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Abstract Chronic exposure to ultraviolet radiation
(UVR) leads to premature aging of the skin, with
external manifestations of unsightly scars and internal
molecular dysregulations that significantly reduce the
protective function of the skin and increase the risk of
cancer development. Photoprotection through daily
application of sunscreen product is widely recom-
mended to avoid UV-induced skin photodamage and
to minimaze the risk for dermal malignancies. How-
ever, the environmental hazard that is a consequence
of the use of traditional sunscreen products drives the
increased interest in the investigation of alternative
UVR blockers. Due to their structural diversity,
modulation of multiple molecular mechanisms, and
favorable safety profile, natural plant-derived com-
pounds have become attractive candidates for skin
photoaging prevention. This review summarizes the
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critical aspects of skin photoaging, from its patholog-
ical characteristics and current photoprotective
options to the specific molecular players that emerge
as therapeutic targets. Special emphasis has been
placed on phytochemicals targeting the molecular
hallmarks of UV-induced skin aging. The potential of
plant molecules to control oxidative stress, inflamma-
tion, photo-senescence, DNA damage, extracellular
matrix components degradation, and to manage
different types of UV-trigerred cell death has been
highlighted. Summarizing the molecular signalling
pathways responsible for the photoprotective action of
plant-derived molecules may provide meaningful
outlook for development of new effective therapeutics
options for prevention of skin photoaging.

Keywords Natural compounds - Phytochemicals -
Ultraviolet radiation - Photodamage -
Photoprotection - Skin aging

Introduction

The progressive development of aging hallmarks on
skin is largely influenced by environmental factors
such as pollutants, chemicals, solar radiation and
detrimental lifestyle habits such as smoking. The most
considerable alterations in the skin appearance and
function occur upon direct exposure to ultraviolet
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radiation (UVR) to a degree that outreaches the
capacity of skin defence mechanisms and is perceived
as photoaging (Jin et al. 2020; Lee et al. 2022b; Wu
et al. 2022).

The electromagnetic radiation of the solar spectrum
that reaches the Earth’s surface includes UVB
(280-320 nm), UVA  (320-400 nm), visible
(400-750 nm) and infrared (750-2500 nm) array.
All other sunlight emissions with wavelength below
280 nm and above 2500 nm (gamma rays, UVC,
micro-and radio waves) are absorbed within the
atmosphere. The UV light comprises only about 2%
of the solar irradiation that could interfere with human
skin but it initiates significant biological response
(Young et al. 2017; de Assis et al. 2021). Despite the
fact that UVB has lower penetration depth than UVA,
mostly affecting the epidermal basal layers, its action
is about 1000 times more effective than UV A per unit
dose (J/mz). In this regard, UVA waves reach deeper
into the dermis but the chages induced on skin function
are milder (Gegotek et al. 2017; Young et al. 2017;
Oliveira et al. 2019; Wang et al. 2019; de Assis et al.
2021; Fitsiou et al. 2021; Cui et al. 2022).

Notably, excessive exposure to solar UVR (UVA
and UVB light) is the primary factor of extrinsic skin
aging and is closely related to the pathogenesis of
various injuries including sunburn, acute inflamma-
tion and skin neoplasia (Sand et al. 2018; Silva et al.
2020; Wang et al. 2021; Lee et al. 2022b; Li et al.
2022). The visible signs of photoaging that compro-
mise the aesthetically pleasing appearance of the skin
include leathery texture, erythema, edema, wrinkles,
roughness, dryness and sagging, as well as irregular-
ities in pigmentation, reduced recoil -capacity,
increased fragility and impaired wound healing
(Natarajan et al. 2014; Young et al. 2017). More
importantly, beyond the visual manifestations the
photo-induced skin damage accelerates aging molec-
ular mechanism and affects skin barrier function. The
molecular hallmarks of photoaging consist of reduced
dermal thickness resulting from expansion of the
hypo/dermal white adipose tissue (WAT) layer; pro-
teostasis failure associated with extracellular matrix
(ECM) remodelling such as decreased collagen syn-
thesis and increased elastin degradation and hyaluro-
nan deficiency; diminished DNA damage response;
apoptosis resistance; impaired autophagy regulation;
histone modifications; chronic inflammation and pre-

mature senescence with elevated senescence-
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associated secretory phenotype (SASP) production.
Therefore, the substantial damage that UVR exposure
provokes on the skin motivates the increased interest
in discovering potent ingredients for photoaging
prevention that ensure skin beauty and health (Natara-
jan et al. 2014; Atanasov et al. 2021; Franco et al.
2021; Danczak-Pazdrowska et al. 2023).

Natural products have long been exploited to treat a
variety of skin disorders, such as wounds, burns,
psoriasis and atopic dermatitis (Atanasov et al. 2021;
Danczak-Pazdrowska et al. 2023; Koycheva et al.
2023). Plant-derived molecules are used in various
pharmaceutical products, cosmetics and in food
industry due to their wide range of biological activ-
ities, including antioxidant, anti-inflammatory and
anti-aging (Gegotek et al. 2017; Garg et al. 2020;
Domaszewska-Szostek et al. 2021; Merecz-Sadowska
et al. 2021; Chaiprasongsuk and Panich 2022;
Danczak-Pazdrowska et al. 2023). Moreover, their
relatively low toxicity and biodegradability expose
phytochemicals as an attractive option for cosmetic
and therapeutic agents than could limit the use of
currently available sunscreen active ingredients
(Gegotek et al. 2017; Young et al. 2017; Garg et al.
2020; Merecz-Sadowska et al. 2021; Chaiprasongsuk
and Panich 2022; Danczak-Pazdrowska et al. 2023).

The intensified research on the molecular mecha-
nism that drive UVR-induced skin aging during the
past decade has formed the need of critical evaluation
of the published data in the field. Keyword combina-
tions used to obtain relevant articles were: “photo-
damage”, “photoaging”, “ultraviolet radiation”,
“skin” and “natural compound”. The following
databases have been accessed: Scopus, PubMed and
ClinicalTrials.gov, or selected journals’ website. The
inclusion criteria implied in the selection of articles
were: (i) publications that investigated the modulation
of skin aging induced by UVR; (ii) articles written in
English; (iii) year of publication > 2013.

In this review, we attempt to summarize the
advancements in skin aging research with emphasis
on the molecular mechanisms that drive UV-induced
photodamage and strategies for prevention of pho-
toaging. The therapeutic potential of bioactive phyto-
chemicals for topical application as photoprotective
and anti-photoaging ingredients has been highlighted.
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Molecular hallmarks of UV-induced skin
photoaging

The skin is a body sensor and a barrier against
environmental factors such as external irritation,
invasion of pathogens, and solar irradiation (Busta-
mante et al. 2020; de Assis et al. 2021; Lee et al.
2022b; Danczak-Pazdrowska et al. 2023). The largest
organ of the human body is comprised of epidermis,
dermis and hypodermis (at the interchange with the
dermal subcutaneous fat). The epidermal layer con-
sists mainly from keratinocytes along with melano-
cytes and Langerhans cells (Koenig et al. 2020;
Atanasov et al. 2021; Fitsiou et al. 2021). The further
subdivision of the epidermis is based on the stage of
differentiation of the keratinocytes and from the
surface to the inner strata are as follows: conreum,
lucidum, granulosum, spinosum and basale (Fig. 1).
The inferior dermal skin segment is composed largely
of fibroblasts that provide support and nutrition
through regulation in ECM components production,
such as collagen (the main ECM structural protein),
elastic fibers, hyaluronic acid (essential for skin
moisture), amino polysaccharides and glycoproteins
(Kruglikov et al. 2019; Wong et al. 2022; Danczak-
Pazdrowska et al. 2023; Jenster et al. 2023). Within the
dermis reside the hair follicles and glands as well as
the major part of the skin vasculature and neurons. The
hypodermal layer is often considered as shared region
between the skin and subcutaneous white adipose
tissue (SWAT) as it serves mainly as an energy storage
depot rich in adipocytes. The dermal to sWAT
communication is of critical importance for the
regulation of the neuroendocrine function of the skin
(Marifo et al. 2014; Young et al. 2017; de Assis et al.
2021; Wong et al. 2022).

Skin may adapt to UVR exposure by photoprotec-
tive mechanisms such as increasing keratinocyte cell
division (stratum corneum thickening) and by tanning
(melanogenesis). Acute exposure to high intensity
UVA radiation induces immediate pigment darkening
that is mediated by photo-oxidation of pre-existing
melanin and redistribution of melanosomes (Moon
et al. 2017; Martic et al. 2020; de Assis et al. 2021).
This is followed by persistent pigment darkening that
lasts 2-3 days. Then, delayed tanning is initiated,
mainly by UVB-induced de novo melanin synthesis
and an increased proliferation of active melanocytes
(Moon et al. 2017). Melanogenic hormones are

produced and secreted from epidermal keratinocytes.
Following overexpression of the pro-opiome-
lanocortin (POMC) polypeptide, a-melanocyte-stim-
ulating hormone (o-MSH) production is activated. In
turn, o-MSH binds to melanocortin 1 receptor
(MCI1R) in melanocytes and mediates melanosome
biogenesis (Moon et al. 2017; Choi et al. 2020; Martic
et al. 2020). The microphthalmia-associated transcrip-
tion factor (MITF) is involved in the transcriptional
regulation of the melanogenic process including
tyrosol activity and MCIR expression (Choi et al.
2020; Yun et al. 2020). The paired box gene 3 (Pax3)
and cAMP responsive element-binding protein
(CREB) directly interact with MITF and regulate its
transcriptional activity (Hurbain et al. 2018; Choi et al.
2020; Yun et al. 2020). Despite the fact that melano-
genesis is a protective mechanism against UVR-
induced skin damage, it is generally insufficient to
prevent UVR-mediated mutagenic effects and prema-
ture skin aging (Moon et al. 2017; Hurbain et al. 2018;
Bustamante et al. 2020; Choi et al. 2020; Yun et al.
2020). Moreover, prolonged overproduction of mela-
nin thus has unfavorable consequences such as
dysregulated pigmentation and elevated oxidative
stress burden (Natarajan et al. 2014; Moon et al.
2017; Bustamante et al. 2020; Martic et al. 2020).
Therefore, when considering modulation in the pro-
cess of melanogenesis as a physiological photopro-
tective mechanism, a balance should be kept between
overactivation and suppression.

Different paradigms are proposed to explain the
molecular basis for UVR-induced skin aging including
the theory of premature cellular senescence, that
include accumulation of DNA damage, decreased
DNA repair capacity, telomere attrition; the theory of
oxidative stress accumulation and the theory of
chronic skin inflammation (Natarajan et al. 2014;
Correia-Melo et al. 2016; Chen et al. 2018; de Pedro
et al. 2018; Fenini et al. 2018; Victorelli et al. 2019;
Alafiatayoa et al. 2020; Martic et al. 2020; de Assis
et al. 2021; Katayoshi et al. 2021; Danczak-Paz-
drowska et al. 2023; Jenster et al. 2023; Zhang et al.
2023). Despite that none of this is conclusive, there is a
solid data on the molecular mechanisms involved in
photoaging (Correia-Melo et al. 2016; Chen et al.
2018; de Pedro et al. 2018; Fenini et al. 2018;
Victorelli et al. 2019; Alafiatayoa et al. 2020; Busta-
mante et al. 2020; de Assis et al. 2021; Fitsiou et al.
2021; Katayoshi et al. 2021; Zhang et al 2023).
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Fig. 1 Skin tissue architecture and representation of UVR
photon energy to penetartion. Parts of the figure were drawn by
using pictures from Servier Medical Art. Servier Medical Art by

Overview of the molecular and extrinsic hallmarks of
photoaging is outlined in Fig. 2.

The aged epidermis is characterized by physiolog-
ical and genetic perturbations, such as impaired
balance in nicotinamide adenine dinucleotide
(NAD™) levels, diminished activity of sirtuins (SIRT)
and activation of the “guardian of the genome” tumor
protein p53 due to oxidative stress and telomere
shortening (Natarajan et al. 2014; Wong et al. 2022;
Danczak-Pazdrowska et al. 2023). Oxidative stress
induced by UVR is a major contributor to the process
of skin aging and inflammation through the activation
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of signalling pathways such as the mitogen-activated
protein kinase (MAPK)/activator protein-1 (AP-1), the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(Akt), the nuclear factor kappa B (NF-kB), the Janus
kinase (JAK)/signal transducer and activator of tran-
scription (STAT) pathway, and kelch-like ECH-asso-
ciated protein 1(KEAP1)/muclear factor erythroid
2-related factor 2 (NRF2) in epidermal keratinocytes
and dermal fibroblasts (Fig. 3). Overproduction of
reactive oxygen and nitrogen species (ROS and RNS,
respectively) induced by UVR also plays a role in the
regulation of melanogenesis via MAPK/AP-1, PI3K/
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Fig. 2 Hallmarks of photoaging. Excessive prolonged expo-
sure of the skin to the effects of ultraviolet radiation leads to
premature skin aging. Characteristic of the photoaging process
are external manifestations on the skin as erythema, epidermal
thickness, dysregulated pigmentation, tan darkening, sunburn,
as well as transepidermal water loss and compromised skin
elasticity, deep wrinkle formation, delayed wound healing and
risk of non-melanoma skin cancer development. All these
visible signs develop as a result of an accumulation of molecular
changes in skin function characterized by excessive reactive

Akt and MC1R/MITF signalling. Keratinocyte growth
factor 2 (KGF2), also known as fibroblast growth
factor 10 (FGF10), protects the skin from the harmful
effects of UVR by regulating tissue regeneration and
antioxidant defence systems (Feng et al. 2022;
Robinson et al. 2022). The mechanism by which
KGF2 reduces ROS levels, restores the cell cycle,
protects cells from mitochondrial dysfunction and
activates antioxidant defence mechanisms is
expressed in the activation of aryl hydrocarbon
receptor and NRF2 (Natarajan et al. 2014; Xu et al.
2014; Alafiatayoa et al. 2020; Hegedus et al. 2020;
Lone et al. 2020; Katayoshi et al. 2021; Feng et al
2022; Lee et al. 2022b; Robinson et al. 2022; Wong
et al. 2022; Li et al. 2023).

