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Background: This study aimed to examine the synergic effects of polydeoxyribonucleotide (PDRN)
through extracorporeal shock wave therapy (ESW'T) on atrophied calf muscles in cast-immobilized rabbit
models.

Methods: Twenty male New Zealand rabbits (aged 12 weeks) were allocated into four groups. Four types of
procedures [0.7 mL normal saline to Group 1 (G1-NS); 0.7 mL PDRN to Group 2 (G2-PDRN); ESWT to
Group 3 (G3-ESWT); and 0.7 mL PDRN with ESWT to Group 4 (G4-PDRN + ESWT)] were injected to
the atrophied calf muscles of the rabbits after two weeks of cast immobilization. Radial ESWT (0.1 mJ/mm’,
3 Hz, 1,500 shocks) was performed twice weekly. The circumference of the calves, compound muscle action
potential (CMAP) of the tibial nerves, and thickness of the gastrocnemius (GCM) muscle were evaluated
after two weeks of treatment. Type I and II GCM muscle fibers were immunohistochemically stained using
monoclonal anti-myosin, anti-VEGF (vascular endothelial growth factor), and anti-PECAM-1 (platelet
endothelial cell adhesion molecule-1) antibodies, and the cross-sectional area (CSA), VEGF ratio, and
PECAM ratio were measured after 2 weeks of treatment. Statistical differences among the four groups were
determined using analysis of variance (ANOVA).

Results: The G4-PDRN + ESWT group had a significantly greater circumference of calf muscles,
thickness of the GCM muscle, CMAP of the tibial nerve, and CSA of the GCM muscle fibers (type I, II,
and total) (hereinafter termed “the four categories”) than those in the remaining three groups (P<0.05).
Rabbits in the G3-ESW'T group had significantly higher results in the four categories than in G1-NS and
G2-PDRN groups (P<0.05). G2-PDRN rabbits had significantly higher results in the four categories than
those in G1-NS (P<0.05). The VEGF and PECAM-1 ratio of the medial GCM muscle fibers in G4-PDRN
+ ESWT were significantly higher than those in the remaining three groups (P<0.05).

Conclusions: ESWT combined with PDRN injection was more effective in muscle regeneration than

ESWT, PDRN injection alone, or normal saline injection on atrophied calf muscles in rabbit models.
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Introduction

Atrophy refers to a condition wherein the volume of a
normal body part is partially or completely reduced. The
etiology of atrophy includes malnutrition, inability to
control the nerves in the target organs, lack of exercise,
and immobilization. In addition, a prior study reported
the regression of the capillary network, which is essential
for bringing nutrients and immune cells to heal and
regenerate atrophied muscles (1). Many types of injuries,
such as ligament or tendon injuries, fractures, or recovery
after orthopedic surgery, require a certain period of
physical inactivity in the process of patient recovery (2).
Immobilization causes various negative effects on
health, such as decreased myofibrillar proteins amount,
reduced metabolic enzyme function, vascular and neural
alterations, and abnormal ectopic fat accumulation in
muscles (3). Therefore, it is necessary to establish an
appropriate intervention to diminish atrophy during
immobilization.

Polydeoxyribonucleotide (PDRN) is a mixture of
deoxyribonucleotide polymer chains. PDRN contributes
to anti-inflammatory activity by reducing the expression
of inflammatory cytokines such as tumor necrosis factor-
alpha and increasing the expression of anti-inflammatory
cytokines, including interleukin-10 (4,5). Prior studies
have reported that PDRN promoted the generation and
release of vascular endothelial growth factor (VEGF) by
invigorating the effect of adenosine on A,, receptors (6,7).
Through this process, PDRN can stimulate new blood
vessel formation and collagen synthesis.

