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ABSTRACT

Background: Photoprotective INGredients (PINGs) are non-filtering agents that enhance the skin's intrinsic defenses against
solar radiation. Acting through antioxidant, DNA repair, immunomodulatory, anti-inflammatory, and pigmentation-regulating
mechanisms, PINGs may prevent or repair photodamage. When incorporated into sunscreens, they offer protection beyond
ultraviolet (UV) filters. This strategy of biological photoprotection could address key limitations of traditional sunscreens and
reduce dependence on high UV filter concentrations.

Methods: We conducted a focused literature review based on our prior evidence-based classification of over 1700 topical PINGs.
We selected ingredients with the strongest clinical and mechanistic support and assessed their biological activity, formulation
compatibility, and relevance to key endpoints such as erythema, pigmentation, photoaging, and immunosuppression.

Results: Top-ranked PINGs, including L-ascorbic acid, tocopherol, photolyase, and nicotinamide, demonstrated efficacy across
multiple photodamage endpoints. Antioxidants like L-ascorbic acid and tocopherol enhanced protection against UVR and IR-A-
induced oxidative stress. DNA repair enzymes, such as photolyase, reduced cyclobutane pyrimidine dimer formation and sup-
ported immune function. Nicotinamide improved DNA repair and prevented UV-induced immunosuppression. Pigmentation
modulators such as p-coumaric acid and isobutylamido thiazolyl resorcinol showed benefits in darker phototypes.
Conclusions: Fewer than 2% of candidate PINGs are clinically validated, and only 18 are approved for use in sunscreens.
Protection against visible and infrared radiation remains largely underexplored. Standardized testing and additional clinical
trials are needed to advance PINGs as effective components of next-generation sunscreens.

1 | Introduction combine organic and inorganic filters to prevent ultraviolet

radiation (UVR) from penetrating the skin. Organic filters act
Regular sunscreen use remains one of the most effective by absorption, while inorganic filters primarily absorb UVR
ways to protect skin from sun-induced damage. Sunscreens and additionally contribute to scattering [1]. Most sunscreens
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are formulated to offer broad-spectrum protection by com-
bining UVB and UVA filters, and when properly applied,
they significantly reduce the risk of sunburn, skin cancers,
hyperpigmentation, photoaging, and photodermatoses [2]. In
practice, however, sunscreens have several intrinsic limita-
tions that compromise their effectiveness. Firstly, under real
conditions of use, most users fail to apply and reapply enough
sunscreen to the skin, thereby reducing the level of protection
afforded by it in outdoor conditions [3]. Secondly, most cur-
rently available filters fail to protect against long wavelength
UVA rays and non-UVR, such as visible (VL) and infrared
(IR) light, which also contribute to skin damage [4]. There
are also increasing concerns about the impact of sunscreens
on the aquatic environment that have led to a ban on the use
of some UV filters in certain parts of the world [5]. Finally,
consumers are increasingly demanding more natural, multi-
functional products [6]. As a result, interest has grown in non-
filtering photoprotective ingredients, collectively referred to
as photoprotective INGredients (PINGs), a term we previously
introduced to describe this class of substances [7]. PINGs
work by enhancing the skin's intrinsic defenses through an-
tioxidant, DNA repair, immunomodulatory, pigmentation-
regulating, and anti-inflammatory effects. PINGs may also
offer anti-aging and skin-brightening benefits, broadening
the appeal of sunscreens. Despite the growing number of pho-
toprotective ingredient candidates, few have been subjected
to rigorous, systematic evaluation. To address this gap, we
previously conducted an evidence-based analysis of the effi-
cacy of PINGs used in combination with sunscreens [7]. In
that study, we developed a structured scoring system to assess

both the strength and quality of the scientific evidence sup-
porting each ingredient. This framework allowed for a consis-
tent and transparent appraisal of efficacy across a broad range
of compounds.

Our findings indicated that, while PINGs generally enhance
the performance of sunscreens, only a small subset is supported
by high-level evidence. The leading candidates are highlighted
in Table 1 and Figure 1, with a summary of supporting clinical
studies provided in Table 2. In the present review, we build upon
that foundation by offering an in-depth exploration of these top-
performing PINGs, which should be prioritized for inclusion
in next-generation sunscreen formulations. We detail their key
properties, mechanisms of action, and roles in preventing or
repairing sunlight-induced skin damage. Additionally, we iden-
tify existing knowledge gaps and propose directions for future
research.

2 | Methods

This review builds upon our previously published evidence-
based classification of over 1700 topical photoprotective in-
gredients (PINGs), in which we ranked compounds according
to the type and volume of experimental support for their pho-
toprotective capacity [7]. This methodology ranked evidence
according to experimental rigor, translatability, and internal
validity, with a weighting scale from in vitro studies (score =1)
to randomized controlled trials (score =20). These scores were
aggregated and capped based on the highest level of support to

TABLE1 | Mechanisms and evidence strength for top non-filtering topical photoprotective ingredients.

Total number of Top ranked
Optimal mechanism photoprotective photoprotective
Target of action ingredients ingredient(s) Weight of evidence
Oxidative damage Antioxidant 882 L-Ascorbic acid Very strong
a-Tocopherol Very strong
DNA damage DNA repair Photolyase Strong
T4 DNA Endonuclease Moderate
Immunosuppression DNA repair Nicotinamide Very strong
Green tea extract Strong
Cell death DNA repair 843 Photolyase Moderate
Inflammation Anti-inflammatory 651 Epigallocatechin gallate Strong
Erythema Antioxidant 256 Tocopheryl acetate Very strong
Melatonin Very strong
a-Tocopherol Very strong
Pigmentation Depigmenting Isobutylamido Strong
thiazolyl resorcinol
p-Coumaric acid Strong
Photoaging Antioxidant 948 N-Acetyl-L-cysteine Very strong
a-Tocopherol Moderate

Note: Evidence strength is based on available clinical, in vivo, and in vitro data as interpreted from Brown et al. [7] and supporting literature.
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FIGURE1 | Top candidate PINGs and their molecular, cellular, and clinical targets.

prevent overemphasis on low-validity studies. The final scores
were then used to assign a “Weight of Evidence” classification
ranging from “Very Weak” to “Very Strong.”

For the current analysis, we conducted a targeted literature re-
view to reassess the top-ranked PINGs, focusing on those with
the strongest evidence from human studies. Ingredients were
included if they demonstrated biological activity relevant to
photodamage prevention or repair, such as antioxidant, DNA re-
pair, immunomodulatory, anti-inflammatory, or pigmentation-
regulating effects. We prioritized substances compatible with
topical use and suitable for incorporation into sunscreen
formulations.

Each selected PING was evaluated across seven clinical and
biological endpoints of solar skin damage: oxidative stress,
DNA damage, immunosuppression, apoptosis, inflammation,
erythema, and pigmentation. For each endpoint, the strength
of evidence was reassessed by reviewing available peer-
reviewed studies, with emphasis on randomized controlled
trials, mechanistic studies, and controlled human or ex vivo
models.

Our analysis aimed to (i) identify ingredients with the highest
translational potential, (ii) highlight formulation and mechanis-
tic considerations for their use in sunscreens, and (iii) identify

research gaps, especially in areas of VL and IR protection, where
standard evaluation frameworks remain limited.

3 | Results
3.1 | The Impact of Sunlight on Human Skin

Human skin is in continuous contact with the external envi-
ronment and is thus uniquely vulnerable to solar radiation.
Although sunlight is essential for circadian regulation and cu-
taneous vitamin D synthesis, chronic and unprotected exposure
poses significant risks to skin health. The effects of sunlight on
skin, however, are complex and multifaceted, and each wave-
length affects the skin differently depending on its energy, pen-
etration depth, abundance, and interaction with chromophores.
These interactions trigger molecular and cellular changes that
lead to both immediate effects (e.g., erythema) and long-term
damage (e.g., photoaging and cancer).

While most sunscreen filters only protect against UVR, the ef-
fects of sunlight exposure are not confined to the UV spectrum
but are now known to extend across VL and IR, with cumulative
interactions leading to oxidative stress, DNA damage, immune
suppression, extracellular matrix (ECM) degradation, pigmenta-
tion disturbances, and carcinogenesis. Other exposome factors,
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TABLE 3 | Clinically validated antioxidant substances.

Ingredient Efficacious dose Stress References
3,4-Dihydro-3-(4-hydroxyphenyl)-2H-1-benzopyran- 0.005% UVB/A Widyarini et al. [64]
7-ol (NV-07x)
a-Glycosylrutin 0.25% UVA Hagens et al. [10]
a-Tocopherol 0.15% UVA Ekanayake-Mudiyanselage et al. [13]
0.05% UVA Declercq et al. [14]
0.2% UVA Ley [11]
2% UVA Ribet et al. [15]
5% UVA Cho et al. [12]
Argania spinosa extract 3% UVB/A Danoux et al. [65]
-Carotene 0.2% IRA Darvin et al. [66]
5% UVA Cho et al. [12]
Carboxymethylated beta-(1-3)-glucan 2% UVA Zulli et al. [67]
Epigallocatechin gallate Not specified UVB Katiyar et al. [22]
EUK-134 0.05% and 0.1% UVA Declercq et al. [14]
Grape seed proanthocyanidins Not specified UVA Van Wijk et al. [68]
Hypericum perforatum extract 1.5% VIS/IRA Arndt et al. [69]
1.5% VIS/IRA Haag et al. [70]
L-Ascorbic acid 3% UVA Ou-Yang et al. [8]
3% UVA Raschke et al. [9]
0.5% and 1% UVA Hagens et al. [10]
Licorice extract Not specified UVA Kiihnl et al. [71]
N-(3,4-Dihydroxybenzyl)-2-(4-hydroxy-3- 0.1% UVA Mann et al. [72]
methoxyphenyl)acetic acid
Sodium ascorbyl phosphate 3% UVA Raschke et al. [9]
Tocopheryl acetate Not specified UVA Belli et al. [73]

Note: Evidence strength is based on available clinical, in vivo, and in vitro data from Brown et al. [7].

including synergistic damage from pollutants, also further com-
promise skin integrity.

UVR is the most studied component of solar radiation. It ranges
from approximately 100 to 400 nm (nm) and is traditionally di-
vided into UVC (100-280nm), UVB (280-320nm), and UVA
(320-400nm). UVC radiation represents the most energetic and
potentially damaging portion of the solar UV spectrum, capa-
ble of inducing severe DNA damage and cellular destruction.
However, under natural conditions, UVC is entirely absorbed
by atmospheric ozone and oxygen, and thus does not reach the
Earth's surface. UVBradiation, in contrast, accounts for approx-
imately 5% of UVR reaching the skin. It is primarily absorbed by
the epidermis, where it exerts direct photochemical damage to
cellular DNA. Absorption of UVB photons damages DNA both
directly, by forming thymine dimers (TDs) such as cyclobutane
pyrimidine dimers (CPDs) and pyrimidine-pyrimidine (6-4)
photoproducts (6-4PPs), and indirectly through oxidative stress,

leading to lesions like 8-hydroxydeoxyguanosine (8-OHdG) and
DNA strand breaks [35-38]. These mutagenic lesions disrupt
base pairing and, if not efficiently repaired, result in mutations
in tumor suppressor genes such as p53 that can lead to the de-
velopment of actinic keratoses (AK), squamous cell carcinoma,
and basal cell carcinoma. To eliminate such damage and main-
tain genomic stability, skin is equipped with a comprehensive
genomic surveillance and DNA repair system; primarily base
excision repair (BER) for small oxidative lesions and nucleotide
excision repair (NER) for bulky dimers [39-41].

UVB exposure also triggers an acute inflammatory response
characterized by keratinocyte apoptosis (sunburn cells [SBCs]),
cytokine release (e.g., IL-1, TNF-a), and vasodilation, clinically
manifesting as sunburn [27, 42, 43]. Prolonged or repeated expo-
sure also promotes skin thickening (epidermal hyperplasia) as a
defense mechanism but simultaneously accelerates cumulative
photodamage.
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UVA radiation, accounting for over 95% of UV radiation reach-
ing the skin, penetrates more deeply into the dermis. It is sub-
divided into UVA2 (320-340nm) and UVA1 (340-400nm).
Unlike UVB, UVA causes indirect DNA damage primarily
through the generation of reactive oxygen species (ROS), such
as superoxide anions, hydroxyl radicals, and hydrogen perox-
ide. These ROS interact with cellular lipids, proteins, and nu-
cleic acids, initiating oxidative modifications that compromise
cellular integrity and promote mutagenesis. While CPDs are
traditionally attributed to UVB-induced direct DNA damage,
growing evidence indicates that UVA can also induce CPDs,
which may continue to form for up to 24h after exposure
[44]. These delayed lesions, known as dark-CPDs, account for
over half of all CPDs formed in melanocytes [45]. They result
from chemiexcitation of melanin triggered by peroxynitrite
(ONOO-), a reactive byproduct of ROS [45]. UVA1 also acti-
vates signal transduction pathways such as MAPKs and AP-1,
leading to the upregulation of matrix metalloproteinases
(MMPs), particularly MMP-1 and MMP-9. These enzymes
degrade type I and III collagen and other structural ECM
proteins. UVA1 exposure also inhibits new collagen synthe-
sis [46], and together these effects reduce skin elasticity and
strength, leading to wrinkling and sagging.

