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ABSTRACT 

Cannabis sativa/indica has been used for medicinal and recreational purposes for 

over millennia. There are several approved medical indications for cannabis use in 

dermatological practice, including eczema, psoriasis, and severe pain. At the same time, 

there is a lack of scientific information about the anti-aging and rejuvenation properties of 

cannabinoids. We hypothesized that phytocannabinoids, cannabidiol (CBD) and 

tetrahydrocannabinol (THC), and nutrient signaling regulators (NSR), metformin, 

rapamycin, and triacetylresveratrol (TRSV), exert anti-aging and rejuvenating activity on 

skin fibroblasts. Results demonstrate that low doses of THC and CBD alone or combined 

with NSR lowered expression of senescence markers, stimulated ameliorative metabolic 

and functional activity, inhibited dermal aging processes, and positively affected the 

viability of skin fibroblasts. We found that TRSV alone or combined with THC/CBD 

might be a potential tool for enhancing regeneration and repair in injured tissues. The 

effectiveness of metformin or rapamycin alone or combined with phytocannabinoids was 

less effective. 
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW  

 

1.1. General princip le of aging 

The worldwide population is aging. The current world population is nearing 7.93 

billion and despite COVID-19, it is anticipated that world will reach 10 billion people by 

2057. According to the World Health Organizationôs (WHO) recent report the average age 

span is increasing gradulally every year (WHO, 2021). Moreover, the WHO reports that 

about 13% of the global population is 60 years old or over (WHO, 2018) and the rate of 

growth is about 3% per year (Sarcar et al., 2017; Spector, 2018). By 2030, 21 countries 

will be ñsuper-aged,ò meaning more than 20% of their population will be 65 years or older. 

These countries include Japan, Canada, and New Zealand (Arensberg, 2018). According 

to the official Canadian Statistics in 2019, 25.9% of Canadian citizens are already 65 years 

or older, which equates to 2.7 million people. This is not far behind Japan that currently 

is the oldest country in the world where 26.6% of the population is over 65 years old 

(Wilson et al., 2019). Furthermore, prognoses demonstrate that people who are 60 years 

or older (except Africa) will constitute more than 25% of the global population by 2050 

(Brunetta et al., 2020; Spector, 2018). Due to this increased longevity, scientists predict 

that most children born after the year 2000 will celebrate their 100th birthday (Vaupel, 

2010).  

Increased longevity throughout the world is positive, but it is a double-edged sword. 

On the one hand, older people have more opportunities to have an active lifestyle, stay 

with their families or continue to work and at the same time contribute to multiple areas 

of society, albeit, this is mainly dependent on their overall health. On the other hand, 

increased longevity is directly associated with developing age-related diseases (ARDs). 
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Correspondingly, this means that long-lived people will suffer from pain and disabilities 

for significantly longer periods of time due to degenerative processes and ARDs 

(cardiovascular, diabetes, cancer, Parkinsonôs, Alzheimerôs diseases, and others). These 

morbidities drastically complicate a patientôs life and hasten mortality. It is worth noting 

that clinical manifestations of the abovementioned ARDs are preceded by long (10-20 

years) asymptomatic periods of illness development (Umansky, 2018). Moreover, 

according to the last WHO report, due to population growth and aging, the total number 

of years the global population lived with a disability (YLDs) as part of the entire disability-

adjusted life year increased by 10% within the last decade (WHO, 2021). The predominant 

causative role is directly correlated with the most significant number of deaths ï including 

diabetes, stroke, road injuries, Alzheimerôs disease, ischaemic heart disease, COPD, also 

known as chronic obstructive pulmonary disease, and cancers (e.g., lung, colorectal) ï 

have all increased by as much as twice as measured by YLDs. If no changes are 

implemented, prognosis will worsen and aging will become a significant social and 

economic burden (Matjusaitis et al., 2016). Increased life spans have created a pressing 

need for a better understanding of the pathogenesis of various ailments of old age. For this 

reason, the development of anti-aging or age-delaying medication is becoming a prevalent 

concept in preventative medicine. It will potentially bring more dividends than the 

treatment of associated diseases on its own. 

The process of aging is associated with various physiological and pathological 

molecular mechanisms, including complex patterns of changes in gene expression leading 

to changes in the performance of various cell types, tissues, and organs. Insulated genetic 

aberrations in aging-relevant pathways trigger segmental, tissue-selective aging 

phenotypes (Horvath & Raj, 2018). Nevertheless, for the majority of tissues, it still 
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remains unknown which age-related modifications play a prominent etiological role in the 

aging mechanism, and which ones are just epiphenomena (Tigges et al., 2014).  

The most obvious and visible symptoms of aging in humans are manifested by 

changing of the skin apperance. Skin is the first line of defense against abiotic and biotic 

environmental factors (Choi & Lee, 2015; Lämmermann et al., 2018). Thus, cutaneous 

aging has garnered significant attention from scientists, aesthetic medicine, and the 

cosmetic industry. Hence, the purpose of this review is to analyze the most evident 

physiological and pathological mechanisms influencing skin aging. 

 

1.2. The general concept of aging and senescence 

Aging is a somatic process of progressive deterioration in the ability to endure stress 

and injuries due to gradual loss of maximal functional activity, metabolic efficacy, and 

potential to adapt (Glass et al., 2013; Yang et al., 2019; Zhavoronkov et al., 2019). As 

aging is under control of individual (intrinsic or internal factors) and environmental 

(extrinsic or external) factors (Figure 1.1), it cannot be outlined by a single pathway or a 

single cause (Makrantonaki & Zouboulis, 2007). Concomitantly, the term senescence, in 

general, represents an irreversible and quite distinct form of quiescence as a result of 

trophic support deprivation (Kumar et al., 1992). 

To date, the need to understand the fundamental changes in aging on the organismal 

level pushes scientists to dig deeper into the cellular level. Cellular aging is a result of the 

multifaceted process of gradual accumulation of damage over time albeit with the ability 

to maintain normal cell functions (Burton & Stolzing, 2018). Cellular senescence, 

however, is an irreversible arrest of cell proliferation attributable to an incremental 

shortening of the tandem repeats protecting chromosome ends ï telomeres (Hayflick, 
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1965; Kato et al., 1998; Nassour et al., 2016; Waldera Lupa et al., 2015). At the same 

time, this further leads to abnormal functional activity and establishes the development of 

a multi-component senescence-associated secretory phenotype (SASP) (Wiley & 

Campisi, 2016). The number of senescent cells increases with age in organisms, although 

at different rates in various organs (Kirkland & Tchkonia, 2017; Matjusaitis et al., 2016). 

Importantly, in mammalian development, cellular senescence has been increasingly 

accepted as a physiological process involved in tumor prevention, age-associated 

dysfunction in various tissues, and as a regulatory switch (Cavinato et al., 2017).  

 

Figure 1.1. The main two groups of factors that trigger aging. This figure was 

created using images from Servier Medical Art Commons Attribution 3.0 Unported 

License (http://smart.servier.com). 

 

Present-day studies consider that aging contains two principal determinants that 

occur in parallel: extrinsic and intrinsic processes. The extrinsic factors arise mostly 

because of environmental and socio-economic influences such as lifestyle and nutrition. 

These determine how the pre-set frame of opportunity is exploited during the individual 

http://smart.servier.com/
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aging trajectory. Correspondingly, intrinsic factors, such as genetic background and 

hereditary predisposition, delineate molecular mechanisms in various aging pathways.  

 

1.3. Theories of aging 

For millennia, mankind has been looking for answers to aging and mortality. 

Currently, it is a fact that age is the leading risk factor for numerous degenerative diseases 

and many other non-degenerative illnesses. Nevertheless, the mechanisms of these 

processes remain a mystery (Harman, 1992). To date, different theories of aging and 

senescence have been proposed, but none seem to interpret it fully.  

The progressive ideas of Darwinôs theory of natural selection presented to society 

in 1859 in his book ñOn the Origin of Speciesò initiated the development of aging and 

senescence concepts. There are numerous theories describing the causative effects that 

deteriorate health, and almost all of them are based on the mechanisms that affect 

homeostasis at the genetic, molecular, cellular, tissue, and organismal levels 

(Gerasymchuk, 2021). Currently, more than 300 theories of aging have been proposed 

(Gkogkolou & Böhm, 2012). Most of them, in general, are possible to combine into two 

big groups: programmed- or error-based theories (Table 1.1) (Jin, 2010).   

The group of programmed-based theories rely heavily on the development-

dependent senescence of specific genes, with or without the involvement of the 

neuroendocrine and the immune system (Davidovic et al., 2010). Whereas error-based 

theories explain the aging process by the induction of cumulative damage at various levels 

of living organisms. It is assumed that most aging processes are related to general cellular 

depletion due to irreversible damage, loss of metabolic activities, accumulation of cross-

linked proteins and potentiation of free radical generation that can cause mutations (Jin, 
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2010). This section discusses some of the significant theories which influence the process 

of accelerated organismal and skin aging.  

Table 1.1.  Theories of aging 

Theory Synopsis Reference 

programmed-based 

August Weismannôs 

programmed and 

altruistic theory 

(1882) 

The accumulation of wearied cellular 

components exceeds the bodyôs 

ability to self-repair and ultimately 

leads to cell degradation and death 

Ahuja et al., 2017 

Medawarôs 

evolutionary theory 

(1952) 

The accumulation of late acting 

deleterious mutations 

Kim et al., 2016; 

Wensink et al., 2014 

Neuroendocrine-

immune concept 

(1954) 

The age-dependent rise of cortisol 

negatively decreases other hormone 

receptorsô sensitivity and 

consequently negatively affects 

neuro-immune regulation and defense 

Dilman et al., 1986; 

Fabris, 1990 

Williamsô 

antagonistic 

pleiotropy (1957) 

The early-life mutations of specific 

alleles can be beneficial, albeit, in 

later stages of life, they can be 

detrimental 

Gladyshev, 2016; 

Thoppil & Riabowol, 

2020; Wensink et al., 

2014; Williams, 1957  

Kirkwood disposable 

soma theory (1977) 

The energy-saving strategy of reduced 

error regulation in somatic cells is a 

trade-off between reproductive fitness 

and longevity that causes aging 

Dilman et al., 1986; 

Fabris, 1990; Longo et 

al., 2005 

error-based 

Bjorkstenôs 

ñcrosslinkage 

theoryò (1942)  

The accumulation of cross-linked 

proteins in the cells initiates cellular 

damage and boosts their aging by 

slowing down their functions 

Bjorksten, 1968 

Harman's free radical 

theory (1956)  

Excessive free radicals damage 

cellular membranes that subsequently 

render cells dysfunctional 

Harman, 1956 

Faillaôs somatic 

mutation theory  

The increase in genetic mutation 

frequency inversely correlates with 

functionality in cellular, organ and 

whole organismal level and is the 

leading reason for aging 

Failla, 1958 
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Replicative cellular 

senescence  

The replicative cellular senescence or 

ñHayflick limitò occurs approximately 

after 50 subdivisions 

Hayflick & Moorhead, 

1961 

Orgelôs theory of 

error catastrophe  

The accumulation of errors during 

protein translation followed by an 

accumulation of defective proteins 

Orgel, 1963 

Somatic DNA 

damage theory of 

aging  

Rising and accumulation of DNA 

damage inhibits organismal defense 

and repair capabilities 

Alexander, 1967; 

Freitas & De 

Magalhães, 2011 

Telomere hypothesis  Each round of DNA replication is 

directly associated with a recurrent 

reduction of the DNA due to the 

inability of DNA polymerase to 

replicate telomeres, ultimately 

triggering cellular death. 

Harley, 1991; 

Olovnikov, 1973 

Mitochondrial DNA 

damage theory  

Age-related phenotypes develop 

because of accumulation of 

mitochondrial oxidative damage with 

age 

Wallace, 2001 

Membrane 

hypothesis of aging 

The combination of free radical and 

mitochondrial theories state that the 

decreased membrane permeability and 

subsequent deterioration of 

mitochondrial functions are provoked 

by ROS and by residual heat coming 

from nerve signals 

Zs.-Nagy, 2014 

Blagosklonnyôs 

hyperfunction theory  

The over-activation of growth-

promoting signaling pathways during 

development and hyperfunction of 

genes in the fertile age leads to 

hypertrophy resulting in aging 

Blagosklonny, 2019; 

Gladyshev, 2016 

 

1.3.1. Programmed-based evolutionary theories 

 Weismannôs programmed theory of aging (also called a wear-and-tear theory) 

implies that the cellôs structural components wear with time and lose functional activity. 

Damage in the cells, tissues, and organs gradually accumulate due to lack of ameliorating 

properties and eventually lead to cellular degradation and death (Ahuja et al., 2017). The 

theory discusses the role of programmed cell death and apoptosis in multicellular 
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organisms. It is a well-known fact that apoptosis is a fundamental process of organismal 

wellbeing. It is involved in ontogenesis, prevents cancerogenesis, and potentiates immune 

defense responses and other physiological processes (Longo et al., 2005).  

The evolutionary theory of aging is extremely popular and has been studied from 

different perspectives. The most prominent key concepts were based on Haldaneôs (1941) 

perception that reduction of natural selection forces represents a function of aging. This 

insight was broadened considerably by Williams (1957) into the antagonistic pleiotropy 

idea. He emphasized that mutations in certain alleles might be beneficial or neutral early 

in life, accumulating in the process of active selection, but later in life such mutations may 

lead to pleiotropic deleterious effects on fitness (Gladyshev, 2016; Thoppil & Riabowol, 

2020). It was explained by the inability of selection forces to eliminate mutations later in 

life. It is also worth noting the contributions made by Medawar who described the 

development of senescence as a result of an accumulation of late acting deleterious 

mutations (Kim et al., 2016). Williams believed that two traits, beneficial and detrimental, 

could be under the influence of specific genes that might be evolutionarily selected. For 

instance, the first trait augments wellness in adolescence while the second one is harmful 

in later life. Hence, deleterious alleles presumably begin to act in the late stages of life and 

cause aging due to their accumulation throughout evolution. 

Despite the perceptiveness of Williams and Medawarôs evolutionary theory, it does 

not explain molecular mechanisms in aging. On the other hand, since aging is not an 

adaptive trait, there has been a good reason to doubt that the evolutionary conservation 

could apply to the aging process (Partridge, 2010). 

Under the influence of August Weismannôs ideas of repairable chemical and 

mechanical damage, and limitations of the effectiveness of molecular repair mechanisms 
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in the metabolic trade-off theories as well as Orgelôs ñerror catastropheò hypothesis 

(Orgel, 1963), T.B. Kirkwood proposed the disposable soma theory (Kirkwood, 1977). 

Kirkwood presumed that aging and subsequent mortality might be due to an energy-saving 

strategy of reduced error regulation in somatic cells. He emphasized limitations in the 

organismal maintenance of reproduction and repair processes (Longo et al., 2005). With 

the purpose of maintaining effectiveness and productivity, the organism tries to allocate 

essential resources to maintain metabolic, reproductive, and protective activities, which 

compete with each other for supplies (e.g., nutrients) and hence becomes less efficient, 

leading to damage accumulation (Gladyshev, 2016). Consistent with the abovementioned 

theory, it can be hypothesized that natural selection induces trade-offs between fecundity 

or growth and longevity (Kirkwood & Austad, 2000). It is worth noting that disposable 

theory before others has combined the mechanistic biology of aging and the evolutionary 

concept of aging. Despite that, it remains unclear why life duration of some organisms 

with sufficient resources is often shorter than those with limited resources (OôBrien et al., 

2008). It has been observed that caloric restrictions, and not increased caloric intake, tend 

to prolong lifespan for a wide range of species (Mitteldorf, 2001). Taking into 

consideration that other processes appear to contribute to aging, further studies are 

necessary to determine whether the disposable soma theory might describe aging alone or 

in association with different concepts. 

As a continuation of the ñwear and tearò theory presented in the systemic 

neuroendocrine-immune concept of aging, Dr. Dilman created the ñNeuroendocrine-

Ontogenetic Theory,ò in 1954, also known as the ñnervous-neuroendocrineò or ñaging 

clockò (Diggs, 2008; Dilman et al., 1986). The central postulate of this theory is based on 

ñThe Law of the Deviation of Homeostasis.ò It addressed the hypothalamus and the 
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hypothalamic-pituitary axis (HPA), the crucial regulatory system controlling homeostasis 

of three main functions in humans, i.e., energy metabolism, reproduction, and adaptation 

(Dilman et al., 1986). It described the age-dependent gradual deterioration of the hormonal 

production-regulation function with simultaneous decrease in the sensitivity of receptors 

(Ahuja et al., 2017; Zjacic-Rotkvic et al., 2010). On the other hand, Dr. Walford developed 

a theory known as the ñimmuneò hypothesis based on experimental studies by assessment 

of various biochemical and physiological criteria and found that the immune system loses 

its efficiency with age with further limited responses against pathogens. He has concluded 

that the pathogenesis of aging involves auto-immune reactions against self-proteins 

(Walford, 1964).  

To date, the accumulation of scientific knowledge demonstrates a significant decline 

in the level of critical hormones and a reduction of their activity with age. Secretion of 

growth hormones, androgens and estrogens, and their precursors such as adrenal hormone 

dehydroepiandrosterone significantly decrease with age (Zjacic-Rotkvic et al., 2010). 

Consequently, this results in the reduction and further devastation of muscle mass, 

decreased insulin sensitivity, and diminished immune function that leads to a general 

decrease in the ability of organismal self-regulation and repair. The aforementioned events 

are directly dependent on HPA activity and cortisol as the primary stress hormone. 

Cortisol is one of the few hormones that increase with age and at the same time, decrease 

the level and efficacy of HPA resulting in enhanced catabolism. Moreover, its elevated 

levels lead to osteoporosis and fractures, breaking down of muscle tissue, as well as 

degradation of collagen, hyperglycemia, hypertension, and suppression of immune 

responses (Diggs, 2008; Farage, Miller, & I. Maibach, 2017). An interesting fact is that 
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cortisol is involved in the processes of destruction and atrophy in the hippocampus which 

further impairs the ability to encode and recall memories. 

It is worth mentioning another vital signaling pathway involved in aging - the 

growth hormone (GH)/insulin-like growth factor-1 (IGF-1) axis. GH and IGF-1 regulate 

cellular development, proliferation, stress resistance and survival (Ashpole et al., 2015). 

It is known that the level of IGF-1 rises from birth to puberty, followed by a slow decline 

through adulthood and correlated with a reduction in the amplitude of GH secretion. 

Experimental studies have shown that IGF-1 expression is decreased in senescent dermal 

fibroblasts in vitro as well as in geriatric dermis in vivo (Khan et al., 2002). Furthermore, 

reduced IGF-1 expression in elderly skin positively correlates with inadequate protective 

response to type B ultraviolet (UVB) rays in exposure trials using geriatric volunteers. 

Diminished dermal expression of IGF-1 in the elderly might be one of the leading factors 

in the pathogenesis of the aging-related non-melanoma skin cancer (Lewis et al., 2010). 

The endocrine component is an essential part of neuroendocrine-immune theory of 

aging. Albeit this concept is not unique, it can help in interpretation in combination with 

other concepts. The fidelity of the existing theories will be ascertained in the years ahead. 

Still, the role of hormones obviously will remain an essential component in the elucidation 

of the nature of the process of aging (Zjacic-Rotkvic et al., 2010). 