Extracorporeal shock wave therapy (ESWT) involves
using acoustic waves generated from the body and that
are focused upon treating a particular body part. A
previous study reported that ESWT decreased the pain
associated with peripheral nerve injury and induced arterial
remodeling (8). A recent study also investigated the pain-
decreasing effect of ESWT and suggested that it stimulates
the regeneration of axons (9). ESWT is a therapeutic tool
for various musculoskeletal problems, including calcific
tendinopathy of the rotator cuff, lateral epicondylitis,
spasticity, and plantar fasciitis (10-13). A recent systematic
review showed the effectiveness of ESWT was comparable
to botulinum toxin injections for the treatment of post-
stroke spasticity (13). However, few studies have proven
that ESWT can contribute to muscle regeneration from
muscle injuries or muscle atrophy. Lee ez /. reported that
ESWT could be a treatment option to improve the function
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of the sciatic nerve and prevent denervation atrophy in a
rat model. Compared to the control group, the ESWT
group showed a significant increase in the sciatic functional
index score after treatment (14). Another rat model-based
study suggested that ESWT could promote the repair and
regeneration of skeletal muscle tissues after skeletal muscle
injury (15). The authors postulated that ESWT contributed
to muscle regeneration through mechanotransduction and
increasing the gene expression of multiple growth factors
such as insulin-like growth factor, fibroblast growth factor,
and VEGE

The objective of this study was to assess the synergistic
regenerative effects of PDRN injection combined with
ESWT on atrophied calf muscle in cast-immobilized
rabbits. We believe that this study is the first to investigate
such synergistic regenerative effects. We present the
following article in accordance with the ARRIVE reporting
checklist (available at https://atm.amegroups.com/article/
view/10.21037/atm-22-854/rc).

Methods
Animal model and grouping

This animal study was approved by the Institutional
Animal Care and Use Committee (IACUC) of the Catholic
University of Daegu School of Medicine (IRB No.
DCIAFCR-200921-10-Y), which is the author’s affiliation,
in compliance with JACUC guidelines for the care and
use of animals. We housed male New Zealand White
rabbits (n=20, 12 weeks old), weighing 3.3 kg (2.8-3.6 kg)
on average in separate steel cages at constant temperature
and humidity (232 °C and 45%=10%, respectively). All
rabbits were allowed free access to tap water and were fed a
commercial rabbit diet.

We then randomly allocated rabbits into four groups
(n=5 per group). All rabbits were assigned a number from
one to twenty, and then allocated into four groups using
the program for random grouping (Research Randomizer).
After two weeks of immobilization using a cast (IC), we
removed the IC. We then removed the hair in the lower
limbs of the rabbits using a commercial hair remover. We
performed four types of procedures on their atrophied
calf muscles (Figure 1): Group 1—normal saline, 0.7 mL
injection (G1-NS); Group 2—PDRN, 0.7 mL injection
(G2-PDRN); Group 3—ESWT (G3-ESW'T); and Group
4—0.7 mL PDRN injection with ESWT (G4-PDRN +
ESWT).
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Figure 1 Timeline of the study. Twenty rabbits were randomly allocated to 4 groups. GI-NS, IC for 2 weeks and 0.7 mL normal saline
injection for 2 weeks after CR; G2-PDRN, IC for 2 weeks and 0.7 mL PDRN injection for 2 weeks after CR; G3-ESWT, IC for 2 weeks
and ESWT after CR; G4-PDRN + ESWT, IC for 2 weeks and 0.7 mL PDRN injection and ESWT for 2 weeks after CR. IC, immobilized
by cast; NS, normal saline; PDRN, polydeoxyribonucleotide; ESWTT, extracorporeal shock wave therapy; FM, free movement; CR, cast

removal.

Immobilization by cast

We immobilized all the rabbits’ right lower limbs using IC
for two weeks. Based on a cast immobilization procedure
described in previous report (16), we extended the right
knees and ankles using a splint. The splint was made of an
adhesive elastic bandage and PVC, a non-adhesive bandage
(Tensoplast®; Smith & Nephew Medical, London, UK).

Injection procedures

All injection procedures were performed under anesthesia
with Zoletil® 50 (15 mg/kg, Virbac Korea, Seoul, South
Korea) and xylazine (5 mg/kg, Rompun®; Bayer Co., Seoul,
South Korea) via intramuscular injection. We administered
normal saline or PDRN injections (0.7 mL respectively)
at two points, the lateral and the medial side of the
gastrocnemius (GCM) muscle, under ultrasound guidance
with a 5-13-MHz multifrequency linear transducer
(Antares; Siemens Healthcare, Erlangen, Germany)
(Figure 2A4,2B). We used commercially obtained PDRN
(Rejuvenex Inj., PDRN sodium, 5.625 mg/3 mL, Pharma
Research Product, South Korea). We injected 0.35 mL of
each solution into the lateral and medial sides on the same
horizontal line based on a middle reference point (a total
of 0.7 mL in two points). The middle reference point was
determined as the midpoint between these two points:
the proximal one-third point of a longitudinal line drawn
from the midpoint between the malleoli of both ankles to
the midpoint between the femoral epicondyles, and the
medial and lateral endpoints of a transverse line drawn
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perpendicularly to the point of the longitudinal line. The
injection was repeated at the same sites one week after the
initial intervention.

