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Abstract

Polydeoxyribonucleotides (PDRN), highly purified DNA-derived polymers, were approved
by the Italian Medicines Agency (AIFA) in 1994 to treat superficial wounds, skin ulcers,
and dystrophic connective tissue disorders. Since then, PDRN have gained considerable
attention as regenerative biomaterials. Beyond their established role in wound healing,
they have also been approved as dermal fillers in several countries, with growing clinical
evidence supporting their benefits for facial skin health. Recent clinical and preclinical
studies suggest that PDRN may improve various skin conditions, including wrinkles,
dryness, hyperpigmentation, hair loss, and barrier dysfunction. These findings have gener-
ated interest in their broader dermatological applications beyond traditional indications.
This review aims to explore the therapeutic potential of PDRN for the treatment of skin
disorders. We examine the efficacy and safety of PDRN-based drugs and medical devices
in dermatology, with a focus on their clinical applications, pharmacological effects, and
underlying molecular mechanisms. Given that PDRN consists of over 90% purified DNA,
we further examine the biological functions of extracellular DNA (exDNA) and propose
potential mechanisms by which PDRN may function as exDNA, beyond its classical action
via the A2A receptor pathway. Collectively, current evidence highlights PDRN as safe and
effective biopolymers with promising potential as DNA-based therapeutics in dermatology.

Keywords: cosmetics; dermatology; DNA-based polymer; drug repositioning; medical
device; polydeoxyribonucleotides; skin diseases

1. Introduction
Skin diseases rank as the fourth most prevalent health conditions worldwide, affect-

ing approximately 30% of the global population [1]. Common disorders include fungal
infections, dermal and subcutaneous tissue disorders, acne, pruritus, alopecia, dermatitis,
impetigo, warts, and scabies [2]. The global burden of these conditions carries substantial
social and economic consequences [1], as they markedly impair quality of life (QoL) and
are closely associated with psychological distress, social stigma, sleep disturbances, and
reduced occupational functioning [3]. In the United States alone, the annual economic
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burden of skin diseases—including direct medical costs, mental health comorbidities, and
productivity losses—has been estimated to exceed USD 86 billion [4].

In January 2022, the World Health Organization (WHO) adopted the 11th revision of
the International Classification of Diseases (ICD-11), which catalogs more than 2000 distinct
dermatological entities [5]. Despite this extensive classification, fewer than 200 drugs
have been approved by the U.S. Food and Drug Administration (FDA) for dermatological
indications, with only 33 new approvals between 2020 and 2023 [6–8]. This stark mismatch
between disease burden and therapeutic availability underscores the urgent need for novel
and effective interventions. Moreover, the current widely used treatment options are often
limited by high costs, accessibility, and their adverse effects. For example, biologics such
as rituximab have shown substantial efficacy in psoriasis; however, their annual costs
often exceed USD 50,000, posing major barriers to accessibility [9]. Topical treatments
including corticosteroids, retinoids, and calcineurin inhibitors are widely prescribed but
are frequently associated with adverse reactions such as erythema, dryness, burning, and
pruritus [10–12]. These economic and safety limitations highlight the need for alternative
therapeutic strategies, particularly those capable of promoting skin regeneration and
modulating cellular activity without inducing immunosuppression.

Polydeoxyribonucleotides (PDRN) are deoxyribonucleic acid (DNA)-based biopoly-
mers that are primarily derived from the sperm of chum salmon (Oncorhynchus keta) and
rainbow trout (Oncorhynchus mykiss), respectively. Structurally, each deoxyribonucleotide
unit within PDRN comprises three essential components: a phosphate group, a pentose
sugar (deoxyribose), and a nitrogenous base (purine or pyrimidine) linked through a
β-N-glycosidic bond at the C1′ position of the sugar [13,14]. Since the 1990s, these sub-
stances have garnered attention as regenerative biomaterials in both clinical and aesthetic
dermatology. Clinically, PDRN-based drugs have been utilized for skin tissue regenera-
tion, particularly for epithelial repair after burns and surgical procedures [15]. In South
Korea, PDRN-based injectable formulations are increasingly used to improve facial skin
conditions, such as fine lines, dryness, and rough texture [16,17]. Moreover, recent studies
have demonstrated that PDRN exert antioxidant, anti-inflammatory, anti-melanogenic,
and pro-collagen biosynthetic effects in cellular models, while in murine and human skin
models, they have been shown to improve psoriasis, hyperpigmentation, scarring, alopecia,
and wrinkles [18–22].

Despite encouraging preclinical and clinical evidence, research investigating the ther-
apeutic potential of PDRN in dermatology beyond their currently approved indications
for ulcer and wound treatment remains limited. To advance PDRN as novel therapeutics
for skin diseases, it is essential to elucidate their precise mechanisms of action. Given
that PDRN are predominantly composed of DNA fragments, it is particularly important
to explore mechanisms beyond the well-characterized A2AR signaling pathway, which
is primarily associated with salvage signaling and indirect activation. Identifying DNA-
specific pathways that PDRN may directly engage with therefore represents a critical
research priority.

Accordingly, this review aims to provide a comprehensive overview of: (1) the clinical
effects of PDRN on skin; (2) their pharmacological activities in skin cell and murine models;
and (3) putative modes of action as DNA-based biomaterials. Through this analysis, we
highlight the potential of PDRN as therapeutic candidates for a broader range of skin
diseases and propose alternative mechanisms of action beyond A2AR signaling.

2. Methods
Information on PDRN was collected through a comprehensive literature search of

PubMed/MEDLINE and Google Scholar databases. The following search terms were



Appl. Sci. 2025, 15, 10437 3 of 26

used: (“PDRN” OR “PN” OR “polydeoxynucleotide” OR “polynucleotide”), (“PDRN”
AND “cosmetic”), (“PN” AND “cosmetic”), (“PDRN” AND “dermatology”), (“PN” AND
“dermatology”), (“PDRN” AND “pharmacology”), (“PN” AND “pharmacology”), (“PDRN”
AND “filler”), (“PN” AND “filler”), (“PDRN” AND “skin disease”), (“PN” AND “skin
disease”), (“PDRN” AND “mechanism”), and (“PN” AND “mechanism”).

This review includes all relevant studies reporting the clinical or pharmacological
effects of PDRN in the field of dermatological science, irrespective of the experimental
model used (in vitro, in vivo, or clinical trials). No restrictions were applied regarding
publication dates. A total of 175 studies published until the end of August, 2025, were
retrieved and reviewed.

3. Clinical Applications of PDRN as a Wound Healing Agent
3.1. Scientific and Commercial Definitions of PDRN/PN

Both PDRN and polynucleotides (PN) are nucleic acid-derived polymers characterized
by a DNA backbone [22,23]. Terminologically, the expression “PN” became established
earlier, with its meaning clarified in the 1950s; for example, Weed and Courtenay (1954)
described deoxyribonucleotide polymers obtained by acid hydrolysis of bacteriophage and
sperm DNA as PN [24,25]. Following the initial use of PN to denote DNA fragments, the
term PDRN emerged in the 1960s. Notably, Birnie & Fox (1967) showed that DNA poly-
merase in mouse-embryo extracts could synthesize DNA polymers (PDRN) from defined
substrates, and Sarkar (1967) likewise referred to DNA-derived polymers as PDRN [26,27].