1.3.2. Error or damage-based aging theories 

In 1942, Dr. Johan Bjorksten proposed the cross-linking theory of aging (Bjorksten, 

1968). He emphasized that crosslinking is based on covalent bonding that ties two or more 

large molecules (protein and other molecular structures) together (crosslink) by forming 

larger polymeric particles that have reduced elasticity and mobility (Ahuja et al., 2017; 
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Zs.-Nagy, 2014). For instance, in industry, this process is used commonly as natural 

rubber can be crosslinked or ñvulcanizedò using sulphur. Living biological species are 

exposed to various crosslinking agents such as sulphur, alkylating agents, aldehydes, 

quinones, antibodies, polybasic acids, lipid oxidation products, free radicals induced by 

ionizing radiation, and polyvalent metals (Bjorksten, 1968). However, in living 

organisms, the accumulation of crosslinked molecular aggregates provokes deterioration 

in tissue function (Jin, 2010). Thus, proteins become compromised and functionally 

insufficient leading to further damage to the tissues and entire organ systems.  

It was presumed that cross-linkage affects the immunological function of proteins 

that might predispose auto-immune response. Cross-linking also destroys elasticity, thus 

causing microfractures in organs, including arterial endothelial lining as well as results in 

the transformation of proteins from hydrophilic to oleophilic, leading to the formation of 

atherosclerotic plaques (Bjorksten, 1968). Furthermore, cross-linking is implicated in 

decreased swelling capacity, increased resistance to hydrolases and other enzymes that 

eventually potentiate the aging process. Besides, human skin, like other organs, 

continuously experiences exposure to different extrinsic factors with a subsequent 

excessive generation of reactive oxygen species (ROS). In turn, ROS reacts with glucose, 

and DNA and boosts cross-linking of collagen. Therefore, skin becomes leathery, dry, and 

yellow, accompanied by the appearance of wrinkles and waning cutaneous elasticity 

(Ahuja et al., 2017). Current studies show strong, direct and indirect evidence that cross-

linking reactions are involved in the age-related changes throughout life (Bjorksten & 

Tenhu, 1990; Gkogkolou & Böhm, 2012; Yamagishi et al., 2015). 

Perhaps the largest impact on aging studies was made by Leonard Hayflickôs and 

Paul Moorheadôs (1961) breakthrough when they presented the concept of the Hayflick 
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limit and replicative cellular senescence. They found that cultivated human fibroblasts 

cell cultures had stopped dividing and were dying after about 50 sub cultivations 

(Hayflick, 1965; De Magalhães, 2004). As cell culture studies began in 1900 and were 

performed mostly on cancer cells, it was believed that cells are immortal. Also, it was a 

widespread consideration that aging by itself had nothing in common with intracellular 

events (Rattan, 2016). Hayflick opposed the dogma of those days that all cells are 

immortal and presented a statement that healthy human cells can only replicate and divide 

a limited number of times, about forty to sixty times. Apart from limited cellular division 

ñmemoryò in healthy cells, it was observed that cryogenically preserved cells also could 

ñrememberò how many times they have divided when they were frozen. Such 

ñmemorization" was presented as a counting mechanism, and Hayflick proposed the term 

ñreplicometerò location of which was designated in the nucleus (Rattan, 2016). Later it 

was found that the replicative limit of healthy cells in a ñbiological clockò mechanism is 

independent of the passage of time but related to rounds of DNA replication and telomere 

shortening in particular (Rattan, 2016; Shay & E. Wright, 2000). Recent scientific trends 

regard cellular life as a ñbiological clockò. Finite replicative life span of cells is 

accompanied by cell arrest at the G1 phase. Selective repression of growth regulatory 

genes might be one of the mechanisms guiding this process (Makrantonaki & Zouboulis, 

2017). 

The beginning of the 1970s was associated with the appearance of the telomere 

hypothesis of aging (Table 1.1). It was found that ends of linear DNA, later named 

telomeres, are not completely copied during the DNA replication process. DNA 

polymerase, which is responsible for the synthesis of the lagging-strand, is unable to 

completely replicate the 3ǋ end of linear duplex DNA, as the synthesis of Okazaki 
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fragments requires RNA primers attaching upstream of the synthesis point of the lagging 

strand. This leads to the shortening of the end of the chromosome after each duplication 

(Shay & Wright, 2000). In 1972, James Watson, one of the discoverers of the double helix, 

referred to this event as the end-replication problem (Watson, 1972).  

Interconnected with Watsonôs idea of the end-replication problem is the theory of 

marginotomy presented by Alexandr Olovnikov (Olovnikov, 1973). Inspired by 

Hayflickôs work, Olovnikov pondered the question of why normal cells have a limited 

capacity to replicate. The unexpected answer found him at the Moscow subway station 

(Olovnikov, 1996). He saw an analogy between the train moving along the tunnel that 

symbolized the DNA polymerase and the track representing the DNA. In his imagination, 

the inability of the polymerase to copy from the very beginning related to the presence of 

a dead zone between the front end of the polymerase molecule and its catalytic center 

(Olovnikov, 1973). This was similar to the dead zone between the front end of a train 

standing at the beginning of the subway platform and the next entrance door to the first 

car (Shay & Wright, 2000). Thus, if the train copied the DNA track beneath the car, the 

first DNA section would not be replicated due to the fact that it was beneath the engine at 

the start (Olovnikov, 1996). Olovnikov realized the fact that each round of DNA 

replication is directly associated with a recurrent reduction of the DNA molecule due to 

the inability of DNA polymerase to fully replicate chromosome ends (telomeres) 

ultimately triggering cellular death. Numerous studies discovered a robust connection 

between cutaneous aging and telomere attrition (Harley, 1991). Analysis of DNA samples 

from the sun-protected epidermis showed telomere lengths varies by age. It was found that 

at birth, the telomeric length is around 13.3 kb, with a subsequent rate of 36 bp reduction 

of TTAGGG repeats sequences per year (Nakamura et al., 2002). The data collected from 
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73ï95-year-old patients showed a lowered length of epidermal telomeres, up to 7.8 kb (Jia 

& Nash, 2017; Lindsey et al., 1991; Sugimoto et al., 2006). 

 A couple of interesting concepts based on the evidence of accumulation of age-

related DNA damage have found support and popularity as well. The somatic mutation 

theory, proposed by Failla (1958), claimed that the increase in genetic mutation frequency 

inversely correlates with functionality at the cellular, organ and whole organismal level. 

In 1963, Orgel presented a theory of error catastrophe. The aging process was explained 

as accumulation of errors during protein translation that was followed by a consequent 

accumulation of defective proteins (Brunk & Terman, 2002; Orgel, 1963). About a decade 

later, Alexander gave precedence to DNA damage rather than mutations as the leading 

reason for aging (Alexander, 1967) (Figure 1.2). This hypothesis was subsequently 

supported and proved by many scientists (Gensler & Bernstein, 1981; Holmes et al., 1992) 

and is currently known as the ñsomatic DNA damage theory of agingò (Freitas & De 

Magalhães, 2011).  
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Figure 1.2. Mechanisms contributing to genomic instability and their role 

during aging. Colored hexagons represent DNA lesions, arrows indicate contributions of 

processes to the given outcomes, two-directional arrows indicate interplay between two 

processes. Retrieved and modified from C. Sidler, Genomic instability and aging ï causes 

and consequences, Chapter 29, Figure 29.2; O. Kovalchuk and I. Kovalchuk, Genome 

stability: From virus to human application., 1st ed. Amsterdam: Elsevier Inc./Academic 

Press, 2016. This figure was created using images from Servier Medical Art Commons 

Attribution 3.0 Unported License (http://smart.servier.com). 

 

Another significant aging concept that has branched into numerous studies is the 

free radical theory, proposed by Harman (1956). In this theory aging is considered as 

having a mechanistic cause whereby ROS that are produced as part of normal metabolism 

randomly damage cellular components (Khrapko & Turnbull, 2014; Rattan, 2006). 

http://smart.servier.com/
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Consequently, the gradual accumulation of damaged cellular macromolecules and 

organelles are reflected as senescence (Gladyshev, 2016). As a result of multiple studies 

(Khrapko & Turnbull, 2014; Rattan, 2006), it was generally confirmed that ROS levels 

rise, and antioxidant activity reduces with advancing age. Skin by itself can regulate the 

production and degradation of ROS. This regulation is maintained in equilibrium by 

radical scavenging systems such as antioxidant enzymes and enzyme-like small 

molecules. Among them are peroxidases (heme-containing and selenium-containing 

glutathione peroxidase), superoxide dismutases, catalases, and low-molecular-weight 

antioxidants such as tocopherols, carnosine, ascorbic acid, and reduced nicotinamide 

adenine dinucleotide (NADH) which can donate an electron and then scavenge free 

radicals (Harman, 1992). Therefore, it is essential to focus on the association of free 

radicals with skin degeneration.  

Skin is attacked daily by various external and internal factors such as radiation, 

pollution, temperature deviations, chemical (cosmetics, smoking, alcohol) and infection 

agents (bacteria, viruses, fungi) that triggers the activation of chain of internal defense 

mechanisms of immune responses. One of these mechanisms is phagocytosis, which is 

associated with an excess amount of ROS production. Immune defense is highly energy-

dependent and leads to the intensification of oxidative phosphorylation that is related to 

mitochondrial ROS generation as it mainly takes place at the electron transport chain 

(ETC) located on the inner mitochondrial membrane. Thus, an increased ROS potentiates 

cellular damage, which encompasses oxidation of deoxyribonucleic acid (DNA), leading 

to mutations (Makrantonaki & Zouboulis, 2017). Furthermore, oxidation of membrane 

lipids results in reduced transport efficiency and altered transmembrane signaling, 

aggregation of waste products, and inter alia pigments such as lipofuscins which 
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accumulate to give an appearance of ñage spotsò (Ahuja et al., 2017; Zs.-Nagy, 2014). 

Lipofuscins is comprised of lipid-containing residues of lysosomal digestion and 

considered to be one of the aging or ñwear-and-tearò pigments (Gray & Woulfe, 2005; 

Szweda et al., 2003). Thereby, they deteriorate cellular ability to repair and reproduce, 

violate DNA and RNA synthesis, inhibit protein synthesis, and additionally break down 

primary dermal fibers such as elastin and collagen and degrade cellular enzymes 

(Makrantonaki & Zouboulis, 2017).  

By now it has been widely established that the corrupted stress response in somatic 

cells is linked with a defect in proteolytic systems such as ubiquitin-proteasome pathway, 

calpains, and lysosomal activity (Cuervo & Dice, 1998; Szweda et al., 2003). Hence, this 

leads to the cellular accumulation of misfolded and altered proteins, as they cannot be 

eliminated by the processes of macroautophagy and/or microautophagy (Cuervo & Dice, 

1998; Leidal et al., 2018). Besides, there is ample evidence indicating that ROS 

accumulation plays a pivotal role by participating in diverse mitogen-activated protein 

kinase (MAPK) pathways (e.g., c-Jun terminal kinase, p38 kinases); activation of these 

pathways induces activator protein ï 1 (AP-1) complex and inhibits transforming growth 

factor ɓ (TGF-ɓ) function. In turn, the signal cascade leads to deterioration of collagen 

metabolism and its further excessive degradation by increased activity of matrix 

metalloproteinase (MMP) (e.g., MMP-1, MMP-3 and MMP-9) (Makrantonaki & 

Zouboulis, 2017).  

The process of continuous damage begins at birth, but it is not harmful in the 

juvenile years due to the bodyôs natural repair mechanisms. With time, cell functions are 

compromised and slowed down by the influence of cumulative effect of free radicals. 

Consequently, reduction of the bodyôs self-repair capabilities eventually leads to the 
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formation of the aging phenotype (coarse wrinkling, skin sagging and atrophy, 

irregularities in pigmentation, elastosis, telangiectasias). 

On the other hand, it remains unclear why cells cannot handle oxidative stress as it 

is a part of the normal metabolic process as well as part of an immune response in 

phagocytosis. Therefore, an essential question to be addressed is whether free radicals and 

other detrimental factors are the primary cause of aging. Besides, another question is 

whether or not aging and death happen as a result of a hypothetical weakening of 

regulatory program of repair and replacement (Longo et al., 2005). Molecular aspects of 

these questions will be discussed in later sections. 

Numerous publications demonstrate that with age, nuclear DNA is damaged less 

frequently than mitochondrial DNA (Ames, 1989; Khrapko & Turnbull, 2014). Indeed, 

throughout the last few decades a significant portion of studies examining aging have 

concentrated on genetic damage and instability of organellar genomes (Wallace, 2001). In 

particular, the mitochondrial theory of aging increased in popularity, which is mostly 

regarded as a refinement of Harman's free radical hypothesis (Jacobs, 2003; Tan, 2019). 

The basis for the oxyradical hypothesis is that aging and age-related phenotypes develop 

as a result of accumulation of mitochondrial oxidative damage with age (Harman, 1956; 

Ziegler et al., 2015). At the same time, some studies demonstrate that increased production 

of ROS does not obligatorily result in lifespan reduction, and actually can even increase 

lifespan (Yee et al., 2014) due to the activation of adaptive mechanisms (Scialo et al., 

2020) and the necessity for maintaining physiological mechanisms (Figure 1.3). 

Experimental data demonstrate that in worms with impaired insulin/IGF-1 signaling the 

increase in lifespan could be mediated by retrograde ROS signaling, albeit inhibition of 

ROS activity using antioxidants can diminish such longevity by up to 60% (Zarse et al., 
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2012). Also, increased longevity in Caenorhabditis elegans might be reached by 

diminishing respiration accompanied by a mild elevation in ROS levels and resulting in 

further activation of hypoxia-inducible factor 1 (HIF-1) transcription factor and following 

changes in the expression of nuclear genes (Lee et al., 2010; Son & Lee, 2019). These data 

demonstrate that apart from ROS elevation, additional factors might be involved in 

mechanisms of aging. 

 

Figure 1.3. Generation of reactive oxygen species. Role of ROS in maintaining 

physiological processes. Cat, catalase; Fe3+ ferric ion; Fe2+, ferrous ion; GPX, glutathione 

peroxidase; H2O2, hydrogen peroxide; OHÅ, hydroxyl; NADPH oxidase, nicotinamide 

adenine dinucleotide phosphate oxidase; ROS, reactive oxygen species, O2
Åī, superoxide; 

SOD, superoxide dismutase. Retrieved from Gerasymchuk, M. (2021). Genomic 

instability and aging: Causes and consequences. Genome Stability, 533ï553. 

https://doi.org/10.1016/B978-0-323-85679-9.00028-3. This figure was created using 

images from Servier Medical Art Commons Attribution 3.0 Unported License 

(http://smart.servier.com). 

 

https://doi.org/10.1016/B978-0-323-85679-9.00028-3
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The mitochondrial theory of aging acknowledged that the deterioration of 

mitochondrial activity is one of the cornerstones of cellular dysfunction in the aging 

process (Lefkimmiatis et al., 2020; Nacarelli et al., 2016; Ziegler et al., 2015). 

Mitochondrial functions have traditionally been viewed as adenosine triphosphate (ATP) 

production by oxidative phosphorylation (OXPHOS) as well as transmission of adaptive 

regulatory signals to control immunity, apoptosis or survival, and homeostasis with strong 

effects in aging. Moreover, studies show that mitochondria are considered as one of the 

main hubs in the regulation of many age-related pathways such as senescence, unfolded 

protein response, autophagy, and inflammation (Son & Lee, 2019).  

A lot of attention has been given to mitochondria for the purpose of aging research. 

Mitochondrial DNA (mtDNA) is a double-stranded, circular molecule that is 16,569 bp 

long in human (Druzhyna et al., 2008). Human mtDNAs are formed as protein-DNA 

complexes inside the mitochondrial matrix and known as mitochondrial nucleoids 

(Yasukawa & Kang, 2018). The mtDNA synthesis is in proximity to the ROS formation 

by the protein complexes I, II, and III of ETC at the inner mitochondrial membrane. In 

comparison to nuclear DNA (nDNA) mtDNA is not protected by histones and for this 

reason is more exposed to ROS attack (Tan, 2019). Moreover, since excision and 

recombination repair are less efficient in mitochondria as compared to the nucleus 

(Gebhard et al., 2014; Makrantonaki & Zouboulis, 2017), mutations accumulate 

progressively during life (Nacarelli et al., 2016). A vicious cycle develops with age 

(Druzhyna et al., 2008) in which mutations in mtDNA lead to disfunction of the 

respiratory chain, further reinforcing the production of DNA damaging oxygen radicals 

(Jacobs, 2003). Thus, increased ROS production causes catastrophic and irreversible 
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gradual mtDNA injury and mutagenesis in mitochondria, substantially increasing 

oxidative damage and cellular dysfunction (Brunetta et al., 2020; Wisnovsky et al., 2016).  

Nevertheless, the mitochondrial theory of aging cannot encompass all mechanisms 

of cellular and organismal deterioration changes with age. Additionally, it does not 

provide a reasonable explanation of some contradictory phenomena of aging. For instance, 

why prolonged antioxidant therapy did not attenuate age-related oxidative damage (Barja, 

2019). Besides, a substantial body of circumstantial evidence indicates sufficient 

protection of mtDNA by a sturdy protein coating with mitochondrial transcription factor 

A and proteins, including antioxidant enzymes (Tan, 2019). An alternative concept 

proposed nearly a decade ago by M. Blagosklonny, was described as the hyperfunction 

theory of aging which represents a conjunction of ideas of mechanistic and evolutionary 

biology with amplified functions of genetics (Blagosklonny, 2008). The author suggested 

that aging is a consequence of over-activation of growth-promoting signalling pathways 

such as the TOR (well-known in mammals as mTOR and famous target of rapamycin) 

pathway. He proposed that sustained development and hyperfunction of genes in the fertile 

age leads to hypertrophy resulting in aging. At the same time, accumulation of molecular 

damage is considered a secondary factor (i.e., hyperfunction and hypertrophy cause 

damage, not the other way around) and has a limited influence on the aging process 

(Gladyshev, 2016). It is known that reactive oxygen species (ROS) induce molecular 

damage, but Blagosklonny gave the ROS theory of aging an alternative explanation: He 

has hypothesised that ROS-induced molecular damage is not life-limiting, simply because 

the effect of TOR on aging is much more profound. 

Consequently, ROS plays a signalling role in the mTOR pathway, but not vice versa 

(Blagosklonny, 2008). Results of excessive mTOR and INS/IGF1 signalling activity could 
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be interpreted from the point of view of hyperfunction theory. Multiple studies showed 

that inhibition of these pathways is predicted to increase lifespan. Meanwhile, hypertrophy 

is usually associated with hyperfunction based on excessive activities that later lead to 

functional insufficiency and exhaustion. It could also be the secondary (i.e., following 

damage) evidence of aging or may demonstrate other potentially related deleterious 

processes as a result of insufficient protection or regulation (Gladyshev, 2016). 

In 2014 Zs.-Nagy ñupgradedò free radical and mitochondrial theories with a concept 

called the membrane hypothesis of aging. The central idea of this theory is the decreased 

membrane permeability and subsequent deterioration of mitochondrial functions 

provoked by ROS and by residual heat coming from nerve signals (Zs.-Nagy, 2014).  

While supportive evidence exists for each of these theories, there appears to be 

extensive areas of overlap of concepts and processes between theories.  For instance, the 

ñmitochondrial theory of agingò is interrelated with the ñfree radical theory of aging.ò 

Mitochondrial dysfunction is characterized by reduced mitochondrial biogenesis, 

increased respiratory rates, or malfunction of the electron transport chain (Forrester et al., 

2018), resulting in increased generation of free radicals such as reactive oxygen species 

(ROS) with age (Lee & Wei, 2012). At the same time, mitochondrial ROS production 

drives the range of physiological processes: cellular differentiation and proliferation, 

motility, angiogenesis, immune response, as well as an integral part of phagocytosis and 

apoptosis (Figure 1.3). Furthermore, the physiological aspects of mitochondrial activity 

deteriorate with age, whereas pathological progressively grows (Figure 1.4).  
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Figure 1.4. Generation of reactive oxygen species. Involvement of increased 

production of ROS on the pathological processes. Cat, catalase; Fe3+ ferric ion; Fe2+, 

ferrous ion; GPX, glutathione peroxidase; H2O2, hydrogen peroxide; OHÅ, hydroxyl; 

NADPH oxidase, nicotinamide adenine dinucleotide phosphate oxidase; ROS, reactive 

oxygen species, O2Åī, superoxide; SOD, superoxide dismutase. Retrieved from 

Gerasymchuk, M. (2021). Genomic instability and aging: Causes and consequences. 

