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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

Regular sunscreen use remains one of the most effective 
ways to protect skin from sun-induced damage. Sunscreens 

combine organic and inorganic filters to prevent ultraviolet 
radiation (UVR) from penetrating the skin. Organic filters act 
by absorption, while inorganic filters primarily absorb UVR 
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 

TABLE 1    |    Mechanisms and evidence strength for top non-filtering topical photoprotective ingredients.

Target
Optimal mechanism 

of action

Total number of 
photoprotective 

ingredients

Top ranked 
photoprotective 

ingredient(s) Weight of evidence

Oxidative damage Antioxidant 882 L-Ascorbic acid Very strong

α-Tocopherol Very strong

DNA damage DNA repair 353 Photolyase Strong

T4 DNA Endonuclease Moderate

Immunosuppression DNA repair 57 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

α-Tocopherol Very strong

Pigmentation Depigmenting 20 Isobutylamido 
thiazolyl resorcinol

Strong

p-Coumaric acid Strong

Photoaging Antioxidant 948 N-Acetyl-L-cysteine Very strong

α-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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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, 

FIGURE 1    |    Top candidate PINGs and their molecular, cellular, and clinical targets.
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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 (100–280 nm), UVB (280–320 nm), and UVA 
(320–400 nm). 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. UVB radiation, 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-α), 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.

TABLE 3    |    Clinically validated antioxidant substances.

Ingredient Efficacious dose Stress References

3,4-Dihydro-3-(4-hydroxyphenyl)-2H-1-benzopyran-
7-ol (NV-07α)

0.005% UVB/A Widyarini et al. [64]

α-Glycosylrutin 0.25% UVA Hagens et al. [10]

α-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]

β-Carotene 0.2% IRA Darvin et al. [66]

5% UVA Cho et al. [12]

Carboxymethylated beta-(1-3)-glucan 2% UVA Zϋlli 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 Kühnl et al. [71]

N-(3,4-Dihydroxybenzyl)-2-(4-hydroxy-3-
methoxyphenyl)acetic acid

0.1% UVA Mann et al. [72]

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].
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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 (320–340 nm) and UVA1 (340–400 nm). 
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 24 h 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-α (TNF-α) [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 (400–700 nm), especially high-energy visible blue light 
(HEVL; 400–500 nm), 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 (700–1400 nm), 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 103–105-fold higher than those 
of UVB to elicit clinically relevant outcomes, such as persistent 
pigmentation (VL: ~40–480 J/cm2) or MMP-1 upregulation 
(IR-A: ~360–720 J/cm2) [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 UVA1 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 α-
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 α-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 
T4N5 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 (NAD+), 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-OHdG 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 CD1a+ Langerhans cells from human epidermis 
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following SSR exposure. Additionally, subjects treated with 
GTE showed enhanced contact hypersensitivity responses to 
dinitrochlorobenzene after exposure to 0.75× and 2× 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 D3; 1,25(OH)2D3), the 
active form of vitamin D3. 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-κB 

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-κB 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 
14 weeks, 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 + UVA1 in 
FST IV to VI but had no significant effect on pigmentation 
measured after 7 days. 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 415 nm 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 UVA1-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 (625–700 nm) 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 β-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.
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