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Background: Skin aging is the most obvious feature of human aging, and delaying aging has become a hot and difficult research
topic in aesthetic medicine. The accumulation of dysfunctional senescent cells is one of the important mechanisms of skin aging, based
on which a series of anti-aging strategies have been generated. In this paper, from the perspective of cellular senescence, we utilize
bibliometrics and research review to explore the research hotspots and trends in this field, with a view to providing references for skin
health and aesthetic medicine.

Methods: We obtained literature related to this field from the Web of Science Core Collection database from 1994 to 2024.
Bibliometrix packages in R, CiteSpace, VOSviewer, Origin, and Scimago Graphica were utilized for data mining and visualization.
Results: A total of 2,796 documents were included in the analysis. The overall trend of publications showed a continuous and rapid
increase from 2016-2023, but the total citations improved poorly over time. In this field, Journal of Cosmetic Dermatology, Journal of
Investigative Dermatology, Experimental Gerontology are core journals. Kim J, Lee JH, Lee S, Rattan SIS, Chung JH and Kim JH are
the core authors in this field. Seoul National University is the first in terms of publications. Korea is the country with the most
publications, but USA has the most total citations. Top 10 keywords include: gene-expression, skin, cellular senescence, cell, oxidative
stress, antioxidants, in vitro, fibroblasts, mechanism, cancer. Current research trends are focused on neurodegeneration, skin
rejuvenation, molecular docking, fibrosis, wound healing, SASP, skin barrier, and antioxidants. The core literature and references
reflect topics such as the major molecular pathways in the aging process, and the relationship with tumors.

Conclusion: This field of research has been rapidly rising in recent years. Relevant research hotspots focus on oxidative stress,
fibroblasts, and senescence-associated secretory phenotype. Anti-aging strategies targeting cellular senescence hold great promise,
including removal of senescent cells or attenuation of SASP factors, corresponding to senolytics and senomorphics therapies,
respectively.
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Introduction

Aging and the characteristics associated with it have received a great deal of attention from researchers due to the aging
of the population and the increasing emphasis on physical appearance.' By 2030, one in six people worldwide will be 60
or older, according to the World Health Organization (WHO) 2022. By 2050, this percentage will increase to 22%, or
2.1 billion people. At the same time, the number of people seeking aesthetic treatments continues to grow, and the
concept of “better/slower aging” has been proposed.” The essence of aging is the progressive functional decline of
various organ systems of the organism, and structural and functional changes in the skin are the most obvious features of
human aging.® Skin senescence not only affects the appearance, but is also closely related to the occurrence and

development of many skin diseases such as skin tumors, skin pigmentation, and so on.** Aging is inevitable, and skin
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problems are common in older adults. A systematic review examined the prevalence and incidence of more than 20 skin
conditions in people aged 65 years and older.® Of these, the most common include fungal infections (14.3%—64%),
benign skin tumors (1.7%—74.5%), and others. Elderly people have more fragile skin and are more susceptible to
pathogenic microorganisms.

Cellular senescence is the core regulatory mechanism of aging, and one of the most important etiological factors of
skin aging.”® The accumulation of dysfunctional senescent cells reduces the repair and regenerative capacity of tissues,
leading to impaired tissue homeostasis, integrity, and function, which has deleterious effects on the skin and contributes
to a wide range of senescence-related skin diseases.” To address the mechanisms of skin aging, researchers have
proposed a series of anti-aging strategies. This is also in line with the current strong growth of the aesthetic medicine
market. These include medical interventions such as the application of antioxidants, the cell regulators, invasive
procedures, and skin care, as well as lifestyle modifications such as sun protection, dietary control, and physical
activity.'°'? The aim is to protect skin cells from oxidative stress and inflammatory responses, and to promote skin
cell proliferation and differentiation, thereby promoting homeostasis and slowing down skin aging. Currently, anti-aging
strategies that target cellular senescence have demonstrated clinical efficacy. Senolytic therapy reduced senescent cells in
the skin of patients with diabetic kidney disease.'? In addition, topical application of a combination of niacinamide and
hyaluronic acid senomorphic therapy has been found to improve facial wrinkles, smoothness, radiance complexion, and
other skin conditions in women.'* Therefore, in-depth study of the mechanisms of skin aging and exploration of effective
anti-aging strategies have become important issues in the fields of dermatology and aesthetic medicine.

