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Abstract

The effects of topical salmon-derived polydeoxyribonucleotide (PDRN) against UVB-
induced skin photoaging remain incompletely characterized. We investigated the protective
effects of 0.25%, 0.5%, and 1% topical PDRN treatment against UVB-induced photoaging in
SKH-1 hairless mice, comparing them with 1% L-ascorbic acid (L-AA). Mice were exposed
t0 0.18 J/cm? of UVB three times weekly for 15 weeks, with daily topical treatments. Chronic
UVB exposure induced severe wrinkles and edema and reduced cutaneous procollagen
type I C-peptide levels. However, PDRN treatments significantly and dose-dependently
mitigated these changes. Notably, 0.5% PDRN reduced mean wrinkle length and depth by
41.04% and 44.54%, respectively, with responses of similar magnitude to those observed
with 1% L-AA. PDRN treatment increased skin hydration and cutaneous procollagen type
I C-peptide and hyaluronan levels, accompanied by increased COL1A1/2 and Has1/2/3
mRNA expression. Furthermore, PDRN restored glutathione levels, reduced thiobarbi-
turic acid-reactive substances (TBARS) levels and superoxide anion production, decreased
MPO activity and IL-1p levels, and increased IL-10 levels. These changes were accompa-
nied by decreased p38 MAPK, AKT, and Nox2 mRNA expression and increased TGF-p1
mRNA expression. These preclinical findings support further investigation of topical PDRN,
including delivery, safety, and efficacy studies.

Keywords: polydeoxyribonucleotide; photoaging; UVB irradiation; SKH-1 mice; oxidative
stress; extracellular matrix

1. Introduction

Skin serves as a primary barrier against environmental threats, as it regulates both
water balance and immune defense [1]. Chronic exposure to ultraviolet B (UVB) radiation
is the primary extrinsic factor driving “photoaging,” a process characterized by coarse
wrinkles formation, dryness, epidermal thickening, and connective tissue degradation [2,3].
Unlike intrinsic aging, photoaging involves a severe remodeling of the extracellular matrix
(ECM), including collagen depletion and abnormal elastin accumulation, which occur
primarily within the photoexposed dermis [1,4].

The pathogenesis of UVB-induced photoaging is complex, involving reactive oxygen
species (ROS) generation, inflammation, keratinocyte apoptosis, and matrix metallopro-
teinase (MMP)-mediated collagen breakdown [5,6]. Consequently, therapeutic strategies
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that mitigate oxidative stress, suppress inflammation, and preserve ECM integrity are essen-
tial for preventing premature skin aging [7,8]. For example, the well-established antioxidant
L-ascorbic acid (L-AA; vitamin C), known to limit UV-induced inflammation and support
collagen biosynthesis, often serves as a positive control in dermatological studies [9,10].

Polydeoxyribonucleotide (PDRN), a potent marine-derived bioactive polymer ex-
tracted from salmonid sperm, has emerged as a promising candidate for skin health restora-
tion due to its unique regenerative properties [11].

It exerts anti-inflammatory, angiogenic, and tissue-reparative effects, primarily through
the activation of adenosine A2A receptors [12]. While PDRN is well-recognized for its
wound-healing capabilities [13], its potential as a functional ingredient in topical ther-
apies specifically targeting UVB-induced skin photoaging and its underlying molecular
mechanisms has not been fully assessed.

Although PDRN has demonstrated tissue-reparative and anti-inflammatory properties,
the concentration-dependent effects of topical PDRN on UVB-induced skin photoaging
have not been adequately characterized. The aim of this study was to evaluate whether
topical PDRN mitigates UVB-induced skin photoaging in SKH-1 hairless mice and to
characterize associated changes in oxidative stress, inflammatory responses, and extra-
cellular matrix-related endpoints. We hypothesized that PDRN treatment would reduce
UVB-induced wrinkle formation and skin edema while improving skin hydration and
extracellular matrix-related measurements. To address these objectives, we examined three
PDRN concentrations (0.25%, 0.5%, and 1%) alongside a 1% L-ascorbic acid reference
group, and assessed morphological, biochemical, histological, immunohistochemical, and
gene-expression outcomes.

2. Results
2.1. Effects of PDRN on Wrinkle Formation and Skin Edema

The overall experimental design and timeline are summarized in Figure 1. Chronic
UVB exposure resulted in severe photoaging characterized by deep wrinkles and skin
edema (Figure 2). Relative to the intact control, mean wrinkle length and depth were
greater in the UVB control group (adjusted p < 0.01). Topical PDRN-treated groups
showed lower wrinkle measures and skin weights than the UVB control group. In the 0.5%
PDRN group, mean wrinkle length and depth were 41.04% and 44.54% lower, respectively,
than in the UVB control group; the corresponding results for 1% L-AA were of similar
magnitude. Group means, SDs, and adjusted comparison p-values are presented in Figure 2
and Supplementary Table S1.