Genome Stability, 533ï553. https://doi.org/10.1016/B978-0-323-85679-9.00028-3. This 

figure was created using images from Servier Medical Art Commons Attribution 3.0 

Unported License (http://smart.servier.com). 

 

The somatic mutation accumulation theory of aging postulates that accumulation of 

mutations with age results in functional decline and ultimately leads to an increasing 

chance of death at any given time (Failla, 1958; Szilard, 1959), and was later modified 

into the DNA damage accumulation theory of aging. As mentioned previously, organismal 

aging is caused by a complex interplay of different molecular changes affecting the 

https://doi.org/10.1016/B978-0-323-85679-9.00028-3
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various tissues within the organism and resulting in their functional deterioration. While 

keeping this in mind, there is extensive evidence that indicates a central role of DNA 

damage accumulation and resulting genomic instability in aging. 

It is evident that each presented theory has merit and discloses specific mechanisms 

of aging. All aforementioned theories and concepts have a place in the bigger picture of 

the aging pathogenesis; however, additional research is needed to understand the entire 

picture. Understanding the fundamental physiology of changes in the aging process as 

well as studying and testing its theories may disclose secrets of longevity, help in the 

treatment of age-associated diseases, and hence decrease general morbidity and mortality. 

 

1.4. Skin as the aging-representative organ 

The most evident and visible symptoms of aging in humans are manifested by 

changing skin appearance due to continuous exposure to exogenous irritants. Skin is the 

first line of defense against abiotic and biotic environmental factors (Choi & Lee, 2015; 

Lämmermann et al., 2018). Despite an ongoing renewal process, the cutaneous 

regenerative capacity reduces with age. A decrease in regenerative potential is often linked 

to a decline in the elimination of senescent cells, and their gradual accumulation results in 

the physiological aging of the tissue itself (Mancini et al., 2014). Many questions remain 

as to how to achieve longevity and healthy aging (Elsharawy et al., 2012). Skin seems to 

be an ideal health indicator because an alteration in its appearance directly signals the 

ongoing pathological changes in the organism. Thus, research on dermal health and aging 

is essential for an overall understanding of the processes of aging. 
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1.4.1. Skin structure and functions 

Skin is the outermost organ and the largest one in the human body. It occupies about 

8% of the total body mass of an adult human covering 1.8 m2 of surface area (Krishnan et 

al., 2012). Apart from being a protective barrier, the skin is also responsible for 

maintaining homeostasis, including the prevention of percutaneous loss of electrolytes, 

fluid, and proteins; it also mediates immune activity and sensory perception as well as 

temperature regulation (Figure 1.5) (Cavinato et al., 2017; Farageet al., 2017; Horsburgh 

et al., 2017). The skin consists of three separate, but functionally interdependent, layers: 

the epidermis, dermis, and hypodermis (Figure 1.6). Their cellular components maintain 

the mechanical defense, photoprotection, immunosurveillance, nutrient metabolism, 

repair, and rejuvenation (Bíró et al., 2009; Elder et al., 2015). 

 

 

Figure 1.5. Skin functions. Schematic diagram showing the functions of the normal 

human skin. This figure was created using images from Servier Medical Art Commons 

Attribution 3.0 Unported License (http://smart.servier.com).  
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1.4.1.1. Epidermis 

The epidermis is the outermost layer of the skin derived from the ectoderm and is 

tightly interlocked with dermal ridges. It mainly serves as a protective bulwark between 

the outside world and the internal environment of the body (Figure 1.5). Other epidermal 

functions are related to immunoprotection, thermoregulation, and the maintenance of 

energy metabolism, ultraviolet protection, and resistance to trauma. The epidermis 

consists of keratinocytes, Langerhans cells, melanocytes, neuroendocrine (Merkel) cells, 

and inflammatory cells (Figure 1.6) (Sewon Kang, 2019). Keratinocytes comprise over 

90% of the cellular population of the epidermis and are connected by desmosomes and 

tight junctions. They produce and store an intracellular fibrous protein (keratin) that 

provides hardness and water-resistant properties to the skin and its appendages (hair and 

nails) (Kierszenbaum & Tres, 2019). Langerhans cells resemble macrophages by their 

functions and perform a phagocytic activity. Melanocytes produce the pigment melanin 

that gives hair and skin its color and are also involved in UVR damage protection. Merkel 

cells function as a touch-perception receptor (Kang, 2019).  

Depending on the location in the body, the skin is classified into two types: thin skin 

and thick skin, respectively, made of four or five layers of epithelial cells in the epidermis. 

Thin skin consists of the following layers or strata (from the innermost layer to the 

outermost one): the stratum basale (the basal layer or stratum germinativum) which 

contains stem cells that attach the epidermis to the basal lamina; stratum spinosum (the 

spinous or prickle cell layer); stratum granulosum (the granular cell layer); stratum 

corneum (the cornified cell layer). The fifth layer, located between the stratum corneum 

and the stratum granulosum, is known as stratum lucidum (the clear cell layer) and is 
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found predominantly in thick skin which covers the palms of the hands and the soles of 

the feet (Elder et al., 2015; Kierszenbaum & Tres, 2019). 

 

Figure 1.6. Skin structure. Schematic diagram showing the structural components 

of the normal human skin. Retrieved from M. Gerasymchuk, V. Cherkasova, O. 

Kovalchuk, and I. Kovalchuk, ñThe Role of microRNAs in organismal and skin aging,ò 

Int. J. Mol. Sci., vol. 21, no. 15, p. 5281, 2020, doi: 10.3390/ijms21155281. This figure 

was created using images from Servier Medical Art Commons Attribution 3.0 Unported 

License (http://smart.servier.com).  

 

1.4.1.2. Dermis 

The dermal layer delivers nutrients and supports circulation (Singhvi et al., 2018). 

It is separated from the epidermis by a structurally and chemically complex basement 

membrane zone presented by intertwining collagen fibers. The dermal-epidermal interface 

is tightly interlocked and stabilized by hemidesmosomes (Kierszenbaum & Tres, 2019). 
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Structurally, the dermis is a connective tissue layer composed of an interconnected net of 

collagenous and elastin fibers embedded within the ground substance produced by 

fibroblasts (Figure 1.6); it is abundant with lymph and haemocirculation, nerves and 

additional structural components (hair follicles and sweat glands). The majority of dermis 

cells are presented by fibroblasts that possess a multifunctional capacity but are 

predominantly involved in the production of extracellular matrix (ECM) components 

(Elder et al., 2015). Apart from fibroblasts, the dermal layer is composed of a broad 

number of endothelial and neural cells, supporting elements as well as mast cells 

embedded within a matrix of collagen and glycosaminoglycans. In the dermis, there are 

also dendritic and nondendritic monocyte/macrophages, myofibroblasts along with 

dermal dendrocytes expressing factor XIIIa that are implicated in the hemostatic and 

inflammatory processes (Pagliari & Sotto, 2002; Wğodarczyk et al., 2014).  

The dermis consists of the papillary (upper) and reticular (lower) layers (Figure 5). 

The papillary layer starts at the epidermal basement membrane and is composed of loose 

areolar connective tissue with fibroblasts, collagen bundles, and thin elastic fibers that 

form a loose mesh and provide a mechanical anchor as well as nutrients to the overlying 

epidermis. Additionally, it contains phagocytes, lymphatic capillaries, nerve fibers, and 

touch receptors known as Meissner corpuscles (Kierszenbaum & Tres, 2019). The second 

layer is a reticular layer which is a thicker layer located between the papillary dermis and 

the subcutaneous adipose tissue. It is made up of irregular dense connective tissue with 

thick collagen bundles and coarse elastic fibers and is supported by wide vascularization 

and the sensory and sympathetic nerve supply. Elastin fibers in this layer render dermal 

elasticity and movement. While collagen fibers maintain the structural and tensile 

robustness, they are also responsible for the support of skin hydration by binding water. 
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They are widespread in the papillary compartment and hypodermal layer (Elder et al., 

2015).    

1.4.1.3. Hypodermis 

The hypodermis (also called the subcutaneous layer of the skin or superficial fascia) 

is a layer directly below the dermis which transitions to the fascial layers (Figure 1.6). It 

consists of well-vascularized, loose, areolar connective tissue with a lesser collagen 

content and abundant adipose tissue that form a layer of variable thickness depending on 

its location in the body. The hypodermis facilitates cutaneous mobility. The adipose tissue 

serves as a storage of metabolic energy and provides thermal insulation, cushioning 

properties, and shock absorption for the integumentary system (Elder et al., 2015; 

Kierszenbaum & Tres, 2019).   

About 30,000 of dermal cells die every minute in human body. At the same time, 

cutaneous development and normal physiology is a highly adapted process that depends 

on the cooperation between genetic networks and various regulatory factors (Fore, 2006). 

Despite daily exposure to environmental damage, the skin sustains continuous self-

renewal to replace old or injured cells and repair damaged tissue (Pal & Sen, 2019). 

However, when pathogenic effects exceed the protective cutaneous capabilities or 

regenerative properties depleted with age, cellular senescence and different 

dermatological diseases results (Huang et al., 2013). 

 

1.4.2. Molecular aspects of skin development 

Cutaneous formation begins within the first two weeks of development. The 

ectoderm eventually forms the epidermis and melanocytes as well as the nervous system. 

The latter starts developing during the third week of fetal life when the ectoderm creates 
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the neural plate within it and initiates neural crest development. The mesoderm gives rise 

to blood vessels, muscles, bones, and fibroblasts, except for some subpopulations that are 

derived from the neural crest of ectoderm. The endoderm is not involved in cutaneous 

formation (Kang, 2019). It is believed that neural crest cells secrete the Wnt1 ligand, a 

signaling molecule that activates the transcription factor and cytoskeletal protein, ɓ-

catenin. The latter controls epithelial differentiation and the functioning of stem cells and 

appendages. Fibroblast growth factors induce the neural fate, while bone morphogenetic 

proteins (BMPs) and WNT signaling regulate the epidermal fate (Pal & Sen, 2019; 

Thulabandu et al., 2018). 

1.4.2.1. The development of epidermis 

The surface ectoderm stimulates the generation of a single layer of basal 

keratinocytes from germinativum ï a layer of cuboidal undifferentiated and mitotically 

active cells. Keratinocytes are known for an abundant synthesis of intermediate filaments 

keratins. Germinativum expresses the gene p63 which is essential for the epidermal 

differentiation. Experiments demonstrate lethality in mice immediately following birth 

due to p63-deficiency (Mills et al., 1999). In humans, the TP63 mutation causes several 

autosomal dominant ectodermal dysplasias which are characterized by different 

combinations of limb, ectodermal, and orofacial abnormalities as well as alopecia, 

suggesting the role of p63 in maintaining stem cell proliferation (Duchatelet et al., 2020; 

Senoo et al., 2007).  

Numerous signaling pathways control epidermis formation and stratification. For 

instance, the ligand Delta, or Jagged, binds the receptor Notch which initiates transcription 

and epidermal differentiation. The inhibition of the Notch pathway results in the 

deficiency of the development of the cutaneous barrier (Pan et al., 2004). The epidermis 
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fails to stratify in case of a low level of expression of the p63 transcription factor that 

consequently deteriorates appendage formation (Blanpain & Fuchs, 2009). The 

development of hair follicles and epidermal interfollicular lineages is regulated by the 

Notch 1 and 2 signaling pathways (Yamamoto et al., 2003). The MAPK signal 

transduction pathway (also known as the Ras-Raf-MEK-ERK pathway) likewise regulates 

epidermal proliferation and differentiation. The deletion of its key enzyme Mek1/2 

(mitogen-activated protein dual kinases 1/2) results in cutaneous underdevelopment 

(Scholl et al., 2007). Conversely, the augmented activity of the epidermal growth factor 

(EGF) involved in the MAPK pathway potentiates proliferation and epidermal tumor 

growth (Janes & Watt, 2006).  

Three distinct pools of stem cells are located in the interfollicular epidermis, the 

bulge, and the sebaceous gland supporting epidermal homeostasis. Skin stem cells 

undergo continuous self-renewal and differentiation into the required cell lineages to 

replenish cells such as keratinocytes which die due to programmed termination or injury 

(Horsburgh et al., 2017). The renewal of the cutaneous barrier occurs via the spinous 

transition of basal cells in mature skin in parallel with changes to gene expression (e.g., 

down-regulation of Keratin5/14 and up-regulation of Keratin1/10) controlled by p63 and 

the canonical Notch pathway (Blanpain & Fuchs, 2009). 

1.4.2.2. The development of dermis 

The dermis is formed from the mesodermal layer. The distinct boundary between 

the epidermis and the dermis appears at the eighth week of gestation. Fibroblasts represent 

the primary cell type that supports the dermis and demonstrate the ability to regulate 

epithelial cell function. They also abundantly secrete collagens and other extracellular 

matrix molecules.  Fibroblasts also show a high level of heterogeneity depending on skin 
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location. Thus, early embryonic dermal fibroblast progenitors can potentially differentiate 

into several cell types. For instance, the upper dermal fibroblast progenitor cells 

(PDGFRa, Blimp1, Dlkī, Irig1 markers) become the dermal papillae (a ball of fibroblasts 

that control hair keratinocytes) and the arrector pili muscle (muscle attached to hair that 

causes goosebumps) (Driskell et al., 2013; Fujiwara et al., 2011). In the upper dermis there 

are papillary fibroblasts. The lower dermal fibroblast progenitor (PDGFRa, Blimp1ī, 

Dlk1) generates the lower reticular fibroblasts and intradermal adipocytes/dermal white 

adipose tissues (Driskell et al., 2013; Thulabandu et al., 2018). Reticular fibroblasts have 

the lower density and are biased for collagen I over collagen III production. Moreover, 

during wounding, they differentiate to myofibroblasts, which promotes wound closure and 

presumably scarring (Driskell et al., 2013). The formation of the appendages is directly 

interrelated with the papillary dermis (Thulabandu et al., 2018). Skin development is not 

complete at birth because the final full barrier formation occurs afterwards. 

 

1.5. Processes involved in skin aging  

Biological aging is an integral process. It consists of multiple interrelated processes 

based on internal biochemical reactions, genetic programs, and the ongoing external 

influences. Aging affects all organs and systems, albeit at a different rate (Berman et al., 

2012). The skin, like all other organs, undergoes distinguishable changes due to the 

progressive deterioration of morphological and physiological functions with increasing 

age. Thus, the barrier function and mechanical protection are compromised as a result of 

a gradual diminishing in the replacement of cellular components. Therefore, wound 

healing and immune responses are delayed, which is also accompanied by the disrupted 

thermoregulation along with the depleted sebum and sweat production. Furthermore, the 



34 
 

skin provides the first visible evidence of the aging process (Makrantonaki & Zouboulis, 

2007). 

Cutaneous aging is a complex phenomenon involving the two simultaneously 

occurring processes: an intrinsic aging known as chronological or natural aging which is 

genetically determined. Extrinsic aging, on the other hand, is caused by environmental 

factors such as chronic sun exposure (the total sunlight spectrum contains 45% of 

ultraviolet light) known as photoaging (Dudonné et al., 2011). The main symptoms of 

dermal aging are represented by the gradual process of wrinkle development combined 

with skin sagging and drooping. Naturally aged skin looks dry and has fine wrinkles, but 

is still smooth and light (Sunderland et al., 2017; Yi et al., 2006). In contrast, extrinsically 

photo-aged skin has thick layers (a leathery aspect) and coarse wrinkles, irregular 

pigmentation (ñage-spotsò which are actinic lentigines), capillary telangiectasia, elastosis, 

and precancerous lesions such as actinic keratosis and malignant tumors  (Berneburg et 

al., 2004; Gkogkolou & Böhm, 2012; Kang et al., 2017; Toutfaire et al., 2017).  

Both types of cutaneous aging reduce the proliferative capacity of fibroblasts, 

keratinocytes, and melanocytes (Dudonné et al., 2011). The morphological manifestations 

are the result of a decreased extracellular matrix (ECM) synthesis in the dermis due to the 

increased expression of matrix-degrading enzymes, and matrix metalloproteinases 

(MMPs) which are mainly secreted by epidermal keratinocytes and dermal fibroblasts 

(Kang et al., 2017). MMPs lead to the degradation and accumulation of a non-functional 

matrix due to cross-links in collagen fibers (intrinsic aging) or partially degraded elastin 

fibers (extrinsic aging) in combination with an increased oxidative stress and 

inflammatory process (Toutfaire et al., 2017). 
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Extrinsic and intrinsic types of dermal aging are based on the common pathogenic 

molecular pathways (Wlaschek et al., 2001). The interactive features of both types of 

cutaneous aging are the generation of reactive oxygen species (ROS), resulting in the 

degradation of the ECM by the overexpressed MMPs (Rittié & Fisher, 2015). The 

accumulation of ROS predominantly leads to the activation of tyrosine kinases receptors 

(TKRs) via the inactivation of protein tyrosine phosphatases. Then TKRs are 

phosphorylated and their subsequent signaling pathways are activated. These include the 

three families of mitogen-activated protein kinases (MAPKs): p38MAPK, c-Jun N-

terminal kinase (JNK), and ERK (extracellular signal-regulated kinases). The activation 

of these MAPKs is followed by the increased expression of transcription factor activator 

protein-1 (AP-1). This stimulates the expression of different metalloproteinases (MMP-1, 

MMP-3, and MMP-9) and prevents the appearance of procollagen-1 (Batista et al., 2009; 

Rittié & Fisher, 2015; Toutfaire et al., 2017). The enhanced activities of MMPs eventually 

lead to ECM degradation that deteriorates the cutaneous structure and manifests as aged 

skin. 

Although the fundamental mechanisms are still poorly understood, a growing body 

of evidence is in favor of multiple pathogenic pathways of skin aging. Chronological- and 

photo-aging skin types may occur in parallel or overlap, and their leading mechanism is 

intensified oxidative stress which presumably has one of the most detrimental effects on 

cutaneous aging.  

 

1.6. Endocannabinoid system throughout the body 

The endocannabinoid system (ECS) is an evolutionary conserved homeostatic 

network encompassing a group of cannabinoid receptors that endogenously synthesize 
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cannabinoids (endocannabinoids, eCBs) such as the anandamide (N-

arachidonoylethanolamine; AEA) and 2-arachidonoylglycerol (2-AG), and wide-range of 

enzymes involved in their synthesis, transport, and degradation. The central ECS receptors 

are cannabinoid type 1 receptor (CB1) and cannabinoid type 2 receptor (CB2). These 

receptors are found on the cell surface and mitochondria and can be located on the same 

cell in relative proximity (Maroon & Bost, 2018). Structurally, they are a group of G-

protein coupled receptors (GPCRs), known also as metabotropic, being predominantly 

coupled to the Gi/o Ŭ proteins that inhibit adenylyl cyclase (AC) thereby reducing cellular 

cAMP levels (Río et al., 2018). However, coupling to other effector proteins has also been 

reported, including activation of Gq and Gs proteins, inhibition of voltage-gated calcium 

(Ca2+) channels, stimulation of inwardly rectifying potassium (K+) channels, and 

activation of mitogen-activated protein kinase (MAPK) signaling pathways and ɓ-arrestin 

engagement. Thus, inhibition of Ca2+ channels and activation of K+ channels lead to the 

suppression of release of excitatory and inhibitory neurotransmitters (e.g., noradrenaline, 

dopamine, acetylcholine, and glutamate) from the vesicles of the pre-synaptic terminals 

(Sinclair, 2016). 

