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ABSTRACT: Ultraviolet (UV) radiation is the primary extrinsic factor driving premature
skin aging through oxidative stress and extracellular matrix degradation in dermal fibro-
blasts. The development of therapeutic agents capable of attenuating UV-induced dam-
age has therefore gained increasing attention. Salmon-derived DNA and plant extracts,
including rose, green tea, Aloe vera, chamomile, and gotu kola, possess antioxidant and
regenerative properties, suggesting potential synergy in topical formulations. This study
evaluated the antioxidant and anti-aging potential of a serum containing salmon DNA
and plant extracts (SDSPE) in human skin fibroblast (B]) cells exposed to UV-induced
stress. B]J cells were irradiated with UV for 75 min to induce oxidative stress and subse-
quently treated with SDSPE or a serum base (SB). Antioxidant activity was assessed using
DPPH, NO, ABTS, H,O, scavenging, and total antioxidant capacity (T-AOC) assays.
Anti-aging effects were evaluated through hyaluronidase (HAase) inhibition and total
protein quantification. SDSPE exhibited strong antioxidant activity, with dose-dependent
radical scavenging and low ICs, values. Treatment at 3.13 pg/mL significantly enhanced
T-AOC levels, suppressed HAase activity, and increased total protein content, indicat-
ing improved fibroblast function and viability. These effects were more pronounced than
SB, which highlighted the contribution of bioactive constituents. Collectively, SDSPE
demonstrated protective effects against UV-induced oxidative stress and senescence in
fibroblasts. These findings support SDSPE as a promising, safe, and effective dermocos-
metic candidate for preventing photoaging and warrant further investigation in cosme-
ceutical biotechnology.
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1. INTRODUCTION

Skin aging, particularly in the context of photoaging,
constitutes a significant dermatological and public health
issue predominantly influenced by prolonged exposure to
ultraviolet (UV) radiation (Chen et al., 2021). In contrast
to intrinsic aging, which unfolds naturally over time, pho-
toaging is a consequence of environmental factors, notably
solar UV radiation, that precipitate premature structural and
functional degradation of the skin (Zhang & Duan, 2018).
Clinically, photoaged skin is distinguished by pronounced
wrinkles, coarse texture, dyspigmentation, reduced laxity, and
diminished elasticity, all of which are fundamentally rooted
in extensive molecular and cellular impairment within the
dermal layer (Ansary et al., 2021). Global estimates indicate
that approximately 80-90% of observable skin aging in areas
exposed to sunlight can be directly linked to UV radiation,
positioning it as the primary modifiable risk factor associated
with cutaneous aging (Al-Sadek & Yusuf, 2024).

As the UV index levels continue to escalate globally,
the prevalence of photoaging is correspondingly increas-
ing. The World Health Organization (WHO) documents
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a consistent rise in UV exposure attributed to the deple-
tion of the ozone layer, coupled with climate change phe-
nomena (Parker, 2020). In equatorial and tropical regions,
particularly Southeast Asia, where daily UV index levels
often surpass 10 (designated as extreme), the associated
risk intensifies considerably (Valappil et al., 2024). In
Indonesia, the combination of high solar exposure through-
out the year and the lack of public awareness regarding
sun protection measures has resulted in a notable increase
in the manifestation of premature aging signs, even among
younger demographics (Goh et al., 2023). Furthermore,
lifestyle determinants such as outdoor employment, recre-
ational sun exposure, and urban air pollution exacerbate the
phenomenon of photoaging by fostering oxidative environ-
ments that heighten UV-induced skin injury (Song et al.,
2024). Present preventive strategies, including the applica-
tion of sunscreen, frequently fall short due to issues such as
inconsistent usage, photoinstability, or inadequate coverage
against long-term molecular damage, thereby underscoring
the necessity for adjunctive strategies that offer both protec-
tive and reparative capabilities in the cellular sense (Gupta
et al., 2023).
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The essential system that triggers skin damage from ultravi-
olet (UV) rays is oxidative stress (Wei et al., 2024). Ultraviolet
A and B (UVA and UVB) rays invade the skin’s outer and
inner layers, resulting in a surge of reactive oxygen species
(ROS) that go beyond the protective capacity of intrinsic
antioxidant defenses (Chen et al., 2021). This inconsistency
ignites lipid peroxidation, results in protein denaturation,
leads to DNA strand fragmentation, and activates MMDPs
(matrix metalloproteinases), especially MMP-1 and MMP-3,
which promote the degradation of elastin and collagen struc-
tures (Feng et al., 2024). Furthermore, UV exposure pro-
motes the release of inflammartory mediators, including nitric
oxide (NO) and various cytokines, while promoting the enzy-
matic function of hyaluronidase (HAase), which catalyzes the
depolymerization of hyaluronic acid, a pivotal glycosamino-
glycan integral to dermal hydration and extracellular matrix
(ECM) stability (Salminen et al., 2022). Collectively, these
biochemical events compromise the dermal ECM, expedite
fibroblast senescence, and contribute to the observable signs
of photoaging. Consequently, agents that possess antioxidant
properties and preserve the ECM are crucial for the preven-
tion and management of photoaged skin (Gupta et al., 2023).

In light of this necessity, increasing scientific emphasis has
been placed on investigating bioactive constituents derived
from natural origins. exhibiting antioxidant, regenerative, and
anti-inflammatory characteristics (Fernandes et al., 2023).
Salmon DNA, extracted from the reproductive tissues of
fish, is abundant in nucleotides and demonstrates significant
antioxidant capabilities by neutralizing free radicals and facil-
itating DNA repair mechanisms (Lee et al., 2024). Its consid-
erable polyanionic charge allows for enhanced water retention
and the formation of protective biofilms, which improve skin
hydration and serve as a molecular barrier against environmen-
tal stressors (Pitassi et al., 2024). Additionally, salmon DNA
has been demonstrated to promote fibroblast proliferation,
collagen production, and tissue regeneration (Sveen et al.,
2023). When synergistically combined with bioactive plant
compounds, these beneficial effects may be further amplified
(Pellacani et al., 2024). The serum formulation examined in
this investigation comprises five botanical extracts: Camellia
sinensis (green tea), Aloe vera, Rosa spp., Centella asiatica, and
Matricaria chamomilla, each selected for its recognized role
in dermal protection (Michalak, 2023). The catechins found
in green tea, such as EGCG, are potent antioxidants and
inhibitors of MMP activity; the polysaccharides from A. vera
facilitate wound healing and enhance fibroblast function; R.
damascena contributes vitamin C and polyphenols that stabi-

lize collagen; C. asiatica is rich in triterpenoids that promote
ECM synthesis; and M. chamomilla exerts anti-inflammatory
effects through bisabolol and chamazulene (Melnyk et al.,
2024).
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Regardless of the promising individual actions of these
components, the synergetic effects of these agents within a
unified topical serum remain inadequately examined, espe-
cially in the context of biologically relevant UV-induced
stressors (Zhao et al., 2025). Previous research largely focused
on isolated substances or failed to integrate mechanistic
insights pertaining to antioxidant and anti-aging parameters
(Bjorklund et al., 2022).

