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An effective range of polydeoxyribonucleotides
is critical for wound healing quality
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Abstract. Wound healing is a physiological restorative
response to tissue and cell injury. This process occurs in
collaboration with a complex cascade of cellular events,
including biochemical alterations to the extracellular matrix.
Polydeoxyribonucleotide (PDRN) is a fragmented DNA
mixture from Oncorhynchus mykiss or Oncorhynchus keta
sperm known to promote tissue regeneration under different
pathophysiological conditions. However, the most effective
molecular size of PDRNs for promoting the wound healing
process and quality has not been established. In the present
study, the regeneration quality with low (<50 kDa), middle
[classic PDRN; 50-1,500 kDa] and high (>1,500 kDa)
molecular weight PDRNs in a skin wound healing mouse
model was examined using hematoxylin and eosin, as well
as Masson's trichrome stain. A 4 mm biopsy punch was used
to produce wounds in the skin of the mice. PDRN-mediated
cellular behavior and signaling were evaluated by in vitro
scratch assay and western blot analysis, respectively. It was
observed that the apparent surface wound healing processes
were not significantly different between PDRN molecular
sizes. Immunohistochemical analysis revealed that classic
PDRN-injected mice exhibited less lipid accumulation with
increased collagen composition. These results suggested that
50-1,500 kDa PDRN offers an effective DNA mixture to
improve wound healing quality. Furthermore, classic PDRN
increased cell migration via c-Jun N-terminal kinase signaling
in human fibroblasts. The present study suggests an optimal
PDRN molecular weight to promote wound healing, and
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novel approaches for therapeutic strategies to improve tissue
regeneration quality.

Introduction

Wound healing is a dynamic and coordinated process
consisting of a sequence of cell and tissue repair that is
promoted by multiple growth factors, including vascular
endothelial growth factor (VEGF), endothelial growth factor
(EGF), fibroblast growth factor and platelet-derived growth
factor (PDGF) (1,2). The human wound healing process may
be divided into three or four distinct phases in a coordinated
series of events that includes inflammation, proliferation
and extracellular matrix (ECM) remodeling (3). In addition,
neoangiogenesis, re-epithelization and the production of novel
ECM are vital to the wound healing process (4).

Polydeoxyribonucleotide (PDRN) is an Oncorhynchus
mykiss (salmon trout) or Oncorhynchus keta (chum salmon)
sperm DNA polymer with a specific molecular weight between
50 and 1,500 kDa with biological therapeutic activity (5). This
molecular weight range of PDRN [classic or conventional
PDRN] has been applied to promote tissue regeneration in
various pathological conditions (6-8). The final PDRN prod-
ucts are produced by controlled processes that may contain
sources of purine and pyrimidine deoxynucleosides/deoxy-
nucleotides. The classic PDRN molecular weight of ~132 kDa
is formed from purification and sterilization processes (5,9).

Classic PDRN is an A,, receptor agonist (10,11). Multiple
in vitro and in vivo studies demonstrated that PDRN serves as
an anti-inflammatory and tissue-regenerating agent. Treatment
with classic PDRN significantly improved clinical symptoms
by perturbing cytokine signaling in a collagen-induced osteo-
arthritis model. Classic PDRN upregulates VEGF, collagen
and cellular tumor antigen p53; it functions as a negative
regulator for tumor necrosis factor-o, high mobility group
protein B1 and metalloproteinase in tissue regeneration (7,9).
Notably, previous clinical studies have demonstrated that
PDRN promotes rapid autologous skin graft healing and
corneal epithelium regeneration following photorefractive
keratectomy, and alleviates pain and disability in patients
with rotator cuff disease (12-14). Furthermore, classic PDRN
improves wound closure and promotes re-epithelialization in
patients with refractory diabetic foot ulcers (15).
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Accumulating evidence suggests that PDRN is a safe
and immune response-free substance in multiple clinical
settings (15,16). A recent study reported that O. keta- and
O.mykiss-derived PDRN injections had the same wound healing
effects in full-thickness animal models (17). However, the
optimal molecular weight of PDRNSs for improving the quality
and efficacy of wound regeneration has not been determined.
In the present study, it was examined whether PDRNs across a
range of sizes promoted healing following experimental injury,
and whether this effect results from migration processes.