Cellular senescence is a physiological response to
accumulated stress, characterized with durable cell-
cycle arrest of previously replication-competent cells,
overexpression of anti-proliferative molecules such as
the cyclin-dependent kinase inhibitor 1 (p21) or 2A
(p16™5¥*) and activation of damage sensing signalling
pathways (e.g., p38/MAPK and NF-xB). These
molecular changes result in elevated expression of a
number of senescence-associated transcripts that

Visible signs

Erythema, epidermal thickness
Mottled pigmentation
Tanning, sunburn

Transepidermal water loss
Elastosis
Wrinkle formation

Delayed wound healing

PR Te)Te)

Risk of skin cancer development -

oxygen species (ROS) generation, depletion of endogenous
antioxidant enzymes, extracellular matrix (ECM) elements
degradation as results of matrix metalloproteinases (MMPs)
overexpression, dysregulated proteostasis, abnormal lipid oxi-
dation, DNA damage, premature senescence, inflammation,
mitochondrial dysfunction, reinforced cell death and deregu-
lated autophagy. Parts of the figure were drawn by using pictures
from Servier Medical Art. Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported
License (https://creativecommons.org/licenses/by/3.0/)

define the SASP of the aged skin cells, namely
senescence-associated-p-galactosidase  (SA-B-Gal),
matrix metalloproteinases (MMP)-1, -3 and -9, inter-
leukin 1 beta (IL-1p), IL-6 and IL-8, chemokines and
growth factors (Childs et al. 2015; Victorelli et al
2019; Alafiatayoa et al. 2020; Fitsiou et al. 2021).
Epidermal senescence disrupts skin barrier permeabil-
ity by loosened tight junctions, excessive water loss
and increased production of SASP-associated mole-
cules (Victorelli et al. 2019). The senescence state
initiates shift in the morphology and functionality of
cellular components. Specifically, in fibroblasts UV-
triggered photo-senescence promotes the secretion of
ECM degrading MMPs. With regard to melanocytes,
senescence mechanism has not been fully understood
but recent investigations have proposed that aged
melanocytes contribute to the skin aging process by
impairing proliferation of the neighboring ker-
atinocytes through a paracrine signalling (Moon
et al. 2017; Hurbain et al. 2018; Martic et al. 2020).
Collagen as the most abundant structural protein in
the skin is responsible for its stability and tensile
strength. Collagen fibers predominantly consist of
type I (85%—-90%) and type III (10%—15%) collagen.
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Fig. 3 Molecular signalling pathways involved in UV-induced
skin photoaging. Exposure to UVR causes excessive ROS
accumulation and activation of molecular signalling pathways
in the skin aiming at prevention of photodamage. Among the
major UV-initiated molecular cascades involved in photoaging
process are MAPKs/AP-1, KEAP1/NRF2, TGF-f/Smad, PI3K/
Akt/mTOR, AMPK/SIRT and Wnt/B-catenin signalling path-
ways. Overactivation of these molecular networks by intensive
or prolonged UVR exposure results in decreased collagen

The ECM structure is fine-tunned by the MMPs family
that is comprised of more than 23 proteases, including
MMP-1 (collagenase-1), MMP-3 (stromelysin-1),
MMP-7 (matrilysin), MMP-9 (gelatinase B), MMP-
10 (stromelysin-2), MMP-12 (metalloelastase), and
MMP-13 (collagenase-3) (Natarajan et al. 2014; Lee
et al. 2022a; Alafiatayoa et al. 2021; Fitsiou et al.
2021; Danczak-Pazdrowska et al. 2023). Among
these, MMP-1 is responsible for the breakdown of
the dominant subtypes of fibrillar collagens in dermal
ECM—type I and III that are further cleaved by
MMP3 and MMP9 (Natarajan et al. 2014; Oliveira
etal. 2019; Wang et al. 2019; de Assis et al. 2021; Gao
et al. 2021; Xiao et al. 2022). Additionally, MMPs
activity is regulated by tissue inhibitors of metallo-
proteinases (TIMPs) and intracellular level of Ca**
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synthesis, ECM degradation, DNA damage, mitochondrial
dysfunction, skin inflammation, premature senescence, impared
cell proliferation, migration and regeneration as well as
increased cell death and apoptosis. Parts of the figure were
drawn by using pictures from Servier Medical Art. Servier
Medical Art by Servier is licensed under a Creative Commons
Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/)

and Zn>* ions (Xuan et al. 2019; Xiao et al. 2022).
Overproduction of ROS is a trigger of UV-stimulated
MMPs expression in human keratinocytes and fibrob-
lasts that is associated with skin photoaging process
(Hseu et al. 2018; Muzaffer et al. 2018; Hao et al.
2019; Xue et al. 2022). Consequently, exploring
natural molecules that diminish ROS production,
inhibit MMPs expression, reduce collagen degrada-
tion or to promote collagen synthesis could be an
approach  to  ameliorate ~ UV-induced  skin
photodamage.

Mitochondria are the major source of ROS in UVB-
irradiated keratinocytes. As the inflammatory
response is a crucial innate protective mechanism, it
is promptly triggered after epidermal damage forced
by UV irradiation. Senescent cells typically develop
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mitochondria with abnormal characteristics, such as
point mutations and deletions of mitochondrial DNA
(mtDNA) (Correia-Melo et al. 2016; Baek et al. 2017,
Zhang et al. 2020, 2023; Feng et al. 2022). Defective
mitochondria produce insufficient ATP and often are
source of more ROS that exacerbates oxidative stress.
Feed-forward loop exists between regulated cell death
(RCD) and inflammation. Consequently, UVR-in-
duced chronic inflammation and stratification of the
epidermis could be attributed to mitochondrial dys-
function resulting from inflammasome NLR pyrin
domain containing (NLRP) inflammasome activation
and cell death induction (Sand et al. 2018; Robinson
et al. 2022; Jenster et al. 2023; Lee et al. 2022b; Li
et al. 2023).

Collectively, the solid mechanistic data on the
complex photoaging process generated through the
past 2 decades provide options for development of
novel therapeutic strategies targeted against skin
photodamage. Activation of the intrinsic cellular
defence mechanisms to resist UV-induced skin aging
would complement the currently used photoprotective
agents or even replace them at certain point with more
effective and environmentally friendly active
compounds.

Current photoprotective and therapeutic options
against photoaging

Prolonged and acute direct exposure to solar irradia-
tion intensifies the skin aging process and leads to
photodamage and deleterious effects on human skin
(Gegotek et al. 2017; Fitsiou et al. 2021; Franco et al.
2021). Limiting the time of direct sunlight exposure
especially when the UVR intensity is high during the
day is critical to reduce the risk of accelerated skin
photoaging and development of skin malignancies.
The primary step for skin protection that remains the
most effective approach against UV-induced damage
is the use of sunscreen products, which in addition
minimize acute skin injury (Gggotek et al. 2017;
Young et al. 2017; Garg et al. 2020; Danczak-
Pazdrowska et al. 2023). Sunscreen products vary by
their UV absorbtion range (UVA, UVB or both UVA/
UVB) and by sun protection factor (SPF) value
(Young et al. 2017; Bustamante et al. 2020; de Assis
et al. 2021; Danczak-Pazdrowska et al. 2023). The
SPF is adopted as a measure to guide the consumers of

the level of protection and represents the amount of
UVR required to produce sunburn on protected skin
relative to the solar energy that initiates sunburn on
unprotected skin. However, various factors impact the
amount of solar radiation that initiate sunburn (i.e. skin
tone, amount and frequency of sunscreen application,
time spent at direct sun light, daily and seasonal solar
cycles) that are not reflected by the SPF value (Young
et al. 2017; Duan et al. 2019; Bustamante et al. 2020;
Danczak-Pazdrowska et al. 2023). The photoprotec-
tive ingredients currently approved for use in sun-
screen products are regulated as over-the-counter
(OTC) drugs by the Food and Drug Administration
agency (FDA) in the United States of America (USA)
and as cosmetics within the FEuropean Union
(Table 1). The FDA regulations restrict the use of
UVR blockers to several active ingredients while in
Europe the list of compounds that absorb or reflect
UVA and UVB light has greater variety. Depending on
their mechanisms of action, to absorb or to scatter/
reflect UV light, sunscreens are classified as chemical
or physical, respectively. Prolonged repeated use of
UVR blockers-containing cosmetic products is rec-
ommended as primary skin prevention from sunburn
(Yamada et al. 2020; Ferreira et al. 2023). Protection
by sunscreens inhibits many of the acute and chronic
effects of UVR exposure and can delay the develop-
ment of photoaging and photocarcinogenesis (Young
et al. 2017; Yamada et al. 2020). Usually, the
recommendation for the use of sunscreen products is
about 2 mg/cm?, evenly applied every 2 h (Young
et al. 2017; Yamada et al. 2020). Their safety for
human health under normal conditions of use is
secured by legislative restrictions on the content of UV
filters or blockers in the sunscreen products (Table 1).
However, several major concenrs about their toxicity
in long-term use remain a subject of discussion (Garg
et al. 2020). Chemical sunscreens are the most
commonly marketed sunscreens, typically containing
a combination of active ingredients such as oxyben-
zone, avobenzone, octisalate, octocrylene, homos-
alate, benzophenone-3, para-amino benzoi acid
(PABA) and octinoxate in alcohol-based or lipophilic
formulations, that delivery of actives into the stratum
corneum to prevent UV radiation. The oxybenzone is
one of the most commonly used sunscreen ingredient.
Due to reported toxicity and adverse effects such as
causing oxidative stress and cell death it is permitted
in formulations up to 6% by FDA. A negative impact
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Table 1 Sunscreen active ingredients approved by the Food and Drug Administration (FDA) agency and the European Parliament
(EP)

Mechanism of photoprotection Common name/s CAS number Maximal concentration
in sunscreen product

FDA EP
Absorbs broadly UVA and UVB  Benzophenone-3/Oxybenzone 131-57-7 6% 10%
Benzophenone-4/Sulisobenzone 4065-45-6 10% 5%
Benzophenone-5/Sulisobenzone sodium 6628-37-1 - 5%
3-Benzylidene camphor 15087-24-8 - 2%
Benzylidene camphor sulfonic acid 56039-58-8  — 6%
Bis-ethylhexyloxyphenol methoxyphenyl triazine 187393-00-6 - 10%
Drometrizole trisiloxane 155633-54-8 - 15%
Isoamyl p-Mmthoxycinnamate 71617-10-2 - 10%
Methylene bis-benzotriazolyl Tetramethylbutylphenol 103597-45-1 - 10%
Octocrylene 6197-30-4 10% 10%
Absorbs mainly UVA Avobenzone/Butyl methoxydibenzoylmethane 70356-09-1 3% 5%
Bis-diethylaminohydroxybenzoyl benzoyl piperazine = 919803-06-8 - 5%
Diethylamino hydroxybenzoyl hexyl benzoate 302776-68-7 - 10%
Dioxybenzone/Benzophenone-8 119-61-9 3% -
Disodium phenyl dibenzimidazole tetrasulfonate 180898-37-7 — 10%
Meradimate 134-09-8 5% -
Ecamsule 92761-26-7 - 10%
Absorbs mainly UVB 4-Aminobenzoic acid/PABA 150-13-0 15% 5%
Camphor benzalkonium methosulfate 52793-97-2 - 6%
Cinoxate 104-28-9 3% -
Diethylhexyl butamido triazone/Iscotrizinol 154702-15-5 - 10%
Ethoxylated ethyl-4-aminobenzoate/PEG-25 116242-27-4 - 10%
Ethylhexyl dimethyl PABA/Padimate O 21245-02-3 8% 8%
Ethylhexyl methoxycinnamate/Octinoxate 5466-77-3 7.5% 10%
Ethylhexyl salicylate/Octisalate 118-60-5 5% 5%
Ethylhexyl triazone 88122-99-0 - 5%
Homosalate 118-56-9 15% 10%
4-Methylbenzylidene camphor 36861-47-9  — 4%
Phenylbenzimidazole sulfonic acid/Ensulizole 27503-81-7 4% 8%
Polyacrylamidomethyl benzylidene camphor 113783-61-2 - 6%
Polysilicone-15 207574-74-1 - 10%
Trolamine salicylate 2174-16-5 12% -
Reflect UVA and UVB Titanium dioxide 13463-67-7  25% 25%
Zinc oxide 1314-13-2 25% 25%

The provided information is adapted from monograph M020: Sunscreen drug products for over-the-counter human use of the FDA
and the EP regulation No. 1223/2009

— Prohibited for use in sunscreen products

CAS chemical abstracts service number
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of sunscreens on environment such us death of coral
reefs, has led to a ban on the use of sunscreens
containing oxybenzone by states like Hawaii (Yamada
et al. 2020; de Assis et al. 2021). Benzophenone-3 has
been reported to exhibit allergenic properties (Garg
et al. 2020).