This research aims to assess the effectiveness of protective
and revitalizing serum formulation featuring salmon DNA
and designated plant extracts on UV-exposed human skin
fibroblast (BJ) cells. The parameters evaluated include free
radical scavenging capacity (DPPH, ABTS), inhibition of
NO (nitric oxide) and H,0O, (hydrogen peroxide), hyaluroni-
dase (HAase) inhibition, total antioxidant capacity (T-AOC),
and maintenance of total protein levels. These comprehensive
assays facilitate a thorough evaluation of the serum’s effective-
ness in alleviating the molecular signatures of photoaging,
thereby providing valuable insights into its potency as a mul-
titargeted dermocosmetic agent (Wei et al., 2024).

2. MATERIALS AND METHODS
2.1. SDSPE Preparation

SDSPE was formulated using extracts of C. sinensis (green
tea), A. vera, Rosa spp. (rose flowers), C. asiatica (gotu kola),
and M. chamomilla (chamomile flowers). The dried plant
materials were sourced from a certified vendor and individ-
ually milled into fine powders. Extraction was conducted
using 70% ethanol, following stringent Good Manufacturing
Practice (GMP) guidelines. This process was carried out
through a collaborative effort involving PT Aretha Medika
Utama (Bandung), in partnership with PT FAST (Depok),
a licensed manufacturer of traditional medicine. Following
extraction, lactose was incorporated into the resulting paste,
which was then dried, ground into powder, and stored at
room temperature (Widowati et al., 2023).

2.2. Formulation of SDSPE

SDSPE was manufactured by PT Dizza Karya Utama,
located in Bogor, Indonesia. The formulation incorporated
botanical extracts including C. asiatica (gotu kola), A. vera,
M. chamomilla (chamomile), C. sinensis (green tea), and Rosa
spp. (rose flower). In addition to these plant-based ingredi-
ents, several bioactive compounds were included in the for-
mulation, such as allantoin, salmon DNA, niacinamide,
tranexamic acid, a ceramide complex, and collagen.
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2.3. Serum Base Formulation

The serum base was produced by PT Dizza Karya Utama,
located in Bogor, Indonesia. Unlike the SDSPE formulation,
the serum base did not include botanical extracts such as C.
sinensis (green tea), C. asiatica (gotu kola), A. vera, M. chamo-
milla (chamomile), or Rosa spp. (rose flowers). Instead, it was
formulated with specific active ingredients, including allan-
toin, niacinamide, tranexamic acid, a ceramide complex, and
collagen.

2.4. DPPH Scavenging Activity

Five different final concentrations of the samples (20, 10,
5, 1.25, and 0.63 pg/mL) were prepared. For each concentra-
tion, 50 pL of the SDSPE sample was dispensed into wells of
a 96-well microplate. Then, 200 pL of 0.077 mmol DPPH
solution (Sigma-Aldrich, D9132), previously dissolved in
dimethyl sulfoxide (DMSO), was added to initiate the reac-
tion. The mixtures were gently mixed and incubated in the
dark at room temperature for 30 min. After incubation,
absorbance was recorded at 517 nm using a microplate reader
(Multiskan™ GO Microplate Spectrophotometer, Thermo
Scientific). A 250 pL DPPH solution was used as the nega-
tive control, while 250 uL methanol was used as the blank
(Widowati et al., 2018).

2.5. ABTS-reducing Activity

The antioxidant activity of SDSPE was assessed using the
ABTS radical cation decolorization method, with 2,2’-azinob
is-(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(Sigma, A1888-2G) serving as the oxidizing agent. The test
samples were prepared in five concentrations (1, 0.5, 0.25,
0.13, 0.06, and 0.03 pg/mL). 2 pL of each sample was added
to a 96-well microplate, followed by 198 pL of the ABTSe*
solution. The reaction mixtures were incubated at 30°C for 6
min, after which absorbance was measured at 745 nm using
a microplate reader. Antioxidant capacity was determined by
calculating the ICs, value, which represented the concentra-
tion required to inhibit 50% of the radical activity (Prahastuti
etal., 2019).

2.6. H,0, Scavenging Activity
To evaluate hydroxyl radical scavenging activity, a reac-

tion mixture was assembled by adding 12 pL of 1 mM fer-
rous ammonium sulfate (Sigma, 7783859), 60 pL of SDSPE
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at different concentrations (40, 20, 10, 5, 2.5, and 1.25
pg/mL), and 3 pL of 5mM hydrogen peroxide (Merck,
1.08597.1000). The mixture was incubated in the dark at
room temperature for 5 min. After that, 75 pL of 1 mM
1,10-phenanthroline (Sigma, 131377) was added to each
well, including blanks. The plate was then kept in the dark
for another 10 min at room temperature. Absorbance was
recorded at 510 nm to determine the hydroxyl radical scav-
enging potential (Prahastuti et al., 2019).

2.7. NO Scavenging Activity

Nitric oxide (NO) generation was initiated by dissolv-
ing sodium nitroprusside (SNP) (Merck, 106541) in phos-
phate-buffered saline (PBS) (Gibco, 1740576), adjusted to
pH 7.2 to mimic physiological conditions. Under aerobic
conditions, NO reacts with oxygen to form stable com-
pounds such as nitrite and nitrate. The concentration of NO
was assessed using the Griess reagent method. A 10 mM
SNP solution was combined with different concentrations
of SDSPE (6.67, 3.33, 1.67, 0.83, 0.42, and 0.21 pg/mL).
These mixtures were incubated for 2 h at room temperature
(approximately 26°C). After incubation, Griess reagent com-
prising 1% sulfanilamide (Merck, 1117999), 2% phosphoric
acid (Merck, 100573), and 0.1% N-(1-naphthyl) ethylenedi-
amine dihydrochloride (Sigma-Aldrich, 2224888) was added.
The absorbance was then measured at 546 nm to evaluate the
NO concentration (Irwan et al., 2020).

2.8. BJ cell culture and UV induction

B] human fibroblast cells (ATCC® CRL-2522™) were
acquired from Aretha Medika Utama (Bandung, Indonesia).
In accordance with standard protocols, the cells were cultured
in complete Minimum Essential Medium (MEM; Biowest,
L0416-500) supplemented with 10% fetal bovine serum
(EBS; Biowest, S1810-500). Cellular aging was induced in B]
cells at approximately 80% confluency using UVB irradiation
for 75 min at a total dose of 300 J/cm?. Following UVB expo-
sure, cells were treated with various formulations of SDSPE
and a serum base (SB) as part of the experimental protocol

(Girsang et al., 2023; 2024; 2025).
2.9. Hyaluronidase Assay
Hyaluronidase (HAase) activity was quantified using an

Enzyme-linked Immunosorbent Assay (ELISA), following
the manufacturer’s instructions provided with the Human
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HAase ELISA Kit (E-EL-H2201; Elabscience, Houston, TX,
USA). The absorbance was then measured at 450 nm using
a microplate reader (Multiskan™; Thermo Fisher Scientific)
(Widowati et al., 2024).

