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Abstract

Aging of the skin is evidenced by increased wrinkles, age spots, dryness and thinning with
decreased elasticity. Extrinsic and intrinsic factors including UV, pollution and inflammation

lead to an increase in senescent cells (SnCs) in skin with age that contribute to these observed
pathological changes. Cellular senescence is induced by multiple types of damage and stress and is
characterized by the irreversible exit from the cell cycle with upregulation of cell cycle-dependent
kinase inhibitors p16!NK4a and p21CIP1, Most SnCs also developed an inflammatory senescence-
associated secretory phenotype (SASP) that drives further pathology through paracrine effects

on neighboring cells and endocrine effects on cells at a distance. Recently, compounds able to

kill senescent cells specifically, termed senolytics, or suppress the SASP, termed senomorphics,
have been developed that have the potential to improve skin aging as well as systemic aging in
general. Here we provide a summary of the evidence for a key role in cellular senescence in
driving skin aging. In addition, the evidence for the potential application of senotherapeutics for
skin treatments is presented. Overall, topical, and possibly oral senotherapeutic treatments, have
tremendous potential to eventually become a standard of care for skin aging and related skin
disorders.

Introduction

Skin is under continuous environmental assault and its ability to protect the body from these
assaults declines with age. The aging of skin is manifested by increased wrinkles, age spots,
dryness and thinning with decreased elasticity. As we age, each layer of the skin accrues

alterations that contribute to these physical signs of aging and reduce the protective function
of skin. The epidermis thins with age, and the distribution of keratinocytes and melanocytes
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becomes altered. The outer surface of the epidermis, or stratum corneum, maintains the same
thickness with aging but has increased permeability and stiffness and is slower to recover
following injury. Additionally, the epidermal-dermal junction flattens with the loss of rete
ridges resulting in decreased resistance to shearing force (25,26). The dermis of an aged
individual has fewer collagen bundles and there is loss of the upper or papillary dermis
containing papillary fibroblast and capillaries (27). Dermal fibroblasts that are responsible
for producing collagen and other extracellular matrix (ECM) proteins become misshapen
and large with decreased collagen production with age. The decline of ECM collagen

and elastin results in wrinkling and sagging of skin with reduced resiliency and strength
(28). Furthermore, the depletion of skin stem cells with aging hinders wound healing and
contributes to atrophy and frailty (29). The symptoms of aging skin subsequently make
chronic wounds and ulcers more common in the elderly and these unhealing wounds can
precipitate the development of cancer.

Cellular senescence is a damage and stress response that results in an irreversible cell cycle
arrest distinct from quiescence or differentiation into post-mitotic cells. Senescent cells
(SnCs) cannot be stimulated to proliferate like quiescent cells and the mitotic arrest is due

to cellular stress and damage instead of terminal differentiation. SnCs are characterized by
multiple markers, but due to senescent cell heterogeneity, no single marker is sufficient to
confirm senescence. Some of these senescence-associated markers include elevated levels

of senescence-associated p-galactosidase activity (SA-p-Gal), increased cell cycle inhibitors
p16!NKA4A and p21C1P1 and a proinflammatory secretome called the senescence-associated
secretory phenotype (SASP) comprised of cytokine, chemokines, metalloproteinases, growth
factors, reactive metabolites and even extracellular vesicles. In addition, the nuclear scaffold
protein lamin B1 is reduced in senescence cells, affecting the nuclear architecture (7-10).
Cellular senescence is thought to play a key role in tumor suppression with oncogene-
induced senescence (OIS) preventing expansion of pre-malignant cells and the inflammatory
SASP stimulating immune clearance of the SnCs. However, with aging, SnCs accumulate
due, in part, to the reduced function of the immune system and directly contribute to driving
aging and diseases.

Senescence has both cell-autonomous and non-cell-autonomous effects on tissue
homeostasis. The cell-autonomous effects of senescence can hinder tissue regeneration
through reduced proliferation, especially senescence in progenitor cells, leading to loss of
tissue homeostasis. The non-cell-autonomous effects are mediated by the SASP that can
alter the tissue microenvironment and promote aging phenotypes through paracrine effects
on neighboring cells and endocrine effects on cells at a distance (11). In particular, SnCs
can reduce stem cell function indirectly through the inflammatory SASP. It is important to
note that the transient accumulation of cells with markers of senescence and SASP has a
beneficial role in skin for development, parturition and wound healing (9,12-14). However,
when these transient and other types of SnCs are not cleared by the immune system, they
instead can create a proinflammatory microenvironment that contributes to chronic wounds
and cancer (15-17).