As evidence accumulated for the anti-ischemic, anticoagulant, and tissue-regenerative
effects of nucleic acid-derived polymers (particularly DNA fragments), pharmacological
investigations intensified [28–32]. In 1996, Tonello et al. reported that a defined DNA
fraction isolated from placenta exhibited strong tissue-regenerative activity, with frag-
ment sizes ranging from 50 to 2000 base pairs (bp) [32]. Likewise, defibrotide—DNA
fragments extracted from mammalian lung or porcine intestinal mucosa—demonstrated
anti-inflammatory, antithrombotic, and anti-ischemic properties, with fragment sizes of
approximately 45–90 nucleotides [33]. Since the 1990s, PDRN has thus often been defined
as DNA fragments within the 50–2000 bp (≈50–1500 kDa) range, although a firm scholarly
consensus remains lacking.

The reported size range of pharmacologically active PDRN varies widely. Tonello et al.
(1996) identified ~50–2000 bp [32]; Lee et al. (2025) <500 bp [34]; Hwang et al. (2018) [35]
<50 kDa, 50–1500 kDa, and >1500 kDa; Chakraborty et al. (2014) [36]; Lee et al. (2023)
<100 bp [37]; and Chae et al. (2025) <100 bp [38]. Some reports describe PN as larger frag-
ments (>1500 kDa) than PDRN, whereas others define PN as averaging ~400 bp [19,39,40].
Importantly, most studies do not substantiate these claims with direct experimental deter-
mination of DNA fragment size (e.g., gel electrophoresis, HPLC), limiting the robustness of
such assertions [39,41,42].

In clinical practice, the distinction between PDRN and PN often follows product
content rather than a scientifically rigorous definition, reflecting branding and regulatory
conventions more than standardized scientific taxonomy. Although both refer to DNA-
based polymers, the commercial differentiation in naming appears to stem from differences
in regulatory pathways and market positioning. Accordingly, in this article, given the
absence of a universally accepted size-based distinction, we treat both PDRN and PN as
DNA-derived fragments and uniformly adopt the term PDRN throughout.

3.2. Clinical Development for Wound Healing and Dermatological Potential

Although DNA is primarily known for its genetic role, early studies have highlighted
its extracellular functions. Notably, Fiedel et al. (1979) and Dorsch and Killmayer (1983)
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reported that high concentrations of double-stranded DNA (dsDNA) could stimulate
serotonin (5-HT) release from platelets, indicating that released DNA at injury sites may
function as a signaling molecule [43,44]. Extracellular DNA (exDNA) can be passively
released from damaged cells or actively secreted by extracellular vesicles (EVs), initiating
downstream biological effects through receptors such as Toll-like receptors (TLRs, such
as TLR9), which recognize CpG-rich motifs [45]. Also, exDNA—including PDRN—can
undergo enzymatic degradation by DNase and 5′-nucleotidase in the salvage pathway,
generating nucleosides such as adenosine that are known to promote tissue regeneration
and modulate inflammation [15,46,47].

Recognizing these biological properties, the Italian pharmaceutical company Mastelli
Srl (Sanremo, Italy) developed Placentex®, the first commercial PDRN formulation, in
the early 1990s using DNA extracted from human placenta [32]. Using a bioactivity-
guided approach, researchers have identified DNA-enriched fractions with the greatest
regenerative capacity and established a novel extraction process to increase the PDRN
yield. This led to the successful commercialization of Placentex®. Since then, several
PDRN-based formulations, such as Rejuvenex® (PharmaResearch Co., Ltd., Gyeonggi-
do, Republic of Korea), have been developed and utilized clinically as regenerative and
wound-healing agents [48,49].

PDRN-based therapeutics such as Placentex® and Rejuvenex® have been developed
for various clinical indications, with a primary focus on wound healing and tissue regen-
eration. Placentex® (Mastelli Srl) was the first PDRN drug to be commercialized and is
commonly used for managing diabetic foot ulcers [50]. Due to the delayed wound healing
in diabetic patients—linked to chronic inflammation, impaired angiogenesis, reduced colla-
gen synthesis, and elevated protease activity—Placentex® is thought to promote repair by
stimulating cell proliferation, neovascularization, and matrix remodeling. A clinical study
by Squadrito et al. (2014) [50] involving 216 patients with diabetic foot ulcers reported
complete wound closure in 37.3% of patients treated with PDRN compared to 18.9% in the
placebo group after 8 weeks of treatment (p = 0.0027). These findings indicate that intra-
muscular and perilesional administration of PDRN (5.625 mg) enhances wound healing
by a 3.48-fold increase. Notably, the treatment was well tolerated, with only mild adverse
events, such as localized pruritus [50]. Based on its clinical performance, Placentex® has
been approved by the AIFA in four pharmaceutical forms [41]:

• 0.08% cream for superficial wounds and minor skin ulcers;
• 0.75 mg/3 mL topical solution for dystrophic and ulcerative connective tissue disorders;
• 5.625 mg/3 mL or 2.25 mg/3 mL injectable solution for dystrophic and ulcerative

connective tissue disorders;
• 0.75 mg/mL ophthalmic solution for dystrophic and ulcerative conditions of the

conjunctiva and cornea.

In South Korea, Rejuvenex®, derived from O. keta sperm, has been approved in two
forms—a 0.08% cream for wound healing and skin nourishment and a 5.625 mg/3 mL
injectable solution indicated for post-grafting wound repair. A case report by Shin et al.
(2018) described successful treatment of chronic wounds refractory to negative pressure
wound therapy and growth factor therapy using Rejuvenex® injections, further supporting
its therapeutic value [51].

PDRN-based pharmaceuticals continue to receive regulatory approval in countries
such as Italy and South Korea. Although current indications remain centered on wound
healing and ulcer management, accumulating preclinical evidence supports broader ther-
apeutic potential in musculoskeletal injuries, ischemic disorders, and neurological dam-
age [52–54]. Furthermore, off-label use in conditions such as arthritis and lichen sclerosis
has also been reported [55,56]. Mechanistically, PDRN primarily acts by activating the
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adenosine A2A receptor (A2AR), which mediates cell proliferation, anti-inflammatory
responses, collagen synthesis, and tissue remodeling [57]. These properties indicate that
PDRN may provide pharmacological benefits in various dermatological conditions, includ-
ing skin atrophy, inflammatory skin diseases, and alopecia.

4. Clinical Applications of PDRN as a Dermal Filler
Although initially developed for the treatment of wound healing in dystrophic and

ulcerative conditions, PDRN has recently been repurposed and approved in several coun-
tries as a medical device, particularly as a dermal filler [17,58,59]. Because of its regen-
erative potential, PDRN is increasingly recognized as a bioremodeling filler, providing
volumization as well as functional improvement of the skin [17]. This paradigm shift has
broadened its application in aesthetic dermatology, addressing the limitations associated
with traditional fillers.