The main active ingredients with optical properties
that act as physical sunscreens are the minerals,
titanium dioxide and zinc oxide. Despite their effec-
tiveness, safety and broad-spectrum protection, the
physical UV filters, their use were limited until nano-
sized versions were developed. A main risk in their use
is increased penetration due to decreased size
(Yamada et al. 2020). The TiO, is widely accepted
because it does not pass through the stratum corneum
and is effective in UVB penetration, but simultane-
ously failing to prevent UVA penetration, while better
UV protector catalyses the production of a large
number of free radicals, leading to the damage of DNA
and proteins (Garg et al. 2020). Another disadvantage
of inorganic UV filters is that UV irradiation of metal
oxides in sunscreen products can lead to the generation
of ROS and degradation of organic compounds may
occur and there is no data to support their long-term
safety (Garg et al. 2020; Ferreira et al. 2023).
Although a number of studies have shown that
nanoparticles do not penetrate the dermis and there
are no systemic effects, thera are upcoming questions
about their effects on the skin, and whether nanopar-
ticles cause cellular stress. Despite proven sunscreen
prevention of skin cancer and photoageing an amount
of researches in vitro, in vivo, and clinical studies
focused on the toxicity and delivery of sunscreens,
reported existance of an important knowledge gap in
sunscreen-skin interactions (Yamada et al. 2020). In
conjunction with toxicity of approved sunscreen
ingredients is growing interest to reveal the therapeu-
tic potential of bioactive phytochemicals as alternative
topical photoprotective and anti-photoaging candi-
dates (Ferreira et al. 2023).Apart from the sunscreen
products, the treatment options for skin photodamage
are limited to drugs for topical application, optical
therapy, stem cell-based therapy, cytokine injections.
The available drugs to treat the consequences of UV-
induced photodamage include topical retinoids, chem-
ical peels, antioxidants, corticosteroids and 5-fluo-
rouracil. Their mechanism of action and common side
effects are summarized in Table 2. Alternatively, laser
therapy and different phototherapies (carbon dioxide,

ablative and photodynamic therapies), fractional and
nonabrasive cutaneous resurfacing radiofrequency
techniques (microdermabrasion, microneedling), sur-
gical rejuvenation procedures (dermabrasion) are also
available to treat the visible signs of photoaging (Xu
et al. 2014; Young et al. 2017; Dhaliwal et al. 2019;
Rusu et al. 2020; de Assis et al. 2021; Hur et al. 2022;
Zou et al. 2022; Danczak-Pazdrowska et al. 2023;
Takaya et al. 2023). Considerable interest has been
focused on stem cells as therapeutic option in skin
regeneration during the past 2 decades (Xu et al. 2014;
Dhaliwal et al. 2019; Zou et al. 2022; Takaya et al.
2023). Solid experimental evidence demonstrate that
the combinatorial treatment with adipose-derived
stem cells and fractional carbon dioxide laser therapy
improves the healing process of UVB-induced pho-
toaging skin via canonical Wnt/B-catenin signalling
pathway of dermal fibroblast activation (Xu et al.
2014).

Recent research has demonstrated compromised
effectiveness and safety of certain UV filters due to
their absorption through the skin and risk of reaching
systemic circulation, which can causes detrimental
effects such apoptosis induction or elevated mutage-
nesis. Moreover, UV filters are becoming emergent
contaminants in the surface waters as mentioned
above (Ferreira et al. 2023).

Notably, it is challenging to develop effective,
photostable and safe products that protect from the
harmful impact of UVR on skin. Although the efficacy
of the available photoprotective agents has been
proven, the necessary repeated long-term use to
achieve results, limited safety profile, as well adverse
effects they can cause and the environmental risk
entails the discovery of novel photoprotective agents
(Garg et al. 2020; de Assis et al. 2021; Danczak-
Pazdrowska et al. 2023; Ferreira et al. 2023). The use
of plant-derived natural products to attenuate the
manifestation of UV-induced skin aging has progres-
sively gained attention. Natural compounds of plant
origin like polyphenols (resveratrol), flavonoids
(kaempferol and quercetin) and phenolic acids (gallic
acids) are promissing candidates to becoming an
alternative to typical synthetic UV filters (Ferreira
et al. 2023).
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Table 2 Therapeutic options against skin photoaging and photodamage

Type of therapy Therapeutic effects Mechanism Adverse effects  References
Retinol Reduce fine wrinkles, mottle Increase collagen production Burning Young et al.
Retiny] esters hyperpigmentation, via inhibition of UV-induced Dryness (2017), Garg
Retinaldehvd lentigines, irregular c-Jun and alternation of TGF- Ervih et al. (2020);
etina e. y.e ) depigmentation, elastosis B and MMP expression r?/t Eama Dariczak-
Trans-retinoic acid and tactile roughness Stimulates epidermal Irritation . Pazdrowska
Tazarotene Improvement of skin texture,  proliferation and Photosensitivity et al. (2023)
tone and elasticity and differentiation Retinoid
epidermal hydration Inhibits tyrosinase activity dermatitis
Scaling
Adapalene Improves wrinkle Skin hydration Phototoxicity Young et al.
appearance Reduction in elastosis Erythema (2017), Garg
et al. (2020);
Contact .
d .. Danczak-
CI‘Hl'atltIS Pazdrowska
Allergic et al. (2023)
reactions
Pruritus
Desquamation

5-Fluorouracil

Alpha and beta hydroxy
acids (e.g. glycolic,
lactic acid, malic, citric,
pyruvic, tartaric; and
salicylic acids)

Jessner solution

Solid carbon dioxide

Resorcinol

Phenol

Trichloroacetic acid

Vitamin C

Vitamin E

Lipoic acid

Coenzyme Q

Stimulates wound healing
and dermal remodeling

Ingredients for cosmetic
products or medical
devices (depending on the
used concentration)

Used alone or in
combination, and in
combination with other
dermatological procedures

Skin moisturizing effect,
wrinkle reduction, skin
rejuvenation

Improves texture, wrinkle
appearance, and
hyperpigmentation

Prevents erythema after UV
exposure

Moisturizing capabilities
Anti-inflammatory activity
Reduces skin roughness
Anti-inflamatory effects

Reduces skin roughness fine
wrinckles

Increases type I procollagen
protein level

Induce exfoliation,
desquamation, and
normalization of epidermal
differentiation by removing
calcium ions, thereby
reducing epidermal cell
adhesions

Increase collagen, hyaluronic
acid, elastic fibre and
glycoprotein deposition in
the dermis

Upregulates collagen synthesis

through MMPs inhibition
Reduces inflammation
Reduces UV-induced

immunosuppression
Stabilizing lysosomes
Reducing PGE2 synthesis
Free radical scavenger

Increases skin hydration

Free radical scavenger

Epidermal injury

Allergic
reactions

Blistering
Burning
Delayed healing
Excessive pain
Crusting

Hyper/hypo-
pigmentation

Oedema

Persistent
erythema

Telangiectasia

Poor skin
penetration

Unstable active
form

Young et al.
(2017);
Darczak-
Pazdrowska
et al. (2023)

Young et al.
(2017); Garg
et al. (2020);
Danczak-
Pazdrowska
et al. (2023)

Young et al.
(2017); Garg
et al. (2020);
Danczak-
Pazdrowska
et al. (2023)
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Table 2 continued

Type of therapy Therapeutic effects Mechanism Adverse effects  References
Niacinamide Reduces redness, wrinkles, Function as coenzyme Irritation
hyperpigmentation and in many redox reactions
oedema . . .
Enhances skin barrier function
Hydroquinone Reduces hyperpigmentation  Inhibits melanin production by Irritation Young et al.
binding histidines on the Exogenous (2017); Garg
active site of tyrosinase ochronosis et al. (2020);
Selectively damage Risk of Danczak-
melanosomes permanent Pazdrowska

t al. (2023
depigmentation etal. ( )

Phytochemicals emerging as photoprotective
agents

Plants are utilized as a source of bioactive molecules
to preserve human health from centuries (Atanasov
et al. 2021). Several plant secondary metabolites
classes, including phenolic compounds, alkaloids and
carotenoids, are well known for their relevant photo-
protective activity, ability to prevent photoaging and
related skin diseases (Garg et al. 2020; Domaszewska-
Szostek et al. 2021; Merecz-Sadowska et al. 2021;
Chaiprasongsuk and Panich 2022; Darczak-Paz-
drowska et al. 2023; Koycheva et al. 2023). Analysis
of the contemporary photoaging research has provided
evidence for natural compounds that have merged as
UVR blockers and photoprotective agents (Fig. 4). In
this section, an attempt has been made to classify the
natural compounds with photoprotective potential
according to their molecular mechanisms of action
(Table 3).

Modulation of the molecular mechanisms of UVR-
induced cell death

The current view on cell death of keratinocytes defined
their specific form of uncontrolled cell death as
cornification. During cornification, the terminally
differentiating keratinocytes in the upper layers of
the epidermis rise up through the granular layer, they
are replaced by newly formed granular cells that fill
the space of the previous and uncontrolled cell death
occurs (de Pedro et al. 2018, 2021; Koenig et al. 2020).
Regulated cell death (RCD) is one of the main
responses of skin cells against UVR-induced oxidative
stress (Natarajan et al. 2014; Orioli and Dellambra
2018; Rice and Rompolas 2020; Zhang et al. 2020; de

Assis et al. 2021; Barresi et al. 2022; Chen et al.
2022a, b, c; Feng et al. 2022; Song et al. 2023). In
contrast to biologically uncontrolled cell death, RCD
is controlled under structured signalling cascades and
defined molecular mechanisms. During RCD process,
damage-associated molecular patterns and proinflam-
matory cytokines could be released from necroptotic
cells to activate the immune response. Recently, the
RCD types have been re-defined into different
modalities including intrinsic apoptosis, extrinsic
apoptosis, pyroptosis, necroptosis, and feroptosis
(Marifio et al. 2014; Baek et al. 2017; Chen et al.
2018; de Pedro et al. 2018; Orioli and Dellambra 2018;
Koenig et al. 2020).

Apoptosis

Increased apoptosis rate caused by UVR is a major
molecular hallmark of photoaging. Apoptosis is the
most common type of RCD and is associated with
increased outer mitochondrial membrane (OMM)
permeability, DNA fragmentation and caspase activa-
tion. Upon prolonged exposure to high intensity UVR
the intracellular calcium levels in the endoplasmic
reticulum (ER) are depleted, thereby increasing the
expression of the pro-apoptotic caspases 3 and 9, Bcl-2
and Bax, hence, provoking increase in ROS generation
and accelerating apoptotic death in its final stage
(Alafiatayoa et al. 2020; Lone et al. 2020; Feng et al.
2022).

Poly (ADP-ribose) polymerase (PARP) is a multi-
functional zinc finger protein that is activated in UVB-
induced apoptosis and regulates DNA damage-related
genes, such as the serine/threonine kinase ATM
activation and the tumor suppressor protein p53, and
interacts with adenoside monophosphate-activated
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Fig. 4 Selected examples of plant-derived pure compounds that have an established photoprotective activity
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Table 3 Emerging bioactive phytochemicals for photoaging prevention

Compound (chemical class) Model Irradiation dose (J/ Treatment Molecular pathways References

system cmz), A (nm) concentrations

Polyphenols, phenolic acids and derivatives

3,5-dicaffeoyl-epi-quinic acid HDFs UVA 10 J/em? 365 nm 1, 5, 20 M IMAPK/AP-1, 1TGE-B/ Oh et al.

(phenolic acid) Smad (2020c¢)

Caffeic acid phenethyl ester HDFs UVA:UVB 25,5 uM |Histone Shin et al.

(phenolic acid derivative) (94.5%:5%) acetyltransferases (2019b)
Human 260 J/cm? 2.5 M
skin
tissue
Chlorogenic acid (phenolic HDFs-a UVA 12 J/em? 1, 3, 10, 1TGF-B/Smad Xue et al.
acid derivative) 30 uM (2022)
Dihydrocaffeic acid (phenol)  L929 UVB 0.6 J/cm? 35 uM 1p38(MAPK) Oliveira et al.
(2019)
Hydroxytyrosol (polyphenol) ~ NCTC2544 LED-BL 45 J/cm? 10, 25, 50 pg/  |MMPs Avola et al.
HDFs 15 J/em? mL (2019)
Neochlorogenic acid (phenolic HaCaT UVB 0.015 J/em? 50, 100, IMAPK/AP-1 Ahn et al.
acid) Hs68 200 M (2021)
Penta-O-galloyl-B-D-glucose HaCaT UVB 0.03, 0.18 J/em® 10, 15, 20 uM  |PAK1/INK1(MAPK), Kim et al.
(gallotannin polyphenolic) SKH-1 4, 20 mg/kg lc-Jun, |RAF/ERK/ (2019)
mice p38

Protocatechuic aldehyde HDFs UVA 20 J/cm? 0.5, 1, 2 ng/ |p38/MAPK/AP-1, Ding et al.

(phenolic aldehyde) mL |NF-xB (2020)
Protocatechuic acid (phenolic 1929 UVB 0.6 J/em? 1.0, 2.5 uM INF-xB Dare et al.
acid) (2020)
Resveratrol (stilben) HaCaT UVB 0.050 J/cm? 20, 40 pM IMAPK/INRF2 Cui et al.