PDRN 0.25, 0.5 and 1% solution, and L-AA 1% solution
200 pl, topical application on the dorsal back skin, once
Seven days ! a day for 15 weeks
acclimatization | L
r L 1 [ ]
Female 6-week I 1

L%
/f%/; SKH-1 hairless 1 UVB irradiation by UV Crosslinker system

mice Three times a week for 15 weeks at 0.18 J/cm?
Anima_l f Analysis Sacrifice f
Selection Body weight and gain

Skin wrinkle formations and edema score

Skin water, hyaluronan and COL1 contents

Skin anti-inflammatory and antioxidant effects

Skin mRNA expressions — Has 1, Has 2, Has 3, COL1A1,
COL1A2, TGF-B1, p38 MAPK, AKT, MMP-1, 9 and 13,
Nox2 and GSH reductase

Skin histopathological changes

Figure 1. Experimental design and timeline. SKH-1 hairless mice were acclimated for 7 days and
then divided into six groups. UVB irradiation (0.18 J/cm?) was performed three times weekly for
15 weeks, during which topical treatments (Vehicle, L-AA, or PDRN) were applied daily.
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Figure 2. Macroscopic and quantitative analysis of skin wrinkles and edema. (A) Representative
photographs of dorsal skin and skin replicas (scale bars = 10 mm); (B) mean wrinkle length (mm);
(C) mean wrinkle depth (pum); and (D) skin punch weight (g), used as an index of edema. Bars
represent mean + SD (n = 10 mice per group), and numerical means are indicated above the bars.
Superscript annotations denote a: adjusted p < 0.01 versus intact control and b: adjusted p < 0.01
versus UVB control, where applicable. All UVB-control versus active-treatment comparisons in panels
B-D had adjusted p < 0.0001; complete means + SD and adjusted p-values (to four decimal places or
<0.0001), including comparisons with the intact control, are provided in Supplementary Table S1.

2.2. Effects on Skin Hydration, Inflammation, and Oxidative Stress Markers

UVB exposure was associated with lower skin water content and reduced collagen-
related and hyaluronan measurements relative to the intact control (adjusted p < 0.01;
Table 1). PDRN treatment was associated with improvements in these parameters compared
with UVB control. Outcomes in the 0.5% PDRN group were of similar magnitude to those
recorded for the 1% L-AA group; formal equivalence was not assessed.

Table 1. Effects of topical PDRN applications on skin hydration and extracellular matrix components
in skin tissue.

Treatment Skin Water Contents Skin COL1 Contents Skin Hyaluronan Contents
Groups (% /6 mm Diameter Skin Sections) (%, Relative to Intact) (ng/mL)
Controls
Intact 37.21 £4.23 113.34 £ 25.73 3.27 £ 0.67
UVB 11.54 + 1.862 14.79 + 6.09 2 0.69 +0.202
Reference (L-AA)
1% 21.72 £ 22620 48.05 + 12.58 ab 1.69 £ 0.41 2
Test materials (PDRN)
1% 27.23 £ 4.43 2 61.47 £ 13.08 2 214 + 0352
0.5% 21.90 £ 2.79 2b 49.62 +11.90 2 1.68 £ 0.29 2P
0.25% 18.15 + 1.55 b 36.24 + 10.45 @ 1.33 £ 0.28 2

Values are expressed as the means + SD of 10 hairless mice. UVB = Ultraviolet B; L-AA = L-ascorbic
acid; PDRN = polydeoxyribonucleotide; COL1 = collagen, type I. Significant differences are rep-
resented using superscript letters:  indicates p < 0.01 for comparisons with the intact control and,
b indicates p < 0.01 for comparisons with the UVB control. Statistical significance was determined
using one-way ANOVAs followed by Tukey’s HSD or Dunnett’s T3 post hoc tests, depending on
homogeneity of variance results.

To evaluate the anti-inflammatory and antioxidant effects of PDRN, we measured
cutaneous inflammatory cytokines and oxidative stress markers (Table 2). UVB irradiation
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elevated myeloperoxidase (MPO) activity and IL-1p levels while decreasing IL-10 levels
relative to the intact control. UVB exposure was also associated with lower glutathione
(GSH), higher thiobarbituric acid-reactive substances (TBARS, reported as malondialde-
hyde equivalents), and higher superoxide anion production. Topical PDRN was associated
with lower inflammatory and oxidative stress-related measurements relative to UVB con-
trols, with a graded pattern across the tested concentrations. The 0.5% PDRN and 1% L-AA
groups showed responses of similar magnitude for several outcomes; equivalence was not
formally tested.