Hyaluronic acid (HA)-based fillers are the standard treatment for wrinkle correction
and facial volume enhancement. However, their role remains largely mechanical because
HA lacks intrinsic bioactivity. Moreover, the high crosslinking densities necessary for
structural durability are associated with an increased risk of adverse events [60]. Synthetic
crosslinkers such as 4-butanediol ether (BDDE) and polyethylene glycol diglycidyl ether
(PEGDE), which are commonly used in HA fillers, have shown cytotoxicity, oxidative
stress induction, and upregulation of pro-inflammatory cytokines at concentrations as
low as 100 ppm [61]. Clinical reports have also associated HA fillers containing synthetic
crosslinkers with complications such as hypersensitivity reactions, vascular occlusion,
nodules, and granulomas [61,62]. These challenges have prompted growing interest in
biologically active fillers that promote tissue regeneration and volume restoration. PDRN-
based fillers provide mechanical support as well as activate adenosine A2A receptors,
which mediate anti-inflammatory effects and tissue repair [42]. In some regions, these
agents are classified as skin boosters owing to their regenerative profile [63].

Several PDRN-based medical devices have entered the aesthetics market, supported
by growing clinical evidence [42]. Commercially available examples are Rejuran® (Phar-
maResearch Co., Ltd.), Nucleofill® (Promoitalia, Milano, Italy), and HP Cell VITARANi®

(BR PHARM Co., Ltd., Wonju-si, Gangwon-do, Republic of Korea). Rejuran®, a purified
polynucleotide (20 mg/mL) injectable, has benefits including increased skin thickness,
wrinkle reduction, and improved skin texture, with only minor adverse events such as
local bruising and pain reported [17]. In a randomized split-face clinical trial involving
27 participants, Rejuran® was compared with an HA filler. The PDRN (PN in the origi-
nal report)-treated side showed significantly higher Global Aesthetic Improvement Scale
(GAIS) scores at 16 weeks, and a greater reduction in skin roughness by week 28 [42]. In
another study involving 218 Asian subjects, Rejuran® led to a 61.4% reduction in periorbital
wrinkles after 12 weeks, with adverse events limited to minor swelling, pain, bruising,
pruritus, and erythema, reinforcing the product’s favorable safety profile [42,64]. Similarly,
Kim et al. (2022) evaluated HP Cell VITARANi®, which demonstrated notable improve-
ments in periorbital wrinkles, pore size, skin texture, and tone, further supporting the
efficacy and tolerability of PDRN-based fillers [65].

Despite their clinical benefits, PDRN-based fillers tend to exhibit a delayed onset of ac-
tion, with visible improvements typically emerging after several weeks [42,64]. To address
this limitation, recent studies have explored hybrid formulations combining PDRN (PN in
the original report) with other filler agents such as HA, aiming to harness the immediate
volumizing effect of HA alongside the long-term regenerative activity of PDRN [42,64].
For example, Kim et al. (2020) demonstrated that HA-PDRN (PN in the original report)
composites exhibit higher viscosity, elasticity, and in vivo durability than HA alone, while
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also promoting fibroblast proliferation and tissue regeneration [66]. Furthermore, Oh et al.
(2021) reported that hybrid fillers composed of HA, PDRN (PN in the original report), and
poly-L-lactic acid (PLLA) enhanced cell migration and collagen synthesis, while reducing
pain and irritation, effectively overcoming certain drawbacks of PN-only formulations [67].
A more recent clinical study (2025) confirmed the efficacy of HA-PDRN (PN in the original
report) hybrid fillers. Using a multiple micro-aliquot injection technique, investigators
observed significant improvements in periorbital wrinkles, skin texture, and brightness,
along with faster clinical onset and shorter downtime [18]. Although these findings present
promising strategies to overcome the inherent limitations of PDRN-only formulations,
further well-controlled clinical trials comparing hybrid formulations with monocomponent
fillers are warranted.

Although the approved clinical application of PDRN remain limited to wound healing
and dermal fillers, several preliminary clinical studies suggest broader therapeutic potential
in dermatology. In hair disorders, Lee et al. demonstrated that intradermal injections of
PDRN significantly increased hair density (17.9%) and thickness (13.5%) in women with
female pattern hair loss [68]. Similarly, Cho et al. further reported that PDRN in conjunction
with 1927 nm Thulium fractional laser therapy markedly improved both hair density and
thickness [69], while Choi et al. found that the same regimen enhanced hair shaft caliber and
reduced hair graying in male pattern hair loss [70]. Beyond alopecia, Laino et al. described
the adjuvant efficacy of PDRN dermal infiltration in male genital lichen sclerosis, where its
addition to topical therapy resulted in improved clinical outcomes [71]. Although these
studies remain limited in scale and duration, they collectively underscore the potential
of PDRN in conditions beyond wound healing and fillers, warranting further controlled
clinical investigation.

In summary, PDRN-based dermal fillers have been widely adopted across global
markets, including Asia, with accumulating clinical data confirming their safety and efficacy
profiles for skin rejuvenation. Unlike HA fillers, which offer predominantly mechanical
effects, PDRN-based fillers provide biostimulatory activity, promoting endogenous tissue
repair and regeneration. These advantages support the development of combination
strategies, incorporating HA or adjunctive modalities such as microneedling, ultrasound,
or laser therapy, to further enhance clinical outcomes in aesthetic dermatology [72–74].

5. Pharmacological Effects and Molecular Mechanisms of PDRN
in Dermatology
5.1. Pharmacological Activities of PDRN in Skin Cell Models

PDRN exerts a range of regenerative effects in dermatology, including enhanced skin
texture, wrinkle reduction, and accelerated wound healing. Although its current regulatory
approval is limited to use as wound healing agents and dermal fillers, numerous preclinical
studies have highlighted its broader dermatological potential. Specifically, PDRN has been
shown to enhance skin cell proliferation, stimulate collagen and elastin fiber synthesis, and
reduce inflammation and hyperpigmentation [37,75–81].

In vitro studies have consistently shown that PDRN promotes the proliferation of
human dermal fibroblasts (HDFs), increasing cell viability by approximately 25% compared
with the control group [75]. This effect is significantly inhibited (>50%) by ZM241385, a
selective A2AR antagonist, indicating a key role for A2AR in mediating PDRN-induced
proliferation. Similarly, plant-derived PDRN has been shown to promote keratinocyte
growth and accelerate wound closure in 3D skin models—this effect was reduced by 7.5%
with DMPX (p < 0.05), another A2AR antagonist [37].

Supporting these findings, Jeong et al. (2017) reported that in vivo PDRN treatment in
a rat excisional wound model led to reduced inflammation, enhanced collagen deposition,
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and full re-epithelialization [82]. On postoperative day 7, type I and III collagen levels were
elevated by 1.36 ± 0.07-fold and 3.07 ± 0.31-fold, respectively, compared to placebo [82].
These regenerative effects align with the upregulation of COL1A1 and COL3A1, reinforcing
PDRN’s role in dermal remodeling at the molecular level [37,75].

PDRN also exhibits strong anti-inflammatory properties. In diabetic models, it sig-
nificantly downregulated TNF-α, IL-6, IL-1β, while enhancing IL-10, TGF-β, and VEGF
expression [83], thereby promoting wound healing. Topical PDRN formulations have simi-
larly enhanced wound contraction, re-epithelialization, and angiogenesis via upregulation
of VEGF and TGF-β [84].