2.10. Total Antioxidant Capacity Assay

T-AOC was assessed using the T-AOC assay kit (E-BC-
K219-M; Elabscience, Houston, TX, USA), adhering to the
protocols delineated by the manufacturer. The assay hinges
on the capacity of antioxidants present within the sample to
convert Fe?* to Fe?*, which subsequently interacts with TPTZ
(2,4,6-tripyridyl-s-triazine) to yield a colored complex. The
depth of the blue coloration developed exhibits a direct cor-
relation with the T-AOC present in the sample.

The final sample concentrations used were SDSPE (3.13,
6.26, and 12.5 pg/ml) and serum base (0.82, 1.56, and
3.13 pg/mL), along with positive and negative controls (UV
induction + no treatment), and vehicle control (UV induc-
tion + basal medium). Diluted samples were mixed with the
T-AOC working solution in a 96-well microplate and incu-
bated at 37°C for 10 min. Subsequently, absorbance was mea-
sured at 593 nm using a microplate spectrophotometer. The
results were assessed based on the protein concentration of

the corresponding sample (Girsang et al., 2023; 2024; 2025).

2.11. Total Protein Assay

A standard solution was prepared using 2 mg of bovine
serum albumin (BSA) (A9576, Lot. SLB2412; Sigma, St.
Louis, MO, USA). Subsequently, 20 pL of the standard,
quercetin samples, and 200 pL of Quick Start™ Dye Reagent
1 (5000205; Bio-Rad, Hercules, CA, USA) were dispensed
into each well. The microplate was then incubated at ambient
temperature for 5 min. The absorbance was recorded at 595
nm using a microplate spectrophotometer (Multiskan GO;
Thermo Fisher Scientific) (Lister et al., 2020).

2.12. Statistical Analysis

Data analysis was performed using SPSS software (ver-
sion 20.0), and the results were presented as mean + standard
deviation. The normality and homogeneity of the data were
assessed using the Shapiro-Wilk and Levene’s tests, respec-
tively. For normally distributed data with homogeneous vari-
ances, one-way ANOVA was applied, followed by Tukey’s
HSD post hoc test. When data failed to meet parametric
assumptions, the Kruskal-Wallis test was used, with pairwise
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comparisons conducted by the Mann—Whitney U test. A
p-value less than 0.05 was considered statistically significant.

3. RESULTS
3.1. DPPH Scavenging Activity

Based on the results, the formulation SDSPE exhibited sig-
nificant DPPH radical scavenging activity. At 20 pg/mlL, the
sample demonstrated an inhibitory activity of 38.71 = 0.23%.
The corresponding ICsy value was calculated to be 38.73 +
0.59 pg/mL (Table 1), reflecting a moderate level of antiox-
idant activity. As illustrated in Figure 1A, all concentrations
tested showed significant differences (p < 0.05), as indicated
by different superscript letters (a—f).

3.2. ABTS-reducing Activity

The serum formulation showed a marked ability to scav-
enge ABTS radicals depending on the dose. Scavenging activ-
ity of 25.70 + 0.40% was observed at 1.00 pg/mL, which was
the maximum among all tested concentrations. The calcu-
lated ICs, value was 3.56 + 0.53 pg/mlL, indicating potent
antioxidant activity (Table 1). Figure 1B demonstrates that
incremental increases in concentration led to a statistically
significant augmentation of the radical scavenging activity (p
< 0.05), as indicated by different superscript letters (a—f).

3.3. H,0, Scavenging Activity

The hydrogen peroxide (H,O,) scavenging assay demon-
strated a dose-dependent enhancement in radical neutral-
ization capacity. Figure 1C shows that the highest level of

Table 1
The ICso of SDSPE Toward DPPH, ABTS, NO, and H202

scavenging.

Samples Equation R? IC,; ug/mL
DPPH y = 0.5942x + 26.987 0.99 38.73 + 0.59
ABTS y = 18.373x + 7.7144 0.99 3.56+0.53
NO y=2.7271x + 31.43 0.99 6.84 £ 0.54
H,0, y = 1.6027x + 28.99 0.99 3.11£0.39

The antioxidant activity of the sample was assessed through DPPH, ABTS,
nitric oxide (NO), and hydrogen peroxide (H,O,) radical scavenging assays.

For each method, the linear regression equation, coefficient of determination
(R?), and ICs, values (ng/mL) were determined. The ICs, value indicates the
concentration required to inhibit 50% of radical activity. All measurements were
conducted in triplicate and are presented as the mean + standard deviation.
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Figure 1. Effects of various concentrations of serum formula on DPPH, ABTS, H,O,, and NO assay. Different letters above the bars

indicate statistically significant.

inhibition was observed at a concentration of 40.00 pg/mlL,
yielding a scavenging percentage of 91.91 = 0.50%, which
was significantly greater than that at the lowest concentration
tested (1.25 pg/mL; 28.90 + 0.03%, p < 0.05). Statistically
significant differences among the various concentrations were
marked by distinct alphabetical annotations (a—¢). The 1Cs,
value for H,O, scavenging was determined to be 3.11 + 0.39
pg/mL, with a strong linear correlation indicated by an R?

value of 0.99 (Table 1).

3.4. NO Scavenging Activity

The nitric oxide (NO) radical scavenging assay exhibited a
concentration-dependent enhancement in inhibitory activity.
As illustrated in Figure 1D, the peak scavenging effect was
recorded at 6.67 pg/mL, reaching 49.67 + 1.90%, which was
significantly greater than the activity measured at 0.21 pg/
mL (30.99 = 1.16%, p < 0.05). Statistical evaluation indi-
cated significant differences across the tested concentrations,

as denoted by distinct alphabetical markers (a—e). The ICs,

value for NO scavenging was calculated at 6.84 + 0.54 pg/mlL,
supported by a strong linear correlation (R? = 0.99) based on
regression analysis (Table 1).

3.5. Hyaluronidase Assay

Hyaluronidase (HAase) expression, a critical enzyme
responsible for hyaluronic acid degradation within the ECM,
was significantly upregulated in the UV-exposed positive
control group (Treatment II) relative to the nonirradiated
negative control (Treatment I), thereby confirming the degra-
dative impact of UV radiation on dermal structural integrity
(Figure 2).