Materials and methods

Animal model. The experimental protocol used in the
present study, including the use of animals, was approved by
the Institutional Animal Care and Use Committee, Yonsei
University Wonju College of Medicine (Wonju, Korea; approval
no. YWC-160504-1). Male hairless mice (SHK1; n=32) aged
8 weeks and weighing 25-30 g were obtained from Orient Bio,
Inc. (Seongnam, Korea). Mice were randomly divided into four
groups: Control (n=8); low (low-PDRN; <50 kDa; n=8); middle
(classic PDRN; 50-1,500 kDa; n=8); and high (high-PDRN;
>1,500 kDa; n=8) molecular weight PDRNs. All PDRN prod-
ucts were obtained from Pharma Research Products Co., Ltd.
(Pangyo, Korea). All animals were provided with standard
laboratory food and water ad libitum. The mice were raised at a
constant temperature (22+3°C) and relative humidity (50+10%)
in a 12 h light/dark cycle. Wound production was performed
under general anesthetic isoflurane inhalation. Under aseptic
conditions, a4 mm biopsy punch (Kai Europe GmbH, Solingen,
Germany) was used to produce wounds in the skin of the mice.
Following the procedure, mice were treated with a daily intra-
peritoneal (i.p.) administration of PDRNs at a dose of 8 mg/kg
(day O to 6). The control group received i.p. injection of vehicle
(0.9% NaCl) at the same volume and time as the treatment group.

Cell culture. A stable human fibroblast cell line (CCD-986SK;
Korean Cell Line Bank, Seoul, Korea) was cultured in 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 1%
penicillin and streptomycin in high glucose Dulbecco's modi-
fied Eagle's medium (DMEM; Hyclone; GE Healthcare Life
Sciences, Logan, UT, USA) in a 37°C humidified atmosphere
of 5% CO,.

In vitro scratch assay. The human fibroblast cells were seeded
at 1x10° cells/well in a 6-well plate and grown to full conflu-
ence. Cells were scratched with a 200 ul pipette tip across
the center of the wells. In order to distinguish cell migration
from proliferation, all wound-healing assays were performed
with or without anti-tumor drug mitomycin C (cat. no. M4287,
Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) treat-
ment, at a final concentration of 5 yg/ml. Images were captured
using a light microscope (x100), 24 h after treatment at 37°C
with the drug (time O was the initial time point). The healing
area (%) was measured using Image J software version 1.8
(National Institutes of Health, Bethesda, MD, USA).

Western blotting. Cells were incubated in 1% FBS and 1%
antibiotics in high glucose DMEM for 48 h, treated at 37°C with
PDRNS (50 #g/ml) or EGF (30 ng/ml) for 24 h, and subsequently
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washed with PBS and lysed with radioimmunoprecipitation
assay buffer (Intron Biotechnology, Inc., Seongnam, Korea)
containing protease and phosphatase inhibitors (Roche
Diagnostics, Basel, Switzerland). Extracts were isolated by
centrifugation at 4°C and 12,000 x g for 15 min. Protein
concentration was measured using the Bio-Rad Protein Assay
reagent (Bio-Rad Laboratories, Hercules, CA, USA). Protein
(10 pug/lane) were loaded and electrophoresis was conducted on
10% SDS-PAGE, and transferred to polyvinylidene difluoride
membranes. The membranes were blocked in 5% bovine serum
albumin (Bioshop Canada, Inc., Burlington, ON, Canada) in
Tris-buffered saline containing 0.1% Tween-20 for 1 h at room
temperature. The blocked membranes were incubated with
primary antibodies overnight at 4°C with agitation, followed
by incubation with a secondary antibody of horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G
(1:3,000; cat. no. sc-2357; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) for 1 h at room temperature. The blots were
visualized using the Chemiluminescence Western Blot Detection
System (BioSpectrum® 600 Imaging System; UVP, LLC,
Upland, CA, USA). Primary antibodies against phosphorylated
(p)-c-Jun N-terminal kinase (JNK; 1:1,000, cat. no. 9251S),
total (t)-JNK (1:1,000; cat. no. 9252S), p-focal adhesion kinase
(FAK; 1:1,000; cat. no. 8556S), t-FAK (1:1,000; cat. no. 13009S),
p-extracellular signal-regulated kinase (ERK)1/2 (1:3,000; cat.
no. 9101S) and t-ERK1/2 (1:3,000; cat. no. 9102S) were acquired
from Cell Signaling Technology, Inc. (Danvers, MA, USA), and
an antibody against a-tubulin (1:1,000; cat. no. sc-8035) was
obtained from Santa Cruz Biotechnology, Inc.