PDRN has also demonstrated anti-pigmentation and photoprotective effects. In skin
cells and HRM-2 mice models, 1 mM PDRN—alone or with niacinamide and vitamin
C—significantly reduced melanin content and UVB-induced damage, while boosting colla-
gen and elastin expressions and lowering oxidative stress markers [76]. Comparable reduc-
tions in melanin production and skin damage-related markers were observed in PDRN-
treated human melanocytes (Mel-Ab) and mouse melanocytes (B16F10) models [77,81].
Treatment with 1000 µg/mL PDRN effectively suppressed pigmentation, especially in
B16F10 melanocytes, and also enhanced antioxidant activity, and stimulated mitochon-
drial biogenesis [77]. In addition, PDRN effectively suppressed UVB or H2O2-induced
cellular senescence by upregulating SIRT1 expression and reducing nuclear autophagy in
keratinocytes [78]. These effects are related to the downregulation of senescence-associated
markers, including p53, p21, and p16 [78].

Collectively, these studies suggest that PDRN exerts multiple beneficial effects—including
skin regeneration, anti-aging, anti-melanogenic, and skin barrier-enhancing effects—through
various mechanisms [37,75–81]. These cellular and molecular actions are consistent with
clinical improvements observed in dermatological settings and support the continued devel-
opment of PDRN as a therapeutic agent in aesthetic and regenerative dermatology.

5.2. Molecular Mechanisms Underlying the Effects of PDRN in Skin Cell Models

Multifaceted pharmacological actions of PDRN are driven by signal transduction and
metabolic mechanisms. A growing body of research highlights the selective activation
of the A2AR as a key pathway through which PDRN mediates its effects [52]. A2AR, a
G protein-coupled receptor (GPCR), plays a central role in regulating inflammatory res-
olution, angiogenesis, and fibroblast proliferation—three fundamental processes in skin
regeneration [85]. Although PDRN itself does not directly bind to A2AR, it undergoes en-
zymatic degradation in vivo by nucleases into smaller fragments, including the nucleoside
adenosine, which serves as the endogenous ligand for A2AR [52]. Upon adenosine binding,
A2AR activates intracellular G proteins that stimulate adenylyl cyclase, leading to elevated
intracellular cyclic adenosine monophosphate (cAMP) levels [86]. Increased cAMP levels
subsequently activate downstream pathways, including protein kinase A (PKA) and Epac2,
which regulate transcriptional programs involved in tissue homeostasis and repair [86].

Also, A2AR activation leads to suppression of inflammation, primarily through
inhibition of the nuclear factor-κB (NF-κB) signaling pathway—a master regulator of
pro-inflammatory cytokine expression [80,87]. By downregulating these inflammatory
mediators, PDRN helps to restore a favorable microenvironment for wound healing. Si-
multaneously, A2AR activation upregulates anti-inflammatory cytokines such as IL-10,
further supporting a dual-mode anti-inflammatory mechanism [83,88]. The regulation of
inflammation is a critical prerequisite for the subsequent processes of angiogenesis, matrix
remodeling, and tissue regeneration.

A2AR signaling also promotes angiogenesis, which is a vital component of dermal
repair. Activation of A2AR increases cAMP levels, which subsequently induce hypoxia-
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inducible factor-1 alpha (HIF-1α) and VEGF, promoting endothelial cell proliferation and
migration [89,90]. This enhances microvascular density and local perfusion, as evidenced
by the increased expression of PECAM-1/CD31 in regenerating tissues [74]. The angiogenic
response triggered by PDRN is closely linked to increased fibroblast activity and collagen
deposition, which contribute to improvements in skin elasticity and wrinkle reduction [86].

In addition to its receptor-mediated effects, PDRN contributes to nucleotide salvage
metabolism by providing the precursors for nucleic acid synthesis. Upon degradation,
PDRN yields deoxynucleotides and nucleosides, which are recycled by cells for DNA
and RNA biosynthesis [57]. This salvage pathway is particularly important for metaboli-
cally stressed or damaged cells, which favors energy-efficient means of restoring genomic
integrity and cellular function [91]. This metabolic support enhances the capacity of regen-
erating cells to proliferate and repair structural damage, complementing the effects induced
by A2AR signaling. Collectively, these studies revealed that PDRN acts through both
receptor-mediated signaling cascades and metabolic support mechanisms to orchestrate
skin regeneration. By modulating inflammation, promoting angiogenesis, and enhanc-
ing structural remodeling, PDRN provides a comprehensive molecular foundation for
application in regenerative dermatology.

One study reported that PDRN’s effects are diminished—but not completely blocked—in
the presence of A2AR antagonists [80]. This suggests that PDRN may also act through
additional signaling pathways independent of A2AR activation. Since the precise molecular
mechanisms underlying these alternative pathways remain unclear, further investigations are
needed to clarify the potential roles of non-A2AR-mediated mechanisms in PDRN-induced
skin regeneration (Table 1).

Table 1. Summary of PDRN studies in preclinical models of skin-related conditions.

Predicted
Indications

Experimental
Models

Concentration
Range of PDRN

Molecular
Mechanisms Pharmacological Effects Ref.

Skin aging
(Atrophodermia)

Human epidermal
keratinocytes

(HEKs)
0–100 µg/mL ↓ ERK

↑ Cell proliferation
↑ Cell migration
↓ Inflammation

(↓ TNF-α, IL-6, IL-1β, iNOS)
[75]

Human dermal
fibroblasts

(HDFs)
0–100 µg/mL ↑ ERK

↑ Cell proliferation
↑ Cell migration

↑ Collagen synthesis
↓ Collagen degradation

(↓ MMP-1, 2, and 3)

UVB-induced
HRM-2 mice 1 mM ↓ NF-κB

↑ Collagen synthesis
(↑ COL1A1, total collagen and elastin)

↓ Collagen degradation
(↓ MMP-2, 3, and 9)

[76]

Human dermal
Fibroblasts

(CCD-986sk)
0–1000 µg/mL -

↑ Antioxidant activity
↑ Mitochondria biogenesis

(↑ upregulation of mtDNA and
mitochondrial density)
↓ Collagen degradation

(↓ MMP-1)
↓ Elastin degradation
(↓ Elastase activity)

[77]

H2O2/UVB-induced
Human epidermal

keratinocytes
(HaCaT)

0–1000 µg/mL
↑ SIRT1

↓ Autophagy
signaling

↓ Apoptosis
↓ Senescence

(↓ SA-β-gal, p53, and p16)
[78]

Human skin fibroblasts 0–100 µg/mL A2A Receptor ↑ Cell proliferation
↑ Intracellular Ca2+ [79]
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Table 1. Cont.

Predicted
Indications

Experimental
Models

Concentration
Range of PDRN

Molecular
Mechanisms Pharmacological Effects Ref.