The SDSPE serum resulted in a significant attenuation of
HAase levels in a dosage-dependent manner. The minimum
concentration of SDSPE (3.13 pug/mL; Treatment IV) pro-
duced a suppression of HAase expression that approached
levels observed in the negative control group at 101.56 +
1.04 pg/mlL, indicating a strong inhibitory effect on ECM
degradation. This suggests potential anti-aging properties of
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Figure 2. Effects of various concentrations of the serum formulation on hyaluronidase (HAase) activity. (A) HAase levels expressed

as ng/mL. (B) HAase levels normalized to total protein (pg/mg protein). Treatment groups are as follows: I (negative control),

IT (positive control), III (vehicle control; UV induction+basal medium), IV (SDSPE 3.13 pg/mL), V (SDSPE 6.25 pg/mL), VI
(SDSPE 12.5 pg/mL), VII (serum base 0.82 pg/mL), VIII (serum base 1.56 pg/mL), and IX (serum base 3.13 pg/mL). Different
lowercase letters above the bars indicate statistically significant differences between groups, as determined by the Mann—Whitney U

test (p < 0.05). Data are expressed as the mean + standard deviation (n = 4).

the formulation at this dose. These findings indicate that the
inhibitory effect on HAase is preserved across a range of con-
centrations, but is most effective at lower doses, potentially
due to optimal cellular interaction with active compounds
without triggering stress responses. In contrast, the serum
base treatments (VII-IX) were associated with higher HAase
levels, showing only marginal suppression compared to the
control positive. These results underscore that the anti-HAase
activity is primarily accributable to the SDSPE components
rather than the serum base.

3.6. Total Antioxidant Capacity Assay

The evaluation of T-AOC demonstrated a marked reduc-
tion in the UV-irradiated positive control group relative to the
negative control, indicating oxidative stress-induced impair-
ment of the cellular antioxidant defense system (Figure 3).
Treatment with the SDSPE serum led to a significant resto-
ration of T"AOC levels relative to the positive control. Among
the tested concentrations, the lowest dose (3.13 pg/mlL;
Treatment IV; SDSPE serum) resulted in the highest enhance-
ment of antioxidant capacity, approaching the values observed
in the negative control group. This suggests that a low concen-
tration of SDSPE serum is sufficient to activate endogenous
antioxidant defenses without inducing cytotoxic effects. In
contrast, the serum base treatments (VII-IX) elicited compar-
atively modest increases in T-AOC, with no statistically signif-
icant difference from the positive control group in most cases.

3.7. Total Protein Content

Total protein content was assessed as a general indicator
of cell viability, biosynthetic activity, and ECM production
in fibroblast cultures. Exposure to UV (positive control;
Treatment II) led to a decrease in the total protein con-
tent relative to the nonirradiated negative control group
(Treatment I), suggesting the detrimental effect of oxidative
stress on cellular protein synthesis and structural integricy
(Figure 4). Treatment with SDSPE serum at a concentration
of 3.13 pg/mL (Treatment IV) significantly reinstated total
protein levels, reaching values comparable to the negative
control group (1588.55 + 117.8 pg/mL), thereby suggesting
a protective or reparative role against UV-induced protein
depletion.

Higher concentrations of SDSPE serum (6.25 and 12.5
pg/mL; Treatments V and VI) also promoted increases in
protein levels compared to the positive control, although to
a lesser extent than the lowest concentration. These findings
suggest that lower doses are optimal for stimulating fibro-
blast protein expression, possibly due to hormetic responses
or concentration-dependent cellular tolerance to the bioactive
compounds.

In contrast, cells treated with the serum base (Treatments
VII-IX) exhibited lower protein content, which showed
no statistically significant difference compared to the pos-
itive control group, reinforcing that the observed effects
were attributable specifically to the bioactive components of
SDSPE rather than the vehicle alone.
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0.82 pg/mL), VIII (serum base 1.56 pg/mL), and IX (serum base 3.13 pg/mL). Different lowercase letters above the bars denote
statistically significant differences between groups, as determined by one-way ANOVA followed by Tukey’s post hoc test (p < 0.05).
Data are presented as mean + standard deviation (n = 4).
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Figure 4. Effects of various concentrations of serum formula on protein content. (A) Total protein levels expressed as pg/mL.

(B) Total protein levels normalized to volume, expressed as mg/mL. Treatment groups are as follows: I (negative control), II (positive
control), III (vehicle control; UV induction + basal medium), IV (SDSPE 3.13 pg/mL), V (SDSPE 6.25 pg/mL), VI (SDSPE

12.5 pg/mL), VII (serum base 0.82 pg/mL), VIII (serum base 1.56 pg/mL), and IX (serum base 3.13 pg/mL). Statistical differences
among groups were denoted by distinct lowercase letters above the bars, based on analysis using one-way ANOVA followed by Tukey’s

post hoc comparison (p < 0.05). Data are presented as mean + standard deviation (n = 4).

4. DISCUSSION

The SDSPE formulation exhibited notable radical scaveng-
ing activities, evidenced in the ABTS and DPPH assays, and
demonstrated a strong capacity to neutralize oxidative spe-
cies. These outcomes align with previous studies reporting the
antioxidant potential of salmon DNA and polyphenol-rich
plant extracts through hydrogen donation and electron trans-
fer mechanisms (Huang et al., 2023). The potent antioxi-
dant activity is likely attributable to the synergistic effect of
biologically active constituents, which include nucleotides,
flavonoids, and polyphenols, which can improve redox bal-
ance by quenching free radicals and upregulating endogenous

antioxidant defense systems such as SOD and GPx (Chen
etal., 2021).

The reduction in oxidative stress markers also reflects
the ability of SDSPE to limit UV-induced ROS generation,
which plays a pivotal role in triggering cellular senescence
and ECM degradation (Panich et al., 2016). The antiox-
idant bioactive compounds in SDSPE activate Nrf2 signal-
ing, leading to increased expression of downstream protective
enzymes, although this mechanism requires further validation
(Boo, 2020).

Beyond broad-spectrum free radical scavenging, SDSPE
demonstrated pronounced efficacy in neutralizing hydrogen

peroxide (H,0,), a key ROS implicated in oxidative injury
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to cellular membranes and genomic integrity. The scaveng-
ing activity was dose-dependent, and the relatively low ICs,
value observed reflects a high reactivity toward H,O,. These
results suggest that SDSPE can enhance cellular resistance
against peroxides, potentially through catalase-like activity or
stimulation of endogenous antioxidant enzymes, mechanisms
that are often mediated via Nrf2 pathway activation (Ngo &
Duennwald, 2022).

Nitric oxide (NO) scavenging was also observed, although
with slightly lower potency compared to other radicals.
NO, while playing physiological roles in signaling, becomes
cytotoxic when overproduced during oxidative stress,
particularly in conjunction with superoxide to form peroxyni-
trite (Andrabi et al., 2023). The ability of SDSPE to reduce
NO levels suggests potential anti-inflammatory and cytopro-
tective effects, likely attributable to its phenolic constituents
and nucleic acid-derived compounds acting as NO inhibitors
(Rahman et al., 2021). This is specifically relevant in the con-
text of UV-derived skin damage, whereby NO overproduction
leads to inflammation and apoptosis (Rysavd et al., 2021).

