
and can encompass physical, psychological, and social changes. There are seven
stages of human development. These stages are: infancy, early childhood, middle
childhood, adolescence, early adulthood, middle age and old age. Aging is a gradual,
continuous process of natural change that begins in early adulthood. During early
middle age, many bodily functions begin to gradually decline. Although women live
longer on average, they do tend to age slightly faster than men. Women also tend to
make more use of cosmetic procedures in an attempt to keep the more visible effects
of aging at bay. The actual rate of aging varies by person, depending on genetics, life-
style choices and environmental factors. As the population ages, countries are slowly
raising the age of pension. Therefore, it becomes increasingly relevant that the aging
population is healthy. Gerontology studies all aspects of aging. Not only the physical
changes, but also the mental, social and societal implications of growing older. This
multidisciplinary approach offers a lot of opportunities to improve the health of
older adults, using a wide range of skills and knowledge. In this chapter we present
the insights in the most common gerontological neuropsychiatric aspects that appear
with the ongoing aging process: neurodegenerative process—cognitive decline and
epigenetics background, specific female aspect of aging, bereavement and depres-
sion, declining sleep quality and effect on quality of life via (ab)normal circadian
rhythm (Figure1).

86



Aging and Neuropsychiatric Disease: A General Overview of Prevalence and Trends
DOI: http://dx.doi.org/10.5772/intechopen.103102

2. Definition of old age and future perspectives in demographics

There is no specific age at which people are considered old or elderly. Traditionally
however, age 65 has been designated as the beginning of old age. There are more than
900 million people worldwide aged 60 and over and this number is projected to grow.
The United Nations expect this group to number to be 1.4 billion in 2030 and 2.5 billion
by 2050 [4]. Within this group, the subcategory of “very old age people”, aged 80 and
over, makes up a sizable portion [5]. Societal aging can affect economic growth, patterns
of work and retirement, the way that families function, the ability of governments and
communities to provide adequate resources for older adults, and the prevalence of chronic
disease and disability. Far-reaching economic and social adjustments will be required
in most countries, as well as understanding the impact of this transformation on health
and everyday living [6, 7]. Thus, it is noticeable that the aging process represent a social
problem. Some of the additional aspects attached to this are: living alone, family violence,
loss of a spouse, aging-related cognitive impairments and disabilities, and transport
issues. Consequences of social isolation can be dangerous, particularly for individuals
already predisposed to health problems. Aging is a universal trait that is observed across
the evolutionary spectrum. Determining the causal underlying cellular and molecular
processes that deteriorate with age and lead to increased disease susceptibility and frailty
is critical if we are to meet the growing healthcare needs of an aging human populations.

3. Overview on some of the aging theories and classifications

A number of theories about aging exist: According to Rate-of-living theory the faster
an organism’s metabolism is, the shorter its lifespan will be. Wear and tear theory states,
that our bodies (tissue and cells) simply get damaged and wear out by usage. Cross-
linking theory postulates, that over time proteins form cross-links that accumulate and
slow down the processes in the body and damage cells. Aging is a step-wise process and
can be presented in 5 stages of aging: Stage 1—Independence, Stage 2—Interdependence,
Stage 3—dependency, Stage 4—Crisis Management, and Stage 5—End of Life. Further,
there are 2 different types of aging. Intrinsic aging occurs naturally as we grow older and
is largely a product of heredity. Extrinsic aging is based almost entirely on external fac-
tors. We can also emphasize that he main characteristics of aging or the most visible one
is presented on skin. Skin changes are among the most visible signs of aging. Evidence of
increasing age includes wrinkles and sagging skin. However more important changes are
connected to cognitive and overall psychological functioning.

4. Aging population and neuropsychiatric diseases

There are a number of physiological changes associated with aging into the elderly
years (i.e. 65 and over). These changes are progressive. Because of, and alongside
with, these changes come important psychological and social adjustments. Due to the
brain morphological changes that come with aging, many elderly people are affected
by neuropsychiatric diseases [8, 9]. The shrinking of the overall volume of the brain,
a process which starts in humans when they’re in their 30’s, increases around the age
of 60. Some areas of the brain, however, shrink more, and faster, than others. The
prefrontal cortex, at the front of the frontal lobe, and the hippocampus, in the limbic
system, in particular shrink with age; areas of the brain associated with complex
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mental activities like learning, planning and Cole et al. [8] memorizing. Moreover,
incidence of stroke, white matter lesions, and dementia rise with age, as does level
of memory impairment and there are changes in levels of neurotransmitters and
hormones. Some amount of brain shrinkage occurs naturally as people age. Other
potential causes of brain shrinkage include injury, certain diseases and disorders,
infections, and alcohol use. One might wonder what the difference is between normal
brain changes with aging and pathological changes with brain diseases. A moderate
decline in some cognitive abilities is expected and part of healthy aging. In the case
of severe and progressive decline of the cognitive functions is considered dementia.
Dementia affects almost all aspects of a patient’s life negatively. In Figure 2 we present
the warning signs preceding the diagnosis as well as classification of Dementia.