UVR-induced CPD formation is also a key trigger for immune
suppression [47]. DNA damage prompts Langerhans cells (LCs)
to migrate to lymph nodes, where they activate regulatory T
cells to release immunosuppressive cytokines like interleukin
(IL)-10 and tumor necrosis factor-a (TNF-a) [48], impairing
antigen presentation and skewing cytokine profiles toward im-
munoregulatory pathways. This immunomodulation increases
susceptibility to infections, tumor progression, and delayed hy-
persensitivity responses.

Moreover, both UVB and UVA stimulate melanogenesis via
paracrine signaling and oxidative stress, resulting in persistent
pigment darkening and the development of lentigines, particu-
larly in sun-exposed areas. Melanin production in response to
sunlight is an adaptive mechanism that protects the skin from
further damage. In humans, pigmentation occurs via two dis-
tinct mechanisms: immediate tanning, which is short-lived
and not photoprotective [49, 50], and delayed tanning, which
involves melanin synthesis and provides lasting protection [51].
Two chemically and functionally distinct types of melanin are
synthesized within melanocytes. Black to brown eumelanin is
a redox and UV-absorbing agent that can scavenge ROS and
dissipate over 99.9% of absorbed UVR and VIS. In contrast,
yellow to reddish-brown pheomelanin is highly photo-reactive,
enhancing the UVR-induced production of ROS within kerati-
nocytes [52].

Recent research has also highlighted the detrimental effects
of VL (400-700nm), especially high-energy visible blue light
(HEVL; 400-500nm), on skin physiology. Although tradition-
ally regarded as biologically inert compared to UV radiation,
HEVL has been shown to induce melanogenesis and to trig-
ger ROS production in mitochondria [53]. Exposure to high-
energy visible light (HEVL), particularly in darker phototypes
(Fitzpatrick skin type [FST] IV-VI), triggers long-lasting pig-
mentation [54, 55]. In vitro and ex vivo studies have demon-
strated that melanin synthesis induced by HEVL is mediated

through the activation of Opsin 3 (OPN3), a photoreceptor ex-
pressed on melanocytes, resulting in the formation of a mul-
timeric tyrosinase/tyrosinase-related protein complex and
sustained tyrosinase activity [56].

IR-A radiation (700-1400nm), the most abundant portion of
solar radiation in terms of energy, penetrates deeply into the
dermis and subcutaneous layers. Unlike UV and VL, IR-A
interacts with relatively few discrete chromophores, most
notably mitochondrial cytochrome c oxidase, but these in-
teractions are biologically significant because they enhance
mitochondrial ROS generation and activate downstream path-
ways that contribute to extracellular matrix degradation and
photoaging [57-59].

In contrast to UVB, VL- and IR-A-induced effects generally re-
quire radiant exposures that are 103-10°-fold higher than those
of UVB to elicit clinically relevant outcomes, such as persistent
pigmentation (VL: ~40-480J/cm?) or MMP-1 upregulation
(IR-A: ~360-720J/cm?) [54, 55, 57, 60]. While VL and IR-A are
therefore less efficient on a per-photon basis, their abundance
and cumulative exposures make them important contributors to
photoaging and pigmentation, supporting the rationale for de-
veloping PINGs that target these wavebands. Emphasizing this,
VL and IR together have been estimated to account for roughly
one-half of sunlight-induced ROS, with the remainder arising
mainly from UVA [4].

Clinically, chronic exposure to solar radiation results in a
spectrum of disorders. Photoaging is characterized by fine
and coarse wrinkling, rough texture, loss of elasticity, tel-
angiectasias, and irregular pigmentation. These signs re-
flect underlying changes in dermal collagen organization,
glycosaminoglycan depletion, and persistent inflammatory
infiltration. Pigmentary changes, including solar lentigines,
melasma, and ephelides, are prevalent in both fair- and dark-
skinned individuals, with the latter showing more persistent
and pronounced hyperpigmentation. Photocarcinogenesis re-
mains one of the most serious consequences of solar exposure.
UVB is the primary initiator of keratinocyte cancers through
its direct mutagenic effects, while UVA contributes to mela-
noma risk via oxidative DNA damage and immune evasion
mechanisms.

The biological and clinical consequences of solar exposure can
be specifically addressed using targeted PINGs, alone or in
combination; however, no single PING provides comprehensive
protection.

3.2 | PINGs With Antioxidative Properties

All wavelengths of solar radiation, especially UVA1l and
IR-A, generate ROS through interactions with skin chromo-
phores. These excited chromophores subsequently transfer
energy or electrons to oxygen, forming ROS, which contrib-
ute to oxidative stress and skin damage [61]. The skin defends
against ROS using water- and lipid-soluble antioxidants (e.g.,
vitamins A, C, and E) and enzymatic systems. However, lev-
els of these antioxidant defenses decline with age and UVR
exposure, reducing the skin's ability to neutralize ROS and
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reactive nitrogen species (RNS) [62, 63], leading to a state of
redox imbalance known as oxidative distress. Topical applica-
tion of antioxidants or agents that boost endogenous antioxi-
dant enzyme activity is therefore an attractive photoprotective
strategy.

Antioxidants comprised over half of all identified PINGs in the
study of Brown et al. [7], but only 15 (1.7%) of these had clinical
support (Table 3). Nevertheless, the evidence for adding antiox-
idants to sunscreens is compelling: sunscreens supplemented
with antioxidants have shown superior protection against UVR-
and IR-A-induced MMP expression compared to sunscreens
containing filters alone [74-76].

The top ranked PINGs, L-ascorbic acid (LAA; vitamin C) and a-
Tocopherol (TOC; vitamin E) (Table 1), both form part of skin's
endogenous antioxidant network and work cooperatively to de-
toxify the skin: oxidized vitamin E is regenerated by vitamin C,
which itself is regenerated by glutathione, maintaining an active
antioxidant reservoir in the skin [77]. Indeed, combining these
two substances has been shown to be even more effective than
using either substance alone. The combination of 15% LAA with
1% TOC, for example, quadruples its photoprotective capac-
ity compared to LAA alone [77]. LAA, however, is inherently
unstable and exhibits poor penetration through the lipophilic
stratum corneum. Derivatives like sodium ascorbyl phosphate
or a-tocopherol phosphate are more stable but less effective be-
cause they first must undergo enzymatic hydrolyzation in the
skin to release pure ascorbic acid [9, 78]. For better delivery and
stability, nanocarriers like spanlastics have been used success-
fully: encapsulated LAA showed enhanced skin penetration, re-
mained stable over 6 months, and significantly reduced MMP-2
and MMP-9 expression in UVB-exposed rats compared to unen-
capsulated formulations [79].

3.3 | PINGs That Support DNA Repair

While the NER pathway is generally effective at correcting
UVR-induced TDs, its efficiency varies significantly between le-
sion types. Specifically, repair of CPDs is notably slower and less
efficient than that of 6-4PPs [80, 81], leading to their persistence
in DNA and potential propagation of mutations during repli-
cation. Compounding this vulnerability, the capacity of DNA
repair mechanisms declines progressively with age, estimated
at approximately 1% per year [82, 83]. To address these deficits,
topical application of DNA repair enzymes like photolyase (EC
4.1.99.3) and endonuclease (EC 3.1.25.1) has emerged as a prom-
ising photoprotection strategy.

Photolyase repairs CPDs by directly cleaving TDs in a VL-
dependent process known as photoreactivation. Stege et al.
[16] demonstrated that topical application of 1% liposome-
encapsulated recombinant photolyase from Anacystis nidulans
reduced CPD levels by 40%-45% following UVB exposure and
subsequent photoreactivation, while also preventing UVB-
induced erythema and immunosuppression. In a separate study,
Berardesca et al. [17] showed that an SPF50 sunscreen contain-
ing photolyase significantly outperformed the same sunscreen
without it, increasing CPD protection from 62% to 93% after ex-
posure to solar-simulated radiation (SSR). Additional evidence

suggests that SPF100+ formulations with photolyase are more
effective than UV filters alone in reducing AK [84].

Topical application of liposomal bacteriophage T4 endonuclease
5 (T4N5; Dimericine) was also shown to enhance dimer repair
in human skin in vivo [18], and reduce both the incidence and
yield of skin cancer in mice [85, 86]. In clinical trials with pa-
tients with xeroderma pigmentosum, a rare autosomal recessive
disease characterized by defective NER, topical application of
T4NS5 reduced the incidence of basal cell carcinoma by 30% and
of AK by more than 68% [87]. Similarly, Micrococcus luteus en-
donuclease prevents telomere shortening and c-fos oncogene
overexpression: effects fully blocked when combined with
photolyase-containing sunscreen [88].

Antioxidants have also emerged as critical tools in preventing
the formation of dark-CPDs. Pretreatment with Polypodium leu-
cotomos extract (PLE), a polyphenol-rich botanical derived from
tropical fern leaves, or with TOC, has been shown to signifi-
cantly inhibit dark-CPD formation in both murine melanocytes
and human keratinocytes following UVA irradiation [45, 89, 90].
As such, antioxidant-enriched sunscreens offer an important
complementary strategy, particularly for mitigating persistent
photodamage in pigmented skin.

3.4 | PINGs That Counteract Immunosuppression

Enhancing DNA repair can not only reduce mutagenesis but can
also mitigate the immunosuppressive effects of UVR. For exam-
ple, topical application of liposome-encapsulated photolyase
has been shown to restore contact hypersensitivity responses
to nickel sulfate in UVB-irradiated human skin [16], indicating
functional recovery of cutaneous immune surveillance during
the elicitation phase of the response. UV-induced immunosup-
pression during the sensitization phase is also a central mecha-
nism linking solar exposure to skin cancer risk [48].

Two promising sunscreen-compatible PINGs, nicotinamide
(NAM) and green tea extract (GTE) (Table 1), also exert key pho-
toprotective effects by enhancing DNA repair pathways. NAM,
a vitamin B3 derivative and precursor of nicotinamide adenine
dinucleotide (NADY), supports ATP-dependent repair processes
and helps maintain cellular energy balance, which is critical
for effective nucleotide excision repair. NAM has been shown
to enhance DNA repair and reduce the formation of both CPDs
and 8-OHAG in UV-irradiated keratinocytes [91]. These protec-
tive effects are primarily attributed to NAM's ability to elevate
intracellular NAD™ levels, thereby activating poly(ADP-ribose)
polymerase 1 (PARP1), which facilitates chromatin remodeling
and DNA repair complex recruitment [92]. Clinically, topical
NAM at concentrations of 0.2% and 5% has been demonstrated
to prevent SSR-induced immunosuppression, as assessed by the
preservation of Mantoux-induced erythema responses [19, 20],
again reflecting protection of the elicitation phase.

GTE contributes to photoprotection by modulating redox-
sensitive signaling pathways and upregulating DNA repair
enzyme expression. Camouse et al. [93] and Li et al. [21] demon-
strated that topical application of GTE partially inhibited the
emigration of CDlat Langerhans cells from human epidermis

Photodermatology, Photoimmunology & Photomedicine, 2025

15 of 25

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T



following SSR exposure. Additionally, subjects treated with
GTE showed enhanced contact hypersensitivity responses to
dinitrochlorobenzene after exposure to 0.75x and 2x MED SSR,
compared to unprotected controls [93], consistent with preserved
challenge (elicitation) responses. GTE is rich in polyphenols
(green tea polyphenols; GTPs) and notably, mice administered
GTPs and its principal bioactive component epigallocatechin
gallate (EGCG) displayed fewer CPD-positive LCs in their
draining lymph nodes following UVR exposure than their non-
GTP-treated counterparts [94, 95]. GTPs have also been shown
to enhance the expression of NER genes (XPA, XPC, RPA1) at
UVB-exposed skin sites and to accelerate CPD repair in cell cul-
ture, animal models, and human skin [95, 96].

3.5 | PINGs That Reduce Apoptosis

Apoptosis of UV-damaged keratinocytes is a natural protective
mechanism that prevents the survival of cells carrying poten-
tially mutagenic DNA lesions [97, 98]. By limiting oxidative
stress and enhancing DNA repair, PINGs reduce DNA damage
and thereby reduce apoptosis. In this context, the reduction of
apoptosis—and consequently the formation of sunburn cells
(SBCs), which serve as histological markers of severe photodam-
age—can be used as a marker of photoprotection. For example,
Stege et al. [16] demonstrated that treatment with photolyase-
containing liposomes followed by photoreactivation completely
prevented the formation of SBCs in UVB-irradiated skin.
Similarly, a photolyase-enriched sunscreen provided signifi-
cantly better protection against apoptosis than sunscreen alone,
increasing efficacy from 40% to 82% [17].

