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ABSTRACT
Background/Purpose: Visible light (VL), and particularly high-energy visible light (HEVL), reaching Earth's surface has 
emerged as a relevant contributor to skin damage. VL has been implicated in oxidative stress, inflammation, pigmentation disor-
ders, and photoaging, especially in individuals with darker skin phototypes. As conventional sunscreens offer limited protection 
in the visible spectrum, increasing attention has been directed toward complementary photoprotective strategies, including the 
use of natural compounds with antioxidant and anti-inflammatory properties. This systematic review aims to evaluate and syn-
thesize the available preclinical and clinical evidence on the photoprotective effects of natural compounds against VL-induced 
skin damage, emphasizing their mechanisms of action, efficacy, and safety.
Methods: A comprehensive literature search was performed to identify studies reporting validated objective outcomes, includ-
ing colorimetric parameters, diffuse reflectance spectroscopy, or clinical grading scales. Eligible studies were included, qualita-
tively synthesized, and risk of bias was evaluated.
Results: Preclinical studies demonstrated that natural compounds mitigated VL-induced oxidative stress, inflammation, and 
pigmentation-related pathways. Clinical studies showed that formulations containing natural compounds improved VL-induced 
erythema and pigmentation outcomes. However, considerable heterogeneity was observed in irradiation protocols, outcome 
measures, and study designs, precluding quantitative meta-analysis.
Conclusion: Overall, available evidence supports a protective role for selected natural compounds against VL-induced skin 
damage, particularly through antioxidant and anti-inflammatory mechanisms, with the strongest clinical evidence focusing 
on natural sources of polyphenols. Nevertheless, this review highlights the need for standardized phototesting protocols and 
well-designed clinical trials. Future research should focus on comparative efficacy, long-term safety, and integration of natural 
compounds into combined photoprotection strategies tailored to different skin phototypes.
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1   |   Introduction

Visible light (VL, 400–700 nm) accounts for approximately 
50% of solar radiation that reaches the Earth's surface and 
represents the only portion of the electromagnetic spectrum 
perceptible to the human eye. Beyond natural solar exposure, 
the “digital age” has introduced chronic contact with artificial 
light sources, or Electronic Device Generated Light (EDGL), 
such as Light-Emitting Diodes (LEDs) and digital screens. 
These sources primarily emit high-energy visible light (HEVL) 
within the 400–500 nm range [1–3]. While the absolute irradi-
ance of EDGL remains significantly lower than that of solar 
VL, and although current clinical evidence suggests that its 
emission levels may be insufficient to independently exacer-
bate pigmentary conditions such as melasma [4], its chronicity 
and proximity to the integument have raised concerns regard-
ing its cumulative contribution to the total cutaneous oxida-
tive burden [5].

The deleterious effects of VL are dictated by a complex inter-
play of wavelength, cumulative dose, and individual suscepti-
bility. Unlike UVR, which is primarily absorbed by DNA and 
proteins, VL interacts with endogenous chromophores such as 
melanin, flavins, and porphyrins, as well as specialized photo-
receptors like opsin-3 (OPN3). Recent evidence indicates that 
OPN3 activation in melanocytes triggers a calcium-dependent 
signaling cascade that not only stimulates tyrosinase activity 
but also inhibits autophagy, thereby decreasing melanosome 
degradation [6]. This mechanism facilitates sustained neome-
lanogenesis, explaining why clinical Immediate Pigment 
Darkening (IPD) and Persistent Pigment Darkening (PPD), 
which result from the oxidation of pre-existing melanin, are 
significantly more intense and long-lasting in skin phototypes 
III–VI compared to those induced by UVA [1, 3]. At the sub-
cellular level, HEVL promotes mitochondrial dysfunction and 
overproduction of reactive oxygen species (ROS) through the 
excitation of respiratory chain components. This oxidative 
surge activates redox-sensitive signaling cascades, including 
mitogen-activated protein kinases (MAPK/p38) and nuclear 
factor kappa B (NF-κβ), which orchestrate the release of pro-
inflammatory cytokines and the upregulation of matrix metal-
loproteinases (MMPs). Collectively, these processes drive the 
degradation of the extracellular matrix (ECM), accelerating 
extrinsic aging (photoaging) and exacerbating VL-sensitive 
photodermatoses and pigmentary disorders, including solar 
urticaria, cutaneous porphyrias, post-inflammatory hyper-
pigmentation (PIH) and melasma [1, 2, 7, 8]. Furthermore, 
while VL is not directly genotoxic, it impairs nucleotide ex-
cision repair (NER) mechanisms and contributes to the for-
mation of dark cyclobutane pyrimidine dimers (dark CPDs) 
through melanin-mediated chemiexcitation [5, 9].

Traditional filters provide limited protection against the vis-
ible spectrum, as their regulatory efficacy is largely confined 
to wavelengths below 370 nm. This “spectral gap” leaves the 
skin vulnerable to VL-induced oxidative and pigmentary 
damage. Although tinted formulations incorporating iron ox-
ides act as effective physical barriers against HEVL, physical 
blockage alone may be insufficient to manage the oxidative 
cascade triggered by the fraction of radiation that bypasses 

such filters [10, 11]. Consequently, achieving “spectral ho-
meostasis” requires the integration of secondary biological 
defenses, such as natural compounds (polyphenols, vitamins, 
and algal extracts), which act as potent ROS scavengers and 
anti-inflammatory modulators.