Even though dementia is the first association many people have in regard to aging,
itisin fact depression that is the most common psychiatric disorder, affecting up to
50% of elderly people. The significance of depression is very important to understand.
Depression, a type of mood disorder that is, as mentioned, the most prevalent mental
health problem among older adults, is associated with distress and suffering. It also can
lead to impairments in physical, mental, and social functioning. Further, Alzheimer’s
Disease (AD) and Parkinson’s disease (PD) are the most common neurodegenerative
disease [4, 10]. Worldwide, the global prevalence of dementia is estimated to be 3.9 %
in people aged 60+ years, most suffering from AD [11]. Dementia is commonly accom-
panied by several neuropsychiatric symptoms, like agitation, apathy, delusions, depres-
sion, hallucinations and sleep impairment. These symptoms can in some cases cluster
into syndromes. Operational criteria are proposed for specific psychotic and mood
disturbances associated with dementia which make dementia an even bigger problem
for both patients and caregivers. Alzheimer’s disease and related forms of dementia have
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Dementia: warning signs and classification.
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neuropsychiatric symptoms as a core feature. Previously, these symptoms were consid-
ered part of the late stages of the disease. Currently, these symptoms, like mild cognitive
impairment, are known to be present in very early phases of the disease. It is sometimes
not easy to tell the difference between dementia and normal aging. However, dementia is
a progressive disease that causes cognitive function to break down abnormally, causing
cognitive and physical symptoms that worsen over time. On the other hand, normal
aging is much more minor, with changes resulting from a natural slowing or decrease

in efficiency in the body. Due to aging population, the expectation is, that the number
of people suffering from dementia will double every 20 years [11]. Neuropsychiatric
diseases already make up 17.4% of Years Lived with Disability (YLPs) and 6.6% of all
Disability Adjusted Life Years (DALYs), placing a high economic burden on national
economies. These numbers are projected to increase in the future [12]. Moreover, elderly
people, especially older women, are particularly vulnerable to the adverse effects of
alcohol and, alcohol use disorders in this subgroup, are often overlooked or misdiag-
nosed [13]. It is expected, that in the coming years, the absolute number of elderlies
with problems related to alcohol will rise, further increasing the number of cognitive
and physiologically impaired elderly [14-16]. Each of these substantial neuropsychiatric
morbidities are often accompanied with behavioral manifestations.

5. How does epigenetics affect aging?

Aging is an inevitable outcome of life, characterized by progressive decline in tis-
sue and organ function and increased risk of mortality. Accumulating evidence links
aging to genetic and epigenetic alterations. The end result of epigenetic changes dur-
ing aging is altered local accessibility to the genetic material, leading to aberrant gene
expression, reactivation of transposable elements, and genomic instability. Several
lifestyle factors have been identified that might modify epigenetic patterns, such as
diet, obesity, physical activity, tobacco smoking, alcohol consumption, environmental
pollutants, psychological stress, and working on night shifts. Epigenetics is an emerg-
ing factor in development of neurodegenerative diseases. The last decade broadened
our knowledge about the etiology of AD and PD [17-20]. It is now widely accepted,
that a strong genetic component contributes to the development of AD and PD, with
chromosome aberrations and gene mutations playing an important role in these
neurodegenerative disorders [20, 21]. One of the factors that facilitated understand-
ing of genetic modifications is epigenetics, and its development [22]. Epigenetics
studies the influence of factors external to DNA on the genes, the prefix “epi- “in this
case meaning “on top of ” or “above”. These factors, like behavior and environment, do
not change the sequence of the DNA, but alter the structure of the DNA. This influ-
ences how DNA is ‘read;, effectively turning genes “on” or “off” These changes can be
inherited, as gene expression altered via histione proteins and DNA methylation are
known to be passed on to offspring [23]. The influence of epigenetical mechanisms
on the etiology of AD and PD have already been suggested by several studies [24-26].
DNA methylation and histione acetylation are also thought to play a role in depression
[27], which is an important correlate of neurodegenerative diseases [28]. Despite this
evidence, to date, there is not yet a comprehensive assessment on the role of epigen-
etic mechanisms, such as DNA methylation or histone modifications, in the develop-
ment of neurological diseases. However, it is known that epigenetic reprogramming
reverses most if not all of the age-related epigenetic modifications. Harnessing partial
reprogramming seems the most promising therapy to treat aging
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6. Aging and neuropsychiatric disorders in women: role of menopause
transition and estrogen

The aging process has a dissimilar effect on the different genders. Whereas the male
body changes gradually over the years, the female body changes much more abruptly
during menopause. In the end, everyone has to deal individually with the effects of aging
on their sexual functioning, like erectile dysfunction and vaginal dryness. When it comes
to aging, women levels of the estrogen hormone begin to decline much earlier and much
more quickly than men’s levels of the testosterone hormone do. This quicker decline in
hormone levels is the reason that men seem to age much more slowly than women do.
However, women enjoy a longer lifespan, which puts them more at risk of psychoneuro-
logical diseases [29]. Hypercoagulable states due to pregnancy and birth control pills pose
another neuropsychiatric health risk unique to women [30]. The majority of diagnoses for
common neurological diseases are for women, including AD, PD and depression. Among
diagnosed women, these diagnoses are more prevalent in women past their menopause
[31]. Besides this, a number of neurological diseases, stroke among them, are more
damaging to women than to men [32]. Upon reaching menopause, because of the shift
in hormonal balance, women suffer the loss of the protective anti-inflammatory benefits
of estrogen. Hormone replacement therapy can't adequately counter the state of hypoes-
trogenia [29]. The many physiological functions of estrogen are mediated by Estrogen
Receptors Alpha and Beta (ERB). ER is a recent discovery, but extensively present in the
brain and functional in both males and females. It is as of yet unclear, if ER can be a basis
for new therapeutic approaches that can help treat or prevent neuropsychiatric diseases in
females in the menopausal and postmenopausal stages. Data further suggest that estrogen
signaling varies depending on age and stage of menopause. Growing older and going
through menopause, women become more dependent on alcohol and related problems
increase [33]. Because women metabolize alcohol differently from men, they are less
resistant to its detrimental effects (Figure 3), and have the tendency to suffer earlier on
from diseases and other repercussions of alcohol usage than men [33]. Also, women have
more difficulty gaining access to treatment and recovering from alcohol dependence [33].