Immunohistochemistry. For immunohistochemistry, mice were
sacrificed at days 3 and 7 and tissues were harvested from
normal and wounded areas. All tissues were fixed in 4% para-
formaldehyde for at least 48 h at room temperature. Following
fixation, tissues were dehydrated in graded ethanol from 70, 80,
90, 95 to 100%, cleared in xylene and embedded in paraffin.
Sections (4 ym) were mounted on glass slides at 45°C, dewaxed
using xylene, rehydrated with graded ethanol from 100, 95, 90,
80 and 70% to distilled water and stained at room temperature
with hematoxylin and eosin (H&E) or Masson's Trichrome. As
part of the histological evaluation, all slides were examined by
a pathologist without knowledge of treatments under a light
microscope with magnification, x20-100. The area of collagen
portion (%) was measured using Image J software.

Statistical analysis. All experiments were repeated at least
three times. Data analysis was performed with the Prism soft-
ware (version 5; GraphPad Software, Inc., La Jolla, CA, USA).
All data are presented as the mean + standard error of the
mean. Statistical comparisons between two groups were deter-
mined using a two-tailed unpaired Student's t-test. Multiple
comparisons were determined using one-way analysis of
variance followed by Tukey's multiple comparison test. P<0.05
was considered to indicate a statistically significant difference.

Results
Effect of PDRN size on wound closure in mice skin. Multiple

previous studies have demonstrated that PDRNs promote
wound healing in various animal models (6,10,18-20). To
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evaluate the effect of PDRNs on wound healing, 8-week old
hairless (SKHI1) mice were given different sizes of PDRNs
daily for a week. Based on previous results of in vivo
pharmacological tests (21), 8 mg/kg doses of PDRNs were
administered (6,19). To evaluate wound closure, images were
taken of PDRN-treated mouse skin at different healing stages
(days 3 and 7). Administration of classic PDRN demonstrated
no significant differences in wound closure or wound area
compared with low- and high-PDRNs (Fig. 1).

Optimal PDRN improves the quality of wound closure in
mice. Although differences in PDRN molecular weight did
not affect the apparent surface wound closure, it did affect the
quality of wound repairing. To analyze wound healing quality
following treatment with PDRNSs, the tissue repair process was
monitored by H&E staining. Among all the treatments, classic
PDRN-treated mice demonstrated the best wound closure
quality (Fig. 2). Although the wound closure was similar among
the different groups, treatment with classic PDRN resulted in
less lipid accumulation and a normal wound healing process.
This result suggests that among the DNA mixtures, classic
PDRN improved the quality of wound regeneration in mice
the most.

Treatment with PDRN increases the collagen portion in
wounded skin. The normal wound healing process primarily
progresses based on the balance between collagen synthesis
and collagen catabolism by matrix metalloproteinases
(MMPs), and the adult wound bed predominantly contains
type I collagen deposition during ECM remodeling (22).
To determine whether classic PDRN affected collagen fiber
accumulation, Masson's Trichrome staining was examined to
analyze collagen composition. On day 3, the collagen portion
was significantly increased in classic PDRN-treated mouse
skin compared with skin treated with other sizes of PDRN
(Fig. 3A and B). At day 7, the majority of the PDRN-treated
groups demonstrated similar collagen composition (Fig. 3C).
However, compared with the other groups, the classic
PDRN-treated group demonstrated increased collagen produc-
tion and a decreased wound area; whereas, the other groups
exhibited blood clots and were still in the early stages of wound
healing. This data strongly supports the hypothesis that classic
PDRN facilitates accumulation of collagen in earlier wound
healing stages compared with other DNA mixtures.

Effect of PDRNs on migration in human fibroblasts. Although
PDRN has been implicated in the process of repair and regen-
eration, the underlying mechanisms remain largely elusive.
Wound healing involves cell migration and proliferation
during wound closure. The mitogen-activated protein kinase
(MAPK) pathway serves an important role in the regulation
of cell migration and wound healing (23). Signaling by JNK is
required for wounded epithelial cells to close the wound (24).
Furthermore, extracellular signals stimulate cellular processes,
including migration and proliferation, which are stimulated
by FAK (25). To determine the mechanism underlying
PDRN-mediated wound healing and determine whether it is
mediated through the activation of FAK and JNK, FAK and
JNK activation with vehicle and the different PDRN treatments
(50 ug/ml) were examined (Fig.4A). Classic PDRN induced the
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phosphorylation of JNK 24 h after treatment. FAK and ERK
phosphorylation increased in the high and classic PDRN treat-
ments compared with the vehicle treatment. However, the total
forms additionally increased; FAK and ERK were not signifi-
cantly activated by high and classic PDRN (Fig. 4B). These
results suggest that classic PDRN activates JNK, which may
be important for the classic PDRN-mediated wound healing
process. To determine whether classic PDRN-induced wound
closure was mediated by proliferation or migration, an in vitro
scratch assay was conducted and subsequently incubated with
EGF (a known promoter of wound healing), PDRNSs or vehicle
with mitomycin C, a known inhibitor of proliferation, for 24 h.
Images were captured from the initial point of cell migration
at 0 h and at a scratch after 18 h (Fig. 4C). In the presence
of vehicle, the wound area gradually closed and the rate of
wound closure was significantly increased with EGF or classic
PDRN treatment, suggesting that classic PDRN accelerated
wound closure in human fibroblasts (Fig. 4D). EGF increased
cell proliferation significantly compared with vehicle without
mitomycin C; whereas, treatment with PDRNs did not affect
proliferation (data not shown). This result suggests that classic
PDRN may promote wound healing by increasing cell migra-
tion to attempt closure of the wound bed in human fibroblasts.

