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photoaging.

Methods: A

predefined screening criteria. Databases were searched for studies

systematic review was conducted following
involving human participants that investigated sunscreen or
photoprotection interventions and reported quantitative outcomes
on clinical photoaging measures. Included studies encompassed

randomized controlled trials, cohort studies, case-control studies,
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cross-sectional studies, systematic reviews, and meta-analyses.
Data on intervention details, population characteristics,
photoaging assessment methods, and outcomes were extracted and

analyzed.

Results: Sixty-three studies were included. The landmark
Nambour trial demonstrated a 24% reduction in skin aging with
daily versus discretionary sunscreen use over 4.5 years (Hughes et
al., 2013). Shorter-term studies consistently showed significant
improvements in wrinkles, pigmentation, and skin texture with
regular sunscreen use, with effects evident from 8 to 52 weeks
(Randhawa et al., 2016; Sarkar et al., 2019; Du et al., 2020).
Enhanced formulations combining UV filters with antioxidants
(e.g., vitamin C, bakuchiol), anti-inflammatory agents, or DNA
repair enzymes offered superior benefits (Shirata & Maia Campos,
2021; Draelos et al., 2022; Luze et al., 2020). Appearance-based
behavioral interventions, such as UV photography and mobile
apps, effectively increased sun protection intentions and
behaviors, with medium effect sizes (Persson et al., 2018; Brinker
et al., 2020). Oral multi-component antioxidant supplements
showed promise in increasing minimal erythema dose and
improving skin appearance, whereas single-agent [-carotene was
ineffective (Stephens et al., 2016; Zhang et al., 2023; Darlington et
al., 2003).

Discussion: The evidence robustly supports that consistent
sunscreen use prevents and can partially reverse signs of
photoaging. Efficacy is influenced by formulation, compliance,
skin type, and environmental factors. Synergistic effects are

observed when UV filtration is combined with agents targeting
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oxidative stress and inflammation. Behavioral strategies are

crucial for fostering long-term adherence.

Conclusion: Daily use of broad-spectrum sunscreen, preferably
SPF 30 or higher, is a proven, effective strategy for preventing
photoaging. Formulations with added antioxidants or anti-
inflammatory components provide enhanced protection. Public
health initiatives should incorporate appearance-based education
to improve sunscreen adherence. Oral antioxidant supplements

may serve as adjuncts but not replacements for topical sunscreens.

Keywords: Photoaging,  Sunscreen,  Photoprotection, UV
Radiation, Antioxidants, Behavioral Intervention, Systematic

Review.
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Background

Photoaging, also known as extrinsic aging or dermatoheliosis, is the complex process of skin
damage resulting from chronic exposure to ultraviolet (UV) radiation from sunlight. It is clinically
and histologically distinct from intrinsic chronological aging. The hallmark signs include coarse and
fine wrinkles, leathery texture, telangiectasia, and pigmentary irregularities such as solar lentigines
and mottled hyperpigmentation (Elmets, 2013). At a molecular level, UV radiation penetrates the
skin, generating reactive oxygen species (ROS) that induce oxidative stress, damage cellular DNA,
and trigger inflammatory cascades. This leads to the upregulation of matrix metalloproteinases
(MMPs), which degrade the dermal extracellular matrix—primarily collagen and elastin—resulting
in the loss of skin strength and elasticity (Greul et al., 2002). While the role of sunscreen in
preventing skin cancer, particularly squamous cell carcinoma, is well-established, its specific
efficacy in preventing the cosmetic and structural changes of photoaging has been a subject of
extensive yet sometimes fragmented research. The rising global concern with aesthetic dermatology
and anti-aging, coupled with increasing UV exposure due to environmental and lifestyle factors,
underscores the need for a clear, evidence-based understanding of photoprotection's role in

maintaining skin youthfulness.
Research Gap

Despite widespread public health messaging on sun safety, a comprehensive synthesis
focusing specifically on photoaging outcomes—separate from carcinogenesis—is lacking. Existing
systematic reviews often amalgamate outcomes for skin cancer and photoaging or focus on single
intervention types (e.g., only topical sunscreens or only behavioral interventions). There is a gap in
a holistic review that integrates evidence from diverse intervention modalities—including topical
sunscreens (both basic and enhanced), oral nutraceuticals, topical antioxidants, and behavioral

change strategies—to provide a unified perspective on photoaging prevention. Furthermore, the
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differential effects across various skin phototypes (Fitzpatrick scale) and the role of newer
sunscreen technologies (e.g., filters covering UVAL and visible light) require detailed examination

to guide personalized recommendations.
Novelty

This systematic review distinguishes itself by its exclusive focus on photoaging as an
endpoint, its inclusion of a wide spectrum of intervention types within a single analytical
framework, and its detailed analysis of moderating factors such as skin type, age, compliance, and
environmental influences. It also incorporates the latest evidence on next-generation
photoprotection, including sunscreens with advanced filters like Methoxypropylamino
Cyclohexenylidene Ethoxyethylcyanoacetate (MCE) for UVAL coverage, DNA repair enzymes,
and the impact of visible light (Marionnet et al., 2021; Luze et al., 2020; Godoy et al., 2024).
Additionally, it evaluates the growing field of digital behavioral interventions, such as facial-aging
mobile apps, which represent a novel approach to improving sun protection habits in younger
demographics (Brinker et al., 2020; Perez et al., 2025).

Research Objectives

The primary objective of this systematic review is to evaluate and synthesize the existing
scientific evidence on the relationship between the use of sunscreen and other photoprotection
interventions and the prevention or reduction of clinical signs of photoaging in human populations.
Specific aims include: 1) Assessing the efficacy of topical sunscreen use on various photoaging
parameters; 2) Evaluating the added benefit of enhanced formulations with antioxidants, anti-
inflammatory, or repair agents; 3) Analyzing the effectiveness of behavioral interventions on
improving sunscreen adherence; 4) Examining the role of oral supplements in systemic
photoprotection; and 5) Identifying key moderators of effectiveness, such as skin type, age, and

environmental factors.
Research Hypothesis
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It is hypothesized that regular and correct use of broad-spectrum sunscreen is significantly
associated with the prevention and potential improvement of clinical signs of photoaging.
Furthermore, it is hypothesized that photoprotection strategies that combine UV filtration with
complementary mechanisms (e.g., antioxidant, anti-inflammatory) will demonstrate superior
efficacy compared to UV filtration alone. Finally, behavioral interventions that leverage
appearance-based motivations will be effective in increasing sun-protective behaviors, thereby

indirectly contributing to photoaging prevention.
Research Benefits

The findings of this review will provide a robust, evidence-based foundation for
dermatologists, aesthetic practitioners, and public health officials to make informed
recommendations on photoaging prevention. It will guide the development of more effective public
health campaigns, inform the formulation of advanced skincare products, and help tailor
photoprotection advice to individuals based on their skin type, age, and lifestyle. Ultimately, this
work aims to contribute to reducing the global burden of photoaging, improving skin health, and

enhancing quality of life.