7. Aging and bereavement: impact on quality of life

Almost all persons experience the loss of a close person during the life span
[34-36]. With aging, this might occur once or several different times. Older adults
experience grief at a higher rate than younger adults or children. Spousal loss is com-
mon in older adults as well as the death of friends, siblings and cousins. Because of
ageism, growing older comes with a measure of anxiety. Combined with the various
other obstacles of aging, this can make grief a complex affair in older persons. Change
and loss are integral to life, but can be very painful. As we use the terms berievement
and grief interchageblz through this chapter, we would like to define that bereave-
ment is the state of being in grief with there being different stages of bereavement.
Bereavement in older age can lead to loneliness and an increased likelihood of depres-
sion, and it is appalling that older bereaved people aren’t being offered the support
and access to services that could make a huge difference to their well-being. The
sentiments most often occurring within the period of bereavement comprise changed
modality of feelings, reoccurring thoughts about the loss, somatic symptoms that
sometimes lead to physical illness due to profound sadness that dominates bereave-
ment and markable change in behavioral patterns in an attempt to escape previously
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Neuropsychiatric outcomes: harmful effects of alcohol abuse. *Others: Alcoholic liver disease: women are more
likely than men to develop alcoholic hepatitis (liver inflammation) and to die from cirvhosis. Brain disease: most
alcoholics have some loss of mental function, veduced brain size, and changes in the function of brain cells. Research
suggests that women are move vulnerable than men to alcohol-induced brain damage. Cancer: many studies report
that heavy drinking increases the risk of breast cancer. Alcohol also is linked to cancers of the digestive track and

of the head and neck (the visk is especially high in smokers who also drink heavily). Heart disease: chronic heavy
drinking is a leading cause of cardiovascular disease. Among heavy drinkers, women are move susceptible to
alcohol-related heart disease, even though women drink less alcohol over a lifetime than men.

created behavioral routines in connection with the loved one or another loss-related
entity or circumstances. Bereavement is accompanied by several well recognized
feelings. The most noticed feelings in the bereavement period are: shock, desensitiza-
tion, sorrow, refutation, misery, yearning annoyance, guilt, isolation, melancholy
and incapability. Notwithstanding the fact that loss is an upsetting experience, the
majority of people who go through it manage to recuperate within the time window of
six months to a year [37]. By estimation 10 to 20% of persons suffering bereavement
remain captive to remembrance, sorrow, and guilt, slipping into a long period of grief
[38, 39]. This is a complicated condition named Prolonged Grief Disorder (PGD)

or ‘complicated grief’ [38, 39]. Grief is separate from depression or anxiety. It can
seriously hinder day-to-day social interactions and interpersonal relations, negatively
influencing everyday life [40]. Evidence shows, that both acute and complicated grief
can cause changes in the daily cycle [41], altereds mental state [42] and deviations in
patterns of nourishment [42] and sleep [43]. Considering the amount of change that
can be affected on everyday activities, bereavement can potentially greatly diminish
quality of life. Losing a loved one is a very unsettling occurrence, that can set off
powerful emotional stress. Under this newly created condition, the hypothalamic-
pituitary-adrenocortical (HPA) axis is stimulated and activates the secretion of
cortisol into the bloodstream stressor adaptation. Also, cortisol dysregulation trig-
gers the problematic alcohol use leading to dependency [44]. These further effects
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memory loss, mental and physical disability, lower quality of life and increased
chance of death [45, 46]. Little research has been done, however, on the influence of
PGD on the neuroendocrine system, especially on the pattern of cortisol secretion
[47]. The relationship between bereavement and disturbed sleeping patterns has
already mentioned [41, 42, 48] . Schwartz et al. have studied the effect of changes

in general health on the quality of life (QoL) of people suffering bereavement [49].
Others found, that the degree in which a person managed to maintain a degree of
vigor and mental, physical and social reactions while grieving, influenced his sense of
self-esteem and fulfillment [49-51]. However, our knowledge regarding the associa-
tions of grief and health-related outcomes is limited on a studies with small sample
size and a cross-sectional design [41, 52-56]. Likewise, association between grief and
complicated grief with QoL and its domains remains unclear and the available evi-
dence examining this hypothesis has yet to be rigorously reviewed in order to help us
to understand most influential aspects of the bereavement on the everyday life style.