In parallel, compatible solutes, such as ectoine, betaine, and
mannitol, offer a complementary strategy by stabilizing cellular
structures under environmental stress. These molecules form
protective hydration shells around proteins, DNA, and lipids,
thereby preserving their functional conformation [99]. Among
them, ectoine has been shown to reduce SBC formation and
inhibit UVR-triggered LC migration, preserving epidermal im-
mune function [100]. It also protects against mitochondrial DNA
damage in UVA-exposed skin [101]. Importantly, an SPF30
sunscreen supplemented with ectoine and mannitol provided
significantly better protection than an equivalent formulation
without these solutes [102].

A key concern is whether reducing apoptosis might allow sur-
vival of cells carrying DNA mutations and thereby increase
cancer risk. However, available evidence suggests this is not the
case for calcitriol (1,25-dihydroxyvitamin D,; 1,25(0H),D,), the
active form of vitamin D,. Rather than suppressing apoptosis di-
rectly, calcitriol reduces UVR-induced DNA damage by limiting
oxidative stress and enhancing repair. Consistently, treatment
has been associated with lower levels of UVR-induced DNA
lesions and reduced rates of skin tumor development in mice
[103, 104], supporting the protective potential of PINGs.

3.6 | PINGs With Anti-Inflammatory Properties

Sunlight-induced inflammation is primarily driven by oxidative
stress and the activation of transcription factors such as NF-xB

and AP-1, which regulate the expression of a broad array of pro-
inflammatory genes. Among the top-ranked PINGs compatible
with sunscreen formulations, EGCG is noted for its potent im-
munomodulatory effects [105]. EGCG has been shown to in-
hibit NF-xB signaling, thereby dampening the transcriptional
activation of inflammatory mediators. It also suppresses the
expression of inducible nitric oxide synthase (iNOS) and cyclo-
oxygenase-2 (COX-2), two key enzymes involved in the ampli-
fication of UVR-induced inflammatory cascades [105, 106]. In
parallel, EGCG exerts antioxidant activity, neutralizing ROS and
RNS that serve as upstream triggers of inflammatory gene ex-
pression. Collectively, these actions lead to a marked reduction
in epidermal hyperplasia, leukocyte infiltration, and cutaneous
edema in both human and murine models of UVR-induced skin
inflammation [22, 107]. These findings support EGCG as a mul-
tifunctional PING capable of interrupting the molecular and cel-
lular drivers of photo-induced inflammation, making it an ideal
adjunct to traditional sunscreen filters.

3.7 | PINGs That Reduce Erythema

Given the multifactorial nature of erythema, a variety of phar-
macological and bioactive agents have demonstrated efficacy in
mitigating its development. These include both steroidal anti-
inflammatory drugs, such as hydrocortisone, betamethasone,
and methylprednisolone, and non-steroidal agents like indo-
methacin and diclofenac. With relevance to sunscreens, anti-
oxidants, including TOC, tocopheryl acetate, and melatonin,
have shown significant anti-erythema effects by scavenging
ROS and modulating redox-sensitive signaling pathways [23-25,
108, 109]. Finally, DNA repair enzymes such as photolyase have
proven effective by reducing underlying UVR-induced DNA
damage that contributes to inflammatory signaling [16]. These
diverse mechanisms highlight the therapeutic potential of com-
bining anti-inflammatory, antioxidant, and DNA-repair strate-
gies for optimal control of UVR-induced erythema.

3.8 | PINGs That Regulate Pigmentation

Pigmentation-based photoprotection strategies typically follow
two opposing approaches: either enhancing the production of
eumelanin or inhibiting melanogenesis to treat hyperpigmen-
tation disorders. Boosting eumelanin synthesis is increasingly
recognized as a proactive defense mechanism against UVR-
induced skin damage, and enhancing its production is thus a
promising photoprotection strategy. The best-studied agent
in this category, bergapten (5-methoxypsoralen; 5-MOP), has
been shown to enhance melanogenesis and significantly re-
duce DNA damage when used in combination with UVB ex-
posure. Notably, the addition of bergapten to a standard UVB
sunscreen conferred sustained photoprotection lasting up to
14weeks, highlighting its potential as a long-acting adjunct
in sunscreen formulations [110]. However, its mutagenic and
carcinogenic nature means it is no longer being exploited for
photoprotection. Safer alternatives such as forskolin, which
activates CAMP signaling, and salt-inducible kinase (SIK) in-
hibitors, which upregulate MITF and pigment gene expression,
have shown promise in preclinical studies but lack clinical val-
idation [111-113].
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Excessive sun exposure can also lead to hyperpigmentation,
particularly in darker skin types, where it tends to be more
persistent and pronounced [114]. Depigmenting agents in sun-
screens are increasingly popular, targeting melanin synthesis or
its transfer to reduce existing lesions and prevent the formation
of new ones. However, few ingredients have been clinically val-
idated to inhibit UVR-induced pigmentation. Among the best
supported are Isobutylamido thiazolyl resorcinol (ITR) [30] and
2-mercaptonicotinoyl glycine [115]. Inhibiting melanin synthe-
sis in the absence of UV protection, however, could at least theo-
retically have a negative effect on skin health, and thus the ideal
depigmenting ingredient should also have additional photopro-
tective benefits. Considering this, and according to the data of
Brown et al. [7], 18 ingredients are candidates, with the strongest
support for p-coumaric acid (PCA). Seo et al. [31] demonstrated
that PCA reduced the pigmentation of human skin whether ap-
plied prior to or after UVR exposure. Like ITR, PCA also acts as
a tyrosinase inhibitor, but notably, human epidermal melano-
cytes pre-treated with PCA exhibited significantly reduced cell
death compared to untreated controls [116] following UVR ex-
posure, presumably due to its potent antioxidant activity [117].

While considerable progress has been made in developing
photoprotective agents against UVR-induced pigmentation,
the availability of PINGs specifically targeting HEVL-induced
pigmentation remains limited. Lyons et al. [118] reported that
topical application of an antioxidant blend comprising dieth-
ylhexyl syringylidenemalonate (2%), vitamin E (0.25%), and
ascorbyl palmitate (0.01%) was effective at reducing immedi-
ate pigmentation 24 h after exposure to blue light + UVAL in
FST IV to VI but had no significant effect on pigmentation
measured after 7days. In line with this observation, topical
application of 20% TOC was also reported to have no effect
on delayed tanning in skin exposed to VL [119]. Treatment
of Normal Human Melanocytes with the antioxidant N-
acetyl-L-cysteine (NAC) also did not inhibit melanogenesis
following exposure to 415nm HEVL [56]. Together these data
suggest that antioxidants are ineffective at preventing HEVL-
induced neomelanogenesis and, to date, the only clinically
effective substances have proven to be iron oxide pigments
that scatter blue light before it reaches the skin. Extracts from
Deschampsia antarctica [120] and Polypodium leucotomos
[121], however, have shown promise in vitro by inhibiting
HEVL-induced melanin production in melanocytes, though
clinical studies are needed to confirm their efficacy.

3.9 | PINGs That Prevent Photoaging

As photoaging becomes a primary concern for sunscreen users,
consumer demand is shifting toward products that not only
prevent sunburn but also address the long-term cellular dam-
age underlying wrinkles and the loss of skin elasticity. Given
this trend, it is not surprising that PINGs investigated for their
anti-photoaging benefits represent the largest single category
of PINGs identified (Table 1). Brown et al. [7] identified 948
anti-photoaging ingredients, but the majority (935 ingredients;
98.6%) were supported only by weak or very weak evidence,
with only 13 supported by clinical studies. Over half of all listed
ingredients (526; 55.5%) were classified as antioxidants. Among
these, NAC and TOC emerged as the most substantiated agents

[7]. Mechanistic studies further validate their relevance: Kang
et al. [32] demonstrated that topical NAC significantly elevated
reduced glutathione (GSH) levels in human skin in vivo and in-
hibited UVR-induced MMP-1 expression by blocking AP-1 sig-
naling [32]. In a related study, NAC (20%) and TOC (5%) were
shown to reduce MMP-12 expression in UVR-exposed human
skin by 54% and 47%, respectively [33]. This is particularly
significant because MMP-12 is the primary enzyme respon-
sible for elastin degradation and is preferentially induced by
UVA1([33, 122-124]. Since many commercial sunscreens offer
incomplete UVA1 protection, the inclusion of effective antiox-
idants like NAC and TOC may provide a critical compensatory
mechanism to prevent UVAl-mediated ECM breakdown, par-
ticularly in deeper dermal layers.

A study by Dong et al. [123] also demonstrated that UVB-
induced DNA damage in keratinocytes leads to the release of
soluble mediators, such as cytokines, which in turn stimulate
MMP-1 expression in dermal fibroblasts. Importantly, enhanc-
ing DNA repair through the application of photolyase signifi-
cantly reduced MMP-1 mRNA and protein levels in human skin.
This suggests that CPDs are not only a direct source of mutagen-
esis but also act as upstream signals for MMP-mediated ECM
degradation. These findings underscore the potential of DNA
repair enzymes in mitigating UVR-induced photoaging by tar-
geting the molecular pathways initiated by CPD formation.

4 | Discussion

4.1 | Why Sunscreens Are the Ideal Vehicle
for PINGs

Sunscreens offer a uniquely suitable platform for the delivery of
PINGs. As daily-use products designed to remain on the skin
during peak exposure periods, sunscreens naturally align with
the timing and location of solar radiation-induced skin damage.
Their widespread consumer acceptance, topical nature, and for-
mulation versatility make them an optimal vehicle not only for
preventing UV penetration but also for delivering DNA-repair
enzymes, antioxidants, and other bioactive agents that support
cellular function. Integrating PINGs into sunscreen formula-
tions enables a dual-action approach: shielding skin from fur-
ther harm while actively addressing damage already incurred.
Furthermore, this approach offers several distinct advantages
over their separate topical application. First, co-formulation en-
sures uniform and synergistic photoprotection. When applied
together, PINGs are distributed evenly with the UV filters across
the skin, maximizing their protective interaction with both sun-
light and oxidative stress at the skin's surface. In contrast, sep-
arate applications can lead to inconsistent layering and uneven
protection.

Second, integration enhances user compliance. Most users pre-
fer simplified routines; combining multiple protective agents
into a single product reduces the likelihood of skipping steps and
ensures consistent use. This is especially critical in real-world
scenarios, where photoprotection adherence is often suboptimal.

Third, co-formulating PINGs within sunscreens allows for op-
timized stability and bioavailability. Formulation scientists can
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tailor the sunscreen matrix (e.g., emulsifiers, solvents, encap-
sulation technologies) to stabilize otherwise labile PINGs (like
polyphenols or vitamins) and enhance their delivery into the
skin. Applied separately, PINGs may degrade faster or fail to
penetrate effectively due to incompatibility with the skin envi-
ronment or preceding products.

Lastly, integrated formulations allow for regulatory and clinical
synergy. A single product can be rigorously tested and validated
for safety and efficacy, with evidence-based labeling. Multiple
standalone products complicate clinical evaluation and may not
provide additive benefits unless specifically studied.

4.2 | Research Gaps and Future Research
Directions

Despite growing interest in PINGs, significant research gaps
persist that hinder their systematic incorporation into evidence-
based sunscreen formulations. Among the most pressing chal-
lenges is the lack of standardized methodologies for evaluating
PING efficacy. Currently, sunscreen performance is typically
quantified by the sun protection factor (SPF), which is deter-
mined in vivo based on the MED, reflecting the lowest UVR
dose required to produce visible skin reddening [59]. However,
MED is a limited proxy for biological protection, as it primarily
reflects vascular inflammation (erythema) rather than molecu-
lar or cellular damage. This metric is particularly ill-suited for
evaluating PINGs, many of which exert their effects through
mechanisms such as DNA repair, antioxidant defense, immu-
noprotection, or pigmentation modulation rather than by filter-
ing UVR.

Critically, MED-based assessments fail to capture sub-erythemal
or oxidative stress-related damage and do not account for pho-
todamage induced by VL or IR-A. Furthermore, there is concern
that anti-inflammatory agents that suppress erythema without
preventing underlying damage may artificially inflate SPF val-
ues [124]. To advance the clinical integration of PINGs, there
is an urgent need for validated, mechanism-specific endpoints,
such as biomarkers of DNA damage, oxidative stress, and pig-
mentation, which complement or replace conventional SPF
testing in both preclinical and clinical evaluations. Although
alternative metrics such as the immune protection factor [125],
mutation protection factor [126], and free radical protection fac-
tor [127] have been proposed, none have been universally ad-
opted. A harmonized, mechanism-based assessment framework
is therefore critically needed.

In parallel, standardized testing protocols and regulatory guide-
lines tailored to PING-containing sunscreens remain lack-
ing. Existing frameworks, including those from the FDA and
European Commission, focus primarily on UV filter efficacy
(e.g., SPF, UVA-PF), and do not encompass outcomes like an-
tioxidant activity or DNA repair enhancement. This regulatory
gap constrains innovation and may contribute to consumer
misunderstanding. Moreover, product claims involving natu-
ral or botanical components frequently lack rigorous scientific
substantiation, highlighting the need for alignment between
cosmetic, pharmaceutical, and dermatological regulatory stan-
dards. Furthermore, although certain PINGs demonstrate clear

biological activity, commercial products often make weak or non-
specific claims to avoid classification as drugs. This situation re-
flects a long-standing regulatory gap originally highlighted by
Kligman through the term “cosmeceutical” to describe agents
that straddle cosmetics and pharmaceuticals [128]. The estab-
lishment of an intermediate category could provide a framework
for more rigorous evaluation, stimulate innovation, and encour-
age the generation of higher-quality clinical evidence for PING-
containing formulations.