ICR mice  0.04-0.120 J/cm? 2 mg/kg (2022)
Syringaresinol (lignan) HaCaT UVA 10 J/em? 1, 5,20 uM IMAPKSs/AP-1 Oh et al.
HDFs (2020&)
Flavonoids
Acacetin (4-O-methylated HDFs UVA 20 J/em® 5,10,20 uM  1SIRT3/|ROS/ Mu et al.
flavone) SD rats 30 J/crn2 40, 80 mg/kg lMAPKS, TTGF—B/ (2021)
Smad
Eriodictyol (flavanone) HaCaT UVA 150 and 200 kJ/ 2.5, 5, 10, 20, |MAPKs Nisar et al.
FEKA m’ 40 pM (2022)
Heptamethoxyflavone HDFn UVB 0.02 J/cm? 50, 100, IMAPKs/AP-1, TTGF-  Kim et al.
(flavone) 200 pg/mL B/Smad (2018)
Kaempferide (O-methylated NIH-3T3 UVB 0.025, 0.050 J/ 2.5,5.0 yM |MAPKs, |Akt Choi et al.
flavonol) Cs7BLI6  em’ 250, 500 UM (2023)
Luteolin (flavone) HDFs UVB 0.02, 0.3 J/em? 10, 20, 40 pM 1SIRT3/|ROS/|MAPK, Mu et al.
SD rats 60, 120 mg/ 1TGF-f/Smad (2021)
kg
Mpyricetin-3-0-3-D-galacto- HaCaT UVA 10 J/em® 1, 5,25 uM |MAPK/AP-1, 1TGF-B/ Oh et al.
pyranoside HDFs 1, 5,25 uM Smad (2020b)
(glycosyloxyflavone)

Quercetin (flavonol) Human UVA:UVB 20, 40 yM |JAK2/STAT3, |PKCS, Shin et al.
skin (94.5%:5%) IMAPKs, |NF-kB, (2019a)
tissue |AP-1, |Akt

JB6P + 260 Jem® 5, 10, 20,
40 uM
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Table 3 continued

Compound (chemical class) Model Irradiation dose (J/ Treatment Molecular pathways References
system cmz), A (nm) concentrations
Tectorigenin (O-methylated HaCaT UVB 0.005, 0.025 J/ 0.1, 1, 10 pM - Noh et al.
isoflavone) cm? (2018)
Vicenin-2 (flavonoid HDFs UVB 0.1 J/em? 30 pM |MAPKSs/AP-1 Duan et al.
glycoside) (2019)
Terpenoids
Atractyligenin (diterpenoid) HDFs UVA 8 J/cm? 25, 50, IMAPKs, |AP-1 Xuan et al.
100 pg/mL (2019)
Eurylosesquiterpenol HaCaT UVB 0.125 J/em?® 10, 25, 50 uM | p38/ERK(MAPKS) Yan et al.
(sesquiterpenoid) (2021)
Opuntiol (sesquiterpenoid) Swiss UVA 100 J/em? 50 mg/kg b.w  |[MAPK, |NF-kB Kandan et al.
albino (2020)
mice
Santamarine (sesquiterpene HDFs UVA 8 J/em? 1,5, 10 yM IMAPKs/AP-1, TTGF-  Oh et al.
lactone) /Smad2/3 (2021)
Zerumbone (sesquiterpene) HSF UVA 3 J/em? 2,4,8 uM TNRF2/ARE, |AP-1 Yang et al.
(2018, 2023)
Alkaloids
Capsaicin MDFs UVB 300 mW/m? 1,5, 10 yM |ERK(MAPK)/c-Jun Wu et al.
C57BL/6 5 M (2022)
mice
Trigonelline Hs68 UVB 0.01, 0.180 J/em? 10, 25 and |PERK/elF20/ATF4 Lone et al.
Balb/c 50 pM (2020)
100 and
200 M
Other classes
Decanal (aldehyde) Hs68 UVB 0.02 J/cm? 25, 50, IMAPK/AP-1 Kang et al.
100 pM (2020)
Decursin (coumarin) HDFs UVB 0.015, 0.025 J/ 10, 30 uM INF-xB Hwang et al.
cm’ (2013)
Dieckol (phlorotannin) HR-1 mice UVB 0.06—0.18 J/cm®> 5, 10 mg/kg IMAPK/AP-1, 1TGF-/ Kim et al.
Smad2/3 (2018)
Ginsenoside C-Mc (saponin) NHDFs UVB 0.144 J/cm? 1,10, 20 uM  |MAPK/AP-1, |[NF-kB, Liu et al.
1 TGF-B/Smad, (2022b)
TNRF2/ARE
Hydrophobic nanoparticles of HaCaT UVB 0.01 J/cm? 10, 20, 40 pg/  |Oxidative stress Zhu et al.
tetrahydrocurcumin with mL (2022)
hyaluronic acid ICR mice  0.06—0.24 J/em® 0.25 mg/mL | TNF-o, IL-6 |MMP-1
Ishigoside (glyceroglycolipid) HaCaT UVB 0.04 J/cm? 10, 50, IMAPKs, |AP-1, [NF-  Xiao et al.
100 pM kB, 1TGF-B/Smad (2022)
Loliolide (benzofuran) HDFs UVB 0.05 J/cm? 50, 100, INF-xB, |MAPK Fernando
200 M et al. (2021)
Pectin (polysaccharide) BALB/c- UVB 0.1-0.4 J/cm? 25 mg/kg TNRF2, |[NF-kB/IKKB  Chen et al.
nu 0.5, 2, 4% (2022a, b, ¢)
wW/W)
Sanshool (fatty amide) HDFs UVB 0.04 J/cm? 10, 20, 40 uM  |JAK2/STAT3 Hao et al.
Hairless 0.3 Jem? 20 mg/kg (2019)

mice
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Table 3 continued

Compound (chemical class) Model Irradiation dose (J/ Treatment Molecular pathways References
system cmz), A (nm) concentrations
Trans-cinnamic acid Hs68 UVA 3 mJ/cm? 20, 60, |AP-1, INRF2/PKC, Hseu et al.
(carboxylic acid) 100 pM AMPK, CKII and ROS (2019)
BALB/c- 20, 100 mM signalling
nu
Chlorin e6—curcumin Hs68 UVB + LED 0.007, Ip38(MAPK), |[NF-xB  Hur et al.
conjugate used for 0.2 + 20 J/em? 0.01 uM (2022)
photodynamic therapy SKHI UVB + LED + UVB  0.005, 0.025,
mice 0.144 + 3 4+ 0.144J/  0.050 uM
2

cm

}’Wavelength, AMPK AMP—activated protein kinase, BALB/c—nu athymic nude mice, CKII casein kinase II, EpiDermTM FT—400
3D human skin reconstructed in vitro, FEK—4 human primary skin fibroblasts, HaCaT human immortalized epidermal keratinocytes,
HDFn human dermal fibroblast neonatal cells, HDFs human dermal fibroblasts, HDFs—o human dermal fibroblasts adult, HFF—1
human foreskin fibroblasts, HPEKs human primary epidermal keratinocytes, Hs68 human foreskin fibroblasts, HSF' human skin
fibroblast cells, JB6 P+ epidermal cells, 1.929, murine fibroblasts, MDFs murine dermal fibroblasts, NCTC2544 normal human
keratinocytes, NHDFs normal human dermal fibroblasts, N/[H—3T3 normal human keratinocytes, PAK p21—activated kinase. PKC

protein kinase C, SD Spargue—Darwey

protein kinase (AMPK) and mammalian target of
rapamycin (mTOR) signalling. Inhibition of PARP1
which constitutes 85-90% to total PARP, reduces the
amount of cyclopyrimidine dimers (CPDs) formed
after UV irradiation, which promotes the activation of
the nucleotide excision repair (NER) pathway (Li et al.
2023). Pharmaceutical inhibition of PARP1 and
PARP2 is a future prospect to prevent loss of
mitochondrial activity resulting from NAD" and
ATP depletion (Marifio et al. 2014; Li et al. 2023).
Given that UVB cleaves caspase-3 and activates
PARP both can be used as molecular markers for
UV-induced apoptosis in keratinocytes (Lin et al.
2019). In UVR-induced chronic inflammation, PARP
expression is upregulated upon cell cycle arrest, which
induces the activation of apolipoprotein D (ApoD).
The ApoD is a marker involved in oxidative stress-
induced fibroblast senescence and mitochondria are its
main source (Correia-Melo et al. 2016; Chen et al.
2018; Fitsiou et al. 2021). By regulating pathways
related to mitochondrial biogenesis, activated ApoD
could be exploited as a target against skin aging
(Takaya et al. 2023). In intrinsic apoptosis endonu-
clease G enzyme is released upon OMM permeabi-
lization that translocates into the nucleus and
accelerates the process of chromosomal DNA frag-
mentation. In response to DNA damage, PARP1 is
hyperactivated and mitochondria-associated apopto-
sis-inducing factor 1 is synthesized, leading to

mitochondrial depolarization, resulting in stimuli
causing lysosomal permeabilization to release cathep-
sin proteases into the cytosol. This mechanism of
action is linked to a new form of regulated caspase-
independent cell death called parthanatos and apopto-
sis-inducing factor 1 has been linked as a marker.
Released cathepsins can also increase OMM perme-
ability, thereby stimulating intrinsic apoptosis (Mar-
ifio et al. 2014; Lin et al. 2019).

During UVB irradiation, mitochondria-generated
H,0, can circulate freely in the cytosol, further
increasing cellular H,O, levels and causing the
accumulation of oxidative stress associated with the
activation of apoptosis. The enzyme peroxiredoxin III
(PrxIIT), expressed in all layers of the epidermis,
extensively reduces H,O, levels, thereby protecting
skin cells from photodamage. Subsequently PrxIII is
reduced by thioredoxin, thioredoxin reductase, and
reduced nicotinamide adenine dinucleotide phosphate
(NADPH) and drives the cells to apoptosis through
loss of OMM permeability, activation of caspases and
release of cytochrome C (Baek et al. 2017). Damaged
mitochondria resulting from an imbalance or muta-
tions between mitofusin 1 and 2 proteins, responsible
for the process of fusion and fission in mitochondrial
dynamics, affects the innate immune system by
detachment of multiple pro-inflammatory signals, like
ROS, which trigger the NLRP inflammasome and
cyclic GMP/AMP synthase (cGAS)/stimulator of IFN
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genes (STING) pathways (Katayoshi et al. 2021; Lee
et al. 2022a; Jenster et al. 2023; Li et al. 2023). It is
assumed that exposure of HaCaT cells to UVB light
increases the number of mitochondria, due to activa-
tion of mitochondrial fission and/or inhibition of
mitochondrial fusion resulting in ROS generation and
activation of the NLRP3 inflammasome and cGAS-
STING molecular pathway, ultimately inducing skin
inflammation and cell apoptosis. The link between
mitochondrial dynamics and NLRP3/cGAS-STING
inflammasome pathways/apoptosis in HaCaT cells
sheds a new insight for understanding UVB irradia-
tion-caused skin injury. In photodamaged skin,
STING exerts a regulatory role by activating the NF-
kB inflammatory pathway and causing stimulation of
interferron gamma (IFNY) secretion, leading cells to
undergo apoptosis. The dynamin-related protein 1
(DRP1) mediates the OMM fusion of neighboring
mitochondria and is proposed to participate in UV-
induced skin damage. During fission events, the DRP1
is recruited to the OMM where it binds to outer
membrane-anchored adaptor proteins to mediate
membrane constriction. Targeted DRP1 inhibition in
UV-exposed keratinocytes has been found to counter-
act mitochondrial fission and inflammatory skin aging
(Zhang et al. 2020; Li et al. 2022, 2023).

The UVR damages the antioxidant defence system,
leading to dermo-epidermal stress and generation of
phototoxic products that accelerate skin aging. In
human fibroblasts, genes encoding antioxidant
enzymes are suppressed under the influence of ROS.
Prostaglandinendoperoxide synthase 2 (PTGS2) gene
is encoding cyclooxigenase 2 (COX-2) enzyme that
governs the response to UVR. For this reason, UV
light is also used in the treatment of skin diseases by
promoting apoptotic cell death. Activated tumour
necrosis factor alpha (TNF-o) communicates with
epithelial and keratinocyte cells, promoting the syn-
thesis of an inflammatory response and leading to skin
photodamage (Alafiatayoa et al. 2020; Rice and
Rompolas 2020; Silva et al. 2020).

Properly functioning ER and balanced intracellular
Ca*" levels are of critical importance for the physi-
ological keratinocyte differentiation and apoptotic
signalling. To maintain proper disulfide bond forma-
tion and protein folding, the ER lumen maintains
higher Ca®* concentrations (de Pedro et al. 2021;
Danczak-Pazdrowska et al. 2023). As a result, ER
release Ca”" ions that fuse into mitochondria and
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promote cell death in different phases of the cell cycle.
Excessive UV-mediated oxidative stress in the ER
lumen leads to the accumulation of misfolded proteins,
followed by activation of the unfolded protein
response (UPR). To protect skin cells against ER
stress, glucose-related protein 78 (GRP78)/Bip is
significantly important as it promotes protein folding
and participates in the restoration of proteostasis.
Together with hydroxymethylglutaryl coenzyme A
reductase degraded protein 1 (Hrd1), which is able to
degrade misfolded or unfolded endoplasmic reticulum
accumulation to protect skin cells against ER stress
(Natarajan et al. 2014; Jin et al. 2020; Lone et al. 2020;
Danczak-Pazdrowska et al. 2023). The activation of
UPR is regulated by ER transmembrane sensor
proteins that are inositol-requiring enzyme 1 alpha,
double-stranded RNA-dependent protein kinase-like
ER kinase (PERK), and activating transcription factor
4 (ATF4) while their up-regulation is prevented by
GRP78/Bip under physiological conditions. Unre-
solved and prolonged ER stress activates PERK/
elF20/ATF4 signalling pathway that shifts the adap-
tive response towards cell death via up-regulation of
CAAT/enhancer-binding protein homologous protein
(CHOP) that on its turn increases oxidative stress,
energy depletion, and finally leads to apoptosis (Jin
et al. 2020; Lone et al. 2020).

