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Abstract 
Background: Polydeoxyribonucleotide (PDRN), a DNA-derived macromole-
cule, has demonstrated regenerative potential in dermatology, yet its molecu-
lar mechanisms in skin anti-aging remain underexplored. This study investi-
gated the cellular and transcriptomic mechanisms of PDRN and validated its 
clinical efficacy in periocular rejuvenation. Methods: Human dermal fibro-
blasts (HDFs) were subjected to UVB-induced damage and treated with PDRN. 
Cell viability was evaluated by MTT assay, while immunohistochemistry (IHC) 
assessed type I/III collagen and elastin expression. Transcriptomic changes 
were profiled by RNA sequencing with pathway annotation through GO and 
KEGG analyses. Ex vivo Raman spectroscopy was used to characterize PDRN 
skin penetration. Finally, a randomized, double-blind, split-face clinical trial 
in 33 women compared the efficacy of a PDRN-containing eye cream with 
placebo after 28 days of use. Results: PDRN significantly restored collagen 
I/III and elastin expression in UVB-damaged fibroblasts. RNA-seq revealed a 
multi-pathway modulatory mechanism whereby PDRN: 1) activated PI3K-
Akt and TGF-β signaling to promote ECM regeneration, 2) enhanced autoph-
agy-lysosome and spliceosome activity to restore proteostasis, and 3) sup-
pressed chemokine signaling to rebalance fibroblast-immune interactions. Ex 
vivo Raman spectroscopy confirmed that PDRN penetrates into the dermis. 
Clinically, a PDRN-containing eye cream significantly improved periocular 
elasticity and firmness, increased dermal density (+8.67%), reduced wrinkle 
number and volume, decreased under-eye bag volume (–18.42%), and en-
hanced skin brightness (+4.88%) compared with placebo (all p < 0.05). Mor-
phometric analysis further demonstrated improvements in periocular contour 
geometry. Conclusion: PDRN exerts anti-aging effects through multi-path-
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way modulation of fibroblast activity—integrating ECM repair, proteostasis, 
and immune modulation—establishing it as a clinically effective macromolec-
ular active for periocular skin rejuvenation.  
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1. Introduction 

Skin aging is a multifactorial biological process influenced by both intrinsic (chron-
ological) and extrinsic (environmental) factors [1]. Intrinsic aging is genetically 
determined and manifests gradually with time, whereas extrinsic aging is predom-
inantly driven by environmental stressors, among which ultraviolet (UV) radia-
tion is the most potent inducer of photoaging [2] [3]. Chronic UV exposure ac-
celerates skin aging by triggering oxidative stress, DNA damage, and persistent 
inflammatory responses, ultimately compromising the structural and functional 
integrity of the skin barrier [4].  

At the cellular level, UV radiation impairs the viability and biosynthetic func-
tion of dermal fibroblasts, the principal stromal cells responsible for producing 
extracellular matrix (ECM) proteins such as collagen types I and III, elastin, and 
glycosaminoglycans (GAGs) [5]. UV irradiation also upregulates matrix metallo-
proteinases (MMPs), which degrade structural proteins and exacerbate ECM break-
down [6]. The resulting imbalance between ECM synthesis and degradation man-
ifests clinically as wrinkles, dermal thinning, and loss of skin elasticity [7].  

Current topical anti-aging interventions commonly employ retinoids, vitamin 
C derivatives, peptides, and antioxidants, which target pathways such as collagen 
synthesis, oxidative stress reduction, or epidermal renewal [8]-[11]. While effec-
tive in part, these agents often act on one or two biological mechanisms and may 
be limited by irritation, photosensitivity, or poor tolerability in sensitive skin [12] 
[13]. Thus, there is an unmet need for multifunctional actives capable of simulta-
neously addressing ECM degradation, cellular stress, and impaired regenerative 
capacity, particularly under UV-compromised conditions.  

Polydeoxyribonucleotide (PDRN), a DNA-derived polymer extracted from the 
sperm of salmonid species, has emerged as a promising candidate for skin repair 
and rejuvenation. With an average molecular weight ranging from 50 to 1500 kDa, 
PDRN exerts pro-regenerative effects through activation of adenosine A2A recep-
tors, stimulation of angiogenesis, and promotion of wound healing [14]. Clini-
cally, PDRN has been utilized in chronic wound management, ischemic disease, 
and post-laser recovery [15] [16]. Preclinical evidence also suggests roles in ECM 
regeneration and inflammation modulation [17]. However, its precise mechanisms 
in the context of cutaneous aging remain incompletely understood. 