A significant modulation of hyaluronidase (HAase) activ-
ity was observed following SDSPE treatment. Inhibition of
HAase suggests preservation of HA (hyaluronic acid), the
main ECM ingredient involved in skin elasticity and hydra-
tion (Al-Halaseh et al., 2022). This effect is consistent with
reports on natural inhibitors of HAase, particularly poly-
phenols, which protect ECM integrity by limiting HA deg-
radation (Hering et al., 2023). The reduced HAase activity
implies potential anti-aging benefits of the serum through
maintenance of dermal matrix structure (Quiles et al., 2022).
Mechanistically, the downregulation of HAase expression may
be attributed to the anti-inflammatory and antioxidant prop-
erties of the serum’s bioactive constituents (Michalak, 2022).
C. asiatica and C. sinensis, in particular, are known to inhibit
ECM-degrading enzymes through polyphenolic and tricer-
penoid compounds, while salmon DNA has been suggested
to promote tissue repair and modulate gene expression related
to matrix integrity (Fjelldal et al., 2024).Moderate reductions
in HAase were also observed at concentrations of 6.25 pg/mL
(Treatment V) and 12.5 pg/mL (Treatment VI), with signifi-
cant improvement over the positive control, though less pro-
nounced than Treatment IV. These findings indicate that the
inhibitory effect on HAase is preserved across a range of con-
centrations, but is most effective at lower doses, potentially
due to optimal cellular interaction with active compounds
without triggering stress responses.

The increase in T-AOC further supports the systemic
antioxidant effect of SDSPE. Enhanced T-AOC in treated
groups indicates an improved cellular defense system capa-
ble of counteracting UV-induced oxidative burden (Gieniusz
et al., 2024). Similar patterns have been documented in

View Article online

studies evaluating botanical formulations that stimulate
endogenous antioxidant enzymes and replenish intracellular
glutathione levels (Tumsutti et al., 2022). This suggests that
the antioxidant enhancement is predominantly attributable to
the bioactive constituents in the SDSPE formulation, which
consist of salmon-derived DNA and phytochemical-rich plant
extracts such as C. sinensis, C. asiatica, M. chamomilla, A. vera,
and Rosa spp., which are known to contain flavonoids, poly-
phenols, and other antioxidant compounds (Kandasamy et
al., 2023). Together, these findings confirm that SDSPE is not
only capable of broad-spectrum antioxidant action in acellular
assays but also demonstrates cellular protective effects, as sup-
ported by the increase in T-AOC in fibroblasts. This improve-
ment in T-AOC is likely linked to the activation of cellular
antioxidant systems and the reduction of intracellular ROS
levels (Halliwell, 2023). Collectively, these findings highlight
the ability of the SDSPE, particularly at a low concentration,
to restore antioxidant capacity in UV-induced fibroblasts
toward physiological levels, emphasizing its capacity to atten-
uate oxidative damage contributing to skin aging.

Total protein content in fibroblasts with SDSPE treat-
ment suggests enhanced cellular function and metabolic
activity (Merecz-Sadowska et al., 2021). This improvement is
indicative of increased fibroblast biosynthesis capacity, likely
reflecting elevated ECM protein expression, such as elastin
and collagen. Enhanced protein synthesis is critical for tissue
repair and regeneration and has been linked to reduced oxi-
dative stress and improved mitochondrial function (Drabik
et al., 2021). The observed increase in total protein is con-
sistent with the previous findings on marine-derived peptides
and nucleotide-enriched extracts promoting fibroblast pro-
liferation and collagen deposition (Cadar et al., 2024). The
observed increase in total protein following SDSPE treatment
is consistent with the reported regenerative properties of its
ingredients. Salmon-derived DNA has been associated with
cellular repair and proliferation, while plant-derived com-
pounds such as C. asiatica, A. vera, and C. sinensis are known
to stimulate collagen synthesis and enhance fibroblast activity
(Merecz-Sadowska et al., 2021). The restoration of protein
levels may therefore reflect a synergistic interaction among
these components, promoting ECM remodeling and cellular
homeostasis in UV-compromised skin fibroblasts (Liang et
al., 2023). This enhancement in protein synthesis may reflect
improved cellular metabolic function and ECM production,
potentially linked to the bioactive properties of the serum
formulation. The results show that SDSPE has a better anti-
aging effect than basic serum, with the optimal concentration
being 3.13 pg/mL.

A key thrust of this research is the use of muldple com-
plementary assays to evaluate both antioxidant activity and

ECM-related anti-aging markers. The use of human fibroblast
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Figure 5. Proposed mechanism of SDSPE in preventing UVB-induced skin aging through antioxidant activity, ECM protection, and

anti-inflammatory pathways.

BJ cells provides a relevant in vitro model for dermal aging
(Gerasymchuk et al., 2022). However, the studies are lim-
ited by the lack of mechanistic assays, such as gene or protein
expression of antioxidant enzymes or ECM regulators. Future
studies incorporating Nrf2, MMPs, COL1A1, and HA syn-
thase expression could provide deeper mechanistic insights.

Figure 5 shows that SDSPE (Serum containing Salmon
DNA and Plant Extracts) exerts protective effects against
UVB-induced skin aging. UVB radiation triggers oxidative
stress, leading to increased ROS and the activation of MMPs,
such as elastase, collagenase, and hyaluronidase (Girsang et
al., 2024). This enzyme degrades the ECM, contributing to
inflammation and skin aging symptoms, including loss of fine
lines, elasticity, wrinkles, dryness, and rough texture (Gunadi
et al., 2025). SDSPE, rich in antioxidant compounds such as
flavonoids, polyphenols, and triterpenoids from plant extracts
and salmon DNA, enhances antioxidant activity by reducing
DPPH, ABTS, H,0,, and NO radicals. It also triggers the
Nrf2 signaling cascade, resulting in the enhanced expression
of endogenous antioxidant enzymes (SOD, catalase, and
GPx), which improves mitochondrial function and reduces
total protein degradation and inflammation (Girsang et al.,
2025). Collectively, these actions preserve ECM integrity and
attenuate signs of photoaging.

5. CONCLUSION

The SDSPE formulation demonstrated potent antioxidant
and anti-aging properties in UV-induced human dermal fibro-
blasts, as evidenced by its ability to scavenge multiple reactive
species, inhibit hyaluronidase activity, enhance T-AOC, and
promote protein synthesis. These effects are likely mediated

by the synergistic action of bioactive components, including
salmon-derived DNA and polyphenol-rich plant extracts,
which collectively mitigate oxidative stress and preserve ECM
integrity. These findings underscore the promise of SDSPE as
a multdifunctional dermocosmetic candidate with protective
and restorative effects against photoinduced skin damage.
Nonetheless, further in-depth mechanistic investigations and
in vivo assessments are essential to substantiate its clinical rel-
evance and clarify the molecular mechanisms involved.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the Aretha Medika
Utama, Biomolecular and Biomedical Research Center,
Bandung, Indonesia, for their generous support in providing
the materials essential for the successful completion of this

research.