Interaction between the myelocytomatosis onco-
gene (MYC) and the transcriptional yes-associated
protein (YAP) protein results in regulation of cell
growth, differentiation, focal adhesion and apoptosis
in skin cells (de Pedro et al. 2018, 2021; Silva et al.
2020). The YAP transcription factor could also
modulate the expression of other major cell cycle
regulating genes including p73, Peroxisome prolifer-
ator-activated receptor gamma (PPAR-y), member of
the mothers against decapentaplegic homolog (Smad)
family, Forkhead box O 1 (FOXO1), and TEA domain
transcription factor 1. The YAP translocation into the
nucleus is prevented by phosphorylation at Ser127,
which is inhibited during UVB irradiation. Doxoru-
bicin- and cisplastin-induced or UV-mediated DNA
damage is mediated by the p73 pathway and YAP
promotes a proapoptotic response. As a consequence
of UVB irradiation the transcriptional levels of Bax
and p21 are increased, which are target genes of the
YAP/p73 axis, leading to cell death (Natarajan et al.
2014; Moya and Halder 2019; Liu et al. 2022a;
Danczak-Pazdrowska et al. 2023). Pretreatment with



Phytochem Rev

silibinin at a 200 pM concentration, a flavonolignan
isolated from Silybum marianum, affects the increased
expression of YAP/p73-related genes including Bax,
p21 and RING finger protein 71, inhibiting UVB-
induced apoptosis and increasing growth ability (Liu
et al. 2022a).

There is a growing interest in the role of micro-
RNAs (miRNAs) in regulating UVB-induced cell
death. For instance, in UVB-mediated extrinsic apop-
tosis, activation of the TNF-a receptor signalling leads
to cleavage of caspase-8 and caspase-3, which down-
regulates miR-133a-3p expression (Song et al. 2023).
Despited being a synthetic anti-diabetic drug, met-
formin chemical structure has been inspired by natural
biguinide compounds from Galega officinalis and its
anti-aging properties has been a subject of intense
reseach during the past decade. Topical application of
metformin 0.6% in keratinocytes and hairless mice,
has been reported to prevent UVB-trigerred apoptosis
through increased expression of miR-133a-3p and the
cylindromatous lysine 63 deubiquitinase (CYLD) thus
being a potential therapeutic application to prevent
photodamage (Chen et al. 2022a, b, c¢; Song et al.
2023).

Substantial amount of research reported that natural
compounds hold photoprotective potential mediated
through inhibition of apoptosis (Cui et al. 2022; Xue
et al. 2022). The sesquiterpene zerumbone
(2.5-10 uM) reversed UV A-induced excessive ROS
accumulation, DNA single-strand breaks, apoptotic
DNA fragmentation and the dysregulated Bax/Bcl-2
ratio in skin keratinocytes (Yang et al. 2018; 2023).
The purified polysaccharide fucoidan (25-100 pM)
and the O-methylated isoflavone tectorigenin
(0.1-10 uM) also regulated caspase-3, Bax and Bcl-
2 in UVB-irradiated HaCaT and zebrafish models
(Noh et al. 2018; Su et al. 2020). The increase of cell
viability of the keratinocytes as well as the decrease of
caspase-3 and caspase-9 expression as a result of the
stilbenoid resveratrol application (20-40 pM) in
UVB-stimulated HaCaT cells and ICR mice, con-
tributes to resveratrol photoprotective action (Cui
et al. 2022). Theaflavin-3'-gallate (0.1-40 pM) that is
an oxidated polyphenol protects HaCaT cells from
UVB-induced apoptosis and necrosis (Zheng et al.
2021). The polyphenol-rich fraction of Houttuynia
cordata Thunb. extract (25-100 pg/mL) exhibited
protective effects on UVB-induced apoptosis markers
capase-3 and caspase-9 and its downstream substrate

cleaved PARP-1 and also the cell apoptosis in UVB-
induced HaCaT. These effects have been associated to
the high content of the polyphenolic compounds
quercitrin and hyperoside and the modulation of cell
death mechanisms through p38/MAPK/ERK and
PI3K/Akt signalling pathways (Charachit et al.
2022). Further, quercitrin (100 uM) restored the
catalase expression and glutathione (GSH) Ilevel,
leading to reduction of oxidative DNA damage,
regulation of cleaved PARPI and cleaved caspase-3
and NF-kB caused by UVB exposure in vitro (Yin
et al. 2013). Chlorogenic acid (0.1-10 pM) regulated
UVA-induced apoptosis in human dermal fibroblasts
(HDFs) through downregulation of cleaved-PARP
(Xue et al. 2022).

Cryptotanshinone (0.02-0.1 pM) is a diterpenoid
antraquinone that has been reported to effectively
inhibit apoptosis through suppression of caspase-3 and
-9 activity in UVB- and UVA- induced in human
epidermal keratinocytes and dermal fibroblasts (Guo
et al. 2022). Pretreatment with dihydrocaffeic acid
(7-35 pM) attenuated UVB-mediated cellular dam-
age, evidenced by decreased cell death, lipid perox-
idation, apoptosis/necrosis and its markers (loss of
mitochondria membrane potential, DNA condensa-
tion, and cleaved caspase 9 expression) in UVB-
exposed L.929 fibroblasts (Oliveira et al. 2019).

Taken altogether, UV-induced photodamage initi-
ates abnormal increase in apoptosis rate in skin tissue.
Several emerging molecular target pathways that
participate in the regulation of this response have
been highlighted including PARP/ApoD axis, DRP1/
AMPK/SIRT signalling and YAP/p73 pathway, along
with the well-defined p53, Bcl, Bax, caspase-3 and -9.
Compounds that modulate UV-mediated apoptosis
through one or more of these molecular pathways
represent potential candidates for novel photoprotec-
tive agents.

Autophagy

In aging skin, autophagy provides a cytoprotective
defence by targeting impaired proteins and organelles
to lysosomal degradation. It is important to acknowl-
edge that autophagy is a dynamic process with dual
role that is maintaining both cell viability and
epidermal stratification (Marifio et al. 2014; Correia-
Melo et al. 2016; Chen et al. 2018; Koenig et al. 2020;
Barresi et al. 2022). Autophagy operates as a pro-
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survival stress response by a cascade of conversion
steps leading to the formation of a phagophore and
recycling damaged cellular components (Marifio et al.
2014; Koenig et al. 2020). On the other hand, it can
facilitate cell death through activation of lysosomal
proteases, such as cathepsin D that has functional
relevance for cornification. Suppression of autophagy
causes detrimental changes in the differentiation and
aging-associated features of epithelial skin cells
(Childs et al. 2015; Koenig et al. 2020; Wang et al.
2021). Replicative DNA damage and disrupted cellu-
lar homeostasis in UVR-exposed keratinocytes can
induce autophagy deficiency and lead to premature
senescence of fibroblasts closely related to aging
(Marifio et al. 2014; Chen et al. 2018; Narzt et al. 2019;
Barresi et al. 2022; Kim et al. 2022a, b). Further,
autophagy is crucial to melanosome recycling and
prevention of pigmentation disorders. The exact role
of the autophagosome-lysososmal activity in melano-
cytes turnover—especially in response to UVR expo-
sure is not completely understood. Excessive UVB
irradiation impairs the proteasome and increases
autophagic activity in melanocytes (Marifio et al.
2014; Chen et al. 2018; Martic et al. 2020; Barresi
et al. 2022). The UV-induced cellular damage affects
autophagy usually through changes in autophagy
adaptor sequestosome 1 (SQSTMI1)/p62 receptor
complex. Oxidative stress induced as a result of
UVR is regulated by the p38/MAPK activation and is
closely related to the regulation of unc-51-like kinase
1 (ULK1) by mTOR signalling. The ULKI partici-
pates in a complex with the autophagy-related (Atg)
genes that is involved in the maturation and initiation
of autophagosome formation (Chen et al. 2018; Narzt
et al. 2019; Koenig et al. 2020). Activated autophagy
protein Atg7 plays an important role in the post-
translational modification of microtubule-associated
protein 1 light chain 3 (LC3) adaptor protein and
serves as autophagy marker (Chen et al. 2018; Barresi
et al. 2022; Gu et al. 2022). Its deletion blocks
autophagy and impairs the resistance of epidermal
keratinocytes to intrinsic and environmental oxidative
stress and sensitized keratinocytes to apoptosis and
stress-induced senescence (Chen et al. 2018; Barresi
et al. 2022).

Low-dose UVB exposure may cause an inductive
effect on autophagy due to hormetic effect on DNA
damage response and ROS generation especially in
mitochondria. Thus, the autophagy response runs in a
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privileged mechanism to promote the survival of cells
in which UVB damage can be repaired (Chen et al.
2018; Kruglikov et al. 2019; Gu et al. 2022). The
ULK1 has been found as a specific regulator of
autophagy in keratinocytes as it integrates upstream
signals of AMPK or mTOR and transduce them to the
downstream autophagy effector proteins. In sunlight
exposed skin the expression of ULK1 complex, Atg5
and Arg7 genes is reduced and the autophagy flux is
inhibited via mTOR-independent pathway indicating
that UVB selectively inhibits AMPK signalling that
may be targeted to prevent photodamage (Chen et al.
2018; Lin et al. 2019).

Caveolin-1 is a protein structural component of
lipid rafts that form caveolae localized in the plasma
membrane and various cellular compartments. Both
overexpression and deficiency of caveolin-1 lead to
accelerated skin aging. In stratified models, caveolin-1
demonstrates differential expression during skin bar-
rier formation and participates in cell-to-cell commu-
nication, but acts as negative regulator of autophagy
genes. Caveolin-1 directly influences autophagy
through competitive binding with the Atgl2/AtgS
complex and modulation in gene expression of Arg5,
Atgl2, and Atgl6 that obstructs autophagosome for-
mation (Kruglikov et al. 2019).

Beclin-1 is a member of the class III PI3K complex
and is activated in response to various stimuli such as
nutrient deprivation, AMPK overexpression and star-
vation to initiate autophagy (Marifio et al. 2014;
Natarajan et al. 2014; Wang et al. 2021). Plant
flavonoids could regulate skin aging through autop-
hagy by increase in beclin-1 expression and reduction
of p62 and LC3I/II conversion (Gu et al. 2022).
Isoorientin (10-40 pM) is a flavone C-glycoside
(luteolin-6-C-glucoside) that induces autophagy by
overexpression of LC3II in UVB-stimulated HDFs
(Zheng et al. 2019).

In chronic UVA/UVB irradiation oxidized phos-
pholipids generated by oxidative stress can be detected
in photo-aged skin (Vats et al. 2021). Autophagy is
important to the degradation of lipids and proteins
modified by photodamage and limited NRF2 activity
in keratinocytes (Lin et al. 2019; Narzt et al. 2019).
The nuclear protein 1 (NUPR1), possibly in coordi-
nation with NRF2, has been associated with autophagy
and MAPK signalling which are both activated by
oxidized phospholipids. For instance, the induction of
autophagy by resveratrol is related to p38 MAPK
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signalling (Narzt et al. 2019; Cui et al. 2022).
Interestingly, the fatty acid amide sanshool
(10-40 pM) protects UVB-exposed HDFs via induc-
tion of autophagy and prevention of apoptosis by a
MAPK-mediated mechanism (Hao et al. 2019).

The selective destruction of damaged mitochondria
by mitophagy as a specialized form of macroau-
tophagy is regulated by the PTEN-induced kinase 1
(PINK1)/Parkin signalling pathway (Baek et al. 2017;
Li et al. 2018; Lee et al. 2022a; Gu et al. 2022; Zhang
et al. 2023). As with autophagy, activation of the
PI3K/Akt/mTOR signalling resulting from UVA irra-
diation causes suppression of mitophagy. Inhibition of
mTOR, respectively, is associated with enhanced
mitochondrial recycling and upregulation of PINKI
and Parkin genes (Correia-Melo et al. 2016; Chen
et al. 2022a, b, c; Lee et al. 2022a). Metformin at
100 uM has been described as an AMPK activator and
Akt/mTOR inhibitor with pro-mitophagic and photo-
protective potential (Chen et al. 2022a, b, c). Alter-
natively, ginsenoside Rh2 (1-50 pM) that is a steroid
saponin and one of the main bioactive components in
ginseng, shows an antimitophagic effect by reducing
the level of PINKI1/Parkin signalling pathway, pro-
moting OMM regeneration and restoring ATP expres-
sion in human fibroblasts (Lee et al. 2022a).

Regulation of autophagy is crucial for sustaining
skin tissue homeostasis and proper function. Overac-
tivation of PI3K/Akt/mTOR/ULKI1 signalling and
suppression of AMPK/SIRT1 pathways are the main
involved in autophagy dysregulations associated with
UVR-induced photodamage. Exploration of bioactive
molecules that interact with autophagy should be done
with caution as a balance need to be kept between
suppression and stimulation.

