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1. Introduction 
Skin aging is a multifactorial biological process 

characterized by a series of structural, molecular, and 

functional changes over time, influenced by various 

intrinsic and extrinsic factors. Similar to the aging of 

other organs, the skin gradually loses functionality 

and regenerative capacity [1]. However, what makes  

 

 
 

 

skin aging unique is its strong susceptibility to 

external factors such as lifestyle and exposure to 

harmful environmental agents [2]. Ultraviolet 

radiation, primarily from sunlight, emerges as a major 

driver of premature skin aging. This radiation can 

cause DNA damage and trigger oxidative processes in 
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skin cells, thus contributing to cellular aging and 

senescence [3]. 

Cellular senescence is a key phenomenon in the study 

of skin aging and other tissues. Prior to this discovery, 

it was believed that all cells were essentially immortal 

and could replicate indefinitely [4]. Cellular 

senescence is a state in which cells enter an 

irreversible cell cycle arrest in response to various 

stress factors, such as DNA damage, oxidative stress, 

and environmental influences. The accumulation of 

dysfunctional and senescent cells in aging tissues has 

detrimental effects, impairing their repair and 

regeneration capacity [5]. In the context of the skin, 

cellular senescence is associated with a range of 

changes and alterations [6]. 

Telomeres are essential structures located at the ends 

of eukaryotic chromosomes, composed of multiple G-

rich repeats. In mammals, the repetitive telomeric 

sequence is TTAGGG, repeated thousands of times [7]. 

These structures play a vital role in protecting 

chromosomal ends from degradation and being 

identified as double-strand breaks. In the absence of 

telomeres, chromosomes can fuse, resulting in genetic 

instability [8]. Telomere shortening, damage to them, 

or the expression of mutant proteins that bind to 

telomeres can compromise the protective complex, 

triggering a DNA damage response and leading to 

cellular senescence [9]. 

Due to the inability of standard DNA polymerases to 

fully replicate linear DNA models in the absence of 

telomerase, an independent DNA polymerase model, 

and due to nucleolytic processing, DNA replication 

results in the formation of chromosomes with 

progressively shorter telomeres [10]. When telomeres 

reach a critical length, they can no longer bind to 

telomeric covering proteins in sufficient quantity, 

being detected as exposed DNA ends. This activates 

DNA damage response pathways, which, through the 

induction of cell cycle inhibitors such as p21 and p16, 

halt cell proliferation [9, 11]. Telomere shortening is 

widely recognized as an indicator of cellular aging 

and replicative senescence, marking the limit of cell 

replication and the aging process [12]. 

This literature review aims to investigate the role of 

telomerase, an enzyme responsible for maintaining 

telomeres, in cellular senescence and skin aging, 

seeking to address the following research question: 

What are the cellular senescence processes and factors 

that best explain skin aging? Providing molecular 

insights that may aid in developing strategies to 

combat skin aging. 
 

2. Materials and methods 
The methodology of this study is a qualitative, 

exploratory literature review focused on investigating 

aspects of cellular senescence. The search used 

specific keywords: telomeres, telomere shortening, 

telomerase, cellular senescence, skin, and skin aging. 

These keywords were searched in the U.S. National 

Library of Medicine (PubMed), Web of Science, and 

Google Scholar databases. Publications from the past 

10 years were prioritized, although relevant older 

studies were also considered. The study selection 

process was carried out in four stages: First, article 

titles were assessed for relevance to the research topic. 

Second, abstracts were analyzed according to 

predefined inclusion and exclusion criteria to select 

the most relevant articles. Third, full-text articles were 

reviewed to ensure alignment with the study's 

objectives. Finally, a total of 185 articles were 

identified, with 136 selected for inclusion in the final 

database. Inclusion criteria required that articles be 

published in English, available in the selected 

databases, and accessible for free. Exclusion criteria 

involved the exclusion of articles published outside 

the last 10 years and those that did not address the 

research objectives. The final analysis synthesized key 

findings, offering insights into cellular senescence, 

particularly in relation to skin aging. 
 

3. Theoretical framework 

3.1 Telomeres and telomerase 

The term "telomere" originates from the Greek words 

"telos" (end) and "meros" (part). Telomeres are 

structures typical of eukaryotic cells found at the ends 

of linear chromosomes [13]. They play a fundamental 

role in genome stability by protecting the ends of 

linear eukaryotic chromosomes, preventing their 

manipulation and recognition by modified DNA 

enzymes [14]. Additionally, they function to identify 

damaged chromosome ends, preserving DNA 

integrity during repair and recombination processes 

[15], and protecting against oxidative damage [16]. 