ORCID

Wahyu Widowati 0000-0002-5401-7794
Rita Tjokropranoto 0009-0006-9312-9859
Philips Onggowidjaja 0000-0002-7161-9762
Min Kyu Na 0000-0002-4865-6506
Dwi Nur Triharsiwi 0009-0000-6184-7625
Dhanar Septyawan Hadiprasetyo  0009-0001-9706-9754
Garry Alexandro 0009-0002-4345-3619
Rizal Azis 0000-0003-2783-0672
Kasim Sakran Abass 0000-0002-5796-7170

Herry S. Utomo 0009-0003-4364-5052

Natural Resources for Human Health 2026, 6,296-308 | 305


https://doi.org/10.53365/nrfhh/213305
https://orcid.org/0000-0002-5401-7794
https://orcid.org/0009-0006-9312-9859
https://orcid.org/0000-0002-7161-9762
https://orcid.org/0000-0002-4865-6506
https://orcid.org/0009-0000-6184-7625
https://orcid.org/0009-0001-9706-9754
https://orcid.org/0009-0002-4345-3619
https://orcid.org/0000-0003-2783-0672
https://orcid.org/0000-0002-5796-7170
https://orcid.org/0009-0003-4364-5052

Wahyu Widowati et al.

FUNDING

This research was funded by Maranatha Christian
University, Bandung, Indonesia, through an international
research collaboration with Chungnam National University,
Dacgjeon, Republic of South Korea.

CONFLICTS OF INTEREST

The authors affirm that there are no potential conflicts of
interest associated with the publication of this research.

AUTHOR CONTRIBUTIONS

WW conceived and designed the research, supervised the
overall scudy workflow, and contributed to manuscript draft-
ing. RT coordinated the research process and assisted in data
interpretation. PO performed the data analysis and led the
manuscript writing. MKN and DNT carried out the data
collection, laboratory procedures, and assisted in drafting
the manuscript. DSH and GA contributed to data curation,
interpretation, and literature review. RA and KSA provided
technical validation, supervised analytical methods, and crit-
ically revised the manuscript. HSU reviewed the final for-
matting of the draft manuscript. All authors reviewed and
approved the final version of the manuscript.

REFERENCES

Al-Halaseh, L.K., Tarawneh, S.K., Al-Jawabri, N.A., Al-Qdah, W.K.,
Abu-Hajleh, M.N., Al-Samydai, A.M., Ahmed, M.A., 2022. A
review of the cosmetic use and potentially therapeutic importance
of hyaluronic acid. Journal of Applied Pharmaceutical Science.
12(7), 34-41. https://doi.org/10.7324/JAPS.2022.120703

Al-Sadek, T., Yusuf, N., 2024. Ultraviolet radiation biological and
medical implications. Current Issues in Molecular Biology. 46(3),
1924-1942.

Andrabi, S.M., Sharma, N.S., Karan, A., Shahriar, S.M.S., Cordon, B.,
Ma, B., Xie, J., 2023. Nitric oxide: physiological functions, deliv-
ery, and biomedical applications. Advanced Science. 10(30),
€2303259. https://doi.org/10.1002/advs.202303259

Ansary, T.M., Hossain, M.R., Kamiya, K., Komine, M., Ohtsuki, M.,
2021. Inflammatory molecules associated with ultraviolet radi-
ation-mediated skin aging. International Journal of Molecular
Sciences. 22(8), 3974. https://doi.org/10.3390/ijms22083974

Bjorklund, G., Shanaida, M., Lysiuk, R., Butnariu, M., Peana, M.,
Sarac, 1., Strus, O., Smetanina, K., Chirumbolo, S., 2022.
Natural compounds and products from an anti-aging per-
spective. Molecules. 27(20), 7084. https://doi.org/10.3390/

molecules27207084

View Article online

Boo, Y.C., 2020. Natural NRF2 modulators for skin protection.
Antioxidants. 9(9), 812. https://doi.org/10.3390/antiox9090812
Cadar, E., Pesterau, A., Prasacu, I., Ionescu, A., Pascale, C.,
Dragan, A.L., Sirbu, R., Tomescu, C.L., 2024. Marine antioxi-
dants from marine collagen and collagen peptides with nutraceu-
ticals applications: a review. Antioxidants. 13(8), 919. https://doi.

org/10.3390/antiox 13080919

Chen, J., Liu, Y., Zhao, Z., Qiu, J., 2021. Oxidative stress in the skin:
impact and related protection. International Journal of Cosmetic
Science. 43(5), 495-509. https://doi.org/10.1111/ics.12728

Chen, X., Li, H., Zhang, B., Deng, Z., 2021. The synergistic and
antagonistic antioxidant interactions of dietary phytochemical
combinations. Critical Reviews in Food Science and Nutrition.
62(20), 5658-5677.  https://doi.org/10.1080/10408398.2021.
1888693

Chen, X., Yang, C., Jiang, G., 2021. Research progress on skin
photoaging and oxidative stress. Advances in Dermatology
and Allergology. 38(6), 931-936. https://doi.org/10.5114/
ada.2021.112275

Drabik, K., Malinska, D., Piecyk, K., Dgbska-Vielhaber, G.,
Vielhaber, S., Duszynski, J., Szczepanowska, J., 2021. Effect of
chronic stress present in fibroblasts derived from patients with a
sporadic form of AD on mitochondrial function and mitochon-
drial turnover. Antioxidants. 10(6), 938. https://doi.org/10.3390/
antiox 10060938

Feng, C., Chen, X., Yin, X., Jiang, Y., Zhao, C., 2024. Matrix
metalloproteinases on skin photoaging. Journal of Cosmetic
Dermatology. 23(12), 3847-3862..

Fernandes, A., Rodrigues, P., Pintado, M., Tavaria, F., 2023. A sys-
tematic review of natural products for skin applications: targeting
inflammation, wound healing, and photo-aging. Phytomedicine.
115, 154824. https://doi.org/10.1016/j.phymed.2023.154824

Fjelldal, P.G., Saito, T., Bjornsson, B.T., Yin, P., Hansen, T.J,
Pedersen, A.@., Hamre, K., 2024. Exogenous growth hormone
(GH) increases dimension and reduces strength of vertebrae in
Atlantic salmon (Salmo salar). Aquaculture. 589, 741005. https://
doi.org/10.1016/j.aquaculture.2024.741005

Gerasymchuk, M., Robinson, G.I., Kovalchuk, O., Kovalchuk, L.,
2022. Modeling of the senescence-associated phenotype in human
skin fibroblasts. International Journal of Molecular Sciences.
23(13), 7124. https://doi.org/10.3390/ijms23137124

Gieniusz, E., Skrzydlewska, E., Luczaj, W., 2024. Current insights
into the role of UV radiation-induced oxidative stress in mela-
noma pathogenesis. International Journal of Molecular Sciences.
25(21), 11651. https://doi.org/10.3390/ijms252111651