Pyroptosis

Skin inflammation caused by UVB irradiation leads to
morphological and histological disturbances, NLRP
inflammasomes activation, infiltration of immune
cells, and expression of anti-inflammatory proteins.
The UVB-induced cytotoxicity in Kkeratinocytes
cleaves gasdermin proteins, which generate amino-
terminal fragments and promote inflammatory cell
death, called pyroptosis. The membrane pore formed
by gasdermin as well as some pro-inflammatory
cytokines such as IL-1f and IL-18 are involved in
the signalling of the inflammatory response resulting

from oxidative stress. Pyroptosis is defined as an
inflammatory form of cell death mediated by
NLRP3/gasdermin D which can disrupt the cell
immune defence and activate NK cells, triggering
immunogenic death (Zhang et al. 2020; Chen et al.
2022a, b, c; Lee et al. 2022b; Li et al. 2022; Robinson
et al. 2022; Jenster et al. 2023; Mei et al. 2023).

Infiltrating neutrophils are involved in the patho-
genesis of photoaging by activating important
enzymes regulating inflammation and tissue remod-
elling, as well as, the enzyme elastase. Overexpression
of IL-8 and TNF-o is associated with neutrophil
accumulation and gasdermin E activation following
UVB irradiation (Chen et al. 2022a, b, c¢; Li et al.
2022).

The inflammasomes NLRP1 and NLRP3 are over-
expressed in the UVB-exposed keratinocytes that
represent a hyperactivated inflammatory response in
sunburn involved in the cascade of some apoptosis-
associated proteins (ASC), procaspase-1, as well as
IL-1B and IL-18, which are expressed in human
keratinocytes but not in mice (Lee et al. 2022b;
Robinson et al. 2022). Salidroside (applied at 333 pM)
is a phenylpropanoid and a characteristic secondary
metabolite for Rhodiola rosea L., which exerts an anti-
inflammatory potential in UVB-induced pyroptosis
via reduction of the NLRP3/gasdermin/caspase-1
signalling pathway (Mei et al. 2023).

Taken altogether, the inflammasome complex
interaction with gasdermin proteins has been defined
as critical in the UV-mediated pyroptosis. Modulation
of these molecular signalling pathways that determine
the UV-induced inflammatory response and survival
of skin cells is a promising new avenue for develop-
ment of anti-photodamage agents.

Ferroptosis

Cells that have lost their ability to regenerate and self-
replicate, following damage by replicative stress under
UV irradiation, reach cell death. The subtypes of cell
death described above interact and differ depending on
which signalling mechanisms are activated or not.
Ferroptosis is classified by the Cell death nomencla-
ture committee 2018 as RCD, which is stimulated by
oxidized phospholipid peroxidation and controlled by
the enzyme glutathione peroxidase 4 (GPX4) part of
the glutathione peroxidase family (Marifio et al. 2014;
Vats et al. 2021; Feng et al. 2022; Galluzzi et al. 2023).
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The involvement of ferroptosis in skin physiology is
not completely studied, but it is suggested as the
primary response in UVA- and UVB-induced cellular
inflammation (Marifio et al. 2014; Vats et al. 2021;
Galluzzi et al. 2023). Substantial experimental data
describe the cytoprotective activity of some ferropto-
sis inhibitors, emphasizing the potential of ferrostatin-
1 and liproxstatin-1 that are acting as lipid radical
acceptors and 12/15-lipoxygenase inhibitors. The
sensitivity of keratinocytes to UVB-induced ferropto-
sis depends on the extent of proferroptosis death signal
generation and dysregulation of the glutathione bal-
ance and can be inhibited by iron chelators and
lipophilic antioxidants (Marifio et al. 2014; Natarajan
et al. 2014; Vats et al. 2021).

The formation of phospholipids in cellular meta-
bolism, as well as in the construction of tissues, takes
place through enzymatic and non-enzymatic reactions,
and at the end of the process they are oxidized with the
formation of phospholipid peroxide groups. Proapop-
totic and proferroptotic phospholipids can be used as
signalling markers induced by primary hydroperoxy-
lipids. Accumulation of increased numbers of lipid
hydroperoxides was observed in response to increased
ROS levels induced by UV irradiation that disturbs the
GSH balanceby reduced synthesis of GPX4. In the
biosynthesis of GSH, the NADPH is involved in
protecting cells from ferroptosis by driving the GSH/
GPX4 axis (Victorelli et al. 2019; Feng et al. 2022).
Depletion of NADPH by cytosolic NADPH phos-
phatase promotes ferroptosis in some cancer cells.
Irradiation of keratinocytes with an UV light degrades
the nicotinamide mononucleotide (NMN), which is a
direct precursor of NAD™ and a balancer in the redox
balance between NAD'NADH. Inactivation of
NAD™ activity results in the inhibition of the SIRT
family NAD"-dependent histone deacetylases that are
involved in the regulation of various cellular processes
associated with aging. Active GPX4 cannot com-
pletely block the propagation of lipid peroxides due to
disruption of the NAD'/NADH chain and the GSH
recruitment process. In cases where there is too much
accumulated iron, GPX4 fails to reduce lipid ROS
levels and leads the cells to ferroptotic death. Supple-
mentation with NMN or other NAD™'-boosters sup-
ports cell regeneration in certain aging-related
dysfunctions. In mouse models, its protective role is
expressed by reducing mtROS through a SIRT-
dependent pathway and preventing mitochondrial

@ Springer

dysfunction. Administration of NAD™ precursors
reduces UV-induced skin damage by significantly
facilitating the NAD"/NADH system, supports GSH
biosynthesis, and exhibits anti-ferroptotic potential in
a GPX4-dependent manner. Glutathione promotes the
resorbtion of reactive electrophilic molecules, such as
the level of 4-hydroxynonenal (4-HNE), which is
activated in the mechanism of ferroptosis and is a
marker of lipid peroxidation (Childs et al. 2015;
Victorelli et al. 2019; Feng et al. 2022; Danczak-
Pazdrowska et al. 2023).

Regulating UVR-triggered ECM remodelling
mechanisms

The balance between MMPs expression and the
biosynthesis of the major ECM components plays an
important role in skin aging. The UV-induced MAPK
signalling activation has a key role in the regulates
apoptosis and MMPs expression (Natarajan et al.
2014; Alafiatayoa et al. 2020; Jin et al. 2020; Darniczak-
Pazdrowska et al. 2023). Besides, active MAPKSs
induce phosphorylation and nuclear translocation of
transcriptional complex AP-1 (consisting of c-Fos and
c-Jun proteins), which in turn is leading to overacti-
vation of MMP promoters (Natarajan et al. 2014;
Kruglikov et al. 2019; Wang et al. 2019; Jin et al.
2020; Oh et al. 2020a, 2020b, 2020c; de Assis et al.
2021; Fernando et al. 2021; Liu et al. 2022a; Nisar
et al. 2022). Additionally, TGF-B/Smad pathway is
closely associated with collagen synthesis regulation
(Natarajan et al. 2014; Young et al. 2017; Oh et al.
2020a, 2020b, 2020c, 2021). The formation of wrin-
kles, epidermal thickening and reduced elasticity of
the skin accompanied by damage to the ECM and
chronic inflammation are hallmarks of UV A-induced
skin photoaging (Natarajan et al. 2014; Young et al.
2017; Kim et al. 2018; Dhaliwal et al. 2019; Shin et al.
2019a, 2019b; Ding et al. 2020; Kandan et al. 2020;
Ahn et al. 2021; Kim et al 2022a, b).

Many plant-derived compounds have been reported
to exert dermatoprotective effects improving UVA-
induced premature skin aging by the suppression of
MMPs and ECM components (mainly collagen and
elastin) degradation (Dhaliwal et al. 2019; Oh et al.
2020a, 2020b, 2020c; de Assis et al. 2021; Domas-
zewska-Szostek et al. 2021; Fernando et al. 2021;
Chaiprasongsuk and Panich 2022; Liu et al. 2022a;
Nisar et al. 2022). For instance, bakuchiol is a
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meroterpenoid that targets several cellular pathways,
including the modulation of retinoic acid receptors
genes and upregulation of collagen and ECM synthesis
enzymes. Additionally, the topical application of 0.5%
bakuchiol cream has been found to modulate oxidative
stress response in keratinocytes through NRF2 acti-
vation and to prevent UV-induced mitochondrial lipid
peroxidation (Dhaliwal et al. 2019). Ginsenoside Rh2
destabilized reduced levels of elastin but not collagen
(Lee et al. 2022a), while zerumbone inhibited collagen
IIT degradation by inhibiting c-Fos and c-Jun translo-
cation (Yang et al. 2018). The phenolic compound
protocatechuic aldehyde (0.5-3 pg/mL) also sup-
pressed MMP1 while stimulated procollagen in
UVA-induced HDFs (Ding et al. 2020). The applica-
tion of santamarine (10 M), a sesquiterpene lactone
isolated from Artemisia scoparia Waldst. & Kitam.,
reduced MMP1, MMP3, MMP9 expression and alle-
viated type I procollagen production in UV A-exposed
HDFs (Oh et al. 2021). Santamarine suppressed UVA-
induced activation of MAPK/AP-1 pathway and
restored collagen biosynthesis through enhanced
TGF-B/Smad signalling. Furthermore, santamarine
demonstrates antioxidant activity in UV A-irradiated
HDFs, as it reduces ROS generation and stimules
NRF2-mediated expression of HO-1 and SOD (Oh
et al. 2021).

Atractyligenin (a diterpenoid extracted from coffee
silverskin) has also been reported to inhibit MMPI,
MMP2 and MMP3 and restore loss of collagen
absorbtion-related receptor Endo180, hence, altered
UVA-induced morphological changes in fibroblasts.
Atractyligenin (2.5-100 uM) regulation of MMPs was
observed due to significant reduction of ROS gener-
ation and modulation of MAPK/AP-1 signalling
pathway in UVA-induced HDFs (Xuan et al. 2019).
Chlorogenic acid regulated collagen biosynthesis in
UVA-exposed HDFs evidenced by increased expres-
sion of COLIAI and COLIA2 and suppressed MMP1
and MMP3 in primary HDFs via inhibition of ROS
production and influence of TGF-f/Smad signalling
(Xue et al. 2022). The UVB-induced MMP1 produc-
tion was significantly reduced simultaneously with the
remarkable increas in procollagen type I production by
neochlorogenic acid (50-200 pM) in UVB-exposed
photoaged human fibroblasts and keratinocytes
through mechanism of inhibition of MAPK/AP-1
signalling pathway (Ahn et al. 2021). The treatment
with  3,5-dicaffeoyl-epi-quinic acid (1-20 pM)

reduces phosphorylation of p38, ERK and activation
of the part of transcriptional complex AP-1 c-Fos
while increases TGF-p/Smad complex (Smad2/3 and
Smad4) protein expressions (Oh et al. 2020c). Shin
et al. (2019a) reported that quercetin and caffeic acid
phenethyl ester protect from UVA/UVB-induced
photoaging in ex vivo human skin tissues. Quercetin
(2040 pM) reduces MMP1 and COX-2 protein
expressions, and preventes collagen degradationby
AP-1, NF-xB and phosphorylation of MAPKs and
STAT3 inhibition in UVA/UVB-exposed ex vivo,
leading to relieve of skin aging and inflammation
(Shin et al. 2019a). The supression of MMP1 levels in
both primary HDFs and ex vivo human skin tissues
were also observed after caffeic acid phenethyl ester
(2.5-5 pM) treatment via inhibition HAT activity,
leading to the attenuation of non-histone proteins
(acetyl-lysine) and histone H3K9 acetylation (Shin
et al. 2019b).

The flavanone eriodictyol (2.5-40 uM) up-regu-
lated TIMP-1 and COLIAI activity in a dose-depen-
dent manner in UVA-exposed HaCaT and FEK-4 cells
(Nisar et al. 2022). Similarly, syringaresinol
(1-20 puM) that is a lignan and is commonly refered
as a phytoestrogen, reversed UVA-mediated type 1
procollagen decreased gene and protein expressions in
HaCaT and HDFs by regulation of the MAPK/AP-1
signalling pathway (Oh et al. 2020a).

The trans-cinnamic acid (20-100 uM) significantly
suppressed UVA-mediated upregulation of MMP1
and MMP3 and inhibited type I procollagen degrada-
tion in human foreskin-derived fibroblast (Hs68) and
nude BALB/c™™ mice. It exerted these effects through
complex mechanism including inhibition of ROS
generation and c-Fos and c-Jun translocation in
parallel with NRF2 activation (increased HO-1, y-
GCLC expression) mediated by PKC, AMPK, CKK
and ROS signalling (Hseu et al. 2019). Cryptotanshi-
none treatment also inhibited UVA-induced MMP1
and MMP3 mRNA expressions in HFF-1 cells (Guo
et al. 2022).