Protocol

The study strictly adhered to the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) 2020 guidelines to ensure methodological rigor and accuracy. This
approach was chosen to enhance the precision and reliability of the conclusions drawn from the
investigation.

Criteria for Eligibility

This systematic review aims to evaluate the relationship between sunscreen use and

prevention of photoaging.
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Screening
We screened in sources based on their abstracts that met these criteria;

e Sunscreen Intervention: Does this study investigate sunscreen use as a primary

intervention?

e Photoaging Outcomes: Does this study measure photoaging outcomes (such as wrinkles,
age spots, skin elasticity, skin texture, solar lentigines, or other clinical/objective measures
of photoaging)?

e Human Participants: Does this study involve human participants of any age?

e Study Design: Is this study a randomized controlled trial, cohort study, case-control study,

cross-sectional study, systematic review, or meta-analysis?
e Quantitative Data: Does this study report quantitative data on photoaging outcomes?

e Photoaging Focus: Does this study measure photoaging outcomes (not solely focused on

skin cancer prevention without photoaging measures)?

e Study Type Quality: Is this study NOT a case report, editorial, opinion piece, or conference

abstract?

e Sunscreen Component: Does this study include a sunscreen component (not investigating

only other sun protection methods like clothing or shade without sunscreen)?

We considered all screening questions together and made a holistic judgement about

whether to screen in each paper.

Search Strategy
The keywords used for this research based PICO :

Element ) I C
P (Population) ) ) O (Outcome)
(Intervention/Exposure) | (Comparison/Context)

] Prevention of
Keyword 1 Photoaging Sunscreen use No sunscreen

photoaging
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Reduction of

Keyword 2 Skin aging Sunscreen application Discretionary use )
wrinkles
) Improvement in
Keyword 3 Photodamage Photoprotection Placebo )
skin texture
o ) Decrease in
Keyword 4 | Dermatoheliosis UV protection Untreated control

hyperpigmentation

The Boolean MeSH keywords inputted on databases for this research are: ("Photoaging” OR

"Skin aging" OR "Photodamage™ OR "Dermatohéliosis™) AND ("Sunscreen use” OR "Sunscreen

application” OR "Photoprotection” OR "UV protection™) AND ("No sunscreen™ OR "Discretionary

use™ OR "Placebo™ OR "Untreated control) AND ("Prevention of photoaging” OR "Reduction of

wrinkles" OR "Improvement in skin texture” OR "Decrease in hyperpigmentation™)

Data extraction

e Intervention Details:

Extract comprehensive details about the photoprotection intervention including:

o

o

Type of intervention (topical sunscreen, oral supplements, behavioral/educational,

combination)

For topical products: SPF level, active ingredients, formulation type, application

instructions

For oral supplements: specific compounds, dosages, duration of supplementation

For behavioral interventions: specific strategies used, delivery method, duration

Control/comparison group details

Compliance or adherence measures if reported

e Study Population:

Extract participant characteristics that may affect photoaging outcomes:
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o Sample size and demographics (age, gender)

o Fitzpatrick skin type or baseline skin characteristics
o Baseline photoaging status or UV exposure history
o Geographic location/climate conditions

o Any exclusion criteria related to skin conditions

e Photoaging Assessment:
Extract all methods used to measure photoaging including:

o Primary outcome measures (clinical scales, instrumental measurements, biomarkers)

o Specific photoaging parameters assessed (wrinkles, pigmentation, texture, elasticity,

erythema)
o Assessment tools or instruments used (e.g., Mexameter, clinical grading scales)
o Who conducted assessments (dermatologist, self-assessment, automated)
o Timing of assessments (baseline, follow-up timepoints)

e Study Design:
Extract study methodology details:

o Study design type (RCT, controlled trial, cohort, cross-sectional)
o Duration of intervention and follow-up period

o Blinding status (single, double, open-label)

o Randomization method if applicable

o Study setting (laboratory, clinical, community, school-based)

¢ Photoaging Results:
Extract all results related to photoaging outcomes including:

o Direction of effect (improvement, prevention, no change, worsening)
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o Magnitude of effects (percentage improvement, effect sizes, mean differences)
o Statistical significance (p-values, confidence intervals)

o Clinical significance or meaningful change thresholds

o Results for different photoaging parameters separately

o Time course of effects (early vs. late changes)

e Mechanisms Identified:

Extract any discussion of biological mechanisms by which the intervention affects

photoaging:

o UV protection mechanisms (physical blocking, chemical absorption)

o Antioxidant or anti-inflammatory pathways mentioned

o Biomarkers of photoaging processes (MMPs, inflammatory markers, oxidative
stress)

o Cellular or molecular processes discussed

o Any mechanistic hypotheses proposed by authors

e Moderating Factors:
Extract factors that influenced the intervention effectiveness:

o Skin type effects (differential responses by Fitzpatrick type)
o Age-related differences in response

o Baseline photoaging severity effects

o Compliance or adherence impacts on outcomes

o Seasonal or environmental factors

o Concurrent sun protection behaviors

o Any subgroup analyses reported

10
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Table 1. Article Search Strategy

Database

Keywords

Hits

Pubmed

("Photoaging” OR "Skin aging” OR "Photodamage"” OR
"Dermatohéliosis™) AND ("Sunscreen use” OR "Sunscreen
application” OR "Photoprotection™ OR "UV protection™) AND ("No
sunscreen” OR "Discretionary use" OR "Placebo” OR "Untreated
control”) AND ("Prevention of photoaging” OR "Reduction of
wrinkles” OR "Improvement in skin texture” OR "Decrease in
hyperpigmentation™)

20

Semantic
Scholar

("Photoaging” OR "Skin aging” OR "Photodamage” OR
"Dermatohéliosis™) AND ("Sunscreen use” OR "Sunscreen
application” OR "Photoprotection™ OR "UV protection™) AND ("No
sunscreen” OR "Discretionary use" OR "Placebo” OR "Untreated
control™) AND ("Prevention of photoaging”™ OR "Reduction of
wrinkles” OR "Improvement in skin texture” OR "Decrease in
hyperpigmentation")

126

Springer

("Photoaging” OR "Skin aging” OR "Photodamage” OR
"Dermatohéliosis™) AND ("Sunscreen use” OR "Sunscreen
application” OR "Photoprotection™ OR "UV protection™) AND ("No
sunscreen” OR "Discretionary use" OR "Placebo” OR "Untreated
control™) AND ("Prevention of photoaging” OR "Reduction of
wrinkles” OR "Improvement in skin texture” OR "Decrease in
hyperpigmentation™)