The incorporation of natural compounds, particularly botan-
ically derived polyphenols, vitamins, and algal extracts, rep-
resents a promising frontier in expanding the photoprotective 
armamentarium. Unlike traditional filters, these agents offer a 
multi-targeted approach, acting as potent ROS scavengers, anti-
inflammatory modulators, and genomic stabilizers. However, 
despite the growing interest in natural photoprotection, current 
evidence remains fragmented [12–14].

To address this important gap in the existing literature, this 
systematic review aims to critically appraise and synthesize 
the available evidence on the photoprotective effects of natural 
compounds against VL-induced skin damage. This review will 
move beyond a simple descriptive analysis by emphasizing the 
precise molecular mechanisms of action, evaluating clinical ef-
ficacy across various skin phototypes, and identifying the meth-
odological limitations that currently hinder the standardization 
and integration of natural agents within modern dermatological 
therapy.

2   |   Methods

The systematic review protocol was prospectively regis-
tered in the PROSPERO database (CRD420251116264). This 
systematic review was conducted in accordance with the 
PRISMA (Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses) 2020 guidelines [15]. Although the ini-
tial study protocol intended to perform a meta-analysis, the 
substantial lack of reported numerical data (such as means, 
standard deviations, or exact effect sizes) across the included 
studies precluded a quantitative synthesis. Consequently, a 
systematic narrative synthesis was performed. To ensure the 
robustness of this qualitative approach, the methodological 
quality and risk of bias were rigorously evaluated using spe-
cific validated tools tailored to each study design: ROB-2 for 
randomized controlled trials, ROBINS-I for non-randomized 
clinical studies, and the OHAT approach for preclinical evi-
dence. During the preparation of this manuscript, the authors 
used Gemini for text processing and for the generation of the 
graphical abstract. The authors reviewed and edited the con-
tent as needed and take full responsibility for the integrity of 
the manuscript. These tools were used only as technical aids 
and are not listed as authors.

2.1   |   Data Sources and Search Strategy

A systematic literature search was conducted in PubMed/
MEDLINE, Scopus, Web of Science, and the Cochrane Library, 
without date restrictions from inception to 2025 by reviewers 
A.R.-L. and A.Z. The search strategy combined terms related to VL 
exposure, skin damage, photoprotection, and natural compounds. 
Manual citation searching related to our topic studies were also 
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performed to identify additional potential studies. The detailed 
search strategy and selection process are reported in File S1.

2.2   |   Research Question and Eligibility Criteria

The research question was formulated using the PICOS 
(Population, Intervention, Comparator, Outcome and Study 
design) framework, adapted to experimental and clinical evi-
dence [16].

2.2.1   |   Population

•	 Preclinical studies: Human skin–relevant cellular mod-
els, including human keratinocytes, fibroblasts, melano-
cytes, reconstructed human epidermis, and human skin 
explants exposed to VL, HEV/blue light (BL), and/or 
VL + UVA1.

•	 Clinical studies: Healthy human volunteers undergoing con-
trolled phototesting with VL, HEV/BL, and/or VL + UVA1.

2.2.2   |   Interventions

Interventions involving natural compounds or formulations 
containing natural ingredients with proposed photoprotective 
properties, administered topically or orally. These encompassed 
botanical extracts, isolated phytochemicals, antioxidant blends, 
and natural compound–enriched sunscreens.

2.2.3   |   Comparators

Comparators included untreated controls (even intra-subject), 
placebo or vehicle controls, non-antioxidant sunscreen formula-
tions, or baseline non-irradiated conditions.

2.2.4   |   Outcomes

Eligible studies must report at least one quantitative or semi-
quantitative outcome relevant to VL-induced skin responses:

•	 Preclinical outcomes:
○	 Cellular viability and morphology
○	 Oxidative stress markers (e.g., ROS, malondialdehyde 

(MDA), superoxide dismutase (SOD))
○	 Mitochondrial function and membrane potential
○	 Inflammatory and signaling pathways (e.g., MAPK, p38, 

Nrf2, OPN3)
○	 Pigmentation-related outcomes (melanin synthesis, 

melanogenic signaling)

•	 Clinical outcomes:
○	 Colorimetric parameters (L*, a*, b*, Δa, ΔL*, ITA°, ΔITA, 

ΔE)
○	 Diffuse reflectance spectroscopy (DRS) parameters (ery-

thema, melanin content, AUC 400–700 nm)
○	 Validated clinical grading scales (e.g., Investigator's 

Global Assessment for erythema and pigmentation)

2.2.5   |   Study Design

Only interventional studies were included, comprising con-
trolled in vitro/ex vivo experiments and controlled clinical pho-
totesting trials.

2.3   |   Exclusion Criteria

Studies were excluded based on the following criteria:

•	 Studies exclusively conducted in animal models without di-
rect relevance to human skin photoprotection.

•	 Studies that only focus on plant biology, phytochemical bio-
synthesis, or callus cultures without evaluating photopro-
tection in skin-relevant models.

•	 Studies that use non-cutaneous cell lines (e.g., ocular, neu-
ronal, or cancer models) unrelated to skin photobiology.

•	 Study protocols, theses, dissertations, and conference 
proceedings.

•	 Studies lacking validated or reproducible outcome 
measures.