Table 2. Effects of topical PDRN applications on inflammatory cytokines and oxidative stress markers
in skin tissues.

Mveloperoxidase Lipid Peroxidation Superoxide
Treatment }EN Ir)n ber of Interleukin-1f Interleukin-10 Glutathione (TBARS; Reported as Anion
catme umber o (pg/100 mg of (pg/100 mg of (pM/mg of nM MDA Production (NBT
Groups Neutrophils x . Protei Protei ival Reducti
105/mg Protein) Protein) rotein) rotein) Equiva erllts /mg eduction as
Protein) ODygqp)
Controls
Intact 1.50 £ 0.41 22.72 +10.44 343.30 + 54.16 2.62+1.10 0.39 £ 0.14 0.31 +£0.11
UVB 16.11 £ 3.67 2 91.24 +18.172 115.00 £ 25.36 2 0.26 £0.132 2.07+050° 142 +0.302
Reference (L-AA)
1% 6.76 £1.31 % 4861+1023° 18470 £ 14.35% 0.76 £ 0.18 2 117 £020% 0.63 £0.13 2
Test materials (PDRN)
1% 466+ 142 39.96 +11.55° 227.50 + 44.14 % 091 +0.132b 073+0.15% 048 +£0.12°
0.5% 6.78 +1.79 2 4850 £12.76°  185.80 £ 14.21 2 075+ 0.122 1.15£0.19% 0620132
0.25% 8.79 £ 1.69 2P 63.06 + 11.21 160.10 * 11.56 2 0.64 £0.10 2> 141 £0.102¢ 0.87 £0.122b
Values are expressed as the mean + SD of 10 hairless mice. UVB = Ultraviolet B; L-AA = L-ascorbic
acid; PDRN = polydeoxyribonucleotide; NBT = nitroblue tetrazolium; ODy,, = optical density at
600 nm. Significant differences are represented using superscript letters: * indicates p < 0.01 for
comparisons with the intact control, © indicates p < 0.01 for comparisons with the UVB control, and
¢ indicates p < 0.05 for comparisons with the UVB control. Statistical significance was determined
using one-way ANOVAs followed by Tukey’s HSD or Dunnett’s T3 post hoc tests, depending on
homogeneity of variance results.
2.3. Effects on mRNA Expression of Photoaging-Related Genes
We examined the effects of PDRN on photoaging-related gene expression using qPCR
(Table 3). Compared with the intact control, the UVB control group showed significantly
increased mRNA expression of MMP-1, MMP-9, MMP-13, Nox2, p38 MAPK, and AKT and
significantly decreased expression of TGF-B1 and glutathione reductase. In contrast, Has1,
Has2, Has3, COL1A1, and COL1A2 mRNA expression did not differ significantly between
the intact and UVB control groups. Compared with the UVB control, PDRN treatment
significantly decreased the expression of MMPs, Nox2, p38 MAPK, and AKT and increased
the expression of TGF-B1, glutathione reductase, Has1-3, COL1A1, and COL1A2. These
findings indicate that PDRN treatment was associated with changes in the expression of
genes related to extracellular matrix remodeling and oxidative stress.
Table 3. Changes in skin mRNA expression levels in UVB-exposed hairless mice.
Controls Reference (L-AA) Test Materials (PDRN)
Intact UVB 1% 1% 0.5% 0.25%
TGF-p1 1.13 £ 0.19 0.17 £ 0.06 2 0.41 +0.08 2> 0.58 + 0.14 @ 041 +0.11% 0.31 £0.04
p38 MAPK 1.06 £ 0.14 577 +£1.14°% 3.17 £ 0.61 221 +0.58% 3.18 £ 0.78 % 3.74 0492
AKT 1.08 £0.17 340+£0.76% 1.91 +0.23 % 1.51 £ 0.222 1.93 £ 0.23 2 207 £0.26%®
Has1 1.06 £ 0.15 1.01 £ 0.33 2.38 £0.37® 327 +£0.79 237 +039%® 1.83 £0.16 %
Has2 1.11 £ 0.18 1.07 £ 0.25 2.54 +0.92® 3.49 +0.65 2.53 + 0.66 1.94 £ 0462
Has3 1.08 £0.18 1.04 £ 0.17 244 +0.61 3.36 +1.04% 247 +0.53 1.87 £ 0.31 2
COL1A1 1.14 £ 0.19 1.17 £0.22 2.65+0.71® 3.63+0.84% 2.64 +0.63 % 2.00£0.29°®

https://doi.org/10.3390/md24110395


https://doi.org/10.3390/md24110395

Mar. Drugs 2026, 24, 395 50f 13
Table 3. Cont.
Controls Reference (L-AA) Test Materials (PDRN)
Intact UVB 1% 1% 0.5% 0.25%