Bibliometrics can be used to reveal the distributional characteristics, internal patterns and structural relationships of
the literature through quantitative statistics and visual analysis of academic publications in a certain field.'>'® This
research method improves the intuition and interpretability of the analysis, and provides data support and theoretical
basis for scientific research, academic evaluation, etc. Several researchers have already explored the field of aging with
this approach in the past. Sun et al summarized the research related to photoaging from 2000 to 2020."” Li et al provided
an overall overview of the research on cellular aging without focusing on the cosmetic aspect of skin.'® There are also
researchers who have combined cellular senescence and osteoarthritis.'”*® On a more refined note, Yue et al performed
a bibliometric analysis about the senescence-associated secretory phenotype (SASP) on oral immune homeostasis.?! In
addition, there have been review studies investigating skin senescence in the context of cellular senescence as well as
senotherapeutics.”*** Our work extends and highlights this idea and is the first study to comprehensively analyze this
field from a bibliometric perspective. Thus, this paper will explore the mechanism of skin aging and the current research
hotspots and trends in anti-aging strategies from the perspective of cellular aging, with a view to providing scientific
basis and reference for skin health and aesthetic medicine. Through in-depth study of the mechanisms of cellular
senescence and skin aging, it helps researchers to better understand the nature of skin aging and helps to discover more

updated anti-aging targets.

Material and Methods

Data Collection

Bibliographic data were sourced from the Web of Science Core Collection database (WoSCC, Clarivate Analytics),”*** which
includes editions of Social Sciences Citation Index and Science Citation Index Expand. To avoid bias caused by daily database
updates, all WoSCC screenings were carried out on May 19, 2024, for the period from 1994-01-01 to 2024-05-19. The search
strategy was [(TS=(((“cellular senescence”) OR (“intrinsic aging”) OR (“extrinsic aging”) OR (“senescent cell*”’) OR
(“Senescence-Associated Secretory Phenotype”) OR (“SASP”) OR (“anti-aging”) OR (“Senotherapeutic*’) OR (“Seno-
Therapeutic”) OR (“Geroprotector*””) OR (“Senoptosis”) OR (“Senoptotic*””) OR (“Senostatic”’) OR (“Senolytic*”) OR
(““Senomorphics*”’)) AND ((“skin””) OR (“aesthetic*”) OR (“cosmetic*””) OR (“beauty”))))]. The above keywords were
curated from the Medical Subject Headings (MeSH) database (https://www.ncbi.nlm.nih.gov/mesh/). Then “articles” and
“reviews” were selected as document types and “English” was selected as document language when utilized the filter function.
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Data Analyzes

Data collection and pre-processing were completed by 2 researchers independently. In case of disagreement on the
nesting of the documents, the decision was made by the 3rd researcher. The biblioshiny website?® in the bibliometrix
R-package was used to check duplicates (n=0), frequency statistics and plot. The relevant information was summarized in
a table using Microsoft Excel (version 2304 Build 16.0.16327.20200). The journal information was acquired from the
2023 Journal Citation Report (Clarivate Analytics, Philadelphia, PA, United States). The keywords merging was carried
out by thesaurus_terms.txt file (VOSviewer software). For bibliometric and visual analyzes following software were
used: VOSviewer (version 1.6.19, van Eck and Waltman, 2010,>”*%), Origin (version 2022) and SCImago Graphica
(version 1.0.26, Yusef Hassan-Montero, V. Guerrero-Bote, and Félix De-Moya-Anegon,?*~?).

Results

General Analysis of Publication Status

Through database search, a total of 2796 documents were included (Figure 1A). The trend of publications in this field can
be divided into 3 parts (Figure 1B): the growth of publications from 1994-2014 was relatively stable, the first rapid
increase was seen in 2014-2016, and 2016-2023 showed a continuous rapid increase. The highest number of publica-
tions was reached in 2023 (356). At the same time, there is a significant increase in the publication of review-type
articles. In average citations per year, the most citations are in 1995 (23.3), 1997 (13.8) and 2001 (8.2) ranked 2nd and
3rd. As can be seen from the figure, although the number of publications is increasing, the total number of citations is not
satisfied. We consider that more original research of high quality deserves to be carried out in this field.

Analysis of Journals and Their Influence

A total of 777 publication sources were found in this study. Bradford’s Law showed 22 major core journals (Figure 2A).
Among them, Journal of Cosmetic Dermatology was the 1st in terms of number of publications (152), International Journal of
Molecular Sciences was the 2nd (97), and the 3rd was Molecules (69) (Figure 2B). Among them, Journal of Cosmetic
Dermatology is an international academic journal focusing on cosmetic dermatology, founded in 2001. It is the official journal
of the International Academy of Cosmetic Dermatology (IACD) and the Canadian Association of Aesthetic Medicine
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Figure | Technical routes and publication trends. (A) Flowchart for literature screening, exclusion, inclusion and analysis. (B) Trends in annual scientific production and total
citations.
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Figure 2 Core journals and journal publication trends. (A) Core journals analyzed through Bradford’s Law. (B) Publications in the top 22 core journals. (C) Cumulative
publication trends in the top 10 core journals. (D) Annual publication trends in the top |0 core journals.