The function of telomeres can vary between species  
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[16]. They serve as markers of aging, with telomeres 

being shortened by an average of 50 to 200 base pairs 

with each cell division [17]. Maintaining telomere 

length homeostasis is crucial for cell survival, as short 

telomeres can cause DNA damage, leading to cellular 

senescence and apoptosis [18]. Several factors are 

essential for ensuring telomere stability [18], 

including an enzymatic complex responsible for their 

components, known as telomerase, in which the 

(Telomerase Reverse Transcriptase) TERT proteins, 

dyskerin, and the RNA component TR are 

fundamental [19]. 

Telomerase is a human ribonucleoprotein that 

regulates telomere balance and chromosomal 

integrity, being the primary regulator of telomere 

length in cells [20]. Most somatic cells lack sufficient 

telomerase, resulting in telomere shortening with 

each cell division [21]. Telomerase is recruited to 

chromosomal ends via a specific complex [22]. Among 

the telomerase components, the level of expression of 

the catalytic component, TERT, seems to correlate 

well with enzyme activity [23]. 

Although some adult somatic cells express telomerase, 

this is not common, especially in human cells. For 

example, activated human cells may express a 

transient form. Regardless of telomerase activity, 

these cells continue to lose telomeric DNA with each 

cell division, eventually leading to senescence. Thus, 

in some cases, the presence of telomerase is 

insufficient to prevent telomere erosion and 

senescence resulting from DNA replication. On the 

other hand, ectopic expression of telomerase may 

prevent telomere shortening and replicative 

senescence in some human cells, such as fibroblasts 

and epithelial cells [24, 25]. 

The specific components of the telomerase enzymatic 

complex are TERT (Telomerase Reverse Transcriptase) 

and TERC (Telomerase RNA Component). TERT is a 

catalytic subunit of telomerase that performs its 

reverse transcription role by adding repetitive 

sequences to telomeric DNA using telomerase RNA as 

a template, being essential for nucleotide addition at 

telomere ends. TERC is a structured molecule with the 

ability to fold, serving as a template for telomeric 

DNA synthesis and aiding in the correct positioning 

of nucleotide addition at telomere ends. Additionally, 

associated proteins such as Dyskerin help incorporate 

RNA into the telomerase complex and ensure TERC 

binds to TERT correctly, while other proteins like 

Nop10 and Gar1 are crucial for the stability and 

assembly of the telomerase complex, assisting in the 

formation of the ribonucleoprotein complex. These 

components regulate telomere homeostasis through 

structural interaction between TERT and TERC [133]. 
 

3.2 Telomerase in human skin 

According to published data, telomerase is expressed 

in situ in the skin, especially in the epidermis, 

regardless of the individual's age [26]. Exposure of the 

skin to factors such as UV rays and other agents 

results in telomere shortening, interfering with 

telomerase activity and causing genetic alterations in 

melanocytes [27]. Telomerase activity has been 

associated with melanoma-related lesions, providing 

insights into its function and clinical relevance in this 

context [28].  
 

Telomerase plays an essential role in maintaining 

telomere integrity and has a direct impact on skin 

health and aging [29]. Its activity in the skin is 

considered one of the main characteristics of cellular 

aging [30]. In proliferative and germinative cells, 

telomerase remains active, renewing tissues [31], and 

in human tissues and cells, it is closely linked to the 

skin's capacity for renewal and regeneration over time 

[32]. 
 

Numerous studies in the field have explored anti-

aging strategies based on natural chemical molecules 

as potential telomerase activators, due to their 

fundamental role in skin aging and skin health [33, 34]. 

Therefore, the search for therapies that preserve 

telomere integrity and identify strong telomerase 

activators is of special interest [35]. To develop 

strategies for preventing and treating skin aging and 

skin-related diseases, it is essential to understand the 

molecular mechanisms underlying telomerase 

regulation in the skin [36, 37]. 
 

3.3 Interaction between telomeres and oxidative stress 

The interaction between telomeres and oxidative 

stress plays a crucial role in cellular aging. Cellular 

damage caused by oxidative stress results in genomic 

instability [38, 39], leading to cellular senescence due 

to telomere shortening [40]. Studies show that 

oxidative stress can trigger cellular responses that 

lead to senescence by disrupting the cell cycle [41, 42]. 
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One of the main outcomes of oxidative stress is DNA 

oxidation [43]. Recent research suggests that oxidative 

stress accelerates telomere shortening through DNA 

precursor molecules, and this DNA oxidation can 

inhibit telomerase activity, becoming a potential focus 

for cancer treatments [44]. 