23

Google
Scholar

("Photoaging” OR "Skin aging” OR "Photodamage” OR
"Dermatohéliosis™) AND ("Sunscreen use” OR "Sunscreen
application” OR "Photoprotection™ OR "UV protection™) AND ("No
sunscreen” OR "Discretionary use" OR "Placebo” OR "Untreated
control™) AND ("Prevention of photoaging” OR "Reduction of
wrinkles” OR "Improvement in skin texture"™ OR "Decrease in
hyperpigmentation™)

244

Wiley
Online
Library

("Photoaging” OR "Skin aging” OR "Photodamage” OR
"Dermatohéliosis™) AND  ("Sunscreen use” OR "Sunscreen
application” OR "Photoprotection™ OR "UV protection™) AND ("No
sunscreen” OR "Discretionary use" OR "Placebo” OR "Untreated
control™) AND ("Prevention of photoaging” OR "Reduction of
wrinkles” OR "Improvement in skin texture”™ OR "Decrease in
hyperpigmentation™)

43
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Records identified from*:
PubMed (n = 20)
Springer (n = 23)
Semantic Scholar (n = 126)
Google Scholar (n = 244)
Wiley Online Library (n = 43)

Screening

Included

Records screened
(n=413)

Reports sought for retrieval

(n = 356)

Reports assessed for eligibility
(n=272)

Studies included in systematic review
(n=63)

Records removed before screening:
Duplicate records removed (n=9)
Records marked as ineligible by
automation tools (n= 34)

> Records excluded**

(n=57)

»| Reports not retrieved

(n=84)

Reports excluded:
Wrong study design (n = 209)

Figure 1. Article search flowchart
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Characteristics of Included Studies

This systematic review identified 63 sources examining the relationship between

sunscreen use and photoaging prevention.

The

included studies encompassed diverse

methodologies, populations, and intervention types, ranging from randomized controlled trials

of topical sunscreens to behavioral interventions promoting sun protection behaviors. The

following table summarizes the key characteristics of all included studies.

Study Intervention Category Population Duration
M. Hughes et al., Topical sunscreen + oral B- | 903 adults <55 4.5 vyears
2013 carotene years, Australia
Manpreet Randhawa Topical sunscreen SPF 30 32 subjects 52 weeks

et al., 2016

M. M. Fossa Shirata

Sunscreen + ascorbyl

60 females aged

Not specified

et al., 2021 tetraisopalmitate + rice 20-30 years
peptides
R. Sarkar et al., Topical sunscreen SPF 19/50 230 adults, 12 weeks
2019 Fitzpatrick 1V-V
David F Godoy et Sunscreen with visible light 50 subjects, 8 weeks
al., 2024 coverage mean age 45.3
years
A. Du et al, 2020 Photoprotection with 118 Chinese 6 months
antioxidants women aged
35-65
Z. Draelos et al., Mineral sunscreen SPF 30 |49 females aged 6 weeks
20
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Study Intervention Category Population Duration
2022 with bakuchiol 35-60 years
C. Elmets et al.,

Topical sunscreen

604 subjects

Not specified

2008

2013 <55 years
F. Flament et al., Topical photoprotection 83 Chinese 6 months
2017 women
Joel L Cohen et al, | Vitamin C serum + mineral | 36 females aged | 12 weeks
2022 sunscreen 35-60 years
H. Mahler et al., Behavioral (UV photo + 244 beach Summer
2006 photoaging info) patrons follow-up
S. Ogden et al., Topical retinoids + sunscreen Not specified 6-24 months

Intan Nurmawati

Putri et al., 2024

Sunscreen education

Police officers

in Indonesia

Not specified

A. Kusumawardani et

TiO2 sunscreen + defensil

2020

20 subjects, 7 days
al., 2023 plus Fitzpatrick 11-1V

H. Luze et al, 2020 | Sunscreens with DNA repair 60 subjects, Variable
enzymes Fitzpatrick I-Il

Joel | Osorio et al, REGENERAGE cream 12 women with 12 weeks

photo-aging

H. Mahler et al.,
2003

Behavioral (UV photo +
photoaging info)

144 participants

Not specified

F. Flament et al.,
2023

Standardized photoprotection

Fitzpatrick 11-VI

1 year

N. Afzal et al., 2024

Acetyl zingerone + THDA

Not specified

Not specified
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Study Intervention Category Population Duration
Anne-Katrin Greul et | Oral antioxidant supplement Young females, | Not specified
al., 2002 (Seresis) Fitzpatrick 11
H. Mahler et al., Behavioral (UV photo + 126 college 5 weeks
2010 photoaging info) students
H. Mahler et al., Behavioral (UV photo + Young adults 12 months
2007 photoaging info)
S. Darlington et al, | Topical sunscreen + oral - 1621 adults 4 years
2003 carotene aged 25-74
years

C. Marionnet et al.,

Sunscreen with MCE filter

Not specified

Not specified

2021
T. Brinker et al., Behavioral (Sunface mobile 205 students Cross-
2017 app) aged 13-19 sectional
years
Sofia Persson et al., | Appearance-based interventions | 7348 participants Variable
2018
A. Williams et al., | Appearance-based interventions Not specified Variable
2013
H. Okati-Aliabad et Behavioral (mobile app) 320 students 3 months
al., 2023 aged 10-12
years
T. Brinker et al, Behavioral (Sunface mobile 1573 students 6 months
2020 app)
Ghazal Mardani et Various treatments for solar Not specified Variable
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Study Intervention Category Population Duration
al., 2025 lentigines
Yan Wu et al, 2013 | Topical antioxidant (vitamins 12 Chinese 4 days
C, E, ferulic acid) females
E. Bagatin et al., Oral isotretinoin + sunscreen | 32 women aged 3 months
2010 40-55 years
Michael Termer et MeO-MBM topical 10 volunteers 4 weeks
al., 2021 aged 34-65
years
T. Stephens et al, Oral anti-aging supplement 152 women 16 weeks
2016 aged 35-60
years
V. Grandi et al., S-acyl glutathione cream 10 volunteers, Cross-
2019 Fitzpatrick [1-111 sectional
Komang Jegek et al., | Purple cabbage extract cream | 30 Wistar rats 4 weeks
2020
Daiane G Mercurio | Sunscreen with MCE UVALl 52 Brazilian 4 weeks
et al., 2024 filter women
Yi-Chun Lin et al, Topical sunscreen 14 females 8 weeks
2022
BA David Perez et Behavioral (TikTok aging 230 young Immediate
al., 2025 filter) adults
Rudy Ekofitranto et Topical astaxanthin cream 4 groups 5 days
al., 2025
A. Hils et al, 2016 Observational (air pollution 1878 women Cross-
23
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Study Intervention Category Population Duration
exposure) sectional
Ni Putu Anggun et Telang flower extracts Literature review Variable
al., 2022
Xiaofeng Zhang et Oral tomato/lycopene 21 trials Variable
al., 2023
Cecilie Scheuer et Topical melatonin Multiple studies Variable
al., 2017
Hassan Okati-Aliabad | Behavioral (facial-aging web 160 students 3 months
et al., 2024 app)
D. G. Mercurio et Sunscreen + red algae + 16 hairless mice 5 days
al., 2015 vitamins
J. Siegel et al., 2017 | Observational (AK predictors) 2063 veterans Cross-
sectional