(CAAM). It publishes in the fields of skin anti-aging, laser treatments, filler injections, skin care, and many others. Among the

locally cited journals, Journal of Investigative Dermatology is far ahead in citations (4,363), Nature is 2nd (2,607),
Proceedings of the National Academy of Sciences of the United States of America is 3rd (2,420). Journal of Investigative

Dermatology is an international dermatology journal, founded in 1938, that publishes original articles related to skin biology

and skin diseases. It covers a wide range of research areas, including skin development, immunology, genetics, cell biology,

and clinical research. Analysis of the journals’ impact revealed (Table 1) that Journal of Investigative Dermatology had the

Table | Top 10 Core Journals and Influence

Rank Journal Total Article | H-Index | G-Index | Journal Citation Impact

Citations | Count Reports (2023) Factor

(2023)
| Proceedings of The National Academy of 8576 14 14 14 Ql 9.4

Sciences of The United States of America
2 Cell 4344 3 3 3 Ql 45.5
3 Journal of Investigative Dermatology 2017 42 27 42 Ql 57
4 Ageing Research Reviews 1869 15 15 15 Ql 12.5
5 Journal of Cosmetic Dermatology 1782 152 19 36 Q3 2.3
6 Mechanisms of Ageing and Development 1760 34 17 34 Q2 53
7 International Journal of Molecular Sciences 1746 97 21 39 Ql 4.9
8 Molecules 1668 69 20 39 Q2 42
9 Genes & Development 1642 6 6 6 Ql 7.5
10 Experimental Gerontology 1626 34 21 34 Q2 33
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highest h-index (27), followed by Experimental Gerontology (21) and International Journal of Molecular Sciences (21). As
can be seen from the production over time of the journals (Figure 2C), Journal of Cosmetic Dermatology has continued to rise
since reaching 42 publications in 2018 and has 152 publications until 2024. International Journal of Molecular Sciences has
also started to grow rapidly in this field since it published 7 articles in 2018 and has already accumulated 97 publications by
2024. As can be seen in the annual publications in the last 3 years (Figure 2D), 20222023 is a period of rapid publications in
the core journals, with Journal of Cosmetic Dermatology publishing 31 in 2022 and Molecules publishing 27 in 2022.Besides,
International Journal of Molecular Sciences published 26 articles in 2023.

Analysis of Authors and Their Production

From this study, a total of 12,355 authors were found in this field. Sankey diagram shows the top 20 authors by institution
and country (Figure 3A). Korea has the highest number of authors in this field, followed by China. In the analysis of the
core authors, Kim J is the 1st in terms of publications (45), Lee JH is the 2nd (41), and Lee S is the 3rd (31). As seen in
Figure 3B, authors in this field are relatively decentralized, forming many core groups. Among the most locally cited
authors, Campisi J reaped the most local citations (533), Rubelj I is 2nd (341), and Medrano EE is 3rd (337). Based on
the annual publication trend of the top 20 authors (Figure 3C), Lee J, Chung JH and Kim KH focused on the field the
earliest. Lee JH and Lee J harvested the most total citations in 2020. According to the influence of the top 10 authors
(Table 2), Rattan SIS has the 1st h-index (19), while Chung JH is the 2nd (16). In addition, there are a total of three with
h-index of 15: Kim J, Kim JH, and Lee S. These are the core authors in the field.
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Figure 3 Core authors and authors’ annual publications. (A) Sankey diagram of the top 20 authors. (B) Cluster analysis of core authors. (C) Annual publication trends of
the top 20 authors.
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Table 2 Top 10 Core Authors and Influence

Rank Author Article Count | h_index | g index | Total Citations | Publication Start Year
| Campisi | I 10 I 7825 1995
2 Rattan SIS 22 19 22 1189 2000
3 Scharffetter-Kochanek K 14 12 14 1170 1998
4 Wilaschek M 14 12 14 1170 1998
5 Chung JH 26 16 26 1136 1996
6 Lee JH 41 14 32 1050 2004
7 Lee ) 28 13 27 779 1995
8 Kim KH 17 12 17 752 1996
9 Krutmann | ] I I 746 2008
10 Kim JH 25 15 25 709 2005

Analysis of Countries/Regions, Institutions, and Their Cooperation

By analyzing the core institutions, it is seen that Seoul National University has the 1st number of publications (116),
Chiang Mai University is the 2nd (100), and Yonsei University is the 3rd (89). According to the analysis of the
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Figure 4 Core institutions, countries/regions and their cooperation. (A) Cumulative publication trends for the top 10 institutions. (B) Cluster analysis of inter-institutional
collaboration. (C) Cluster analysis of international cooperation.
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production over time of the institutions (Figure 4A), Seoul National University was the first to publish articles, and the
number of articles increased rapidly from 78 in 2021 to 115 in 2023. Chiang Mai University started to publish articles
rapidly from 62 in 2022 to 95 in 2023. Figure 4B describes the collaborative association between institutions, and the
core issuing institutions are consistent with the above.

Based on the countries of the top 20 corresponding authors, Korea has the most publications (467), followed by USA
(428), and China (417). These three are the core issuing countries in this field. In terms of countries’ scientific production,
China has the most (1,511), followed by South Korea (1,507) and USA (1,309). The core countries are well ahead of
other countries when it comes to country production over time. Trend-wise, USA maintains the leading trend in terms of
publications until 2021, and is overtaken by Korea after 2021, and by China in 2023. However, USA is also the most
cited countries with 21,312 total citations, followed by Korea (8,260) and China (6,868). Figure 4C shows the volume of
publications and the intensity of collaborations among countries.