COL1A2 117 £ 0.21 1.24 + 0.46 2.85 + 0.67 3.77 +0.69 2.83 +0.69 2.13+0.10®
MMP-1 1.12 £ 0.19 6.65 £1.18° 3.56 + 0.36 % 1.98 + 0.36 353+ 0.77® 4.60 £ 0.62 %
MMP-9 1.14 £ 0.20 441+061° 234 +051® 1.76 £ 0.33 2 2.39 +0.48 3.01+031%®
MMP-13 1.10 £ 0.14 538 +0.54% 2.91 +0.64 223 +041% 2.90 + 0.69 3.81 +0.56 ®
GSH reductase 1.07 £ 0.16 0.20 £ 0.06° 0.56 +0.11 2 0.63+ 0212 0.56 +0.13 % 0.42 +0.102°
Nox2 111+ 0.31 474+0.80°% 2.72 +0.50 % 1.87 £ 0.22% 2.73 +£0.33 % 317+ 0312

Values are expressed as the mean =+ SD of the relative expression/p-actin mRNA in 10 hairless mice.
UVB = ultraviolet B; L-AA = L-ascorbic acid; PDRN = polydeoxyribonucleotide; TGF = transforming
growth factor; MAPK = mitogen-activated protein kinase; AKT = protein kinase B; COL1 = collagen,
type I; COL1A1 = COLL, alpha 1; COL1A2 = COLL, alpha 2; GSH = glutathione; Has = hyaluronic
acid synthase; Nox2 = the gp91phox subunit of the phagocyte NADPH oxidase. Significant differences
are represented using superscript letters: * indicates p < 0.01 for comparisons with the intact control
and P indicates p < 0.01 for comparisons with the UVB control. Statistical significance was determined
using one-way ANOVAs followed by Tukey’s HSD or Dunnett’s T3 post hoc tests, depending on
homogeneity of variance results.

2.4. Histological and Immunohistochemical Analysis

Histopathological examination using hematoxylin and eosin (H&E) and Masson’s
trichrome staining revealed that UVB exposure caused marked epidermal thickening, in-
flammatory cell infiltration, and an increased collagen-stained area in the dermis (Figure 3).
PDRN treatment attenuated these UVB-induced histological changes.

Hematoxylin and eosin (H&E)

: v}vg‘r} %%

Masson's trichrome (MT)

=
N g
ASC e
N\ N 0

2

B/ %

Intact

UVB control

L-AA 1%

PDRN 1%

PDRN 0.5%

PDRN 0.25% - @&

Figure 3. Representative images showing the histological staining of dorsal skin tissues (scale
bars = 200 pm). Sections were stained with hematoxylin and eosin (left three panels) or Masson’s
trichrome (MT) (right panel).
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Immunohistochemical analyses confirmed the cytoprotective effects of PDRN (Figure 4).
The UVB control group showed increased proportions of epidermal cells positive for
NT, 4-HNE, cleaved caspase-3, and cleaved PARP, together with an increased MMP-9-
immunopositive area in the dermis. Topical PDRN treatment significantly reduced the pro-
portions of these immunopositive epidermal cells and the dermal MMP-9-immunopositive
area. Quantitative immunohistochemical results are summarized in Table 4.

(a) NT (b) 4-HNE (c) Cleaved caspase-3 (d) Cleaved PARP (e) MMP-9

Intact

UVB control

L-AA 1%

PDRN 1%

PDRN 0.5%

PDRN 0.25%

Figure 4. Representative images showing the immunohistochemical staining of oxidative stress and
apoptosis markers, including (a) nitrotyrosine (NT), (b) 4-hydroxynonenal (4-HNE), (c) cleaved
caspase-3, (d) cleaved PARP, and (e) MMP-9 (scale bars = 150 ym).

Table 4. Quantitative immunohistochemical analysis of dorsal skin.

Reference .
Controls (L-AA) Test Material (PDRN)
Intact UVB 1% 1% 0.5% 0.25%

Epidermis (cells/100 epithelial cells)
Nitrotyrosine 1020 £457 8400+ 10.58°  46.00 + 1050 3480 £11.78°° 4620+ 14.00%°  62.60 + 10.96 *
4-HNE 1060 £3.89 8080 £8.18° 4620+ 11.56% 31.60+13.33% 4540+ 1092%  56.80 % 10.80 *
Cgi;?i‘;ee(i 1780 £319  8520+£8.01°  44.60 £ 1050 33.80 £10.97°°  44.80+£11.20%  60.00 + 11.27
Cleaved PARP 1520391  77.00 £1255° 3940 £1128% 3020+ 11.17° 4040 £1099% 5420 +10.97 %
Dermis (%/mm?)
MMP-9 19.63+£553  7403+1112° 3825+ 11.04%® 3060 +11.58  36.85+1472° 5293 +1035°%