The benzofuran loliolide, extracted from the edible
brown seaweed Sargassum horneri, in concentration
range between 50 and 200 pM dose-dependently
attenuates intracellular ROS production and mRNA
expressions of implicated in UV-induced photoaging
MMP1, MMP2, MMP3, MMPS, MMP9, MMP13
along with inhibiting collagenase and elastase activity,
and reduced pro-inflammatory factors (IL-1p, IL-6,
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IL-8, IL-33 and TNF-a) comparable to vitamin C in
UVB-induced HDFs and this activity was due to
suppression of NF-kB and MAPK signalling pathways
(Fernando et al. 2021). Similarly, purified polysac-
charide fraction isolated from edible algae Sargassum
fusiforme suppressed ROS, mRNA relative expression
of MMP1, MMP3, MMP9 and cytokines (IL-1§, IL-6,
TNF-ao) in a dose-dependent manner compared to
hyaluronic acid in UVB-photoaged HaCaT cells
suggesting its beneficial photoprotective properties
along with reduction of oxidative stress and inflam-
mation (Hu et al. 2022). The C-Mc ginsenoside
(1-20 uM) suppressed the secretion of MMPI,
MMP3 and inflammatory cytokines (TNF-o, IL-6)
inhibiting NF-xB/IkB-a expression and MAPK/AP-1
signalling pathway along ameliorated pro-collagen
type I synthesis through TGF-B/Smad in UVB-irradi-
ated NHDFs. In addition, the C-Mc ginsenoside
reduced MMPs targeting ROS and kept a balance of
endogenous oxidation enhancing HO-1, NAD(P)H
quinone oxidoreductase 1 (NQOI) protein expression
and NRF2/ARE signalling in vitro (Liu et al. 2022b).

The UVB-induced MMP1, MMP3 and MMP9
overexpressions were also remarkably reversed by
treatments with capsaicin, ishigoside, dieckol and
decanal (Kang et al. 2020; Kim et al. 2022a, b; Wu
et al. 2022; Xiao et al. 2022). Pretreatment with the
glyceroglycolipid ishigoside (10-100 uM), isolated
from brown algae Ishige okamurae, also reduced
intracellular Ca*" level and up-regulated TIMPI1
secretion (that both affect the regulation of MMPs)
in UVB-exposed HaCaT by blocking the MAPK/AP-1
pathway (Xiao et al. 2022). Additionally, the mRNAs
expressions of MMP1a, MMP3, and MMP9 were also
remarkably reduced in UVB-exposed murine dermal
fibroblasts (MDFs) in result of capsaicin (1-10 pM)
treatment in a dose-dependent manner accompanied
with inhibition of ROS generation. Pretreatment with
capsaicin (an alkaloid) promoted collagen synthesis
ex vivo in dorsal skin of mice and in MDFs through
supression of UVB-stimulated MAPK/ERK and c-Jun
phosphorylation (Wu et al. 2022). The MMP1 and
MMP3 expressions elevated by UVB radiation were
also effectively decreased after decursin and sanshool
treatments (Hwang et al. 2013; Hao et al. 2019).
Sanshool diminished intracellular ROS generation
triggering MMPs and protein expression of MMPI
and MMP3 in UVB-exposed HDFs (Hao et al. 2019).
Protocatechuic acid and its esters ethyl

@ Springer

protocatechuate and heptyl protocatechuate downreg-
ulated matrix MMP-1 and MMP-9 in UVB-irradiated
L929 murine fibroblasts and alleviated oxidative
biomarkers (Dare et al. 2020). The sesquiterpenes
eurylosesquiterpenol, 1(R),4B-dihydroxy-trans-
eudesm-7-ene-1-O-B-D-glucopyranoside and
(1R,4S,10R)10,11-dimethyl-dicyclohex-5(6)-en-1,4-
diol-7-one, isolated from Oplopanax elatus Nakai. in
concentration range betwenn 10 and 50 uM inhibited
MMPI1 protein expression via suppression of phos-
phorylation of MAPKs/p38/ERK (Yan et al. 2021).

Decanal (25-100 uM) has been reported to atten-
uate collagen degradation and to enhance hyaluronic
acid accumulation in UVB-exposed Hs68 dermal
fibroblasts. The mRNA expressions of COLIAI,
COLIA2, COL3AI and hyaluronic acid synthase 2
(HAS2) increased upon decanal application. The
treatment with this aldehyde also resulted in increase
of the intracellular cyclic adenosine monophosphate
(cAMP)/PKA levels along with suppression of
MAPK/AP-1 signalling pathways (Kang et al. 2020).
Dieckol is a phlorotanin found to decrease epidermal
thickness and wrinkle formation by diminishing
collagen degradation, and increasing hyaluronic acid
content in UVB-exposed HR-1 hairless mice. The pro-
collagen levels and COLIAI mRNA expression have
been restored by dieckol (5-10 mg/kg b.w.) adminis-
tration, as well as enzymes responsible for cellular
synthesis and degradation of hyaluronic acid, com-
pared to UVB control under MAPKs/AP-1 and TGF-
B/Smad2/3 regulation (Kim et al. 2022a, b).

The terpenoid glucoside of apigenin, vicenin-2
(10-60 uM) supresses MMP-2, MMP-9 and MMP-12
in UVB-exposed HDFs to levels similar to PABA by
inhibition of MAPK/AP-1 signalling pathway (Duan
etal. 2019). Similarly, tectorigenin (0.1-10 pM) UVB
photoprotective effects have been attributed to pre-
vention of MMP1-mediated collagen type I degrada-
tion, the induction of oxidative enzyme expressions in
human keratinocytes (Noh et al. 2018). Similarly,
Choi et al. (2023) have reported that kaempferide (O-
methylated flavonol from Alpinia officinarum Hance
rhizome) in concentration range applied from 250 to
500 pM remarkably reduces wrinkle formation, epi-
dermal thickening and elevated collagen content in
UVB-irradiated C57BL/6 mice. Moreover, kaempfer-
ide treatment modulates UVB-induced expression of
related to collagen synthesis and inflammation genes
including COLIAI, MMPla, MPP3, IL-6, IL-8, and
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MPC-3 in NIH-3T?3 skin fibroblasts (Choi et al. 2023).
Topical application of the common natural flavone
luteolin (60-120 mg/kg b.w.) significantly reduced
UVB-induced oxidative stress, reducing erythema and
wrinkle formation in rat skin. The TGF-f/Smad3
signalling has been found as responsible for the
collagen type I expression elevation in HDFs (Mu
et al. 2021). The photoprotective effects induced by
kaempferide, vicenin-2, tectorigenin and luteolin
treatments inhibit UVB-induced ROS generation,
while antioxidant enzymes depletion is recovered
upon application of vicenin-2, luteolin and
tectorigenin.

Curcumin was used as photosensitizer in chlorin-
e6-curcumin conjugate mediated photodynamic ther-
apy that demonstrated anti-wrinkle formation poten-
tial against UVB/LED radiation in vitro and in vivo.
The conjugate application suppressed protein expres-
sion of MMP1, MMP2 and MMP?9 as well as promoted
type I procollagen in Hs68 fibroblast and hairless
SKHI1 mice achieved by inhibition of COX-2, iNOS,
NF-xB/p65 and p38(MAPK) phosphorylation (Hur
et al. 2022).

Alleviating UVR-triggered inflamatory skin
response

Many studies have reported that at a molecular level
skin photoaging induced by UVB light leads to ROS
triggered excessive oxidative and inflammatory
responses (Natarajan et al. 2014; Bustamante et al.
2020; Li et al. 2022; Chen et al. 2022a, b, c¢).
Inflammasome activation in response to environmen-
tal stress stimuli occurs in human keratinocytes that is
not observed in murine model systems (Sand et al.
2018). Ribotoxic stress induced by UVB activates
NLRP1 inflammasome complex mediated by the
Zipper sterile-alpha-motif and p38-MAPK kinases
(Fenini et al. 2018; Lee et al. 2022b; Jenster et al.
2023). The NPLR1 has been identified as critical
component in the UVB sensing by human skin
keratinocytes and the subsequent inflammasome-
driven pyroptosis (Sand et al. 2018; Robinson et al.
2022).

Immunomodulation is another critical aspect of
UVR-induced skin inflammation. Neutrophil infiltra-
tion into the epidermis is being among the earliest
events in response to UVR overexposure that eventu-
ally leads to a neutrophil cell death with release of

neutrophil extracellular traps (NET). The Rho kinase
has been found to regulated the NET formation
through modulation of protein kinase C alpha
(PKCa)-mediated cytoskeletal remodelling in UVB-
irradiated skin inflammation in mice (Li et al. 2022).

Topical application of decursin, opuntiol or acace-
tin mitigate UVA-stimulated histopathological
changes, inflammatory response and epidermal hyper-
plasia. Besides, they modulate MMPs and collagen
levels in UVA-induced in vivo models of photoaging
(Hwang et al. 2013; Kandan et al. 2020; Feng et al.
2022; Mu et al. 2022). The UV A-induced depletion of
collagen I and collagen III and UVA-activated
expressions of MMP2, MMP9, MMP12 proteins along
with expression of pro-inflammatory markers includ-
ing iNOS, TNF-a, IL-6, COX-2 and VEGF, were all
remarkably reversed by sesquiterpenoid opuntiol
(50 mg/kg b.w.) application in mouse skin under
MAPK/AP-1 and NF-xB signalling (Kandan et al.
2020). Opuntiol treatment significantly decreased the
overexpression of phosphorilated ERK1, JNK, p38
and the nuclear translocation of NF-kB p65 and AP-1
at a protein level in the mouse skin (Kandan et al.
2020). Decursin, a coumarin compound isolated from
the Angelica gigas Nakai roots, suppressed MMPs
secretion and mRNA and protein expressions by
inhibition of inflammatory NF-kB pathway in UVB-
mediated HDFs. The phosphorylation of pS0 and p65
NF-xB subunits, pIKKaf, plkBa were remarkable
downregulated by decursin treatment (Hwang et al.
2013).

Syringaresinol treatment decreased phosphoryla-
tion of MAPKs/pERK, pJNK, p-p38 and nuclear
levels of activated c-Fos and c-Jun as a mechanism to
inhibit UVA-induced MMP-1 production in HaCaT
keratinocytes and HDFs. The downregulation of pro-
inflammatory markers IL1-B, IL-6, iNOS, COX-2,
TNF-ao in UVA-stimulated keratinocytes and fibrob-
lasts indicated that syringaresinol could reduce skin
inflamation (Oh et al. 2020a). The protocatechuic
aldehyde MMPI1/procollagen synthesis modulation
was accompanied by reduction of ROS, NO and
PGE2 levels, also decreased TNF-o, IL-1B, IL-6
cytokines expression and COX-2 and iNOS protein
expression by mechanism of suppression of MAPK/
AP-1 and NF-xB signalling (Ding et al. 2020).
Eriodictyol (5-40 uM) is a flavanone that has been
reported to suppress the phosphorylation of JNK,
ERK, and p38 and inflammatory responses by
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downregulating cytokines IL-18, IL-6, COX-2, TGFp,
TNF-o expressions in UVA-exposed human ker-
atinocytes and fibroblasts (Nisar et al. 2022). Photo-
protective properties of topical application of sanshool
in vivo were demonstrated by reduction of inflamma-
tion through inhibition of JAK2/STAT3 signalling
(Hao et al. 2019). Ishigoside inhibited inflammation,
decreased IL-6 and IL-8 release and NF-xB p65
expression, ROS generation and DNA damage, and
elevated antioxidant enzymes HO-1, SOD, GPx
expression in human keratinocytes (Xiao et al. 2022).

Managing oxidative stress response

Oxidative stress caused by the accumulation of ROS
generated by mitochondria or UVR can directly
destroy lipids, proteins, and nucleic acids, by protein
carbonylation and the production of §-hydroxy-20-
deoxyguanosine (8-OHdG). The DNA damage
response and senescence of autophagy-deficient ker-
atinocytes are increased abnormally after oxidative
stress (Natarajan et al. 2014; Childs et al. 2015; de
Pedro et al. 2018; Bustamante et al. 2020). Therefore,
the mitochondrial photoaging theory is associated
with the free radical theory. It has been reported that
SIRT1 and PGC-1a promote mitochondrial regener-
ation and maintain energy metabolism (Marifo et al.
2014; de Pedro et al. 2018; Katayoshi et al. 2021; Li
et al. 2020). Under UVR stress conditions the activa-
tion of antioxidant defence mechanisms including
NRF2-mediated upregulation of the antioxidant
enzymes such as HO-1, NQO1, SOD, GPX, catalase,
and COX-2 along suppresion of NF-kB pathway,
plays an essential role in skin prevention from
photodamage (Duan et al. 2019; Chaiprasongsuk and
Panich 2022; Danczak-Pazdrowska et al. 2023).
Plant-derived phenolic compounds are well known
antioxidants due to their ROS scavenger properties
(Sirerol et al. 2015; Kim et al. 2019; Merecz-
Sadowska et al. 2021; Chaiprasongsuk and Panich
2022; Chen et al. 2022a, b, c). Correspondingly,
dihydrocaffeic acid significantly decreased oxidative
damage by elevation of endogenous antioxidant
enzymes (SOD, CAT, GSH) and MMPI1 protein
expression in UVB-stimulated murine fibroblast cells
(Oliveira et al. 2019). For instance, vicenin has been
found to absorb UV photons and effectively reduce the
UVB-induced ROS formation, and act as effective
sunscreens (Duan et al. 2019). Zerumbone showed an
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antioxidant potential against ROS-mediated oxidation
in epidermal cells by activating the KEAP/NRF2/ARE
signalling pathway (Yang et al. 2018). Resveratrol is
an example of natural polyphenol with a wide range of
pharmacological properties that could mitigate UVB-
induced photoaging. Attenuation of MMPs expres-
sion, inflammatory factors (IL-6, TNF-o, COX-2) and
apoptosis, along with inhibition of ROS-mediated
MAPK signalling pathway and modulation of oxida-
tive stress via NRF2 signalling activation have been
found upon resveratrol application in UVB-irradiated
HaCaT cells and in the skin of photodamaged ICR
mice (Cui et al. 2022). The histological analysis of the
skin revealed that the structural disorders e.g., epider-
mal hyperkeratosis, infiltration of inflammatory cells
and collagen fibers damage in the dermis have been
improved by resveratrol. Besides, its therapeutic effect
of resveratrol to alleviate the loss of collagen in the
dermis of UVB-photoaged skin of ICR mice was
confirmed by increased type III collagen immunore-
activity observed via immunohistochemistry analysis
(Cui et al. 2022). Pretreatment with penta-1,2,3,4,6-O-
galloyl-B-d-glucose  (10-20 pM), a gallotannin
polyphenolic compound that occurs naturally in
fermented Rhus verniciflua Stokes, suppresses UVB-
induced MMP1 secretion in HaCaT cells and MMP13
in murine skin, while up-regulates type I collagen
protein expression in vivo by MAPK/INK1 signalling
(Kim et al. 2019).