Analysis of Keywords

After counting and merging the keywords, top 10 keywords include: gene-expression, skin, cellular senescence, cell,
oxidative stress, antioxidants, in vitro, fibroblasts, mechanism, cancer. We performed clustering and trend analysis of
authors keywords (Figure SA-D). Current research in this field can be divided into 3 main categories: a. Mechanistic
research: mechanisms of cellular senescence and apoptosis, research on biomarkers, cell biological processes, research on
aging-related diseases, application of experimental animal models, and effects of stress and injury. These are important
for understanding the aging process and developing anti-aging strategies; b. Applied research: skin anti-aging, research
and development of skin care products, ingredient analysis, and product testing, which are important for the development
of effective anti-aging products as well as for evaluating the safety and efficacy of the products; c. External factors: the
response of skin cells to a variety of environmental factors including UV irradiation and oxidative stress, and how these
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Figure 5 Core keyword clustering and trends analysis. (A) Cluster analysis of core keywords using VOSviewer. (B) Analysis of annual trend themes. (C) Cluster analysis of
core keywords using R. (D) Word map analysis of core keywords.
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factors contribute to skin aging and damage. Also, this section deals with the biomolecules and signaling pathways
associated with skin aging and the use of natural compounds (eg, resveratrol) in anti-aging. Current research trends are
focused on neurodegeneration, skin rejuvenation, molecular docking, fibrosis, wound healing, SASP, skin barrier, and
antioxidants. The trend orientation of these studies is not only related to the aging of the population and the increasing

incidence of related diseases, but also to the importance of skin appearance and the growing demand for anti-aging.

Analysis of Documents and References

We intensively read and analyzed the top 10 cited documents and references (Table 3 and Table 4). The number one
overall cited document (5,831) is the study entitled “A biomarker that identifies senescent human cells in culture and in
aging skin in vivo” by Dimri et al published in 1995 in Proceedings of the National Academy of Sciences of the United
States of America.’' This paper directly identified a gradual increase of beta-galactosidase with age in dermal fibroblasts
and epidermal keratinocytes, which represents the accumulation of senescent cells. This literature was also the most cited
reference of all the literature in this search. Secondly, the most cited document overall (3,987) was an original study by

Table 3 Topl|0 Global Cited Documents

Rank Title First Year Journal Total DOI
Author Citations
I A biomarker that identifies senescent human Dimri GP 1995 Proceedings of The 5831 10.1073/
cells in culture and in aging skin in vivo National Academy of pnas.92.20.9363

Sciences of The United

States of America

2 Oncogenic ras provokes premature cell Serrano M 1997 Cell 3987 10.1016/S0092-
senescence associated with accumulation of 8674(00)81,902-9
p53 and pl6INK4a

3 Senescent fibroblasts promote epithelial cell Krtolica A 2001 Proceedings of The 1222 10.1073/
growth and tumorigenesis: a link between National Academy of pnas.21 1053698
cancer and aging Sciences of The United

States of America

4 Melanoma biology and new targeted therapy Gray- 2007 Nature 1054 10.1038/
Schopfer V nature0566|
5 The matricellular protein CCNI induces Jun JI 2010 Nature Cell Biology 682 10.1038/ncb2070

fibroblast senescence and restricts fibrosis in

cutaneous wound healing

6 Senolytics in idiopathic pulmonary fibrosis: Justice JN 2019 Ebiomedicine 631 10.1016/j.
Results from a first-in-human, open-label, pilot ebiom.2018.12.052
study
7 Stress-activated cap’n’collar transcription Sykiotis GP | 2010 Science Signaling 628 10.1126/
factors in aging and human disease scisignal.3112re3
8 Senolytics decrease senescent cells in humans: Hickson L) 2019 Ebiomedicine 627 10.1016/j.
Preliminary report from a clinical trial of ebiom.2019.08.069

Dasatinib plus Quercetin in individuals with
diabetic kidney disease

9 Augmented Wnt signaling in a mammalian Liu HJ 2007 Science 597 10.1126/
model of accelerated aging science. | 143578
10 Microarray analysis of replicative senescence Shelton DN | 1999 Current Biology 558 10.1016/50960-

9822(99)80,420-5
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Table 4 Top|0 Local Cited References