To date, most studies evaluating PINGs have concentrated on
UVB- or UVA-induced endpoints in controlled laboratory set-
tings, with limited exploration of VL and IR-A effects. Yet these
wavelengths represent an important and underaddressed com-
ponent of solar radiation. PINGs offer enormous potential to
protect skin against these wavelengths, particularly as conven-
tional filters offer limited or no protection. At present, only 17
ingredients with purported HEVL protection have been identi-
fied, the majority supported solely by in vitro data [7]. Among
them, licorice extract, [72], nicotinamide [129], ethyl ascorbyl
ether [130], and Scenedesmus rubescens extract [129] show some
degree of clinical evidence, though none are backed by robust
trials.

Red light (625-700nm) is also known to induce ROS, inhibit
collagen synthesis, and impair fibroblast function in vitro [52].
However, resveratrol remains the only PING with demonstrated
protective effects against red light-induced oxidative stress
[131]. Similarly, research into IR-A protection is limited; of the
13 identified PINGs with potential activity, only $-carotene has
been evaluated beyond cell culture [65]. Furthermore, most
studies examine these wavebands in isolation, despite emerging
evidence that simultaneous exposure to multiple wavelengths
induces distinct biological effects. Compounding this issue,
many efficacy studies use sub-erythemal UVR doses, which,
while useful for probing molecular endpoints without overt tis-
sue damage, do not replicate real-world exposure conditions.
This underscores the need for standardized, environmentally
relevant irradiation models that more accurately reflect natural
sunlight.

Another key limitation is the lack of understanding regarding
the dose-response relationships and threshold concentrations
required for clinically meaningful effects. Existing studies
frequently employ differing concentrations, formulation ve-
hicles, and application protocols, complicating cross-study
comparisons. While current evidence suggests that PINGs are
particularly effective against oxidative stress and may support
endogenous DNA repair, thereby helping to prevent both im-
mediate (e.g., erythema, inflammation, immunosuppression)
and long-term outcomes (e.g., photoaging, carcinogenesis), no
single PING confers comprehensive protection against the full
spectrum of solar-induced biological effects. As such, multi-
ingredient formulations leveraging synergistic or complemen-
tary mechanisms are likely necessary to achieve full spectrum
photoprotection. Whether a “universal” PING exists remains
unclear, and future studies should prioritize testing of ingredi-
ent combinations for additive or synergistic benefits.

The molecular mechanisms underlying PING activity are also
incompletely defined. Addressing this gap will require the
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application of advanced systems biology approaches, including
transcriptomics, proteomics, and metabolomics.

The chemical complexity of many PINGs, particularly botanical
extracts, presents additional challenges. Their composition can
vary substantially depending on the plant species, harvest con-
ditions, extraction methods, and storage practices. This lack of
standardization hinders reproducibility, stability, and regulatory
approval. Furthermore, the pharmacokinetics and bioavailabil-
ity of topically applied PINGs remain poorly understood. Few
studies have quantified skin penetration, localization within
specific layers, or metabolic fate following application.

Sustainable and ethical sourcing of PINGs, particularly botan-
icals, should be considered a parallel priority given increasing
consumer demand for transparency and environmental re-
sponsibility. Equally critical is the effective delivery of PINGs
to biologically relevant skin compartments. Advanced delivery
systems, such as nanoparticles, liposomes, nanoemulsions, and
encapsulation technologies, are being explored to enhance sta-
bility, penetration, and bioavailability. However, comparative
studies directly evaluating these technologies are scarce, limit-
ing our understanding of their real-world performance.

Individual variability in skin response, driven by factors such
as phototype, genetic background, and overall health, further
complicates universal recommendations. Personalized ap-
proaches, including the development of adaptive or “intelligent”
formulations (e.g., ROS- or pH-responsive systems), represent a
promising frontier, offering real-time protection tailored to en-
vironmental stressors.

From a clinical perspective, there is a notable lack of long-term,
placebo-controlled trials assessing PING-containing sunscreens
across endpoints such as photoaging, pigmentation, immuno-
suppression, and DNA repair. Of the 1750 PINGs identified by
Brown et al. [7], fewer than 10% have been evaluated in clinical
studies. Only 27 are supported by strong evidence, and just 18
are approved for inclusion in sunscreens (Table 4). Most existing
human trials are short-term, rely on surrogate endpoints (e.g.,
erythema or pigmentation scores), and lack histological or mo-
lecular validation of long-term efficacy. Moreover, participant
populations often lack gender, ethnic, and phototype diversity,
limiting generalizability. This is particularly concerning for
PINGs targeting VL-induced pigmentation, which may be more
relevant for darker skin tones. Future trials must ensure diverse
representation and include stratified analyses to assess differen-
tial efficacy.

Finally, formulation stability remains a foundational concern,
not only within the sunscreen itself but also with respect to main-
taining PING activity upon skin application. Addressing these
formulation, mechanistic, and regulatory challenges is essen-
tial to unlocking the full potential of PINGs as next-generation
agents for safe, effective, and broad-spectrum photoprotection.

5 | Conclusions

PINGs offer a promising solution to many limitations of tra-
ditional UV filters, with added benefits for skin health and

environmental safety. However, several challenges must be ad-
dressed to ensure their broader adoption. Rigorous mechanistic
elucidation, clinical validation, formulation optimization, and
regulatory alignment are urgently needed to realize their full
potential. Bridging these gaps will not only enhance the scien-
tific legitimacy of PINGs but will also facilitate the development
of next-generation sunscreens that are effective, inclusive, and
aligned with contemporary dermatological and environmental
standards.

Author Contributions

All authors contributed to conceptualization, methodology, writing -
review and editing; Anthony Brown contributed to data curation, vali-
dation, formal analysis, writing - original draft, visualization.

Conflicts of Interest

J.K.servesasaconsultant to/IUF obtains funding from: AbbVie, Amway,
bitop, Blue Lagoon, Evonik, ISDIN, La Roche-Posay, L'Oreal, Mary Kay,
Meitu, Mistine, Mibelle, Shin, Skinceuticals, Stada, Symrise, Vichy.
A.B. and C.T. are employees of ISDIN. T.P. has received grants and/
or honoraria from AbbVie, ACM Pharma, Almirall, Amgen, Astellas,
Beiersdorf, Bristol Myers Squibb, Calypso, Caudalie, Celgene, Galderma,
Genzyme/Sanofi, GlaxoSmithKline, Incyte Corporation, ISDIN, ISIS
Pharma, Janssen, LEO Pharma, LOREAL, Eli Lilly, NAOS, Novartis,
Pfizer, Roivant, Sun Pharmaceuticals, SVR, Symrise, Takeda, UCB, and
VYNE Therapeutics. He is the cofounder of NIKAIA Pharmaceuticals.
C.G. has received honoraria from ISDIN, ACTIVEN. Y.G. has acted as
a consultant for Almirall, ISDIN, Roche Posay, Abbvie, Lilly, Sanofi,
Pierre Fabre and Pfizer. J.P.-C. is a consultant for ISDIN. G.L. has acted
as consultant for: ISDIN, AVITA Medical, Clinuvel, Incyte Corporation,
NAOS. S.S. has received grants and/or honoraria from Cantabria, FQM
Brasil, ISDIN, LOREAL, NAOS, Pierre Fabre. HW.L. has served as in-
vestigator for Incyte, La Roche Posay, Pfizer, and PCORI; consultant for
ISDIN, Beiersdorf, Ferndale, L'Oréal, Eli Lilly, Zerigo Health, Skinosive,
Kenvue; and speaker on general educational session for La Roche-Posay,
Cantabria labs, Pierre Fabre, NAOS, Uriage, Pfizer, ISDIN.

Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analyzed during the current study.

References

1. C. Cole, T. Shyr, and H. Ou-Yang, “Metal Oxide Sunscreens Protect
Skin by Absorption, Not by Reflection or Scattering,” Photodermatology,
Photoimmunology & Photomedicine 32, no. 1 (2016): 5-10, https://doi.
org/10.1111/PHPP.12214.

2.J. Krutmann, T. Passeron, Y. Gilaberte, et al., “Photoprotection of
the Future: Challenges and Opportunities,” Journal of the European
Academy of Dermatology and Venereology 34, no. 3 (2020): 447-454,
https://doi.org/10.1111/JDV.16030.

3. F. J. Moloney, S. Collins, and G. M. Murphy, “Sunscreens: Safety,
Efficacy and Appropriate Use,” American Journal of Clinical
Dermatology 3, no. 3 (2002): 185-191, https://doi.org/10.2165/00128071-
200203030-00005.

4.L. Zastrow, N. Groth, F. Klein, et al., “The Missing Link—Light-
Induced (280-1,600 Nm) Free Radical Formation in Human Skin,” Skin
Pharmacology and Physiology 22, no. 1 (2009): 31-44, https://doi.org/10.
1159/000188083.

5.S. L. Schneider and H. W. Lim, “Review of Environmental Effects of
Oxybenzone and Other Sunscreen Active Ingredients,” Journal of the

20 of 25

Photodermatology, Photoimmunology & Photomedicine, 2025

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T


https://doi.org/10.1111/PHPP.12214
https://doi.org/10.1111/PHPP.12214
https://doi.org/10.1111/JDV.16030
https://doi.org/10.2165/00128071-200203030-00005
https://doi.org/10.2165/00128071-200203030-00005
https://doi.org/10.1159/000188083
https://doi.org/10.1159/000188083

American Academy of Dermatology 80, no. 1 (2019): 266-271, https://
doi.org/10.1016/J.JAAD.2018.06.033.

6.D. I. S. P. Resende, A. Jesus, J. M. Sousa Lobo, et al., “Up-To-
Date Overview of the Use of Natural Ingredients in Sunscreens,”
Pharmaceuticals (Basel) 15, no. 3 (2022): 72, https://doi.org/10.3390/
PH15030372.

7.A. Brown, T. Passeron, C. Granger, et al., “An Evidence-Driven
Classification of Nonfiltering Ingredients for Topical Photoprotection,”
British Journal of Dermatology 192, no. 6 (2025): 1132-1134, https://doi.
org/10.1093/BJD/LJAFO055.

8.H. Ou-Yang, G. Stamatas, C. Saliou, and N. Kollias, “A
Chemiluminescence Study of UVA-Induced Oxidative Stress in Human
Skin In Vivo,” Journal of Investigative Dermatology 122, no. 4 (2004):
1020-1029, https://doi.org/10.1111/J.0022-202X.2004.22405.X.

9.T. Raschke, U. Koop, H. J. Diising, et al., “Topical Activity of
Ascorbic Acid: From In Vitro Optimization to In Vivo Efficacy,” Skin
Pharmacology and Physiology 17, no. 4 (2004): 200-206, https://doi.org/
10.1159/000078824.

10. R. Hagens, F. Khabiri, V. Schreiner, et al., “Non-Invasive Monitoring
of Oxidative Skin Stress by Ultraweak Photon Emission Measurement.
II: Biological Validation on Ultraviolet A-Stressed Skin,” Skin Research
and Technology 14, no. 1 (2008): 112-120, https://doi.org/10.1111/J.
1600-0846.2007.00207.X.

11.J. P. Ley, “Phenolic Acid Amides of Phenolic Benzylamines Against
UVA-Induced Oxidative Stress in Skin,” International Journal of
Cosmetic Science 23, no. 1 (2001): 35-48, https://doi.org/10.1046/J.1467-
2494.2001.00055.X.

12.C. Cho, E. Lee, E. Cho, et al.,, “In Vivo Method to Evaluate
Antioxidative Activity Using UVA-Induced Carbonylated Protein on
Human Skin,” Journal of Cosmetic Dermatology 21, no. 3 (2022): 1263-
1269, https://doi.org/10.1111/JOCD.14227.

13. S. Ekanayake-Mudiyanselage, A. Tavakkol, T. G. Polefka, Z. Nabi,
P. Elsner, and J. J. Thiele, “Vitamin E Delivery to Human Skin by A
Rinse-Off Product: Penetration of Alpha-Tocopherol Versus Wash-Out
Effects of Skin Surface Lipids,” Skin Pharmacology and Physiology 18,
no. 1 (2005): 20-26, https://doi.org/10.1159/000081682.

14. L. Declercq, I. Sente, L. Hellemans, H. Corstjens, and D. Maes, “Use
of the Synthetic Superoxide Dismutase/Catalase Mimetic EUK-134 to
Compensate for Seasonal Antioxidant Deficiency by Reducing Pre-
Existing Lipid Peroxides at the Human Skin Surface,” International
Journal of Cosmetic Science 26, no. 5 (2004): 255-263, https://doi.org/10.
1111/J.1467-2494.2004.00234.X.

15. V. Ribet, V. Nobile, and A. B. Rossi, “In Situ Antioxidant Activity of
a Dermo-Cosmetic Product: A Randomized Controlled Clinical Study,”
Experimental Dermatology 28, no. 11 (2019): 1219-1226, https://doi.org/
10.1111/EXD.14005.

