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Purpose: Adenosine Az receptor agonist polydeoxyribonucleotide (PDRN) possesses an anti-inflammatory effect and sup-
press apoptotic cell death in several disorders. In this current study, the effect of PDRN on inflammation and apoptosis in rats
with Achilles tendon injury was investigated.

Methods: von Frey filament test and plantar test were conducted for the determination of pain threshold. Analysis of histolog-
ical alterations was conducted by hematoxylin and eosin staining. Immunohistochemistry for cleaved caspase-3-positive cells
and cleaved caspase-9-positive cells was done. Enzyme-linked immunoassay was used to detect the concentrations of tumor
necrosis factor (TNF)-a, interleukin (IL)-6, and cyclic adenosine-3;5-monophosphate (cAMP). Western blot was conducted
to detect the protein levels of cCAMP response element-binding protein (CREB), protein kinase A (PKA), Bcl-2-associated X
(Bax), and B-cell lymphoma 2 (Bcl-2).

Results: PDRN treatment relieved mechanical allodynia and alleviated thermal hyperalgesia after Achilles tendon injury.
TNF-a and IL-6 concentrations were decreased by PDRN application. PDRN injection significantly enhanced cAMP concen-
tration and phosphorylated CREB versus CREB ratio, showing cAMP-PKA-CREB pathway was activated by PDRN applica-
tion. PDRN treatment inhibited percentages of cleaved caspase-3-positive cells and caspase-9-posiive cells and the suppressed
Bax versus Bcl-2 ratio in Achilles tendon injury rats.

Conclusions: PDRN is probably believed to have a good effect on pain and inflammation in the urogenital organs. PDRN
may be used as a new treatment for Achilles tendon injury.
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 HIGHLIGHTS
- PDRN relieved mechanical allodynia and alleviated thermal hyperalgesia after Achilles tendon injury.
- PDRN reduced TNF-a and IL-6 concentrations and enhanced cAMP concentration and p-CREB to CREB ratio in Achilles tendon-injured rats.
- PDRN inhibited percentages of cleaved caspase-3-positive cells and caspase-9-positive cells and suppressed Bax vs. Bcl-2 ratio in Achilles
tendon injury.
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INTRODUCTION

Achilles tendon injury causes pain and disability in athletes and
in the public. Long-term change in tendons affects muscle atro-
phy, build-up of connective tissue in the muscles, formation of
adhesions, decreased functional capacity, and ultimately quality
of life and medical costs [1]. Damaged tendon induces a local
inflammation response mediated by the release of proinflam-
matory cytokines. Proinflammatory cytokines comprising tu-
mor necrosis factor (TNF)-a and interleukin (IL)-6 are secreted
primarily by inflammatory cells and are found at high level at
the injured site [2].

Delayed treatment of Achilles tendon injury leads to tissue
degenerative changes due to excessive apoptotic activity [3].
Caspases exert critical role in the process of programmed cell
death and act as protease enzyme. Amon the caspases, cas-
pase-3 plays as executioner caspases, while caspase-8 and cas-
pase-9 act as initiate caspase [4]. The cleaved form of caspases
activates the apoptosis pathway, causing DNA degradation,
which in turn leads to cell death [4]. B-cell lymphoma 2 (Bcl-2)
family include antiapoptotic proteins, such as Bcl-2, which sup-
press apoptotic process and pro-apoptotic proteins, such as Bcl-
2-associated X (Bax), which promote apoptosis [5]. Depending
on the status of pro-apoptotic and antiapoptotic proteins, the
mitochondrial response to apoptosis stimulation is different [6].
‘When pro-apoptotic proteins are more active than antiapoptot-
ic proteins, apoptosis process on tendon begins and eventually
promotes tendon damage [7,8].

Nonsteroidal anti-inflammatory drugs (NSAIDs) are used
for Achilles tendon damage. However, previous studies have
found that long-term use of oral NSAIDs can cause side effects
such as gastrointestinal bleeding, ulcers, and perforation. There-
fore, there is a need for a new pharmacological therapy that has
fewer side effects and can effectively treat Achilles tendon dam-
age.