2.4   |   Study Selection

Two reviewers (A.R.-L. and A.Z.) independently evaluated all 
retrieved records for eligibility. In the initial screening phase, 
titles and abstracts were reviewed to identify potentially rel-
evant studies, and duplicate records were removed using a 
structured Microsoft Excel spreadsheet (Microsoft Corp.). 
Full-text articles meeting the preliminary inclusion criteria 
were subsequently imported into Mendeley desktop (version 
2.132.1) reference management software (and independently 
assessed in full by the same two reviewers, A.R.-L. and A.Z.) 
meeting the predefined eligibility criteria. Any discrepancies 
between reviewers at this stage were resolved through discus-
sion and consensus, with arbitration by a third reviewer (S.G.) 
when necessary.

2.5   |   Data Extraction

Data were gathered using a standardized and predefined ex-
traction form developed in Microsoft Excel (Microsoft Corp. 
Redmond, WA, USA). Data extraction was performed inde-
pendently by two reviewers (A.R.-L. and A.Z.). Any discrep-
ancies during the process were resolved through discussion 
and consensus between the two researchers; in cases where 
agreement could not be reached, a third reviewer (S.G.) acted 
as an arbitrator to make the final decision. For preclini-
cal studies, extracted data included the cell or tissue model 
employed, characteristics of the natural compound and its  
dosing protocol, irradiation spectrum and dosage, interven-
tion and comparison groups and reported outcome measures. 
These included mechanistic endpoints related to cytotoxic-
ity, DNA damage, oxidative stress responses, inflammatory 
responses, pigmentation changes, and signaling pathway 
alterations.
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For clinical research studies, extracted variables comprised 
characteristics of the natural compound and dosing regimen 
details, irradiation protocol parameters (wavelength range, 
dose, and irradiance), participant demographics (sample size, 
age, sex, skin phototype, and ethnicity), characteristics of the 
intervention and comparison groups, and reported clinical 
outcomes related to erythema, pigmentation, and histological 
outcomes.

When information was incomplete or presented exclusively in 
graphical format, this limitation was explicitly recorded in the 
extraction table. No assumptions were made regarding miss-
ing data.

2.6   |   Risk of Bias Assessment

Risk of bias was independently assessed according to the study 
design using validated tools. Randomized controlled trials 
were evaluated using the Cochrane Risk of Bias tool version 2 
(ROB-2), which considers bias arising from the randomization 
process, deviations from intended interventions, missing out-
come data, outcome measurement, and selective reporting. Non-
randomized clinical studies were assessed using the Risk Of Bias 
In Non-Randomized Studies-of Interventions (ROBINS-I) tool, 
covering bias due to confounding, participant selection, inter-
vention classification, deviations from intended interventions, 
missing data, outcome measurement, and selective reporting.

Preclinical in vitro and ex vivo studies were evaluated using the 
Office of Health Assessment and Translation (OHAT) risk-of-
bias tool, adapted for experimental laboratory research. This 
tool addresses randomization, allocation concealment, blinding, 
confounding, exposure characterization, outcome assessment, 
incomplete data, selective reporting, conflicts of interest, and 
other sources of bias, with judgments categorized as definitely 
low, probably low, probably high, or definitely high risk of bias.

Two independent reviewers (JCHR and CGM) examined the risk 
of bias using the mentioned tools. The percentage of agreement 
between reviewers was calculated for all the tools. Any discrep-
ancies between reviewers were resolved by consensus.

2.7   |   Outcome Harmonization and Data Synthesis

Given the substantial heterogeneity observed across included 
studies with respect to experimental models, irradiation pro-
tocols, outcome measures, and reporting formats, results were 
synthesized using a qualitative narrative approach. Evidence 
from preclinical and clinical studies was analyzed and reported 
separately and summarized in structured evidence tables. These 
tables were further stratified according to study type (preclini-
cal versus clinical), light spectrum evaluated (VL, HEV/BL, or 
combined VL and UVA1 exposure), and the type of natural com-
pound or formulation assessed.

A quantitative meta-analysis was not undertaken due to several 
methodological constraints, including the frequent absence of 
numerical outcome data (e.g., means and standard deviations), 
variability in outcome definitions and assessment time points, 

and marked heterogeneity in irradiation conditions and inter-
vention formulations across the studies.

2.8   |   Certainty of Evidence

The certainty of evidence for clinical outcomes was assessed 
using the GRADE framework. Outcomes related to visible 
light–induced skin damage, including pigmentation, erythema, 
and objective biophysical or molecular markers, were consid-
ered critical. Randomized controlled trials were initially rated 
as high certainty and non-randomized studies as low certainty. 
Ratings were subsequently modified according to risk of bias, 
inconsistency, indirectness, imprecision, and publication bias. 
Risk of bias was informed by ROB-2 and ROBINS-I assessments. 
Inconsistency and indirectness were evaluated considering het-
erogeneity in irradiation protocols, outcome definitions, and 
clinical relevance. Imprecision was judged qualitatively based 
on sample size and robustness of effects, given the absence of 
meta-analysis. Publication bias was explored qualitatively due to 
the limited number of studies. According to GRADE methodol-
ogy, preclinical in vitro and ex vivo studies were not included in 
certainty assessments, as the framework is intended for clinical 
decision-making based on human evidence; such studies were 
used only to support biological plausibility. All assessments 
were performed independently by two reviewers (J-C.H-R and 
C G-M) with consensus resolution (S.G).