8. Grief cessation and its determinants

For some bereaved individuals, the adaptation might be complicated, slowed, or
halted, leading to incessant grief [57, 58]. This lasting grief impairs daily functioning,
sleep, and increased risk of cancer and cardiovascular disease [59, 60]. The severity of
grief relates to severity of impairment. Grief can change personality of a person who
suffers, both on a temporary or more permanent basis based on various factors including
how profound the loss was, internal coping skills, support system, general temperament,
stress tolerance, and outlook on life. Therefore, detecting the determinants and predictors
of traumatic grief is of crucial importance for identifying bereaved individuals in greatest
risk for long-term dysfunction, and guide the development of novel interventions for the
disorder [61]. Several factors have been suggested to influence the duration and severity
of grief; gender plays an important role in bereavement. After losing a partner, the nega-
tive effect on health and general quality of life is gretaer with men than with women [62].
Members of both sexes show higher mortality rates when bereaved compared to non-
bereaved individuals; this relative increase, however, is higher in men suffering bereave-
ment [62]. Prior study suggests this is because men have a weaker support network and
worse abilities for coping and self-empowerment than women [63]. Additionally, age isan
important factor determining the length of the bereavement period. According to Strobe
and Schut, bereaved persons that are younger, encounter more complications after a loss.
Namely, including more serious health consequences, grief symptoms, and psychologi-
cal and physical symptoms [62]. It is probable, that the reason for this difference is that
younger grievers experiencing more unexpected and sudden losses, which causes more
severe grief. It might be that older grievers develop better coping strategies due to life
experience. Moreover, in elderly, emotions tend to be damped down, and it’s less com-
mon for people to respond excitable to worries [64]. Even though younger grievers may
experience more complications in acute phase of grieving, previous studies suggest that
they recover more quickly. This might be supported by more access to various types of
social support [62]. In conjunction with mentioned findings, series of past studies aimed
to understand the grief and determinants and predictors; findings showed that grief was
associated with functional impairment, gender [62], coping strategies [65], ethnicity
[66], employment [60], spousal bereavement, sleep disturbances [41, 42, 48] , high-risk
behaviors and increased risk of cancer and cardiovascular disease [59, 60]. Previously
published evidence indicated that there is a high chance of development of commodities
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and psychiatric models such as: intensive stress, clinically relevant depressive symptoms,
episodes of major depression and anxiety related disorders [38]. There are also chances of
onset of decreased function of the immune system [67] significantly modified quality of
life that decreases in accordance to severity of bereavement [68], as well as suicide tenden-
cies and events and risk of elevated overall mortality incidence [69]. To the best of our
knowledge, only few longitudinal studies on this topic had been performed so far, with

a short follow-up (up to 24 months). None of the previous studies explored explore the
determinants of grief bereavement bereavement related to long-term bereavement and
different kind of loss in a normal population cohort with sufficient power [9, 39, 67, 70].
Further studies are necessary in order to make a stronger conclusion.

9. Why is it important to understand the elderly and the aging?

The study of elderly and the aging helps us understand the society in which we
live, and it also alerts us to certain processes and problems that we may experience as
we grow into old age. The fact that we are all facing the longer life span make us aware
that is necessary to plan better for the course of events expected on this prolonged
journey. Longer lives must be planned for. Societal aging may affect economic growth
and many other issues, including the sustainability of families, the ability of states
and communities to provide resources for older citizens, and international relations.
Older people are important members of any society and therefore have the right to
live in dignity in later life. It includes psychological and health aspects, continuing to
participate in society, and ensuring a safe source of income. This also needs to be very
well planned for on behalf of states and communities.

10. Cultural distinctions facing elderly in different societies

Many researchers have tried to identify different potential clarification for cross-
cultural differences in overview of aging. Previously published evidence focused on
socioeconomic predictors has reveale that higher levels of economic development and
industrialization are associated with ominous attitudes towards aging and a lower
societal status of elderly [71, 72]. Modernization theory, that is commonly in use when
elucidating the activity of modernization within different societies. The theory identi-
fies the inner aspects of a country that has been modernized while in the same time
hypothesizing that with adequate help and methodology the rest of the countries can
be changed in the same way and become more developed. Previous studies suggested
[73, 74] that a shift towards industrialized models of mass-production erode the societal
status of older adults, depreciate their insights that derived from reach experience,
deconstruct the ties between the nuclear and procreational families through urbaniza-
tion, and refocus the power over the means of production from elderly members of the
families to industrial entities [73]. Although intuitively appealing, modernization theory
has been criticized as an oversimplification [75]. Eastern/Asian compared to Western
cultures is the model that has been most explored and discussed when it comes to detect-
ing of the influence of cultural values and beliefs on aging behavioral pathways (see [76]
for areview). The main point of this model comes from the idea that Asian societies are
based on Confucian values of filial piety and the practice of ancestor worship which are
thought to promote positive views of aging and high esteem for older adults ([77] fora
review). On the other hand, the Western societies, were believed to be oriented towards
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youngsters and to hold not so positive views about the aging process and the older adults
[72]. However, verifiable evidence for the proposed East-West differences is hard to
come by. In summary, there is some evidence that both socioeconomic development and
cultural values and beliefs may matter for cross-cultural differences in aging attitudes.

So far, we know very limited arguments about whether the course of life and the growth
—and particularly development in elderly years of life are globally a cultural similar
phenomenon or culture-limited. Although the findings are limited in several important
aspects one of them is sufficiently explored and that is how the country perceives neu-
ropsychiatric aspects of aging. There are differences in neuropsychiatric aging between
different cultures, both in the speed of decline of different functions and the perception
of the decline itself [78]. Most research in this area focuses on the USA and parts of Asia,
leaving large parts of the globe still underrepresented. Instruments developed in Western
countries also lead to misrepresentation or over- or under-diagnosis of mental aging in
other settings. A certain cultural awareness thus needs to be present to accurately treat
people from different cultures. On the other hand, recognizing the existence of cultural
differences also lead to a search for more objective methods that can be used equally for
all cultures to determine neuropsychiatric decline. New instruments are being developed
to address cross-cultural neuropsychiatry of aging [79], which is especially important for
globalized, multi-ethnic societies [80-90].