Acacetin  (5-20 uM), a O-methylated flavone
derived from Acacia farnesiana (Linn.) Willd., was
found to be effective in ameliorating UV A-induced
oxidative stress and cell death. The skin damage
(erythema and wrinkles) were alleviated by acacetin in
UVA-irradiated rat skin. Mitochondrial membrane
potential was also restored after topical application of
acacetin in UVA-exposed rats (Mu et al. 2022).
Phytonutrients such as pectin activate KEAP/NRF2/
ARE signalling and suppress the UVB-induced IL-6
release and NF-kB transcriptional activity upon topi-
cal application in BALB/c murine model (Chen et al.
2022a, b, c).

Diverse group of phytochemicals that modulate the
NRF2 transcription factor have been identified to
prevent photoaging, skin inflammation and hyperpig-
mentation. Therefore, natural plant-derived molecules
targeting the oxidative stress that are able to reduce
ROS formation are used in cosmetics to maintain skin
homeostasis and prevent UV-induced oxidative
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damage (Noh et al. 2018; Li et al. 2020; Domas-
zewska-Szostek et al. 2021; Chaiprasongsuk and
Panich 2022; Cui et al. 2022).

Phytochemicals that modulate cellular senescence
in the context of photoaging

Cellular senescence induces aberrant cell differentia-
tion, disrupts the ECM, stimulates tissue inflammation
and induces senescence in neighboring cells (Childs
et al. 2015; Bustamante et al. 2020; Fitsiou et al. 2021;
Danczak-Pazdrowska et al. 2023). Excessive UVR
exposure as a potent stress environmental factor
accelerates skin aging phenotypes by causing prema-
ture accumulation of senescent cells that are in state of
permanent growth arrest, but remain metabolically
active and secrete a specific set of pro-inflammatory
mediators (Fitsiou et al. 2021; Guo et al. 2022). The
senescence response depends on the activation of the
pl6™ % pRB and p53/p21"A*" tumor suppressor
pathways in response of DNA damage that prevent
skin cancer development. The most common senes-
cence-associated biomarkers in human UV-exposured
skin cells include elevated p16™%** p21, p53 and SA-
B-Gal, H2A histone family member X, and depleted
lamin B1 (Childs et al. 2015; de Pedro et al. 2018; Guo
et al. 2022; Li et al. 2023). In addition, senescent cells
are characterized by chromatin reorganization, DNA
damage, and telomere damage foci, deletion of base
pairs in mitochondrial DNA. Secretion of SASP exert
pleiotropic effects on tissue aging and regeneration,
inflammation, wound healing and tumorogenesis. Skin
senescent cells promote tissue dysfunction through
SASP, which causes senescence in neighboring cells
by a paracrine mechanism. The role of paracrine cross
talk between keratinocytes, fibroblasts and melano-
cytes, mitochondrial dysfunction and autophagy are
also essential in the senescence response (Fitsiou et al.
2021; Danczak-Pazdrowska et al. 2023). In addition,
cellular senescence is often accompanied by changes
in chromatin structure and the appearance of hete-
rochromatin structure, which is known as senescence
associated heterochromatin foci (SAHF). Lamin B1 is
involved in the formation of SAHF and is also one of
the biomarkers of senescence and aging (Gu et al.
2022). Therefore, targeting skin senescent cells/se-
nescence or SASP production by natural senothera-
peutics (senolytics/senostatics) such as flavonoids
(apigenin, luteolin, quercetin, fisetin, kaempferol,

genistein, naringenin) could be an attractive approach
to delay skin photoaging (Childs et al. 2015;
Domaszewska-Szostek et al. 2021; Danczak-Paz-
drowska et al. 2023).

The increased expression of SA-B-Gal in skin cells
is one of the most widely used biomarker to evaluate
senescent cells (Natarajan et al. 2014; Childs et al.
2015). Natural phytochemicals including zerumbone,
astragaloside, luteolin, acacetin, and shikimic acid
alleviated UVA- and UVB-induced SA-(B-Gal activity
in human fibroblasts (Yang et al. 2018; Martinez-
Gutiérrez et al. 2021; Mu et al. 2021, 2022). Cryp-
totanshinone (fat-soluble diterpenoid anthraquinone
compound) protected against UVB- and UVA-in-
duced senescence in both HaCaT and HFF-1 cells,
respectively reducing SA-B-Gal leves and down-
regulating the continuous secretion of SASP factors
IL-6 and IL-8 (Guo et al. 2022). Shikimic acid (a
cyclohexane carboxylic acid) applied between 10 and
50 uM acts as a senescence inhibitor that prevented
SA-B-Gal accumulation, HAS2 overexpression, and
decrease in pl6™K* expression in UVB-irradiated
HDFs through specific NAD'/SIRT1-dependent
mechanism (Martinez-Gutiérrez et al. 2021). Caffeine
(10-20 mg/kg b.w.) has been reported to effectively
reduce the UVA/UVB-induced SA-B-Gal activity and
epidermis thickness, and increase collagen fiber
content as well as supress both p21 and p53 phospho-
rylation, hence, providing anti-photoaging activity by
activation the A2AR/SIRT3/AMPK-mediated autop-
hagy (Li et al. 2018).)

Targeting UVR-induced DNA damage response
in photoaging through phytochemicals

The extreme ROS production increases MMPs accu-
mulation and collagen depletion destructing ECM, it
also evokes DNA damage and apoptosis of skin cells
(Natarajan et al. 2014; de Pedro et al. 2018, 2021;
Bustamante et al. 2020; Katayoshi et al. 2021; Li et al.
2023). The UVR in the sunlight affects indirectly skin,
promoting DNA damage by/mediated by excessive
ROS generation (leading to oxidative stress/damage)
and directly synthesizing cyclobutane pyrimidine
dimmers (CPDs) and pyrimidine-pyrimidone (6—4)
photoproducts formation by UVB photons absorption
to cellular DNA, that lead in acute and chronic
consequences on the skin (Yin et al. 2013; Carpenter
et al. 2018; Sanchez-Marzo et al. 2020; Tanveer et al.
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2023). Prevention of the mutations formation and
acceleration of repair of photodamage is critical for
skin health (Carpenter et al. 2018; Sanchez-Marzo
et al. 2020; Tanveer et al. 2023). The NER pathway is
closely associated with the UVA and UVB-induced
pS3 overexpression that causes excision repair-asso-
ciated DNA strand breaks, cell cycle arrest, and
apoptosis in damaged human skin tissue. The ERKSs,
p38, ATM, ATR, and JNK-1 kinases are involved in
the p53 phosphorylation in response to UVR exposure
(de Pedro et al. 2018; Bustamante et al. 2020; Garg
et al. 2020; Katayoshi et al. 2021; Li et al. 2023). The
DNA repair capacity is also linked to mitigation of
UV-induced chronic inflammation and cellular
defence systems, including the inhibition of ROS
and RNS that cause DNA damage. Photoprotective
agents support the DNA repair enzymes and antiox-
idants, prevent DNA damage and provide protection
from UV-induced mutations and immunological
effects (Natarajan et al. 2014; de Pedro et al. 2018;
Bustamante et al. 2020; Garg et al. 2020; Katayoshi
et al. 2021; Li et al. 2023).

The CPDs are the most abundant UVR-induced
DNA photolesions. Oxidation reaction may contribute
to the formation 8-oxo-7,8-dihydro-2-deoxyguanosine
(8-0x0@) that is identified as a ubiquitous biomarker
of DNA oxidation in human skin (Carpenter et al.
2018; Sanchez-Marzo et al. 2020; Tanveer et al.
2023). The photoprotective effects of hydroxytyrosol
(10-50 pg/mL) pretreatment in LED-blue light-irra-
diated keratinocytes and fibroblasts were also
observed by inhibition of 8-OHdG (consistent with
ROS levels suppression; ROS-mediated DNA dam-
age) formation and PCNA protein expression (Avola
et al. 2019).

Cryptotanshinone impacts skin cell oxidative dam-
age by NRF2-mediated activation of HO-1, NQO1 and
attenuates DNA damage, namely, CPD and y-H2AX
were markedly reduced in UV-irradiated cells. Fur-
ther, it has reduced UVB- and UVA- induced mito-
chondrial dysfunction in human epidermal
keratinocytes and fibroblasts. Cryptotanshinone also
was able to promote mitochondrial biosynthesis by
activating the AMPK/SIRT1/PGC-1a signalling path-
way in both UV-exposed skin cells (Kim et al.
2022a, b). Chlorogenic acid treatment improved of
the DNA double-strand breaks damage by signifi-
cantly reduced YH2AX levels, and promoted/elevated
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Rad51 expressions as well as reduced ROS generation
in UVA-irradiated HDFa (Xue et al. 2022).

The glucosinolate derivatives 3-methoxybenzyl
isothiocyanate and 3-methoxyphenyl acetonitrile
(25-50 uM) from Limnanthes alba Hartw. ex Benth.
exibited their photoprotective effects by reduced
UVB-induced epidermal and total DNA damage
markers—epidermal CPDs, YH2AX, and PCNA (Car-
penter et al. 2018). Protocatechuic acid and its esters
(ethyl protocatechuate and heptyl protocatechuate)
demonstrated photoprotective activity and anti-wrin-
kle effects by inhibition of oxidative stress, inflam-
mation and DNA damage in L929 fibroblast cells.
Further, they attenuated UVB-induced macromolecu-
lar damages via decrease in lipoperoxidation (by
approximately 22%), increase mitochondrial mem-
brane potential and DNA condensation along reduc-
tion of DNA fragmentation compared with the UVB
control and N-acetylcysteine. Additionally, the
derivatives markedly inhibited UVB-stimulated the
nuclear translocation of NF-xB p65 and COX-2
expression (Dare et al. 2020).

A wide variety of phytochemical constituents such
as green tea polyphenols (-)-epicatechin, (-)-epigallo-
catechin-3-gallate, proanthocyanidins from grape
seed, oxyresveratrol, apigenin, and diterpenes rich
rosemary extract (Yin et al. 2013; Carpenter et al.
2018; Dare et al. 2020; Sanchez-Marzo et al. 2020;
Tanveer et al. 2023) have demonstrated great potential
to protect the skin from the adverse effects of UVR
through improvement of the DNA damage response
mechanisms.

Collectively, natural molecules hold great potential
as UVR blockers that could replace or complement the
available sunscreen agents. However, they have
certain characteristics such as limited bioavailability
and easy degradation upon UVR exposure or photo-
toxicity that obstructs their development in topical
skin products. These are the reasons that fuel the
increased interest to nanotechnology for applications
such as topical transdermal delivery system, thus can
enhance their stability, efficacy, and skin permeation
(Wang et al. 2022; Zhu et al. 2022; Dare et al. 2023).
The development of proper topical products that target
molecular mechanisms of photoaging by plant derived
molecules are promising alternative to the available
therapy.
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Conclusions

Multiple interrelated molecular signalling pathways
are dysregulated from excessive or repeated UV
irradiation that drive the progression of premature
skin aging. Skin cells react directly to both external
and internal stress factors that uncover them as an
attractive model for investigating novel molecular
targets as well as small molecules relevant to UV-
induced photoaging. Validating the clinical relevance
of molecular players such as YAP, endonuclease G,
ApoD proteins for targeting photoaging development
will allow more precise management of photoprotec-
tion and aging skin rejuvenation.

Based on their biological activity to modulate
molecular pathways involved in UV-induced photo-
damage, plant-derived natural compounds have
emerged as a promising option for development of
photoprotective or anti-photoaging products. Experi-
mental data is limited mostly to cell-based or in vivo
pre-clinical studies that lack unified model of UV-
irradiation in regards to the exposure duration, energy
of the UVR dose or distance from the light source to
the object. The diversity of the photoaging models
might be due to the presumption that they mimic
different seasonal or age-related parameters, but it
becomes a challenge to drive solid conclusion on the
generated data. Therefore, fundamental research that
could aid the definition of more accurate and repro-
ducible photoaging models is needed. Furthermore,
mechanistic clinical studies are necessary to validate
the anti-photoaging potential of promising phyto-
chemicals in terms of effective concentrations, skin
permeability, tolerability, safety and proper delivery
systems. Nevertheless, the characteristic features of
natural compounds that make their clinical implemen-
tation laborious do not diminish the significance of
their photoprotective and skin rejuvenating potential.
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