3   |   Results

3.1   |   Study Characteristics

Following an initial screening of titles and abstracts, and sub-
sequent full-text review according to the predefined eligibility 
criteria, the studies meeting inclusion criteria were retained 
for qualitative synthesis (Figure 1). The included articles were 
published between 2008 and 2024 and encompassed both pre-
clinical and clinical investigations evaluating photoprotective 
strategies against VL, HEV/BL, and/or VL + UVA1 exposure.

Based on the nature of the intervention, the studies were catego-
rized according to the type of natural compound or formulation 
evaluated. These categories included Polyphenolic compounds, 
Polysaccharides and amino-acid derivatives, Vitamins and ca-
rotenoids, and Antioxidant blends, algal extracts and others.

Regarding study design, the evidence base comprised 15 preclin-
ical studies, which employed human skin cell models, human 
epidermal equivalents or living skin explants, and murine mod-
els, and clinical studies involving controlled phototesting trials 
in human volunteers. Preclinical and clinical characteristics of 
the included studies are summarized separately in Table 1 (pre-
clinical studies) and Table 2 (clinical studies), while the overall.

3.2   |   Participants' Characteristics

Overall, the clinical evidence synthesized in this review com-
prised a total of 107 participants across six interventional photo-
testing studies. Age data were explicitly provided for 51.4% of the 

 16000781, 2026, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/phpp.70113 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [26/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 of 26Photodermatology, Photoimmunology & Photomedicine, 2026

total population (55/107) across three of the six included studies; 
these reported mean ages of 32.5 and 35.5 years and a specific 
inclusion range of 21 to 41 years. Sex distribution was reported 
in five studies, accounting for 85 participants, of whom approx-
imately 79% were female, reflecting a predominance of women 
in VL photoprotection trials.

Regarding skin phototype, all studies included participants with 
all Fitzpatrick skin phototypes, although most trials focused on 
intermediate to darker phototypes. Phototypes I–III were pri-
marily represented in studies evaluating erythema and early 
pigmentary responses, whereas phototypes III–VI were more 
frequently included in studies assessing visible light–induced 
pigmentation and dyschromia. Several trials specifically strat-
ified outcomes by phototype group, highlighting differential er-
ythema responses in lighter phototypes and more pronounced 
pigmentation effects in darker phototypes. Ethnicity was in-
consistently reported and therefore could not be quantitatively 
summarized.

3.3   |   Risk of Bias Assessment

Risk of bias was assessed using the ROB-2 tool for the two 
randomized controlled trials included [18, 19] (Figure 2). Both 
studies were judged to raise some concerns, mainly due to in-
sufficient reporting of the randomization process and lack of 

protocol preregistration. The reviewers achieved a 91.6% agree-
ment in the pair-wised evaluation.

Risk of bias in non-randomized studies was assessed using the 
ROBINS-I tool (Figure 3). Three studies were judged to be at 
moderate risk of bias [14, 20, 21], mainly due to potential resid-
ual confounding from non-randomized allocation of treatment 
sites, partial reliance on subjective clinical outcomes, and lack 
of protocol preregistration. One study showed a serious risk of 
bias because of its fixed pre–post design without a concurrent 
control group, which introduces substantial temporal confound-
ing [22]. The percentage of agreement between reviewers was 
92.25%. A global overview of these methodological judgments 
is visually consolidated in Figure  2 (ROB-2 summary) and 
Figure 3 (ROBINS-I traffic light plot). As illustrated in this Risk 
of Bias assessment, the “serious risk” and “low-to-moderate 
certainty” designations within the natural VL photoprotection 
literature are largely driven by pioneering but methodologically 
limited studies, such as the pre–post design in Kohli et al. [22]. 
By isolating these study-specific flaws in the text, we ensure 
they do not falsely penalize the well-established clinical grade 
(Level 1) of the therapeutic agent as a global entity.

The OHAT assessment showed that most preclinical studies had 
a probably high risk of bias, mainly due to the lack of random-
ization and blinding and the absence of protocol preregistration, 
leading to potential selective reporting. In contrast, exposure 

FIGURE 1    |    PRISMA 2020 flow diagram illustrating the study identification, screening, eligibility assessment, and inclusion process for the pres-
ent systematic review, including records identified through database searches, registers, and other sources. Adapted from [17], under the Creative 
Commons Attribution 4.0 International (CC BY 4.0) license.

*Consider, if feasible to do so, reporting the number of records identified from each database or register searched (rather than the total number across all databases/registers).
**If automation tools were used, indicate how many records were excluded by a human and how many were excluded by automation tools.
Source: Page MJ, et al. BMJ 2021;372:n71. doi: 10.1136/bmj.n71.This work is licensed under CC BY 4.0. To view a copy of this license, visit 
https://creativecommons.org/licenses/by/4.0/
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characterization was consistently judged as low risk of bias, and 
outcome assessment relied largely on standardized, objective labo-
ratory methods (File S3). The percentage of agreement was 95.45%.

3.4   |   Certainty of Evidence (GRADE) for Clinical 
Outcomes

For VL–induced pigmentation outcomes [14, 18–22], the cer-
tainty of evidence was rated as moderate. The certainty was 
downgraded due to methodological limitations, as most stud-
ies presented moderate risk of bias and one key study showed 
serious risk due to confounding, as well as serious imprecision 
related to small sample sizes and incomplete reporting of vari-
ability measures. No downgrading was applied for inconsistency 
or indirectness, as all studies reported concordant effects using 
clinically relevant outcomes.