Rank Title First Year Journal Citations DOI
Author
| A biomarker that identifies senescent Dimri GP 1995 Proceedings of The 325 10.1073/
human cells in culture and in aging skin National Academy of PNAS.92.20.9363
in vivo Sciences of The United
States of America
2 Mechanisms of photoaging and Fisher GJ 2002 | Archives of dermatology 170 10.1001/
chronological skin aging ARCHDERM.38.11.1462
3 The hallmarks of aging L Pez-Ot | 2013 Cell 156 10.1016/).
N C CELL.2013.05.039
4 The serial cultivation of human diploid cell | Hayflick L 1961 Experimental cell 154 10.1016/0014-4827(61)
strains research 90,192-6
5 The senescence-associated secretory Copp JP 2010 Annual Review of 129 10.1146/ANNUREV-
phenotype: the dark side of tumor Pathology-Mechanisms of PATHOL-121808-
suppression Disease 102,144
6 Cellular senescence: when bad things Campisi | 2007 Nature Reviews 117 10.1038/NRM2233
happen to good cells Molecular Cell Biology
7 The limited in vitro lifetine of human Hayflick L 1965 Experimental cell 116 10.1016/0014-4827(65)
diploid cell strains research 90,21 1-9
8 pl6INK4A is a robust in vivo biomarker of | Ressler S 2006 Aging Cell 115 1o.1rr/
cellular aging in human skin J.1474-9726.2006.0023 1.
X
9 Pathophysiology of premature skin aging Fisher GJ 1997 | The New England Journal 107 10.1056/
induced by ultraviolet light of Medicine NEJM199711133372003
10 Senescence-associated secretory Copp JP 2008 PLoS Biology 106 10.1371/JOURNAL.
phenotypes reveal cell-nonautonomous PBIO.0060301
functions of oncogenic RAS and the p53
tumor suppressor

Serrano et al published in Cell in 1997 entitled “Oncogenic ras provokes premature cell senescence associated with the
accumulation of p53 and pl6INK4a™? This study describes that the oncogene ras can cause cell cycle arrest,
accompanied by the accumulation of p53 and p16 proteins, and that this cell cycle arrest is similar to the characteristics
of cellular senescence. Krtolica A et al’s original paper ”Senescent fibroblasts promote epithelial cell growth and
tumorigenesis: a link between cancer and aging”, published in Proceedings of the National Academy of Sciences of
the United States of America in 2001, ranked 3rd in overall citations (1,222).* The article again linked cellular
senescence and tumorigenesis, making the following three main points: a. senescent cells may suppress tumorigenesis
at a young age but may promote tumorigenesis at an older age, reflecting antagonistic pleiotropy; b. senescent cells may
create a suitable microenvironment for cells with oncogenic mutations; c. senescent cells with age-related mutations may
synergistically promote tumorigenesis in old age.

In the reference analysis of all the literature, the 2nd cited literature is the review titled “Mechanisms of photoaging
and chronological skin aging” by Fisher GJ et al published in Archives of Dermatology.>* This article details the
mechanisms of photoaging and skin aging and describes some of the molecular pathways by which UV exposure and
the passage of time mediate skin damage. The 3rd cited reference is the review “The hallmarks of aging” by Lopez-Otin
etal in Cell. >

loss of proteostasis, deregulated nutrient-sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion,

This article reviews nine hallmarks of aging: genomic instability, telomere attrition, epigenetic alterations,
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and altered intercellular communication. These features reflect the major molecular and cellular changes during aging.
Among them, section 7 states that senescent cell accumulation can affect tissue function and is an important hallmark of
aging, and this article is based on this to provide a brief overview.

Discussion

Skin Aging

Skin covers the surface of the body, with a total adult skin area of about 1.5-2.0 m?, accounting for about 16% of body
weight, making it one of the largest organs in the human body. Skin aging is the most obvious feature of human aging
and involves a complex biological process involving multiple cellular tissues. It can be divided into endogenous and
exogenous aging.*®*” Among them, endogenous aging is related to oxidative stress, programmed senescence caused by
cellular damage, and cellular senescence. Exogenous aging, on the other hand, is the result of environmental factors such
as ultraviolet (UV) radiation, air pollution, and tobacco smoke, which can lead to DNA damage and cellular dysfunction
due to the production of reactive oxygen species (ROS).***° Lifestyle factors such as diet and psychological stress are
also closely associated with skin aging.*>*' In addition, poor quality of sleep over a long period of time has been found to
be associated with skin aging and poor skin barrier function.*” The molecular mechanisms of skin aging have been
summarized as follows: oxidative stress, DNA damage, telomere shortening, microRNA regulation, advanced glycation
end product accumulation, genetic mutations, and chronic inflammation.*?

Histologically, skin aging is characterized by epidermal and subcutaneous atrophy, flattening of the dermal-epidermal
junction, degeneration of collagen and elastin fibers, and reduction of the cutaneous vascular system, with other
hallmarks including wrinkles, roughness, loss of elasticity, and hyperpigmentation.** Biologically, the epidermis regen-
erates at a slower rate due to the reduced proliferative capacity of the keratinocyte-forming cell stem cells and depletion
of the epidermal stem cell reservoirs, which leads to skin chronological thinning. Flattening of the epidermal/dermal
interface makes the epidermis more vulnerable to shear forces and reduces nutrient flux between the epidermis and
dermis, which in turn may negatively affect keratinocyte proliferation.*> Alterations in melanocyte numbers and/or
activity, in turn, lead to hypopigmented and hyperpigmented lesions in aging skin. Decreased collagen production and
altered assembly of the elastin network result in loss of elasticity and lead to wrinkle formation in aging skin. To change
the appearance and function of the skin, while positively influencing the health of the skin: This is also the focus of
aesthetic medicine.