11. Conclusion

In drawing to a close, this general overview of prevalence and trends of neuropsy-
chiatric disease in aging population indicates that this global phenomenon of aging
and increasing neuropsychiatric diseases in aged population is accelerating. The
aging of the population is dominantly guided by declines in reproductive potentials
of humans resulting in less pregnancies and improvements in healthcare and conse-
quent longevity. This increase in overall life expectancy and the consequent number
of elderly people in overall global population presents a significant demographic,
societal and economic challenge. Therefore, the present moment is the right time to
act towards more research in this area as well as the area of aging in general. The main
focus of further aging research should be on the physiological changes associated
with aging in the elderly years, since these changes are progressive and they trigger
the important psychological and social adjustments. The leading research focus has
been for some time given to the brain morphological changes that come with aging,
as many elderly people are affected by neuropsychiatric diseases such as stroke, white
matter lesions, and dementia, as well as overall changes in levels of neurotransmitters
and hormones that are influencing the decrease in overall health and quality of life.
As already emphasized, depression is the most common psychiatric disorder, affect-
ing up to 50% of elderly people, and therefore also a highly important research topic
in the aging research field. Depression is in old age often accompanied by bereave-
ment that follows the loss of the loved one. As the loss of the loved one (dominantly a
partner or sibling) is very common in elderly population. Even though, the relation-
ship between depression and bereavement is complicated and often understudied
and misleading to even the most experienced clinicians, the relationships between
symptoms and treatment of bereavement and depression were disentangled in
Diagnostic and Statistical Manual of Mental Disorders, the 3rd edition, a compre-
hensive classification of officially recognized psychiatric disorders, published by the
American Psychiatric Association, where the mental health professionals have had
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introduced the exclusion of bereavement as the prerogative for diagnosis of major
depressive disorder. This was introduced in order to protect against bereavement
being mistaken for depression, mislabeled as an illness, pathologized, and/or inap-
propriately treated. However, both depression and bereavement are two psychiatric
states that we need to keep a close focus on due to increasing incidence. Furthermore,
Alzheimer’s Disease and Parkinson’s disease are the most common neurodegenerative
disease in the elderly. Distinctively, women'’ levels of the estrogen hormone begin to
decline much earlier and much more quickly than men’s levels of the testosterone hor-
mone, and therefore men seem to age much more slowly than women do. However,
women enjoy a longer lifespan, which puts them more at risk of psychoneurological
diseases. Therefore, when it comes to women the focus of the future aging research
should comprise: hypercoagulable states due to pregnancy, Alzheimer’s Disease,
Parkinson’s disease and depression, as there are present in both genders. As previously
mentioned, among diagnosed women, these diagnoses are more prevalent in women
past their menopause [31]. Next, a number of neurological diseases, stroke being one
of them, are more damaging to women than to men [32] and therefore future research
should focus on exploring the risk factors and potential treatments. Also, due to the
fact that women metabolize alcohol differently from men, they are less resistant and
have the tendency to suffer earlier on from diseases and other repercussions of alcohol
usage than men [33], the studies that are tailor-targeted for diagnostics and treat-
ments of addiction diseases for female gender should be conducted more.

To conclude, the multidisciplinary approach should be considered when studying
the aging process. This should include all aspects of aging, by exploring not only the
physical changes, but also the mental, social and societal implications of growing
older offers a lot of opportunities to improve the health of older adults, using a wide
range of skills and knowledge, and future studies and overall research focus should be
following the gerontological updates and broaden it to optimal extent.
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Chapter 6

Anti-Senescence Therapy
Raghad Alshadidi

Abstract

The development of therapeutic strategies aimed at the aging process of cells
has attracted increasing attention in recent decades due to the involvement of this
process in the development of many chronic and age-related diseases. Interestingly,
preclinical studies have shown the success of a number of anti-aging approaches in
the treatment of a range of chronic diseases. These approaches are directed against
aging processes such as oxidative stress, telomerase shortening, inflammation, and
deficient autophagy. Many strategies has been shown to be effective in delaying
aging, including antiaging strategies based on establishing healthy lifestyle habits
and pharmacological interventions aimed at disrupting senescent cells and senes-
cent-associated secretory phenotype. Caloric restriction and intermittent fasting
were reported to activate autophagy and reduce inflammation. In turn, immune-
based strategies, senolytic agents, and senomorphics mediate their effects either by
eliminating senescent cells through inducing apoptosis or by disrupting pathways by
which senescent cells mediate their detrimental effects. In addition, given the asso-
ciation of the decline in the regenerative potential of stem cells with aging, many
experimental and clinical studies indicate the effectiveness of stem cell transplanta-
tion in preventing or slowing the progress of age-related diseases by enhancing the
repairing mechanisms and the secretion of many growth factors and cytokines.

Keywords: age-related disease, senescent-associated secretory phenotype, caloric
restriction, senolytic agents, senomorphics, immune-based anti-senescence therapies

1. Introduction

Evidence of the involvement of cellular aging in the development of many
age-related diseases, combined with the longevity benefits obtained from preventing
the accumulation of senescent cells, raises the possibility that therapeutic targeting
of senescent cells extends life span, improves overall health, and delays or prevents
the development of age-related diseases. The investigation of the molecular mecha-
nisms accounting for the development of senescent-associated secretory phenotype
(SASP) and the ones providing senescent cells maintenance supplied insights for the
development of mechanisms to target senescent cells. So far, many approaches have
been proposed to target cell senescence, either by inducing the death of senescent
cells or by blocking the SASP (Figure 1). This chapter provides an overview of senes-
cent cells as an opportunity to intervene in the aging process and presents the various
therapeutic anti-senescence paradigms in terms of their molecular mechanisms of
action, efficacy, and safety.
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Figure 1.

Strgategies targeting cellular senescence. (A) A number of dietary regimens, including caloric vestriction,
intermittent fasting, and veduced intake of certain nutrients, exert antiaging effects. (B) Pharmacological
interventions have been developed to target senescent cells and limit their deleterious effects; certain natural or
pharmacological compounds have been veported to exert the beneficial effects of CR, senolytic agents selectively
induce apoptosis in senescent cells and block the prosurvival pathway, senomorphic agents interact with the
components of the SASP, affecting their upstream pathway or their effectors, immune-based strategies aim to
enhance the body natural defense mechanisms or develop strategies to divect immune cells specifically toward
senescent cells and/or overcome the mechanisms that senescent cells use to escape the immune system, and strategies
targeting the DDR pathway aim to reduce the induction of cellular senescence. (C) Stem cell transplantation

is thought to compensate for the decline in stem cell function, which is partly due to the senescence of stem cells.
DDR, DNA damage response. (DDR is the abbreviation of DNA damage response).