Intrinsic as well as extrinsic factors lead to an increase in SnCs in skin with age that
contribute to an observable functional decline (1-6). Intrinsic factors that induce senescence
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include oxidative stress and telomere shortening (18-20). Interestingly, telomeres appear to
be highly sensitive to oxidate stress, resulting in the accumulation of telomere-associated
foci (TAFs) comprised of DNA repair components. In addition, increases in senescence
and SASP in tissues other than skin can drive senescence in the skin through indirect
mechanisms. Other intrinsic factors include genetic defects that result in hereditary
progeria syndromes with increased DNA damage, premature aging and increased cellular
senescence (21). Extrinsic factors that increase skin cellular senescence and precipitate aging
phenotypes include cellular damage caused by UV radiation (UVR) or pollution (9,14,22).
In addition, OIS driven by oncogenic mutations in genes such as RAS and BRAF are
common in skin cancers (23,24). Thus, it appears as if many of the same factors that drive
cellular senescence also drive skin aging. Several skin cell types including keratinocytes,
fibroblast, and melanocytes have evidence of cellular senescence that contributes to aging
pathologies (30,31).

Keratinocytes

The continuous differentiation and turnover of keratinocytes may limit the effects

of senescent keratinocytes on skin homeostasis. However, with exposure to chronic

UV, environmental factors and aging there is an increase in epidermal keratinocytes

with senescence markers including increased SA-p-Gal, p16'NK4a p21CIP1 gnd p53

and decreased lamin B1 (1,14). UV-induced senescence in keratinocytes also increases
expression of SASPs including MMPs and proinflammatory cytokines such as IL-6,
IL-1B, IL-1a, and TNFa (14,32). Additionally, senescent keratinocytes have reduced ECM
production and cell adhesion (33), which could contribute to the increased permeability of
skin with aging. Importantly, senescence can also be induced in keratinocytes by pollution
(34). Therefore, despite the high turnover rate in keratinocytes, aging and the chronic
exposure to environmental hazards both contribute to the increased senescent burden in
keratinocytes, affecting tissue function.

Fibroblasts

Senescence in dermal fibroblast is well documented and thought to be a key contributor
to skin aging pathologies (1,4,35). Fibroblasts residing in the dermis are slow growing
and maintain their position in unwounded skin. During aging, the number of fibroblasts
is depleted and they become extended to compensate for the reduced cell density (36).
Senescent fibroblasts upregulate SASP factors including MMP2, MMP9, IL-6 and IL-8
(9,37,38). Additionally, UV exposure induces fibroblasts to upregulate p16'NK4a p21CIP1
and p53 taking on a senescence phenotype (39). Furthermore, senescent fibroblasts can
induce apoptosis in neighboring cells, contributing to cell number loss with aging (40).
The pigmentation changes associated with aging have also been attributed to fibroblast
senescence through decreased stromal cell-derived factor —1 (SDF-1) expression (41).
Senescent fibroblasts have reduced secretion of insulin-like growth factor-1 (IGF-1) due
to mitochondrial dysfunction and superoxide anion production (42). This decrease in
IGF-1 production by fibroblasts can subsequently reduce keratinocyte proliferation and
differentiation, decrease collagen production and increase DNA damage in epidermal cells

Plast Reconstr Surg. Author manuscript; available in PMC 2023 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

Page 4

(35). Thus, senescent dermal fibroblasts can drive adverse changes in skin function and
precipitate aging phenotypes.