ESWT application

We used a radial-type machine for ESWT (BTL-5000;
BTL, Columbia, SC, USA) and applied pressure pulses on
the lateral and medial sides of the GCM muscle. For Group
4 (G4-PDRN + ESWT), we performed ESWT immediately
after PDRN injection (Figure 2C,2D). We used a
transmission gel as the contact medium for applying ESW'T.
We applied 750 shocks to each injection site, for a total
of 1,500 shocks (two sites; energy density =0.1 mJ/mm?
frequency =3 pulses/s). We repeated ESW'T at the same
sites one week after the initial intervention.

Clinical parameters

All the parameters of the study were measured by a
physiatrist who was unaware of the group arrangement,
and the physiatrist had many years of professional
experiences in musculoskeletal ultrasound (18 years) and
electrophysiological studies (23 years). Prior to euthanasia,
we performed a motor nerve conduction study to evaluate
the amplitude of the compound muscle action potential
(CMAP) on the tibial nerve. Briefly, we placed the active
electrode at the midpoint of the GCM muscle by keeping
the reference electrode on the subcutaneous tissue at the
ankle. We then conducted electrical stimulation of the
tibial nerve in the popliteal fossa. We recorded the highest
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Figure 2 Longitudinal ultrasound image showing the injection of 0.7 mL PDRN (A) under ultrasound guidance (needle, red arrows) in the

right gastrocnemius muscles of a rabbit (B). ESWT (C) was then performed under ultrasonic guidance to the region of interest, focusing on

the PDRN injection area (D). GCM, gastrocnemius; PDRN, polydeoxyribonucleotide; ESW'T, extracorporeal shock wave therapy.

CMAP after 7-10 supramaximal stimuli.

We measured the largest circumference of the calf
areas using a tape measure. During the measurement, we
flexed the knee joints of the rabbits at a 90° angle with the
ankle relaxed. We assessed the thickness of the lateral and
medial GCM from the superficial to the deep fascia of the
GCM using real-time B-mode ultrasound. We acquired
longitudinal ultrasound images of the GCM at fixed points
similar to the injection sites, at the lateral and medial
surfaces of the muscle.

Finally, we evaluated the atrophic changes in
CMAP amplitude, the thickness of the GCM, and calf
circumference using the following equation: [(left side -
right side)/left side x 100]. We presented the results as a
percentage of atrophic changes on the right side compared
to the left side.

Tissue preparation

All the histological parameters of the study were
measured by an anatomist who was unaware of the group
arrangement. All rabbits were euthanized at two weeks after
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IC removal under general anesthesia after all intramuscular
injections. Muscle samples were collected from the right
GCM for the microscopic assessment. We segmented the
lateral and medial GCM muscular fibers and fixed them
with neutral-buffered formalin for a day. We embedded the
specimens in paraffin (Paraplast; Oxford, St. Louis, MO,
USA). Then, the specimens were sliced into 5-mm thick
transverse sections.