A critical barrier to topical application of macromolecules such as PDRN is 
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their ability to traverse the stratum corneum and reach the dermis, where fibro-
blasts reside [18]. To date, few studies have directly evaluated the skin penetration 
of PDRN. In this work, we address this gap by performing ex vivo Raman spec-
troscopy to visualize and quantify the time-dependent diffusion of PDRN across 
human skin layers. Demonstrating that PDRN can reach both the epidermis and 
dermis provides essential translational evidence supporting its potential as a top-
ical anti-aging agent.  

In this study, we therefore aimed to comprehensively characterize the anti-ag-
ing mechanisms and benefits of PDRN using a tiered experimental design. First, 
we examined its effects on ECM protein expression—specifically collagen I, colla-
gen III, and elastin—in UV-damaged human dermal fibroblasts through immu-
nofluorescence staining. To elucidate the underlying molecular pathways, we per-
formed RNA sequencing (RNA-seq) of PDRN-treated fibroblasts, focusing on sig-
natures related to ECM remodeling, proteostasis, cell survival, and inflammation. 
We then evaluated PDRN penetration into ex vivo human skin using Raman spec-
troscopy, followed by a randomized controlled clinical trial of a PDRN-containing 
eye cream to assess improvements in visible signs of periorbital aging. 

Together, these investigations provide the first mechanistic, penetration, and 
clinical evidence supporting PDRN as a multifunctional anti-aging agent, capable 
of engaging regenerative pathways, traversing the skin barrier, and improving clin-
ical outcomes in UV-damaged skin. 

2. Materials and Methods 
2.1. Materials 

PDRN used in this study was kindly provided by Ruijiming (Shandong) Biotech-
nology Co., Ltd. The material is a high-purity (≥96%) DNA polymer extracted 
from salmon sperm, with an average fragment length of approximately 1246.6 
base pairs and an average molecular weight not exceeding 850 kDa. It was supplied 
in lyophilized powder form and reconstituted in sterile water or culture medium 
immediately prior to use. 

2.2. MTT Assay 

Human dermal fibroblasts (HDFs) were seeded in 96-well plates and allowed to 
attach overnight. At approximately 80% confluence, cells were treated with PDRN 
at concentrations ranging from 0.1 to 100 μg/mL for 48 h. Subsequently, 10 μL of 
MTT solution (5 mg/mL in PBS) was added to each well, followed by incubation 
at 37˚C for 4 h. The medium was then aspirated, and 100 μL of DMSO was added 
to dissolve the formazan crystals. Plates were gently agitated for 15 min to ensure 
complete solubilization, and absorbance was measured at 490 nm using a micro-
plate reader (iD3, Molecular Devices, USA) to determine cell viability. 

2.3. Cell Culture and UV Irradiation 

Human dermal fibroblasts were cultured in Dulbecco’s Modified Eagle Medium 
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(DMEM; CGM101.05, Cellmax, CHN) supplemented with 10% fetal bovine se-
rum (FBS; 04-001-1ACS, BI, IL) and 1% penicillin-streptomycin (P1400, Solar-
bio, CHN). For immunofluorescence experiments, cells were seeded into 96-well 
glass-bottom plates and cultured to 70% - 80% confluence. Cells were then treated 
with PDRN at the indicated concentrations for 48 h. After treatment, the medium 
was removed, cells were rinsed with PBS, and exposed to UVB irradiation at 200 
mJ/cm2 (wavelength range 290 - 330 nm, peak 309.3 nm) using a calibrated UVB 
lamp, with irradiance monitored by a UV irradiance meter (HP250, Hangzhou 
LCE Intelligent, CHN). Non-irradiated controls were handled identically but 
shielded from UVB. Immediately following irradiation, PBS was replaced with se-
rum- and antibiotic-free DMEM, and cells were incubated for an additional 48 h 
before fixation and immunostaining.  

For RNA sequencing, UVB-irradiated HDFs were prepared under identical treat-
ment conditions. After the post-irradiation incubation, total RNA was extracted 
for transcriptomic profiling. 