Melanocytes

Melanocytes are responsible for distributing melanin to keratinocytes and are found in the
basal layer of the epidermis. The number of melanocytes decreases with aging in non-sun
exposed skin areas which causes skin to lighten. However, sun exposed areas express hypo
and hyperpigmentation areas with abnormal melanocyte distribution and function with aging
(43,44). Additionally, increasing p16!NK4a positive melanocytes correlate with an aging skin
phenotype and wrinkle grading (45,46). Decreased lamin B1 and increased p16'NK42 gre
senescence-associated markers found in melanocytic nevi and could be used to identify
senescence melanocytes in the epidermis and track clearance of senescence cells (2,8,47,48).
Telomere dysfunction can be induced in fibroblasts in a paracrine manner using conditioned
media from senescent melanocytes (49). In addition, co-culture with senescent melanocytes
results in reduced keratinocyte proliferation (49). Taken together, these results indicate that
senescent melanocytes contribute to skin aging and have the ability to reduce proliferation
and increase cellular dysfunction in melanocytes and other skin cell types.

Wound healing

Cancer

Senescent cells can play both positive and negative roles in tissue and wound repair.
Senescent fibroblasts have a positive role in limiting excessive collagen deposition that leads
to fibrosis. The SASP contains several MMPs capable of degrading collagen, and senescent
fibroblasts can restrict fibrosis in wound healing (11,50). Conversely, the elimination of at
least certain types of senescent cells can reduce the efficiency of wound healing (12). While
this transient, acute senescence contributes to wound healing, the clearance of senescent
cells is necessary for wound closure and their continued presence can result in chronic
wounds (16,17). Fibroblasts from chronic wounds when compared to normal fibroblasts
were found to express several markers of senescent cells including increased SA-RGal,
reduced proliferation, oxidative stress and pro-inflammatory cytokines (16,51). Interestingly,
premature senescence observed in chronic wound fibroblasts was telomere-independent and
characterized by reduced wound repopulation as evaluated by the /n vitro scratch assay (51).

Senescence is generally considered to have evolved as a suppressor of tumorigenesis by
preventing premalignant cell growth (15). However, when the immune system does not clear
senescent cells, the resulting pro-inflammatory environment can drive aging pathologies
and cancer (15,52). This pro-inflammatory can lead to a pro-tumor microenvironment that
can help drive malignancy and drug resistance (53,54). The senescence cell burden and

the risk of cancer both increase with age. This correlation between senescence and cancer
has been confirmed using a genetic mouse model where the continuous elimination of
p16'NK4 positive senescent cells resulted in delayed development of age-associated cancer
(55). Likewise, using a mouse model of squamous cell carcinoma, the SASP was found

to promote tumor growth and malignant progression through upregulation of p38MAPK
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and MAPK/ERK signaling (56). Furthermore, overriding senescence can lead to a more
aggressive cancer phenotype and possibly even be required for malignancy to develop (57—
61). In fact, the CDNKZ2A locus for p16!NK4a js a commonly mutated in cancer, especially
skin cancer (62,63). Additionally, OIS is often a precursor to skin cancer development
with over 60% of malignant melanoma having BRAF activating mutations. These same
BRAF mutations are typically found in growth arrested nevi (64,65) which have a senescent
phenotype with increased expression of p16/NK42 and SA-B-gal activity. OIS is a result

of the persistent DNA damage response from hyper-replication (2,66,67). Similarly, many
cutaneous cancers have RAS mutations that can also cause OIS (11,23,68). Thus, although
OIS is a tumor suppressor mechanism, cancer can be initiated by OIS cells by the
accumulation of additional mutations, and subsequently further activated and transformed
by the senescent cells in the microenvironment to become malignant.

Senotherapeutics

The accumulation of senescent cells is a druggable hallmark of aging and a key cause

of age-related decline of function in skin. Many labs, including ours, have demonstrated
the efficacy of utilizing small molecules that specifically target senescent cells, termed
senotherapeutics, for the improvement of age-related tissue dysfunction mediated by
reduced inflammation, restoration of tissue homeostasis, and increased health- and lifespan
in many model organisms and human clinical trials (Figure 1). Senotherapeutics are
classified as either being senolytic or senomorphic and function to selectively clear
senescent cells (senolysis) or attenuate their deleterious SASP (senostasis) respectively.
Senotherapeutics target upregulated senescent cell anti-apoptotic pathways (SCAPs) and
other senescence-associated pathways that give rise to their pro-inflammatory secretome.
To date, many senotherapeutic compounds have been identified (see Table, Supplemental
Digital Content 1, which shows senotherapeutics reported to have positive effects on skin
and skin-derived cell types, INSERT HYPERLINK HERE) and have been extensively
reviewed elsewhere (69,70). Here, below we summarize the therapeutic benefit of
senotherapeutic treatments on age-related skin dysfunction, which provides further evidence
of a key role of SnCs in driving skin aging.