Endocannabinoids (eCB) are endogenous ligands. Among the most studied are AEA 

and 2-AG which are produced on demand from membrane phospholipids in response to 

physiological or pathological stimuli (e.g., calcium influx after excessive glutamate 

release and neuronal excitability). They can also be accumulated and stored by 

intracellular transporters and storage organelles/pools in the membrane as phospholipid 

precursors (Chiurchiù, 2016). The synthesis of AEA is moderated by phospholipase D, 

whereas fatty acid amide hydrolase (FAAH) was shown to break it down. At the same 

time, diacylglycerol lipase (DAGL) is responsible for 2-AG production, while 



37 
 

monoacylglycerol lipase (MAGL) is a key enzyme in its hydrolysis (Cintosun et al., 2020; 

Jeong et al., 2019). The 2-AG is a primary endogenous ligand and physiological 

cannabinoid receptor agonist for the CB2 receptor (Ibsen et al., 2017).  

Once synthesized, eCBs bind to, and functionally activate, their target receptors 

(mainly CB1 or CB2) triggering various signaling pathways and causing specific 

biological effects in designated organs or tissues (Chiurchiù, 2016). 

Apart from the ñclassicalò eCBs, recently, several other endogenous molecules have 

been discovered and classified as ñcannabinoid-likeò or ñcannabinoid-relatedò including 

2-AG-ether (noladin ether) and O-arachidonoylethanolamine (virodhamine), as well as 

two additional N-acylethanolamines (NAEs), namely N-oleoylethanolamide (OEA) and 

palmitoylethanolamine (PEA) (Chiurchiù, 2016). The OEA has been exhibited to bind 

cannabinoid-like G-coupled receptor GPE119 and considered as its endogenous ligand 

whereas PEA demonstrated an affinity to both newly discovered receptors GPR55 and 

GPR119 (Jeong et al., 2019). 

1.6.1. Cannabinoid type 1 receptor (CB1) 

The CB1 receptor in humans is encoded by the CNR1 gene located in chromosome 

6 (6q14-q15) (Kupczyk et al., 2009). The CB1 receptors are primarily expressed in the 

CNS mainly at the terminal ends of central and peripheral neurons and in nonneural cells 

throughout the body (Kupczyk et al., 2009). Additionally, psychotropic effects of THC 

and the adverse psychiatric side effects of CB1-targeting drugs are predominantly due to 

the activation of CB1 receptors (Xing et al., 2020). CB2 receptors are mainly expressed 

by cells (T and B lymphocytes) and peripheral tissues of the immune system (spleen and 

thymus) where it regulates immune suppression, apoptosis, and cell migration (Ibsen et 

al., 2017). The presence and activation of CB2 has also been widely documented in 
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neurons, astrocytes and activated microglial cells in response to various stimuli (e.g., 

biologically active substances released in the chronic inflammatory process of the nervous 

system) (Chiurchiù, 2016; Maccarrone et al., 2015). The density of CB1 in the brain stem, 

specifically the cardiopulmonary centers is very low and thus the lethality due to 

respiratory depression development in cannabis users is extremely low in comparison to 

overdose by opiates (Sinclair, 2016). CB1 receptors are also present in immune cells, 

epithelial cells, bone marrow, heart, vascular endothelium, lung, gastrointestinal tract, 

testis, several peripheral organs, and the eye where they are involved in cell proliferation, 

glucose metabolism, inflammation, and apoptosis (Ghosh et al., 2017). Consequently, at 

present evidence-based data demonstrates the presence of functional ECS in virtually all 

peripheral organ systems (Bíró et al., 2009). 

1.6.2. Cannabinoid type 2 receptor (CB2) 

Cannabinoid receptor type 2 is encoded by the CNR2 gene and is localized on 

chromosome 1 (1p36,11) (26). Like CB1, it has been identified during pre- and postnatal 

developmental periods (Fride, 2008). CB2 is often called an immunocannabinoid system 

receptor as it is abundantly expressed by the cellular and tissue components of the immune 

system (Tóth et al., 2019). CB2 receptors have been found on B and T lymphocytes, CD4+ 

and CD8+, natural killer (NK) cells, monocytes, macrophages, and neutrophils, and at the 

marginal zone of the spleen, thymus and tonsillar tissue (Sinclair, 2016; Ständer et al., 

2005; Xing et al., 2020). The presence of CB2 receptors on the surface of antigen-

presenting cells stimulates their cytokine profile and subsequently that of T-helper cells. 

These interactions may explain to a certain extent mechanisms of anti-inflammatory and 

anti-hyperalgesic effects of cannabinoids acting through CB2 receptors (Howard et al., 

2013; Sinclair, 2016). Moreover, the expression of CB2 has also been found in the skin, 
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suggesting that CB2 signaling might be involved in the maintaining of cutaneous 

homeostasis, a balancing act of skin functions (Akhmetshina et al., 2009). Overall, CB2 

receptors are thought to play an integral role in the mechanisms of various pathological 

processes that encompass inflammation, metabolic dysregulation, pain, 

neurodegeneration, atherosclerosis, and bone loss (Gertsch et al., 2006).  

1.6.3. Additional components of ECS 

Other membrane and intracellular receptors are involved in response to 

cannabinoids. Among them are the ionotropic transient receptor potential (TRP) cation 

channels family, nuclear receptors/transcription factors called the peroxisome 

proliferator-activated receptor (PPAR) Ŭ and Ὓ, along with the orphan GPCRs including 

GPR18 and GPR55, serotonin 1A receptor (5-HT1A), and the adenosine A2A receptor 

(Baron, 2018; Río et al., 2018; Tóth et al., 2019). Thus, TRP includes six subfamilies: 

TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPA (ankyrin), TRPP 

(polycystin) and TRPML (mucolipin). PPARŬ and PPARὛ are known partially to regulate 

endocannabinoid-induced immunomodulatory effects on different immune cells  (Li et al., 

2021; Majewski et al., 2021; Pontis et al., 2016). GPR55 was discovered to be expressed 

explicitly on NK cells and monocytes and is likely involved in the immune response 

initiation (Chiurchiù, 2016). TRPV-1 receptors have been found on the surface of several 

types of central neurons and perivascular sensory nerves, as well as on a couple of immune 

cells (e.g., macrophages, dendritic or Langerhans cells), endothelial, epithelial smooth 

muscle cells, epidermal, and hair follicle keratinocytes (Kupczyk et al., 2009). The main 

components of the ECS and the biosynthesis and degradation of endocannabinoids are 

schematically depicted in Figure 1.7. 
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Figure 1.7. Biosynthesis, degradation, and action of endocannabinoids at 

cannabinoid receptors. Biosynthesis and the inactivation of the two endogenous lipid 

messengers, such as endocannabinoids N-Arachidonoylethanolamine or anandamide 

(AEA), 2-arachidonoylglycerol (2-AG), and N-palmitoylethanolamide (PEA) act on 

cannabinoid receptors. AEA and 2-AG are typically released on demand from membrane 

lipids. AEA synthesized from N-arachidonoyl-phosphatidylethanolamines (NAPE) via 

the activity of N-acyl-phosphatidylethanolamine-hydrolysing phospholipase D (NAPE-

PLD) and hydrolyzed by fatty acid amide hydrolase (FAAH) to ethanolamine and 

arachidonic acid (AA). 2-AG is 2-AG can also be produced from sn-2-arachidonate-

containing diacylglycerols by sn-1-acyl-2-arachidonoylglycerol lipase (DAGL), and 

degraded by lipase (MAGL), releasing glycerol and AA. PEA is hydrolyzed by N-

acylethanolamine-hydrolysing acid amidase (NAAA) into ethanolamine and palmitic acid 

(PA). Cyclooxygenase-2 (COX-2) can also oxidize anandamide and 2-AG, followed by 

prostaglandin synthases to produce prostamides (from anandamide) and prostaglandin-

ethanolamide, PG-EA (from 2-AG). Both AEA and 2-AG move across the plasma 

membrane via a purported endocannabinoid membrane transporter (EMT) and target CB1 

and CB2, which show an extracellular binding site. 2-AG, AEA, and PEA directly activate 

orphan G-protein-coupled receptors (GPR55, GPR18, GPR119), the transient receptor 

potential of vanilloid (TRPV) channel, and peroxisome proliferator-activated nuclear 

receptors (PPARs). Dashed lines denote low-affinity bindings. Phytocannabinoids ȹ9-
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tetrahydrocannabinol (THC), cannabidiol (CBD), and ȹ9-tetrahydrocannabivarin 

(THCV) showed to activate cannabinoid receptors. CB1, cannabinoid receptor 1; CB2, 

cannabinoid receptor 2; ER, endoplasmic reticulum. This figure was created using images 

from Servier Medical Art Commons Attribution 3.0 Unported License 

(http://smart.servier.com). 

 

1.6.4. Phyto- and endocannabinoids act through cannabinoid receptors 

Phytocannabinoids (pCBs) found in cannabis plants are well-known to interact with 

CB1 and CB2 receptors. Among them, the most common are ɔ-trans-ȹ9-

tetrahydrocannabinol (THC), ȹ9cannabichromene (THCV), cannabidiol (CBD), 

cannabidivarin (CBDV), cannabigerol (CBG), cannabigerovarin (CBGV), cannabinol 

(CBN) and cannabichromene (CBC) (Bonini et al., 2018). It has been established that both 

eCBs and pCBs operate through the activation of presynaptic CB1 receptors as retrograde 

messengers that provide feedback inhibition of both excitatory and inhibitory transmission 

in the brain (Maroon & Bost, 2018). Altering CB1 and CB2 receptors, and their 

endogenous ligands along with endocannabinoid degradative enzymes, have already given 

promising results in the treatment of cancer, neurodegenerative diseases, and some dermal 

pathology. 

A significant number of studies have found robust evidence that eCBs and pCBs, 

depending on their concentration, are capable of activating, antagonizing, or inhibiting 

various cellular targets including several metabotropic (e.g., CB1 or CB2), ionotropic 

(e.g., TRP) and nuclear (e.g., PPARs) receptors (Tóth et al., 2019). Furthermore, in some 

situations, they might enforce antagonistic biological actions on the same target molecule. 

Despite a large number of identified mechanisms of action of endocannabinoids and 

function of ECS in the regulation of certain diseases or organs, to date, there are still a lot 

of unknowns surrounding the biological activity and effects of cannabinoids.  
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For the past decade a great deal of research has been dedicated to identifying ECS 

mechanisms of action and response towards physiological regulation and functioning of 

tissues, organs, and the entire organism. Two primary cannabinoid receptors CB1 and 

CB2 were found to play crucial roles in a variety of physiological processes, including 

appetite regulation, immunomodulation (Guzmán, 2003), peripheral energy metabolism, 

pain sensation, and memory (Fride et al., 2005; Hua et al., 2020; Xing et al., 2020). At the 

same time, multiple questions were addressed about ECSôs role in pathological conditions, 

morbidity, and mortality. Nevertheless, there is a gap in understanding the role of ECS in 

aging, the functioning of the integumentary system during physiological and pathological 

processes, and its regenerative capabilities in aged organisms. 

 

1.6.5. Endocannabinoid system of skin 

As an active neuroendocrine-immune organ, the skin is also a complex defensive 

system representing physicochemical, immunological, and microbiological barriers that 

provide cutaneous protection (Bíró et al., 2009).  

The results of numerous dermatological studies have demonstrated that components 

of the ECS are present in the skin and were found to modulate numerous functions (Bíró 

et al., 2009). For instance, ECS is involved in cell growth regulation, differentiation, and 

survival (Tóth et al., 2011), immune and inflammatory responses, as well as sensory 

perception (Lau & Vaughan, 2014). Cutaneous cannabinoid receptors are typically located 

in suprabasal layers of the epidermis, hair follicles, and sporadic regions of the basal layer 

(Río et al., 2018). Thus, CB1 expression was found in keratinocytes localized in the 

spinous and granular epidermal layers, as well as in epithelial cells of the infundibulum 

and inner root sheet of hair follicles and differentiated sebaceous cells. In contrast, CB2 
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receptors are expressed in basal keratinocytes along with undifferentiated sebaceous cells 

and undifferentiated infundibular hair follicle cells. Presence of CB1/2 receptors has also 

been verified in the other cutaneous cells such as dermal fibroblasts (Garcia-Gonzalez et 

al., 2009), melanocytes (Pucci et al., 2012), and myoepithelial cells of eccrine sweat 

glands (Ständer et al., 2005).  

The wide distribution of cannabinoid receptors was found in the nervous and 

vascular tissues throughout the skin. Like in the CNS and peripheral nervous tissues, both 

CB1 and CB2 were also identified in cutaneous nerve fibers. Also, the presence of these 

two cannabinoid receptors was determined in vascular endothelium (Gasperi et al., 2014; 

Liu et al., 2000), and the subcutaneous layer in pre-adipocytes and mature adipocytes (Río 

et al., 2018; Roche et al., 2006).  

The most abundant cutaneous cells such as keratinocytes (Maccarrone et al., 2003), 

fibroblasts (McPartland, 2008), and melanocytes (Pucci et al., 2012) (Fig. 1.6) 

demonstrate a fully functional ECS. Notably, they were shown to synthesize AEA and 2-

AG in large quantities. The expression of FAAH, an enzyme that metabolizes anandamide, 

was found to be low in the suprabasal epidermal layers, the outer root sheath of hair 

follicles, and in skin sebaceous glands (Wohlman et al., 2016).  

Apart from traditional components, PPARɔ and TRPV1 are additional receptors and 

similar to CB1/CB2 receptors in that they are involved in ECS signaling mechanisms 

throughout the skin. PPARɔ expression was found in fibroblasts (Shi-Wen et al., 2010), 

keratinocytes (Ellis et al., 2000), melanocytes (Kang et al., 2004) and sebocytes (Dozsa et 

al., 2014) within different cutaneous layers. Similarly, vanilloid receptors are also found 

in different cutaneous cells (Río et al., 2018).  
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Cutaneous interactions between TRPV1 and AEA in cellular signaling directly 

affect cell growth, differentiation, proliferation, and survival. Curiously, depending on the 

cell type, this interaction may manifest itself by way of synergism, antagonism, or 

independently from the stimulation of CB1/2 receptors (Bíró et al., 2009; Dobrosi et al., 

2008; Telek et al., 2007). Furthermore, it has been determined that the interactions 

between CB1 and TRPV1 are dose dependent. Based on the activation of CB1 by the 

phospholipase C (PLC)-PKC or inhibition by the adenylate cyclase (AC)-PKA pathways, 

CB1 can either stimulate or inhibit the TRPV1 channel activity, respectively (Christie et 

al., 2018). Hence, distinct mechanisms of various signaling systems provide collaborative 

work of all parts of the cutaneous barrier complex, with the skin cannabinoid system, 

named by Toth as a ñc[ut]annabinoidò one, playing one of the essential roles (Tóth et al., 

2019). 

 

1.7. THESIS RATIONALE, HYPOTHESIS, AND AIMS  

The aging process starts directly after birth and lasts through the entire lifespan. For 

most of the population, it becomes a pressing problem around age 40ï60 when the middle-

age period of life free of diseases is followed by the period associated with the beginning 

of age-related diseases (ARDs) that eventually leads to a shortening of life (Gerasymchuk 

et al., 2020).  

Skin is the largest organ in the human body (Río et al., 2018). It is the first defense 

line against continuous external detrimental factors (e.g., UV exposure, environmental 

pollution, dietary habits, and numerous chemical compounds). Due to these 

circumstances, skin primarily demonstrates the main aging symptoms: wrinkles, aging 



45 
 

spots, dullness, and sagging texture. The critical areas to understanding dermal aging are 

studying the biological mechanisms, such as decreasing extracellular matrix protein 

synthesis or increasing its degradation, molecular aspects of the cell cycle, and metabolic 

regulations on the cellular level (Lago & Puzzi, 2019). In addition to mechanisms of skin 

aging, there are plenty of questions about anti-aging and rejuvenation mechanisms and 

strategies.  

UV radiation and oxidative stress are the primary factors that cause skin aging and 

potentiating stress response that elicits a permanent cell cycle arrest known as cellular 

senescence (Lee et al., 2022). The last one provides beneficial activity, for instance, 

induction of acute senescence protects against cancer and limits fibrosis, however, 

lingering senescent cells drive ARDs (Birch & Gil, 2020).  

Humankind is constantly looking for anti-aging, rejuvenation, and life-extension 

remedies over millennia, but unfortunately, there is little success in anti-aging 

therapeutics. Within the last few decades, scientists have developed numerous strategies. 

One of the most interesting is targeting senescent cells to delay aging and limit 

dysfunction, known as ñsenotherapy,ò which is gaining momentum. Accordingly, drugs 

that selectively kill senescent cells termed ñsenolyticsò constitute a significant focus and 

emerge as alternatives to target ARDs (Birch & Gil, 2020; Thoppil & Riabowol, 2020). 

Another up-and-coming anti-aging remedy group is natural signaling regulators (NRS) 

maintaining nutrient-sensitive signaling pathways and are vital for biological processes 

(Zhu et al., 2020). They are involved in the regulation of pathways responsible for 

organismal survival, growth, metabolism, signaling systems, including Sirtuin, mTOR, 

AMPK, and may allow the design of novel therapeutic approaches to ARDs (Cummings 
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& Lamming, 2017; Ramis et al., 2015). Among the most studied in this group are Sirtuin 

regulators (e.g., resveratrol and its metabolite piceatannol, Selisistat, a selective SIRT1 

inhibitor) (Curry et al., 2021; Mayack et al., 2020; Yessenkyzy et al., 2020), mTOR 

inhibitors (e.g., rapamycin) (Bai et al., 2021; Fletcher et al., 2013; Qin et al., 2018; 

Yoshizaki et al., 2010), AMPK activators (e.g., metformin) (Barzilai et al., 2016; Shetty 

et al., 2018; Soydas et al., 2018, 2021). These NSRs have been shown in vitro and in vivo 

studies to extend the lifespan, alleviate ARDs and delay senescence. At the same time, 

there is almost no available data about their anti-aging and rejuvenation activity in the 

dermatological field. 

In parallel, natural compounds, compared to synthetic ones, remained more 

attractive in research and industry fields. One class of fascinating natural compounds are 

phytocannabinoids produced by the cannabis plant. Cannabis sativa produces over 100 

active medical ingredients called phytocannabinoids (pCBs), and the most abundant are 

ȹ-9-tetrahydrocannabinol (ȹ9-THC or THC) and cannabidiol (CBD) (Lim & Kirchhof, 

2018). THC works primarily as a weak partial agonist on cannabinoid 1 (CB1) and 

cannabinoid 2 (CB2) receptors with well-known psychoactive effects, antiemetic, 

neuroprotective, anticancer, and anti-inflammatory properties (Dhadwal & Kirchhof, 

2018). In contrast to THC, CBD has a little direct affinity to CB1 and CB2 receptors, and 

demonstrates neuroprotective, and anti-inflammatory properties, as well as improves 

common skin disorders such as psoriasis, eczema, dermatitis, lupus, acne, and nail-patella 

syndrome (Ardigò et al., 2020; Grant et al., 2011; Maghfour et al., 2021; Oláh et al., 2014, 

2016, 2017; Sivesind et al., 2022). Currently, cannabis compounds are popular ingredients 
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in modern beauty products available on the general market, however, reliable information 

about the possible anti-aging and rejuvenation properties of pCBs is absent. 