Values are expressed as the mean + SD of 10 hairless mice. UVB = ultraviolet B; L-AA = L-ascorbic
acid; PDRN = polydeoxyribonucleotide; 4-HNE = 4-hydroxynonenal; PARP = poly(ADP-ribose)
polymerase; MMP = matrix metalloprotease. Significant differences are represented using superscript
letters: @ indicates p < 0.01 for comparisons with the intact control, ® indicates p < 0.01 for comparisons
with the UVB control. Statistical significance was determined using one-way ANOVAs followed by
Tukey’s HSD or Dunnett’s T3 post hoc tests, depending on homogeneity of variance results.
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3. Discussion

Ultraviolet B radiation is a major environmental factor contributing to extrinsic skin
aging, or photoaging, which is characterized by wrinkle formation, dehydration, and con-
nective tissue degradation [1-3]. In this study, we investigated the protective effects of
salmon-derived PDRN on UVB-induced photoaging in hairless mice. Our findings demon-
strate that topical PDRN application attenuates UVB-induced oxidative stress, inflammation,
and alterations in extracellular matrix-related parameters, accompanied by changes in p38
MAPK, AKT, and TGF-p1 mRNA expression. Notably, 0.5% PDRN produced improve-
ments of similar magnitude to those observed with 1% L-AA across several measured
endpoints, supporting the potential of this marine-derived material as a topical ingredient
for skin photoprotection.

A naturally occurring polymer, PDRN is typically obtained from the sperm of salmon
trout or related species. It has drawn attention for its unique pharmacological properties,
including anti-inflammatory activities and an ability to enhance angiogenesis [11,12]. While
previous studies have focused on wound healing [13], our results demonstrate that it plays
a role in protecting against UVB-induced damage, which is consistent with recent studies
on other marine-derived substances [14,15].

Oxidative stress triggered by UVB irradiation depletes endogenous antioxidants and
promotes the production of ROS, leading to DNA damage and inflammation [4]. In our
study, UVB exposure significantly reduced cutaneous GSH levels and increased lipid per-
oxidation (TBARS levels) and superoxide anion production. However, PDRN treatments
restored GSH levels and suppressed oxidative markers in a dose-dependent manner. This
aligns with previous findings that antioxidants derived from natural sources possess sub-
stantial photoprotective potential [8].

Inflammation is another critical driver of photoaging. UVB exposure induces cuta-
neous inflammatory responses that contribute to photoaging [5]. We showed that PDRN
treatment significantly decreased MPO activity and IL-1P levels while increasing levels
of the anti-inflammatory cytokine IL-10. This anti-inflammatory effect likely contributed
to the reductions in skin edema and epidermal hyperplasia observed in the histological
analyses [12,16].

The structural integrity of the skin relies on the balance between collagen synthesis
and degradation. UV-induced ROS activate MAPK signaling and increase MMP expression,
while impaired TGF-p/Smad signaling contributes to reduced collagen synthesis [6,17]. In
the current study, UVB irradiation increased the mRNA expression of p38 MAPK, AKT,
MMP-1, MMP-9, and MMP-13. PDRN treatment reduced these UVB-induced increases and
increased TGF-p1, COL1A1, and COL1A2 mRNA expression compared with the UVB con-
trol. These findings suggest that changes in extracellular matrix remodeling may contribute
to the reduced wrinkle depth and length observed in PDRN-treated mice [18].

Skin hydration is essential for maintaining skin elasticity and barrier function.
Hyaluronic acid, synthesized by hyaluronic acid synthases, plays a key role in retaining
skin moisture [19]. We found that PDRN treatment increased Has1, Has2, and Has3 mRNA
expression and cutaneous hyaluronan levels compared with the UVB control. This suggests
that PDRN not only protects collagen but also enhances the skin’s moisturizing capacity,
which is crucial for preventing the dryness associated with photoaging [14].

The 0.5% PDRN group showed responses of similar magnitude to the 1% L-AA group
for several measured outcomes. However, these descriptive similarities do not establish sta-
tistical equivalence or non-inferiority, and the present study was not designed to determine
an optimal topical concentration. Concentration selection for subsequent formulation stud-
ies should take into account the full dose-response profile, topical delivery, local tolerability,
and formulation stability.
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Taken together, the observed improvements in wrinkle measures, hydration, inflam-
matory markers, and extracellular matrix-related endpoints support further investigation of
salmon-derived PDRN as a candidate topical ingredient for photoaging-related applications.
Translation to human dermatology or cosmeceutical use remains preliminary because the
present evidence derives from a UVB-exposed mouse model. Skin penetration and local
bioavailability of topically applied PDRN were not directly established, and long-term local
safety and clinical efficacy in humans were not investigated. Future studies should optimize
formulation and concentration, directly evaluate skin delivery and tolerability, and confirm
efficacy in appropriately controlled translational and human studies. Changes in mRNA
expression should be interpreted as associations rather than direct evidence of pathway
activation or inhibition.