16. H. Stege, L. Roza, A. A. Vink, et al., “Enzyme Plus Light Therapy
to Repair DNA Damage in Ultraviolet-B-Irradiated Human Skin,”
Proceedings of the National Academy of Sciences of the United States
of America 97, no. 4 (2000): 1790-1795, https://doi.org/10.1073/PNAS.
030528897.

17. E. Berardesca, M. Bertona, K. Altabas, V. Altabas, and E. Emanuele,
“Reduced Ultraviolet-Induced DNA Damage and Apoptosis in Human
Skin With Topical Application of a Photolyase-Containing DNA
Repair Enzyme Cream: Clues to Skin Cancer Prevention,” Molecular
Medicine Reports 5, no. 2 (2012): 570-574, https://doi.org/10.3892/
MMR.2011.673.

18. P. Wolf, H. Maier, R. R. Miillegger, et al., “Topical Treatment With
Liposomes Containing T4 Endonuclease V Protects Human Skin
In Vivo From Ultraviolet-Induced Upregulation of Interleukin-10
and Tumor Necrosis Factor-Alpha,” Journal of Investigative
Dermatology 114, no. 1 (2000): 149-156, https://doi.org/10.1046/J.1523-
1747.2000.00839.X.

19. G. Sivapirabu, E. Yiasemides, G. M. Halliday, J. Park, and D. L.
Damian, “Topical Nicotinamide Modulates Cellular Energy Metabolism
and Provides Broad-Spectrum Protection Against Ultraviolet
Radiation-Induced Immunosuppression in Humans,” British Journal
of Dermatology 161, no. 6 (2009): 1357-1364, https://doi.org/10.1111/J.
1365-2133.2009.09244.X.

20.D. L. Damian, C. R. S. Patterson, M. Stapelberg, J. Park, R.
S. C. Barnetson, and G. M. Halliday, “UV Radiation-Induced
Immunosuppression Is Greater in Men and Prevented by Topical
Nicotinamide,” Journal of Investigative Dermatology 128, no. 2 (2008):
447-454, https://doi.org/10.1038/SJ.JID.5701058.

21.Y. H. Li, Y. Wu, H. C. Wei, et al., “Protective Effects of Green Tea
Extracts on Photoaging and Photommunosuppression,” Skin Research
and Technology 15, no. 3 (2009): 338-345, https://doi.org/10.1111/J.
1600-0846.2009.00370.X.

22.S. K. Katiyar, F. Afaq, A. Perez, and H. Mukhtar, “Green Tea
Polyphenol (-)-Epigallocatechin-3-Gallate Treatment of Human
Skin Inhibits Ultraviolet Radiation-Induced Oxidative Stress,”
Carcinogenesis 22, no. 2 (2001): 287-294, https://doi.org/10.1093/
CARCIN/22.2.287.

23. H. Zhai, S. Behnam, C. D. Villarama, M. Arens-Corell, M. J. Choi,
and H. I. Maibach, “Evaluation of the Antioxidant Capacity and
Preventive Effects of a Topical Emulsion and Its Vehicle Control on the
Skin Response to UV Exposure,” Skin Pharmacology and Physiology 18,
no. 6 (2005): 288-293, https://doi.org/10.1159/000088014.

24.P. Perugini, M. Vettor, C. Rona, et al., “Efficacy of Oleuropein
Against UVB Irradiation: Preliminary Evaluation,” International
Journal of Cosmetic Science 30, no. 2 (2008): 113-120, https://doi.org/10.
1111/1.1468-2494.2008.00424.X.

25. F. Dreher, B. Gabard, D. A. Schwindt, and H. 1. Maibach, “Topical
Melatonin in Combination With Vitamins E and C Protects Skin From
Ultraviolet-Induced Erythema: A Human Study In Vivo,” British
Journal of Dermatology 139, no. 2 (1998): 332-339, https://doi.org/10.
1046/J.1365-2133.1998.02447.X.

26. E. Bangha, P. Elsner, and G. S. Kistler, “Suppression of UV-
Induced Erythema by Topical Treatment With Melatonin (N-Acetyl-
5-Methoxytryptamine). Influence of the Application Time Point,”
Dermatology 195, no. 3 (1997): 248-252, https://doi.org/10.1159/
000245953.

27.T. Fischer, E. Bangha, P. Elsner, and G. S. Kistler, “Suppression of
UV-Induced Erythema by Topical Treatment With Melatonin. Influence
of the Application Time Point,” Biological Signals and Receptors 8, no. 1
(1999): 132-135, https://doi.org/10.1159/000014581.

28. C. Scheuer, H. C. Pommergaard, J. Rosenberg, and I. Gogenur, “Dose
Dependent Sun Protective Effect of Topical Melatonin: A Randomized,
Placebo-Controlled, Double-Blind Study,” Journal of Dermatological
Science 84, no. 2 (2016): 178-185, https://doi.org/10.1016/J.JDERMSCI.
2016.08.007.

29. C. Scheuer, “Melatonin for Prevention of Erythema and Oxidative
Stress in Response to Ultraviolet Radiation,” Danish Medical Journal
64, no. 6 (2017): B5358.

30.V. Vachiramon, C. Kositkuljorn, K. Leerunyakul, and K.
Chanprapaph, “Isobutylamido Thiazolyl Resorcinol for Prevention of
UVB-Induced Hyperpigmentation,” Journal of Cosmetic Dermatology
20, no. 3 (2021): 987-992, https://doi.org/10.1111/JOCD.13615.

31.Y. K. Seo, S.J. Kim, Y. C. Boo, J. H. Baek, S. H. Lee, and J. S. Koh,
“Effects of p-Coumaric Acid on Erythema and Pigmentation of Human
Skin Exposed to Ultraviolet Radiation,” Clinical and Experimental
Dermatology 36, no. 3 (2011): 260-266, https://doi.org/10.1111/J.1365-
2230.2010.03983.X.

32.8S. Kang, J. H. Chung, J. H. Lee, et al., “Topical N-Acetyl Cysteine
and Genistein Prevent Ultraviolet-Light-Induced Signaling That
Leads to Photoaging in Human Skin In Vivo,” Journal of Investigative

Photodermatology, Photoimmunology & Photomedicine, 2025

21 of 25

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T


https://doi.org/10.1016/J.JAAD.2018.06.033
https://doi.org/10.1016/J.JAAD.2018.06.033
https://doi.org/10.3390/PH15030372
https://doi.org/10.3390/PH15030372
https://doi.org/10.1093/BJD/LJAF055
https://doi.org/10.1093/BJD/LJAF055
https://doi.org/10.1111/J.0022-202X.2004.22405.X
https://doi.org/10.1159/000078824
https://doi.org/10.1159/000078824
https://doi.org/10.1111/J.1600-0846.2007.00207.X
https://doi.org/10.1111/J.1600-0846.2007.00207.X
https://doi.org/10.1046/J.1467-2494.2001.00055.X
https://doi.org/10.1046/J.1467-2494.2001.00055.X
https://doi.org/10.1111/JOCD.14227
https://doi.org/10.1159/000081682
https://doi.org/10.1111/J.1467-2494.2004.00234.X
https://doi.org/10.1111/J.1467-2494.2004.00234.X
https://doi.org/10.1111/EXD.14005
https://doi.org/10.1111/EXD.14005
https://doi.org/10.1073/PNAS.030528897
https://doi.org/10.1073/PNAS.030528897
https://doi.org/10.3892/MMR.2011.673
https://doi.org/10.3892/MMR.2011.673
https://doi.org/10.1046/J.1523-1747.2000.00839.X
https://doi.org/10.1046/J.1523-1747.2000.00839.X
https://doi.org/10.1111/J.1365-2133.2009.09244.X
https://doi.org/10.1111/J.1365-2133.2009.09244.X
https://doi.org/10.1038/SJ.JID.5701058
https://doi.org/10.1111/J.1600-0846.2009.00370.X
https://doi.org/10.1111/J.1600-0846.2009.00370.X
https://doi.org/10.1093/CARCIN/22.2.287
https://doi.org/10.1093/CARCIN/22.2.287
https://doi.org/10.1159/000088014
https://doi.org/10.1111/J.1468-2494.2008.00424.X
https://doi.org/10.1111/J.1468-2494.2008.00424.X
https://doi.org/10.1046/J.1365-2133.1998.02447.X
https://doi.org/10.1046/J.1365-2133.1998.02447.X
https://doi.org/10.1159/000245953
https://doi.org/10.1159/000245953
https://doi.org/10.1159/000014581
https://doi.org/10.1016/J.JDERMSCI.2016.08.007
https://doi.org/10.1016/J.JDERMSCI.2016.08.007
https://doi.org/10.1111/JOCD.13615
https://doi.org/10.1111/J.1365-2230.2010.03983.X
https://doi.org/10.1111/J.1365-2230.2010.03983.X

Dermatology 120, no. 5 (2003): 835-841, https://doi.org/10.1046/J.1523-
1747.2003.12122.X.

33.H. C. Jin, Y. S. Jin, K. L. Mi, et al., “Ultraviolet Modulation of
Human Macrophage Metalloelastase in Human Skin In Vivo,” Journal
of Investigative Dermatology 119, no. 2 (2002): 507-512, https://doi.org/
10.1046/J.1523-1747.2002.01844.X.

34.Z. Qin, P. Robichaud, T. He, et al., “Oxidant Exposure Induces
Cysteine-Rich Protein 61 (CCN1) via c-Jun/AP-1 to Reduce Collagen
Expression in Human Dermal Fibroblasts,” PLoS One 9, no. 12 (2014):
402, https://doi.org/10.1371/JOURNAL.PONE.0115402.

35.R. P. Rastogi, A. Richa Kumar, M. B. Tyagi, and R. P. Sinha,
“Molecular Mechanisms of Ultraviolet Radiation-Induced DNA
Damage and Repair,” Journal of Nucleic Acids 1, no. 2010 (2010), https://
doi.org/10.4061/2010/592980.

36. M. Dizdaroglu, “Chemical Determination of Free Radical-Induced
Damage to DNA,” Free Radical Biology & Medicine 10 (1991): 225-242,
https://doi.org/10.1016/0891-5849(91)90080-M.

37.J. Cadet, T. Douki, and J. L. Ravanat, “Oxidatively Generated Base
Damage to Cellular DNA,” Free Radical Biology & Medicine 49 (2010):
9-21, https://doi.org/10.1016/J.FREERADBIOMED.2010.03.025.

38.S. Bjelland and E. Seeberg, “Mutagenicity, Toxicity and Repair
of DNA Base Damage Induced by Oxidation,” Mutation Research,
Fundamental and Molecular Mechanisms of Mutagenesis 531 (2003):
37-80, https://doi.org/10.1016/j.mrfmmm.2003.07.002.

39. A. Sancar, L. A. Lindsey-Boltz, K. Unsal-Kagmaz, and S. Linn,
“Molecular Mechanisms of Mammalian DNA Repair and the DNA
Damage Checkpoints,” Annual Review of Biochemistry 73 (2004): 39-85,
https://doi.org/10.1146/ANNUREV.BIOCHEM.73.011303.073723.

40. E. C. Friedberg, “DNA Damage and Repair,” Nature 421 (2003): 436—
440, https://doi.org/10.1038/NATURE01408.

41.J. H. J. Hoeijmakers, “Genome Maintenance Mechanisms for
Preventing Cancer,” Nature 411 (2001): 366-374, https://doi.org/10.
1038/35077232.

42.P. Andersen, K. Abrams, P. Bjerring, and H. Maibach, “A
Time-Correlation Study of Ultraviolet B-Induced Erythema
Measured by Reflectance Spectroscopy and Laser Doppler
Flowmetry,” Photodermatology, Photoimmunology & Photomedicine 8
(1991): 123.

43. G. Deliconstantinos, V. Villiotou, and J. C. Stravrides, “Release
by Ultraviolet B (u.v.B) Radiation of Nitric Oxide (NO) From Human
Keratinocytes: A Potential Role for Nitric Oxide in Erythema
Production,” British Journal of Pharmacology 114, no. 6 (1995): 1257-
1265, https://doi.org/10.1111/J.1476-5381.1995.TB13341.X.

44. K. P. Lawrence, T. Douki, R. P. E. Sarkany, S. Acker, B. Herzog, and
A. R. Young, “The UV/Visible Radiation Boundary Region (385-405
Nm) Damages Skin Cells and Induces “Dark” Cyclobutane Pyrimidine
Dimers in Human Skin In Vivo,” Scientific Reports 8, no. 1 (2018): 1-12,
https://doi.org/10.1038/s41598-018-30738-6.

45.S. Premi, S. Wallisch, C. M. Mano, et al., “Photochemistry.
Chemiexcitation of Melanin Derivatives Induces DNA Photoproducts
Long After UV Exposure,” Science 347, no. 6224 (2015): 842-847,
https://doi.org/10.1126/SCIENCE.1256022.

46. A. Tewari, M. M. L. Grage, G. I. Harrison, R. Sarkany, and A. R.
Young, “UVAL1 Is Skin Deep: Molecular and Clinical Implications,”
Photochemical & Photobiological Sciences 12, no. 1 (2013): 95-103,
https://doi.org/10.1039/C2PP25323B.

