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Background and Objectives This study aimed to investigate the protective effect of poly-
deoxyribonucleotide (PDRN) against skin flap necrosis in a murine skin flap model.
Materials and Method Twenty mice with rectangular skin flaps on the dorsum were ran-

. domly divided into the PDRN (n=10) and pentobarbital sodium (PBS) (n=10) injection groups.
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PDRN (8 mg/kg) was subdermally injected at 12 different points immediately after the opera-
tion. After 7 days, the flap perfusions were evaluated using a laser speckle contrast imaging
(LSCI) system, and specimens were collected for immunohistochemistry analysis.

Results The percentage of survival area relative to the total flap area was significantly higher
in the PDRN group (60.87%=%7.63%) than in the PBS group (45.23%+10.72%) (p<0.05). The
mean LSCI perfusion signal of the distal part of the skin flap in the PBS group was 0.57+0.12,
and that in the PDRN group was 0.74 + 0.13 (»<0.05). The PDRN group had a significantly
lower interleukin 1 beta expression than the PBS group and higher vascular endothelial growth
factor a expression than the PBS group (p<0.05).

Conclusion These findings suggest that subdermally injected PDRN is more effective in

enhancing flap survival during necrosis.
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Introduction

Random skin flaps are perfused from a musculocutaneous
or septocutaneous vessel and connect to the subdermal plexus
through a thin, unnamed peripheral artery that supplies blood.”
Random skin flaps can be classified as local flaps based on
how the flap moves. They can be safely used on the face where
there is an abundance of subdermal plexus.” As the random
skin flaps used to reconstruct defects are made of the same
tissue as the defect site, they have similar color and texture as
the original skin after surgery. These skin flaps reduce donor
site complications, as the reconstruction can be performed un-
der a single surgical field of view. However, reconstruction
with a random skin flap is difficult for large defects, and ne-
crosis of the distal part of the flap may occur if the flap lacks
a sufficient blood supply.*” Ischemic necrosis of the distal
flap is the most common and lethal complication of flap sur-
gery and occurs when angiogenesis does not occur laterally
from the base of the flap.” The clinical effectiveness of vari-
ous medication treatments used to prevent ischemic necrosis
remains controversial.””

Polydeoxyribonucleotide (PDRN) is a DNA fragment ex-
tracted and processed from salmon sperm DNA that has 95%
similarity to human DNA and tissue regeneration and anti-
inflammatory properties.” This study investigated the protec-
tive effect of PDRN against ischemic necrosis through the in-
jection of PDRN into random skin flaps on the backs of mice.

Materials and Methods

Establishment of murine skin flap model

This study was approved by the Institutional Animal Care
and Use Committee of the Yonsei University Wonju College
of Medicine (Protocol YWC-190425-1). Seven-week-old male
Balb-c/nu mice (Jackson Laboratories, Bar Harbor, ME, USA)
were acclimatized for 7 days and maintained in an air-condi-
tioned specific-pathogen-free room at 21°C with a light/dark
cycle of 12 hours/12 hours. To induce anesthesia, pentobar-
bital sodium (PBS) (20 mg/kg body weight) was intraperito-
neally injected into nude mice. A 2x4 cm rectangular flap
was designed on the dorsal skin of the mice (Fig. 1A). A cau-
dally based flap elevation, including the elevation of the pan-
niculus carnosus muscle, was performed (Fig. 1B). A silicone
sheet was inserted between the flap and dorsal muscle to stop
the blood supply, and the skin was sutured with nylon 5-0 su-
tures. PDRN (8 mg/kg) was subdermally injected at 12 dif-
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Fig. 1. Photographs of mouse model flap design. A: Rectangular
random skin flap on the dorsal side of the mouse. B: A caudally
based flap elevation was performed and a silicone sheet was in-
serted under the skin flap.

ferent points across the proximal, middle, and distal parts of
the flap in mice in the experimental group (n=10). In the con-
trol group (n=10), PBS was injected at the same locations and
at the same concentration as PDRN. The solutions were in-
jected immediately postoperatively.