4. Materials and Methods
4.1. Chemicals and Reagents

The test material, referred to as polydeoxyribonucleotide (PDRN) in this study, was
purchased from Sigma-Aldrich (St. Louis, MO, USA) under the product name “deoxyri-
bonucleic acid sodium salt from salmon testes” (catalog no. D1626; CAS no. 438545-06-3;
lot no. 102840926). All other chemicals and reagents were of analytical grade. Primary
antibodies against cleaved caspase-3 (catalog no. 9661; dilution, 1:400), cleaved PARP
(catalog no. sc-23461-R; 1:100), and nitrotyrosine (catalog no. 06-284; 1:200) were obtained
from Cell Signaling Technology (Danvers, MA, USA), Santa Cruz Biotechnology (Santa
Cruz, CA, USA), and Millipore (Billerica, MA, USA), respectively. Antibodies against
4-hydroxynonenal (catalog no. ab46545; 1:100) and MMP-9 (catalog no. ab38898; 1:100)
were obtained from Abcam (Cambridge, UK). Secondary antibodies were obtained from
Vector Laboratories Inc. (Burlingame, CA, USA; included in Vectastain Elite ABC Kit).

4.2. Animals and Ethics Statement

Six-week-old female SKH-1 hairless mice were purchased from OrientBio (Seongnam,
Korea). The mice were housed in a controlled environment at 20-25 °C and 50-55% relative
humidity under a 12 h light-dark cycle, with free access to standard rodent chow and water.
All experimental procedures complied with national guidelines for the care and use of
laboratory animals and were approved by the Institutional Animal Care and Use Committee
of Daegu Haany University (Gyeongsan, Republic of Korea; approval no. DHU2025-023;
approval date: 12 May 2025).

4.3. Experimental Design, UVB Irradiation, and Topical Treatment Application

After a 7-day acclimatization period, 60 mice were randomly allocated to six groups
(n =10 independent animals per group):

Intact Control: No UVB, vehicle treatment

UVB Control: UVB irradiation + vehicle treatment

L-AA 1%: UVB irradiation + 1% L-AA (positive control)

PDRN 0.25%: UVB irradiation + 0.25% PDRN

PDRN 0.5%: UVB irradiation + 0.5% PDRN

PDRN 1%: UVB irradiation + 1% PDRN

UVB irradiation was performed using a CL-3000M UV crosslinker (Analytik Jena,
Upland, CA, USA; peak wavelength, 312 nm) at 0.18 J/cm? per exposure, three times per
week for 15 weeks. The intact controls were not exposed to UVB. Test materials were
prepared in a 0.5% carboxymethyl cellulose (CMC) vehicle, and PDRN solutions were
sonicated for 1 h during preparation. Treatments (200 uL/mouse) were applied to the dorsal
skin once daily, 1 h following irradiation on UVB-exposure days and at the corresponding
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time on non-irradiation days. The topical application method and UVB schedule were
based on the laboratory study protocol (OTH017-UVB).

The initial formulation plan considered PDRN concentrations as high as 5%; however,
the 5% preparation was excessively viscous and difficult to apply topically. Accordingly, 1%
was selected as the highest practicable PDRN concentration, and lower concentrations of
0.25% and 0.5% were included to examine concentration-related responses. The L-ascorbic
acid (L-AA) positive-comparator concentration was likewise set at 1% to match the highest
tested PDRN concentration. This matching was a study-design choice and does not imply
that the two substances are equipotent.

4.4. Skin Wrinkle, Edema, and Hydration Assessment

At the end of the treatment period, dorsal skin replicas were obtained with a Repliflo
Cartridge Kit (CuDerm Corp., Dallas, TX, USA) under 2-3% isoflurane anesthesia. Replicas
were placed horizontally and illuminated with a fixed-intensity light source at an angle
of approximately 40° to generate wrinkle shadows; monochrome images were captured
and analyzed using a Skin-Visiometer SV600 (Courage & Khazaka, Cologne, Germany)
to determine average wrinkle length and depth. Dorsal skin was sampled after the final
treatment, and the weight of a standardized 6 mm-diameter skin punch was measured as an
index of skin edema. Skin water content was determined using a moisture analyzer (MB23;
Ohaus, Pine Brook, NJ, USA) on 6 mm skin specimens and expressed as a percentage. These
measurements followed the established laboratory UVB photoaging assessment workflow.