Adenosine receptors are receptors that have adenosine as an
endogenous ligand and are classified as purinergic G protein-
coupled receptors. Four types of adenosine receptors such as
Ay, Asa, Asp, and A; exist in human immune/inflammatory cells.
Activation on adenosine A4 suppresses the secretion of proin-
flammatory cytokines in a variety of disease conditions [9]. The
adenosine A, receptor agonist polydeoxyribonucleotide (PDRN)
possesses anti-inflammatory effect by inhibiting the secretion of
proinflammatory cytokines [10,11]. PDRN is known to suppress
the secretion of proinflammatory cytokines and apoptotic cell
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death in many inflammatory disorders [12,13].

The effect of PDRN on inflammation and apoptosis in rats
with Achilles tendon injury was evaluated in this current study.
For this study, von Frey filament test for pain threshold and
plantar test for heat threshold were conducted. Analysis of his-
tological alterations was conducted by hematoxylin and eosin
(H&E) staining. Immunohistochemistry for cleaved caspase-
3-positive cells and cleaved caspase-9-positive cells was per-
formed. Enzyme-linked immunoassay (ELISA) was used to de-
tect the concentrations of TNF-a, IL-6, and cyclic adenosine-
3’5’-monophosphate (cAMP). The expressions of cCAMP re-
sponse element-binding protein (CREB), protein kinase A
(PKA), Bax, and Bcl-2 were measured by western blot analysis.

MATERIALS AND METHODS

Animals and Grouping

Male Sprague-Dawley rats weighing 230+5 g (8 weeks old)
were managed in a laboratory with temperature and light con-
trol. The rats were classified into the 5 groups (n=8 in each
group): control group, Achilles tendon injury group, Achilles
tendon injury and 2 mg/kg PDRN-applied group, Achilles ten-
don injury and 4 mg/kg PDRN-applied group, Achilles tendon
injury and 8 mg/kg PDRN-applied group.

Induction of Achilles Tendon Injury

Surgery was conducted to damage the Achilles tendon, like the
method described below [14]. After anesthetized with Zoletil
50 (10 mg/kg, intraperitoneally; Vibac Laboratories, Carros,
France), the tibia area of the right foot was manually trimmed
and a longitudinal skin incision (approximately 0.5 cm) was
made to access the Achilles tendon. A rubber-coated support
was inserted deep in the Achilles tendon, and partial width
(~50%) was excised using microsurgical scissor. After damage,
the skin was sutured and the animals returned to cage to rest.

PDRN Application

PDRN (Recovery, Kyungbo Pharm Co., Asan, Korea) was in-
jected directly into the injury site at respective dose in 100-uL
volume, once every 2 days for 16 days (total 6 times), starting 3
days after surgery. The effective concentrations of PDRN were
selected based on the research by Kang et al. [15].

von Frey Filament Test
Mechanical allodynia was assessed by measuring the paw with-
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draw threshold, like the method described below [16,17]. The
rat was tested for the von Frey filament test 1 day before sur-
gery, 6 days, 11 days, and 15 days after Achilles tendon injury.
The rat was picked into a clear acrylic box with a metal mesh
on the bottom and left for at least 10 minutes until the explor-
atory action stopped. von Frey filaments (Stoelting Co., Illinois,
IL, USA) with increasing stiffness (0.40, 0.60, 1.00, 1.40, 2.00,
4.00, 8.00, 15.00, 26.00 g) were applied sequentially to the sole
of the right hind foot.

Plantar Test

Algesimeter (Ugo-Basile, Comerio, Italy) was used for the plan-
tar test. The planta test was performed for the determination of
thermal hyperalgesia 16 days after injury to the Achilles tendon,
like the method described below [18]. The rat was placed in a
clear acrylic box and, after acclimation, the planta test was
started. Radiant heat was applied to the sole surface of the ipsi-
lateral hind paw until the rat was hot and paw was lifted. When
the rat lifts its paw, the photocell automatically turns off the heat
source, and the time of seconds until this was calculated as the
paw withdrawal latency.

Tissue Preparation

After performing the plantar test, tissue preparation was per-
formed, like the method described below [19]. Tendon tissue
was collected by removing the damaged Achilles tendon after
anesthesia with Zoletil 50 (10 mg/kg, intraperitoneally; Vibac
Laboratories). The collected Achilles tendon tissues were treat-
ed with 4% paraformaldehyde, ethanol, xylene, and then infil-
trated in paraffin. Using a microtome (Thermo Co., Cheshire,
UK), coronal slices with 5-pum thickness were made.