For VL–induced erythema outcomes [14, 18, 20, 22], the cer-
tainty of evidence was rated as low. Although all studies 

consistently showed attenuation of erythematous responses fol-
lowing treatment with antioxidant-based formulations or tinted 
products, the evidence was downgraded due to methodological 
limitations, including moderate to serious risk of bias and se-
rious imprecision related to small sample sizes and incomplete 
reporting of variability measures. No downgrading was applied 
for inconsistency or indirectness.

For molecular biomarkers of VL–induced skin damage [22], 
the certainty of evidence was rated as very low, due to reli-
ance on a single small non-randomized study with serious 
risk of bias and very serious imprecision related to limited 
sample size and incomplete reporting of variability measures. 
Although a protective effect was observed, confidence in the 
magnitude and reproducibility of this finding remains very 
limited.

For all outcomes the percentage of agreement between review-
ers was 100%. File S2 shows the detail for the GRADE findings 
of each outcome.

FIGURE 2    |    ROB-2 traffic light plot for randomized controlled trials.

FIGURE 3    |    ROBINS-I traffic light plot for non-randomized controlled trials.
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3.5   |   Results by Natural Agent

The following results synthesize the clinical and preclinical 
evidence regarding the efficacy of natural agents in mitigating 
cutaneous damage induced by VL and HEVL. The analysis fo-
cuses on key photobiological variables, including pigmentation, 
erythematous response, and relevant molecular biomarkers, in-
tegrating mechanistic insights and statistical data where avail-
able (Tables 1 and 2).

3.5.1   |   Polyphenolic Compounds

Polyphenols represent the most robustly documented class of 
natural agents in this review, supported by a total of 16 studies 
(13 preclinical and 3 clinical).

Preclinically, these compounds have demonstrated a multi-
targeted capacity to protect cellular viability and prevent 
VL-induced oxidative stress, neutralizing ROS and activating 
endogenous antioxidant defenses through various molecular 
pathways. This evidence is predominantly led by Polypodium 
leucotomos extract (PLE, Fernblock(R)), which has demon-
strated significant cytoprotective effects when administered 
as a preventive treatment against VL-induced damage. In 
human fibroblasts, this extract preserves cell morphology 
and viability while inhibiting VL-induced alterations in the 
expression of critical extracellular matrix (ECM) proteins, 
including matrix metalloproteinase-1 (MMP-1), cathepsin 
K (CTSK), fibrillin-1/2 (FBN1/2), and elastin (ELN) [23]. 
Moreover, when human fibroblasts and melanocytes were 
exposed to HEVL, Fernblock(R) preserved their viability, re-
ducing ROS production and p38 MAPK phosphorylation, 
thereby mitigating oxidative stress [24]. Similarly, hydroxy-
tyrosol, a polyphenol sourced from the Olea europaea fruits, 
and a constituent of olive oil, has been shown to protect the 
viability of keratinocytes and fibroblasts, effectively down-
regulating ECM markers such as MMP-1, MMP-12, collagen 
type I and the cell proliferation marker PCNA [25]. Flavonoid 
components, including apigenin, chrysin, and galangin, 
demonstrated potent ROS-scavenging properties; specifically, 
chrysin and apigenin preserved viability of human melano-
cytes, efficiently suppressing singlet oxygen overproduction 
induced by VL [26]. Furthermore, pre-treatment of human 
BL-exposed keratinocytes with a Helichrysum arenarium ex-
tract (rich in apigenin and galangin) increased cell survival 
rate, attenuated intracellular calcium flux by antagonizing 
TRPV1-mediated signaling, significantly reduced ROS pro-
duction and counteracted MAPK pathway alterations [27]. 
Another flavonoid with antioxidant, anti-angiogenic, and 
antitumor potential effects is licochalcone A (LicA), isolated 
from the roots of Glycyrrhiza inflate [28]. Mann et  al. [29] 
found that treating human dermal fibroblasts with a licorice 
extract solution rich in LicA prior to VL exposure decreased 
ROS production and markedly induced Nrf2 activation. 
Similarly, the Melissa officinalis phytocomplex, rich in rosma-
rinic acid, prevented ROS overproduction and inhibited the 
compensatory overexpression of Nrf2 in keratinocytes irradi-
ated with BL, suggesting a high direct scavenging efficiency 
that preserves cellular redox balance [30]. Another example is 
Edafence(R) (EDA), a specialized flavonoid-rich phytocomplex 

obtained from Deschampsia antarctica that has been shown to 
maintain cell viability, preserving mitochondrial morphology 
and preventing mitochondrial membrane hyperpolarization 
in both BL-exposed human fibroblasts and melanocytes [31]. 
Furthermore, Caesalpinia sappan extract (CSE), of which the 
primary constituent is brazilin, and Curcuma longa L. extract, 
rich in curcuminoids, a group of polyphenols,(R) enhance cel-
lular antioxidant capacity by increasing superoxide dismutase 
(SOD) activity and DPPH radical scavenging power in human 
fibroblasts, thereby improving their viability and reducing 
BL-induced ROS overproduction [32, 33].