Dermatitis

Human epidermal
keratinocytes

(HaCaT)
0–1 µM ↑ Wnt/β-catenin ↓ Anti-inflammation

(IL-6)

[80]
Imiquimod-

induced
Balb/c mice

8 mg/kg ↓ phospho-NF-κB
↑ Wnt/β-catenin

↓ Inflammation
(↓ TNF-α, IL-6, IL-12, IL-2)
↓ Immune cell infiltration

↑ skin conditions
(↓ reduced squamous lesions,

erythema, acanthosis, and
epidermal thickness)

Human epidermal
keratinocytes

(HaCaT)
5% ↑ FAK/AKT/MAPK ↑ Skin barrier function

(↑ FLG)
[37]

3D skin equivalents
(KeraSkin™) 0–50% - ↑ Skin barrier function

(↑ TEER, FLG, E-Cadherin, p63)

Melasma

Human epidermal
melanocytes

(NHEMs)
1 mM ↓ p53/MITF/TYR

↓ Melanin synthesis
(reduced tyrosinase activity and

melanin content)
[76]

Human neonatal
epidermal melanocyte

(Mel-Ab)
0–200 µg/mL

↓ MITF/TYR
↑ phospho-ERK
↑ phospho-AKT

↓ Melanin synthesis
(reduced tyrosinase activity and

melanin content)
[81]

Mouse melanoma cells
(B16F10) 0–1000 µg/mL ↓ MITF/TYR

↓ Melanin synthesis
(reduced tyrosinase activity and

melanin content)
[77]

6. Putative Modes of Action of PDRN as an exDNA-Based Material
6.1. PDRN as Extracellular DNA: Potential Mechanisms of Action
6.1.1. Structural Properties of PDRN as exDNA

As previously mentioned, PDRN is a polymer composed of DNA fragments. Most
commercial PDRN products exhibit ≥ 90–95% DNA purity with minimal endotoxin or
protein contamination [52,92]. High-purity PDRN can be obtained by autoclaving, ultracen-
trifugation, enzymatic proteolysis, and depurination. Purity was validated using analytical
tools, including HPLC, UV–vis spectroscopy, gel electrophoresis, NMR, IR spectroscopy,
and fluorescence assays [32,36].

Because of its exceptional purity, it is reasonable to hypothesize that PDRN exerts
its pharmacological effects as exDNA. exDNA refers to released DNA into the extracel-
lular space from autologous or non-autologous sources—including host cells, bacteria,
and viruses—following lysis by enzymes, cytotoxic agents, antibiotics, or other soluble
factors [93,94]. Beyond cell lysis, exDNA may also originate from dietary sources or the
administration of DNA-based therapeutics such as PDRN and defibrotide [52,95–97]. The
presence of exDNA was first reported in human plasma in 1948 [98], and it has since
attracted growing interest for its role as a diagnostic biomarker in various diseases [99,100].
The biological activity of exDNA is influenced by its sequence, length, tertiary structure,
protein interactions, and subcellular localization [101–103]. These properties enable exDNA
to modulate diverse physiological processes, including oxidative stress, inflammation,
coagulation, and cell cycle regulation [103,104].

Although many of PDRN’s effects—such as anti-inflammatory, adipogenic, and
cartilage-regenerative actions—have been linked to A2AR activation, as demonstrated
using antagonists like ZM241385, these effects are not fully abolished by receptor block-
ade [88,105–107]. Furthermore, the mechanisms underlying skin-related effects, such as
wrinkle reduction and collagen synthesis, remain poorly explained by A2A receptor sig-
naling alone, indicating that additional exDNA-related mechanisms may contribute to
PDRN’s bioactivity [35].
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6.1.2. Biological Roles of exDNA Beyond Genetic Information

The double-helical structure of DNA, first described by Watson and Crick, is remark-
ably stable [108]. Within the nucleus, DNA serves as a repository of genetic information
and epigenetic modifications, such as methylation [102,108]. Given its essential role in cell
viability, complex systems have evolved to detect and repair DNA damage [109].

When DNA damage exceeds repair capacity, various forms of cell death—including
apoptosis, necrosis, and NETosis—can be triggered, resulting in the release of DNA into
the extracellular space [102,110,111]. exDNA can also originate from infections, tissue
injury, ingestion, inhalation, and the administration of DNA-based therapeutics such as
PDRN [112–114]. Once in the extracellular space, exDNA—including PDRN—is rapidly
degraded by DNases, a component of the innate immune system, producing smaller
fragments or nucleotides [115,116]. As a result, exDNA exists in three main forms: free DNA
fragments, DNA–protein complexes, and DNA enclosed within extracellular vesicles [117].
Its polyanionic nature allows for interactions with proteins such as albumin [95].

Recent studies have shown that exDNA can enter the cells and interact with membrane-
bound receptors. Its bioactivity is influenced by a range of variables, including the
nucleotide sequence, length, tertiary structure, protein binding, subcellular localization,
methylation status, CpG content, and oxidation level [101–103]. For instance, CD34 and
CD84, membrane glycoproteins found in hematopoietic stem cells, can bind to exDNA [118],
and the procoagulant proteases FXII and FXI are activated through such interactions [103].
Intracellularly, exDNA acts as a damage-associated molecular pattern (DAMP) recognized
by cytosolic pattern recognition receptors (PRRs) such as RIG-I, AIM2, and DAI, trigger-
ing innate immune responses [119]. This is biologically intuitive because cytosolic DNA
frequently signals viral infections. Thus, the exDNA functions as follows:

1. Generation of nucleotides and metabolites through salvage pathways;
2. Interaction with membrane-bound receptors;
3. Intracellular activation of cytosolic DNA sensors. These pathways provide potential

mechanisms independent of A2A receptor signaling, through which PDRN may exert
its effects [120–122].

6.2. Proposed Mechanisms by Which PDRN May Exert exDNA-like Biological Effects
6.2.1. TLR9 Activation

exDNA derived from bacteria and mycobacteria is well recognized for its potent
immunostimulatory properties, primarily owing to unmethylated CpG motifs that are
identified as pathogen-associated molecular patterns (PAMPs) by DNA sensors, such as
TLR9 [123,124]. These CpG motifs, defined as cytosine followed by guanine in an unmethy-
lated state, are significantly more abundant in prokaryotic genomes than in eukaryotic
genomes [125]. In contrast, eukaryotic DNA tends to exhibit CpG suppression because
of extensive cytosine methylation, rendering it largely immunologically inert [126]. In
addition, mammalian exDNA may reduce immune recognition of CpG motifs via G-rich
sequences at the chromosomal termini, which are known to suppress immune activa-
tion [127]. In vivo studies have shown that bacterial DNA acts as a strong immunogen,
inducing sequence-specific antibody production, whereas mammalian DNA typically fails
to elicit such responses in vitro or in vivo [102,128]. Considering that PDRN is extracted
from eukaryotic organisms, such as salmon or rainbow trout, this may explain its reported
immunological safety and low immunogenicity [50,129].

However, exDNA can form complexes with extracellular proteins such as albumin, fa-
cilitating internalization through endocytosis [130]. Studies employing transfection agents,
such as lipofectamine, have shown that intracellular delivery of naked DNA markedly
enhances its immunostimulatory activity [101,131]. Moreover, cellular uptake of DNA has
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been shown to activate macrophage responses regardless of the CpG content [131]. These
findings suggest that although CpG-suppressed mammalian DNA is immunologically
inert in the extracellular space, it may trigger immune response by activating endoso-
mal DNA sensor (TLR9) and cytosolic DNA sensors—such as DAI, AIM2, PYHIN, and
interferon-inducible protein 16 (IFI16)—once internalized [121]. Because DNA readily
forms molecular complexes and that membrane-associated proteins can facilitate its up-
take, subcutaneous administration of PDRN may activate DNA sensor-related signaling
pathways under certain conditions.