Evaluation of skin flap perfusion using laser speckle
contrast imaging

The surgical sites were examined each day grossly to de-
termine the degree of skin necrosis. On postoperative day 7,
the mice were anesthetized using inhalation anesthesia, and
images of the flaps were obtained. The Image J software pro-
gram (National Institute of Health, Rockville, MD, USA) was
used to determine the percentage of the survived tissue area
relative to the total flap area. A laser speckle contrast imag-
ing (LSCI) device developed by Jung’s group was used to
quantitatively analyze flap perfusion."” The flaps were divid-
ed into proximal, middle, and distal parts, and the ratio of the
perfusion signal of the distal part to the perfusion signal of
the normal skin was compared. A perfusion signal of 1 was
assigned to normal skin.
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Histologic examination and immunohistochemistry
The mice were euthanized on postoperative day 7, and tis-
sue was collected from the surgical site. The collected tissue
was fixed in 10% formalin for 24 hours, washed in X-wash
for 12 hours, and dehydrated in an automatic tissue processor
for clearing. The tissue was embedded in paraffin and sec-
tioned into 4-pum-thick blocks. Tissue slices were deparaf-
finized with xylene, rehydrated with ethanol, treated with hy-
drogen peroxide methanol for 10 minutes to block endogenous
peroxidase, and washed with distilled water followed by 50
mM Tris Buffer. Subsequently, the samples were treated with
goat serum for 30 minutes. After the remanent solution was
removed from the slides, they were treated with vascular en-
dothelial growth factor a (VEGFa; Affinity, Changzhou, Chi-
na) and interleukin 1 beta (IL-1B; Affinity, Changzhou, China)
primary antibodies at 4°C for 12 hours. Thereafter, the slides
were washed three times with Tween/Tris-buffered saline
(TTBS), treated with secondary antibodies (which were the
same as the primary antibodies) for 30 minutes, and washed
three times with TTBS for 5 minutes. The slides were devel-
oped using ImmPACT DAB substrate kit (Vector, Burlin-
game, CA, USA) for 1 minute and washed with distilled wa-
ter for 5 minutes. Following the wash, the slides were stained
with hematoxylin and washed with distilled water. Then, the
slides were treated with 1% acid alcohol once or twice, washed
for 5 minutes, treated with 1% ammonia water, and washed
for 3 minutes. The slides were dehydrated with 70%—100%
alcohol for 1 minute at each alcohol concentration, treated
with xylene for 3—5 minutes, and mounted on a cover glass.
Once staining was complete, the slides were analyzed using
a Slide Scanner (Motic, San Francisco, CA, USA). Solution
for Automatic Bio-Image Analysis software (ebiogen, Seoul,
Korea) was used to quantitatively analyze the stained tissues.
IL-1p expression was analyzed to examine the differences in
inflammatory responses in flaps between the two groups. The
level of IL-1B expression was compared by measuring the area
of the IL-1B-positive epidermis in the stained tissue. VEGFa
expression was analyzed to investigate the mechanisms of ne-
crosis protection provided by PDRN. The level of VEGFa ex-
pression was determined by counting the cells deemed VEGFa-
positive per unit area of the epidermis in the stained tissue.

Statistical analysis

A two-way analysis of variance test was used to compare
the wounded areas between the groups. The Kruskal—Wallis
test was used to analyze the results of the histological exami-
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nations. Statistical significance was set at p<0.05. All statis-
tical analyses were conducted using IBM SPSS Statistics for
Windows, version 22 (IBM Corp., Armonk, NY, USA).

Results

Skin flap viability

All 20 mice survived until postoperative day 7 with no flap
loss due to infection or cannibalism. Postoperative flap necro-
sis began at the distal end of the graft. On postoperative day 7,
the percentage of surviving flap tissue area relative to the to-
tal flap area was significantly higher in the experimental group
(60.87%=7.63%) than in the control group (45.23%210.72%)
(p<0.05) (Fig. 2A and D). In the control group, necrosis was
observed along the inner surface of the flaps, as was swelling
and blood congestion (Fig. 2F). No significant skin discolor-
ation was observed in the experimental group, and the ves-
sels maintained their shape (Fig. 2C). The mean LSCI perfu-

sion signal of the distal part of the skin flap in the control

Fig. 2. Images of skin flap on postoperative day 7. A: Photograph
from the PDRN group. B: Laser speckle contrast image from the
PDRN group. C: Inner surface of skin tissue from the PDRN group.
D: Photograph from the PBS group. E: Laser speckle contrast im-
age from the PBS group. F: Inner surface of skin tissue from the
PBS group. PDRN, polydeoxyribonucleotide; PBS, pentobarbital
sodium.



group was 0.57+0.12, and that in the experimental group was
0.74%0.13 (p<0.05) (Figs. 2B, 2E, and 3).