Natural polyphenolic compounds contribute to genomic stabil-
ity and exhibit anti-inflammatory properties. Anthocyanins (cy-
anidin derivatives), isolated from the fruits of Prunus serrulata 
L. var. tomentella Nakai, downregulated the expression of mark-
ers such as MAPKs, FAK, and IKKα, inhibited the production 
of pro-inflammatory cytokines (TNF-α, IL-6, and IL-8), and 
suppressed cellular apoptosis via caspase-3 activation Lee et al. 
[34]. This efficacy underscores the potent ability of polypheno-
lic compounds to attenuate VL-induced intracellular signaling, 
most notably the MAPK signaling axis, which consequently lim-
its downstream oxidative DNA damage and maintains cellular 
homeostasis. Additionally, the above-mentioned compound hy-
droxytyrosol also prevented oxidative DNA damage, reducing 
8-Hydroxy-2′-Deoxiguanosine (8-OHdG) in a dose-dependent 
manner [25].

In terms of pigmentary dynamics, scientific evidence high-
lights the capacity of natural compounds to intercept sig-
naling initiated by specific photoreceptors, such as OPN3, 
thereby modulating the melanogenic cascade from its incipi-
ent stages of photochemiexcitation. In melanocytes exposed to 
BL, Fernblock(R) significantly restored basal expression of the 
opsin-3 photoreceptor, attenuated melanin overproduction, 
and provided protection against DHICA-melanin oxidation 
[24]. Similarly, both chrysin and apigenin protected human 
melanocytes from melanin photosensitization-induced dam-
age and membranes photooxidative damage triggered by VL 
[26]. Edafence(R) also prevented BL-induced hyperpigmenta-
tion through reduction of BL-induced darkening of extra and 
intracellular melanin pigments and reduction of BL-induced 
p38 melanogenic pathway activation [31]. Furthermore, 
Pycnogenol, derived from Pinus pinaster bark, exerted an in-
hibitory effect on pigmentation by reducing tyrosinase activ-
ity and suppressing key mediators such as endothelin-1 (ED1) 
and peroxisome proliferator-activated receptor (PPAR) iso-
forms [35].

These findings are clinically translated through Polypodium 
leucotomos extract (PLE, Fernblock(R)). In randomized trials, 
oral administration of 480 mg PLE significantly reduced the 
mean IGA erythema score and colorimetric erythema intensity 
[22]. Furthermore, PLE demonstrated a profound suppression 
of molecular damage, including a marked reduction in CPD, 
sunburn cells, and in proliferative markers such as PCNA and 
Ki67 [22]. Regarding pigmentary variables in dark skin pho-
totypes (SPT) IV–VI, Mohammad et  al. [36] confirmed that 
PLE significantly attenuated PPD and significantly reduced 
melanin intensity. Nevertheless, Kohli et  al. [22] noted that 
in SPT I–III, VL failed to induce macroscopic pigmentation, 
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suggesting that in lighter skin, the efficacy of polyphenols is 
primarily targeted at sub-clinical DNA protection and anti-
inflammatory pathways.

3.5.2   |   Polysaccharides and Amino-Acid Derivatives

Beyond polyphenolic interventions, the preservation of cellular 
integrity and genomic stability has emerged as a primary ther-
apeutic target for polysaccharides and amino acid derivatives. 
Preclinical research on a polysaccharide (LBP) extracted from 
the plant Lycium barbarum demonstrated that pretreatment of 
keratinocytes with this compound not only protected their via-
bility from BL-induced damage but also modulated intracellular 
activity of superoxide dismutase (SOD) and malondialdehyde 
(MDA), promoting a reduction in ROS production, improved 
mitochondrial status and attenuated BL-induced mitophagy 
and autophagy increased levels. Consistent with these in vitro 
results, in vivo research with LBP confirmed its photoprotective 
efficacy against BL: it preserved mouse skin morphology, pre-
vented collagen fibers disarrangement induced by BL, prevented 
alterations on antioxidant enzymes (SOD and MDA) and inhib-
ited mitophagy through reduction of LC3B and PINK1-parkin 
pathway [37].

Regarding amino acid derivatives, in vitro incubation of human 
keratinocytes with ectoine demonstrated substantial protec-
tion against VL-induced DNA damage. Ectoine functions as a 
molecular chaperone to stabilize the hydration shell of cellular 
macromolecules, thereby safeguarding the proteome and ge-
nome against radiation-induced osmotic and genotoxic stress 
[38]. Similarly, L-ergothioneine, a sulfur-containing derivative 
of L-histidine, has exhibited significant dose-dependent DNA 
protection against VL-induced genotoxicity [38]. Collectively, 
these osmoprotectants provide a biophysical shield that com-
plements the biochemical neutralization provided by traditional 
antioxidants.

3.5.3   |   Vitamins and Carotenoids

Current evidence regarding vitamin-based interventions un-
derscores a significant discrepancy between monotherapy and 
synergistic multi-component formulations. Specifically, topical 
application of α-tocopherol (vitamin E) was found to be inef-
fective as a monotherapy, showing no clinical impact on the 
minimal pigmentary dose (MPD) or colorimetric darkening in-
tensity relative to the vehicle [19]. In contrast, multi-component 
formulations containing niacinamide demonstrated a superior 
capacity to modulate vascular variables, significantly attenuat-
ing BL-induced erythema and mitigating the decline in individ-
ual typology angle (ITA°) values following repetitive exposure to 
HEVL radiation [18].