Oxidative stress involvement in telomeres is 

associated with the progression of aging-related 

conditions, such as metabolic syndrome [45], and also 

with the activation of inflammatory pathways that 

affect cellular senescence [46], as well as certain 

pathological conditions like male infertility [47]. Some 

studies suggest that oxidative damage may directly 

influence telomerase, impeding its function. 

Oxidative stress resulting in excessive production of 

reactive oxygen species (ROS) can alter cellular 

signaling pathways that control telomerase 

expression, leading to reduced enzymatic activity in 

adverse ways. This can cause direct damage to 

telomeric DNA, promoting degradation and 

accelerating telomere shortening [40, 131]. Telomerase 

activity can be affected by ROS in various ways, but 

mainly through damage to TERT, impairing its ability 

to interact with RNA and preventing the addition of 

new DNA repeats to the telomeres [132]. 

Understanding the interaction between telomeres and 

oxidative stress is fundamental for developing 

therapeutic interventions aimed at mitigating the 

effects of cellular aging. Research indicates that 

antioxidants and modulators of oxidative stress may 

counteract oxidative damage to telomeres [48], 

reducing chronic inflammation related to oxidative 

stress and contributing to the preservation of telomere 

integrity, thereby delaying cellular aging [49]. 

Understanding the underlying mechanisms of this 

interaction can expand the possibilities for non-

pharmacological interventions, promoting cellular 

health [50]. 
 

3.4 Exogenous telomerase expression to correct telomere 

defects 

Exogenous expression of telomerase has shown 

promise for correcting telomeric defects [51]. Studies 

demonstrate that introducing telomerase into human 

cells helps restore telomere length [52], associating 

with effective telomere management and 

reprogramming of stem cells [51-54], providing an 

efficient means to preserve chromosomal integrity 

[43]. However, despite the potential benefits, 

overexpression of this enzyme has been linked to 

various pathological conditions, such as cancer and  

progeria [55, 56]. 

In cultures of normal human fibroblasts, exogenous 

expression of TERT maintains these cells viable in 

vitro [23]. Therefore, it is crucial to consider the 

possible adverse effects of this exogenous telomerase 

expression [57]. Studies suggest that indiscriminate 

activation of telomerase may increase the risk of 

malignant transformation, tumorigenesis, genomic 

instability, and chromosomal rearrangements [58], as 

well as contribute to the progression of aging-related 

diseases [59]. 

Exogenous telomerase expression has emerged as a 

promising strategy for cellular rejuvenation therapies 

and may be used to restore the proliferative capacity 

of cells and reduce signs of cellular senescence [134]. 

However, this application also raises concerns about 

potential carcinogenesis risks, as longer telomeres 

may allow uncontrolled proliferation of cells with 

mutations [135]. Additionally, it may lead to genomic 

instability, compromising genome integrity and 

significantly affecting cell functionality in the long 

term [136]. 

Various therapeutic approaches are being developed 

to modulate telomerase activity, providing potential 

treatments for aging-related pathologies and 

telomeric disorders [60]. With advances in gene 

editing technology, specific compounds capable of 

modulating telomerase activity have been identified, 

offering new perspectives for correcting telomeric 

defects through direct manipulation of its expression 

[61]. These approaches, combined with progress in 

gene editing technology, allow precise manipulation 

of telomerase expression, opening new therapeutic 

possibilities for correcting telomeric defects [51]. 
 

3.5 Telomere dysfunction during aging 

Telomere dysfunction during the aging process 

occurs intrinsically and complexly, triggering a series 

of molecular and cellular changes [62]. Over time, 

telomeres undergo gradual shortening, becoming 

chromosomally unstable and compromising cellular 

functions [63, 64]. This telomeric shortening is directly 

linked to the replicative capacity of cells, leading to 
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cellular senescence and depletion of cellular reserves 

over time [65, 66]. Consequently, telomere 

dysfunction affects tissue and organ regeneration 

capacity, contributing to the development of age- 

related diseases [67, 68]. 

In addition to reduced telomere length, dysfunction 

during aging is also associated with the activation of 

cellular stress signaling pathways and chronic 

inflammation [69, 70]. This results in DNA damage 

that contributes to aging through genomic alterations 

and impairment of cellular functions [71, 72]. 