This study was performed to determine if applications of phytocannabinoids at 

relevant doses could delay senescence and stimulate the rejuvenation of aged fibroblasts. 

It was hypothesized that cannabinoids THC and CBD alone and in combination 

with anti -aging compounds exert anti-aging effects in human skin fibroblasts by 

inhibiting inflammatory  processes, activating collagen production, delaying cell 

senescence, and stimulating rejuvenation. 

Aims of the study:  

1. Determine if phytocannabinoids have anti-aging properties and delay the natural 

senescence of cells. 

2. Determine if phytocannabinoids in different concentrations exert a rejuvenation 

effect in skin fibroblasts. 

3. Compare the anti-aging effect of phytocannabinoids with other anti-aging 

compounds such as metformin, rapamycin, and triacetylresveratrol. 
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CHAPTER 2: MODELING OF THE SKIN FIBROBLASTSô SENESCENCE-

ASSOCIATED PHENOTYPE  

 

2.1. ABSTRACT 

Modern understanding of aging is based on the accumulation of cellular damage 

during the life span due to the gradual deterioration of regenerative mechanisms in 

response to the continuous effect of stress, lifestyle, and environmental factors, followed 

by increased morbidity and mortality. Simultaneously, aging organisms exponentially 

accumulate the number of senescent cells. Cell culture models are valuable tools to 

investigate the mechanisms of aging by inducing cellular senescence in stress-induced 

premature senescence (SIPS) models. Here, we explain the three-step and one-step H2O2-

induced senescence models of SIPS designed and reproduced on different dermal 

fibroblasts cell-line (CCD-1064Sk, CCD-1135Sk, and BJ-5ta). In both SIPS models, it 

was evident that the fibroblasts developed similar aging characteristics as cells with 

replicative senescence. Among the most noticeable senescent biomarkers were the 

increased ɓ-gal expression, high level of p21 protein, altered levels of cell-cycle regulators 

(i.e., CDK2 and c-Jun), compromised extracellular matrix (ECM) composition, reduced 

cellular viability, and delayed wound healing properties. Based on the significant increase 

in senescence biomarkers in fibroblast cultures, along with the reduced functional and 

metabolic activity, the one-step senescence model was chosen as a feasible and reliable 

method for future testing of antiaging compounds. 
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2.2. INTRODUCTION 

 

2.2.1. Main hallmarks of cutaneous aging  

Aging can be viewed as the accumulation of consecutive changes over time in 

response to stress, lifestyle, and environmental factors, ultimately causing irreparable 

damage and maladaptation in the function of cells, ECM, cell communication, 

intercellular signalling, etc., leading to age-related diseases and death (Boraldi et al., 2010; 

Kalfalah et al., 2014). Cutaneous aging is a complex phenomenon involving two 

simultaneously occurring processes: an intrinsic one, known as chronological aging, 

which is genetically determined, and extrinsic aging which is due to environmental factors 

such as chronic sun exposure, known as photoaging (Dudonné et al., 2011). It is 

manifested by the gradual process of wrinkles development, skin sagging and drooping. 

The naturally (intrinsically) aged skin looks dry and has fine wrinkles, but it is still smooth 

and light (Tobin, 2017). In contrast, the extrinsically photo-aged skin has thick layers 

(ñleathery aspectò) and rough wrinkles with pigmentation (ñage-spotsò, which are actinic 

lentigines) and capillary telangiectasia (Berneburg et al., 2004; Kang et al., 2017; 

Toutfaire et al., 2017). 

The are several biomarkers of senescence that could be detected in all somatic cells. 

The most well-known among them are: (i) senescence-associated beta-galactosidase (ɓ-

Gal) activity, (ii) the overexpression of cell cycle arrest proteins such as p16, p21, p53, 

(iii) the depletion of mitochondrial DNA (mtDNA), (iv) changes in the expression of 

senescence-associated microRNAs, (v) telomere attrition, (vi) and decreased expression 

of Ki-67 protein, which is associated with cell proliferation (Bertschmann et al., 2019; 

Kemp et al., 2017; Linôkova et al., 2016; Toutfaire et al., 2017). 
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2.2.2. Fibroblasts as a cornerstone of dermal functional stability 

Among all cutaneous layers, the dermis is the target source for current anti-aging 

and rejuvenation therapies. This dermal layer is rich in fibroblasts which produce ECM or 

skin scaffold, which mainly consists of collagen, elastin, and hyaluronic acid (Rittié & 

Fisher, 2015). Older skin demonstrates exhaustion of all these ECM components. Age-

related increases in matrix metalloproteinases (MMPs) production are directly responsible 

for collagen degradation leading to a decline in collagen content at about 2% per year 

(Ashcroft et al., 1997; Farage et al., 2017). Dermal fibroblasts experience an alteration in 

the keeping of equilibrium between the synthesis of collagen and the synthesis of collagen-

degrading enzymes under the influence of various stressors throughout life with further 

enhancement of dermal structural impairment (Varani et al., 2006). Moreover, increased 

accumulation of degraded collagen fibers works as entrapment that manifests itself in the 

reduction of fibroblast functional quality and quantity; likewise, a decline in collagen and 

other ECM proteins renewal capacity is observed with age (Farage et al., 2017). This is 

why a detailed analysis of fibroblast function is important to understand the pathogenesis 

of aging. 

Fibroblasts represent the most abundant and permanent cell component of the 

connective tissue. They continuously produce and release glycoproteins, proteoglycans, 

and multiple precursor molecules of different fiber structures of ECM. The production of 

these macromolecules by fibroblasts are utilized to generate elastic fibers and various 

collagen types which are then embedded in an amorphous gelatinous material composed 

chiefly of proteoglycans, water, and minerals. Thus, the structural components of the basal 

membrane contain various types of collagen proteins. For instance, type III collagen is a 
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part of reticular fibers and is present in the reticular lamina, while the basal lamina has 

type IV collagen. The basement membrane contains other fibroblast products like 

fibronectin and heparan sulfate proteoglycans. In contrast to collagen and reticular fibers, 

elastic fibers lack collagen protein (Kierszenbaum & Tres, 2019).  

Fibroblasts express vimentin, which is used as a marker to distinguish cells of 

mesodermal origin. Periadnexal skin fibroblasts typically demonstrate CD10 

immunoreactivity. It is essential to mention that active fibroblasts exhibit myofibroblastsô 

ultrastructural and immunohistochemical features during wound healing (Eyden, 2001). 

Furthermore, apart from vimentin, myofibroblasts may express desmin and smooth 

muscle actin, which is vital for regeneration purposes (Elder et al., 2015). 

In summary, fibroblasts produce and regenerate components of ECM, participate in 

wound healing and like other cells, deteriorate in functional capabilities with age. 

Consequently, cultured human diploid fibroblasts (HDF) have become popular in vitro 

cell systems in types of research designed to study conditions associated with alterations 

in replicative potentials, such as cancer or senescence. The limited replicative ability of 

HDF makes them a suitable model for cellular aging and potentially for rejuvenation 

studies. Moreover, senescent fibroblasts exert distinct morphology and diminished 

metabolic and functional qualities. 

 

2.2.3. Models of cellular senescence  

Present-day studies in the field of biogerontology interchangeably use the terms cell 

senescence, cellular aging, and replicative senescence for utilizing normal diploid cells in 

culture, which undergo a multitude of changes during serial sub-cultivation resulting in 

the permanent termination of cell division known as the Hayflick limit (Rattan, 2016). The 
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in vitro studies of age-related changes in the physiology, biochemistry, mechanobiology, 

and molecular biology of cultured cells have considerably boosted the understanding of 

the fundamental principles of cellular senescence. Numerous in vitro models have been 

proposed to explain the aging process via cellular senescence, but none of them appear to 

be fully comprehensive. 

In 1961, Hayflick and Moorhead described the first model based on serial passaging 

of fibroblasts in culture that was considered as the process of cellular aging; it resulted in 

the end-stage irreversible growth arrest in G1/G0, known as replicative senescence (RS). 

In this state, cells are alive, exhibit low level of metabolic activity, and generally resist 

undergoing apoptosis (Campisi & DôAdda Di Fagagna, 2007; Rattan, 2016). Thus, these 

cells are in vitro senescent aged cells and are one of the widely used cellular aging models. 

Interestingly, the intrinsic limit of divisions resulting in RS directly correlated with the 

duration of the replicative lifespan of cultured cells. It was observed that cells from older 

organisms reach RS faster due to diminished in vitro replicative capacity than those from 

younger organisms, which needed a multitude of subcultures to do so (Ott et al., 2018). 

Thus, induction of RS is a continuous long-term process of cell passaging that might take 

anywhere from a few months up to a year, or even longer, and require expensive 

maintenance. Considering this, most research groups are looking into models of cellular 

senescence that does not require waiting for the replicative limit to be reached. 

At the end of the last century, Toussaint and Remarcle (1995) presented research 

data showing that cellular aging can be accelerated by using a wide range of non-lethal 

stressors and proposed the term stress-induced premature senescence (SIPS) typically 

based on the principles of oxidative stress (Brack et al., 2000; Toussaint et al., 1995, 2000). 

In accordance with multiple experimental data and theoretical studies fibroblasts, 
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keratinocytes, melanocytes, or umbilical vascular endothelial cells were exposed to 

chronic and acute oxidative stress protocols including sublethal stresses such as UV, 

hyperoxia, hypoxia, hydrogen peroxide, ethanol, bleomycin, mitomycin C (Chen et al., 

1995; Ott et al., 2018; Toussaint et al., 2000). To date, HDFs are routinely used as a ñgold 

standardò for in vitro senescence research. Of note, there are seven morphological types 

of HDFs: three mitotic fibroblast (MF) types called MF I, MF II, and MF III, and four 

postmitotic fibroblast (PMF) types called PMF IV, V, VI, and VII. Shifts in the 

frequencies of the mitotic and postmitotic fibroblasts in mass populations are accompanied 

by alterations in the [35S]-methionine polypeptide pattern of the developing mass 

populations (Bayreuther et al., 1988). These types are used in SIPS models during in vivo 

and in vitro aging studies.  

Most of the experimental setups for SIPS models depend on the cell type and are 

modulated via single or multiple applications of designated stressors for diverse periods 

of time in subcytotoxic doses. Advantages of those models were highlighted by high 

feasibility, low cellular recovery, fast exhaustion of the replicative potential, and 

eventually irreversible growth arrest that allowed reduced time and cost maintenance. 

Albeit the stressors mentioned above have many advantages, neither of them are optimal 

to reflect all mechanisms involved in cellular senescence.  

Among commonly used SIPS models are: 

a) Ultraviolet light exposure. 

It is generally accepted that effects of chronic solar insolation have been mostly 

attributed to the deleterious impact of ultra-violet (UV) radiation involving a combination 

of UVB (280ï320 nm) and UVA (320ï400 nm) (Marionnet et al., 2010). UV radiation 

has long been known to generate photoproducts in genomic DNA, which promote genetic 
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mutations that drive premature aging based on enhancing fibroblastsô senescence process, 

apoptotic sunburn keratinocytes, and cutaneous carcinogenesis (Kemp et al., 2017; 

Toutfaire et al., 2017). 

According to Batista (2009), the sunlight spectrum contains 45% of UV light. Daily, 

humans are typically exposed to the UV wavelengths of sunlight that are primarily 

composed of UVA (90%ï95%) and UVB (5%ï10%). These wavelengths of light are 

absorbed by multiple cellular molecules, including genomic DNA (Berneburg et al., 2004; 

Marionnet et al., 2010). The most dangerous for cells are short-wave radiation (UVB 

under 300 nm and UVC). Short-wave radiation can damage DNA because their 

wavelengths coincide with the absorption spectra of DNA, RNA, and proteins (Gebhard 

et al., 2014). UV exposure results in bulky lesions such as cyclobutane pyrimidine dimers 

(CPDs) and 6-4 photoproducts (6-4 PPs) (Kemp et al., 2017). 

CPD formation occurs preferentially at thymine-containing dipyrimidine sites and 

likely also at methyl CpG-associated dipyrimidine sites, which include the TCG sequence 

(Ikehata, 2018), and can lead directly or indirectly to DNA strand breaks that induce 

mutations and neoplastic transformation (Debacq-Chainiaux et al., 2012). It is known that 

both CPDs and 6-4PPs are generated by UVB wavelengths of light, however, DNA 

absorbs UVC light more effectively than UVB. CPD formation could be also stimulated 

by UVA through direct photon absorption and via a chemiexcitation in the skin. The latter 

is based on reactive oxygen and nitrogen compounds created by the combination of 

electron excitation by UVA in melanin fragments that ultimately stimulate genomic DNA 

to induce CPD production (Douki et al., 2003). 

UVB exposure in subcytotoxic doses of 250 mJ/cm2 (doses of 375 mJ/cm2 are 

cytotoxic) is a popular method to induce SIPS. It triggers enhanced ɓ-gal activity, HDFs 
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growth arrest, mediated by overexpression of p53, p21, and p16 as well as mitochondrial 

DNA deletions  (Debacq-Chainiaux et al., 2012; Gebhard et al., 2014; Greussing et al., 

2013; Huang et al., 2013). DNA photodamage and the subsequent formation of mainly 

CPDs and other photoproducts were indicated as predominant pathogenic factors in DNA 

alterations, causing both transient and permanent genotoxicity followed by declined 

proliferative potential and growth arrest (Kang et al., 2017; Marionnet et al., 2010). 

b) X-ray and ɔ-irradiation.  

It is important to note that X-rays and gamma rays have the same characteristics and 

health effects but originate from different subatomic processes. Gamma rays are generated 

inside the nucleus, while X-rays are emitted from processes outside the nucleus. In ɔ-

irradiation models, cells or animals are exposed to the ɔ-radiation that induces DNA 

damage and double-strand breaks followed by SIPS development. It was previously 

reported that umbilical vein endothelial cells exposed to 2 - 4 Gy (applied via a Cs137 ɔ-

ray source at a dose rate of 2.82 Gy per minute) exhibit a variety of senescence features 

such as changes in cell architecture, ɓ-gal activity elevation, and suppression of 

angiogenic activity in human (Kim et al., 2014). Data generated in our laboratory showed 

the appearance of senescence-associated alterations in different internal organs of mice 

(i.e., skin, spleen, liver, brain, gonads) after a single exposure (acute or fractionated) to 

0.5 Gy of X-rays (Dickey et al., 2011; Ilnytskyy et al., 2009; Kovalchuk et al., 2004; 

Sidler, Li, et al., 2014). Induced changes corresponded to previously mentioned typical 

morphological, biomolecular, and genetic alterations found in SIPS. 

c) Mitomycin C, Bleomycin, or Actinomycin D induced SIPS. 

Antibiotics such as mitomycin C, bleomycin, and actinomycin D can induce DNA-

crosslinking and inhibit RNA and protein synthesis by alkylation. When mitomycin C was 
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used on proliferative cells such as lung and skin fibroblasts, endothelial cells, melanocytes, 

and retinal pigment epithelial cells, DNA damage occurred after a 48 h exposure at a 

concentrations of 0.2 µM (De Magalhães, 2004; Rodemann, 1989). Furthermore, 12 h 

applications of actinomycin (0.04 mg/ml) or bleomycin sulfate (0.06 units/ml) were 

reported to induce senescence hallmarks (i.e., increasing the expression of both p21 and 

p16) (Robles & Adami, 1998). 

d) Hydrogen peroxide (H2O2). 

Oxidative stress induced by H2O2 is one of the most popular and reproducible 

models of cellular senescence. H2O2 causes DNA strand breaks and activates poly (APD-

ribose) polymerase, leading to depletion of the cellular pool of NAD+ and ATP (Kirkland, 

1991). The excessive amount of reactive oxygen species (ROS) produced from H2O2 

damages the cellular membrane, decreases antioxidant activity, and more vigorously 

potentiates endogenous free radical generation (see Chapter 1). 

The effectiveness of the H2O2-induced premature senescence model depends on the 

cell-line type, maintaining procedures, dose, time of exposure, and kind H2O2 solvent (i.e., 

cultured medium, phosphate buffered saline (PBS)).  

Sanders and colleagues treated HDF with 100 or 200 mM H2O2 for 2 hours in a fresh 

cell culture medium (Sanders et al., 2013). Another group exposed neonatal foreskin 

fibroblasts to different concentrations of H2O2 (0-100 ɛM) diluted in PBS. Following 

incubation with H2O2, cells were washed with PBS and grown for an additional 48 hours 

(Shlush et al., 2011). They indicated 25 µM H2O2 as an optimal concentration for SIPS 

induction based on the typical senescence biomolecular and morphological markers. At 

the same time, cell death occurred when cells were treated with H2O2 concentrations 

higher than 50 µM. In contrast, Caldini et al. (1998) exposed subconfluent cultures to 
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various concentrations (0ï0.5 mM) of H2O2 in a PBS for 30 min. They induced adaptation 

to stress, previously exposing young cells to low oxidant levels. After that, fibroblast 

treatments were repeated with 50 mM H2O2 for 30 min, every two days within eight days 

(Caldini et al., 1998). They found that young MRC5 fibroblasts pretreated with low doses 

of H2O2 were less prone to exhibit further oxidative damage to DNA, thus reproducing a 

senescent-like profile of sensitivity, whereas old cultures incubated in a NAD precursor-

free medium exerted reduced resistance to H2O2-induced DNA strand breaks mimicking 

DNA sensitivity of young cells. 

One modification of the H2O2 senescence model is treatment of H2O2 in combination 

with calorie restriction. Chen and Ames (1994) treated F65 cells with 200 µM H2O2 for 2 

h. Cells were harvested and split into dishes containing 10 ml of medium followed by ten 

days of cultivation; cells were serum-starved for 24 h in DMEM containing 0.2% bovine 

serum albumin (BSA) (Chen & Ames, 1994). Following a 2 h application with 200 µM 

H2O2, the cells failed to respond to a stimulus of serum, platelet-derived growth factor, 

basic fibroblast growth factor, or epidermal growth factor by synthesizing DNA. In 

addition, the loss of response could not be recovered by 4 days, and the number of the 

population doublings in the rest of the life span decreased by 35.3 +/- 10.3%. 

Sasaki Kajiyaôs group exposed NHEKs cells to 800 ÕM of H2O2 dissolved in D-

MEM with 10% fetal bovine serum for 0ï72 h. Moreover, in some experiments, 

keratinocytes were incubated in a culture medium supplemented with 5-AzazC (10 µM) 

or menadione (10 µM) (Sasaki et al., 2014). It was detected that H2O2 significantly 

increased the number of NHEKs positive in ɓ-Gal activity, the expression of p21cip1 and 

p16INK4a, which was observed 3 h after the treatment with a concentration of H2O2 greater 

than 300 µM, indicating ROS induced cellular senescence. However, CDK inhibitor p53 
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in NHEKs, which is also associated with the cellular senescence markers, was not 

affected, while the expression of CDKs in cell cycling, especially CDK4 and CDK6, were 

reduced. Moreover, the other ROS inducer menadione (10 µM) also increased the 

expression of mRNA and protein of p16INK4a in a time-dependent manner. At the same 

time, the pre-treatment with the antioxidant drug N-acetylcysteine (NAC; 10 µM) 

suppressed the H2O2-induced upregulation of p16INK4a proteins in keratinocytes. 

To date, there is no unique protocol that can cover all the aspects and needs related 

to cell culture and supplements which is why research groups use different variations of 

H2O2 exposure to establish an efficient senescence model.  