Histopathological changes

Histologic analysis revealed skin lacerations resulting from
skin necrosis in the control group. Necrosis, marked edema,
abscesses, and severe inflammation were observed in the
control group skin flaps (Fig. 4A). The skin flaps in the ex-
perimental group had normal epidermis and dermis; however,
inflammatory cells and fibrosis were observed in the subcu-
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Fig. 3. The laser speckle contrast imaging perfusion index ratio of
the skin flap. *p<0.05. PDRN, polydeoxyribonucleotide (Perfusion
index ratio=perfusion signal of distal part/perfusion signal of nor-
mal skin).
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taneous layer (Fig. 4B). Partial formation of granulation tis-
sue and increased formation of capillary vessels were ob-
served in the experimental group.

Expression of IL-1§ and VEGFa

Immunohistochemistry (IHC) of IL-1p and VEGFa was
performed to identify the reason for the PDRN group’s in-
creased skin flap survival (Fig. 4C-F). The experimental group
(1286 pm’/microscopy field at X20 magnification) had signifi-
cantly lower IL-1B expression than the control group (13620.33
um’/microscopy field at x20 magnification; p<0.05). The
experimental group had significantly higher VEGFa expres-
sion than the control group (506/mm” versus 32/mm’; p<0.05)

(Fig. 5).
Discussion

This study showed that subdermally injected PDRN en-
hances the survival of random skin flaps by increasing angio-
genesis and reducing inflammation. The PDRN group had
minimal histopathological changes during flap necrosis, lower
IL-1B expression, and higher VEGFa expression in THC stain-
ing. These findings suggest the potential therapeutic role of

Control

VEGFa

PDRN

Fig. 4. H&E staining and immunohistochemistry analysis of pentobarbital sodium group (A, C, E) and PDRN group (B, D, F) (magnification,
x20; scale bar: 200 ym). H&E, hematoxylin and eosin; PDRN, polydeoxyribonucleotide; VEGFa, vascular endothelial growth factor a.
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Fig. 5. Histograms of optical density values of interleukin 1 beta (A)
and vascular endothelial growth factor a (B). *p<0.05. PDRN, poly-
deoxyribonucleotide.

PDRN for random skin flap necrosis.

Necrosis of the distal part of the skin flap is the most sig-
nificant limitation when using random skin flaps in recon-
structive surgery. Several medications used to prevent distal
necrosis have been reported. PDRN has anti-ischemic and an-
ti-inflammatory effects and can be used as regenerative med-
icine.” PDRN is a deoxyribonucleotide mixture of 50—1500
kDa and is extracted from salmon trout or chum salmon se-
men DNA through purification and sterilization processes
that removes proteins and peptides that can elicit immune
responses. In vivo studies have revealed that the main mech-
anism of PDRN is the activation of the adenosine A2A recep-
tor that plays a central role in regulating inflammation, isch-

. . .9
emia, and angiogenesis.”

Chung, et al."”

have reported that intraperitoneally inject-
ed PDRN has protective effects for rat skin flap models. Lee,
et al.” have demonstrated that PDRN has positive effects on
skin flap survival after it is subdermally injected into rat skin
flap models 2 days before and immediately after surgery. This
study investigated the protective effects of a single, local in-
jection of PDRN immediately after surgery. After PDRN in-
jection, the VEGFua level was increased, and the IL-1p level
was decreased compared to the levels in animals injected
with PBS.