Telomere dysfunction is one of the mechanisms that 

can lead cells to senescence. While telomere 

shortening is a significant factor in this process, recent 

studies have found that telomeric dysfunction can 

occur independently of telomere length [65]. 
 

3.6 Histology of the skin and types of skin cells 

The skin is the largest organ of the human body and 

histologically [73], it exhibits a complex organization 

of specific layers. The outermost layer of the skin is the 

epidermis, which is predominantly composed of 

stratified squamous epithelium [74]. Keratinocytes, 

the predominant cells in the epidermis, form a 

physical barrier that prevents transepidermal water 

loss and protects the body against external agents [75]. 

Additionally, the epidermis houses other specialized 

cells, such as melanocytes, which are responsible for 

producing melanin, giving color to the skin and 

protecting against ultraviolet radiation damage [76], 

and Langerhans cells, which are involved in the skin’s 

immune response by detecting and presenting 

antigens [77, 78]. 

The dermis, located below the epidermis, is the 

thickest layer of the skin, composed of dense 

connective tissue [75]. It is divided into two layers: the 

papillary dermis, made up of loose connective tissue, 

and the reticular dermis, the deeper layer composed 

of dense connective tissue [76]. In the dermis, 

fibroblasts are responsible for the synthesis and 

maintenance of extracellular matrix components, such 

as collagen and elastin fibers, playing a crucial role in 

wound healing [76]. Mast cells, part of the immune 

system, are also present in the dermis, performing 

functions related to inflammatory and allergic 

responses [75, 78]. Furthermore, the dermis is 

characterized by abundant and compact protective 

keratin, lamellar or Vater-Pacini corpuscles, 

Meissner's corpuscles, specialized arteriovenous 

communications, and eccrine sweat glands [79, 80]. 

The hypodermis, located below the dermis, is known  

as subcutaneous tissue and is primarily composed of 

adipose tissue [74]. It contains adipocytes, specialized 

cells for fat storage and temperature regulation, as 

well as blood vessels and nerves responsible for tissue 

vascularization [76]. Other important skin structures 

include hair follicles and sebaceous and sweat glands, 

which play essential roles in temperature regulation 

and skin lubrication [81, 82]. Hair follicles consist of 

different types of cells, including stem cells, matrix 

cells, and hair pressure cells, which are responsible for 

hair growth and regeneration [75]. 
 

3.7 Cellular senescence 

Cellular senescence represents the loss of the capacity 

for cellular replication, where the cell cycle is 

permanently halted. Various stressors can induce 

cellular senescence, including oxidative stress, 

telomere alterations, mitochondrial dysfunctions, 

ribosomal stress, epigenetic modifiers, irradiation, 

drugs, and oncogenic stress [83]. This disadvantage is 

manifested by the interruption of post-mitotic cell 

division in response to some type of damage, with 

telomere shortening being one of the main factors. 

However, subsequent studies have revealed other 

pathways initiated by stimuli through which cells can 

enter senescence and cease to proliferate, regardless of 

the number of duplications [84]. 

Different types of senescence include replicative, 

stress-induced, oncogene-induced, and development-

tal senescence. Replicative senescence is characterized 

by short telomeres and is influenced by the activation 

of the CDKN2A locus, which encodes the tumor 

suppressor p16, responsible for inhibiting CDK4 and 

CDK6 [85]. Stress-induced senescence is related to 

high intracellular levels of reactive oxygen species 

(ROS) and results from the RAS-RAF-MEK-ERK 

cascade, which activates p38 MAPK and leads to 

increased transcriptional activity of p53 and positive 

regulation of p21 [86]. Oncogene-induced senescence 

is marked by the activation of the CDKN2A15 locus, 

leading to abnormal DNA replication. Developmental 

senescence is normal and necessary for the formation 

of certain human organs, such as neural tube closure  
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and gallbladder formation during embryonic 

development [85]. 

Recent discoveries are shifting the perspective on  

cellular senescence, viewing it as a stimulus for tissue  

alteration processes and also as a mechanism for 

eliminating unwanted cells following tissue damage. 

Senescent cells eliminate their deficiencies and recruit 

immune cells, promoting tissue renewal. If these 

senescence phases do not occur effectively, it can 

result in the accumulation of senescent cells in the 

organism [87]. 
 