Immunobistochemical analysis

We immunohistochemically stained muscle sections for type
I and type II fibers with monoclonal anti-myosin antibodies
(Sigma-Aldrich, St. Louis, MO, USA). A Monoclonal
anti-myosin antibody (skeletal, slow) was used for type I
fibers, and a monoclonal anti-myosin antibody (skeletal,
fast) was used for type II fibers. The sections were then
immunostained with angiogenic markers using a polyclonal
anti-VEGF antibody (A-20; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-PECAM-1 polyclonal
antibody (M-20; Santa Cruz Biotechnology). The paraffin-
embedded sections were cleared and dehydrated. Then, we
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washed the sections using phosphate-buffered saline (PBS).
We inhibited endogenous peroxidases for 30 min by pre-
incubation in 0.3% H,0O, in PBS. Non-specific protein
binding was blocked upon treatment with PBS containing
10% normal horse serum (Vector Laboratories, Burlingame,
CA, USA) for 30 min. We incubated the sections with the
corresponding primary antibodies (1:200-1:500) at room
temperature for 2 h. Then, we washed the sections three
times using PBS. Afterward, the sections were incubated
with the corresponding secondary antibody (1:100). Then,
biotinylated anti-mouse IgG (Vector Laboratories) was
added to the muscle sections for 1 h at room temperature.
The sections were subsequently washed three times with
PBS. We then incubated the sections with an avidin-
biotin-peroxidase complex (ABC, Vector Laboratories)
for 1 h and washed them three times with PBS, followed
by a peroxidase reaction using 0.05 M Tris-HCI (pH 7.6)
containing 0.01% H,0O, and 0.05% 3,3'-diaminobenzidine
(DAB, Sigma-Aldrich). We counterstained the sections
using hematoxylin and mounted them on slides. Finally, we
inspected the slides by an Axiophot Photomicroscope (Carl
Zeiss, Oberkochen, Germany) with an Axio-Cam MRc5
attachment (Carl Zeiss).

We conducted all histologic analyses by being
blinded to the entire study process, including the group
allocation. Muscle sections were examined using an
Axiophot Photomicroscope (Carl Zeiss). We captured five
randomly selected fields from each group. We extracted
the entire muscle cross-section from the digital images
of the anti-myosin immunostained muscle sections (x100
magnification). We then measured the cross-sectional area
(CSA) of the anti-myosin positive type I and II muscle fibers
using an image morphometry program (AxioVision SE64;
Carl Zeiss) and then measured the mean value.

To examine VEGF and PECAM-1 immunostaining, we
took photos of 20 randomly selected fields from each group
and analyzed them using AxioVision SE64 software (Carl
Zeiss). We counted the number of VEGF- and PECAM-1-
positive cells or nuclei and the total number of muscle fibers
within each image. We applied the ratio of the number of
VEGEF- and PECAM-1-positive cells or nuclei per 1,000
muscle fibers to report the VEGF and PECAM-1 ratios,
respectively.

Statistical analysis

All statistical analyses were performed using SPSS v22.0
for Windows (IBM Corp., USA). P values <0.05 were
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considered significant. For calculating sample size, we
conducted pilot study. The primary end point is total muscle
fiber CSA of medial GCM. In pilot study, we used one
rabbit in each group, therefore five randomly selected field
was evaluated in each group. The effect size was 0.49, and
for such effect size, to achieve a power of at least 95% using
the analysis of variance (ANOVA) with a significance level
of 0.05, at least 76 fields were needed. Five fields can be
obtained from one rabbit. Therefore, 16 rabbits were needed.
Considering drop rate as 20%, we determined sample size as
20. We used standard descriptive statistical calculations for
means and standard errors and ANOVA to identify statistical
differences between the four groups. When significant
differences among groups appeared in the ANOVA analysis,
we performed Tukey’s test. We used 95% confidence intervals
to indicate the precision of the mean values obtained.

Results

We found significant differences in the imaging,
electrophysiological, and clinical parameters between the
GI1-NS and the other groups (P<0.05, Table I). The mean
atrophic changes (%) in the right medial and lateral GCM
muscle thickness (Figure 3), right calf circumference, and
CMAP amplitude of the right tibial nerve in the G4-
PDRN + ESWT group were significantly lower than
those in the other three groups (P<0.05, Table 1, Figure 4).
The mean atrophic changes in calf muscle circumference,
GCM muscle thickness, and CMAP amplitude of the tibial
nerve in the G3-ESWT group were significantly lower
than those in the G1-NS and G2-PDRN groups (P<0.05,
Table 1, Figure 4). The mean atrophic changes in calf
muscle circumference, GCM muscle thickness, and CMAP
amplitude of the tibial nerve in the G2-PDRN group were
significantly lower than those in the G1-NS group (P<0.05,
Table 1, Figure 4).