A. Williams et al.,

Behavioral (facial-aging

47 women aged

Not specified

2012 morphing) 18-34 years
F. Flament et al, Sunscreen with MCE UVAL | Two populations 8 weeks
2023a filter
H. Mahler et al., Behavioral (multiple UV 151 college 1 month
2018 photo viewings) students
Thanaporn Sunscreen with anti- 59 patients, 6 weeks
Puaratanaarunkon et inflammatory agent Fitzpatrick [11-1V
al., 2022
A. Williams et al., Behavioral (facial-aging 70 women aged Immediate
2013a intervention) 18-34 years
24
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Yelena P. Wu et al., Behavioral (multiple 1573 high 1 month
2019 components) school students
Rana Shahab et al., Dermocosmetic + tinted 1785 adults, 2 months
2024 sunscreen SPF 50+ Fitzpatrick 1V-VI
Azahara Pérez Davo Retinoids + D. antarctica 22 females, 90 days
et al., 2019 extract Fitzpatrick 11-1V
Masitta Tanjung et Silkworm cocoon gel 25 male rats 14 days
al., 2023
UV-protective Topical astaxanthin 21 volunteers, 24 hours
Astaxanthin Study, Fitzpatrick 2-3
2021
Steven R. Hall et Oral lipid supplement (EPA, Volunteers 8 weeks
al., 2019 DHA, GLA)
P. Lehmann et al., Daylight photodynamic 58 patients with 2 years
2022 therapy AKs
Tamires Lima Photoprotection habits Literature review | 2010-2016
Cossetim et al., 2017
Irianiwati et al., Topical extra virgin olive oil | Human foreskins 24 hours
2015
Flora Ramona et al., Sunscreens SPF 15/30/50 5 foreskins, 24 hours
2015 Fitzpatrick 1V
MEM ot al. 2012 Oral Calaguala (P. 14 adults 4 weeks
leucotomos)
25
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Study durations ranged from single-day assessments to 4.5-year follow-up periods.

Geographic representation included studies from Australia, USA, Brazil, China, India,

Indonesia, Germany, Korea, and multiple European countries.
Effects of Photoprotection Interventions on Photoaging Outcomes
Topical Sunscreen Effects on Clinical Photoaging Parameters

The landmark Nambour trial by Hughes et al. (2013) provides the strongest evidence
for sunscreen's preventive effect on photoaging. Daily sunscreen users showed no detectable
increase in skin aging after 4.5 years, with skin aging 24% less than the discretionary
sunscreen group (relative odds 0.76, 95% CI 0.59-0.98) . This community-based RCT of

903 adults remains the most robust evidence for long-term photoaging prevention .

Effect
Parameter Size/lmproveme Statistical Follow-up
Study Assessed nt Significance Duration
M. Hughes et Overall skin 24% reduction | RO 0.76 (95% 4.5 years
al., 2013 aging vs. discretionary | Cl 0.59-0.98)
use
Manpreet Skin texture, 40-52% Not reported 52 weeks
Randhawa et clarity, improvement
al., 2016 pigmentation
R. Sarkar et Pigmented Significant P < 0.001 12 weeks
al., 2019 spots, skin improvement
radiance
David F UV spots 10-point P = 0.0013 8 weeks
Godoy et al., (VISIA) percentile shift
2024
26
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Effect

Parameter Size/lmproveme Statistical Follow-up

Study Assessed nt Significance Duration

A. Du et al, | Hyperpigmentatio Significant P < 0.05 6 months
2020 n, wrinkles, improvement

skin tone

Z. Draelos et Hydration, 21% hydration, Significant 6 weeks
al., 2022 elasticity 32% elasticity
improvement

Joel L Cohen Overall 11.7-19.1% Significant 12 weeks
et al., 2022 photodamage improvement

Randhawa et al. (2016) demonstrated that daily use of an SPF 30 broad-spectrum

sunscreen for 52 weeks improved all photoaging parameters significantly from baseline, with

skin texture, clarity, and mottled pigmentation showing 40-52% improvement and 100% of

subjects demonstrating improvement in skin clarity and texture . This suggests sunscreen use

can not only prevent but potentially reverse existing photodamage .

Studies on Indian skin phototypes IV and V showed significant improvement in

pigmented spots and skin radiance after 12 weeks of regular sunscreen use (P < 0.001),

demonstrating effectiveness across diverse skin types . Similarly, a study using sunscreen

with visible light coverage showed significant improvement in UV spots (P = 0.0013) and

overall DPAS dermoscopy scores (P = 0.0009) after just 8 weeks .

Effects of Enhanced Sunscreen Formulations

Formulation Primary
Study Enhancement Outcome Effect Size Significance
M. M. Fossa Ascorbyl Hydration, Increased Significant
27
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n

Formulation Primary
Study Enhancement Outcome Effect Size Significance
Shirata et al., | tetraisopalmitate dermis
2021 + rice peptides echogenicity
Z. Draelos et Bakuchiol Skin laxity, 21-32% Significant
al.,, 2022 (retinol fine lines improvement
alternative)
A. TiO2 + Melanin index, Significant P = 0.003, P
Kusumawardani defensil plus erythema decrease = 0.036
et al, 2023
C. Marionnet MCE absorber UVAL Improved Significant
et al., 2021 (UVAlL photoprotection coverage
coverage)
Michael MeO-MBM TEWL, skin Improved Significant
Termer et al., | (photoantioxidant thickness
2021 )
Thanaporn Anti- Post- Tendency to P = 0.022
Puaratanaarunk inflammatory inflammatory reduce (porphyrins)
on et al, agent hyperpigmentatio
2022

Formulations combining UV filters with antioxidants demonstrated enhanced efficacy.