3.8 Cellular senescence of various skin cell types 

Senescent cells exhibit four interdependent aspects, as 

described by the International Cellular Aging Society 

(ICSA): permanent cell cycle arrest, Senescence-

Associated Secretory Phenotype (SASP), 

macromolecular damage, and dysregulated 

metabolism [83]. Senescent cells have been observed 

in various types of skin cells [69]. Over time, senescent 

cells accumulate in the skin, with histochemical 

detection of beta-galactosidase expression in 

senescent fibroblasts and keratinocytes [88]. This 

accumulation is considered a reliable biomarker of 

aging, contributing to age-related skin changes, 

expanding the basal layer of the epidermis, and 

affecting its regeneration and structure [89]. 

Studies have shown that in human skin in vivo, 

during melanocyte senescence, these cells express a 

succession of senescence markers, such as increased 

p16 INK4A levels over the years [90]. It has also been 

found that in aged melanocytes, there is a much 

higher occurrence of dysfunctional telomeres, 

although without telomere shortening, suggesting 

that the primary cause of telomere dysfunction in 

aged melanocytes is not telomere shortening [65]. 
 

3.9 Skin stem cells and their relevance to skin aging 

Stem cells can be classified as totipotent, pluripotent, 

and multipotent, with these cells varying in capability 

depending on the organs they derive from, facilitating 

tissue regeneration [91]. Researchers have identified 

and categorized stem cells into two broad groups: 

embryonic and adult [92]. The skin is a tissue in 

constant self-renewal, and to maintain homeostasis, 

there are niches with stem cells responsible for 

addressing natural cellular losses or those caused by 

injuries [93]. In its outermost compartment, the 

epidermis, there are indications of epidermal stem 

cells. These quiescent cells are located in the most 

basal layer of the interfollicular epidermis, attached to 

the basement membrane through integrin-class 

proteins. As these cells migrate to the upper layers, 

they undergo differentiation until they reach the skin 

surface as non-scaly corneocytes [93]. 

Stem cells have been linked to the aging process, with 

oxidative stress caused by reactive oxygen species 

being the primary effector in the skin. This 

phenomenon has been more extensively studied in 

hematopoietic stem cell models, where it was 

implicated in the activation of the INK4a/ARF locus 

transcription, leading to the activation of the 

senescence program. Despite its relevance, the 

relationship between these pathways and skin stem 

cell aging remains largely unexplored [93]. Another 

important stem cell niche is hair. Dermal 

mesenchymal stem cells are capable of differentiating 

into adipocytes, chondrocytes, and osteocytes, 

typically derived from mesodermal precursors [93]. In 

many tissues, stem cells also progressively lose 

telomerase activity and, consequently, the ability to 

maintain tissue renewal, which is one of the main 

causes of aging [19]. 
 

3.10 Cellular senescence and organismal aging 

Researchers assert that the terms senescence and 

aging are used interchangeably, as both refer to 

cellular transformations that occur in organs and 

tissues related to the passage of time and biological 

processes. These processes impair the physiology of 

the organism, leading to functional effects that make 

it vulnerable to pathologies [94].  

Senescent cells do not die immediately; most remain 

viable and metabolically active for extended periods 

in culture, indicating that senescence occurs not only 

during aging but also naturally throughout the life of 

organisms [95]. These cells exhibit morphological 

changes, both in vivo and in vitro, such as increased 

size with a flattened appearance and numerous 

vacuoles, the presence of DNA damage “scars,” and 

alterations in heterochromatin [96]. 

Senescent cells are distinct from other non-dividing 

cells, such as quiescent cells, characterized by the 

absence of proliferative markers like Ki67, as well as 

other markers like p16, p21, and p27 [97]. 
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Additionally, ß-galactosidase activity associated with 

senescence is observed, reflecting the expression of 

tumor suppressors and cell cycle inhibitors. Although 

none of these markers are completely specific or 

universal for all types of senescence, senescent cells 

express most of them [98]. 
 

3.11 Cellular senescence and telomeres 

Cellular senescence refers to the response of 

mitotically competent cells, which are not terminally 

differentiated and thus capable of division, to stimuli 

that have the potential to cause neoplastic 

transformations, resulting in, among other aspects, 

growth arrest [99]. Cellular senescence is not only 

expressed through a halt in cell growth but also 

involves functional alterations that, together, define 

the senescent phenotype. Due to mutated RAS, 

telomerase cannot prevent senescence in human 

fibroblasts, indicating that cells can manifest a 

senescent phenotype independently of specific 

telomeres [100,101]. 