Since the identification of TLR4 as a sensor for Gram-negative bacterial lipopolysac-
charide (LPS) in 1998, 10 TLRs (TLR1–TLR10) have been characterized in humans [132,133].
TLR9 is typically localized within the endoplasmic reticulum membranes or endosomes
of innate immune cells such as dendritic cells and macrophages. However, recent studies
have revealed its expression in non-immune cells, including keratinocytes and fibrob-
lasts [133–135]. TLR9 possesses two DNA-binding domains—one specific for CpG motifs
and another for 5′-terminal cytosine-rich sequences (5′-xCx DNA). Ligand binding induces
TLR9 dimerization and activates downstream signaling through MyD88, leading to the
induction of IRF and NF-κB pathways [133]. Accumulating evidence has revealed that
exDNA-mediated TLR9 activation can promote cellular proliferation [136,137], particu-
larly by advancing cell cycle progression through the TLR9/NF-κB/Cyclin D1 axis [138].
Notably, exDNA has also been shown to stimulate TGF-β secretion in a TLR9-dependent,
endocytosis-mediated manner. For instance, stimulation of A549 cells with the TLR9 ago-
nist ODN M362, a class C oligodeoxynucleotide, resulted in an approximately four-fold
increase in TGF-β secretion relative to control cells [139]. Similar trends were observed
in plasma samples from patients with SLE, where elevated levels of TLR9, TGF-β1, and
PDGF-B correlated with enhanced mesangial cell proliferation through the TLR9/TGF-
β1/PDGF-B axis [140]. Given the established efficacy of PDRN in dermatological and
aesthetic applications—including anti-aging, wrinkle reduction, hydration, and improve-
ment of skin texture—as well as its well-documented stimulatory effects on fibroblast
proliferation and collagen synthesis, its therapeutic actions have largely been attributed
to adenosine A2A receptor signaling [50,75,79]. However, considering that PDRN is com-
posed of fragmented DNA chains and may act as a form of exDNA, and that exDNA has
been reported to activate the TLR9/TGF-β1 axis, it is reasonable to hypothesize that PDRN
could exert similar regenerative effects through this alternative pathway.

6.2.2. Cytosolic DNA Sensor Activation

PRRs detect both extracellular pathogens and intracellular damage signals, with
several PRRs serving as DNA sensors [141,142]. Endosomal DNA sensors like TLR9 detect
DNA within endosomes, while other cytosolic sensors—such as cGAS–STING, AIM2,
and IFI16—detect aberrant cytoplasmic DNA and trigger downstream immune signaling,
including interferon (IFN) production and inflammasome activation [142–144].

The cGAS–STING pathway represents a central cytosolic DNA-sensing mechanism
that orchestrates innate immune responses. Upon recognition of cytoplasmic DNA, cGAS
catalyzes the synthesis of the secondary messenger 2′3′-cGAMP, which binds to and acti-
vates STING located on the endoplasmic reticulum. Activated STING recruits and phospho-
rylates TBK1, subsequently leading to IRF3 activation and the induction of type I IFNs as
well as various inflammatory mediators. Although primarily antiviral, growing evidence
shows that cGAS–STING also contributes to tissue regeneration [145,146]. For instance,
in full-thickness murine skin wound models, topical application of cGAMP significantly
accelerated wound closure by day 6 compared to controls [145]. It also enhanced fibroblast
migration, as demonstrated by a scratch assay, and markedly upregulated CXCL10 and
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CCL2 expression, key mediators that facilitate early inflammatory responses necessary for
wound healing. Similarly, in highly regenerative organisms such as salamanders, early in-
jury stages involve reduced STING inhibitors and increased cGAS activity, amplifying IFN
signaling that may support blastema formation and limb regeneration [146]. Additionally,
several studies have also reported that cGAS–STING activation correlates with increased
TGF-β signaling and ECM protein synthesis in fibrosis models [147–149].

AIM2 is a member of the PYHIN protein family and a key cytosolic DNA sensor
that assembles inflammasomes in response to DNA detection [150]. Upon binding DNA,
AIM2 recruits the adaptor ASC, leading to caspase-1 activation and subsequent secretion of
pro-inflammatory cytokines such as IL-1β and IL-18. This cascade creates an inflammatory
milieu within damaged tissues, which supports immune cell recruitment and modulates
tissue repair processes. Notably, AIM2 signaling extends beyond inflammation, influencing
ECM remodeling and cell proliferation. In fibroblast models under inflammatory stimuli,
AIM2 activation increased TGF-β, as well as proteins such as FN1 [151]. These molecular
changes contribute to ECM reorganization and may enhance TGF-β-mediated pathways
involved in tissue repair. In addition, AIM2 activation has been linked to enhanced cell
proliferation, as observed in head and neck squamous cell carcinoma through IL-17/MAPK
signaling [152]. These observations highlight the diverse roles of AIM2 in regulating
proliferative processes.

Another member of the PYHIN family, IFI16 detects DNA in both the nucleus and cyto-
plasm [153]. It participates in STING-dependent type I IFN responses and also contributes
to inflammasome activation. Upon binding intracellular DNA, IFI16 can activate STING
signaling or induce caspase-1-mediated inflammatory responses similar to AIM2. Within
skin cells, IFI16 serves as a pivotal regulator of immune responses and tissue homeostasis.
In human keratinocytes, it cooperates with cGAS to fully activate STING signaling, leading
to robust type I IFN production and enhanced antiviral defenses [154]. Moreover, IFI16,
regarded as the human ortholog of murine p204, has been implicated in the regulation
of cell proliferation and differentiation [155]. Given the central role of type I IFN in early
wound-healing processes, IFI16 activity may facilitate tissue repair by modulating the local
inflammatory environment and promoting regenerative responses.

Collectively, the cGAS–STING, AIM2, and IFI16 pathways are key cytosolic DNA
sensors that not only initiate immune responses but also regulate ECM remodeling and
TGF-β signaling to support skin repair. Since PDRN is known to promote fibroblast
proliferation, collagen synthesis, and skin regeneration, it is plausible that its therapeutic
effects may be partly mediated through cytosolic DNA sensor-dependent immune and
regenerative mechanisms.

6.2.3. Contribution Through the Nucleotide Salvage Pathway

The nucleotide salvage pathway, originally elucidated in soil microorganisms, de-
scribes the cellular recycling of extracellular DNA into metabolically useful intermediates
that can be utilized for de novo DNA synthesis. This pathway is initiated by the DNase-
mediated cleavage of DNA into oligonucleotides ranging from several tens to hundreds of
base pairs. These are further degraded into deoxynucleotides, nucleosides, ribose sugars,
and nitrogenous bases [122].

In mammalian systems, this pathway has been implicated in the pathophysiology
of various diseases including cancer [156]. Antimetabolites such as methotrexate and
5-fluorouracil (5-FU), which inhibit key enzymes in purine and pyrimidine biosynthesis,
are commonly used chemotherapeutics [157]. However, cancer cells may upregulate the
salvage pathway to compensate for the inhibition of de novo synthesis, thereby sustain-
ing DNA replication and proliferation [157,158]. The salvage pathway of DNA derives



Appl. Sci. 2025, 15, 10437 13 of 26

substrates from three primary sources: diet, intracellular nucleic acids, and exogenous
DNA-based materials [95]. Exogenous DNA obtained through dietary or therapeutic means
is degraded by extracellular enzymes, including nucleases, phosphodiesterases, and 5′-
nucleotidases, yielding nucleosides. They are subsequently transported into cells through
nucleoside transporters and phosphorylated to regenerate nucleotides. Alternatively, nucle-
osides may be further catabolized into their constituent bases and sugars, which can then
be rephosphoribosylated or phosphorylated by nucleoside kinases to produce nucleotide
mono-, di-, and triphosphates. Deoxynucleotide triphosphates (dNTPs), in particular, are
essential precursors for DNA repair and synthesis [46].