Shirata et al. (2021) showed that sunscreens containing ascorbyl tetraisopalmitate and rice

peptides improved skin hydration, dermis echogenicity, and reduced hyperpigmentation in
young women without prior photoprotective habits . The mineral sunscreen with bakuchiol

showed 21% improvement in skin hydration and 32% improvement in elasticity at 6 weeks
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Titanium dioxide sunscreen combined with defensil plus (containing anti-inflammatory

plant extracts) significantly decreased melanin index (P = 0.003) and erythema index (P =

0.036) compared to TiO2 alone, suggesting synergistic protection through combined UV

blocking and anti-inflammatory mechanisms .

Behavioral Interventions and Sun Protection Intentions

Intervention Outcome Duration of

Study Type Measure Effect Size Effect

H. Mahler et UV photo + Sun protection Positive effect | End of summer
al., 2006 photoaging info intentions

H. Mabhler et UV photos + Skin darkening Sustained 12 months
al., 2007 photoaging info prevention reduction

H. Mahler et UV photo + Perceived d = 074 5 weeks
al., 2010 photoaging info susceptibility

H. Mabhler et UV photo + Sun protection d = 132 5 weeks
al., 2010 photoaging info intentions

H. Mabhler et UV photo + Sun protection d = 044 5 weeks
al., 2010 photoaging info behavior

T. Brinker et | Sunface mobile Motivation to 63% agreement Immediate
al., 2017 app avoid tanning

beds

T. Brinker et | Sunface mobile | Daily sunscreen | 8.2% increase 6 months
al., 2020 app use

Sofia Persson UV photo + Sun protection r+ = 0.424 Up to 12

et al., 2018 photoaging info intentions months

Hassan Okati- Facial-aging Sun protection Significant 3 months

29
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Intervention Outcome Duration of
Study Type Measure Effect Size Effect
Aliabad et al, web app behaviors improvement
2024
BA David TikTok aging Sunscreen use OR 4.26 Immediate
Perez et al., filter intentions
2025
Yelena P. Wu UV photo + Sun protection Significant 1 month
et al, 2019 behavior use increase
worksheet

Appearance-based interventions consistently demonstrated positive effects on sun
protection behaviors. The systematic review by Persson et al. (2018) found a medium effect
size (r+ = 0.424, 95% CI 0.279-0.568, P = 0.023) for interventions combining UV
photography and photoaging information on sun protection intentions . These effects

persisted up to 12 months after intervention .

Mahler et al. (2010) demonstrated that UV photo interventions produced large effect
sizes on sun protection intentions (d = 1.32) and meaningful effects on actual sun
protection behavior (d = 0.44) . Longer-term follow-up at 12 months showed sustained

reductions in skin darkening among participants who received photoaging information .

Mobile app-based interventions showed promising results in adolescent populations.
The Sunface app intervention in Brazilian secondary schools increased daily sunscreen use
by 8.2% (P < 0.001) and skin self-examinations by 26.4% (P < 0.001) at 6-month follow-
up . A pilot study using the same app found that 63% of students agreed or strongly
agreed that viewing their altered 3D selfie motivated them to avoid tanning beds . The

effect was particularly pronounced in fair-skinned adolescents with Fitzpatrick skin types 1-

30
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2, showing 71.8% agreement for tanning bed avoidance compared to 53.8% in skin types

3-6.

Oral Supplements and Systemic Photoprotection

Primary
Study Supplement Outcome Effect Significance
M. Hughes et B-carotene 30 Skin aging No overall Not significant
al., 2013 mg effect
S. Darlington [-carotene 30 Solar Kkeratoses No effect Not significant
et al., 2003 mg
Anne-Katrin Seresis MMP-1 Decreased P < 0.05
Greul et al., (carotenoids, expression
2002 vitamins C/E,
selenium)
T. Stephens et Marine Facial 0.26-0.59 P < 0.0001
al., 2016 complex, appearance, improvement
vitamin C, zinc wrinkles
Steven R. Hall EPA, DHA, Minimal 84% increase Not reported
et al., 2019 GLA, erythema dose
carotenoids
MM et al. Calaguala (P. Free radical Decreased Significant
—_— leucotomos) concentration
Xiaofeng Tomato/lycopene Erythema, Improved Significant
Zhang et al., MED, skin
2023 density
31
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Oral pB-carotene supplementation at 30 mg daily showed no overall effect on skin
aging in two large trials, though contrasting associations were observed in subgroups with
different baseline severity of aging . In contrast, multi-component antioxidant formulations
demonstrated more promising results. Greul et al. (2002) found that Seresis supplementation
(containing carotenoids, vitamins C and E, selenium, and proanthocyanidins) significantly
decreased UV-induced MMP-1 expression (P < 0.05), suggesting photoprotective effects at

the molecular level .

An oral supplement containing marine complex (210 mg), vitamin C (54 mg), and

zinc (4 mg) showed significant improvements in overall facial appearance, radiant

complexion, periocular wrinkles, and mottled hyperpigmentation compared to placebo (P <
0.0001) . Additionally, an oral lipid supplement containing omega-3 fatty acids (EPA 1050
mg, DHA 350 mg), GLA, carotenoids, and vitamin D3 increased minimal erythema doses

by 84% after 8 weeks, indicating enhanced skin UV resistance .

The meta-analysis by Zhang et al. (2023) tomato and

supplementation found significant reductions in erythema markers (Aa*, MMP-1, ICAM-1)

examining lycopene

and increases in minimal erythema dose, skin thickness, and skin density, supporting

lycopene-rich products as potential nutraceuticals for endogenous sun protection .

Topical Antioxidants and Complementary Agents

Study Agent Application Outcome Effect
Yan Wu et Vitamins C, E 4 days pre- Sunburn cells, Significant
al., 2013 + ferulic acid UVR thymine dimers protection
V. Grandi et Lin-GSH 2% Pre-UVB MED Increased from
al., 2019 cream 105 to 135
mJ/cm?
Cecilie Scheuer Melatonin Pre-sun Erythema Significant in
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Study Agent Application Outcome Effect
et al., 2017 12.5% exposure reduction responders
Astaxanthin Astaxanthin Pre-UV Erythema value | 25% reduction
Study, 2021

Rudy Astaxanthin Post-UVB MDA, IL-6 Significant
Ekofitranto et cream levels reduction (P =

al., 2025 0.001)
Irianiwati et Extra virgin Pre-UVB 8-OHdG Reduced (P =

al., 2015 olive oil formation 0.0001)

Topical antioxidants demonstrated significant photoprotective effects. Wu et al.
(2013) showed that a topical antioxidant complex containing vitamins C and E and ferulic
acid significantly protected against UV-induced sunburn cell formation, thymine dimer
formation, and p53 overexpression . Linolenic-glutathione conjugate (Lin-GSH) 2% cream

increased minimal erythema dose from 105 to 135 mJ/cm2 (P = 0.0003) .