Immunohistochemical analysis between the G1-
NS and the other groups (P<0.05, Table 2, Figure 5)
showed significant differences. The mean CSA of
the type I medial and lateral GCM muscle fibers in
the G4-PDRN + ESW'T group (1,172.14£23.7 and
1,136.6+38.0 pm’, respectively) were significantly larger
than those in the remaining three groups (P<0.05,
Table 2, Figures 6,7). Better outcomes in the mean CSA of
type II muscle fibers were also observed in the G4-PDRN
+ ESWT group (1,597.7+23.8 and 1,513.0+17.5 pmz,
respectively) than in the other three groups (P<0.05, Table 2,
Figures 6,7). The mean CSA (um’) of the medial and lateral
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Table 1 Comparison of regenerative effect of clinical parameters among four groups

Atrophic changes (%)

Groups Circumference of Rt. Calf CMAP on Rt. Tibial nerve Rt. GCM muscle thickness (mm)
(cm) (mV) Medial Lateral
G1-NS 24.1+1.6 25.7+2.0 23.6+1.3 24.1+0.7
G2-PDRN 19.5+1.7* 20.5+1.1* 19.8+0.8* 20.3+0.9*
G3-ESWT 17.0+0.7"8 17.8+1.1™ 17.4+1.0" 18.4+0.9™
G4-PDRN + ESWT 14.2+0.7*" 15.1+1.3"1 15.0+0.9*"" 15.8+1.3"1

Values are presented as mean = standard deviation. G1-NS, IC for 2 weeks and 0.2 mL normal saline injection for 2 weeks after CR; G2-
PDRN, IC for 2 weeks and 0.2 mL PDRN injection for 2 weeks after CR; G3-ESWT, IC for 2 weeks and ESWT after CR; G4-PDRN + ESWT,
IC for 2 weeks and 0.2 mL PDRN injection and ESWT for 2 weeks after CR. *, P<0.05 one-way ANOVA, Tukey’s post hoc test among
group 1 and 2; ', P<0.05 one-way ANOVA, Tukey’s post hoc test among group 1 and 3; , P<0.05 one-way ANOVA, Tukey’s post hoc test
among group 1 and 4; %, P<0.05 one-way ANOVA, Tukey’s post hoc test among group 2 and 3; ", P<0.05 one-way ANOVA, Tukey’s post
hoc test among group 2 and 4; ", P<0.05 one-way ANOVA, Tukey’s post hoc test among group 3 and 4. CMAP, compound muscle action
potential; GCM, gastrocnemius; IC, immobilized by cast; NS, normal saline; PDRN, polydeoxyribonucleotide; ESWT, extracorporeal shock
wave therapy; CR, cast removal; ANOVA, analysis of variance.

G1-NS

G2-PDRN

G3-ESWT

G4-PDRN + ESWT [

Figure 3 GCM muscle thickness was measured via ultrasound. Thickness was measured as the distance from the superficial aponeurosis to
the deep aponeurosis of the GCM muscle (up-down arrows). Representative longitudinal sonograms of the right (A,C,E,G) and left (B,D,F;H)
GCM muscle. The atrophic change of the right GCM muscle in the rabbits in the G4-PDRN + ESWT group (G,H) less pronounced than
that in the other three groups (A-F). NS, normal saline; PDRN, polydeoxyribonucleotide; ESWT, extracorporeal shock wave therapy;
GCM, gastrocnemius.

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2022;10(16):853 | https://dx.doi.org/10.21037/atm-22-854



Annals of Translational Medicine, Vol 10, No 16 August 2022

(%)

30 £ B

25

20

(6]

M G1-NS G2-PDRN

medial head

Page 7 of 14

Circumference of Rt. Calf CMAP on Rt. Tibial nerve Rt. GCM muscle thickness-

Rt. GCM muscle thickness-

lateral head

B G3-ESWT M G4-PDRN + ESWT

Figure 4 Comparison of regenerative effect of clinical parameters among four groups. *, P<0.05 one-way ANOVA, Tukey’s post hoc test

among group 1 and 2; ', P<0.05 one-way ANOVA, Tukey’s post hoc test among group 1 and 3; ¥, P<0.05 one-way ANOVA, Tukey’s post hoc

test among group 1 and 4; %, P<0.05 one-way ANOVA, Tukey’s post hoc test among group 2 and 3; ', P<0.05 one-way ANOVA, Tukey’s post

hoc test among group 2 and 4; T, P<0.05 one-way ANOVA, Tukey’s post hoc test among group 3 and 4. CMAP, compound muscle action

potential; GCM, gastrocnemius; NS, normal saline; PDRN; polydeoxyribonucleotide; ESW'T, extracorporeal shock wave therapy; ANOVA,

analysis of variance.