2.4. Immunohistochemistry (IHC) Staining 

Following UVB irradiation and post-treatment incubation, HDFs in 96-well glass-
bottom plates were processed for immunofluorescence staining. Cells were gently 
washed twice with PBS and fixed with 4% paraformaldehyde (P1110, Solarbio, 
CHN) for 15 minutes at room temperature (RT). After fixation, cells were perme-
abilized with 0.1% Triton X-100 in PBS for 10 minutes, followed by PBS washes. 
Non-specific binding was blocked with 5% BSA blocking buffer (SW3015, Solar-
bio, CHN) for 1 hour at RT. Cells were then incubated with the following anti-
bodies for fluorescence staining: Alexa Fluor® 488-conjugated anti-collagen I an-
tibody (1:100, ab275996, Abcam, UK), incubated for 1 hour at RT; Alexa Fluor® 
546-conjugated anti-elastin antibody (1:50, sc-58756 AF546, Santa Cruz Biotech-
nology, USA), incubated for 1 hour at RT; Anti-collagen III primary antibody 
(1:250, ab7778, Abcam, UK), incubated overnight at 4˚C, followed by Alexa Fluor® 
488-conjugated goat anti-mouse IgG secondary antibody (1:500, A11008, Invitro-
gen, UK) for 1 hour at RT. Cell nuclei were counterstained with DAPI (C0065, 
Solarbio, CHN) for 5 minutes at RT, then washed with PBS. Fluorescence images 
were acquired using an inverted fluorescence microscope (Leica DMi8) equipped 
with a 20× objective.  

2.5. RNA Sequencing (RNA-Seq) Analysis 

Total RNA was extracted from UVB-irradiated and PDRN-treated HDFs using 
TRIzol Reagent (Invitrogen, USA). RNA integrity and concentration were assessed 
with an Agilent 2100 Bioanalyzer and Qubit Fluorometer, and only samples with 
RIN > 7.0 and 28S: 18S ratio > 1.8 were used for library preparation. RNA-seq 
libraries (biological triplicates per group) were prepared by CapitalBio Technol-
ogy (Beijing, China). Poly(A) + mRNA was isolated from 1 μg of total RNA, frag-
mented (~200 bp), and reverse-transcribed to first-strand cDNA, followed by sec-
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ond-strand synthesis. After end repair, A-tailing, and adapter ligation, libraries 
were amplified using the NEBNext Ultra RNA Library Prep Kit (NEB, USA), qual-
ity-checked with the KAPA Library Quantification Kit and Agilent 2100 Bioana-
lyzer, and sequenced on an Illumina NovaSeq 6000 platform (paired-end, 150 bp).  

Raw sequencing reads were quality-checked with FastQC (v0.11.5) and filtered 
using the NGSQC Toolkit (v2.3.3). Clean reads were aligned to the human refer-
ence genome (GRCh38/hg38) using HISAT2 (v2.1.0), and transcripts were assem-
bled and quantified with StringTie (v1.3.3b). Differential gene expression was an-
alyzed using DESeq (v1.28.0), with significance thresholds set at |log2FC| ≥ 1 and 
p ≤ 0.05, followed by Benjamini–Hochberg correction to obtain adjusted p-values. 
Functional annotation of differentially expressed genes (DEGs) was performed 
using ENSEMBL, NCBI, UniProt, Gene Ontology (GO), and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) databases. 

2.6. Ex Vivo Skin Penetration by Raman Spectroscopy 

Ex vivo penetration of PDRN was evaluated using full-thickness human skin 
mounted in Franz diffusion cells, with the stratum corneum oriented toward the 
donor chamber and the dermal side in contact with PBS receptor medium. To 
yield a detectable and quantifiable Raman signal, an aqueous solution containing 
0.025% PDRN (effective diffusion area ≈ 0.785 cm2) was uniformly applied to the 
skin surface and maintained at 32˚C ± 1˚C under continuous magnetic stirring 
(300 rpm). Skin specimens were collected at 2, 6, and 24 h, rinsed to remove re-
sidual formulation, excised, and cryosectioned.  

Confocal Raman spectroscopy, calibrated against a silicon wafer, was performed 
on cryosections mounted on quartz gold-coated slides, with intact regions of epi-
dermis and dermis selected for analysis. Spectra were acquired at characteristic 
PDRN peaks, and Raman mapping was used to generate depth-resolved distribu-
tion profiles.  

Spectral preprocessing (cosmic ray removal, baseline correction, smoothing) 
and chemical image reconstruction were performed using Witec Project software. 
The integrated intensity of PDRN-specific peaks was used to generate pseudocolor 
penetration maps. Origin software was employed for spectral plotting and semi-
quantitative analysis, and statistical analysis was conducted using GraphPad 
Prism with a two-tailed t-test, with p < 0.05 considered significant.  