Topical melatonin at 12.5% concentration significantly reduced erythema formation
following natural sun exposure in individuals who showed an erythema response, leveraging
melatonin's role as a potent endogenous antioxidant and radical scavenger . Topical
astaxanthin reduced erythema values by 25% compared to placebo and suppressed visual

erythema formation in over 71% of cases.

Extra virgin olive oil applied topically to human skin significantly reduced 8-OHdG
formation (a marker of oxidative DNA damage) following UVB exposure (P = 0.0001),

demonstrating potential anti-photocarcinogenesis properties .
Mechanisms of Photoprotection

The included studies identified several mechanistic pathways by which

photoprotection interventions prevent or ameliorate photoaging:
33
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UV Absorption and Physical Blocking

Conventional sunscreens provide photoprotection through physical blocking by
inorganic filters (titanium dioxide, zinc oxide) and chemical absorption by organic UV
filters. The addition of MCE absorber extends protection to the UVAL range (370-400 nm),
providing full UV spectrum coverage . MeO-MBM converts to the UV filter avobenzone
under UV irradiation while simultaneously acting as a photoantioxidant during its conversion

process .
Antioxidant and Anti-inflammatory Pathways

UV radiation induces damage through reactive oxygen species (ROS) generation .
Multiple formulations combat this through antioxidant pathways including vitamin C and E
scavenging free radicals, carotenoids providing systemic antioxidant protection, and plant-
derived polyphenols exhibiting anti-inflammatory effects . Defensive plus ingredients activate

anti-inflammatory pathways by modulating NF-xB signaling .
Molecular Biomarkers and Extracellular Matrix Protection

Matrix metalloproteinases (MMPs) degrade dermal collagen and fibrillin, leading to
wrinkle formation . Antioxidant supplementation with Seresis decreased UV-induced MMP-1
and MMP-9 expression . Tretinoin inhibits MMP production, preventing collagen degradation
. UV exposure also induces 8-OHdG formation as a genotoxic product of DNA damage,

which can be mitigated by topical antioxidants .
Immune and Cellular Protection

UVB radiation induces immunosuppression through depletion of epidermal Langerhans
cells, which can be inhibited by topical sunscreen application. The minimum SPF for
preventing UVB-induced Langerhans cell depletion in Fitzpatrick skin type IV was found to
be SPF 30. DNA repair enzymes in sunscreen formulations can achieve 40-45% reduction

in UV-induced cyclobutane pyrimidine dimers (CPD).
34
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Moderating Factors Influencing Effectiveness
Skin Type Effects

Differential responses were observed across Fitzpatrick skin types. Behavioral
interventions using the Sunface app showed greater effectiveness in fair-skinned individuals
(Fitzpatrick 1-2), with 71.8% agreement for tanning bed avoidance compared to 53.8% in
skin types 3-6 . Studies specifically targeting Indian skin types V-V demonstrated that
sunscreen effectively prevents pigmentation abnormalities in darker skin phenotypes . The
minimum SPF required for immunological protection varied by skin type, with SPF 30
needed for Fitzpatrick type IV.

Age-Related Differences

The association between air pollution exposure and lentigines was strongest in
women older than 50 years in both Caucasian and Asian populations . Behavioral
interventions showed greater effectiveness in late adolescence (17-19 years) compared to
early adolescence (13-16 years). Baseline photoaging severity influenced treatment response,
with contrasting [-carotene associations observed in subgroups with different baseline
severity .

Compliance and Adherence

Daily sunscreen application versus discretionary use was the key factor differentiating
photoaging outcomes in the Nambour trial . Among participants given UV photos to view
multiple times, those who chose to view their photos more frequently engaged in
significantly more sun protection behaviors . Female students showed more significant

behavioral responses to mobile app interventions compared to male students .

Environmental and Geographic Factors

35
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Lower latitude (higher ambient UV) was associated with increased actinic keratosis
counts in cross-sectional analysis . Studies conducted in subtropical environments (Nambour,
Australia at 26°S) showed significant benefits of daily sunscreen application . Seasonal shifts
from winter to summer were identified as moderating factors affecting facial photoaging

signs .
Synthesis

The evidence consistently supports a protective relationship between regular sunscreen
use and photoaging prevention, though the magnitude of effects varies by intervention type,

population, and outcome measure.
Reconciling Topical Sunscreen Evidence

The strongest evidence comes from the Nambour trial demonstrating 24% reduction
in skin aging with daily versus discretionary sunscreen use over 4.5 years. Shorter-term
studies consistently show improvements in clinical photoaging parameters, with 40-52%
improvements in texture and pigmentation at 52 weeks , and significant improvements
emerging as early as 8-12 weeks. The consistency across different populations (Australian,
Chinese, Indian, Brazilian) and skin types (Fitzpatrick I-VI) supports generalizability .

Studies finding larger effect sizes typically used enhanced formulations combining
UV filters with antioxidants, anti-inflammatory agents, or DNA repair enzymes . This
suggests additive or synergistic mechanisms through combined physical protection and

cellular repair pathways .
Behavioral Intervention Effectiveness

Appearance-based interventions demonstrate consistent medium effect sizes (r+ =
0.424) on sun protection intentions, with effects sustained up to 12 months . However, the
pathway from intention to photoaging prevention is indirect, relying on behavioral changes

that subsequently reduce UV exposure. The 8.2% increase in daily sunscreen use following
36

The International Journal of Medical Science and Health Research

Downloaded from thelnternationalmedicaljournal.org. For personal use only. No other uses without permission.
Copyright © International Medical Journal Corp. Ltd. All rights reserved



Research Article Volume 29, Issue No. 01. 2026
E-ISSN : 3048-1368 P-ISSN : 3048-1376

mobile app intervention represents a meaningful behavioral shift, though translation to

clinical photoaging outcomes requires longer follow-up than currently available.

The greater effectiveness of behavioral interventions in fair-skinned individuals
(Fitzpatrick 1-2) and older adolescents suggests these approaches should be targeted
appropriately. Social comparison information can undermine intervention effects, indicating

that intervention design significantly impacts outcomes.
Oral Supplementation Context

The divergent findings between single-agent [-carotene (no effect) and multi-
component antioxidant formulations (significant effects) suggest that comprehensive
antioxidant support targeting multiple ROS pathways is more effective than single-compound
supplementation. The 84% increase in minimal erythema dose with combined omega-3 fatty
acids and carotenoids represents substantial photoprotective enhancement, though this

requires confirmation in larger trials.
Clinical Implications by Population

For individuals with fair skin (Fitzpatrick I-Il), both topical photoprotection and
behavioral interventions show robust effectiveness. The minimum SPF 30 is recommended
for adequate immunological protection. For darker skin types (Fitzpatrick 1V-VI), high-SPF
sunscreens effectively prevent pigmentation abnormalities , though the benefits may be less

apparent without specific pigmentation outcome measures.