Table 2 Comparison of immunohistochemical findings in gastrocnemius muscle fiber among four groups

Immunohistochemical findings G1-NS G2-PDRN G3-ESWT G4-PDRN + ESWT
Medial GCM
Type | fiber CSA (um?) 287.6+5.5 633.6+9.6 938.0+16.0 1,172.14223.7%"
Type Il fiber CSA (um?) 443.1+4.5 955.1+13.9* 1,257.3+16.7"° 1,597.7+23.8""
Total muscle fiber CSA (um?) 399.0+20.5 888.3+12.1* 1,197.2+14.5™ 1,509.3+20.5"1
VEGF ratio 0.17+0.07 0.30+0.12* 0.29+0.117 0.40+0.11"
PECAM-1 ratio 0.08+0.05 0.30+0.08* 0.31+0.10" 0.39:+0.06"
Lateral GCM
Type | fiber CSA (um?) 286.2+12.3 538.71+14.5* 843.22+25.3" 1,136.6+38.0°"
Type Il fiber CSA (um?) 420.1+4.9 1,063.0+13.0* 1,207.4+14.4" 1,513.0£17.5%"
Total muscle fiber CSA (um?) 400.73+4.8 973.9+13.2 1,172.3+13.7" 1,466.0+16.6""
VEGF ratio 0.15+0.05 0.31+0.09* 0.32+0.06" 0.42+0.08""
PECAM-1 ratio 0.08+0.06 0.30+0.05* 0.31+0.09" 0.39+0.08""

Values are presented as mean =+ standard deviation. G1-NS, IC for 2 weeks and 0.7 mL normal saline injection for 2 weeks after CR; G2-
PDRN, IC for 2 weeks and 0.7 mL PDRN injection for 2 weeks after CR; G3-ESWT, IC for 2 weeks and ESWT after CR; G4-PDRN + ESWT, IC
for 2weeks and 0.7 mL PDRN injection and ESWT for 2 weeks after CR. *, P<0.05 one-way ANOVA, Tukey'’s post hoc test among group 1 and
2; T, P<0.05 one-way ANOVA, Tukey’s post hoc test among group 1 and 3; * P<0.05 one-way ANOVA, Tukey’s post hoc test among group
1 and 4; §, P<0.05 one-way ANOVA, Tukey’s post hoc test among group 2 and 3; ', P<0.05 one-way ANOVA, Tukey’s post hoc test among
group 2 and 4; ", P<0.05 one-way ANOVA, Tukey’s post hoc test among group 3 and 4. NS, normal saline; PDRN, polydeoxyribonucleotide;
ESWT, extracorporeal shock wave therapy; GCM, gastrocnemius; CSA, cross-sectional area; VEGF, vascular endothelial growth factor;
PECAM-1, platelet endothelial cell adhesion molecule-1; IC, immobilized by cast; CR, cast removal; ANOVA, analysis of variance.
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G4-PDRN + ESWT

Figure 5 Immunohistochemical findings of medial GCM muscle fibers among the four groups. Immunohistochemical findings of the
immobilized medial GCM muscles stained with monoclonal anti-myosin type II (A-H), anti-VEGF (I-L), and anti-PECAM-1 (M-P)
antibodies. The cross-sectional areas (red circles) of medial head of gastrocnemius type 1 (A-D) and type 2 (E-H) muscle fiber were measured
using an image morphometry program. Atrophied muscle fibers were seen in G1-NS (A,E). The cross-sectional areas of muscle fibers
were increased in G2-PDRN (B,F), G3-ESWT (C,G), and G4-PDRN + ESWT (D,H) as compared with GI-NS. VEGF and PECAM-1
positive cells or nuclei (arrows) and the total number of muscle fibers within each image were counted. The VEGF and PECAM-1 ratios
of the medial GCM muscle fibers in G4-NS were significantly higher than those in other three groups. Scale bar is 50 pm. G1-NS, IC for
2 weeks and 0.7 mL normal saline injection for 2 weeks after CR; G2-PDRN, IC for 2 weeks and 0.7 mL PDRN injection for 2 weeks after
CR; G3-ESWT, IC for 2 weeks and ESWT after CR; G4-PDRN + ESWT, IC for 2 weeks and 0.7 mL PDRN injection and ESWT for
2 weeks after CR. NS, normal saline; PDRN, polydeoxyribonucleotide; ESWTT, extracorporeal shock wave therapy; GCM, gastrocnemius;

VEGEF, vascular endothelial growth factor; and PECAM-1, platelet endothelial cell adhesion molecule-1; IC, immobilization by cast.