2.7. Clinical Evaluation of PDRN Eye Cream 

The clinical study was conducted at Hangzhou Sinotek Quality & Testing Services 
Co., Ltd. and approved by the Sinotek Ethics Committee for Clinical Research 
(project number SWPN250609). A total of 33 healthy women aged 35 - 55 years 
were enrolled. Inclusion criteria included sensitive skin (Huaxi Questionnaire ≥ 
18) with symptoms such as burning or stinging upon irritation, and symmetrical 
periocular aging defined as crow’s feet > grade 2, under-eye wrinkles > grade 2, 
and eye bags > grade 1 (Skin Age Atlas - Asian Type). Exclusion criteria comprised 
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dermatologic or systemic disease, pregnancy or lactation, periocular implants, 
wounds, infections, or other conditions likely to interfere with study outcomes. Writ-
ten informed consent was obtained from all participants.  

The study employed a randomized, double-blind, split-face design. In one co-
hort, a PDRN eye cream containing 100-fold the in vitro effective concentration 
of PDRN was applied to the left periocular area, and placebo to the right; in the 
other cohort, the assignment was reversed. This concentration (10 μg/mL) was 
selected based on the in vitro effective range (0.1 - 0.25 μg/mL) while accounting 
for the significant barrier posed by the stratum corneum, with a ~100-fold in-
crease applied as a translational safety margin to ensure skin bioactivity while 
maintaining tolerability in a sensitive-skin cohort. After facial cleansing, a fixed 
dose was applied to the upper and lower eyelids, glabellar, and sub-brow regions, 
massaged until absorbed, twice daily for 28 days. Assessments were performed at 
baseline and day 28.  

Standardized photography (EOS 700D, Canon) with Image-Pro Plus (IPP) 
analysis was used to measure periocular geometric parameters (angles A and B, 
distances L1 - L3, palpebral fissure area, and angle C; see Figure 1). Wrinkle num-
ber and area were evaluated using VISIA 7 (Canfield) with IPP, skin roughness 
(Sa) with Primos CR, tear trough length/volume and eye bag volume with Antera 
3D, hydration with Corneometer CM825, gloss with Glossymeter GL200, bright-
ness (L*) with Colorimeter CL400, elasticity parameters (R0, F4, R2, R5, R7) with 
Cutometer MPA580, and dermal density with Ultrascan UC22. 
 

 

Figure 1. Definition of geometric parameters for quantitative analysis of periocular mor-
phology. This schematic defines the landmarks and reference lines used to assess eye-area 
morphology. Key points include: A, outer canthus; B, inner canthus; C, alar base; O1, gla-
bella; O2, eyebrow medial end. Reference lines: a - f are horizontal or vertical lines through 
these points. Measured parameters include: L1 - L3: vertical distances from line a to lines d, 
e, and f, reflecting outer canthus elevation, inner canthus elevation, and lower eyelid tight-
ening, respectively (smaller values indicate better lifting/tightening). Angle A (∠AO2C) and 
Angle B (∠BO1C): lateral and medial eye-opening angles; larger values reflect greater lift-
ing. Palpebral fissure area: the gap between upper and lower eyelids; larger area indicates 
improved eye-opening effect. 
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All parameters, except geometric measurements (baseline and day 28 only), 
were assessed bilaterally at all timepoints. Data were analyzed and expressed as 
mean ± SD. Normally distributed variables were compared with paired t-tests, 
while non-normally distributed variables were analyzed with Wilcoxon signed-
rank tests, with significance set at α = 0.05.  

3. Results 
3.1. PDRN Demonstrates High Biocompatibility and Dose Selection  

Rationale 

To assess the cytotoxicity of PDRN and establish suitable concentrations for sub-
sequent experiments, an MTT assay was performed on HDFs treated with 0.1 - 
100 μg/mL PDRN for 48 h. As shown in Figure 2, PDRN exhibited no significant 
cytotoxicity, with cell viability remaining at 93.90% even at the highest concentra-
tion tested. These findings demonstrate that PDRN is well tolerated and highly 
biocompatible with dermal fibroblasts. 
 

 

Figure 2. Cell viability assay results of PDRN on human dermal fibroblasts (n = 3, mean ± 
SEM, *: compared with control, p < 0.05). 
 