 

2.3. METHODS AND MATERIALS  

2.3.1. Main reagents 

1. Hydrogen Peroxide 30% (Merck®, Cat# 1072091000) 

2. Dulbecco's phosphate-buffered saline (D-PBS) (MULTICELL, Cat# 311-425-

CL) 

 

2.3.2. Cell culture and maintenance 

Healthy human neonatal foreskin fibroblasts CCD-1064Sk (ATCC® CRL-2076Ê), 

human adult skin fibroblasts CCD-1135Sk (ATCC® CRL-2691Ê), and human foreskin 

BJ-5ta hTERT-immortalized cell lines (CRL-4001Ê) were obtained from the American 

Type Culture Collection (Rockville, MD, USA). Cells were cultivated in ISCOVE's 

Modified Dulbecco's Medium (IMDM) 1X (MULTICELL, Cat# 319-106-CL) containing 

10% heat-inactivated Premium Grade Fetal Bovine Serum (Cat# 97068-085, VWR 
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International LLC, Radnor, USA), and 1% Penicillin-Streptomycin (10,000 IU Penicillin 

and 10 mg/ml Streptomycin, Cat# 450-201-EL, WISENT INC., Quebec, Canada). All 

cells were grown and harvested in our BSL 2 laboratory at the University of Lethbridge. 

Experimental cell lines were incubated in a humidified Forma Steri-Cycle CO2 Incubator 

(Thermo Scientific) at 37  with 5% CO2. Cell culture media were replaced with fresh 

media every three days until cell confluency reached 90%-100% for further experiments. 

The cells were subcultured every six or seven days. The replication speed or population 

doubling (PD) numbers of the cell lines were determined for each subculture as ȹPD = 

log2(nf/ni), where ni is the number of cells initially seeded and nf is the final number of 

cells in a culture. Cells for the senescence model were not older than 24-30 population 

doublings when employed in the experiments. 

 

2.3.3. Senescence associated phenotype modelling 

2.3.3.1. Three steps model of skin fibroblast senescence  

Newborn skin fibroblasts CCD-1064Sk were subcultured to passage 11 (24 PDL) 

and exposed to H2O2 utilizing the three-step model (Figure 2.1). H2O2 was dissolved in 

the IMDM cell culture medium with 10% FBS in the following concentrations: 25 µM, 

50 µM, 100 µM, 150 µM, 200 µM, 250 µM, 300 µM, and 350 µM. Each step started when 

cell confluency was approximately 60% with daily one-hour H2O2 exposure followed by 

complete fresh medium replacement. After 5 days of H2O2 treatment, cells were harvested 

and subcultured for the next step.  
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Figure 2.1. Three-step model of hydrogen peroxide stimulated premature 

cellular senescence. Cultivated cells were treated daily with H2O2 for one hour over a 

five-day period in each step. Each step started when cell confluency was approximately 

60%. Speed of cellular growth and cell number was characterized as: +++, high and equal 

to healthy cells; ++, normal and equal to healthy cells; +, present but slower than healthy 

cells; Ź, lower number of cells with slower growth than healthy cells; ŹŹ, small number of 

cells with almost absent cellular growth; ŹŹŹ, rare presence of cells or cellular debris and 

absence of cellular growth. This figure was created using images from Servier Medical 

Art Commons Attribution 3.0 Unported License (http://smart.servier.com). 

 

 

 

 

 

 

 

http://smart.servier.com/
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2.3.3.2. One-step hydrogen peroxide skin fibroblast senescence model  

Skin fibroblasts (CCD-1064Sk) at 70% confluency were treated for 1 hour with 25 µM 

concentration of hydrogen peroxide solution (H2O2 dissolved in D-PBS) in 100 x 15 mm 

petri plates in aseptic conditions (Figure 2.2). Petri plates with skin fibroblasts were 

maintained in a humidified incubator at 37°C with 5% CO2.  

 

Figure 2.2. One-step model of hydrogen peroxide stimulated premature 

cellular senescence. SIPS, stress-induced premature senescence. This figure was created 

using images from Servier Medical Art Commons Attribution 3.0 Unported License 

(http://smart.servier.com). 

 

After a single 1-hour treatment, H2O2 solution was poured out and substituted with 

cell culture medium. Subsequently, SIPS features, and biomarkers were determined via 

microscopy, ɓ-galactosidase senescence assay, MTT and Neutral red colorimetric cell 

viability assays, Crystal violet cytotoxicity assay, western immunoblotting, reverse 

transcription-polymerase chain reaction, wound-healing assay (WHA), and nuclear DAPI 

staining. 

 

http://smart.servier.com/
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2.3.4. ɓ-galactosidase analysis 

The activity of ɓ-Galactosidase (ɓ-Gal) in fibroblasts was detected by the beta-

Galactosidase Detection Kit (Fluorometric) (ab176721, Abcam) following the 

manufacturer instructions. Briefly, the cell lysate was prepared from normal and 

premature aged cells with H2O2 with protein lysis buffer (included in the kit). Sample 

protein concentration was quantified using a Bradford protein assay and samples were 

diluted to 1 Õg/mL protein concentration. Then, 50 ɛl of the standard and samples (diluted 

in 1× lysis buffer) were added to 96-well black plates followed by 50 ɛl of fluorogenic 

fluorescein digalactoside (FDG) working solution to each well and incubated at 37 ÁC for 

4 hours. After adding 50 ɛl of the stop buffer, fluorescence in each sample was quantified 

with a FLUOstar Omega (BMG LABTECH) filter-based multi-mode microplate reader at 

490 nm for excitation and 525 nm for emission. Cell senescence was established by ɓ-Gal 

levels in each sample utilizing a ɓ-galactosidase standard curve prepared for each 

experiment. All experiments were repeated three times; each test was done in triplicate. 

 

2.3.5. Cell viability/cytotoxicity assays 

2.3.5.1. The micro-culture tetrazolium assay (MTT)  

Cell viability on CCD-1064Sk, CCD-1135Sk, and BJ-5ta human skin fibroblast was 

measured by the micro-culture tetrazolium assay MTT (3-[4,5-dimethylthiazol-2-yl] -2,5-

diphenyltetrazolium bromide; thiazolyl blue) colorimetric metabolic activity assay with 

the cell proliferation kit I (#11465007001, Roche, Ontario, Canada) according to the 

manufacturerôs instructions.  
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Cells were plated at 3.0 x 103 cells/well in 150 ɛL of cell culture medium in a 96-

well assay plate and cultivated for 24-48 h before treatment depending on cell confluency. 

A broad range of H2O2 concentrations or other treatments such as cannabinoids (see 

Chapter 3) or anti-aging drugs (see Chapter 4) were examined to determine the appropriate 

effective/cytotoxic concentration for each designated treatment. Unless otherwise 

indicated, all measurements were performed in triplicate at specific time points (0, 1, 2, 3, 

4, and 5 days). After the desired treatment time, 10 ɛL of MTT labeling reagent was added 

to each well without removing media and incubated for 4 h. Afterward, 100 ɛL of MTT 

solubilization solution (10% SDS in 0.01 M HCl) was added to each well, followed by 

overnight incubation. Cell viability was calculated by comparing it to the control 

treatment. All experiments were repeated three times; each test was done in triplicate. 

2.3.5.2. Neutral red assay and microscopy 

The Neutral red assay is based on the ability of viable cells to incorporate and bind 

neutral red dye in the lysosomes (Repetto et al., 2008). It was used to provide a qualitative 

estimation of the presence of viable cells in the fibroblast cell cultures.  

Cells were cultivated in a 96-well cell culture plates and treated appropriately. The 

medium was removed from the fibroblast cell cultures and the cultures were washed with 

PBS. After that, 100 ɛL of Neutral red (N7005, Sigma-Aldrich) dissolved in a cell culture 

medium (40 ɛg ml-1) was added for each well, followed by 4 h incubation at the 

appropriate culture conditions. After incubation, cells were gently washed twice with 150 

ɛL of PBS. Images were taken using a Zeiss Observer Z1 epifluorescence microscope 

with AxioVision Rel 4.8 software. PBS was replaced with 150 ɛL of neutral red destain 

solution per well and incubated at room temperature on a microtiter plate shaker for 20 
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min. Neutral red's optical density (OD) was measured at 540 nm in a microtiter plate 

spectrophotometer, using blanks containing no cells as a reference.   

2.3.5.3. Crystal violet assay  

The viability of cultured fibroblasts was evaluated by detecting maintained 

adherence of cells by staining attached cells with crystal violet dye, which binds to 

proteins and DNA (Feoktistova et al., 2016). It is worth noting that a reduced amount of 

crystal violet staining in cell culture represents cells that undergo cell death and 

simultaneously lose their adherence and die. 

Cells were cultivated in 96-well cell culture plates and treated appropriately. The 

medium was aspirated from the fibroblast cell cultures, and cells were washed twice with 

PBS. Then, 50 ɛL of 0.5% crystal violet staining solution was added to each well and 

incubated for 20 min at room temperature on a bench rocker with a frequency of 20 

oscillations per minute.  

After incubation, plates were gently washed four times in a stream of tap water, and 

they were inverted on filter paper and tapped the plates gently to remove any remaining 

liquid. Then, plates without their lids were left air-dry for at least 2 h at room temperature.  

Images were taken using a Zeiss Observer Z1 epifluorescence microscope with 

AxioVision Rel 4.8 software.  

With the purpose to evaluate fibroblasts viability, 200 ɛL of methanol was added to 

each well, and plates with lids were incubated for 20 min at room temperature on a bench 

rocker with a frequency of 20 oscillations per minute. The OD of each well was measured 

at 570 nm (OD570) with a microtiter plate reader spectrophotometer, using blanks 

containing no cells as a reference. 
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2.3.6. Protein extraction and quantification 

The three cell lines of dermal fibroblasts were harvested by using TRYPSIN/EDTA 

(0.25% Trypsin and 2.21 mM EDTA-4Na, Cat#325-043-EL, WISENT INC., Quebec, 

Canada). The mixture was centrifuged at 1,600 rpm for five min. The supernatant was 

discarded, and the pellets were washed twice with ice-cold 1× PBS. The pellet was 

solubilized in100-150 ɛl RIPA lysis buffer with 10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 

1 mM EDTA, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate, 1 mM 

sodium orthovanadate, and 1 mM PMSF. Whole cellular protein lysate was sonicated 

using a Braunsonic model 1510 sonicator (B. Braun Germany) operating at 80% 

sonication capacity. Lysates were centrifuged at 12,000 ×g for 10 min and the supernatant 

was decanted for use. Using the Bradford protein assay with bovine serum albumin as the 

standard, protein concentrations were determined via NanoDrop 2000/2000c 

Spectrophotometer (ThermoFisher Scientific Company, Wilmington, DE). 

 

2.3.7. Western immunoblotting  

Western immunoblotting was conducted as described previously (Silasi et al., 2004). 

In brief, an equal amount of protein sample (30-100 ɛg) was prepared with 4 Ĭ loading 

buffer (0.0625 M Tris, 2% SDS, 10% glycerol, 0.01% bromophenol blue, and 1% 2-

mercaptoethanol) and RIPA lysis buffer and heated at 95  for 10 min. The protein sample 

and PageRuler Plus Prestained Protein Ladder (Cat#26620, Thermo Scientific, 

Massachusetts, USA) were loaded and electrophoretically separated by SDS-PAGE into 

slab gels of 10-15% polyacrylamide at 100V. Polyvinylidene difluoride membranes 

(Amersham Biosciences, Baie d'Urfé, Québec) were used to transfer resolved proteins for 

2 h on ice. Then, membranes were incubated for two hours in a blocking solution (5% dry 
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skimmed milk in PBS, 0.5% Tween 20) at room temperature and incubated with specific 

primary antibodies specified in Table 2.1 at 4°C overnight. 

After overnight incubation, the membranes were washed three times with 0.1% 

Tween-20 in PBS (PBS-T). Then membranes were incubated with 1:10,000 dilution of 

either Bovine anti-mouse secondary antibody or Donkey anti-Rabbit secondary antibodies 

(Table 2.1) for two hours at room temperature. The rationale for including or not including 

proteins was based on the senescence and longevity pathways (Suppl. Figures 21-23). 

Membranes were washed three times with PBS-T and then exposed to ECL Prime 

Western Blotting System (Cat#GERPN2232, GE Healthcare, Chicago, USA). 

Chemiluminescence was detected using the FluorChem HD2 Imaging System (Cell 

Biosciences, California, United States). Unaltered PVDF membranes were stained with 

Coomassie blue (BioRad, Hercules, CA) to confirm equal protein loading. Signals were 

quantified using the NIH Image J64 software and normalized relative to GAPDH or 

Coomassie staining as indicated. 

Table 2.1. Antibodies used for Western blots 

Antibody  Supplier, Cat No Dilution  

Mouse anti-NFəB p65  Santa Cruz, sc-8008 1:500 in 5% milk (PBST) 

Rabbit anti-p-NFəB p65  Santa Cruz, sc-33039 1:500 in 5% milk (PBST) 

Mouse anti-CB1/Cannabinoid 

Receptor 1/CNR1 (2F9) 

Santa Cruz, sc-293419 

 

1:100 in 5% milk (PBST) 

Mouse anti-CB2/Cannabinoid 

Receptor 2/CNR2 (3C7) 

Santa Cruz, sc-293188 1:200 in 5% milk (PBST) 

Mouse anti-COL1A (COL-1) Santa Cruz, sc-59772 1:100 in 5% milk (PBST) 

Mouse anti-COL3A1 (B-10) Santa Cruz, sc-271249 1:100 in 5% milk (PBST) 

Mouse anti-elastin (BA-4) Santa Cruz, sc-58756 1:200 in 5% milk (PBST) 

Mouse anti-SIRT1 (B-7)  Santa Cruz, sc-74465 1:100 in 5% milk (PBST) 

Rabbit anti-SIRT2 Santa Cruz, sc20966 1:500 in 5% milk (PBST) 

Mouse anti-SIRT6 (2G1H1) Santa Cruz, sc-517196 1:200 in 5% milk (PBST) 

Mouse anti-MT-MMP-1 (C-7) Santa Cruz, sc-377097 1:100 in 5% milk (PBST) 

Mouse anti-MMP-2 (8B4) Santa Cruz, sc-13595 1:100 in 5% milk (PBST) 
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Mouse anti-

CDKN2A/p16INK4a (F-12) 

Santa Cruz, sc-1661 1:500 in 5% milk (PBST) 

Mouse anti-p21 

Waf1/Cip1/CDKN1A (F-5) 

Santa Cruz, sc-6246 1:500 in 5% milk (PBST) 

Mouse anti-PCNA Santa Cruz, sc-56 1:1000 in 5% milk (PBST) 

Mouse anti-pro BDNF (5H8) Santa Cruz, sc-65514 1:500 in 5% milk (PBST) 

Mouse anti-cyclin D1 (DCS-6) Santa Cruz, sc-20044 1:500 in 5% milk (PBST) 

Mouse anti CDK2 Santa Cruz, sc6248  1:500 in 5% milk (PBST) 

Rabbit anti-p-AKT1/2/3 Thr308  Santa Cruz, sc-16646 1:200 in 5% milk (PBST) 

Mouse anti-c-Jun (G-4) Santa Cruz, sc-74543 1:200 in 5% milk (PBST) 

Mouse anti-BID (E-7) Santa Cruz, sc-514622 1:200 in 5% milk (PBST) 

Mouse anti-TGFɓ1 (3C11) Santa Cruz, sc-130348 1:200 in 5% milk (PBST) 

Mouse anti-EGFR (A-10) Santa Cruz, sc-373746 1:200 in 5% milk (PBST) 

Mouse anti-vinculin (7F9) Santa Cruz, sc-73614 1:500 in 5% milk (PBST) 

Mouse anti-p53 (DO-1) Santa Cruz, sc-126 1:500 in 5% milk (PBST) 

Mouse anti-p-p53 (D-9) Santa Cruz, sc-377567 1:500 in 5% milk (PBST) 

Mouse anti-MMP-9 (2C3) Santa Cruz, sc-21733 1:500 in 5% milk (PBST) 

Mouse anti-p-Akt1/2/3 (B-5) Santa Cruz, sc-271966 1:500 in 5% milk (PBST) 

Rabbit anti-AKT1 Abcam, ab-32505 1:1000 in 5% BSA (PBST) 

Rabbit anti-Actin  Abcam, ab-179467 1:500 in 5% BSA (PBST) 

Mouse anti-GAPDH (0411) Santa Cruz, sc-47724 1:1000 in 5% milk (PBST) 

Secondary antibody 

Bovine anti-Mouse  Santa Cruz, sc-2371 1:10000 in 5% milk (PBST) 

Donkey anti-Rabbit  Santa Cruz, sc-2313 1:10000 in 5% milk (PBST) 

 

Abcam, Abcam Inc, Cambridge, United Kingdom; BSA, Bovine Serum Albumin; 

PBST, 1x Phosphate-Buffered Saline, 0.1 % Tween® 20; Santa Cruz, Santa Cruz 

Biotechnology, Inc., Texas, United States; Cell Signaling, Cell Signaling Technologies, 

Massachusetts, United States 

 

2.3.8. RNA isolation 

RNA was isolated from monolayer fibroblast cultures, using TRIzol® Reagent 

(Invitrogen, Carlsbad, CA); purified using an RNAesy kit (Qiagen), according to the 

manufacturerôs instructions; and quantified using NanoDrop 2000c (ThermoScientific). 

 

2.3.9. Reverse transcription polymerase chain reaction (RT-PCR) 

Reverse transcription polymerase chain reaction (RT-PCR) was performed on skin 

fibroblast samples from all experimental groups. According to the manufacturer's 
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instructions, cDNA was generated with 500 ng RNA using the iScriptTM Select cDNA 

synthesis kit (Cat# 1708897, BioRad, Hercules, CA). PCR reactions were based on the 

SsoFastTM EvaGreen® Supermix (Cat# 1725202, BioRad) and 500 nM of forward and 

reverse primers specific for target sequences of interest. Primers were designed using the 

https://www.idtdna.com/Primerquest platform (Table 2.2). Primers were checked before 

on dilution series of normal fibroblasts cDNA. Reference genes (GAPDH, RPL13A, and 

UBC) were analyzed with the GeNorm method (Vandesompele et al., 2002). The reactions 

were analyzed on a C1000TM Thermo Cycler equipped with a CFX96 TouchÊ Real-

Time PCR Detection System (BioRad). The PCR programs were run according to the 

SSoFastTM guidelines with annealing temperatures as specified for the specific primer 

pairs. Expression analysis was performed with the BioRad Software (CFX Manager) and 

was based on the ȹȹCt method with the reference genes that were stably expressed in the 

GeNorm analysis.  

Each experiment included three biological replicates for each group and two 

technical replicates per sample.  