The clinical advantage of complex systems is further corrobo-
rated by the efficacy of penta-antioxidant enriched sunscreens, 
incorporating vitamins C and E alongside LicA, which achieved 
a reduction in relative dyschromia and melanin deposition com-
pared to non-antioxidant controls [21]. Regarding carotenoids, β-
carotene has been identified as a potent singlet oxygen quencher, 
enhancing melanocyte survival and suppressing oxidative stress 

mediated by melanin photosensitization under VL irradiation 
[26]. These data suggest that while individual vitamins may lack 
sufficient potency to counteract the high-energy visible spec-
trum, their integration into multi-active antioxidant networks 
provides a robust defense against both immediate vascular re-
sponses and delayed pigmentary alterations.

3.5.4   |   Antioxidant Blends, Algal Extracts and Others

The development of multi-component antioxidant networks 
and the utilization of bio-marine extracts signify a shift toward 
a more comprehensive photoprotective paradigm that extends 
beyond traditional filters.

Initial in vitro assessments have established the superior efficacy 
of synergistic blends in neutralizing radiation-induced stress. 
Specifically, a combination of feverfew (Tanacetum parthenium), 
soy (Glycine soja), and gamma-tocopherol, alone or included into 
a UV sunscreen, demonstrated a potent capacity to reduce both 
ROS generation and the release of pro-inflammatory markers 
such as IL-1α and MMP-1 in human epidermal equivalents ex-
posed to VL, significantly outperforming baseline UV filters 
[39]. Complementing these findings, Pu'er tea extract, with its 
complex polyphenolic and flavonoid profile, has demonstrated 
high DPPH radical scavenging activity and strong reducing 
power against BL, making it an excellent candidate for inclusion 
in photoprotective formulations [33].

Preclinical research has also highlighted the capacity of man-
nitol, a sugar alcohol or polyol, to protect human keratinocytes 
from damage induced by UVA/VL and VL spectral ranges [38].

These mechanistic observations are further substantiated by 
clinical evaluations focusing on macroscopic skin parameters. 
Topical application of a multi-active antioxidant blend incor-
porating LicA demonstrated significant efficacy in mitigating 
erythema (Δa*) and stabilizing the individual typology angle 
(ΔITA) [14]. Notably, these clinical outcomes revealed a critical 
dose–response relationship, where superior protection over pla-
cebo was exclusively achieved at higher concentrations, high-
lighting the necessity of optimized formulation potencies [14]. 
In parallel, the inclusion of Scenedesmus rubescens microalgal 
extract has been clinically proven to mitigate ITA° decline and 
reduce overall color change (ΔE), reinforcing the structural pro-
tection required to maintain skin homeostasis following repeti-
tive high-energy exposure [14, 18].

3.5.5   |   Synergy With Physical Blockers: The Iron 
Oxide Variable

The inclusion of physical mineral blockers proved to be a critical 
variable in providing immediate and sustained clinical protec-
tion against the VL spectrum. Clinical evaluations demonstrated 
that a tinted formulation containing 1% iron oxides significantly 
reduced colorimetric erythema (Δa*) and yielded significantly 
less hyperpigmentation across all evaluated time points [20].

These clinical results are supported by in vitro studies demon-
strating that tinted sunscreens achieved up to 100% protection 
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against VL-induced DNA damage, whereas non-tinted formu-
lations containing only UV filters conferred significantly lower 
levels of protection [38]. Despite the barrier efficiency of min-
erals, spectroscopic analysis revealed that organic sunscreens 
enriched with a penta-antioxidant system achieved a reduction 
in melanin content at Day 7 that was statistically non-inferior 
to tinted mineral benchmarks, suggesting that potent biological 
antioxidants can effectively manage the oxidative cascade that 
penetrates physical barriers [21].

4   |   Discussion

The present systematic review highlights polyphenolic com-
pounds, specifically PLE (Fernblock(R)) as the class of natural 
agents with the most comprehensive and consistent scientific 
support for VL photoprotection. This hierarchy of evidence 
is substantiated by a robust translational framework link-
ing mechanistic preclinical findings, such as the inhibition of 
MMP-1, regulation of the BL receptor OPN3, and preservation of 
mitochondrial membrane potential, to meaningful clinical out-
comes, including the reduction of erythema and the suppression 
of genotoxic biomarkers like CPDs. However, it is critical to dif-
ferentiate between the robust molecular consensus of PLE and 
the specific methodological constraints of its available VL clini-
cal trial. The serious risk of bias identified under our ROBINS-I 
framework (due to a fixed pre-post design without a concurrent 
control) and the statistical imprecision (yielding Moderate/Low 
certainty in GRADE due to N = 22) are strictly confined to the 
isolated trial by Kohli et  al. [22]. These limitations reflect the 

historical lack of standardized protocols for visible light photo-
testing at the time the study was conducted, rather than a defi-
ciency in the therapeutic potential of the extract itself. Therefore, 
while explicitly acknowledging the methodological limitations 
of the available clinical data, PLE is categorized under Level 
1: Well-established clinical track record with data limitations 
(Figure  4). This position is supported by its extensive clinical 
consensus and robust mechanistic translation in dermatological 
care, rather than high-certainty clinical trial evidence alone.

A critical analysis of the evidence underscores the “failure of 
antioxidant monotherapy,” exemplified by isolated Vitamin E, 
which failed to demonstrate significant protection against VL-
induced pigmentation. This biological limitation is attributable 
to the complex, multifaceted pathophysiology of skin damage in 
this spectrum. The simultaneous activation of diverse oxidative 
and inflammatory pathways likely supersedes the quenching 
capacity of any single molecule. Conversely, multicomponent 
antioxidant blends demonstrate superior efficacy by eliciting 
synergistic effects across diverse cellular targets, such as the p38 
MAPK signaling axis and Nrf2-mediated redox homeostasis. 
This synergy is further optimized by integrating biological ac-
tives with physical blockers like iron oxides, establishing a dual-
spectrum defense model where the external barrier minimizes 
photon absorption while natural agents neutralize the residual 
oxidative cascade.