4.5. Biochemical Analyses

To assess extracellular-matrix-related outcomes, dorsal skin specimens were homoge-
nized in radioimmunoprecipitation assay (RIPA) buffer using mechanical disruption and
ultrasound, and supernatants were collected after refrigerated centrifugation. Procollagen
type I C-peptide was determined with a commercial kit (MK101; Takara Bio, Tokyo, Japan),
with absorbance measured at 450 nm. For hyaluronan determination, skin samples were
defatted with acetone, dried and weighed, heated in 50 mM Tris/HCl buffer (pH 7.8), and
proteolytically digested in 1% actinase E at 40 °C for one week. Following deproteinization
with 10% trichloroacetic acid and neutralization, hyaluronan was measured with a mouse
ELISA kit (MBS161603; MyBioSource, San Diego, CA, USA) at 450 nm. The IL-1p (ab100705;
Abcam) and IL-10 (ab108870; Abcam) contents of skin homogenates were measured using
commercial ELISA kits according to the manufacturers’ instructions. Myeloperoxidase
(MPO) activity was quantified in skin homogenates using a kinetic colorimetric assay
with o-dianisidine and hydrogen peroxide in phosphate buffer (pH 6.0), with absorbance
measured at 450 nm; the output was normalized to protein content.

Reduced glutathione (GSH) was assessed in skin homogenates prepared in 100 mM
phosphate buffer (pH 8.0) containing 5 mM EDTA. After trichloroacetic acid precipitation
and centrifugation, o-phthalaldehyde was added and fluorescence measured after 15 min
(excitation 350 nm, emission 420 nm); a GSH calibration series (0-75 pM) was used and
results were normalized to protein content.

Lipid peroxidation was quantified by the thiobarbituric acid-reactive substances
(TBARS) procedure, not a chemically selective MDA assay. Homogenates were depro-
teinized with 10% trichloroacetic acid, treated with 0.67% thiobarbituric acid and incubated
at 100 °C for 15 min. Absorbance at 535 and 572 nm was used to estimate TBARS expressed
as malondialdehyde (MDA) equivalents per mg protein. Superoxide-related NBT reduction
was assessed by incubating skin homogenates with nitroblue tetrazolium (1 mg/mL) at
37 °C for 1 h, solubilizing the resulting formazan in KOH/DMSO and reading absorbance
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at 600 nm. Each biochemical endpoint was measured once per mouse-derived sample,
without technical duplicate or triplicate measurements.

4.6. Quantitative PCR

Total RNA was extracted from dorsal skin samples using TRIzol (Invitrogen, Carlsbad,
CA, USA), and contaminating DNA was removed with DNase I (DNA-free kit, AM1906;
Thermo Fisher Scientific, Rockford, IL, USA). Reverse transcription was conducted using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). Quantitative
real-time PCR was performed on a CFX96 Real-Time System (Bio-Rad, Hercules, CA,
USA) using SYBR Green chemistry. The laboratory protocol specifies an initial 50 °C step
for 2 min and 95 °C for 10 min, followed by 95 °C for 15 s and 60 °C for 1 min, with
subsequent melting-curve assessment. Primer sequences are shown in Table 5. Relative
mRNA expression of TGF-B1, p38 MAPK, AKT, Has1-3, COL1A1/2, MMP-1/9/13, Nox2
and glutathione reductase was analyzed using the 2 (—AACt) approach with p-actin as the
reference gene. For statistical analysis, the biological replicate was the individual mouse
(n =10 per treatment group); one final expression value per animal was entered into the
dataset. Each qPCR target was measured in a single technical reaction per mouse-derived
sample; no technical replicate reactions were performed.

Table 5. Sequences of the oligonucleotide primers used for quantitative reverse transcription poly-
merase chain reaction RT-qPCR.

Target Gene 5'-3' Sequence GenBank Accession Number
s Reverse CTAAGCATICGGTIGRICAGETG NM_ 006213
e Reverse AGCCATCCAGTATCTCACGCTG. NM_ 06216
e Rverse TGGACATCICCICCAACACCTC N 006217
coLiar Reveree CAGAAGGACCTIGITIGECAGG NM_007742
coL1A2 Antoene TTGICACCICGATGCCTTGAG 007743
TGF-p1 Antsense CACAAGAGEACTGACCGCTGAN NMLO11577
P MAPK Antsense ACCCAACTCTCCATAGGTCCTT NM_O11951
Axt Antsense CATAGTGGCACCGTCCTICATE NMLO009652
MMP- Ansense  TGGCTGGAAAGTGTGAGCAAGE NM_ 052000
MMP S Antsanse TAGTGGTGCAGGCACAGTAGGA NML013559
MMP-13 Antsense CCATTICTCGGACCCTGICAAC NM_ 008607