 

Table 2.2. Primer sequences and accession number for RT-PCR analysis 

Target 

Gene 
Sequence Forward (5' Ÿ 3') Sequence Reverse (5' Ÿ 3') 

CNR1 

(CB1R) 

CAAGCCTCTCTGGCACTTT CTGGTGGTTGGGCCTATTT 

CNR2 

(CB2R) 

CCTCCCAAAGTGCTAGGATTAC CTTGTTCTCCTCCCTCATAAGC 

COL1A1 CCACGACAAAGCAGAAACATC GCAACACAGTTACACAAGGAAC 

COL3A1 CTGGCATTCCTTCGACTTCT AGCTTCAGGGCCTTCTTTAC  

COL7A1 GCCTGGAAAGCCTGGTATT TGTTCTCCACGTTCTCCTTTC 

GDF11 TCTCAGAGCTAGTGTGGTAGAA  CCTCCCGGATCACTTTCAATAG  

ELN CTCAAAGCTGGATTCGCTCTA AAGGGCAAGGTGGCTATTC 
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MMP1 CAGAAAGAGACAGGAGACATGAG GAAGAGTTATCCCTTGCCTATCC 

MMP2 AGAGAACCTCAGGGAGAGTAAG CCTCGAACAGATGCCACAATA  

HAS1 GTCTCCAGGGAGGGTATTTATTG TCCTGATCACACAGTAGAAATGG 

CDKN2A 

(P16) 

AGCTGTCGACTTCATGACAAG GAGCTTTGGTTCTGCCATTTG 

EGFR 
CAAGGAAGCCAAGCCAAATG CCGTGGTCATGCTCCAATAA 

MKI67 GGAGCCAGGTGACATCATAAA CATGGATGACGCTGTGAGAA 

CDKN1A 

(P21) 

CCTTCCAGCTCCTGTAACATAC TCGAGAGGTTTACAGTCTAGGT 

SIRT1 AGAACCCATGGAGGATGAAAG TCATCTCCATCAGTCCCAAATC 

SIRT3 CCTCCTTCCTAGCATCACATTAC CCTGGGAGTCACTGTCATTAAA 

SIRT4 GAACCTGGAACAGGGACTTT CTTTGTCAGTGCACCCTACT 

SIRT6 CCTCTGACTTGCTGTGTTGT GAGGGAGTTCACTCCTGTTTAAG 

TP53 AGGGATGTTTGGGAGATGTAAG CCTGGTTAGTACGGTGAAGTG 

NFKB1 GAGACATCCTTCCGCAAACT GGTCCTTCCTGCCCATAATC 

TIMP1 TCCCAGATAGCCTGAATCCT TGCTGGGTGGTAACTCTTTATT 

GAPDH CAGGAGGCATTGCTGATGAT GAAGGCTGGGGCTCATTT 

RLP13A GGGAGCCAGAAGACTGATTG CCAAGTGCTTGCACATTCTAAC 

UBC TGAAGACCCTGACTGGTAAGA GAGGGATGCCTTCCTTATCTTG 

PPIA AGGGTTCTTAACCCAGCAATC GCAGAAGGAACCAGACAGTAAA 

SDHA GATCTTCCTGACTCAGCCTTC GAGACCCTGTCCCTACAATTAC 

 

2.3.10. Wound-healing assay 

Cells were cultivated to >90% confluence in 24-well plates. 10 µL pipette tips were 

used to scrape a scratch/wound line through the middle of each well simulating a wound. 

Cells were washed twice in PBS before adding cell culture growth medium or designated 

treatments. Images of the healing process were taken on the following time points: 1 h, 6 

h, 24 h, 48 h, and 72 h throughout the assay. 

The Infinity3 camera was used to collect images within the linear dynamic range 

representing the range in which the relationship between signal intensity and the amount 

of material is likely to be linear. Images were analyzed with ImageJ (IJ 1.46r) software. 
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At least seven measurements were counted per sample, and samples were designed in 

triplicates 

 

2.3.11. Immunocytochemistry 

Cells were plated on glass coverslips for 48 h, treated in 6-well plates, and then fixed 

in 3% formaldehyde for 20 min at room temperature. Cells were quenched with 50 mM 

NH4Cl in PBS, permeabilized for 5 min in 0.2% Triton X-100, and blocked with 3% BSA 

for 30 min. After washing, nuclei were stained with 300 nM 4',6-diamidino-2-

phenylindole (DAPI) (Thermo Fisher Scientific, Cat #D1306) in PBS for 15 min before 

mounting according to the manufacturerôs instructions. Images were taken using a Zeiss 

Observer Z1 epifluorescence microscope with AxioVision Rel 4.8 software. DAPI 

produces a blue fluorescence when bound to DNA with excitation at 360 nm and emission 

at 460 nm. Specimens were stored at 4ęC. Experiments were prepared in triplicates. 

 

2.3.12. QuPath Analysis 

QuPath 0.2 was used for quantitative analysis of cell number and stained area for 

the nuclei of the fibroblasts. Images were taken using a Zeiss Observer Z1 epifluorescence 

microscope with AxioVision Rel 4.8 software and imported into QuPath. Nuclei were 

quantified using the cell detection function on the region of interest with parameters 

optimized to identify nuclei accurately and were confirmed by visual inspection. Any 

nuclear overlapping or partial nuclei captured erroneously identified as nuclei were 

deleted. Once nuclei were correctly identified, QuPath provided the following parameters:   

a) Nuclei number is the number of distinct nuclei that were identified 
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b) Area of the nucleus (ɛm2) is the number of pixels that enclosed within the 

nuclear perimeter.  

c) Perimeter of the nucleus (ɛm) or length is the number of adjacent pixels in 

the boundary of the nucleus. 

d) Nucleus circularity is an area-to-perimeter ratio which demonstrates the 

roundness of the nuclear perimeter. This is calculated by multiplying the area by four pi 

and divided by the square of the convex perimeter. For circular nuclei, the ratio equals 1, 

whereas nuclei that depart from circularity have ratios less than one.  

e) Nuclear max caliper (ɛm) is the distance between farthest parallel 

endpoints touching opposite sides of the nucleus.  

f) Nuclear min caliper (ɛm) is the distance between closest parallel endpoints 

touching opposite sides of the nucleus.  

g) Nuclear eccentricity, also known as ellipticity, is a ratio of the min 

caliper/max caliper. It shows how oval-shaped the nuclei are. 

All data were automatically converted from pixels to the appropriate units and were 

extracted from QuPath 0.2 software to Microsoft® Office Excel 365 files. Data were 

imported into the GraphPad Prism software 9.3.1 for statistical analysis (GraphPad 

Software, LLC, USA). 

 

2.3.13. Statistical analysis 

The number of cells PDL and biological repeats (n) for each experiment are 

indicated in the figure captions. Results are presented as mean of at least three samples 

per group with standard deviation (SD) of the mean or 95% confidence interval as 

indicated. Mean values ± SD and statistical analyses were calculated and plotted using 
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GraphPad Prism 9 (GraphPad Software, San Diego, CA) unless stated otherwise. 

Statistical analysis of data quantification was performed using an ANOVA test (Tukey 

post-hoc multiple comparison test) and an unpaired Studentôs t-test was used for analysis 

with two groups. 

 

2.4. RESULTS  

2.4.1. Setup of the senescence model system 

To understand age-dependent changes that occur in the skin, we designed and tested 

two different models of senescence using dermal fibroblasts. First, normal human 

fibroblasts cell lines CCD-1064Sk, CCD-1135Sk, and BJ-5ta were treated with H2O2 at 

various concentrations to find a line that would recapitulate the development of SIPS 

without direct lethal effect. Thus, in the three-step senescence model, dermal fibroblasts 

were consistently exposed to the 25 µM, 50 µM, 100 µM, 150 µM, 200 µM, 250 µM, 300 

µM, and 350 µM of H2O2 for 15 days divided into three five-day-steps (Figure 2.1). H2O2 

treatment solution was prepared in the IMDM cell culture medium with 10% FBS that 

gave additional nutrients source to the cells and decreased harmful effect of higher doses 

of H2O2. Additionally, SIPS in experimental fibroblasts culture developed very slow 

increasing the cost of studies and complicated results consistency after repetition of 

experiments. At the same the time three-step senescence model showed robust SIPS 

changes in different dermal fibroblast cell lines (see below). 

The second senescence model focused on the fast induction of SIPS in skin 

fibroblasts. In this model, we also exposed cells to various concentrations of H2O2 from 

25 µM to 350 µM, however, fibroblasts were treated with H2O2 for one hour just once 

(Figure 2.2). Since fibroblasts are only treated with H2O2 once, this method is called a one-
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step model. In addition, H2O2 was dissolved in the PBS to eliminate the protective effect 

of the cell culture medium and induce stress-like brief calory restriction conditions. PBS 

did not show adverse effects on cell culture within one hour and was used in the 

subsequent experiments as a solvent for H2O2. Our tests found that 25 µM concentration 

of H2O2 was the most reliable for the relatively stable induction of SIPS in different cell 

lines of dermal fibroblasts. We will compare these two senescence models and the effects 

of various concentrations of H2O2 in the SIPS development in this chapter. 

 

2.4.2. Senescence induced morphological transition 

Normal human fibroblasts have a limited in vitro lifespan when cells enter a non-

dividing, senescent state, known as the Hayflick limit, which is one of the markers of 

senescence (Hayflick, 1965; Hayflick & Moorhead, 1961). Neonatal foreskin CCD-

1064Sk fibroblasts have approximately Ó 50 population doubling level (PDL) that usually 

corresponds to cultured passage 25-28 for this specific cell line, while PDL of normal 

human adult skin fibroblasts CCD-1135Sk is around Ó 46 (15-20 passages). In contrast, 

human foreskin normal BJ-5ta hTERT-immortalized cell line (CRL-4001Ê) was TERT-

immortalized at PDL of 58. Cell stocks obtained from ATCC were subcultured to reach 

three different passages depending on the type of cell line. To determine the senescence 

status of those cells, firstly we monitored their PDL, evaluated morphological changes, 

and senescence ratios as by ɓ-Gal assay (Dimri et al., 1995). We then tested molecular 

senescence biomarkers and functional capabilities of the aged cells.  
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Figure 2.3. Human skin fibroblasts (CCD-1064Sk), 24 PDL exposed to H2O2 

(Step 1 of the three-step senescence model). The figure represents gradual changes in 

cell quantity and quality within five days of H2O2 (doses of 25 µM, 50 µM, 100 µM, 150 

µM, 200 µM, 250 µM, 300 µM, and 350 µM H2O2). 
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Phase-contrast imaging was used to characterize senescent dermal fibroblasts 

(Figure 2.3). While early fibroblast passages formed dense cultures and had small, 

elongated cell bodies, late passages displayed shape changes with large, flat cellular 

morphology, whereby cell and nuclear features looked nearly transparent. In addition, 

another critical aspect of passaging was determined ï the loss of replicative capacity. We 

observed RS in prolonged culture fibroblasts (Figure 2.4). Like late passage fibroblasts, 

prematurely aged fibroblasts treated with H2O2 showed a substantially reduced growth 

speed and developed characteristics similar to other senescence models designed in our 

laboratory, albeit, they still demonstrated some replicative ability.  

         6 PDL         24 PDL           48 PDL 

 

Figure 2.4. Human skin fibroblasts (CCD-1064Sk) at different population 

doubling levels. A. ñEarlyò passage of fibroblast cell culture (6 PDL); B. ñMiddleò 

passage of fibroblast cell culture (24 PDL); C. Replicative senescence (48 PDL).  

 

To find the optimal concentration of H2O2 for SIPS induction and to reduce the 

number of H2O2 treatments, we took images of potentially aged fibroblasts for both 

models with and without staining procedures (Figure 2.5). The morphological results of 

both senescence models showed 150 µM H2O2 concentrations or higher affected cells 

perniciously. H2O2 concentrations of 50 µM and 100 µM showed a progressive 

detrimental impact on cell viability and number. At the same time, 25 µM H2O2 showed 

a significant reduction in fibroblasts viability and replicative ability. 
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Figure 2.5. Human skin fibroblasts (CCD-1064Sk) 24 PDL, 24 hours after 1-

hour H2O2 exposure (One-step senescence model). Phase-contrast microscopy: A, 

Untreated; B, 25 µM H2O2; C, 50 µM H2O2; D, 100 µM H2O2; Crystal violet staining: E, 

Untreated; E, 25 µM H2O2; G, 50 µM H2O2; H, 100 µM H2O2; Neutral red staining: I, 

Untreated; J, 25 µM H2O2; K, 50 µM H2O2; L, 100 µM H2O2.  

 

2.4.3. ɓ-galactosidase as a biomarker for senescence-associated phenotype 

To determine the extent of senescence in the culture of dermal fibroblasts during 

serial passaging or the proposed senescence-induced models, we measured the 

senescence-associated beta-galactosidase (ɓ-Gal) levels (Figure 2.6), which is commonly 
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used as biomarker for senescence (Debacq-Chainiaux et al., 2009; Dimri et al., 1995; Lee 

et al., 2006). 

The three-step senescence model demonstrated a progressive decline in fibroblast 

number (Figure 2.6, A-H) and conversely, a significant increase in ɓ-Gal levels (Figure 

2.6, I). Importantly, we noticed a relative decline in ɓ-Gal levels in fibroblasts treated with 

100 µM H2O2 and 150 µM H2O2. This was likely due to a significant shortage in the 

number of fibroblasts at the end of step 3 of the three-step senescence model. Due to the 

limited number of cells treated with 200 µM H2O2, 250 µM H2O2, 300 µM H2O2, and 350 

µM H2O2, ɓ-Gal measurements were unreliable or undetectable (data not shown). In future 

experiments, we plan to use the senescence ɓ-Galactosidase Staining Kit designed to 

detect ɓ-gal activity at pH 6, with subsequent calculation of the positively stained cells. 

Compared to the late PDL cultures, the ɓ-Gal levels in early passages were lower 

(Figure 2.6, J). ɓ-Gal levels were also significantly increased in the prematurely aged 

fibroblasts during the one-step model of senescence (Figure 2.6, K). 

 

2.4.4. Senescence-associated changes in nuclear morphology 

Morphologically, young fibroblasts were identified as elongated cells exhibiting a 

spindle-like shape that adhered to plates (Figure 2.4, A). Senescent fibroblasts and those 

exposed to the H2O2, demonstrated cellular size enlargement and irregular shape, while 

appearing to be reduced in cell number (Figure 2.4, C and Figure 2.5). 

Findings obtained during microscopy examinations of cell cultures with and without 

staining motivate us to investigate whether H2O2 exposure influenced nuclear architecture. 

Therefore, fibroblasts were stained with DAPI, a fluorescent stain that binds strongly to 

adenineïthymine-rich regions in DNA. 
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Figure 2.6. Human skin fibroblasts (CCD-1064Sk) 30 PDL exposed to H2O2 

(Step 3 of the three-step senescence model). The images represent gradual changes in 

cell quantity and quality after five days of exposure to different concentrations of H2O2: 

A, 25 µM; B, 50 µM; C, 100 µM; D, 150 µM; E, 200 µM; F, 250 µM; G, 300 µM; H, 350 

ÕM. I, Levels of ɓ-Gal activity after H2O2 exposure on day five, step 3 (three-step model), 

were compared with untreated cells (CCD-1064, 30 PDL) and PBS, phosphate buffer 

sulfate. J, Levels of ɓ-Gal activity in different passages of dermal fibroblasts; K, Levels 

of ɓ-Gal activity after H2O2 exposure on day five (one-step model of senescence). Data 

were analyzed with an ANOVA test (Tukey post-hoc multiple comparison test) (I, J), and 

an unpaired Studentôs t-test was used for analysis with two groups (K). Significance 

isindicated within the figures using the following scale: *, p<0.05; **, p<0.01; ***, 

p<0.001; ****, p<0.0001. Bars represent mean ± SD. 
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Figure 2.7. DAPI stained nuclei of dermal fibroblasts (CCD-1064Sk), 24 PDL 

(one-step senescence model). Pictures A-D represent nuclear changes observed by 

immunofluorescence microscopy on days 1 and 5 after single 25 µM H2O2 exposure. 

Arrows point to nuclei with specific nuclear shapes: yellow ï round, green ï elongated, 

and red ï gigantic/irregular. A, Untreated cells on day 1; B, prematurely aged fibroblasts 

after H2O2 exposure on day 1; C, Untreated cells on day 5; D, senescent fibroblasts on day 

5. Nuclear parameters measured utilizing QuPath in each sample: E, nuclear area; F, 

nuclear max caliper; G, nuclear perimeter; H, Nuclear min caliper; I, nuclear circularity; 

J, nuclear eccentricity. Data were analyzed with a Studentôs unpaired t-test for each 

separate parameter. Significance is indicated within the figures using the following scale: 

ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Bars represent 

mean ± SD. 

 

Nuclear DAPI staining showed significant enlargement and variability in size and 

shape of nuclei in aged fibroblasts compared to healthy cells (Figures 2.7, 2.8). Nuclei of 

fibroblasts exposed to the H2O2 displayed more elongated morphology compared to 

untreated cells in the CCD-1064Sk cell line, while some remaining cells retained a round 

architecture. We noticed the appearance of gigantic nuclei with irregular shapes (Figure 

2.7, C, D). In contrast, prematurely senescent BJ-5ta fibroblasts exhibited predominantly 

round irregular size nuclei (Figure 2.8, C, D). Other nuclear parameters, such as perimeter, 

max caliper, and min caliper as well as the nuclear area, significantly increased in CCD-

1064Sk senescent fibroblast (Figure 2.7, E-H). Similar trend with minor differences was 

found in BJ-5ta fibroblasts (Figure 2.8). In contrast, nuclear circularity and eccentricity 

remained almost unchanged between untreated and senescence CCD-1064Sk fibroblast 

(Figure 2.7, I-J). In BJ-5ta, noticeable elevation in nuclear circularity and declined 

eccentricity was found in prematurely aged fibroblasts (Figure 2.8, I-J).  
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Figure 2.8. DAPI stained nuclei of dermal fibroblasts (BJ-5ta), 90 PDL (one-

step senescence model). Pictures A-D represent nuclear changes observed by 

immunofluorescence microscopy on days 1 and 5 after single 25 µM H2O2 exposure. 

Arrows depict changes in nuclear shapes: yellow ï round, green ï elongated, and red -

gigantic/irregular. A, Untreated cells on day 1; B, prematurely aged fibroblasts after H2O2 

exposure on day 1; C, Untreated cells on day 5; D, senescent fibroblasts on day 5. Nuclear 

parameters measured utilizing QuPath in each sample: E, nuclear area; F, nuclear max 

caliper; G, Nuclear perimeter; H, Nuclear min caliper; I, nuclear circularity; J, nuclear 

eccentricity. Data were analyzed with a Studentôs unpaired t-test for each separate 

parameter. Significance is indicated within the figures using the following scale: ns, not 

significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Bars represent mean ± 

SD. 

 

2.4.5. Senescence-related changes to gene expression profiles are accompanied 

by elevation in the expression of cell-cycle regulators 

Based on morphological studies, it was hypothesized that cellular shape changes 

would result in nuclear reorganization through alterations in cell cycle regulators inducing 

cytoskeleton changes followed by functional and metabolic deterioration. Hence, it was 

decided to test the expression levels of p16, p21, and p53, cell-cycle progression 

regulators, senescence-associated markers and corresponding genes in CCD-1135Sk, 

CCD-1064Sk, and BJ-5ta cultures. This analysis would also show the reliability of our 

cellular senescence model (see Chapter 3 and Chapter 4).  

The Western blot image shown in Figure 2.9 B indicates that the p16 protein levels 

were increased in cells with RS (CCD-1135Sk, 40 PDL and CCD-1064Sk, 48 PDL), 

significantly reduced in untreated healthy fibroblasts (CCD-1064Sk, 24 PDL), and were 

surprisingly low in the 25 µM of H2O2 exposed fibroblast. p16 modulates growth 

inhibitory state by keeping retinoblastoma protein (Rb) hypophosphorylated via targeting 

CDK4 and CDK6 complexes, ensuing repression of E2F target genes required for S-phase 

onset. Similar repressive effects of E2F target genes is achieved by cyclin-dependent 



102 
 

kinase inhibitor p21, which inhibits the action of CDK2 activity arresting the cell cycle in 

G1. The analysis of p21 expression levels indicates that they were almost absent in CCD-

1135Sk 40 PDL compared with their CCD-1064Sk 48 PDL counterparts, where the p21 

levels were prominent (Figure 2.9, C). A slightly opposite tendency was observed for p53. 