Based on the safety profile and pharmacological rationale, 0.1 μg/mL and 0.25 
μg/mL were selected for subsequent experiments. These lower concentrations were 
chosen not only for their tolerability but also for biological relevance, as PDRN, a 
macromolecular DNA derivative, is thought to act primarily through cell surface 
receptor activation (e.g., A2A receptors) and endocytic uptake. Under such mech-
anisms, lower concentrations are often more effective due to receptor sensitivity 
and the potential for optimized signal transduction. 

3.2. PDRN Restores Key ECM Proteins in UV-Irradiated Human  
Dermal Fibroblasts 

To assess the regenerative potential of PDRN in photoaged skin, we examined 
ECM protein expression in UVB-irradiated HDFs following PDRN treatment. 
Immunofluorescence staining revealed that PDRN significantly increased the ex-
pression of collagen I, collagen III, and elastin in a dose-dependent manner (Fig-
ure 3). 
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Figure 3. Immunofluorescence staining results of PDRN on the expression of collagen I (Col-I), collagen III (Col-III), and elastin. 
 

Specifically, treatment with 0.1 μg/mL and 0.25 μg/mL PDRN for 48 h increased 
collagen I expression by 299.64% and 312.82%, respectively, compared with the 
UVB-only group (p < 0.001, one-way ANOVA). Collagen III levels rose by 470.32% 
and 564.18%, while elastin expression increased by 231.12% and 256.54% at the 
same concentrations (p < 0.001). As summarized in Figure 4, these results demon-
strate that PDRN effectively counteracts UV-induced ECM protein loss in dermal 
fibroblasts. 
 

 

Figure 4. PDRN restores ECM protein expression in UV-damaged human dermal fibro-
blasts (n = 3, mean ± SEM, ***: compared with control, p < 0.001, ###: compared with 
model, p < 0.001). 

3.3. Transcriptomic Profiling Reveals Multi-Pathway Mechanisms  
Underlying PDRN-Induced Rejuvenation 

To elucidate the molecular mechanisms underlying PDRN’s regenerative effects 
on UV-damaged fibroblasts, transcriptomic profiling was performed using RNA 
sequencing. Principal component analysis (PCA) and sample correlation analysis 
demonstrated clear separation between UVB-damaged (Model) and PDRN-
treated groups, confirming high data quality and biological reproducibility (Fig-
ure 5). 

Differential expression analysis revealed broad and coordinated changes in 
gene expression following PDRN treatment. Genes associated with the PI3K-Akt 
signaling pathway, including BCL3, PIK3CG, and FOXC1, were significantly up-
regulated (Figure 6), indicating enhanced cell survival signaling. Gene Ontology 
(GO) and Gene Set Enrichment Analysis (GSEA) further showed suppression of 
apoptosis- and necroptosis-related pathways, consistent with the viability data 
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from the MTT assay and suggesting that PDRN enables UV-stressed fibroblasts 
to resist programmed cell death. 
 

 

Figure 5. Transcriptomic profiling reveals multi-pathway regenerative effects of PDRN in UVB-damaged human dermal fibroblasts. 
 

 

Figure 6. PDRN activates genes involved in PI3K-Akt signaling to promote fibroblast sur-
vival in UVB-damaged human dermal fibroblasts (*: compared with model, p < 0.05). 
 

In parallel, PDRN stimulated ECM regeneration. Key regulators of the TGF-
β/SMAD pathway, such as SMAD3 and TGFBI, were upregulated (Figure 7), ac-
companied by increased expression of matrix components including COL16A1 
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and ELN, as well as enrichment of glycosaminoglycan biosynthesis pathways. 
Concurrently, ECM-degrading enzymes such as MMP1 and MMP10 were down-
regulated, indicating a dual mechanism of enhanced matrix synthesis and reduced 
degradation that collectively supports ECM restoration. 
 

 

Figure 7. PDRN modulates key gene expression involved in extracellular matrix remodel-
ing and TGF-β/SMAD signaling in UV-irradiated human dermal fibroblasts (*: compared 
with model, p < 0.05). 
 

Transcriptomic data also highlighted activation of proliferative and reparative 
signaling cascades. Genes involved in Wnt and JAK-STAT pathways were en-
riched in PDRN-treated fibroblasts, underscoring its role in promoting fibroblast 
regeneration and phenotypic recovery. Pathways regulating proteostasis and au-
tophagy were notably altered: PDRN upregulated genes associated with macroau-
tophagy, reticulophagy, and lysosomal degradation, thereby enhancing the clear-
ance of damaged organelles and maintaining intracellular homeostasis. In con-
trast, genes of the ubiquitin-proteasome system were downregulated, potentially 
reflecting a reduced burden of damaged proteins or stabilization of essential pro-
teins under improved cellular conditions. Upregulation of spliceosome pathway 
genes further suggested improved fidelity of mRNA processing and protein syn-
thesis.  