47. M. L. Kripke, P. A. Cox, L. G. Alas, and D. B. Yarosh, “Pyrimidine
Dimers in DNA Initiate Systemic Immunosuppression in UV-Irradiated
Mice,” Proceedings of the National Academy of Sciences of the United
States of America 89, no. 16 (1992): 7516-7520, https://doi.org/10.1073/
PNAS.89.16.7516.

48. T. Schwarz, “Regulatory T Cells Induced by Ultraviolet Radiation,”
International Archives of Allergy and Immunology 137, no. 3 (2005): 187-
193, https://doi.org/10.1159/000086330.

49.1. Kohli, T. Sakamaki, W. Dong Tian, D. Moyal, I. H. Hamzavi,
and N. Kollias, “The Dynamics of Pigment Reactions of Human Skin
to Ultraviolet A Radiation,” Photodermatology, Photoimmunology &
Photomedicine 35, no. 6 (2019): 387-392, https://doi.org/10.1111/PHPP.
12497.

50. Y. Miyamura, S. G. Coelho, K. Schlenz, et al., “The Deceptive Nature
of UVA Tanning Versus the Modest Protective Effects of UVB Tanning
on Human Skin,” Pigment Cell & Melanoma Research 24, no. 1 (2011):
136-147, https://doi.org/10.1111/J.1755-148X.2010.00764.X.

51.J. M. Yardman-Frank and D. E. Fisher, “Skin Pigmentation and
Its Control: From Ultraviolet Radiation to Stem Cells,” Experimental
Dermatology 30, no. 4 (2021): 560-571, https://doi.org/10.1111/EXD.
14260.

52.S. Ito, K. Wakamatsu, and T. Sarna, “Photodegradation of
Eumelanin and Pheomelanin and Its Pathophysiological Implications,”
Photochemistry and Photobiology 94, no. 3 (2018): 409-420, https://doi.
org/10.1111/PHP.12837.

53. A. Brown, C. Trullas, and E. Jourdan, “Cell and Tissue-Based
Models for Evaluating the Cutaneous Impact of Visible Light,” Journal
of Photochemistry and Photobiology 19 (2024): 100216, https://doi.org/
10.1016/J.JPAP.2023.100216.

54.1. Kohli, S. Chaowattanapanit, T. F. Mohammad, et al., “Synergistic
Effects of Long-Wavelength Ultraviolet A1l and Visible Light on
Pigmentation and Erythema,” British Journal of Dermatology 178, no. 5
(2018): 1173-1180, https://doi.org/10.1111/bjd.15940.

55.B. H. Mahmoud, E. Ruvolo, C. L. Hexsel, et al., “Impact of Long-
Wavelength UVA and Visible Light on Melanocompetent Skin,” Journal
of Investigative Dermatology 130, no. 8 (2010): 2092-2097, https://doi.
org/10.1038/jid.2010.95.

56. C. Regazzetti, L. Sormani, D. Debayle, et al., “Melanocytes Sense
Blue Light and Regulate Pigmentation Through Opsin-3,” Journal of
Investigative Dermatology 138, no. 1 (2018): 171-178, https://doi.org/10.
1016/j,jid.2017.07.833.

57. P. Schroeder, J. Lademann, M. E. Darvin, et al., “Infrared Radiation-
Induced Matrix Metalloproteinase in Human Skin: Implications for
Protection,” Journal of Investigative Dermatology 128, no. 10 (2008):
2491-2497, https://doi.org/10.1038/J1D.2008.116.

58.T. Karu, “Primary and Secondary Mechanisms of Action of
Visible to Near-IR Radiation on Cells,” Journal of Photochemistry and
Photobiology. B 49, no. 1 (1999): 1-17, https://doi.org/10.1016/S1011-
1344(98)00219-X.

59.T. I. Karu, L. V. Pyatibrat, and N. I. Afanasyeva, “A Novel
Mitochondrial Signaling Pathway Activated by Visible-To-Near
Infrared Radiation,” Photochemistry and Photobiology 80, no. 2 (2004):
123, https://doi.org/10.1562/2004-03-25-RA-123.

60. A. Pérez-Ferriols, “The Minimal Erythema Dose (MED) Project:
In Search of Consensus on Phototesting,” Actas Dermo-Sifiliogrdficas
(English Edition) 104, no. 7 (2013): 541-542, https://doi.org/10.1016/J.
ADENGL.2013.04.012.

61.T. L. de Jager, A. E. Cockrell, and S. S. Du Plessis, “Ultraviolet
Light Induced Generation of Reactive Oxygen Species,” Advances in
Experimental Medicine and Biology 996 (2017): 15-23, https://doi.org/
10.1007/978-3-319-56017-5_2.

62. H. N. H. Amin, S. K. Abdulla, N. M. Ali, V. A. Ahmed, A. H. Hasan,
and E. E. Qadir, “Role of Antioxidants in Skin Aging and the Molecular
Mechanism of ROS: A Comprehensive Review,” Aspects of Molecular
Medicine 5 (2025): 100063, https://doi.org/10.1016/J.AMOLM.2025.
100063.

22 of 25

Photodermatology, Photoimmunology & Photomedicine, 2025

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T


https://doi.org/10.1046/J.1523-1747.2003.12122.X
https://doi.org/10.1046/J.1523-1747.2003.12122.X
https://doi.org/10.1046/J.1523-1747.2002.01844.X
https://doi.org/10.1046/J.1523-1747.2002.01844.X
https://doi.org/10.1371/JOURNAL.PONE.0115402
https://doi.org/10.4061/2010/592980
https://doi.org/10.4061/2010/592980
https://doi.org/10.1016/0891-5849(91)90080-M
https://doi.org/10.1016/J.FREERADBIOMED.2010.03.025
https://doi.org/10.1016/j.mrfmmm.2003.07.002
https://doi.org/10.1146/ANNUREV.BIOCHEM.73.011303.073723
https://doi.org/10.1038/NATURE01408
https://doi.org/10.1038/35077232
https://doi.org/10.1038/35077232
https://doi.org/10.1111/J.1476-5381.1995.TB13341.X
https://doi.org/10.1038/s41598-018-30738-6
https://doi.org/10.1126/SCIENCE.1256022
https://doi.org/10.1039/C2PP25323B
https://doi.org/10.1073/PNAS.89.16.7516
https://doi.org/10.1073/PNAS.89.16.7516
https://doi.org/10.1159/000086330
https://doi.org/10.1111/PHPP.12497
https://doi.org/10.1111/PHPP.12497
https://doi.org/10.1111/J.1755-148X.2010.00764.X
https://doi.org/10.1111/EXD.14260
https://doi.org/10.1111/EXD.14260
https://doi.org/10.1111/PHP.12837
https://doi.org/10.1111/PHP.12837
https://doi.org/10.1016/J.JPAP.2023.100216
https://doi.org/10.1016/J.JPAP.2023.100216
https://doi.org/10.1111/bjd.15940
https://doi.org/10.1038/jid.2010.95
https://doi.org/10.1038/jid.2010.95
https://doi.org/10.1016/j.jid.2017.07.833
https://doi.org/10.1016/j.jid.2017.07.833
https://doi.org/10.1038/JID.2008.116
https://doi.org/10.1016/S1011-1344(98)00219-X
https://doi.org/10.1016/S1011-1344(98)00219-X
https://doi.org/10.1562/2004-03-25-RA-123
https://doi.org/10.1016/J.ADENGL.2013.04.012
https://doi.org/10.1016/J.ADENGL.2013.04.012
https://doi.org/10.1007/978-3-319-56017-5_2
https://doi.org/10.1007/978-3-319-56017-5_2
https://doi.org/10.1016/J.AMOLM.2025.100063
https://doi.org/10.1016/J.AMOLM.2025.100063

63.S. I. Rizvi and P. K. Maurya, “Alterations in Antioxidant Enzymes
During Aging in Humans,” Molecular Biotechnology 37, no. 1 (2007):
58-61, https://doi.org/10.1007/S12033-007-0048-7.

64.S. Widyarini, M. Allanson, N. L. Gallagher, et al., “Isoflavonoid
Photoprotection in Mouse and Human Skin Is Dependent on
Metallothionein,” Journal of Investigative Dermatology 126, no. 1 (2006):
198-204, https://doi.org/10.1038/SJ.JID.5700013.

65. L. Danoux, S. Mine, N. Abdul-Malak, et al., “How to Help the
Skin Cope With Glycoxidation,” Clinical Chemistry and Laboratory
Medicine 52, no. 1 (2014): 175-182, https://doi.org/10.1515/
CCLM-2012-0828.

66. M. E. Darvin, J. W. Fluhr, M. C. Meinke, L. Zastrow, W. Sterry, and J.
Lademann, “Topical Beta-Carotene Protects Against Infra-Red-Light-
Induced Free Radicals,” Experimental Dermatology 20, no. 2 (2011):
125-129, https://doi.org/10.1111/J.1600-0625.2010.01191.X.

67. F. Ziilli, F. Suter, H. Biltz, and H. P. Nissen, “Improving Skin
Function With CM-Glucan, a Biological Response Modifier From
Yeast,” International Journal of Cosmetic Science 20, no. 2 (1998): 79-86,
https://doi.org/10.1046/J.1467-2494.1998.171740.X.

68.E. P. A. Van Wijk, R. Van Wijk, and S. Bosman, “Using Ultra-
Weak Photon Emission to Determine the Effect of Oligomeric
Proanthocyanidins on Oxidative Stress of Human Skin,” Journal of
Photochemistry and Photobiology. B 98, no. 3 (2010): 199-206, https://
doi.org/10.1016/J.JPHOTOBIOL.2010.01.003.

69. S. Arndt, S. F. Haag, A. Kleemann, J. Lademann, and M. C. Meinke,
“Radical Protection in the Visible and Infrared by a Hyperforin-Rich
Cream—In Vivo Versus Ex Vivo Methods,” Experimental Dermatology
22,no. 5 (2013): 354-357, https://doi.org/10.1111/EXD.12124.

70.S. F. Haag, K. Tscherch, S. Arndt, et al.,, “Enhancement of Skin
Radical Scavenging Activity and Stratum Corneum Lipids After
the Application of a Hyperforin-Rich Cream,” European Journal of
Pharmaceutics and Biopharmaceutics 86, no. 2 (2014): 227-233, https://
doi.org/10.1016/J.EJPB.2013.06.016.

71.J. Kiihnl, D. Roggenkamp, S. A. Gehrke, et al., “Licochalcone
A Activates Nrf2 In Vitro and Contributes to Licorice Extract-
Induced Lowered Cutaneous Oxidative Stress In Vivo,” Experimental
Dermatology 24, no. 1 (2015): 42-47, https://doi.org/10.1111/EXD.
12588.

72.T. Mann, K. Eggers, F. Rippke, et al., “High-Energy Visible Light
at Ambient Doses and Intensities Induces Oxidative Stress of Skin-
Protective Effects of the Antioxidant and Nrf2 Inducer Licochalcone
A In Vitro and In Vivo,” Photodermatology, Photoimmunology &
Photomedicine 36, no. 2 (2020): 135-144, https://doi.org/10.1111/PHPP.
12523.

73. R. Belli, P. Amerio, L. Brunetti, et al., “Elevated 8-Isoprostane Levels
in Basal Cell Carcinoma and in UVA Irradiated Skin,” International
Journal of Immunopathology and Pharmacology 18, no. 3 (2005): 497-
502, https://doi.org/10.1177/039463200501800309.

74. M. S. Matsui, A. Hsia, J. D. Miller, et al., “Non-Sunscreen
Photoprotection: Antioxidants Add Value to a Sunscreen,” Journal of
Investigative Dermatology. Symposium Proceedings 14, no. 1 (2009): 56—
59, https://doi.org/10.1038/JIDSYMP.2009.14.

75.Y. Wu, M. S. Matsui, J. Z. S. Chen, et al., “Antioxidants Add
Protection to a Broad-Spectrum Sunscreen,” Clinical and Experimental
Dermatology 36, no. 2 (2011): 178-187, https://doi.org/10.1111/J.1365-
2230.2010.03916.X.

76.S. Grether-Beck, A. Marini, T. Jaenicke, and J. Krutmann,
“Effective Photoprotection of Human Skin Against Infrared A
Radiation by Topically Applied Antioxidants: Results From a Vehicle
Controlled, Double-Blind, Randomized Study,” Photochemistry and
Photobiology 91, no. 1 (2015): 248-250, https://doi.org/10.1111/PHP.
12375.

77.J. Y. Lin, M. A. Selim, C. R. Shea, et al., “UV Photoprotection by
Combination Topical Antioxidants Vitamin C and Vitamin E,” Journal
of the American Academy of Dermatology 48, no. 6 (2003): 866-874,
https://doi.org/10.1067/MJD.2003.425.

78. M. M. Saleh, A. Woods, R. D. Harvey, A. R. Young, and S. A. Jones,
“Nanomaterials Fusing With the Skin: Alpha-Tocopherol Phosphate
Delivery Into the Viable Epidermis to Protect Against Ultraviolet
Radiation Damage,” International Journal of Pharmaceutics 594 (2021):
120000, https://doi.org/10.1016/J.IJPHARM.2020.120000.