H&E Staining

H&E staining was done, like the method described below [13].
After immersing the slides in Mayer’s hematoxylin (DAKO,
Glostrup, Denmark) for 30 seconds, the slides were washed
with water, immersed in eosin (Sigma Chemical Co., St. Louis,
MO, USA) for 10 seconds, and then washed by running water.
After drying the slides at room temperature, immersed 2 times
in 95% ethanol, 100% ethanol, 50% ethanol and 50% xylene,
and 100% xylene respectively. Permount (Fisher Scientific,
Waltham, MA, USA) was finally used to mount the coverslips.

Immunohistochemistry
Immunohistochemistry for cleaved caspase-3-positive cells and
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cleaved caspase-9-positive cells was done, like the method de-
scribed below [13]. The paraffin slides containing Achilles ten-
don tissues were deparaffinized by xylene, treated with ethanol,
and rehydrated by water for 5 minutes. The Achilles tendon tis-
sues were boiled in 10mM citric acid (pH, 6.0) for 10 minutes
and treated with rabbit anticleaved caspase-3 antibody or rabbit
anticleaved caspase-9 antibody (Abcam, Cambridge, UK) over-
night at a dilution of 1:200. The sections were treated with bio-
tinylated anti-rabbit secondary antibody (Vector Laboratories,
Burlingame, CA, USA) for 1 hour and then treated with avidin-
biotin-peroxidase complex (Vector Laboratories) at room tem-
perature for 1 hour. The sections were treated with 0.05%
3,3'-diaminobenzidine and 0.01% H,O, in 50mM Tris-buffer
(pH, 7.6) for 3 minutes for visualization of immunoreactivity.
After air-drying the slides at room temperature overnight, Per-
mount (Fisher Scientific) was finally used to mount the cover-
slips.

Proinflammatory Cytokines and cAMP Concentrations
ELISA was done to detect TNF-q, IL-6, and cAMP concentra-
tions in the Achilles tendon. Following the manufacturer’s in-
struction, TNF-a, IL-6, and cAMP concentrations were detect-
ed by enzyme immunoassay kit (Abcam), like the method de-
scribed below [11].

Western Blot Analysis

Western blot analysis was done, like the method described be-
low [20,21]. The Achilles tendon tissues were homogenized
with lysis buffer containing 50mM Tris-HCI (pH, 8.0), 100mM
NaFE 150mM NaCl, 1.5mM MgCL-6H,O, ImM EGTA, ImM
PMSE 1mM Na,VO,, 10% glycerol, 1% Triton X-100, and then
centrifuged for 30 minutes at 14,000 rpm. Rabbit CREB anti-
body (1:1,000; Abcam), rabbit phosphorylated CREB (p-CREB)
antibody (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), rabbit PKA antibody (1:1,000; Santa Cruz Biotechnolo-
gy), rabbit phosphorylated PKA (p-PKA) antibody (1:1,000;
Santa Cruz Biotechnology), mouse Bax antibody (1:1,000; San-
ta Cruz Biotechnology), mouse Bcl-2 antibody (1:1,000; Santa
Cruz Biotechnology), and mouse B-actin antibody (1:1,000;
Santa Cruz Biotechnology) were chosen as the primary anti-
bodies. Horseradish peroxidase-conjugated anti-mouse anti-
body (1:2,000; Vector Laboratories) for B-actin, Bax, Bcl-2, and
anti-rabbit antibody (1:2000; Vector Laboratories) for CREB, p-
CREB, PKA, p-PKA were chosen as the secondary antibodies.
Membrane transfer was carried out at 4°C, and all other steps
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were conducted at room temperature. The bands were calculat-
ed by Molecular Analyst version 1.4.1 (Bio-Rad Laboratories,
Hercules, CA, USA).