When discussing cellular senescence, it is closely 

associated with telomeres, which are structures 

containing a short, repetitive DNA sequence 

(5'TTAGGG3') located at the chromosomal ends of 

cells with the function of preserving genetic 

information and bases [102]. Telomeres serve as 

cellular markers, functioning as an intrinsic counter to 

protect the organism from uncontrolled cell divisions, 

undergoing shortening with each division until they 

lose their function and enter a state of cellular 

senescence [103]. 
 

3.12 Why is cellular senescence important? 

Cellular senescence is significant because it represents 

a permanent proliferative halt in response to various 

stressors and acts as a tumor-suppressing mechanism. 

However, it also entails a loss of repair and tissue 

regeneration capacity due to cell cycle interruption 

[104]. Cellular senescence plays a crucial endogenous 

role as an antitumoral mechanism and is related to the 

activity of antitumoral drugs [105]. Conceptual 

advancements have been made regarding the role of 

senescent cells, highlighting the importance of 

understanding that senescence is not limited to the 

loss of proliferative capacity but also involves gene 

expression, epigenome, metabolism, and especially 

the SASP [106]. Evidence suggests that the senescence 

response evolved to suppress tumorigenesis, acting as 

a safety mechanism to prevent cells at risk of 

undergoing neoplastic transformations. Thus, normal 

cells undergo senescent arrest when exposed to 

various stimuli capable of inducing or promoting 

neoplastic changes [101]. 
 

3.13 What are telomeres and how do they signal senescence? 

Initial records about telomeres emerged in the 1930s 

by McClintock and Muller studying the ends of 

chromosomes in *Zea mays* and *Drosophila 

melanogaster*. However, it was not until 1961 that 

Hayflick and Moorhead observed that human fetal 

cells had a replication capacity of 50 to 60 times, 

establishing the "Hayflick limit" known as replicative 

senescence. This was a landmark in scientific history, 

paving the way for numerous new studies in the field 

[107]. 

Telomeres act as protective structures at the 

chromosomal ends, being highly vulnerable to 

intrinsic and extrinsic stress factors, affecting cellular 

health [65]. During DNA replication, telomeres lose 

genetic material—about 50 to 100 base pairs—leading 

to their shortening. Both this shortening and the 

specific proteins associated with it signal the cessation 

of the cell cycle. Cell death then occurs through 

chromosomal instability resulting from telomere 

shortening [108]. 

Senescence signaling can occur through two 

pathways: ATR-Chk1 and ATM-Chk2. These 

pathways phosphorylate Chk1 and Chk2, blocking 

cell development during the G1/S and G2/M phases 

by inhibiting CDC25 and suppressing CDK activation. 

Thus, ATM and ATR promote p53 activation, 

inhibiting further cell cycle progression [109]. The p53 

transcription factor, in its specific sequence, directs 

the expression of target genes that respond to cellular 

stress and damage [110]. 

Senescent cells also produce molecules that are pro-

inflammatory and degradative to the extracellular 

matrix, known as the SASP. SASP is primarily 

initiated by inflammatory cascades mediated mainly 

by NF-κB and p38 MAPK signaling and is autocrinely 

inhibited [104]. One of the main functions of SASP is 

to recruit the immune system to eliminate senescent 

and tumor cells, but SASP also induces cellular 

plasticity and tissue regeneration [111]. 
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3.14 Telomere dysfunction can occur independently of  

length 

Additionally, not only the reduction in telomere 

length but also changes in their structure and function 

can result in cellular senescence or apoptosis, leading 

to organ dysfunctions [112]. Telomere damage 

unrelated to length has been recently proposed as a 

mechanism of slow or post-mitotic cellular senescence, 

showing low proliferative potential in vivo and 

harboring dysfunctional telomeres without 

significant shortening [69]. 

Therefore, telomeric length can be considered an 

important biomarker of aging or even a mitotic clock 

partially responsible for this process, with telomere 

shortening and consequent dysfunction being related 

to the development of various chronic diseases 

[113,114]. An increased population of senescent cells 

in specific tissues, resulting from telomere shortening 

or dysfunction, has been associated with various 

aging-related phenotypes, including cardiovascular 

and metabolic diseases and changes in cognitive 

performance [115]. Shortened telomeres are 

associated with a 3.2-fold increase in cardiovascular 

disease mortality and an 8.5-fold increase in infectious 

disease mortality [116]. 
 