Discussion

Polydeoxyribonucleotide is a DNA mixture with molecular
weights ranging between 50 and 1,500 kDa, produced by
regulated purification and sterilization processes from
Oncorhynchus mykiss (salmon trout) or Oncorhynchus keta
(chum salmon) sperm DNA (9). Multiple previous studies
have demonstrated that classic PDRN is associated with tissue
repair, in addition to anti-ischemia and anti-inflammation
responses (26-28). In the present study, it was investigated
whether a diverse range of DNAs may exert similar effects
under pathophysiological conditions. The effect of diversely
sized DNAs (<50 kDa; 50-1,500 kDa; >1,500 kDa), including
classic PDRN, has not been studied. The wound healing effect
of differently sized PDRNs was examined and it was identified
that classic PDRN stimulated positive factors associated with
migration in the wound bed and a well ordered wound healing
process.

A number of previous studies have demonstrated that
classic PDRN functions as a growth promoter in the regen-
eration of various tissues, including wounded skin, and in
osteoarthritis and ischemic-reperfusion injuries (10,29,30).
Based on the beneficial effects of PDRN, the effects of
different molecular size DNA mixtures on wound healing
were investigated. Epithelial cells begin to proliferate at the
wound margin following injury, and epithelial migration may
be subsequently triggered by growth factors and chemokines,
including VEGF, PDGF and transforming growth factor-§ (31).
In the wound-healing phase, granulation tissue begins the
remodeling process via collagen, fibronectin and hyaluronic
acid (31). It was identified that among the sizes examined,
classic PDRN not only improved wound closure quality;
however, additionally promoted the accumulation of collagen.
The wound bed exhibited increased re-epithelialization subse-
quent to wounding, following treatment with classic PDRN
compared with the other groups.
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Figure 1. Effect of different sizes of PDRNs on wound closure in mice skin. (A) Representative images of skin wounds in male hairless mouse skin at
different healing stages following treatment with PDRNs. Mice were randomly assigned to one of four groups: Vehicle, low (low-PDRN; <50 kDa), middle
(classic PDRN; 50-1,500 kDa) and high (high-PDRN; >1,500 kDa) molecular weight PDRNs. Evaluated (B) wound-closure rates and (C) wound area in the
four groups are expressed by the percentage of the initial (day 0) wound size. Results are presented as the mean + standard error of the mean (n=8). PDRNSs,

polydeoxyribonucleotides; classic PDRN, classic polydeoxyribonucleotide.
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Figure 2. classic PDRN improves the quality of wound closure in mice. Healing process of 4 mm full-thickness excisional wounds in the skin of the back was
evaluated at days (A) 3 and (B) 7 after treatment with PDRN. n=4/group and time point, four wounds per mouse. Histological sections of skin from the back of
mice treated with different sizes of PDRNSs. Scale bar, 200 ym. classic PDRN, classic polydeoxyribonucleotide; PDRNSs, polydeoxyribonucleotides.