2. Eating restriction patterns

A number of dietary regimens have been reported to prolong health span and
longevity, in part by reducing their effects on senescence. These regimens include
caloric restriction, intermittent fasting, and reduced intake of certain nutrients.

2.1 Caloric restriction (CR)

The underlying premise of caloric restriction (CR) is to reduce calorie availabil-
ity by ~20-50%, while not consuming fewer vitamins, minerals, and other compo-
nents of a healthy diet. It is well established that CR is a powerful intervention to
extend the average and/or maximum life span of various species including yeast,
flies, worms, fish, rodents, and rhesus monkeys [1], improve general health, and
decrease aging-associated diseases [1]. Furthermore, data from natural and con-
trolled investigations suggested the beneficial effects of CR on human longevity.

2.1.1 Mechanisms underlying CR antiaging effect

CR induces adaptations in the immune, neuroendocrine, and metabolic system by
affecting a number of intracellular pathways; although human and animal observa-
tions and studies suggest that CR expands the life span, the mechanism underlying
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CR responses has not yet been established, and the followings explain some of the
mechanisms, which mediate CR antiaging effects.

CR was reported to decrease cell senescence [2]. Given the fact that cell damage is
the main inducer of senescence [3], the cytoprotective properties of CR may explain
its senescence rate modulation effects. These effects include decrease in cellular stress
[4], decrease in inflammation [5], and increased clearance of damaged proteins and
organelles through the activation of autophagy [3]. In addition, CR decreases the
mammalian target of rapamycin (mTOR) activity, which, in turn, plays a major role
in the activation of cellular senescence [6]. Modulation of nutrient uptake pathways,
including insulin-like growth factor (IGF), insulin, mTOR, and AMP-activated pro-
tein kinase (AMPK), mainly explains CR-mediated effects [6]. It was reported that CR
decreases IGF signaling by inducing hypoglycemia and decreasing the level of insulin
[6]. CR-mediated decrease in oxidative damage may be attributed to several mecha-
nisms, including the increase in nitric oxide (NO) concentration [7], the increase
in superoxide dismutase (SOD) activity [7], the decrease in reactive oxygen species
(ROS) production [3], the decrease in protein glycation [3], the decrease in inflam-
matory proteins [3], and the increase in the expression of chaperone proteins [3].
Moreover, CR upregulates the expression of sirtuin-2 (sirt-2) [8], and NAD + -dependent
protein deacetylases with antioxidant activity [9], the existence of extra copies of
which was shown to extend the life span by up to 30%. CR exerts anti-inflammatory
effect; a large number of investigations have shown that it reversed the effects of SASP
and modulate age-related chronic inflammatory conditions [5]. This anti-inflamma-
tory response can be attributed to the regulation of the activity of pro-inflammatory
upstream signaling pathway molecules such as MAPKs (ERK, JNK, and p38), and
NIK/IKKs and the suppression of key pro-inflammatory mediators such as NF-B, IL-1,
IL-6, TNF, cyclooxygenase 2 (COX-2), and inducible nitric oxide synthase (iNOS) [5].
Intriguingly, CR was reported to induce a slight increase in circulating cortisol, which
also account for the reduction in systemic inflammation [3]. Additionally, CR was
reported to enhance DNA repair mechanism. This effect is mediated by the decrease
of age-dependent decline in non-homologous end joining (NHE]), the decrease of the
age-dependent decline of polymerase alpha and beta and the increase of their fidelity,
the induction of the base excision repair pathway (BER), and the enhancement of
nucleotide excision repair (NER) [3]. Moreover, CR was shown to alter the phenotypes
of stem cells, improve their function, and promote their self-renewal in mice [10].
Although most studies proposed the beneficial effects of CR, it is noteworthy to report
the results of one study that suggest the negative impact CR has on brain integrity of
mouse lemurs without affecting cognitive performances [11]. More investigations are
required to evaluate the long-term effects of CR and create a comprehensive full image
of the molecular and cellular mechanisms underlying its antiaging effect.

2.2 Other type of dietary restriction with antiaging effects

In addition to CR, other approaches have been proposed to reduce the effects of
aging, including intermittent fasting and the reduced intake of certain nutrients.
Intermittent fasting (IF) is an eating pattern that switches between fasting and eating
on a regular schedule. It has been shown that IF has a protective effect against many
age-related diseases such as obesity, hyperinsulinemia, hepatic steatosis, and inflam-
mation [12]. Many types of IF have been proposed, including a fasting-mimicking
diet, which has been reported to prolong the life span, reduce visceral fat, reduce
cancer and skin damage, rejuvenate the immune system, and slow bone mineral loss
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in mice [13]. Other studies have shown that reduced intake of specific nutrients exerts
antiaging effects. For example, reducing protein intake has been reported to reduce
the risk of cancer death and overall mortality [12]. Interestingly, it was suggested that
the life span benefits of dietary restriction can be obtained from the reduced intake of
certain amino acids such as tryptophan and methionine [14]. In addition, ketogenic
diet, which primarily consists of high fats, moderate proteins, and very low carbohy-
drates, was widely reported to extend longevity and health span in mice [15].

3. Pharmacological interventions

The involvement of cell senescence in aging and the development of many age-
related diseases has stimulated efforts to develop a number of strategies aimed at
eliminating senescent cells and/or limiting their deleterious effects. These strategies
include CR mimetics, senolytic agents, senomorphic agents, immune-based strate-
gies, and strategies targeting the DNA damage response (DDR) pathway.