The majority of the senolytics identified promote senolysis by targeting critical enzymes
involved in pro-survival and anti-apoptotic mechanisms, such as p53, p21, Bcl-2 family
proteins, Akt, PI3K, FOXO4, and others (69,70). The first identified senolytic, the
combination of Dasatinib and quercetin (D+Q), is one of the most utilized senolytic
treatments demonstrating induction of senolysis in many senescent cell types, despite
incredible senescent cell heterogeneity, likely through targeting multiple SCAPs (71,72).
Indeed, D+Q treatment has been shown to promote senolysis of radiation-induced senescent
human oral keratinocytes and skin fibroblasts /7 vitro and was shown to downregulate
p16'"k4a and SASP, upregulate proliferation marker Ki67 and mitigate radiation induced
ulcers in both mouse oral ulcer and rat skin ulcer models (73). Further, in one of the

first senolytic clinical trials examining the effect of D+Q-mediated senescent cell clearance
in patients with diabetic kidney disease, D+Q treatment reduced p16'NK4A+ and p21CIP1+
skin epidermal cells as well as circulating SASP factors (NCT02848131) (74). Another
senolytic, ABT-737, which targets Bcl-2 and Bcl-xL, was able to clear senescent cells,
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reduce mitochondrial ROS and rescue epidermal atrophy in 3D living epidermal equivalents
(melanoderms) induced to senesce via repeated UVA+B exposure (49). ABT-737 was

also found to eliminate senescent cells in the lung and epidermis of double-transgenic
K5-rtTA/tet-p14 mice, resulting in increased hair-follicle stem cell proliferation (75). The
senolytic FOXO4-D-retoro-inverso (FOXO4-DRI) peptide targets the interaction of p53 and
FOXO4. Treatment of the XpdTTP/TTD mouse model of accelerated aging and naturally
aged mice with the FOXO4-DRi peptide alleviated aging skin phenotypes as well as hair
loss and discoloration (76). Fisetin, a natural flavonoid with diverse pharmacological effects
including senolytic activity (77), was shown to protect UVB irradiated hairless mice from
photodamage, photo induced inflammation and reduced collagen degradation, wrinkling,
and transepidermal water loss through inhibition of mitogen-activated protein kinase
(MAPK), activator protein-1 (AP-1), and matrix metalloproteinases (MMPs) when applied
topologically for 10 weeks (78). Further, the ATP-competitive inhibitor of spleen tyrosine
kinase (Syk), R406, demonstrated senolytic activity in replicatively-induced senescent
human diploid dermal fibroblasts by targeting SCAPs that include focal adhesion kinase
(FAK) and p38 mitogen-activated protein kinase (MAPK) pathways (79). Finally, Nav-Gal,
a senolytic prodrug consisting of the senolytic navitoclax containing an acetylated galactose
moiety for selective activation in SA-Rgal expression SnCs, exhibited potent senolytic
activity in chemotherapy-induced senescent SK-Mel-103 melanoma cell lines, greater

than what is observed with navitoclax alone (80). Thus, there are many senotherapeutic
compounds effective against senescence skin cells that could be used for the improvement
of age-related alteration in skin structure, inflammation, tissues damage and dysfunction,

as well as regenerative capacity. It is important to note that it is still unclear if these
senotherapeutic compounds also target the transient senescent cells that appear at sites

of wound healing, which may have different SCAPs that those in SnCs that accumulate
chronically. It may be possible to improve wound healing by senotherapeutic treatment to
reduce the burden of SnCs without affecting the function of the beneficial SnCs.