3.15 Skin aging 

Aging occurs gradually, affecting all organs, with the 

skin being no exception. Skin aging can be classified 

as chronological, also known as intrinsic aging, which 

is influenced by genetic factors and occurs with age, 

or extrinsic aging, which results from external factors 

[117]. Extrinsic factors include environmental 

elements that damage skin health, such as UV 

radiation, the primary and most significant factor 

contributing up to 80% to skin aging, along with other 

factors such as smoking, alcohol consumption, and 

poor diet [109]. 

Intrinsic factors related to skin aging are characterized 

by genetic and/or metabolic changes that lead to 

collagen loss and even tissue degeneration. This 

intrinsic skin aging is marked by the atrophy of 

structural components, with decreased dermal 

density, reduced vascularization, changes in the 

dermal-epidermal junction, and a reduction in the 

number and size of epithelial cells [118]. Various 

intrinsic factors, such as genetically programmed 

lifespan, or extrinsic factors like the accumulation of 

radiation damage, result in gradual phenotypic and 

functional changes in cells. These changes lead to 

senescence, characterized by prolonged and 

sometimes irreversible cell cycle arrest [119]. 

Aging brings biochemical changes that cause clinical 

manifestations in the skin, such as increased thickness, 

pigmentation, and wrinkles. Some of these changes 

involve alterations in immune system functions, skin 

appendages, DNA components, and the balance 

between oxidative and antioxidant species, often 

resulting from oxidative stress [117]. 
 

3.16 Genetic diseases and skin aging 

Genetic diseases are caused by mutations in genes that 

encode telomerase complex proteins or are involved 

in other telomere maintenance processes [120]. Gene 

expression also changes with age, influencing matter 

production. Additionally, telomeres shorten, and 

external factors can impact the aging process [121]. 

Oxidative stress causes mutations, leading to telomere 

shortening, lipid alterations through lipid 

peroxidation, and oxidative damage to DNA and 

proteins. Another factor to consider is free radicals, 

which can damage DNA by increasing genetic 

damage and reducing telomere repair [48]. Cellular 

damage associated with aging includes distorted 

nuclei and Golgi complexes, as well as inefficient 

mitochondria. Over a lifetime, cellular degeneration 

increases, and mitochondrial functionality, 

responsible for cellular respiration, diminishes ATP 

production with aging [121]. 

Aging in humans and most species is also associated 

with genetic variants. A group of European scientists 

is analyzing over 500,000 genetic variations. 

According to Nilesh Samani, a cardiology professor 

and one of the study coordinators, biological aging 

can cause cells to appear younger or older than the 

actual age of the individual [122]. Telomeres can be 

seen as protective caps at the ends of shoelaces; when 

this protection is damaged, the shoelace threads begin 

to fray. This analogy explains the importance of 

preserving telomeres for chromosome stability. Thus, 

repetitive DNA sequences (at the end of chromosome) 

known as telomeres, wear down, leaving the genetic 

material unprotected, and significant cell renewal 

does not occur [121]. 
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Figure 1. Representation of the research results, with keywords found in PubMed and Google 

Scholar, comparing the publication year and the number of publications: A) Telomeres, B) 

Telomere shortening, C) Telomerase, D) Cellular senescence, E) Skin, and F) Skin aging. 

 
 

4. Results and discussion 

Based on the results obtained from the search using 

keywords such as telomeres, telomere shortening, 

telomerase, cellular senescence, skin, and skin aging, 

available in the PubMed and Google Scholar 

databases, a notable trend was observed in the 

number of articles published over the past ten years. 

This trend is illustrated in the following comparative 

analysis, represented in graphs (Fig. 1). The graphs 

(Fig. 1) reveal a significant variation in the number of 

documents published across the two databases. For 

telomerase, there was an initial growth in the first 

years, visible in both databases, with a peak in 2020 on 

PubMed (133 publications) and in 2017 on Google  

 

Scholar (228 publications) (Fig. 1). After these peaks, 

the numbers stabilized and began to decrease from 

2021 onward. Regarding telomere shortening, there 

was a reduced number of publications. Initially, there 

was fluctuation in the early years, with a significant 

increase in 2021 in both databases (43 articles in 

PubMed and 76 in Google Scholar) (Fig. 1). Since then, 

there has been a gradual reduction, with a more 

pronounced decline on PubMed compared to Google 

Scholar. For telomerase, the analysis shows a 

significant initial increase (Fig. 1), reaching 327 

publications on PubMed and 574 on Google Scholar in 

2015, followed by a progressive decline in both cases 

in recent years. 
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For cellular senescence, there was consistent growth 