GCM muscle fibers (type I, 1I, and total) in the G3-ESWT
group were significantly greater than those in the G1-
NS and G2-PDRN groups (P<0.05, Table 2, Figures 6,7).
The mean CSA (um®) of medial and lateral GCM muscle
fibers (type I, II, and total) in the G2-PDRN group were
significantly greater than those in the G1-NS group (P<0.05,
Tuble 2, Figures 6,7).

The VEGF and PECAM-1 ratios of the medial and
lateral GCM muscle fibers in the G4-PDRN + ESWT
group were significantly higher than those in the remaining
three groups (P<0.05, Tuble 2, Figures 8,9). The VEGF
ratios of the medial and lateral GCM muscle fibers in the

© Annals of Translational Medicine. All rights reserved.

G3-ESWT (0.29+0.11 and 0.32+0.06, respectively) and
G2-PDRN groups (0.30+0.12 and 0.31+0.09, respectively)
were significantly higher than those in the G1-NS group
(0.17£0.07 and 0.15+0.05, respectively) (P<0.05, Table 2,
Figures 8,9). The PECAM-1 ratios of the medial and
lateral GCM muscle fibers in the G3-ESWT (0.31+0.10
and 0.31+0.09, respectively) and the G2-PDRN groups
(0.30+0.08 and 0.30+0.05, respectively) were significantly
higher than those in the G1-NS group (0.08+0.05 and
0.08+0.06, respectively) (P<0.05, Table 2, Figures 8,9). The
VEGF and PECAM-1 ratios between the G3-ESW'T
and G2-PDRN groups (Tuble 2, Figures §,9) were not
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Figure 6 Comparison of mean CSA of medial GCM muscle fibers among four groups. *, P<0.05 one-way ANOVA, Tukey’s post hoc test

among group 1 and 2; ', P<0.05 one-way ANOVA, Tukey’s post hoc test among group 1 and 3; ¥, P<0.05 one-way ANOVA, Tukey’s post boc

test among group 1 and 4; ¥, P<0.05 one-way ANOVA, Tukey’s post hoc test among group 2 and 3; ', P<0.05 one-way ANOVA, Tukey’s post

hoc test among group 2 and 4; 1 P<0.05 one-way ANOVA, Tukey’s post hoc test among group 3 and 4. CSA, cross sectional area; NS, normal

saline; PDRN, polydeoxyribonucleotide; ESWTT, extracorporeal shock wave therapy; GCM, gastrocnemius; ANOVA, analysis of variance.

significantly different.

Discussion

In this study, we investigated the synergistic effects
of PDRN injection combined with ESWT on the
regeneration of atrophied calf muscles in cast-immobilized
rabbits. Our results indicated that PDRN injection into the
GCM muscle significantly reduced the atrophic change of
the GCM muscle in cast-immobilized rabbits compared to
those administered with normal saline. Furthermore, when
PDRN injection was combined with ESW'T] the atrophic
change of the GCM muscle was significantly lower than
PDRN injection or ESWT alone.

Clinically, ESW'T is a therapeutic tool for various
musculoskeletal problems, including rotator cuff calcific
tendinopathy, spasticity, medial and lateral epicondylitis,
and plantar fasciitis (10,11,17,18). In this study, we applied
radial ESWT to the atrophied muscles of rabbits. A feature
of the radial type of ESWT is its less infiltration from
the body surface and less centralization of the energy to

© Annals of Translational Medicine. All rights reserved.

the treatment object than the focused type (19). A recent
systematic review reported the benefit of the radial type
compared to the focused type of ESW'T] including a larger
therapeutic area, no need for accurate targeting, and no
requirement for additional local anesthesia (20). In addition
to these advantages, we applied the radial type of ESWT
rather than the focused type because the entire GCM
muscle was atrophied in the animal model we established.