Senomorphics function by suppressing secretion of deleterious pro-inflammatory SASP
components without inducing senolysis by targeting NF-xB, mTOR, IL-1a, p38 MAPK,
and other signaling pathways (81-88). Suppression of SASP also prevents the spread of
paracrine senescence, thus reducing the SnC burden. Rapamycin, an mTOR inhibitor, is one
the most well-established senomorphics demonstrated to extend health and lifespan in aged
mice even when used as a late-life intervention. Rapamycin treatment in a UVA-induced
model of photoaging resulted in a significant reduction in senescence and SASP markers
as well as oxidative and genotoxic stress and increases autophagy and type | collagen
expression levels in human dermal fibroblasts (89-91). Nanoparticle delivery of rapamycin
in early and late passage, as well as doxorubicin induced-senescent human dermal
fibroblasts, reduced senescence phenotypes, SASP, and ROS while improving migration
ability and cell proliferation /n vitro (92). Finally, an interventional trial examining the
effects of topological rapamycin treatment in participants greater than 40 years of age
displaying evidence of photoaging found that treatment improved clinical appearance of
the skin, increased levels of collagen V11, and reduced expression of p16/"k4a and other
histological markers of aging and senescence (93).
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Metformin, a compound used clinically for type Il diabetes, also has been extensively used
for the treatment of a variety of age-related disorders in humans including hidradenitis
suppurativa, acanthosis nigricans, hormonal acne, psoriasis, cutaneous malignancies,
hirsutism and hyper pigmentary disorders when administered both orally and topologically
(94). The therapeutic benefit of metformin can be attributed, in part, to its pleiotropic
senomorphic abilities to influence many signaling pathways associated with SASP secretion.
Accordingly, chronic low dose treatment in senescent human dermal fibroblasts and
mesenchymal stem cells reduced SA-B-gal activity, reduced expression of SASP and

other markers of senescence and increased the percentage of Ki67* cells (95,96). Many
natural products, particularly apigenin and kaempferol, were demonstrated to significantly
inhibit SASP production in bleomycin-induced senescent BJ fibroblasts (97) while other
natural polyphenols oleuropein aglycone and hydroxytyrosol also reduce SA-B-gal-positive
cells and p16!NK4a protein expression and attenuate a myriad of SASP factors in pre-
senescent neonatal human dermal fibroblasts(98). Thus, treatment with senomorphics also
can alleviate age-related skin dysfunction and stem cell exhaustion through both antioxidant
and anti-inflammatory mechanisms by means of targeting a variety of signaling pathways
demonstrated to attenuate senescence phenotypes.

Conclusion

Targeting fundamental hallmarks of skin aging has the potential to alleviate many
cutaneous disorders simultaneously. Cellular senescence is a fundament hallmark and well-
established driver of aging and age-related chronic diseases and thus serves as an important
therapeutic target. Although the discovery of senotherapeutics occurred relatively recently,
their beneficial effects are well documented in an increasing number of preclinical and
clinical studies. However, although extensive pre-clinical and still limited clinical data

has demonstrated the potential of senotherapeutic, there is still much to be understood

in the context of skin aging and senotherapeutic treatment. Studies investigating which
cells undergo senescence in the skin as well as single-cell multi-OMIC and spatial-OMIC
characterization of senescent cell heterogeneity will be required to identify the key

SnC types and their SCAPs as well as determine the effects of different senescent cell
populations on the skin microenvironment. These and other approaches are also needed for
the identification, optimization and application of novel senotherapeutics. Moreover, more
work is needed to determine the optimal senotherapeutic treatment regimens and determine
the effect of long-term use regarding off-target effects and the impact on other senescence-
associated processes such as wound healing. However, there have been incredible efforts

in improving senotherapeutic specificity including increasing their specificity for senescent
cells and improving their delivery to certain cells or tissues. Also, it is likely that certain
oral senotherapeutic treatment regimens will not only increase healthspan, but slow aging
of skin. Finally, unlike many drugs that need continuous administration to be effective, in
theory, senolytic treatments can be administered topically or orally intermittently, reducing
the chance of possible side effects. In summary, senotherapeutic treatments have tremendous
potential to eventually become a standard of care for skin aging and related skin disorders
and revolutionize how we treat aging in general.
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Figure 1: Schematic of skin aging and senother apeutic treatment.
Skin aging is associated with many phenotypic alterations including increased permeability

and stiffness of the stratum corneum, flattening and loss of rete ridges in the epidermal-
derma junction, alterations in cellular composition, increased senescence cell burden and
other aging phenotypes that reduces the protective function and wound healing of the skin.
However, senotherapeutic treatments that selectively target senescent cells promoting their
clearance (senolysis) or suppression of their SASP (senostasis) decreases inflammation,
attenuates tissue dysfunction, and improves regenerative capacity in skin.
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