over the decade, with a notable peak in 2023 (382 

publications on PubMed and 591 on Google Scholar), 

followed by a slight reduction in 2024, with a few 

months still pending publication (Fig. 1). Concerning 

skin, there were many publications with a clear trend 

of expansion in academic production. PubMed 

recorded a peak of 8,265 publications, while Google 

Scholar reached a remarkable total of 20,500 

publications in 2023 (Fig. 1). For skin aging, the 

numbers were relatively low, especially on PubMed, 

which peaked at 100 publications in 2022, while 

Google Scholar reached 330 publications the 

following year, suggesting a slight expansion 

compared to earlier years (Fig. 1). The data indicate a 

general trend of growth in the number of scientific 

articles published in both databases over the past ten 

years, highlighting an increase in research activity. 

Google Scholar demonstrated a broader coverage, 

resulting in a higher number of publications 

compared to PubMed, which is more focused on 

medical and health sciences literature. However, both 

databases show efficacy in the reliability of their 

publications and reflect their respective emphases and  

scopes. 

Skin aging is a complex phenomenon caused by a 

variety of intrinsic and extrinsic factors, resulting in 

significant functional and structural changes in the 

skin. One of the main aspects of this process is cellular 

senescence, characterized by permanent cell cycle 

arrest, directly related to telomere shortening. Located 

at the ends of chromosomes, telomeres primarily 

function to protect chromosomes, preventing their 

degradation and ensuring genetic stability. With each 

cell division, telomeres progressively shorten due to 

the inability of DNA polymerases to fully replicate 

this region. This gradual shortening leads to a point 

where the cell enters senescence, halting its ability to 

divide and proliferate [10, 123, 124]. 

The enzyme responsible for maintaining telomeres is 

telomerase, which adds repetitive sequences to 

telomeres, helping to ensure their integrity and 

prevent cellular senescence. However, telomerase 

activity is typically low in mature somatic cells, 

limiting tissue renewal capacity and contributing to 

skin aging. Studies suggest that reactivation of 

telomerase may influence the reversal of aspects of 

cellular senescence and promote tissue regeneration 

[24,125,126]. 

Extrinsic factors, such as UV radiation exposure, 

accelerate skin aging by causing oxidative stress and 

DNA damage, accelerating telomere shortening, and 

contributing to cellular senescence. UV radiation also 

promotes the production of reactive oxygen species 

(ROS), which elevate oxidative stress and stimulate 

aging. Thus, environmental stress and intrinsic aging 

mechanisms, such as telomere shortening, lead to the 

deterioration of skin function and structure. The 

combination of extrinsic stress with intrinsic 

mechanisms results in telomere shortening and skin 

aging [127,128]. 

Understanding the role of telomerase in cellular 

senescence and its impact on skin aging is crucial for 

developing new interventions aimed at increasing 

telomerase activity, inhibiting cellular senescence, 

and potentially slowing skin aging while improving 

its condition. Recent studies suggest that modulation 

of telomerase activity through genetic or 

pharmacological therapies may offer new approaches 

in combating skin aging and conditions related to  

cellular senescence [33,129,130]. 
 

5. Conclusions and future directions 
The detailed analysis of telomeres, telomerase, and 

their roles in cellular senescence and skin aging 

underscores their pivotal role in maintaining cellular 

stability and longevity. Telomeres protect 

chromosomal ends and regulate cellular division, 

while telomerase activity is vital for preserving 

telomere length and cellular function. Dysregulation 

of telomerase expression, however, can lead to 

diseases such as cancer. The role of oxidative stress in 

accelerating telomere shortening and cellular 

senescence further emphasizes the importance of 

antioxidant strategies to safeguard telomere integrity. 

Additionally, telomeric dysfunction, although central 

to aging, is part of a broader and more complex 

mechanism of cellular senescence. Research into 

exogenous telomerase expression holds promise for 

therapeutic interventions, yet challenges remain in 

safely manipulating these pathways for anti-aging 

purposes. Looking ahead, future research should 

focus on exploring more precise methods to regulate 

telomere length and telomerase activity without 
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triggering unwanted side effects, such as 

tumorigenesis. Further studies into the interactions 

between oxidative stress and telomere dynamics 

could lead to innovative antioxidant therapies. 

Additionally, a deeper understanding of the 

molecular mechanisms underlying cellular 

senescence could reveal new targets for combating 

age-related diseases. Ultimately, developing effective 

strategies to modulate telomere biology will be 

essential for advancing therapeutic interventions 

aimed at promoting cellular health and mitigating the 

effects of aging. 
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