Finally, PDRN exerted anti-inflammatory effects at the transcriptomic level. 
Chemokine-related genes and inflammatory mediators were broadly suppressed, 
with KEGG pathway analysis confirming significant downregulation of chemo-
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kine signaling pathways. This transcriptomic signature indicates that PDRN con-
tributes to a regenerative microenvironment by simultaneously dampening in-
flammation and supporting tissue repair.  

Taken together, the RNA-seq data demonstrate that PDRN orchestrates a mul-
tifaceted regenerative program in UV-damaged dermal fibroblasts. By concur-
rently enhancing cell survival, stimulating ECM synthesis, modulating prolifera-
tive and homeostatic pathways, and suppressing inflammatory signaling, PDRN 
activates multiple molecular mechanisms that collectively facilitate dermal repair 
and counteract photoaging (Figure 8). 
 

 

Figure 8. Schematic summary of the anti-photoaging mechanisms of PDRN in UV-damaged human dermal 
fibroblasts. 

3.4. Ex Vivo Skin Penetration Study Reveals Time-Dependent  
PDRN Delivery into the Epidermis and Dermis 

Raman spectroscopy was employed to evaluate the ex vivo penetration of PDRN 
into human skin, with the characteristic Raman peak at 1081 cm−1 used as a mo-
lecular marker. Compared with blank controls, PDRN-treated samples showed 
significantly higher total integrated intensities in both the epidermis and dermis 
at 2, 6, and 24 h (all p < 0.01), confirming measurable transcutaneous delivery 
(Figure 9). 

In whole-skin analysis, total integrated intensity increased from 558.46 ± 135.25 
a.u. at 2 h to 760.89 ± 44.73 a.u. at 6 h, and further to 1037.77 ± 37.26 a.u. at 24 h, 
representing a 36.39% rise between 6 and 24 h. Layer-specific analysis revealed 
epidermal intensities of 320.65 ± 8.84 a.u. at 2 h, 407.87 ± 4.08 a.u. at 6 h, and 
430.75 ± 4.87 a.u. at 24 h. In the dermis, penetration increased from 237.81 ± 
126.49 a.u. at 2 h to 353.02 ± 45.18 a.u. at 6 h, reaching 607.01 ± 32.39 a.u. at 24 
h—a 71.95% increase between 6 and 24 h.  

Depth profiling further demonstrated progressive penetration, with depths of 
43.33 ± 2.89 µm at 2 h, 121.67 ± 2.89 µm at 6 h, and 233.33 ± 7.64 µm at 24 h, 
confirming time-dependent diffusion of PDRN across the skin barrier. 
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Figure 9. Ex vivo skin penetration of PDRN visualized by Raman spectroscopy. 

3.5. PDRN Eye Cream Significantly Improves Periocular Elasticity,  
Dermal Density, Wrinkles, Puffiness, and Contour after 28  
Days 

A self-controlled clinical trial was conducted to evaluate the anti-aging efficacy of 
a PDRN-containing eye cream after 28 days of use. Multidimensional assessments 
of periocular skin parameters showed that, compared with baseline, PDRN treat-
ment significantly improved skin elasticity (R2, R5, R7) and firmness (R0, F4) in 
33 subjects, with changes markedly greater than those in the placebo group (p < 
0.05), indicating enhanced biomechanical properties of periocular skin.  