Girsang, E., Ginting, C.N., Lister, LN.E., Widowati, W., Yati, A.,
Kusuma, H.S.W., Azis, R., 2024. Antiaging properties of chloro-
genic acid through protein and gene biomarkers in human skin
fibroblast cells as photoaging model. Pharmaceutical Science.
19(6), 746—753. https://doi.org/10.4103/RPS.RPS 177 22

Girsang, E., Lister, ILN.E., Ginting, C.N., Widowati, W,
Arumwardana, S., Marthania, M., Azis, R., 2023. Chlorogenic
acid in preventing and curing ultraviolet-induced damage in
human skin fibroblast as an antiaging cell model. Pharmaciana.
13(2), 159. https://doi.org/10.12928/pharmaciana.v13i2.24459

Girsang, E., Wargasetia, T.L., Rahmat, D., Gondokesumo, M.E.,
Harjanti, M.W., Widowati, W., Zahiroh, F.H., Saufa, Z.Q.,
Takasenserang, O., Hadiprasetyo, D.S., 2024. The antiaging
potential of serum formulations from Centella asiatica, Curcuma

Natural Resources for Human Health 2026, 6,296-308 | 306


https://doi.org/10.53365/nrfhh/213305

Wahyu Widowati et al.

longa, Aloe vera, Rosa centifolia, and salmon DNA on injured
human fibroblast cells. Journal of Biosciences. 32(3), 623—631.

Goh, C.L., Kang, H.Y.,, Morita, A., Zhang, C., Wu, Y.,
Prakoeswa, C.R.S., Sau, N.H., Kerob, D., Flament, F., Wei, L.,
2023. Awareness of sun exposure risks and photoprotection for
preventing pigmentary disorders in Asian populations: survey
results from three Asian countries and expert panel recommen-
dations. Photodermatology Photoimmunology & Photomedicine.
40(1), €12932. https://doi.org/10.1111/phpp.12932

Gunadi, J.W., Jasaputra, D.K., Tjahjani, S., Sabrina, A.H.N.,
Zahiroh, F.H., Widowati, W., 2025. Potential role of beetroot peel
extract as a natural antiaging agent. Natural Resources for Human
Health. 5(3), 363-375.

Gupta, A., Singh, A.P., Singh, VK., Singh, PR., Jaiswal, J.,
Kumari, N., Upadhye, V., Singh, S.C., Sinha, R.P., 2023. Natural
sun-screening compounds and DNA-repair enzymes: photo-
protection and photoaging. Catalysts. 13(4), 745. https://doi.
org/10.3390/catal13040745

Halliwell, B., 2023. Understanding mechanisms of antioxidant action
in health and disease. Nature Reviews Molecular Cell Biology.
25(1), 13-33. https://doi.org/10.1038/s41580-023-00645-4

Hering, A., Stefanowicz-Hajduk, J., Gucwa, M., Wiclgomas, B.,
Ochocka, J.R., 2023. Photoprotection and antiaging activity of
extracts from honeybush (Cyclopia sp.)—in vitro wound healing
and inhibition of the skin extracellular matrix enzymes: tyros-
inase, collagenase, elastase and hyaluronidase. Pharmaceutics.
15(5), 1542. https://doi.org/10.3390/pharmaceutics 15051542

Huang, Z., Wang, Q., Cao, J., Zhou, D., Li, C., 2023. Mechanisms of
polyphenols on quality control of aquatic products in storage: a
review. Critical Reviews in Food Science and Nutrition. 64(18),
6298-6317. https://doi.org/10.1080/10408398.2023.2167803

Irwan, M., Girsang, E., Nasution, A.N., Lister, LN.E., Amalia, A.,
Widowati, W., 2020. Antioxidant activities of black soybean
extract (Glycine max (L.) Merr.) and daidzein as hydroxyl and
nitric oxide scavengers. Majalah Kedokteran Bandung. 52(2),
74-80.

Kandasamy, A., Aruchamy, K., Rangasamy, P., Varadhaiyan, D.,
Gowri, C., Oh, T.H., Ramasundaram, S., Athinarayanan, B.,
2023. Phytochemical analysis and antioxidant activity of Centella
asiatica extracts: an experimental and theoretical investigation
of flavonoids. Plants. 12(20), 3547. https://doi.org/10.3390/
plants12203547

Lee, H.R., Hong, S., Cho, K., Kim, S.H., Ko, E., Lee, E., Kim, H.J.,
Jeon, S.Y., Do, S.G., Kim, S.Y., 2024. Potential role of dietary
salmon nasal cartilage proteoglycan on UVB-induced photoaged
skin. Biomolecules & Therapeutics. 32(2), 249-260. https://doi.
org/10.4062/biomolther.2024.010

Liang, D., Liu, L., Zhao, Y., Luo, Z., He, Y., Li, Y., Tang, S., Tang, J.,
Chen, N., 2023. Targeting extracellular matrix through phyto-
chemicals: a promising approach of multi-step actions on the
treatment and prevention of cancer. Frontiers in Pharmacology.
14, 1186712. https://doi.org/10.3389/fphar.2023.1186712

Lister, .LN.E., Ginting, C.N., Girsang, E., Nataya, E.D., Azizah, A. M.,
Widowati, W., 2020. Hepatoprotective properties of red betel
(Piper crocatum Ruiz and Pav) leaves extract towards H202-
induced HepG2 cells via anti-inflammatory, antinecrotic, antiox-
idant potency. Saudi Pharmaceutical Journal. 28(10), 1182—1189.
https://doi.org/10.1016/].jsps.2020.08.007

Melnyk, N., Nyczka, A., Piwowarski, J.P., Granica, S., 2024.
Traditional use of chamomile flowers (Matricariae flos) in

View Article online

inflammatory-associated skin disorders. Prospects in Pharmaceutical
Science. 22(4), 59-73. https://doi.org/10.56782/pps.215

Merecz-Sadowska, A., Sitarek, P., Kucharska, E., Kowalczyk, T.,
Zajdel, K., Ceglinski, T., Zajdel, R., 2021. Antioxidant proper-
ties of plant-derived phenolic compounds and their effect on skin
fibroblast cells. Antioxidants. 10(5), 726. https://doi.org/10.3390/
antiox 10050726

Michalak, M., 2022. Plant-derived antioxidants: significance in skin
health and the ageing process. International Journal of Molecular
Sciences. 23(2), 585. https://doi.org/10.3390/ijms23020585

Michalak, M., 2023. Plant extracts as skin care and therapeutic
agents. International Journal of Molecular Sciences. 24(20),
15444. https://doi.org/10.3390/ijms242015444

Ngo, V., Duennwald, M.L., 2022. NRF2 and oxidative stress: a
general overview of mechanisms and implications in human
disease. Antioxidants. 11(12), 2345. https://doi.org/10.3390/
antiox 11122345