Mechanisms of Cellular Senescence

Cellular senescence refers to the gradual decline in the ability of normal cells to proliferate and differentiate in order to
cope with DNA damage and to prevent the development of tumors. At this point, cells enter a state of permanent growth
stagnation, and the process is accompanied by changes in cell morphology and a decline in normal physiological
functions.*® In addition, cellular senescence can lead to an increase in skin hyperpigmentation and inflammation, which
further accelerates the process of skin aging. In aging skin, senescent cells accumulate and cause degradation of the
extracellular matrix, further contributing to the aging process. The three main characteristics of senescent cells mainly
include cell cycle arrest, secretion of senescence-associated secretory phenotype (SASP) and resistance to apoptosis.

WAFI INK4A
1 6 ;

Senescent cells can exhibit three biomarkers: a. increased activity of the cell cycle arrest proteins p2 and pl

b. the lysosomal enzyme senescence-associated galactosidase (SA-B-gal); and c. decreased expression of the nuclear

high-mobility group box-1 (HMGBI1) and the nuclear fibrillar laminin B1, a structural component of the nuclear
lamina.*’
Among them, p16™5** has been proposed as a biomarker of human aging*® and it is now widely used by researchers

WAF1 INK4A
1 6

to clinically assess the degree of aging with specific applications.*’ In one study, p2 and pl were used to

evaluate patients with primary sclerosing cholangitis in a correlation analysis between cholangiocyte senescence with
disease severity and prognosis.’® A meta-analysis found that positive expression of p16™<** was associated with cancer-
specific survival in patients with squamous cell carcinoma, indicating a prognostic value.”' An ongoing prospective study

is investigating the relationship between senescent cells and efficacy before and after laser treatment using pl6™ <44
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immunohistochemical staining of skin biopsy sections from patients with hypertrophic scars.>* In the case of SA-B-gal,
previous studies have often used it as a criterion to evaluate the improvement of cellular senescence by drugs in in vitro
experiments, while combining it with aging-related characteristics (eg skin elasticity, dermal density, wrinkles, skin
hydration, etc). in clinical trials to evaluate anti-aging efficacy.”-*

In the skin, cell cycle arrest can directly lead to a significant reduction in the extracellular matrix content such as
dermal collagen and elastin fibers, etc. It is manifested in signs of aging such as slower epidermal renewal, thinner
thickness, increased trans-epidermal water loss, and impaired barrier function. In addition to stable cell growth arrest,
senescent cells also secrete a series of inflammatory cytokines (IL-1, IL-6, IL-8), chemokines (GRO-a), growth factors
(HGFs, IGFBPs), matrix proteases (MMP-1, MMP-3, MMP-9), and extracellular vesicles, collectively referred to as the
SASP.> The accumulation of dysfunctional senescent cells decreases the repair and regeneration of tissues, leading to
impaired tissue homeostasis, integrity, and function, which in turn has deleterious effects on the skin and contributes to
a wide range of age-related diseases, such as seborrheic keratoses.”® >® At the same time, the SASP from senescent cells
elevates inflammatory signals that can cause tissue inflammation or a chronic state of inflammation, which can lead to an
increased susceptibility to various cancers and an increased likelihood of distal metastases.’”® In addition, senescent
cells have been found to have a bystander effect, being able to alter tissue homeostasis, and induce neighboring cell
senescence both in vitro and in vivo, resulting in the accumulation of senescent cells.®'**> SASP has been used in clinical
trials to evaluate the anti-aging effects of drugs. Xiaofeng Tang et al®* examined changes in SASP when studying
autologous NK cell infusions in a healthy population. It was found that depleted T cells decreased after NK cell infusion,
while SASP levels of IL-1a, IL-6, IL-8, IL-17, MIP-1a, MIP-1p and MMP1 also decreased. Meanwhile, through in vitro
co-culture experiments, they found that NK cells could kill senescent CD4 T cells and avoid the bystander effect.

Resistance to Apoptosis

Except for cell cycle arrest and secretion of SASP, another important feature of senescent cells is resistance to apoptosis.
Apoptosis is a programmed cell death pathway essential for tissue homeostasis, embryonic development, and
immunity.®*%> Normally, this process is precisely regulated by genes and maintains organismal homeostasis by removing
senescent, damaged cells. In senescent cells, apoptosis acquires resistance, limiting the execution of the cell death
program through endogenous and exogenous apoptotic pathways. In particular, the interaction between BH3-only
proteins and the multi-structural domain B-cell lymphoma 2 protein family proteins (Bcl-2) family proteins modulates
the endogenous apoptotic pathway initiated by mitochondria.®®®” Under apoptotic conditions, the pro-apoptotic activa-
tors, BH3-only proteins (eg, Bid, Bim, Puma, etc), directly activate Bax and Bak, which can further promote the
permeabilization of the outer mitochondrial membrane and the release of cytochrome C. Cytochrome C released from
mitochondria can be assembled with apoptotic protease factor-1 (Apaf-1) to form apoptoticosome, which can activate the
caspase cascade reaction to rapidly cleave the intracellular substrates (caspase-3, caspase-9, etc) and complete the process
of apoptosis.®®7°