After 28 days, dermal density increased by 8.67%, accompanied by significant 
reductions in the number and area of crow’s feet, under-eye wrinkles, and tear-
trough wrinkles, as well as wrinkle volume and periorbital skin roughness (all p < 
0.05 vs. placebo), suggesting that PDRN promotes dermal repair and reduces wrin-
kle severity. Specifically, crow’s feet number and area improved by 12.06% and 
10.31%, under-eye wrinkle number and area by 27.06% and 10.38%, tear-trough 
wrinkle length and volume by 16.37% and 18.11%, and canthal skin roughness by 
9.27%. Furthermore, under-eye bag volume decreased by 18.42%, while skin light-
ness (L) increased by 4.88%, both significantly superior to placebo, reflecting im-
provements in under-eye puffiness and skin radiance. 
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Figure 10. Clinical Efficacy Comparison between PDRN Eye Cream and Placebo Cream. (a) Dermal density and elasticity/firmness; 
(b) Crow’s feet; (c) Under-eye wrinkles; (d) Tear-trough wrinkles; (e) Eye bag volume and skin lightness (L value); (f) Periocular 
linear angles and canthal skin roughness. Data are shown as mean ± SD (n = 33). p < 0.05, p < 0.01, p < 0.001 vs. baseline; #p < 0.05, 
##p < 0.01, ###p < 0.001 vs. Placebo. 
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Morphological analyses revealed significantly greater improvements on the 
PDRN-treated side compared with placebo. Eye distance L1 and angle A (outer 
canthus) improved by 11.27% and 1.76%, respectively; eye distance L2 and angle 
B (inner canthus) improved by 7.07% and 2.37%; and parameters associated with 
eyelid tightness—eye distance L3, eye area, and upper–lower eyelid angle C—im-
proved by 3.72%, 7.14%, and 3.55%, respectively. These findings indicate that 
PDRN optimizes periocular angles and contours. 

Taken together, the PDRN-containing eye cream demonstrated significantly 
greater efficacy than placebo in improving periocular elasticity, dermal density, 
wrinkle appearance, under-eye puffiness, brightness, and contour definition (Fig-
ure 10), thereby enhancing both the appearance and structural condition of peri-
ocular skin. 

4. Discussion 

This study provides novel insights into the anti-aging potential of PDRN, demon-
strating that it acts through multi-pathway modulation of fibroblast activity. Be-
yond its well-documented role in promoting ECM synthesis, our transcriptomic 
and functional findings show that PDRN influences a broader network of cellular 
processes—including cell survival, ECM remodeling, proteostasis, and inflamma-
tory signaling—positioning it as a comprehensive modulator of dermal homeo-
stasis. 

A central mechanistic observation is the concurrent activation of PI3K–Akt and 
TGF-β/SMAD signaling pathways. PI3K–Akt is a master regulator of fibroblast 
survival, proliferation, and biosynthetic capacity [19], while TGF-β is the canoni-
cal driver of collagen and elastin synthesis [20]. The combined enhancement of 
these pathways provides a strong explanation for the robust restoration of type 
I/III collagen and elastin observed in UVB-damaged fibroblasts. Our RNA-seq 
data reveal these pathways as key nodes in PDRN’s activity; future studies em-
ploying functional validation, such as inhibitor assays or receptor-level interroga-
tion, will be critical to confirm causality and further delineate upstream drivers. 

The known pharmacology of PDRN as an adenosine A2A receptor agonist pro-
vides a compelling mechanistic link. Activation of A2A receptors has been shown 
to stimulate PI3K-Akt signaling [21], while also interacting with TGF-β/SMAD 
networks [22], thereby supporting both fibroblast survival and ECM synthesis. 
Although receptor engagement was not directly tested in this study, these estab-
lished pathways offer a biologically plausible explanation for the transcriptomic 
changes we observed and highlight a clear direction for future mechanistic work. 

Beyond canonical pathways, PDRN also influenced proteostasis and autophagy, 
processes increasingly recognized as hallmarks of skin aging [23]. Upregulation 
of lysosomal and autophagy-related genes, together with downregulation of ubiq-
uitin-proteasome components, suggests a shift toward enhanced clearance of 
damaged proteins and organelles. Upregulation of spliceosome-related pathways 
further indicates potential improvements in mRNA processing and protein syn-
thesis fidelity. While these observations provide intriguing leads, they remain 
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transcriptomic signatures; follow-up studies using functional assays, autophago-
some imaging, or splicing efficiency metrics will be valuable to confirm these ef-
fects and establish their contribution to PDRN’s anti-aging action.  

PDRN also exerted immunomodulatory effects. UV irradiation activates pro-
inflammatory cascades, including CCL8-CCR and IL-17 signaling, which pro-
mote fibroblast stress, pigmentation, and ECM breakdown [24] [25]. PDRN at-
tenuated these inflammatory signatures, with transcriptomic analysis indicating 
downregulation of chemokine-related pathways. Although individual chemokine 
transcripts were not directly measured in this study, prior evidence suggests that 
genes such as CCL2 and CXCL5 may be involved [26] [27]. These candidates will 
require gene-specific validation in future experiments. Moreover, as our in vitro 
model was fibroblast-centric, it did not capture the full complexity of fibroblast - 
immune crosstalk. Co-culture systems, 3D skin equivalents, or in vivo models will 
be necessary to determine whether PDRN truly rebalances fibroblast - immune 
interactions in the full skin microenvironment. 