Data Analysis

Histological findings were observed and percentages of cleaved
caspase-3-positie cells and caspase-9-positive cells in Achilles
tendon tissue slices were counted by an Image-Pro Plus com-
puter-assisted image analysis system (Media Cyberbetics Inc.,
Silver Spring, MD, USA) attached to an optical microscope
(Olympus, Tokyo, Japan). For the counting of cleaved caspase-
3-positive cells and cleaved caspase-9-positive cells, 5 fields
were selected from each sample, and over 100 cells per field
were calculated under x200 magnification. The percentage of
cleaved caspase-3-positive cells or cleaved caspase-9-positive
cells was counted according to the following equation: cleaved
caspase-3-positive cells or caspase-9-positive cells number/total
cell number x 100 (%). For the relative quantitative measure-
ment, we set the result of the control group to 1.00 in western
blotting. Statistical analysis used 1-way analysis of variance with
Duncan post hoc test. Results were presented as mean + standard
error of the mean, with P <0.05 indicating statistically signifi-
cant.

25 ¢
20

15

Tactile threshold (g)

10

0 1 1 1
Pre Ist 2nd 3rd

Fig. 1. Tactile threshold in von Frey filament test. , control
group; 7, Achilles tendon injury group; 4, Achilles tendon injury
and 2 mg/kg PDRN-applied group; ©, Achilles tendon injury
and 4 mg/kg PDRN-applied group; =, Achilles tendon injury
and 8 mg/kg PDRN-applied group. PDRN, polydeoxyribonu-
cleotide. *P <0.05 compared with the control group. “P <0.05
compared with the Achilles tendon injury group.
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RESULTS

Tactile Threshold in von Frey Filament Test

The tactile threshold for the von Frey filament test is shown in
Fig. 1. In the current study; tactile threshold of the control group
maintained at the 20.0-g level during the experiment. Initially,
the tactile threshold for all operation groups fell to near 1.00 g
(P <0.05). In the Achilles tendon injury group, the tactile thresh-
old gradually recovered during the experiment. However, in the
Achilles tendon injury and 8 mg/kg PDRN-applied group, the
tactile threshold was increased from the 11 days after surgery
(P<0.05). On the 15 days after surgery, the tactile threshold was
increased more potently in the Achilles tendon injury and 8 mg/
kg PDRN-applied group (P <0.05).

Thermal Hyperalgesia in Plantar Test

Thermal hyperalgesia presented by paw withdrawal latency is
shown in Fig. 2. In the current study, induction of Achilles ten-
don injury reduced paw withdrawal latency in the plantar test
(P <0.05), whereas PDRN application enhanced paw withdrawal
latency (P <0.05).

Concentrations of TNF-a and IL-6 in Achilles Tendon
TNF-a and IL-6 concentrations in Achilles tendon tissue are
shown in Fig. 3. In the current study, TNF-a and IL-6 concen-

Latency (sec)

A B C D E

Fig. 2. Thermal hyperalgesia in plantar test. A, control group; B,
Achilles tendon injury group; C, Achilles tendon injury and 2
mg/kg PDRN-applied group; D, Achilles tendon injury and 4
mg/kg PDRN-applied group; E, Achilles tendon injury and 8
mg/kg PDRN-applied group. PDRN, polydeoxyribonucleotide.
*P <0.05 compared with the control group. “P<0.05 compared
with the Achilles tendon injury group.
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Fig. 3. Tumor necrosis factor (TNF)-a and interleukin (IL)-6 concentrations in Achilles tendon. Left panel: TNF-a concentration.
Right panel: IL-6 concentration. A, control group; B, Achilles tendon injury group; C, Achilles tendon injury and 2 mg/kg PDRN-ap-
plied group; D, Achilles tendon injury and 4 mg/kg PDRN-applied group; E, Achilles tendon injury and 8 mg/kg PDRN-applied
group. PDRN, polydeoxyribonucleotide. *P <0.05 compared with the control group. “P <0.05 compared with the Achilles tendon in-

jury group.

trations were enhanced by Achilles tendon injury (P <0.05). In
contrast, PDRN application inhibited TNF-a and IL-6 concen-
trations (P <0.05).

Concentration of cAMP in Achilles Tendon

cAMP concentration in Achilles tendon tissue is shown in Fig.
4. In the current study, cAMP concentration was suppressed by
Achilles tendon injury (P <0.05), whereas PDRN application
enhanced cAMP expression (P <0.05).

Ratio of p-CREB to CREB in Achilles Tendon

The relative expression of CREB and p-CREB is shown in Fig. 5.
In the current study, p-CREB to CREB ratio was suppressed by
Achilles tendon injury (P <0.05), whereas PDRN application
increased p-CREB to CREB ratio (P <0.05).