Among the key enzymes involved in PDRN metabolism, ecto-5′-nucleotidase (CD73)
plays a critical role [159]. CD73, which functions as a homodimer on the cell surface,
catalyzes the dephosphorylation of the extracellular AMP, produced from ATP and ADP
through CD39, into adenosine. Adenosine may act through two primary routes: it can bind
to cell-surface adenosine receptors, thereby promoting angiogenesis and anti-inflammatory
responses through cAMP elevation, or it may be internalized through nucleoside trans-
porters to enter the adenosine salvage pathway [46,159]. Several studies have proposed
that the pharmacological activity of PDRN is partially mediated by adenosine gener-
ated through this pathway [47,160]. In diabetic wound models, PDRN was found to
enhance wound healing, an effect that was reversed by co-treatment with the A2A receptor
antagonist DMPX [161]. Similarly, in models of periodontitis and colitis, PDRN attenu-
ated inflammatory markers and histological damage, and DMPX co-treatment reversed
these effects [162,163].

However, considering the broad spectrum of metabolites produced through the nu-
cleotide salvage pathway, which includes diverse nucleosides and nitrogenous bases, it
remains unclear why PDRN acts predominantly through the A2A receptor [164]. Moreover,
because PDRN is composed of highly purified DNA (>90–95%), its metabolic breakdown
may yield deoxyadenosine instead of adenosine. Although RNA salvage and adenosine
production have been reported in yeast and certain plant models, evidence for adenosine
generation from DNA remains limited [165,166]. Therefore, further research is required
to delineate the metabolic fate of PDRN-derived products and explore alternative signal-
ing pathways beyond the A2A receptor, which may contribute to its pharmacological
actions (Figure 1).

Figure 1. Classical and putative modes of action of PDRN: Activation of TLR9, cytosolic DNA sensor
and the salvage pathway (Created using BioRender, https://www.biorender.com/).

https://www.biorender.com/
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7. Challenges, Controversies, and Future Perspectives
Since the early 1990s, following the development of the first placenta-derived PDRN

(Placentex®), its dermatological applications have expanded to include wrinkle reduction,
anti-aging, hair regeneration, wound healing, tissue repair, skin hydration, whitening, and
erythema reduction [17,19,20,41,167,168]. Although PDRN has not yet received FDA ap-
proval, it has been authorized as a pharmaceutical agent in several countries. For instance,
Placentex® has been approved by the AIFA in four pharmaceutical forms for treating super-
ficial wounds, skin ulcers, and connective tissue disorders [41]. In South Korea, Rejuvenex®

has obtained regulatory approval from the Ministry of Food and Drug Safety (MFDS) for
two indications related to tissue regeneration and nutritional support [51]. Additionally,
PDRN-based medical devices such as Nucleofill® and Rejuran® are commercially available
as dermal fillers in various countries [17,64].

Given the growing clinical and commercial interest in PDRN for dermatology and
aesthetics, further research into its potential for treating additional skin diseases is war-
ranted. Beyond approved indications, PDRN has been explored for off-label applications,
including the treatment of arthritis and lichen sclerosis [55,56]. These efforts are aligned
with the broader strategy of drug repositioning (DR), a well-established approach in drug
development [169]. With the acceleration of drug discovery during the COVID-19 pan-
demic and the rise in artificial intelligence (AI)-driven computational methods, DR is now
regarded as an effective means of reducing development time and cost [170,171]. Because
repurposed drugs often have well-established pharmacokinetic and preclinical safety pro-
files, they can frequently proceed directly to late-phase clinical trials, bypassing early-stage
toxicity studies [172].

Owing to its favorable safety and well-characterized pharmacokinetics, PDRN is a
strong candidate for expanding its therapeutic indications in dermatology. For example,
a study involving intradermal facial injections of PDRN-based filler (n = 5) reported no
adverse effects [17], whereas another study using scalp injections (n = 28) showed signif-
icant hair regrowth without complications such as anaphylaxis, infection, bleeding, or
scarring [20]. In a larger clinical trial involving 216 individuals, Squadrito et al. (2014)
observed mild pruritus at the injection site in 18 participants with no serious systemic
adverse events, further supporting the safety and tolerability of the compound [50]. Phar-
macokinetic studies have shown that PDRN exhibits 80–90% bioavailability and a half-life
of approximately 3–3.5 h following intraperitoneal or intramuscular administration in both
animals and humans [52].

Despite these promising results, several mechanistic challenges remain to be ad-
dressed. Although several studies have shown that the anti-inflammatory, adipogenic, and
neuroregenerative effects of PDRN are mediated through A2AR signaling, the inhibitory
effects of selective A2AR antagonists (such as ZM241385 and DMPX) are often incom-
plete [54,88,105–107]. These findings reveal the involvement of additional noncanonical
pathways. Because PDRN is composed of highly purified DNA (≥90–95%), it may also act
through exDNA-mediated mechanisms, including cytosolic DNA sensing and nucleotide
salvage pathways, both of which remain underexplored.

The biological activity of exDNA is modulated by several factors, including nucleotide
sequence, GC content, fragment length, oxidation state, CpG motif frequency, tertiary
structure, and protein-binding affinity [101–103]. Although CpG methylation generally
renders mammalian DNA immunologically inert, endocytosis of exDNA can markedly
increase its immunostimulatory potential [101,102,131]. Moreover, the affinity of DNA for
extracellular proteins such as albumin might facilitate cellular uptake through endocyto-
sis [130], indicating that PDRN fragments may gain intracellular access. These observations
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highlight the need for studies investigating whether PDRN can activate cytosolic DNA
sensors, such as TLR9, AIM2, and cGAS, after cellular internalization.

Another critical area of investigation is the metabolic fate of the PDRN-derived frag-
ments. Although previous studies have proposed that AMP generated from PDRN is
converted into adenosine through CD73 [46,159], evidence supporting the direct conversion
of deoxyribonucleotides (instead of ribonucleotides) into adenosine is sparse. Although
adenine can be converted to AMP through adenine phosphoribosyltransferase (APRT) ac-
tivity, few studies have verified the formation of adenosine from adenine, particularly in the
context of DNA-derived deoxyadenosine [86]. Although APRT activity has been detected
in erythrocytes and blood lysates, extracellular conversion of DNA-derived metabolites to
AMP or adenosine has not been conclusively revealed [173,174]. Because of the complexity
of nucleotide metabolism, including both the de novo and salvage pathways, reductionist
views focusing solely on adenosine may oversimplify the pharmacodynamics of PDRN.
Future research should seek to elucidate how PDRN fragments are metabolized intracel-
lularly and whether they contribute to processes such as DNA repair, dNTP recycling, or
immunomodulation independent of A2AR signaling [164,175].