From a methodological perspective, Raman spectroscopy confirmed that 
PDRN, despite being a macromolecule, penetrates into the dermis. It is important 
to note, however, that Raman spectroscopy provides semi-quantitative data (inte-
grated intensity) rather than absolute concentrations, as signal strength is influ-
enced by tissue scattering and hydration state. Thus, while our study establishes 
proof-of-principle of dermal delivery, pharmacokinetic studies using complemen-
tary approaches (e.g., radiolabeling or mass spectrometry) will be required to de-
termine absolute tissue concentrations.  

The clinical outcomes—enhanced elasticity, increased dermal density, wrinkle 
reduction, and decreased puffiness, align with the mechanistic signatures ob-
served: PI3K-Akt-driven survival, TGF-β-mediated ECM restoration, and sup-
pression of inflammation. We also acknowledge that placebo effects were evident, 
as the placebo cream was formulated to provide hydration and barrier support. 
Such moisturization is known to transiently improve elasticity and surface smooth-
ness. However, the superior outcomes with the PDRN cream, particularly in der-
mal density, wrinkle reduction, and contour geometry, indicate that the observed 
benefits extend beyond hydration alone. The periocular area is among the most 
delicate regions of the face, with thin skin, limited structural protein reserves, and 
high mobility, making it especially prone to wrinkles, laxity, puffiness, and pig-
mentation. Because multiple biological processes contribute simultaneously to 
periocular aging, interventions that act on a single pathway often yield incomplete 
results. PDRN’s ability to engage multiple pathways in parallel makes it particu-
larly well-suited to address the complex and multifactorial nature of periocular 
aging. 

Several additional limitations should be highlighted. First, we did not include a 
non-UVB + PDRN group in our in vitro design, which would have clarified whether 
PDRN exerts benefits beyond restoring UV-induced damage. Second, the clinical 
trial was limited to 28 days in an Asian female cohort, leaving open questions of 
durability, rebound effects, and generalizability across ethnicities and sexes. 
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Third, our study did not address alternative explanations for PDRN’s effects, such 
as its role as a purine source via the salvage pathway, which may complement 
receptor-mediated signaling [15]. Looking forward, future studies should include 
comprehensive dose - response analyses of ECM protein expression to refine the 
effective range identified here (0.1 - 0.25 μg/mL) which may be more effective for 
receptor-mediated activities and endocytosis, alongside functional validation of 
autophagy and spliceosome pathways, and co-culture or 3D models to assess im-
mune crosstalk. Pharmacokinetic studies are also needed to establish tissue-level 
concentrations, and longer-term clinical trials will be necessary to evaluate dura-
bility of effects. Comparative trials against established actives such as retinoids 
will be particularly informative, as retinoids are effective ECM stimulants [8].  

Finally, while this study focused on the periocular area due to its thin skin, mo-
bility, and susceptibility to multiple aging signs, the multi-pathway modulatory 
profile of PDRN may make it relevant for broader applications in facial and pho-
toexposed skin. Moreover, given that PDRN is a DNA-derived biomaterial that 
can be manufactured at scale, future work may explore its cost-effectiveness and 
feasibility for wider cosmetic use.  

5. Conclusions 

This study establishes PDRN as a novel multifunctional topical active for skin re-
juvenation. In UV-damaged fibroblasts, PDRN not only restored ECM proteins 
but also modulated interconnected transcriptomic networks governing cell sur-
vival, proteostasis, and inflammatory balance. Ex vivo Raman spectroscopy con-
firmed its ability to traverse the skin barrier and reach dermal targets. Clinically, 
a PDRN-containing eye cream produced significant improvements in elasticity, 
dermal density, wrinkle severity, under-eye puffiness, brightness, and periocular 
contour after 28 days, with outcomes superior to placebo.  

Taken together, these findings provide the first integrated evidence that PDRN 
engages multiple pathways to restore dermal homeostasis, achieves effective der-
mal delivery despite its macromolecular nature, and translates into clinically mean-
ingful improvements in periocular aging. Future work extending into longer-term 
trials, pharmacokinetic studies, and comparative evaluations against established 
actives will be instrumental in defining PDRN’s place in the anti-aging armamen-
tarium. PDRN therefore represents a promising next-generation bioactive capable 
of addressing the multifactorial drivers of skin aging, with potential applications 
that extend beyond the periocular area to broader facial and photoexposed skin. 
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