Ratio of p-PKA to PKA in Achilles Tendon

The relative expression of PKA and p-PKA is shown in Fig. 6.
In the current study, p-PKA to PKA ratio was suppressed by
Achilles tendon injury (P <0.05). Meanwhile, PDRN applica-
tion increased p-PKA to PKA ratio (P <0.05).

Expressions of Cleaved Caspase-3-Positive Cells and
Cleaved Caspase-9-Positive Cells in Achilles Tendon
The expressions of cleaved caspase-3-positive cells and cleaved
caspase-9-positive cells are shown in Fig. 7. In the current study,
expressions of cleaved caspase-3-positive cells and cleaved cas-
pase-9-positive cells were enhanced by Achilles tendon injury

Int Neurourol J November 30, 2020

800 1

600

400

200

Concentration of cAMP (pg/mL)

A B C D E

Fig. 4. Cyclic adenosine-3,5-monophosphate (cAMP) concen-
tration in Achilles tendon. A, control group; B, Achilles tendon
injury group; C, Achilles tendon injury and 2 mg/kg PDRN-ap-
plied group; D, Achilles tendon injury and 4 mg/kg PDRN-ap-
plied group; E, Achilles tendon injury and 8 mg/kg PDRN-ap-
plied group. PDRN, polydeoxyribonucleotide. *P <0.05 com-
pared with the control group. “P < 0.05 compared with the Achil-
les tendon injury group.

(P<0.05). Meanwhile, PDRN application inhibited the expres-
sions of cleaved caspase-3-positive cells and cleaved caspase-
9-positive cells (P <0.05).

Expressions of Bax and Bcl-2 in Achilles Tendon

The expressions of Bax and Bcl-2 are shown in Fig. 8. In the
current study, Bax expression was increased (P <0.05) and Bcl-
2 expression was suppressed (P <0.05) by Achilles tendon inju-
ry, demonstrating an increased ratio of Bax versus Bcl-2 (P <
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Relative p-CREB/CREB protein expression (O.D.)
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Fig. 5. Ratio of phosphorylated cAMP response element-bind-
ing protein (p-CREB) to CREB in Achilles tendon. Upper panel:
representative expressions of p-CREB and CREB. Lower panel:
relative expression of p-CREB to CREB. A, control group; B,
Achilles tendon injury group; C, Achilles tendon injury and 2
mg/kg PDRN-applied group; D, Achilles tendon injury and 4
mg/kg PDRN-applied group; E, Achilles tendon injury and 8
mg/kg PDRN-applied group. PDRN, polydeoxyribonucleotide.
*P <0.05 compared with the control group. “P <0.05 compared
with the Achilles tendon injury group.

0.05). In contrast, PDRN application inhibited Bax expression
(P<0.05) and enhanced Bcl-2 expression (P <0.05), showing
inhibited ratio of Bax versus Bcl-2 (P <0.05).

DISCUSSION

Achilles tendon injury is a representative animal model causing
mechanical allodynia and thermal hyperalgesia [22]. The von
Frey filament test assesses sensitivity to pain responses using
thin hair-like filaments of various diameters [23]. The plantar
test evaluates the heat sensitivity and restoration of sensory
function in rats [23]. In the current results, tactile threshold of
the von Frey filament test and paw withdrawal latency of the
plantar test were reduced after Achilles tendon insult. These re-
sults indicate that mechanical allodynia and thermal hyperalge-
sia occurred after Achilles tendon injury. In contrast, 8-mg/kg
PDRN treatment alleviated mechanical allodynia and PDRN
treatment relieved thermal hyperalgesia after Achilles tendon
injury.
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Relative p-PKA/PKA protein expression (O.D.)
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Fig. 6. Ratio of phosphorylated protein kinase A (p-PKA) to
PKA in Achilles tendon. Upper panel: representative expres-
sions of p-PKA and PKA. Lower panel: relative expression of p-
PKA to PKA. A, control group; B, Achilles tendon injury group;
C, Achilles tendon injury and 2 mg/kg PDRN-applied group; D,
Achilles tendon injury and 4 mg/kg PDRN-applied group; E,
Achilles tendon injury and 8 mg/kg PDRN-applied group.
PDRN, polydeoxyribonucleotide. *P <0.05 compared with the
control group. “P<0.05 compared with the Achilles tendon in-

jury group.