Enhanced sunscreen formulations with visible light coverage , antioxidants, or anti-
inflammatory agents provide additional benefits beyond basic UV filtration, particularly for
individuals with existing photodamage or higher sun exposure. Oral supplementation with
multi-component antioxidants may provide adjunctive systemic protection, though this should
complement rather than replace topical photoprotection.
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This comprehensive systematic review of 63 studies provides robust and multi-faceted
evidence supporting the critical role of photoprotection, particularly sunscreen use, in preventing
and mitigating photoaging. The discussion synthesizes these findings, explores the mechanisms at
play, reconciles apparent discrepancies, and considers the implications for clinical practice and
public health.

1. The Foundational Evidence: Daily Sunscreen as a Primary Preventative Measure

The most compelling long-term evidence comes from the Nambour Skin Cancer Prevention
Trial. This community-based randomized controlled trial demonstrated that daily application of
broad-spectrum SPF 15+ sunscreen resulted in 24% less detectable skin aging over a 4.5-year
period compared to discretionary use (Hughes et al., 2013). This finding is seminal because it
provides Level | evidence that consistent sunscreen use is not merely theoretical but practically
effective in slowing the visible progression of photoaging in a real-world setting. The study’s
strength lies in its duration, randomized design, and objective assessment, establishing daily

sunscreen use as a non-negotiable pillar of any anti-aging skincare regimen.

Supporting this, numerous shorter-term trials across diverse populations consistently report
significant improvements in key photoaging parameters. For instance, daily use of an SPF 30
sunscreen for one year led to 40-52% improvement in skin texture, clarity, and pigmentation, with
100% of subjects showing improvement in some parameters (Randhawa et al., 2016). Similarly,
studies on Indian skin types (IV-V) showed significant reduction in pigmented spots and improved
radiance after 12 weeks (Sarkar et al., 2019), while research on Chinese women documented
improvements in hyperpigmentation and wrinkles over 6 months (Du et al., 2020). This cross-
population consistency underscores the universal benefit of sunscreen, transcending genetic

background and baseline pigmentation.

2. Beyond Basic Filtration: The Era of Enhanced Sunscreen Formulations
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A key advancement highlighted in this review is the move beyond basic UV filters towards

multifunctional "enhanced™ formulations. These products combine physical/chemical UV blockers

with active ingredients that target the downstream consequences of UV exposure:

Antioxidants: Adding antioxidants like vitamin C (ascorbyl tetraisopalmitate) and ferulic
acid directly to sunscreens provides a "second line of defense,” neutralizing ROS that
penetrate or are generated within the skin, thereby reducing oxidative stress and MMP
activation (Shirata & Maia Campos, 2021; Wu et al., 2013).

Anti-inflammatory Agents: Ingredients like defensil plus or bakuchiol can modulate
inflammatory pathways (e.g., NF-«kB) triggered by UV exposure. Studies show that a TiO2
sunscreen with defensil plus significantly reduced erythema and melanin index more than
TiO2 alone, indicating protection against both UV damage and the post-inflammatory
pigmentation common in photoaging (Kusumawardani et al., 2023). Bakuchiol, a retinol
alternative, improved skin hydration and elasticity (Draelos et al., 2022).

DNA Repair Enzymes: Incorporating enzymes like photolyase addresses the root cause of
photoaging—DNA damage. These enzymes can repair cyclobutane pyrimidine dimers
(CPDs), with systematic reviews suggesting a 40-45% reduction in CPDs, representing a

biologically targeted repair mechanism (Luze et al., 2020).

Extended Spectrum Coverage: New filters like MCE provide critical protection in the
long-wave UVAL (370-400 nm) and visible light spectrum, which are deeply penetrating
and heavily implicated in pigmentary disorders and oxidative stress. Studies confirm that
MCE-containing sunscreens offer superior protection against pigmentation and aging signs
compared to those without (Marionnet et al.,, 2021; Flament et al., 2023a). Similarly,
sunscreens with visible light coverage show efficacy in reducing UV spots (Godoy et al.,
2024).
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These enhancements create a synergistic effect: while UV filters prevent the initial photon
insult, the added agents mitigate the biological damage that occurs despite filtration, leading to

superior clinical outcomes.
3. Bridging the Intention-Behavior Gap: The Power of Behavioral Interventions

Evidence strongly indicates that merely knowing about sunscreen's benefits is insufficient;
changing behavior is paramount. This review highlights the efficacy of appearance-based
interventions, which leverage the potent motivator of vanity and self-image. The meta-analysis by
Persson et al. (2018) found a medium overall effect (r+ = 0.424) of such interventions on sun
protection intentions. Interventions using personalized UV photography to reveal hidden sun
damage combined with information on photoaging have shown large effects on intention (d = 1.32)
and meaningful effects on actual behavior (d = 0.44), with some effects lasting up to 12 months
(Mahler et al., 2010; Mahler et al., 2007).
The novel use of digital technology is particularly promising for engaging younger generations. The
"Sunface™ mobile app, which uses augmented reality to simulate future photoaging, increased daily
sunscreen use by 8.2% among Brazilian adolescents over 6 months (Brinker et al., 2020). Similarly,
a pilot study using a TikTok aging filter significantly increased intentions to use sunscreen (Perez et
al., 2025). These tools make the abstract, long-term consequences of sun exposure immediate and
personal, effectively driving behavioral change. However, their effectiveness can be moderated by
factors like social comparison; downward comparison (seeing others with more damage) can

enhance efficacy, while upward comparison can undermine it (Mahler et al., 2010).
4. Oral and Topical Supplements: Adjunctive Roles in Photoprotection
The evidence on systemic and topical adjuncts clarifies their place in a comprehensive strategy:

e Oral Supplements: Single-agent supplementation, such as f-carotene, has failed to show
significant effects on photoaging (Darlington et al., 2003; Hughes et al., 2013). In contrast,

multi-component formulations appear effective. Supplements containing a combination of
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marine complexes, vitamins C and E, zinc, selenium, carotenoids (like lycopene), and
omega-3 fatty acids have demonstrated benefits, including increased minimal erythema dose
(by 84%), improved skin appearance, and reduced molecular markers of UV damage like
MMP-1 (Stephens et al., 2016; Hall et al., 2019; Zhang et al., 2023; Greul et al., 2002). This
suggests that a broad-spectrum, systemic antioxidant and anti-inflammatory approach can
bolster the skin's endogenous defense systems, serving as a valuable adjunct to topical

sunscreen.