Despite the consistency of the observed benefits, the primary 
technical limitation of this review is the inability to perform a 
quantitative meta-analysis. This obstacle stems from a systemic 

FIGURE 4    |    Pyramid of evidence of the natural ingredients included in this systematic review, classified according to the efficacy and certainty 
of the evidence demonstrated. Natural compounds were organized into four progressive levels: Level 1: Well-established clinical track record (with 
data limitations), Level 2 (Clinical validation), Level 3 (Robust preclinical evidence), and Level 4 (Emerging evidence). For each compound, the pre-
dominant experimental model and the principal mechanisms of action supporting its photoprotective effect are indicated. Level 1 reflects extensive 
clinical usage and consensus alongside robust mechanistic data, despite current clinical trial methodological limitations (e.g., risk of bias or small 
sample sizes). Key: ECM, extracellular matrix; Nrf2, nuclear factor erythroid 2-related factor 2; SOD, superoxide dismutase.
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lack of standardization in numerical data reporting within clini-
cal literature; specifically, the frequent omission of standard de-
viations (SD) or standard errors (SEM) is frequent, alongside the 
reliance on subjective visual scales and heterogeneous irradia-
tion sources, preclude rigorous statistical pooling. Furthermore, 
substantial heterogeneity exists regarding irradiation sources, 
characterized by varying spectral power distributions and the 
frequent inclusion of residual UVA1 wavelengths, alongside 
irreproducible irradiance levels (mW/cm2) and disparate cu-
mulative doses (J/cm2). Outcome assessments also lack har-
monization, drifting between subjective visual clinical scales 
(IGA) and quantitative colorimetry (ΔITA, Δa*). These baseline 
differences in dosing regimens, formulation compositions, and 
experimental protocols pose severe challenges to cross-study 
comparability and the direct translation of findings into clini-
cal practice. Addressing this widespread lack of methodological 
and reporting standardization is vital for advancing the field 
towards reproducible, synthesis-ready data. Furthermore, clin-
ical cohorts exhibit a stark female overrepresentation (83%), yet 
they largely fail to account for the hormonal milieu (e.g., oral 
contraceptives, menstrual cycle phase, or menopause). Given 
that estrogen and progesterone significantly prime melanocytes 
toward hyper-reactivity, the lack of hormonal stratification rep-
resents a major confounding variable in pigmentation kinetics. 
Thus, the impact of chronological age remains critically under-
studied. The age-dependent decline in endogenous antioxidant 
defenses and DNA repair capacity likely lowers the threshold 
for VL-induced inflammaging, yet the majority of trials utilize 
healthy, middle-aged volunteers, potentially underestimating 
the damage in older populations.

Additionally, regarding photoprotection strategies, limitations 
of this review include the fact that most of the included studies 
were conducted using short-term assessments under controlled 
experimental conditions, which may not accurately represent 
real-world exposure scenarios. Furthermore, the absence of 
standardized models for VL irradiation and the variability in 
dosing regimens, formulation compositions, and irradiation 
protocols poses challenges to cross-study comparability and the 
translation of findings into clinical practice. To overcome these 
data fragmentations, address the confounding variables identi-
fied in current literature, and pave the way for future quantita-
tive meta-analyses, upcoming clinical trials evaluating natural 
agents against VL must adopt more rigorous, standardized, and 
real-world reproducible frameworks. Future research protocols 
should mandate the precise characterization of physical param-
eters, explicitly disclosing the full spectral power distribution to 
rule out ultraviolet contamination, along with exact irradiance 
(mW/cm2) and cumulative doses (J/cm2) across extended time-
lines. To eliminate the substantial temporal confounding and 
selection bias found in early literature, the implementation of 
randomized controlled designs with concurrent control groups 
is essential. Furthermore, data reporting standards must tran-
sition away from subjective visual clinical grading toward ob-
jective, automated metrics, ensuring the mandatory disclosure 
of mean values and standard deviations (SD) for all colorimet-
ric (ΔITA, Δa*) and molecular biomarkers. Methodological 
designs must also evolve to evaluate synergistic multicompo-
nent formulations over long-term, real-world exposure scenar-
ios, incorporating strict cohort stratification that accounts for 
age-dependent repair kinetics and the hormonal milieu (such 

as menstrual cycle phases, oral contraceptives, or menopausal 
status). Adherence to these standardized reporting and ex-
perimental requirements is vital to establish true cross-study 
comparability, minimize statistical imprecision, and ultimately 
facilitate the robust synthesis of clinical datasets into definitive, 
evidence-based dermatological guidelines.

5   |   Conclusions

In conclusion, while current evidence strongly supports the ther-
apeutic integration of antioxidant blends and polyphenols such 
as PLE (Fernblock(R)), the field must transition toward personal-
ized photoprotection. Future research must adopt standardized 
reporting protocols and inclusive clinical designs that account 
for sex-based biological differences, age, and hormonal status. 
Such rigor is essential to consolidate global therapeutic protocols 
for the management of VL-induced dermatoses and photoaging.
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