In contrast, anti-apoptotic Bcl-2 homologous proteins (Bcl-2, Bel-xL, Bel-w, Mcl-1, and A1) inhibit this process by
binding to and chelating BH3-only proteins, directly inhibiting Bax and Bak, and preventing cytochrome C release and
apoptoticosome formation.®® Senescent cells, on the other hand, resist endogenous apoptosis by up-regulating the levels
of these anti-apoptotic proteins and down-regulating pro-apoptotic activator levels to resist endogenous apoptosis.
Besides, senescent cells also resist exogenous apoptosis by blocking the binding of death receptors to extracellular
ligands. In particular, tumor necrosis factor (TNF) binding to TNF-a and Fas receptor binding to the ligand FasL form
death-inducing signaling complex (DISC) and recruit and activate caspase activators (including caspase-8 and caspase-
10), which cleave and activate effector caspases (such as caspase-3, caspase —6 and caspase-7), leading to degradation of
intracellular components and induction of apoptosis.®*”!-7?

Apoptosis resistance plays an important role in the development of skin diseases. For example, psoriasis is a chronic
inflammatory skin disease characterized by increased skin thickness and scaling. It has been shown that psoriasis patients
can develop apoptosis resistance independent of the inflammatory component of the disease, which is manifested at the
transcriptome level by upregulation of anti-apoptotic genes and downregulation of pro-apoptotic genes.”® This may result
in keratinocytes inability in the lesion area to undergo normal apoptosis, thus exacerbating the symptoms. A recent study
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found that activation of the RAS/AKT pathway may perpetuate keratinocyte senescence in psoriasis via the P53/P21
axis.”* Moreover, this study found that SA-B-gal positive staining was also significantly higher in lesional skin of
psoriasis patients than in non-lesional areas.

Immune Clearance of Senescent Cells

Early studies have identified that senescent cells can be recognized and cleared by the immune system.”>’® And this
immune response plays an important role in the treatment of delayed aging. Depending on the pathophysiological
context, senescence can not only induce an innate immune response using macrophages, neutrophils, and natural killer
(NK) cells,”” but also mediate the immune clearance of senescent cells through an adaptive immune response that relies
on the interaction of antigen-specific CD4 T cells and monocytes/macrophages. Senescent cells acquire immunogenicity
through the expression of stimulatory ligands such as MICA/B and ULBP2, which bind to expression of natural killer
group 2 member D (NKG2D) and activate NK cell killing.”®”® Recent studies have also found that cytotoxic CD4 T cells
residing in the skin can be targeted to human cytomegalovirus glycoprotein B (HCMV-gB) in a human leukocyte antigen
class IT (HLA-IT)-dependent manner to eliminate senescent cells.*

Moreover, senescent cells can achieve senescent cell clearance by secreting chemokines and cytokines that can recruit
immune cells into tissues.®' However, this secretory process may perpetuate the chronic inflammatory state of many age-
related diseases.”® Meanwhile, it has now been found that senescent cells can also achieve immune evasion. Senescent
dermal fibroblasts expressing the nonclassical MHC molecule HLA-E, which interacts with the inhibitory receptor
NKG2A expressed by NK and highly differentiated CD8 T cells to inhibit the immune clearance response against
senescent cells.*” Decreased immune function with age can also lead to incomplete clearance of senescent cells, and
therefore therapies to improve apoptosis resistance and immune clearance of senescent cells have prompted researchers
to dig deeper in their exploration.

Anti-Aging Strategies

Removal of senescent cells has become an important idea in today’s anti-aging, and has led to the development of
senotherapeutic strategies, including senolytic and senomorphic therapies.® Senolytic therapies are mainly used to clear
senescent cells in the body, thereby reduce inflammation and oxidative stress and improve tissue function. Senomorphics
therapies, on the other hand, focus on influencing the aging process by altering the phenotype (ie, the characteristics and
functions of senescent cells) of senescent cells so that they no longer produce harmful signaling molecules, thereby
reducing inflammation and tissue damage.

The three main targeting strategies, namely, senolysis, immune clearance, and SASP neutralization, have been
developed.”*®* Among them, immune-mediated senescent cell clearance mainly involves remodeling the immune system
to re-immunosurveillance for regulatory purposes. It includes inhibition of senescent cell immune escape, employment of
immunomodulators, or artificially increasing the number of immune effector cells, etc. Whereas SASP-neutralizing anti-
aging strategies aim to combat senescence by interfering with senescent cell secretion, inhibiting SASP-related signaling
cascade pathways, or inhibiting the secreted factor component alone.®> This strategy does not really promote senescent
cell clearance, but only mitigates, to some extent, the damage caused by senescent cells in tissues.