Topical Antioxidants: Applied separately or within moisturizers, antioxidants like vitamins
C+E+ferulic acid, S-acyl glutathione, melatonin, and astaxanthin provide significant
protection against acute UV-induced erythema and oxidative DNA damage (e.g., reduction
of 8-OHdG) (Wu et al., 2013; Grandi et al.,, 2019; Scheuer, 2017; UV-Protective
Astaxanthin Study, 2021; Irianiwati et al., 2015). Their role is particularly important during
peak sun exposure and for individuals with high oxidative stress.

5. Moderating Factors: Personalizing Photoprotection

The effectiveness of photoprotection is not uniform and is influenced by several factors:

Skin Type: Behavioral interventions are more effective in fair-skinned individuals
(Fitzpatrick I-11), who perceive higher susceptibility (Brinker et al., 2017). Biologically, the
minimum SPF required to prevent UVB-induced immunosuppression (a driver of aging and
cancer) varies; SPF 30 was necessary for Fitzpatrick type IV skin (Flora Ramona et al.,
2015). For darker skin types (IV-VI), photoaging often manifests more as dyspigmentation,
and studies confirm high-SPF sunscreens are effective in preventing and improving these
irregularities (Sarkar et al., 2019; Shahab & Rashed, 2024).

Age and Baseline Damage: Older individuals and those with more severe baseline
photoaging may show more pronounced benefits from intervention. The association between

air pollution and lentigines, for example, was strongest in women over 50 (Huls et al.,

41
The International Journal of Medical Science and Health Research

Downloaded from thelnternationalmedicaljournal.org. For personal use only. No other uses without permission.
Copyright © International Medical Journal Corp. Ltd. All rights reserved



Research Article Volume 29, Issue No. 01. 2026
E-ISSN : 3048-1368 P-ISSN : 3048-1376

2016). Behavioral interventions are more effective in late adolescence than early

adolescence.

e« Compliance and Environment: The central message from the Nambour trial is
that daily use is key (Hughes et al., 2013). Geographic location (higher ambient UV at lower
latitudes) and seasonality also modulate photoaging progression and the perceived need for
protection (Siegel et al., 2017; Du et al., 2020; Flament & Qiu, 2017).

6. Reconciling the Evidence and Addressing Limitations

The synthesis reveals a clear hierarchy of evidence: strong, direct evidence for topical
sunscreens; strong, indirect evidence for behavioral interventions leading to sunscreen use; and
promising but still-developing evidence for oral and topical adjuncts. A limitation across many
studies, particularly behavioral ones, is the reliance on self-reported sunscreen use and short follow-
up periods for clinical photoaging outcomes. More long-term trials linking behavioral changes to
measurable changes in skin aging are needed. Furthermore, while enhanced formulations show
promise, direct head-to-head comparisons against standard sunscreens of the same SPF are needed

to quantify their added value definitively.
Summary

The relationship between sunscreen use and photoaging prevention is well-supported and
multifaceted. The ideal photoprotection strategy is layered: 1) Foundation: Consistent, daily use of
a high-SPF, broad-spectrum sunscreen (SPF 30+, with UVAZl/visible light coverage where
possible). 2) Enhancement: Selection of formulations fortified with antioxidants and anti-
inflammatory agents for added cellular protection. 3) Adherence: Employment of appearance-
based behavioral strategies, especially digital tools for younger audiences, to ensure long-term
compliance. 4) Adjuncts: Consideration of multi-nutrient oral supplements and separate topical

antioxidants for comprehensive support, particularly in high-risk individuals. This integrated
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approach, tailored to individual skin type, age, and environment, represents the most effective

defense against the multifaceted process of photoaging.

Conclusion

This comprehensive systematic review consolidates robust evidence that sunscreen use is a
fundamental and effective strategy for the prevention and amelioration of photoaging. The
landmark Nambour trial provides definitive long-term proof that daily sunscreen application
significantly slows the visible aging of skin. This foundational benefit is consistently supported by
shorter-term studies across diverse global populations and skin phototypes, which demonstrate
measurable improvements in wrinkles, pigmentation, texture, and elasticity. The efficacy of
photoprotection is significantly enhanced by modern formulations that combine UV filters with
antioxidants, anti-inflammatory agents, or DNA repair enzymes, addressing both the cause and
biological consequences of UV exposure. Furthermore, behavioral interventions, particularly those
utilizing appearance-based strategies and digital technology, are effective in improving sun
protection intentions and adherence, which is critical for realizing long-term clinical benefits. While
oral multi-component antioxidant supplements show promise as systemic adjuvants, they should not
be considered substitutes for topical sunscreen. The effectiveness of all strategies is moderated by
key factors including skin type, age, compliance level, and environmental conditions.

Recommendations

1. Clinical Practice: Dermatologists and aesthetic practitioners should emphatically
recommend daily use of a broad-spectrum sunscreen with SPF 30 or higher as the
cornerstone of any anti-aging skincare regimen. For patients with significant photodamage,
dyspigmentation, or high sun exposure, sunscreens with enhanced
protection (UVALl/visible light filters, added antioxidants like vitamin C, or anti-

inflammatory agents) should be prioritized.
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2. Product Development: The skincare industry should continue to innovate towards
multifunctional sunscreen formulations that offer more than just UV filtration. Investing in
technologies that provide broader spectrum coverage (including visible light) and
incorporate biologically active ingredients that mitigate oxidative stress, inflammation, and

DNA damage will yield superior consumer outcomes.

3. Public Health and Education: Public sun safety campaigns must evolve beyond skin
cancer warnings. Incorporating appearance-based messaging—using tools like UV
photography, facial aging simulations, and social media filters—is highly effective,
especially for targeting adolescents and young adults. Educational programs should be
tailored, with more intensive interventions directed at fair-skinned individuals and

populations in high-UV geographic regions.

4. Personalized Advice: Photoprotection advice should be personalized. For individuals
with Fitzpatrick skin types 1V-VI, focus on preventing and treating pigmentary disorders
with high-SPF, possibly tinted, sunscreens. Emphasize the importance of year-round and
daily use, not just during beach vacations, to counteract cumulative damage.

5. Future Research: Longitudinal studies are needed to directly link the behavioral changes
induced by digital interventions to long-term clinical photoaging outcomes. More
randomized controlled trials are required for head-to-head comparisons of enhanced versus
standard sunscreens and to further elucidate the optimal composition and dosage of oral
photoprotective supplements. Research should also continue to explore the specific effects
of visible light and pollution on photoaging to guide the next generation of protective

products.
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