3.1 CR mimetics

CR mimetics are agents that have the beneficial effects of CR without the need
to struggle with diet limitation; the followings are some of the most well-known CR
mimetics.

3.1.1 Resveratrol

Resveratrol (3,5,4'-trihydroxystilbene) is a natural plant-derived polyphenolic,
phytoalexin compound found in grapes, cranberries, and peanuts. Resveratrol has
been long used in traditional medicine, and now, it has wide range of applications in
modern medicine thanks to their antioxidant, anti-inflammatory, anti-obesity, anti-
diabetic, antibacterial, anticarcinogenic, cardioprotective, and immunomodulating
properties [16]. It is suggested that resveratrol exerts its antiaging effects through
the activation of sirtuin-1 (sirt-1) [12]. One clinical study on healthy, obese men
reported that 30 days of resveratrol supplementation elevated intramyocellular lipid
levels, and decreased intrahepatic lipid content, circulating glucose, triglycerides,
alanine-aminotransferase, inflammation markers, and systolic blood pressure with
an improvement in HOMA index [17]. Another clinical study on overweight older
individuals provides evidence that supplementation of resveratrol improves memory
performance in association with improved glucose metabolism and increased hip-
pocampal functional connectivity in older adults [3].

3.1.2 Metformin

Metformin is an FDA-approved antidiabetic agent used as a first-line drug for treat-
ing type 2 diabetes mellitus. The antiaging effects of metformin are well established in
Caenorhabditis elegans, Drosophila melanogaster, and mice [5]. Metformin was reported
to exert its antiaging effects through the activation of AMPK, which, in turns, leads
to the inhibition of mTOR [18]. The wide application, well-known pharmacokinetics
and acceptable toxicity encourage the use of metformin as an antiaging drug [18].
However, further investigations are required since the metformin’s antiaging effect has
not been identified in humans yet [5].
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3.1.3 Rapamycin

Rapamycin is an FDA-approved immunosuppressant, which is extensively used
following kidney and liver transplants and to treat certain types of cancers and complica-
tions of tuberous sclerosis [19]. The antiaging effect of rapamycin is well established for
several years in model organisms including mice [19] and is mediated through the direct
inhibition of the kinase activity of mTOR [5]. Despite its widely reported antiaging effect,
certain side effects pose a barrier to the use of rapamycin as antiaging agent; this includes
hyperlipidemia, hypercholesterolemia, and hypertriglyceridemia, glucose intolerance,
insulin resistance and new-onset diabetes, anemia and thrombocytopenia, dermatologi-
cal events, gastrointestinal disorders, sinusitis, respiratory and urinary infections, and
testicular dysfunction [19]. To minimize these side effects, a number of alternative treat-
ment regimens have been developed, including intermittent rapamycin [19]. In addition,
fewer side effects have been reported after the administration of rapamycin analogs with a
reduced effect on glucose metabolism, such as everolimus and temsirolimus [19].

3.2 Enhancement of the immune clearance of senescent cells

The immune system has its own internal targeting mechanism for senescent cells.
Multiple components of the immune system target senescent cells, including NK cells,
T cells, and macrophages [20]. The immunogenicity of senescent cells, combined
with the age-related decline in immune function, raises the potential for strate-
gies such as boosting the immune system or targeting the inhibitory mechanisms
by which senescent cells escape the immune system to be exploited to enhance the
clearance of senescent cells [20]. In this context, many strategies have been proposed,
including blocking the inhibitory decoy receptor 2 (DR2) and stimulating the innate
immune response using the viral infection stimulator poly (I:C) [21]. In addition,
the implementation of the advances in genetic engineering by designing chimeric
antigen receptor T (CAR T) cells specific for senescent cells is a promising approach.
However, the lack of overlap between the extracellular markers identified by different
studies is an obstacle for designing CAR T cells specific for senescent cells [20].

3.3 Senolytic agents

Senolytic agents target specifically senescent cells, and they are considered prom-
ising agents for delaying aging processes as they target the fundamental mechanisms
that are contributors for many diseases. Dasatinib, quercetin, and fisetin are the most
well-studied senolytic agents [22]. Dasatinib is a second-generation tyrosine kinase
inhibitor that is used for the treatment of CML and AML [23]. Quercetin is a poly-
phenolic flavonoid compound with antioxidant properties, which exerts preventive
effects for various diseases, such as osteoporosis, some forms of cancer, tumors, and
lung and cardiovascular diseases [24]. Fisetin is a flavonol that shows potential as an
anti-inflammatory, chemopreventive, and chemotherapeutic agent [25]. Senolytic
agents were discovered by scanning using bioinformatic approach to find drugs that
disrupt the senescent cell anti-apoptotic pathways (SCAPs) network nodes, which
differ from the one-target one-drug approach. Thereby, an important characteristic
of these agents is their targeting to multiple SCAP network nodes rather than acting
upon single or limited targets, which, in turn, reduces the off-target apoptotic effects
on nonsenescent cell types [22]. In vivo studies showed that these agents reduce senes-
cent cells by apoptosis; specifically, the underlying molecular mechanisms by which
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senolytic agents mediate their effects are lowering of pl6Ink4a, targeting Bcl-2 family,
hypoxia-inducible factor 1-alpha (HIF-1a), and other SCAPs network components
[22]. Since dasatinib and quercetin are senolytics for different cell lines, it is sug-
gested that the effects of senolytic drugs depend on the type of senescent cells [22].
Interestingly, the combination of dasatinib + quercetin was reported to be senolytic
for cell lines in which neither dasatinib nor quercetin are senolytics on their own [22].
Senolytic drugs were reported to improve cardiac function in mice, enhance insulin
sensitivity, reduce the adipose tissue inflammation, and alleviate many age-related
diseases in which the accumulation of senescent cells plays role in its pathogenesis
including Alzheimer’s disease, chronic lung diseases, osteoporosis, and intervertebral
disk disease [22]. As senolytic drugs are new agents, special cautions are considered
while testing them in clinical trials; therefore, they entered only clinical trials for
serious diseases that lack effective treatment strategies [22]. The results of a clinical
trial where dasatinib + quercetin were administered orally by patients with diabetes
complicated by renal dysfunction showed decrease in senescent cells and adipose
tissue inflammation [22]. Many clinical trials are now ongoing or planned including
trials of dasatinib + quercetin for the treatment of many senescence and age-related
diseases [22]. So far, senolytic agents are not used out of clinical trials as their effects
are under investigation [22]. However, depending on the results of clinical trials,
senolytic agents can have further applications in the future to delay and prevent the
developing of senescence- and age-related diseases in those subjects, in whom the
presence of senescent cells can be detected in body fluids or by imaging [22].