79. M. Elhabak, S. Ibrahim, and S. M. Abouelatta, “Topical Delivery of
1-Ascorbic Acid Spanlastics for Stability Enhancement and Treatment of
UVB Induced Damaged Skin,” Drug Delivery 28, no. 1 (2021): 445-453,
https://doi.org/10.1080/10717544.2021.1886377.

80. D. L. Mitchell, C. A. Haipek, and J. M. Clarkson, “(6-4)photoproducts
Are Removed From the DNA of UV-Irradiated Mammalian Cells More
Efficiently Than Cyclobutane Pyrimidine Dimers,” Mutation Research
143, no. 3 (1985): 109-112, https://doi.org/10.1016/S0165-7992(85)80018-X.

81. S. K. Katiyar, M. S. Matsui, and H. Mukhtar, “Kinetics of UV Light-
Induced Cyclobutane Pyrimidine Dimers in Human Skin In Vivo:
An Immunohistochemical Analysis of Both Epidermis and Dermis,”
Photochemistry and Photobiology 72, no. 6 (2000): 788-793, https://doi.
0rg/10.1562/0031-8655(2000)0720788KOULIC2.0.CO2.

82. L. Grossman and Q. Wei, “DNA Repair and Epidemiology of Basal
Cell Carcinoma,” Clinical Chemistry 41, no. 12 (1995): 1854-1863,
https://doi.org/10.1093/CLINCHEM/41.12.1854.

83.Q. Wei, G. M. Matanoski, E. R. Farmer, M. A. Hedayati, and L.
Grossman, “DNA Repair and Aging in Basal Cell Carcinoma: A
Molecular Epidemiology Study,” Proceedings of the National Academy
of Sciences of the United States of America 90, no. 4 (1993): 1614-1618,
https://doi.org/10.1073/PNAS.90.4.1614.

84.8S. Puig, C. Granger, A. Garre, C. Trullas, O. Sanmartin, and G.
Argenziano, “Review of Clinical Evidence Over 10 Years on Prevention
and Treatment of a Film-Forming Medical Device Containing
Photolyase in the Management of Field Cancerization in Actinic
Keratosis,” Dermatology and Therapy 9, no. 2 (2019): 259-270, https://
doi.org/10.1007/S13555-019-0294-1.

85.D. Yarosh, L. Alas, V. Yee, et al.,, “Pyrimidine Dimer Removal
Enhanced by DNA Repair Liposomes Reduces the Incidence of UV Skin
Cancer in Mice,” Cancer Research 52 (1992): 4227.

86. T. Bito, M. Ueda, T. Nagano, S. Fujii, and M. Ichihashi, “Reduction
of Ultraviolet-Induced Skin Cancer in Mice by Topical Application of
DNA Excision Repair Enzymes,” Photodermatology, Photoimmunology
& Photomedicine 11, no. 1 (1995): 9-13, https://doi.org/10.1111/J.1600-
0781.1995.TB00130.X.

87.J. A. Cafardi and C. A. Elmets, “T4 Endonuclease V: Review and
Application to Dermatology,” Expert Opinion on Biological Therapy 8,
no. 6 (2008): 829-838, https://doi.org/10.1517/14712598.8.6.829.

88. E. Emanuele, V. Altabas, K. Altabas, and E. Berardesca, “Topical
Application of Preparations Containing DNA Repair Enzymes Prevents
Ultraviolet-Induced Telomere Shortening and c-FOS Proto-Oncogene
Hyperexpression in Human Skin: An Experimental Pilot Study,”
Journal of Drugs in Dermatology 12, no. 9 (2013): 1017-1021.

89. M. Portillo-Esnaola, A. Rodriguez-Luna, J. Nicolds-Morala, et al.,
“Formation of Cyclobutane Pyrimidine Dimers After UVA Exposure
(Dark-CPDs) is Inhibited by an Hydrophilic Extract of Polypodium
Leucotomos,” Antioxidants (Basel) 10, no. 12 (2021): 1961, https://doi.
0rg/10.3390/ANTIOX10121961.

90. G. J. Delinasios, M. Karbaschi, M. S. Cooke, and A. R. Young,
“Vitamin E Inhibits the UVAI Induction of “Light” and “Dark”
Cyclobutane Pyrimidine Dimers, and Oxidatively Generated DNA
Damage, in Keratinocytes,” Scientific Reports 8, no. 1 (2018): 423,
https://doi.org/10.1038/S41598-017-18924-4.

Photodermatology, Photoimmunology & Photomedicine, 2025

23 of 25

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T


https://doi.org/10.1007/S12033-007-0048-7
https://doi.org/10.1038/SJ.JID.5700013
https://doi.org/10.1515/CCLM-2012-0828
https://doi.org/10.1515/CCLM-2012-0828
https://doi.org/10.1111/J.1600-0625.2010.01191.X
https://doi.org/10.1046/J.1467-2494.1998.171740.X
https://doi.org/10.1016/J.JPHOTOBIOL.2010.01.003
https://doi.org/10.1016/J.JPHOTOBIOL.2010.01.003
https://doi.org/10.1111/EXD.12124
https://doi.org/10.1016/J.EJPB.2013.06.016
https://doi.org/10.1016/J.EJPB.2013.06.016
https://doi.org/10.1111/EXD.12588
https://doi.org/10.1111/EXD.12588
https://doi.org/10.1111/PHPP.12523
https://doi.org/10.1111/PHPP.12523
https://doi.org/10.1177/039463200501800309
https://doi.org/10.1038/JIDSYMP.2009.14
https://doi.org/10.1111/J.1365-2230.2010.03916.X
https://doi.org/10.1111/J.1365-2230.2010.03916.X
https://doi.org/10.1111/PHP.12375
https://doi.org/10.1111/PHP.12375
https://doi.org/10.1067/MJD.2003.425
https://doi.org/10.1016/J.IJPHARM.2020.120000
https://doi.org/10.1080/10717544.2021.1886377
https://doi.org/10.1016/S0165-7992(85)80018-X
https://doi.org/10.1562/0031-8655(2000)0720788KOULIC2.0.CO2
https://doi.org/10.1562/0031-8655(2000)0720788KOULIC2.0.CO2
https://doi.org/10.1093/CLINCHEM/41.12.1854
https://doi.org/10.1073/PNAS.90.4.1614
https://doi.org/10.1007/S13555-019-0294-1
https://doi.org/10.1007/S13555-019-0294-1
https://doi.org/10.1111/J.1600-0781.1995.TB00130.X
https://doi.org/10.1111/J.1600-0781.1995.TB00130.X
https://doi.org/10.1517/14712598.8.6.829
https://doi.org/10.3390/ANTIOX10121961
https://doi.org/10.3390/ANTIOX10121961
https://doi.org/10.1038/S41598-017-18924-4

91.D. Surjana, G. M. Halliday, and D. L. Damian, “Nicotinamide
Enhances Repair of Ultraviolet Radiation-Induced DNA Damage in
Human Keratinocytes and Ex Vivo Skin,” Carcinogenesis 34, no. 5
(2013): 1144-1149, https://doi.org/10.1093/CARCIN/BGT017.

92. A. Ray Chaudhuri and A. Nussenzweig, “The Multifaceted Roles of
PARP1 in DNA Repair and Chromatin Remodelling,” Nature Reviews.
Molecular Cell Biology 18, no. 10 (2017): 610-621, https://doi.org/10.
1038/NRM.2017.53.

93.M. M. Camouse, D. S. Domingo, F. R. Swain, et al., “Topical
Application of Green and White Tea Extracts Provides Protection
From Solar-Simulated Ultraviolet Light in Human Skin,” Experimental
Dermatology 18, no. 6 (2009): 522-526, https://doi.org/10.1111/J.1600-
0625.2008.00818.X.

94.S. M. Meeran, S. K. Mantena, and S. K. Katiyar, “Prevention
of  Ultraviolet = Radiation-Induced = Immunosuppression by
Epigallocatechin-3-Gallate in Mice Is Mediated Through Interleukin
12-Dependent DNA Repair,” Clinical Cancer Research 12, no. 7 (2006):
2272-2280, https://doi.org/10.1158/1078-0432.CCR-05-2672.

95. S. K. Katiyar, M. Vaid, H. Van Steeg, and S. M. Meeran, “Green Tea
Polyphenols Prevent UV-Induced Immunosuppression by Rapid Repair
of DNA Damage and Enhancement of Nucleotide Excision Repair
Genes,” Cancer Prevention Research 3, no. 2 (2010): 179-189, https://doi.
0rg/10.1158/1940-6207.CAPR-09-0044.

96. S. K. Katiyar, “Green Tea Prevents Non-Melanoma Skin Cancer by
Enhancing DNA Repair,” Archives of Biochemistry and Biophysics 508,
no. 2 (2011): 152-158, https://doi.org/10.1016/J.ABB.2010.11.015.

97. A. Van Laethem, S. Claerhout, M. Garmyn, and P. Agostinis, “The
Sunburn Cell: Regulation of Death and Survival of the Keratinocyte,”
International Journal of Biochemistry & Cell Biology 37, no. 8 (2005):
1547-1553, https://doi.org/10.1016/J.BIOCEL.2005.02.015.

98.S. P. Jackson and J. Bartek, “The DNA-Damage Response in Human
Biology and Disease,” Nature 461, no. 7267 (2009): 1071-1078, https://
doi.org/10.1038/NATURE08467.

99.E. A. Galinski, “Compatible Solutes of Halophilic Eubacteria:
Molecular Principles, Water-Solute Interaction, Stress Protection,”
Experientia 49, no. 6-7 (1993): 487-496, https://doi.org/10.1007/BF019
55150/METRICS.

100.J. Biinger, J. Degwert, and H. Driller, “The Protective Function
of Compatible Solute Ectoine on the Skin Cells and Its Biomolecules
With Respect to UV-Radiation, Immunosuppression and Membrane
Damage,” IFSCC Magazine 4 (2001): 1-6.

101.J. Buenger and H. Driller, “Ectoin: An Effective Natural Substance
to Prevent UVA-Induced Premature Photoaging,” Skin Pharmacology
and Physiology 17, no. 5 (2004): 232-237, https://doi.org/10.1159/
000080216.

102. A. Fontbonne, B. Teme, E. Abric, et al., “Positive and Ecobiological
Contribution in Skin Photoprotection of Ectoine and Mannitol
Combined In Vivo With UV Filters,” Journal of Cosmetic Dermatology
23, no. 1 (2024): 308-315, https://doi.org/10.1111/JOCD.15893.

103. K. M. Dixon, A. W. Norman, V. B. Sequeira, et al., “la,25(0H)2-
Vitamin D and a Nongenomic Vitamin D Analogue Inhibit Ultraviolet
Radiation-Induced Skin Carcinogenesis,” Cancer Prevention Research
4, no. 9 (2011): 1485-1494, https://doi.org/10.1158/1940-6207.
CAPR-11-0165.

104.J. S. Kim, M. Jung, J. Yoo, et al., “Protective Effect of Topical
Vitamin D3 Against Photocarcinogenesis in a Murine Model,” Annals
of Dermatology 28, no. 3 (2016): 304-313, https://doi.org/10.5021/AD.
2016.28.3.304.

105. F. Afaq, V. M. Adhami, N. Ahmad, and H. Mukhtar, “Inhibition of
Ultraviolet B-Mediated Activation of Nuclear Factor kappaB in Normal
Human Epidermal Keratinocytes by Green Tea Constituent (-)-Epigall
ocatechin-3-Gallate,” Oncogene 22, no. 7 (2003): 1035-1044, https://doi.
org/10.1038/SJ.ONC.1206206.

106. E. Tedeschi, M. Menegazzi, Y. Yao, H. Suzuki, U. Forstermann,
and H. Kleinert, “Green Tea Inhibits Human Inducible Nitric-Oxide
Synthase Expression by Down-Regulating Signal Transducer and
Activator of Transcription-lalpha Activation,” Molecular Pharmacology
65, no. 1 (2004): 111-120, https://doi.org/10.1124/MOL.65.1.111.

107. R. M. Brand and J. L. Jendrzejewski, “Topical Treatment With
(-)-Epigallocatechin-3-Gallate and Genistein After a Single UV
Exposure Can Reduce Skin Damage,” Journal of Dermatological Science
50, no. 1 (2008): 69-72, https://doi.org/10.1016/J.JDERMSCI.2007.
11.008.

108. F. Bonina, A. Saija, A. Tomaino, R. Locascio, P. Rapisarda, and J.
C. Dederen, “In Vitro Antioxidant Activity and In Vivo Photoprotective
Effect of a Red Orange Extract,” International Journal of Cosmetic
Science 20, no. 6 (1998): 331-342, https://doi.org/10.1046/J.1467-2494.
1998.177057.X.

109. D. I. Roshchupkin, M. Y. Pistsov, and A. Y. Potapenko, “Inhibition
of Ultraviolet Light-Induced Erythema by Antioxidants,” Archives of
Dermatological Research 266, no. 1 (1979): 91-94, https://doi.org/10.
1007/BF00412867.