PDRN treatment decreased the expressions of proinflamma-
tory cytokines such as IL-1f, IL-6, and TNF-a [11]. In the cur-
rent results, TNF-a and IL-6 concentrations were enhanced af-
ter Achilles tendon injury, indicating that Achilles tendon inju-
ry was exacerbated due to overproduction of TNF-a and IL-6.
However, PDRN application reduced TNF-a and IL-6 concen-
trations in Achilles tendon injury.

The adenosine effects are manifested through 4 G protein-
coupled receptors, of which the adenosine Aza receptor sup-
presses proinflammatory cytokines secretion by CREB phos-
phorylation via the cAMP-PKA pathway [9,24]. Therefore, ad-
enosine Aaa receptor agonists have been reported to be curable
in the inflammation-related disorders [11,25]. In the current
results, PDRN application enhanced cAMP concentration and
p-CREB to CREB ratio, showing that PDRN facilitates phos-
phorylation of CREB and then activation of the cAMP-PKA-
CREB pathway.

Tendon injury leads to degenerative changes by increasing
caspases, Bax, and DNA fragmentation in tendon tissue [3,26].

Int Neurourol J November 30, 2020
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Fig. 7. Expressions of cleaved caspase-3 and caspase-9 in Achilles tendon. Left panel: photomicrographs of cleaved caspase-3-positive
cells and cleaved caspase-9-positive cells. The sections were stained for cleaved caspase-3-positive cells (black arrows) and caspase-
9-positive cells (red arrows). The scale bar represents 250 pm. Right upper panel: percentage of cleaved caspase-3-positive cells. Right
lower panel: percentage of cleaved caspase-9-positive cells. A, control group; B, Achilles tendon injury group; C, Achilles tendon inju-
ry and 2 mg/kg PDRN-applied group; D, Achilles tendon injury and 4 mg/kg PDRN-applied group; E, Achilles tendon injury and 8
mg/kg PDRN-applied group. PDRN, polydeoxyribonucleotide. *P < 0.05 compared with the control group. “P <0.05 compared with

the Achilles tendon injury group.

Apoptosis is associated with cellular degeneration of Achilles
tendon injury, and tendon injury increases apoptotic activity
with degenerative change [7]. In epileptic rats or rats with trau-
matic brain injury, the expression of Bcl-2 was suppressed and
the expression of Bax was enhanced, causing an improvement
of Bax to Bcl-2 ratio, which initiates the apoptosis process
[8,27]. PDRN suppressed apoptotic cell death in the gerbils
with gastric ulcer, and cAMP exerts critical effect in regulating
cell death by apoptosis [12]. In the current results, the percent-
ages of cleaved caspase-3-positive cells and caspase-9-positive
cells and the ratio of Bax versus Bcl-2 were enhanced after
Achilles tendon injury, suggesting that Achilles tendon damage
exacerbated apoptosis. In contrast, PDRN application inhibited
the percentages of cleaved caspase-3-positive cells and caspase-

Int Neurourol J November 30, 2020

9-positive cells and the ratio of Bax versus Bcl-2 in Achilles ten-
don-injured rats.

The current study shows that PDRN treatment reduced pain
sensitivity and improved histological degeneration in rats with
Achilles tendon injury. PDRN treatment also suppressed in-
flammation and apoptosis in Achilles tendon injury. PDRN is
probably believed to have a good effect on pain and inflamma-
tion in the urogenital organs. This study suggests that PDRN
may be used as a new treatment for Achilles tendon injury.
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Fig. 8. Expressions of Bcl-2-associated X (Bax) and B-cell lymphoma 2 (Bcl-2) in Achilles tendon. Left upper panel: representative ex-
pressions of Bax and Bcl-2. Right upper panel: relative expression of Bax. Left lower panel: relative expression of Bcl-2. Right lower
panel: ratio of Bax to Bcl-2. A, control group; B, Achilles tendon injury group; C, Achilles tendon injury and 2 mg/kg PDRN-applied
group; D, Achilles tendon injury and 4 mg/kg PDRN-applied group; E, Achilles tendon injury and 8 mg/kg PDRN-applied group.
PDRN, polydeoxyribonucleotide. *P <0.05 compared with the control group. "P<0.05 compared with the Achilles tendon injury
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