Compared to the other two anti-aging strategies, senolysis is currently a very promising approach for the treatment of
senescent cells. It can selectively target and eliminate senescent cells by inhibiting the up-regulated anti-apoptotic
pathway and reactivating the pro-apoptotic signaling pathway, thereby eliminating harmful SASP components in the
environment for a long period of time, and thus achieving the desired anti-aging effect.®® Moreover, since senolytic drugs
are used to eliminate senescent cells at one time, they do not need to be used continuously, and can be given at intervals
to maximize the efficacy of the treatment after the accumulation of senescent cells, which greatly improves patient
compliance and drug safety.

Anti-Aging Drugs
Since the first antiaging agent in 2015, the number of antiaging drugs has shown a dramatic growth trend, and a variety of
antiaging drug types such as kinase inhibitors, Bcl-2 family protein inhibitors, natural polyphenols, heat shock protein
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inhibitors, BET family protein inhibitors, and P53 stabilizers have appeared.®’*° The Src kinase inhibitor dasatinib and
the quercetin (D+Q) were the earliest discovered anti-aging agents. It was found that D+Q treatment increased the
expression of the pro-survival network in the transcriptome of senescent cells, selectively killed senescent cells in mice
from different models of aging without killing proliferating or quiescent differentiated cells, ameliorated age-related
disease progression and pathological changes, and prolonged the survival time of prematurely aging mice.”® The first
human trials of D+Q also demonstrated highly promising results, with the treatment reducing markers of aging in skin,
blood, and adipose tissue'® and improving physical function in a small sample of patients with idiopathic pulmonary
fibrosis.”*?!

Additionally, the anti-apoptotic inhibitors ABT-263 (navitoclax), piperlongumine, and ABT-737 have been character-
ized to target Bcl-2, Bcel-w, and Bcl-xL proteins to induce apoptosis and clear senescent cells, making them very
promising anti-aging agents.”> >* Current research is already attempting to apply chimeric antigen receptor (CAR)-T
therapy to senolytic therapies. T cells specifically targeting senescent cell antigens are used to selectively remove
senescent cells and exert anti-aging effects.”>*® Nevertheless, there are still many difficulties and pain points in this
field, mainly including drug activity, side effects, bioavailability and off-target effects, etc. It still needs more in-depth
basic research and clinical trials to strive for further breakthroughs.

Limitation and Prospects

Although this paper explores cellular senescence and anti-aging strategies in the discussion section, there are some
limitations. First, oxidative stress is not elaborated in this paper. Oxidative stress refers to an imbalance between
intracellular ROS production and antioxidant defense systems, leading to cellular damage and dysfunction. Oxidative
stress plays a key role in the aging process and is one of the main factors leading to skin aging. An in-depth
understanding of the mechanisms of oxidative stress and intervention strategies is equally important for the development
of effective anti-aging therapies. Secondly, some details in this paper have not been fully paid attention to, resulting in an
incomplete discussion. For example, this paper mainly focuses on the relationship between cellular senescence and skin
aging, but the discussion of other biological processes related to aging (eg, telomere shortening, mitochondrial dysfunc-
tion, etc). is limited. In addition, the advantages, disadvantages, and scope of application of different anti-aging strategies
are not analyzed in depth in this paper, which may lead readers to have a less-than-comprehensive understanding of
certain anti-aging therapies. Finally, this paper aims to provide researchers with a rough overview of cellular senescence
and anti-aging strategies rather than an exhaustive overview.

As a result, this paper may fail to provide sufficient information on some specific research methods and cases. This
may result in the reader needing to further consult other literature for more detailed information when delving into related
topics. Nonetheless, this paper still provides a valuable reference for researchers to help them better understand the
current state of research and future trends in this field. In future studies, we will continue to focus on key factors such as
oxidative stress and endeavor to improve the comprehensiveness and depth of the exposition, with a view to providing

more comprehensive theoretical support and practical guidance for dermatological aesthetics and anti-aging research.

Conclusion

Through bibliometric analysis, this study reveals that this field has shown a significant upward trend in research in recent
years. Related research hotspots focus on oxidative stress, fibroblasts, and SASP. The literature review provided insights
into the mechanisms of skin aging, cellular senescence processes, senescent cell removal strategies, and research
advances in anti-aging drugs. These studies show that a wealth of research results have been achieved in this field.
Cellular senescence-related indicators provide new biomarkers for the diagnosis of skin diseases and also play a key role
in the prognostic assessment of diseases. Anti-aging strategies targeting cellular senescence include removing senescent
cells or attenuating the effects of SASP factors to prevent or delay aging, which can be achieved through senolytic and
senomorphic therapies. Particularly, senolytic therapy, as a novel anti-aging strategy, shows great potential for application

and provides new ideas and therapeutic means to slow down the aging process.
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