Looking ahead, the clinical development of PDRN in dermatology will require several
coordinated advances. Establishing efficacy in disease-relevant preclinical models—such as
psoriasis-like, atopic dermatitis-like, and dihydrotestosterone-induced alopecia—represents
a logical first step, provided that standardized end-points and harmonized protocols are
implemented to ensure reproducibility and translational relevance. At the clinical level,
randomized trials directly comparing PDRN with established standards of care, includ-
ing corticosteroids, retinoids, growth-factor preparations, minoxidil, and cyclosporine,
will be essential to define its relative efficacy and safety. From a regulatory perspective,
precise characterization of critical quality attributes (CQAs)—including GC content, CpG
frequency and methylation, residual protein, and DNA fragment-length distribution—will
be required, with these parameters mechanistically linked to pharmacological activity
through structure–activity relationships to enable indication-specific specifications. In
parallel, disease-tailored mechanistic studies should clarify the respective contributions of
adenosine A2AR-mediated signaling and extracellular DNA-dependent pathways, using
approaches such as pharmacological inhibition and genetic perturbation. Finally, formu-
lation science for PDRN-based injectables and topical agents remains underdeveloped;
advances in AI and machine learning (ML)-driven design may accelerate progress by pre-
dicting physicochemical behavior, optimizing in vivo residence time, identifying stabilizing
excipients, and creating hybrid formulations with biocompatible polymers such as HA
and PLLA. Collectively, these priorities outline a translational roadmap that integrates
biological insight with regulatory rigor and formulation innovation, paving the way for
broader and more precise clinical applications of PDRN in dermatology.

In summary, PDRN-based agents, initially developed for wound healing, are now used
globally as regenerative therapies and dermal fillers. As clinical and preclinical evidence
grows for their benefits in skin health, interest is increasing in repositioning these agents
for conditions such as psoriasis, alopecia, melasma, atopic dermatitis, and rosacea. Un-
derstanding alternative mechanisms—particularly those involving exDNA—may further
broaden PDRN’s therapeutic potential and clinical applications in dermatology (Figure 2).
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Figure 2. Functional transition of PDRN-based materials: from wound healing agents to dermal
fillers (Created using BioRender, https://www.biorender.com/).

8. Conclusions
This review highlights the emerging therapeutic potential of PDRN in dermatology,

with emphasis on their clinical applications, pharmacological effects, and underlying
molecular mechanisms. A significant body of evidence supports their safety, with adverse
effects limited primarily to minor symptoms such as transient pruritus at the injection site.
Numerous in vitro, in vivo, and clinical studies have consistently revealed their efficacy
in enhancing skin hydration, improving wrinkles, promoting hair growth, modulating
pigmentation, and stimulating cellular proliferation, indicating strong potential for broader
dermatological applications.

Current pharmacological research has predominantly focused on A2AR-mediated
mechanisms; however, further investigation of intracellular pathways, particularly those in-
volving DNA sensors and nucleotide metabolism, is required. Because PDRN is composed
of high-purity DNA, characterizing its molecular interactions with cytosolic DNA sensors
and mapping its downstream metabolites are critical to fully understand its mechanism of
action. In addition, comparative studies examining the influence of DNA characteristics,
such as fragment length, nucleotide sequence, GC content, and oxidative modifications, on
biological activity may enhance mechanistic insights as well as support the optimization of
PDRN-based therapeutics in both medical and aesthetic dermatology.
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Abbreviations
The following abbreviations are used in this manuscript:

QoL Quality of Life
WHO World Health Organization
ICD-11 International Classification of Diseases, 11th Revision
FDA U.S. Food and Drug Administration
TCSs Topical Corticosteroids
TCIs Topical Calcineurin Inhibitors
PDRN Polydeoxyribonucleotides
PN Polynucleotides
A2AR Adenosine A2A Receptor
kDa Kilodalton
bp Base Pairs
exDNA Extracellular DNA
EVs Extracellular Vesicles
TLRs Toll-Like Receptors
TLR9 Toll-Like Receptor 9
CpG Cytosine-phosphate-Guanine motif
5-HT 5-Hydroxytryptamine (Serotonin)
AIFA Agenzia Italiana del Farmaco
HA Hyaluronic Acid
BDDE 1,4-Butanediol Diglycidyl Ether
PEGDE Polyethylene glycol Diglycidyl Ether
GAIS Global Aesthetic Improvement Scale
PLLA Poly-L-lactic Acid
DMPX 3,7-Dimethyl-1-propargylxanthine
COL1A1 Collagen Type I Alpha 1
COL3A1 Collagen Type III Alpha 1
TNF-α Tumor Necrosis Factor-alpha
IL-6 Interleukin-6
IL-1β Interleukin-1β
IL-10 Interleukin-10
TGF-β Transforming Growth Factor-beta
VEGF Vascular Endothelial Growth Factor
HRM-2 Hairless HRM-2 Mouse
SIRT1 Sirtuin 1
SA-β-gal Senescence-Associated β-Galactosidase
GPCR G Protein-Coupled Receptor
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cAMP Cyclic Adenosine Monophosphate
PKA Protein Kinase A
Epac2 Exchange Protein Directly Activated by cAMP 2
NF-κB Nuclear Factor kappa-light-chain-enhancer of activated B cells
HIF-1α Hypoxia-Inducible Factor-1 alpha
PECAM-1/CD31 Platelet Endothelial Cell Adhesion Molecule-1/CD31
ECM Extracellular Matrix
dNTPs Deoxyribonucleoside Triphosphates
RNA Ribonucleic Acid
HEKs Human Epidermal Keratinocytes
HDFs Human Dermal Fibroblasts
ERK Extracellular signal-Regulated Kinase
AKT Protein Kinase B
MAPK Mitogen-Activated Protein Kinase
FAK Focal Adhesion Kinase
TEER Transepithelial Electrical Resistance
E-cadherin Epithelial Cadherin
NHEMs Normal Human Epidermal Melanocytes
MITF Microphthalmia-associated Transcription Factor
TYR Tyrosinase
HPLC High-Performance Liquid Chromatography
UV–vis Ultraviolet–visible Spectroscopy
NMR Nuclear Magnetic Resonance
IR Infrared Spectroscopy
FXII Coagulation Factor XII
FXI Coagulation Factor XI
RIG-I Retinoic acid-Inducible Gene I
DAI DNA-dependent Activator of IFN-regulatory factors (ZBP1)
PYHIN Pyrin and HIN domain protein family
IFI16 Interferon Gamma Inducible Protein 16
ODN Oligodeoxynucleotide
MyD88 Myeloid Differentiation Primary Response 88
IRF Interferon Regulatory Factor
SLE Systemic Lupus Erythematosus
PDGF-B Platelet-Derived Growth Factor-B
LPS Lipopolysaccharide
cGAS Cyclic GMP-AMP Synthase
STING Stimulator of Interferon Genes
cGAMP Cyclic GMP-AMP
TBK1 TANK-Binding Kinase 1
IRF3 Interferon Regulatory Factor 3
IFN Interferon
FN1 Fibronectin 1
5-FU 5-Fluorouracil
APRT Adenine Phosphoribosyltransferase
CD73 Ecto-5′-Nucleotidase
CD39 Ectonucleoside Triphosphate Diphosphohydrolase-1
ATP Adenosine Triphosphate
ADP Adenosine Diphosphate
AMP Adenosine Monophosphate
MFDS Ministry of Food and Drug Safety
DR Drug Repositioning
AI Artificial Intelligence
COVID-19 Coronavirus Disease 2019
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