Furthermore, proliferation and migration promote the
wound healing process. INK, FAK and/or MAPK signaling
promote cell proliferation and migration (23-25,32). Promotion
of cell motility is a well-known function of FAK. Treatment
with PDRN induced an increase in the expression of the phos-
phorylated and total forms of FAK and ERK. Although there
were no differences in the expression levels of activated FAK
and ERK, PDRN may still regulate FAK and ERK expression.
Treatment with EGF, a promoter of proliferation and migration,
demonstrated phosphorylation of JNK and ERK. According to
the present results, EGF stimulates JNK and ERK signaling
to promote wound-healing processes in human fibroblasts.
Notably, the observed increased JNK activity and wound
closure effect with mitomycin C supports the hypothesis that
the beneficial effects of classic PDRN on wound healing may be
mediated by accelerating cell migration in human fibroblasts.
Compared with low or high molecular weight PDRNs, middle
range classic PDRN demonstrated better efficacy in wound

healing processes. Numerous previous studies have reported that
classic PDRN regulates cell proliferation, in addition to growth
factor and pro-inflammatory signaling (33-35). Therefore, the
wound healing ability of classic PDRN is not due to environ-
mental improvement; however, rather more likely to be a result
of numerous factors, including growth factors and chemokines
during the wound healing process. JNK phosphorylation leads
to transcription factors and target gene activation, including
MMPs, and thereby promote wound healing (32). Although the
present study demonstrated classic PDRN-mediated regula-
tion of multiple signaling cascades, including total proteins of
FAK and ERK, its downstream effectors and specific pathways
linking to wound healing remain to be determined. In addition,
how classic PDRN exerted pleotropic effects on the wound
healing process requires further study. Therefore, future studies
are required to examine the mechanism by which classic PDRN
promotes wound healing via regulating multiple downstream
effectors, including MMPs.
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Figure 3. Treatment with PDRNs accelerated the collagen portion in wounded skin. (A) Masson Trichrome staining on day 3. Collagens stained blue were
observed in the granulation tissue. Scale bar, 200 ym. Collagen portions (%) at (B) day 3 and (C) day 7 are presented on the graph. Data are presented as the
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ribonucleotides.

z &
.
2 B¢
= -
A 2 n; & T B &
235238 £6 £3 £ 2.5
= = 3 |pINK x| 37 [pFAK 2 " pERKI
P-FAK [ S e 08 5 E E 2 20
(- FAK |0 9% S0 00 * 4 S 4 S 2 8
PINK [0 0 e E_ " = =
& = 1.0
-INK [ - ——— s 2 s 1 s
= 5= £ A
P-ERK1/2 [ o g o 2 k- ,_: 0.5
+ERK1/2 | £9  . % o < & o g g 0.0-
e R e WSS SEs
a-tubulin (WS e - & QQQQ'QQ QQQ' “’6 . e’,&C’QQQ'Q QQQ' @G ‘é&c’ % QQ.QQQ' ®
"heé(. @, é\" ‘eﬁi"_@' %\t "id:-(. di ’;\G
N Q}Q\q? N *&o@ N *2:’(}1&
C D g0 ~
Vehicle Low-PDRN  High-PDRN Classic PDRN EGF - *
R R - B S s04_
0Oh | :L-
‘ £ 60~
18h =z 40-
=
X 20+
0 T T
S =8
& o‘z'@‘%o’q' &
eq‘-'\'o' o
N éo@a"

Figure 4. Effect of PDRNs on migration in human fibroblasts. (A) Human fibroblasts were treated with EGF and PDRNs for 24 h and subjected to western
blotting with p-FAK, p-ERK, p-JINK, total form of FAK, ERK, JNK and a-tubulin antibodies. (B) Quantitative densitometry analysis for p-JNK, p-FAK and
p-ERK1/2 expression. Data are presented as the mean + standard error of the mean. “P<0.05 vs. vehicle. (C) Human fibroblasts were treated with vehicle,
PDRNs (50 pug/ml) or EGF (30 ng/ml) following initial scratching to induce a wound. Representative images of wounds in human fibroblasts were taken at
baseline (0 h) and 18 h later. (D) Quantified percentage of the wound healing area. Data are presented as the mean + standard error of the mean. "P<0.05
vs. vehicle. PDRNs, polydeoxyribonucleotides; classic PDRN, classic polydeoxyribonucleotide; EGF, epidermal growth factor; p, phosphorylated; t, total;
FAK, focal adhesion kinase; ERK, extracellular signal-regulated kinase; JNK, c-Jun N-terminal kinase.
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In conclusion, all PDRNSs are derived from the same DNA
and may share the same biological effects on cell migration
and proliferation. In the present study, it was demonstrated
that a broad middle molecular size of PDRN ranging between
50-1,500 kDa improved the quality of wound regeneration by
promoting migration in a mouse skin wound model. Notably,
classic PDRN-stimulating JNK signaling is critical for cell
migration to improve the healing process. Collectively, the
present results provide a novel perspective on the most effec-
tive molecular size of PDRN and the signaling for tissue
repair, and suggest a novel potential drug to aid in the wound
healing process.
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