VEGEF facilitates wound healing by promoting angiogene-
sis. It increases vascular permeability and degrades the extra-
cellular matrix (ECM) to facilitate endothelial cell migration
and proliferation and prevent endothelial cell apoptosis.”™'”
In ischemic tissues, the level of VEGF in endothelial cells in-
creases, angiogenesis is promoted, and mediators are supplied
through capillaries to promote healing."” Angiogenesis pro-
moted by increased VEGF induces granulation tissue forma-
tion and maturation, elastic fiber formation, and rapid heal-

ing to protect the tissue from necrosis.'” In this study, PDRN
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was locally injected into the skin flaps, and VEGF expres-
sion was analyzed using IHC 7 days later. Increased VEGF
expression was observed after PDRN injection, especially
around new vessels. Moreover, an increased number of VEGF-
positive cells per microscopic field was noted in the mice in-
jected with PDRN. These results suggest that PDRN increases
VEGEF expression during the conditions of skin necrosis to
promote angiogenesis, thereby contributing to wound heal-
ing. PDRN is known to increase VEGF expression by bind-
ing adenosine receptors. Adenosine is a purine nucleoside
containing adenine and ribose. Recent studies report that pu-
rinergic signaling can improve wound healing.”"® Future
studies regarding the mechanism of purinergic signaling are
warranted.

IL-1B is a central cytokine regulating inflammation and im-
mune responses to infections. IL-1 consists of IL-1o and IL-
1B, which are expressed by different genes.'” IL-1B is a major
pro-inflammatory interleukin. When IL-1B-driven inflam-
matory signals are overexpressed at a wound site, inflamma-
tory cells stay at the site longer, and the level of matrix metal-
loproteinases that degrade the ECM increases, delaying wound
healing.”” Blocking IL-1p expression is considered an effec-
tive strategy to reduce inflammation and promote wound heal-
ing.” In this study, a decreased expression of IL-1B was ob-
served in the experimental group 7 days postoperatively,
suggesting that PDRN inhibited inflammatory reactions by
reducing IL-1B expression, resulting in protection of the skin
from necrosis.

In this study, an LSCI system was used to examine changes
in blood flow within the skin flaps 7 days postoperatively. This
imaging system analyzes changes in laser speckle patterns
produced by blood flow to obtain quantitative and tangible
data regarding the relative motion of blood flow. The gross
anatomical findings were consistent with the LSCI findings.
A higher perfusion index in the distal part of the flap was ob-
served in the experimental group of mice. Additionally, the
experimental group showed better blood flow preservation in
the flap than the control group.

Preclinical studies have reported that PDRN has tissue re-
generative and anti-ischemic properties. PDRN has been
shown to restore damaged skin and promote wound healing
by increased VEGF expression in diabetic mice.”” Further-
more, PDRN improved circulation in an animal model of pe-
ripheral arterial occlusive disease through increased VEGF
expression.”” PDRN selectively acts on adenosine A2 recep-
tors to promote VEGF secretion.”” VEGF promotes cell dif-



ferentiation to increase vessel dilation and capillary formation,
increasing and restoring the nutrient supply and blood flow
in tissues.”>”” Combined with the results of this study, these
previous findings suggest that PDRN may be effective in clin-
ical settings for the restoration of damaged flaps and improved
flap survival.

There are several challenges in applying these results to
real-world clinical practice. There are various animal studies
on drugs that enhance flap necrosis; however, few drugs are
actually used in humans. Large-animal experiments and clini-
cal trials must be carried out for clinical use, as this study was
only applied to small animals. Additionally, when PDRN is
injected into the human body, it is crucial to evaluate the ap-
propriate injection dose, injection route, and injection timing.
Although the results after 1 week were confirmed in this study,
additional studies are required on the long-term efficacy and
side effects of PDRN. Further, to confirm the exact mecha-
nism of action of PDRN, studies on various biomarkers should
be performed.

In conclusion, PDRN inhibits flap necrosis during the ne-
crotic process. The results of this study suggest that PDRN
promotes fibroblast activity and ECM accumulation by in-
creasing the formation of new capillaries, re-epithelialization,
and wound contraction speed at the wound site. Therefore,
PDRN may be effective in treating skin flap wounds in clini-

cal settings.
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