G reductse Anisense_ GCTGAAAGAAGCCATCACTGGTG NM_010344
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Table 5. Cont.
Target Gene 5'-3' Sequence GenBank Accession Number
Sense TGGCGATCTCAGCAAAAGGTGG
Nox2 Antisense GTACTGTCCCACCTCCATCTTG NM_007807
. Sense CATTGCTGACAGGATGCAGAAGG
practin Antisense TGCTGGAAGGTGGACAGTGAGG NM_007393

Has = hyaluronic acid synthase; COL1 = collagen, type I; COL1A1 = COL1, alpha 1; COL1A2 = COL1,
alpha 2; TGF = transforming growth factor; MAPK = mitogen-activated protein kinase; AKT = protein
kinase B; MMP = matrix metalloprotease; GSH = glutathione; Nox2 = gp91phox subunit of the
phagocyte NADPH oxidase. All qPCR primer pairs were obtained from OriGene Technologies
(Rockville, MD, USA).

4.7. Histopathology and Immunohistochemistry

Dorsal skin specimens were fixed in 10% neutral-buffered formalin, processed into
paraffin blocks and sectioned at 3-4 pym. Hematoxylin and eosin staining was used for
epidermal thickness and dermal inflammatory-cell assessment, and Masson’s trichrome
staining for evaluation of dermal collagen-stained regions. Imaging and histomorphometric
quantification were performed using a light microscope equipped with a digital camera
and iSolution FL version 9.1 (IMT i-Solution Inc., Burnaby, BC, Canada). The laboratory
protocol specified analysis of a central field where possible, with at least one histological
field from each animal; the histopathologist was blinded to group allocation. For immuno-
histochemistry, sections underwent heat-based antigen retrieval in 10 mM citrate buffer
(pH 6.0), endogenous peroxidase blocking with 0.3% hydrogen peroxide for 30 min, and
nonspecific-binding blockade with normal horse serum for 1 h. Sections were incubated
overnight at 4 °C with antibodies to nitrotyrosine (NT), 4-hydroxynonenal (4-HNE), cleaved
caspase-3, cleaved PARP or MMP-9; an appropriate biotinylated secondary antibody and
avidin-biotin-peroxidase detection system were applied, followed by color development.
Immunopositive epidermal cells were expressed per 100 epithelial cells, and dermal MMP-
9-immunopositive area was quantified as a percentage of dermal area. Each mouse was
treated as an independent biological unit for the group-level summaries.

4.8. Statistical Analysis

Data are presented as means =+ standard deviations (SDs), with the individual mouse
as the biological experimental unit (# = 10 per group). Statistical analyses were conducted
using SPSS software version 18.0 (SPSS Inc., Chicago, IL, USA). Data were analyzed by
one-way analysis of variance (ANOVA) across six groups. Levene’s test was used to assess
the homogeneity of variances for each outcome; Tukey’s honestly significant difference
(HSD) post hoc test was applied when equal variances were supported, and Dunnett’s T3
procedure when they were not. Adjusted pairwise comparisons with the intact and UVB
controls are reported in Tables 1-4 and Supplementary Table S1. Statistical significance
was evaluated at p < 0.05; the letter annotations in each table specify the exact threshold
and comparator. Corrected summary values and annotations were independently checked
against the archived mouse-level SPSS datasets. Each assay result was based on one technical
determination per animal-derived sample; the reported n = 10 reflects biological replicates
rather than repeated measurements of a single sample.

5. Conclusions

Topical PDRN treatment in UVB-exposed SKH-1 hairless mice was associated with
reduced wrinkle formation and edema as well as improvements in cutaneous hydration,
extracellular-matrix-related measurements, and inflammatory and oxidative stress markers.
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Relative to the UVB control, 0.5% PDRN reduced mean wrinkle length by 41.04% (0.792 to
0.467 mm) and wrinkle depth by 44.54% (113.06 to 62.70 ym). The corresponding mean
skin punch weight declined from 0.1158 to 0.0678 g (41.45%). In the same comparison,
skin hyaluronan increased from 0.69 to 1.68 ng/mL and glutathione (GSH) from 0.26 to
0.75 uyM/mg protein, whereas IL-1p decreased from 91.24 to 48.50 pg/100 mg protein.
Several measurements in the 0.5% PDRN group were of similar magnitude to those in the
1% L-AA reference group, although equivalence was not formally tested. These findings
support additional dose- and formulation-optimization studies, together with evaluation
of topical penetration, safety and clinical efficacy before potential translation to human
skin applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/md24110395/s1, Table S1: Descriptive statistics and adjusted
pairwise comparisons of wrinkle length, wrinkle depth, and skin punch weight.
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