The expression of this protein was elevated in CCD-1064Sk 48 PDL and 25 µM H2O2 

treated fibroblast compared with CCD-1135Sk 40 PDL and untreated fibroblast (Figure 

2.9, D). Original Western blot images were included in Supplementary Figures 1-11. 
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Figure 2.9. The expression of cellular checkpoint regulators and collagen in 

aged fibroblasts from different cell lines. Fibroblastôs cell-lines CCD-1135Sk (40 PDL) 

and CCD-1064Sk (48 PDL) aged naturally by replicative senescence, and CCD-1064Sk 

(24 PDL) was aged by one-step H2O2 senescence model. Figures A-E show protein 

expression levels for selected genes measured by Western blot. A, COL1A1 expression; 

B, p16 expression; C, p21 expression; D, p53 expression; E, Elastin expression; F, Levels 

of protein expression detected in Western blots. Western blot analysis was performed 

using 30-50 µg of protein extracts. Glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) was used as a loading control. Relative densitometry was presented as a ratio 

of target protein to GAPDH. Data were analyzed with an ANOVA test (Tukey post-hoc 

multiple comparison test). Significance is indicated within the figures using the following 

scale: ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. Bars 

represent mean ± SD. 

 

Western blot analysis of BJ-5ta foreskin fibroblasts showed an exponential rise in 

p16 and p21 expression levels in a dose-dependent manner (Figure 2.10, A and C 

respectively). However, the p53 protein levels did not show significant differences, albeit 

showed a tendency to decrease in response to increasing doses of H2O2 (Figure 2.10, E). 

One of the typical features of SIPS is lost functional activity. It is well-known that 

fibroblasts are the main generators of extracellular matrix (ECM) components such as 

elastin and various types of collagens. Western blots showed significant reduction in type 

I collagen (COL1A1) expression in senescent CCD-1135Sk 40 PDL, CCD-1064Sk 48 

PDL and aged CCD-1064Sk 24 PDL fibroblasts (Figure 2.9, A, F), but not in the 

prematurely aged BJ-5ta treated with 25 µM H2O2 or 50 µM H2O2 (Figure 2.11, A). The 

expression level of type III collagen (COL3A1) was significantly reduced compared to 

healthy cells (Figure 2.11, C). 

Another key protein of the ECM is elastin, encoded by the ELN gene. It maintains 

elasticity and helps cells to regain their shape after stretching or contracting. Increased 

expression of elastin protein observed in old fibroblasts CCD-1064Sk 48 PDL was 

unexpected. At the same time, elastin expression was slightly lower in old CCD-1135Sk 
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40 PDL and prematurely aged CCD-1064Sk compared to the young cells (p<0.01, Figure 

2.9, E, F).  

 

 

Figure 2.10. The effects of age on cell cycle checkpoint regulators in BJ-5ta 

fibroblasts. Western blots showing protein levels of p16 (A), p21 (C), and p53 (E). 

Relative densitometry was presented as a ratio of target protein to GAPDH. Changes of 

mRNA expression as measured by RT-PCR for CDKN2A (p16), CDKN1 (p21), and TP53 

(B, D, and F, ï respectively). Data were analyzed with an ANOVA test (Tukey post-hoc 

multiple comparison test) (A, C, and E), and an unpaired Studentôs t-test was used for 

analysis with two groups (B, D, and F). Significance (p) is indicated within the figures 

using the following scale: ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, 

p<0.0001. Bars represent mean ± SD. 
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Figure 2.11. The effects of age on production of extracellular matrix 

components in BJ-5ta fibroblasts. Western blots showing protein levels of COL1A1 

(A), COL3A1 (C), and ELN (E). Relative densitometry was presented as a ratio of target 

protein to GAPDH. Changes of mRNA expression as measured by RT-PCR for COL1A1, 

COL3A1, and ELN (B, D, and F, ï respectively). Data were analyzed with an ANOVA 

test (Tukey post-hoc multiple comparison test) (A, C, and E), and an unpaired Studentôs 

t-test was used for analysis with two groups (B, D, and F). Significance (p) is indicated 

within the figures using the following scale: ns, not significant; *, p<0.05; **, p<0.01; 

***, p<0.001; ****, p<0.0001. Bars represent mean ± SD. 

 

Next, mRNA was isolated from dermal fibroblasts and analyzed via RT-PCR. To 

some extent, the mRNA expression of cell cycle progression regulators quantified with 

RT-PCR corresponded to the protein expression data seen via Western blot. The 

expression of important developmental transcriptional regulators and signaling molecules 
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implicated in fibroblasts' growth, proliferation, and ECM production were quantified. Cell 

proliferation inhibitor CDKN2A, encoding p16 was downregulated in aged CCD-1064Sk 

(p<0.01, Figure 2.12, M), but not BJ-5ta (p>0.05, Figure 2.10, B). Although, TP53 

appeared to have lower expression in BJ-5ta senescent cells (p>0.05, Figure 2.10, F) and 

elevated in CCD-1064Sk (p>0.05, Figure 2.12, O), it was not statistically significant. In 

contrast, CDKN1A, also known as coding gene for protein p21, was insignificantly 

upregulated in prematurely aged BJ-5ta (p>0.05, Figure 2.10, D) and CCD-1064Sk cells 

(p>0.05, Figure 2.12, N) compared to untreated ones. The senescence-associated 

abatement in transcript levels of ECM genes COL1A1 and COL3A1 was detected (p<0.01, 

Figure 2.11, B and D respectively), while ELN expression was slightly elevated compared 

to untreated cells (p>0.05, Figure 2.11, F), which corresponds to the Western blot findings 

(Figure 2.11, A, C, E). Interestingly, the MMP1 (matrix metalloproteinase 1) gene, whose 

protein is known to degrade collagens and other components of ECM was downregulated 

in aged cells (p<0.05, Figure 2.12, R). Similar alterations in gene expression were detected 

in prematurely aged CCD-1064Sk fibroblasts (p<0.05, Figure 2.12). The results for the 

main dermal scaffold genes COL3A1 and ELN matched BJ-5ta results. Another important 

gene associated with maintenance of ECM and known to preserve components of the 

extracellular matrix from damaging activity of MMPs is TIMP1 (tissue inhibitor of 

metalloproteinases 1). In addition, the encoded protein can promote cell proliferation 

exhibit an anti-apoptotic function. As expected, TIMP1 was downregulated in senescent 

fibroblasts (p<0.01, Figure 2.12, E). MMP2, like MMP1 in BJ-5ta aged fibroblasts, was 

also downregulated (p<0.001, Figure 2.12, D). Furthermore, HAS1 (Hyaluronan synthase 

1 or hyaluronic acid), a vital component of ECM that provides skin hydration and supports 
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a matrix which enables cells to migrate through (Skandalis, 2019), showed an unexpected 

rise in senescent cells (p>0.05, Figure 2.12, C) but was not statistically significant.  
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Figure 2.12. Senescence-associated gene expression in CCD-1064Sk and BJ-5ta 

dermal fibroblasts (one-step senescence model). Changes in mRNA expression levels 

for selected genes measured by RT-PCR in CCD-1064Sk cells: A, COL3A1; B, ELN; C, 

HAS1; D, MMP2; E, TIMP1; F, GDF11; G, SIRT1; H, SIRT3; J, SIRT4; K, SIRT6; L, NF-

əB; M, CDKN2A; N, CDKN1A; O, TP53; P, MKI67; in BJ-5ta: Q, NF-əB; R, MMP1; S, 

EGFR; T, SIRT1; U, SIRT4. Data were analyzed with an unpaired Studentôs t-test. 

Significance is indicated within the figures using the following scale: ns, not significant; 

*, p<0.05; **, p<0.01; ***, p<0.001. Bars represent mean ± SD. 

 

Taken together, there was a change in the expression of a large number of genes 

when comparing young to old passages of untreated cells and prematurely aged 

fibroblasts. Specifically, altered expression of p16, p21 and collagens were demonstrated 

and are indicators of SIPS. 

 

2.4.6. Senescence-related changes in the expression of genes and proteins 

involved in cell cycle regulation, cellular replication, and metabolic responses 

To obtain an understanding of what molecular pathways were involved in the 

progression of senescence or may be abnormally regulated during senescence, we 

analyzed the gene expression by RT-PCR analysis of mRNA and at the protein level by 

Western blot in dermal fibroblasts.  

The expression of NF-əB (Nuclear factor-kappa B) was moderately downregulated 

in both CCD-106Sk and BJ-5ta prematurely aged fibroblasts (p>0.05, Figures 2.12, L and 

Q respectively). Similar trends were seen in Western blot analysis (Figure 2.13, D). NF-

əB is a protein transcription factor that controls transcription of DNA, cytokine 

production, and regulation of expression of multiple genes associated with cell survival, 

proliferation, and differentiation. Another critical gene, which protein is involved in cell 

signaling pathways that control cell division and survival, EGFR (epidermal growth factor 
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receptor), was mildly upregulated (p>0.05, Figure 2.12, S) and was poorly expressed on 

the protein level (p<0.001, Figure 2.13, G) after the H2O2 exposure.  

 

Figure 2.13. The expression of cell-cycle regulators, functional, and regulatory 

proteins in aged fibroblasts of BJ-5ta cell line. Fibroblasts were aged by the one-step 

H2O2 senescence model. Figures represents changed protein expression levels for selected 

genes measured by Western blot. A, Cyclin D1 expression; B, CDK2 expression; C, c-Jun 

expression; D, NF-əB expression; E, SIRT1 expression; F, BID expression; G, EGFR 

expression; H, Vinculin expression. Western blot analysis was performed using 30-50 µg 

of protein extracts. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a 

loading control. Relative densitometry was presented as a ratio of target protein to 

GAPDH. Data were analyzed with an ANOVA test (Tukey post-hoc multiple comparison 

test). Significance is indicated within the figures using the following scale: ns, not 

significant; *, p<0.05; **, p<0.01; ***, p<0.001. Bars represent mean ± SD. 
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Besides the role in cell signaling pathways that control cell division and survival, 

NF-əB and EGFR are also involved in apoptosis pathways, hence, deviations in their 

regulation might influence the process of programmed cell death and potentially 

senescence. For this reason, we tested expression levels of the BH3 interacting-domain 

death agonist (BID), which is a pro-apoptotic member of the Bcl-2 protein family 

contributing to the mitochondrial pathway of apoptosis. Of note, BID expression 

demonstrated a dose-dependent decrease with exposure to increasing concentrations of 

H2O2 (p>0.05, Figure 2.13, F). Corresponding changes were found in the level of Vinculin 

expression (Figure 2.13, H); vinculin is a membrane-cytoskeletal protein associated with 

maintaining cell-cell and cell-matrix adhesion, emerging as a regulator of apoptosis, and 

found to be overexpressed in apoptotic cells (Propato et al., 2001). In addition to this, c-

Jun is a part of the activator protein-1 (AP-1) complex, involved in regulation of 

proliferation, apoptosis, survival, tumorigenesis, and tissue morphogenesis (Meng & Xia, 

2011) was significantly diminished in aged fibroblast (Figure 2.13, C). Moreover, c-Jun 

is required for progression through the G1 phase of the cell cycle which occurs by a 

mechanism that incorporates direct transcriptional control of the cyclin D1 gene, forming 

a molecular connection between growth factor signaling and cell cycle regulation 

(Wisdom et al., 1999). Cyclin D1 levels were almost identical to the untreated fibroblasts 

after treatment with 25 µM of H2O2 and insignificantly declined after treatment with 50 

µM of H2O2 (Figure 2.13, A). In parallel, the levels of cyclin-dependent kinase 2 (CDK2), 

the protein required for the transition from G1 to S phase, decreased significantly (p<0.05, 

Figure 2.13, C). 
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Changes in the cell cycle progression typically affect other cellular functions like 

proliferation, differentiation, metabolic activity, etc. Recently ascertained growth 

differentiation factor 11 (GDF11), a key to progenitor proliferation and/or differentiation, 

was also considered to be important for the preservation of youthful phenotypes in 

different human tissues, and, in the skin, to inhibit inflammatory responses (Rochette et 

al., 2020). The expression of GDF11 in prematurely aged fibroblasts tends to increase 

compared to untreated cells (p>0.05, Figure 2.12, L). One more essential nuclear protein 

associated with cellular proliferation is a marker of proliferation Ki-67 (MKI67). MKI67 

was insignificantly elevated in fibroblasts treated with H2O2 (Figure 2.12, P).  

 Sirtuins (SIRT1ï7) are known to prevent diseases and even reverse aspects of 

aging. They are regulated at the level of transcription, translation, protein stability, and 

oxidation (Bonkowski & Sinclair, 2016). Thus, nuclear sirtuins SIRT1, SIRT6, and SIRT7 

act as transcription regulators (Fernandez-Marcos & Auwerx, 2011; Toiber et al., 2011) 

and modulate energy metabolism, cell survival, DNA repair, tissue regeneration, 

inflammation, neuronal signaling, and even circadian rhythms (Chang & Guarente, 2014; 

Haigis & Sinclair, 2010). Cytosolic SIRT2 was also detected in the nucleus where it 

modulates cell cycle control (Dryden et al., 2003; L. Serrano et al., 2013). SIRT3 activity 

intersects with the mammalian target of rapamycin (mTOR) (Karnewar et al., 2018; Wu 

et al., 2018), AMPK signaling extracellular signal-regulated kinase (ERK) (Mihaylova & 

Shaw, 2011), and is also involved in mitochondrial biogenesis and activating autophagy 

(Choi, 2020; Kuang et al., 2020). Mitochondrial SIRT3-5 modulate the activities of 

metabolic enzymes and moderate oxidative stress in response to calorie restriction (CR), 

inducing stress tolerance by switching cells to favor mitochondrial oxidative metabolism 

(Chang & Guarente, 2014). 
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The results of RT-PCR analysis of Sirtuins, family of signaling proteins involved in 

metabolic regulation, showed that SIRT1 was mildly upregulated in aged CCD-1064Sk 

cells (p>0.05, Figure 2.12, G), while in BJ-5ta fibroblasts it was downregulated (p>0.05, 

Figure 2.12, T). However, levels of protein expression of SIRT1 were significantly 

augmented in fibroblasts exposed to the 25 µM H2O2 (Figure 2.13, E). At the same time, 

SIRT3 was strongly downregulated (p<0.05, Figure 2.12, H) in contrast to moderately 

upregulated SIRT4 and SIRT6 (p>0.05, Figures 2.12, J and K respectively). 

In summary, changes in gene expression were observed when comparing young and 

senescent dermal fibroblasts. Along with the altered expression of numerous cell cycle 

regulators and genes with previously determined age-related expression changes, we 

found changes in the expression of proteins involved in metabolic regulation and the 

ECM. 

 

2.4.7. Aspects of senescence-associated cellular viability  

Results of the cellular viability assay showed a significant reduction in number of 

prematurely senescent fibroblasts (Figure 2.14). The growth of CCD-1064Sk cells was 

three times of that of untreated newborn fibroblasts. At the same time, in prematurely 

senescent cells a 33.6% elevation in cellular growth was observed five days after single 

H2O2 exposure (Figure 2.14, A). In comparison, lysosomal absorption of neutral red (NR) 

was slightly higher in the senescent fibroblasts than in untreated cells at the beginning of 

the experiment (Figure 2.15, A). However, NR absorbance gradually declined within the 

next five days.  
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Figure 2.14. Viability of dermal fibroblasts estimated by MTT assay five days 

after single treatment of 25 µM of H2O2 (one-step senescence model). A, CCD-

1064Sk, 24 PDL; B, BJ-5ta, 90 PDL; C, CCD-1135Sk, 36 PDL. Data were analyzed with 

a Studentôs unpaired t-test for each separate parameter. Bars represent mean ± SD. ns, not 

significant; *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001. 
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Figure 2.15. Viability of dermal fibroblasts estimated by Neutral red assay 

(one-step senescence model). A, CCD-1064Sk 32 PDL in six days after a single treatment 

of H2O2; B, BJ-5ta 48 PDL within five days after a single treatment of H2O2. Data were 

analyzed with a Studentôs unpaired t-test for each separate parameter. Bars represent mean 

± SD. ns, not significant; *, p<0.05; **, p<0.01; ***, p<0.001. 

 

Significantly less growth was detected in the prematurely senescent cells by 

approximately ten-fold compared to the untreated fibroblasts of the BJ-5ta cell line (Figure 

2.14, B). The development of senescent BJ-5ta fibroblasts was stopped. Only 3% increase 

in cell number was noticed five days after the H2O2 exposure. Like the CCD-1064Sk cell 

line, prematurely senescent BJ-5ta fibroblast showed slightly higher NR absorbance than 

untreated cells (Figure 2.15, B).  
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In the adult dermal fibroblasts (CCD-1135Sk, 36 PDL) we found decreased cellular 

viability (Figure 2.14, C). Interestingly, one day after H2O2 exposure, the growth of the 

untreated cells was higher (p<0.05) than in senescent cells, although, growth was 

substantially lower in CCD-1135Sk, as compared to two other cell lines. Mycoplasma 

contamination of cell cultures has been ruled out (data not shown). Albeit until day five, 

the untreated skin fibroblasts demonstrated increased rate of growth compared to the 

prematurely senescent cells, but this difference was not significant (Figure 2.14). This 

interesting finding showed that adult dermal fibroblasts at 36 PDL, which according to the 

manufacturer, are almost in a senescent state (Dimri et al., 1995). 

 

2.4.8. Senescent fibroblasts showed reduced ability in the healing process 

To determine if senescent dermal fibroblasts have a similar ability to fully 

participate in the healing process, we performed the wound healing assay in the adherent 

cellular monolayer. Images of the wound healing assay were taken at the following time 

points: 1 h, 6 h, 24 h, 48 h, and 72 h after scratching.  

The most prominent findings were detected on 24 h and 72 h from the beginning of 

the experiment. Thus, in both untreated cell lines, the wound was more than 50% closed 

after 24 h (Figure 2.16, E, G). In contrast, the wound surface in the H2O2-exposed cell 

cultures was moderately increased (Figure 2.16, F) or slightly narrowed (Figure 2.16, H) 

at the same time point. Complete closure of the scratch line was observed 48 h after the 

beginning of the experiment in the BJ-5ta cell line (data not shown). Whereas after 72 h, 

about 3% of the wound area in the untreated CCD-1164Sk fibroblasts and 23% (p<0.01) 

in prematurely senescent fibroblasts were still uncovered (Figure 2.16, M). In the case of 
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BJ-5ta cells treated with H2O2, after 72 h, 12.5% of the wound area remained unhealed 

(p<0.01, Figure 2.16, N). 

 

Figure 2.16. Regenerative ability of dermal fibroblasts estimated by wound-

healing assay (one-step senescence model). Wound area in CCD-1064Sk, 24 PDL (A-

B) and BJ-5ta, 90 PDL (C-D) one hour after single-time H2O2 exposure. Decreased wound 

area in CCD-1064Sk, 24 PDL (E-F) and BJ-5ta, 90 PDL (G-H) 24 hours after a single 

treatment of H2O2. Wound closure in CCD-1064Sk, 24 PDL (I-J) and BJ-5ta, 90 PDL (K-

L) 72 hours after a single treatment of H2O2. The percentage of the area of the wound that 

is not healed in CCD-1064Sk, 24 PDL (M) and BJ-5ta, 90 PDL (N) 72 hours after single-

time H2O2 exposure. Data were analyzed with a Studentôs unpaired t-test for each separate 

parameter. Bars represent mean ± SD. **, p<0.01. 

 

The wound-healing assay results demonstrated delayed regenerative capabilities of 

the senescent dermal fibroblasts, resulting in a decline in the healing process.  