110. C.A.Chadwick, C.S. Potten, A.J. Cohen,and A.R. Young, “The Time
of Onset and Duration of 5-Methoxypsoralen Photochemoprotection
From UVR-Induced DNA Damage in Human Skin,” British Journal of
Dermatology 131, no. 4 (1994): 483-494, https://doi.org/10.1111/J.1365-
2133.1994.TB08548.X.

111. A. Amaro-Ortiz, J. C. Vanover, T. L. Scott, and J. A. D'Orazio,
“Pharmacologic Induction of Epidermal Melanin and Protection
Against Sunburn in a Humanized Mouse Model,” Journal of Visualized
Experiments 79 (2013): 50670, https://doi.org/10.3791/50670.

112. M. L. Spry, J. C. Vanover, T. Scott, et al., “Prolonged Treatment of
Fair-Skinned Mice With Topical Forskolin Causes Persistent Tanning
and UV Protection,” Pigment Cell & Melanoma Research 22, no. 2 (2009):
219-229, https://doi.org/10.1111/J.1755-148X.2008.00536.X.

113.R. M. Bautista, K. M. Carter, S. G. Jarrett, et al., “Cutaneous
Pharmacologic cAMP Induction Induces Melanization of the Skin and
Improves Recovery From Ultraviolet Injury in Melanocortin 1 Receptor-
Intact or Heterozygous Skin,” Pigment Cell & Melanoma Research 33,
no. 1 (2020): 30-40, https://doi.org/10.1111/PCMR.12817.

114. H. Y. Kang, J. W. Lee, F. Papaccio, B. Bellei, and M. Picardo,
“Alterations of the Pigmentation System in the Aging Process,” Pigment
Cell & Melanoma Research 34, no. 4 (2021): 800-813, https://doi.org/10.
1111/PCMR.12994.

115. B. Muller, F. Flament, H. Jouni, et al., “A Bayesian Network
Meta-Analysis of 14 Molecules Inhibiting UV Daylight-Induced
Pigmentation,” Journal of the European Academy of Dermatology and
Venereology 38, no. 8 (2024): 1566-1574, https://doi.org/10.1111/JDV.
19910.

116.S. M. An, J. S. Koh, and Y. C. Boo, “P-Coumaric Acid Not Only
Inhibits Human Tyrosinase Activity In Vitro but Also Melanogenesis
in Cells Exposed to UVB,” Phytotherapy Research 24, no. 8 (2010): 1175-
1180, https://doi.org/10.1002/PTR.3095.

117. S. Biswas, P. K. Mukherjee, A. Kar, et al., “Enhanced Permeability
and Photoprotective Potential of Optimized p-Coumaric Acid-
Phospholipid Complex Loaded Gel Against UVA Mediated Oxidative
Stress,” Journal of Photochemistry and Photobiology. B 221 (2021):
112246, https://doi.org/10.1016/J.JPHOTOBIOL.2021.112246.

118. A. B. Lyons, R. Zubair, I. Kohli, et al., “Mitigating Visible Light and
Long Wavelength UVA1l-Induced Effects With Topical Antioxidants,”
Photochemistry and Photobiology 98, no. 2 (2022): 455-460, https://doi.
org/10.1111/PHP.13525.

119. A. Mereniuk, P. Marchessault, C. Maari, C. Bolduc, and R.
Bissonnette, “Topical Vitamin E Cream Does Not Prevent Visible Light-
Induced Pigmentation,” Journal of Cutaneous Medicine and Surgery 22,
no. 1 (2018): 100-101, https://doi.org/10.1177/1203475417724440.

24 of 25

Photodermatology, Photoimmunology & Photomedicine, 2025

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T


https://doi.org/10.1093/CARCIN/BGT017
https://doi.org/10.1038/NRM.2017.53
https://doi.org/10.1038/NRM.2017.53
https://doi.org/10.1111/J.1600-0625.2008.00818.X
https://doi.org/10.1111/J.1600-0625.2008.00818.X
https://doi.org/10.1158/1078-0432.CCR-05-2672
https://doi.org/10.1158/1940-6207.CAPR-09-0044
https://doi.org/10.1158/1940-6207.CAPR-09-0044
https://doi.org/10.1016/J.ABB.2010.11.015
https://doi.org/10.1016/J.BIOCEL.2005.02.015
https://doi.org/10.1038/NATURE08467
https://doi.org/10.1038/NATURE08467
https://doi.org/10.1007/BF01955150/METRICS
https://doi.org/10.1007/BF01955150/METRICS
https://doi.org/10.1159/000080216
https://doi.org/10.1159/000080216
https://doi.org/10.1111/JOCD.15893
https://doi.org/10.1158/1940-6207.CAPR-11-0165
https://doi.org/10.1158/1940-6207.CAPR-11-0165
https://doi.org/10.5021/AD.2016.28.3.304
https://doi.org/10.5021/AD.2016.28.3.304
https://doi.org/10.1038/SJ.ONC.1206206
https://doi.org/10.1038/SJ.ONC.1206206
https://doi.org/10.1124/MOL.65.1.111
https://doi.org/10.1016/J.JDERMSCI.2007.11.008
https://doi.org/10.1016/J.JDERMSCI.2007.11.008
https://doi.org/10.1046/J.1467-2494.1998.177057.X
https://doi.org/10.1046/J.1467-2494.1998.177057.X
https://doi.org/10.1007/BF00412867
https://doi.org/10.1007/BF00412867
https://doi.org/10.1111/J.1365-2133.1994.TB08548.X
https://doi.org/10.1111/J.1365-2133.1994.TB08548.X
https://doi.org/10.3791/50670
https://doi.org/10.1111/J.1755-148X.2008.00536.X
https://doi.org/10.1111/PCMR.12817
https://doi.org/10.1111/PCMR.12994
https://doi.org/10.1111/PCMR.12994
https://doi.org/10.1111/JDV.19910
https://doi.org/10.1111/JDV.19910
https://doi.org/10.1002/PTR.3095
https://doi.org/10.1016/J.JPHOTOBIOL.2021.112246
https://doi.org/10.1111/PHP.13525
https://doi.org/10.1111/PHP.13525
https://doi.org/10.1177/1203475417724440

120.S. Lorrio, A. Rodriguez-Luna, P. Delgado-Wicke, et al.,
“Protective Effect of the Aqueous Extract of Deschampsia antarctica
(EDAFENCE()) on Skin Cells Against Blue Light Emitted From Digital
Devices,” International Journal of Molecular Sciences 21, no. 3 (2020):
988, https://doi.org/10.3390/ijms21030988.

121. M. Portillo, M. Mataix, M. Alonso-Juarranz, et al., “The Aqueous
Extract of Polypodium Leucotomos (Fernblock) Regulates Opsin 3 and
Prevents Photooxidation of Melanin Precursors on Skin Cells Exposed
to Blue Light Emitted From Digital Devices,” Antioxidants (Basel) 10,
no. 3 (2021): 400, https://doi.org/10.3390/antiox10030400.

122. A. Tewari, K. Grys, J. Kollet, R. Sarkany, and A. R. Young,
“Upregulation of MMP12 and Its Activity by UVA1 in Human Skin:
Potential Implications for Photoaging,” Journal of Investigative
Dermatology 134, no. 10 (2014): 2598-2609, https://doi.org/10.1038/JID.
2014.173.

123. K. K. Dong, N. Damaghi, S. D. Picart, et al., “UV-Induced DNA
Damage Initiates Release of MMP-1 in Human Skin,” Experimental
Dermatology 17, no. 12 (2008): 1037-1044, https://doi.org/10.1111/J.
1600-0625.2008.00747.X.

124. R. M. Sayre, J. C. Dowdy, and E. W. Rosenberg, “Sun-Protection
Factor Confounded by Anti-Inflammatory Activity of Sunscreen
Agents?,” Journal of the American Academy of Dermatology 69, no. 3
(2013): 481, https://doi.org/10.1016/J.JAAD.2013.01.047.

125. A. Fourtanier, D. Moyal, J. Maccario, et al., “Measurement of
Sunscreen Immune Protection Factors in Humans: A Consensus
Paper,” Journal of Investigative Dermatology 125, no. 3 (2005): 403-409,
https://doi.org/10.1111/1.0022-202X.2005.23857.X.

126. H. N. Ananthaswamy, S. E. Ullrich, R. E. Mascotto, et al.,
“Inhibition of Solar Simulator-Induced p53 Mutations and Protection
Against Skin Cancer Development in Mice by Sunscreens,” Journal of
Investigative Dermatology 112, no. 5 (1999): 763-768, https://doi.org/10.
1046/J.1523-1747.1999.00564.X.

127. R. Haywood, P. Wardman, R. Sanders, and C. Linge, “Sunscreens
Inadequately Protect Against Ultraviolet-A-Induced. Free Radicals
in Skin: Implications for Skin Aging and Melanoma?” Journal of
Investigative Dermatology 121, no. 4 (2003): 862-868, https://doi.org/10.
1046/J.1523-1747.2003.12498.X.

128. A. Kligman, “The Future of Cosmeceuticals: An Interview
With Albert Kligman, MD, PhD. Interview by Zoe Diana Draelos,”
Dermatologic Surgery 31, no. 7 (2005): 890-891, https://doi.org/10.
1111/J.1524-4725.2005.31737.

129. R. Campiche, S. J. Curpen, V. Lutchmanen-Kolanthan, et al.,
“Pigmentation Effects of Blue Light Irradiation on Skin and How to
Protect Against Them,” International Journal of Cosmetic Science 42,
no. 4 (2020): 399-406, https://doi.org/10.1111/1CS.12637.

130. H. L. Jo, Y. Jung, Y. K. Kim, et al., “Efficacy of Ethyl Ascorbyl Ether-
Containing Cosmetic Cream on Blue Light-Induced Skin Changes,”
Journal of Cosmetic Dermatology 21, no. 3 (2022): 1270-1279, https://
doi.org/10.1111/JOCD.14232.

131. A. Mamalis, E. Koo, R. R. Isseroff, W. Murphy, and J. Jagdeo,
“Resveratrol Prevents High Fluence Red Light-Emitting Diode Reactive
Oxygen Species-Mediated Photoinhibition of Human Skin Fibroblast
Migration,” PLoS One 10, no. 10 (2015): e0140628, https://doi.org/10.
1371/journal.pone.0140628.

Photodermatology, Photoimmunology & Photomedicine, 2025

250f 25

25U9017 SUOLLILIOD) BATTER.D) 3|qet dde 3 Aq pouBA0B a8 AP YO 98N J0'SINJ o} ATeIgITBUIIUO A3 1A UO (SUO1IPUOD-PUE-SULBYLIO" A3 1 AeJc][oUIUO//SY) SUONIPUOD) PUB SWiS | aU1 89S *[SZ0Z/TT/TZ] uo Akeiqraulluo 4|1 ‘ezoberez 8Q pepsAIN A 29002 ddyd/TTTT 0T/10p/w00 Ao v Akeiqjpu|uo//Sdny oI Papeo|umMod 9 ‘GZ0Z ‘T8/0009T


https://doi.org/10.3390/ijms21030988
https://doi.org/10.3390/antiox10030400
https://doi.org/10.1038/JID.2014.173
https://doi.org/10.1038/JID.2014.173
https://doi.org/10.1111/J.1600-0625.2008.00747.X
https://doi.org/10.1111/J.1600-0625.2008.00747.X
https://doi.org/10.1016/J.JAAD.2013.01.047
https://doi.org/10.1111/J.0022-202X.2005.23857.X
https://doi.org/10.1046/J.1523-1747.1999.00564.X
https://doi.org/10.1046/J.1523-1747.1999.00564.X
https://doi.org/10.1046/J.1523-1747.2003.12498.X
https://doi.org/10.1046/J.1523-1747.2003.12498.X
https://doi.org/10.1111/J.1524-4725.2005.31737
https://doi.org/10.1111/J.1524-4725.2005.31737
https://doi.org/10.1111/ICS.12637
https://doi.org/10.1111/JOCD.14232
https://doi.org/10.1111/JOCD.14232
https://doi.org/10.1371/journal.pone.0140628
https://doi.org/10.1371/journal.pone.0140628

	PINGing Sunshine: A Review of the Evidence for Adding Non-Filtering Photoprotective Ingredients to Sunscreens
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	3   |   Results
	3.1   |   The Impact of Sunlight on Human Skin
	3.2   |   PINGs With Antioxidative Properties
	3.3   |   PINGs That Support DNA Repair
	3.4   |   PINGs That Counteract Immunosuppression
	3.5   |   PINGs That Reduce Apoptosis
	3.6   |   PINGs With Anti-Inflammatory Properties
	3.7   |   PINGs That Reduce Erythema
	3.8   |   PINGs That Regulate Pigmentation
	3.9   |   PINGs That Prevent Photoaging

	4   |   Discussion
	4.1   |   Why Sunscreens Are the Ideal Vehicle for PINGs
	4.2   |   Research Gaps and Future Research Directions

	5   |   Conclusions
	Author Contributions
	Conflicts of Interest
	Data Availability Statement
	References