Panich, U., Sittithumcharee, G., Rathviboon, N., Jirawatnotai, S.,
2016. Ultraviolet radiation-induced skin aging: the role of DNA
damage and oxidative stress in epidermal stem cell damage medi-
ated skin aging. Stem Cells International. 2016(1), 7370642.
https://doi.org/10.1155/2016/7370642

Parker, E.R., 2020. The influence of climate change on skin cancer
incidence—a review of the evidence. Int J] Womens Dermatol.
7(1), 17-27. https://doi.org/10.1016/j.ijwd.2020.07.003

Pellacani, G., Lim, H.W., Stockfleth, E., Sibaud, V., Brugués, A.O.,
Aroman, M.S., 2024. Photoprotection: current developments and
controversies. Journal of the European Academy of Dermatology
and Venereology. 38(S5), 12-20. https://doi.org/10.1111/
jdv.19677

Pitassi, L.H.U., Pearson, K., De Assis, L.A., Biesman, B.,
Calomeni, M., Bay-Aguilera, S., Wyles, S.P, 2024.
Polynucleotides in skin regeneration: targeting the adenosine A2A
receptor and salvage pathway. Dermatol Surg. 50(11S), S131—
S134. https://doi.org/10.1097/DSS.0000000000004438

Prahastuti, S., Hidayat, M., Hasianna, S.T., Widowati, W., Amalia, A.,
Yusepany, D.T., Rizal, R., Kusuma, H.S.W., 2019. Antioxidant
potential ethanolic extract of Glycine max (L.) Merr. var. Detam
and daidzein. Journal of Physics: Conference Series. 1374(1),
012020. https://doi.org/10.1088/1742-6596/1374/1/012020

Quiles, J., Cabrera, M., Jones, J., Tsapekos, M., Caturla, N., 2022. In
vitro determination of the skin anti-aging potential of four-com-
ponent plant-based ingredient. Molecules. 27(22), 8101. https://
doi.org/10.3390/molecules27228101

Rahman, M.M., Rahaman, M.S., Islam, M.R., Rahman, F,
Mithi, F.M., Alqahtani, T., Almikhlafi, M.A., Alghamdi, S.Q.,
Alruwaili, A.S., Hossain, M.S., Ahmed, M., Das, R., Emran, T.B.,
Sahab Uddin, M., 2021. Role of phenolic compounds in human
disease: current knowledge and future prospects. Molecules.
27(1), 233. https://doi.org/10.3390/molecules27010233

Rysava, A., Vostalova, J., Svobodova, A.R., 2021. Effect of ultra-
violet radiation on the Nrf2 signaling pathway in skin cells.
International Journal of Radiation Biology. 97(10), 1383-1403.
https://doi.org/10.1080/09553002.2021.1962566

Salminen, A., Kaarniranta, K., Kauppinen, A., 2022. Photoaging: UV
radiation-induced inflammation and immunosuppression acceler-
ate the aging process in the skin. Inflammation Research. 71(7-8),
817-831. https://doi.org/10.1007/s00011-022-01598-8

Song, S., Li, F., Zhao, B., Zhou, M., Wang, X., 2024. Ultraviolet

light causes skin cell senescence: from mechanism to

Natural Resources for Human Health 2026, 6,296-308 | 307


https://doi.org/10.53365/nrfhh/213305

Wahyu Widowati et al.

prevention principle. Advanced Biology. 9(2), €2400090. https://
doi.org/10.1002/adbi.202400090

Sveen, L.R., Robinson, N., Krasnov, A., Daniels, R.R., Vaadal,
M., Karlsen, C., Ytteborg, E., Robledo, D., Salisbury, S.,
Dagnachew, B., Lazado, C.C., Tengs, T., 2023. Transcriptomic
landscape of Atlantic salmon (Salmo salar L.) skin. G3 (Bethesda).
13(11), jkad215. https://doi.org/10.1093/g3journal/jkad215

Tumsutti, P., Maiprasert, M., Sugkraroek, P., Wanitphakdeedecha, R.,
Bumrungpert, A., 2022. Effects of a combination of botanical
actives on skin health and antioxidant status in post-menopausal
women: a randomized, double-blind, placebo-controlled clini-
cal trial. Journal of Cosmetic Dermatology. 21(5), 2064-2072.
https://doi.org/10.1111/jocd.14345

Valappil, N.K.M., Ahmad, F.S., Hamza, V., 2024. Satellite measure-
ment data-based assessment of spatiotemporal characteristics of
ultraviolet index (UVI) over the state of Johor, Malaysia. Asian
Journal of Atmospheric Environment. 18(1), 1-13. https://doi.
org/10.1007/s44273-024-00041-0

Wei, M., He, X., Liu, N., Deng, H., 2024. Role of reactive oxygen
species in ultraviolet-induced photodamage of the skin. Cell
Division. 19(1), 1-9. https://doi.org/10.1186/s13008-024-00107-z

Widowati, W., Darsono, L., Lucianus, J., Setiabudi, E., Obeng, S.S.,
Stefani, S., Wahyudianingsih, R., Tandibua, K.R., Gunawan, R.,

View Article online

Wijayanti, C.R., Novianto, A., Kusuma, H.S.W., Rizal, R., 2023.
Butterfly pea flower (Clitoria ternatea L.) extract displayed anti-
diabetic effect through antioxidant, anti-inflammatory, lower
hepatic GSK-3B, and pancreatic glycogen on Diabetes Mellitus
and dyslipidemia rat. Journal of King Saud University — Science.
35(4), 102579.

Widowati, W., Janeva, B., Nadya, S., Amalia, A., Arumwardana, S.,
Kusuma, H.W., Arinta, Y., 2018. Antioxidant and antiaging activ-
ities of Jasminum sambac extract, and its compounds. Journal of
Reports in Pharmaceutical Sciences. 7(3), 270.

Widowati, W., Wargasetia, T.L., Rahardja, F., Tih, F.,
Onggowidjaja, P., Tjokropranoto, R., Zahiroh, F. H., Azis, R,
Priyandoko, D., Surakusumah, W., Hadiprasetyo, D.S.,,
2024. Potential of epicatechin as antioxidant and antiaging in
UV-induced BJ cells by regulating COL1A1, FGF-2, GPX-1, and
MMP-1 gene, protein levels, and apoptosis. PeerJ. 12, ¢18382.

Zhang, S., Duan, E., 2018. Fighting against skin aging: the way from
bench to bedside. Cell Transplantation. 27(5), 729-738. https://
doi.org/10.1177/0963689717725755

Zhao, C., Wu, S., Wang, H., 2025. Medicinal plant extracts targeting
UV-induced skin damage: molecular mechanisms and therapeu-
tic potential. International Journal of Molecular Sciences. 26(5),
2278. https://doi.org/10.3390/ijms26052278

Natural Resources for Human Health 2026, 6,296-308 | 308


https://doi.org/10.53365/nrfhh/213305