3.4 Senomorphic agents

Senomorphic agents are an alternative approach to senolytics, the concept behind
this approach is to disrupt pathways by which senescent cells mediate its detrimental
effects without eliminating the cells. For this purpose, neutralizing antibodies target-
ing SASP components or their receptors have been developed [26]. Approaches based
on the transcriptional modulation of the expression of SASP factors were developed
to reduce SASP production [27].

In addition, based on the fact that mTOR activation promotes SASP production
through translation of subsets of mRNA that stabilizes many cytokine-encoding
transcripts, certain mTOR inhibitors can be considered senomorphic agents [20]. For
example, rapamycin, which exhibits CR-mimicking effects, was reported to decrease
SASP production by inhibiting mTOR [20]. Besides, apigenin and kaempferol were shown
to attenuate SASP production through their modulating effects on NF-kB signaling [20].

Senolytic agents have advantages over senomorphics, which include the possibility
to take them intermittently and the reduction of the likelihood of senescence bypass-
ing mutations that can promote tumorigenesis, since these agents eliminate senescent
cells rather than targeting SASP production [20]. However, the still undetermined
safety of prolonged or repeated administration of senolytic agents combined with an
emerging study report on the likelihood of senolysis damage to cells with structural
functions [28] makes senomorphics a considerable alternative to senolytic agents.

3.5 Targeting senescent cells by inhibiting the DNA damage response (DDR)
pathway

DNA damage response (DDR) pathway is a signaling cascade that is activated in
response to DNA damage. Given the evidence that activation of the DDR pathway
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triggers cell senescence, antisense oligonucleotides have been developed to inhibit
telomeric DDR. Results from iz vitro and in vivo studies in mice have provided
evidence for the effectiveness of this approach [20].

4. Stem cell transplantation

Cell senescence has been implicated in the decline of stem cells’ function and
proliferation potential [20], which, in turn, contributes to aging and the development
of age-related disease [29]. Therefore, stem cell transplantation has been proposed as a
strategy to treat many age related disease including Alzheimer’s disease [30], macular
degeneration [31], osteoarthritis [32], and frailty [33]. The beneficial effects of this
strategy are exerted through the compensation of aging-related decline in stem cell
function, the regulation of inflammation and immune responses, as well as the secre-
tion of therapeutic cytokines and factors [29]. The promising results of the preclinical
experiments on mice models [33] lead to its translation to clinical trials. Phases I and
II clinical trials were conducted to investigate the efficiency of mesenchymal stem
cells (MSCs) infusion in alleviating frailty and the results showed safety profile and
promising therapeutic efficacy [33]. A number of clinical trials provided evidence of
the efficiency of MSCs therapies for the treatment of osteoarthritis [32]. Furthermore,
a phase I clinical study supports the efficiency and safety of the transplantation of
embryonic stem cell-derived retinal pigment epithelium patches as a regenerative
strategy for age-related macular degeneration [31]. Although the results of preclinical
and clinical studies provide initial evidence of the efficiency of stem cell transplanta-
tion for the treatment of age-related diseases, the concerns of stem cells tumorigenic-
ity impose the need for further research and clinical trials with the consideration of
the framework regulatory agencies to ensure the safety of participants [29].

5. Conclusion

Despite initial evidence for the safety and efficacy of a number of antiaging
therapeutic approaches to combat the aging process, the novelty of this area of study
stresses the need to conduct further preclinical and clinical study to understand the
efficacy, safety, and long-term effects of anti-senescence therapeutic strategies in
addition to the optimization of the most effective strategy with minimal off-targets
and side effects. Further research in terms of the molecular mechanism of senescence
and anti-senescence therapeutic strategies could reshape our view of health manage-
ment during aging, offering many therapeutic options in the context of increasing
longevity and preventing or alleviating many age-related diseases.

Acronyms and abbreviations

AMPK AMP-activated protein kinase

CAR-T cell chimeric antigen receptor (CAR) T cell
COX-2 cyclooxygenase 2

CR caloric restriction

DDR DNA damage response

DR2 decoy receptor 2
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HOMA index homeostatic model assessment index

IF intermittent fasting

IGF 1 insulin-like growth factor 1

IKK inhibitor of NF-kappaB kinase

iNOS inducible nitric oxide synthase

MAPK mitogen-activated protein kinase
mTOR the mammalian target of rapamycin
NIK NF-xB-inducing kinase

NO nitric oxide

SASP senescent-associated secretory phenotype
SCAP senescent cell anti-apoptotic pathways
sirt-2 sirtuin

SOD super oxide dismutase
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