We found no previous study that directly applied
ESWT to treat atrophied muscle. However, one previous
study applied ESWT to treat myofascial pain syndrome
(MPS) (21). In that study, they conducted 1500 pulses of
ESWT once a week for two weeks and applied the same
procedures in the current study. That study showed that
ESWT effectively improved pain and subjective disability in
patients with MPS (21).

Our study showed that ESWT could contribute to the
recovery from atrophy caused by immobilization. A shock
wave is a sound wave that propagates a high positive pressure
amplitude compared with an ultrasonic wave with limited
bandwidth. When a sound wave is created by high pressure,

Ann Transl Med 2022;10(16):853 | https://dx.doi.org/10.21037/atm-22-854
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Figure 8 Comparison of VEGF and PECAM-1 ratios of the medial GCM muscle fibers among four groups. *, P<0.05 one-way ANOVA,
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therapy; ANOVA, analysis of variance.
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Figure 9 Comparison of VEGF and PECAM-1 ratios of the lateral GCM muscle fibers among four groups. *, P<0.05 one-way ANOVA,
"Tukey’s post boc test among group 1 and 2; ', P<0.05 one-way ANOVA, Tukey’s post hoc test among group 1 and 3; ¥, P<0.05 one-way
ANOVA, Tukey’s post boc test among group 1 and 4; ", P<0.05 one-way ANOVA, Tukey’s post hoc test among group 2 and 4; I, P<0.05 one-
way ANOVA, Tukey’s post hoc test among group 3 and 4. VEGE, vascular endothelial growth factor; PECAM-1, platelet endothelial cell
adhesion molecule-1; and GCM, gastrocnemius; NS, normal saline; PDRN, polydeoxyribonucleotide; ESWTT, extracorporeal shock wave

therapy; ANOVA, analysis of variance.

its velocity increases and generates a high amount of energy
by changing its waveform. Although the exact mechanism
of ESWT is still controversial, several previous studies
suggested that it could stimulate neovascularization (22)
and promote the proliferation of tenocytes (23), which
could contribute to a decrease in pain and the induction
of functional recovery. Zhang et al. suggested that ESW'T
stimulate lubricin production in tendons and septa, and
it may decrease wear and tear in tissues treated with
ESWT (24). Additionally, an in vitro study showed that
gene expression of muscle specific genes such as paired box
protein 7 (Pax7), neural cell adhesion molecule (NCAM),
and myogenic factor 5 (Myf5) increased significantly in
the muscle cells subjected to radial ESWT compared to
non-treated muscle cells (25). This study showed that the
circumference of calf muscles, the thickness of the GCM
muscle, the CMAP of the tibial nerve, and the CSA of
GCM muscle fibers (type I, 11, and total) in the G4-PDRN
+ ESWT and G3-ESWT groups were significantly greater
than those in the other groups. Several previous studies
have reported that short-term post-injury ESW'T promoted
increased tissue-specific expression of growth factors

(8,9,15,22,23).

© Annals of Translational Medicine. All rights reserved.

Other previous experimental studies have shown
that such a response was also observed in injured bones,
tendons, and toxin-lesioned limb muscles in animal models
(15,23,26-28). In those studies, ESWT induced the
upregulation of VEGEF, VEGF receptor protein, placental
growth factor (PGF), PGF receptor, and transforming
growth factor B1. As a result, it stimulated the presence of
mitotic precursor cells and angiogenesis, and promoted
healing. In our study, the VEGF and PECAM-1 ratio of
GCM muscle fibers in the G4-PDRN + ESWT group
were significantly higher than those in the other three
groups. Frey er al. reported that the recovery of injured
muscle strength was more remarkable in the locally VEGF-
treated rabbit group than in the control group by reducing
connective tissue amount and increasing the number of
muscle fibers (29). PECAM-1 is also known to be involved
in angiogenesis, which is necessary for healing and the
regeneration of nutrients and immune cells (30,31).

Our study also showed that PDRN injection could
play a role in promoting recovery from atrophy caused
by immobilization. According to previous studies,
PDRN can promote cell growth and migration, produce
extracellular matrix proteins, and decrease inflammation
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Page 12 of 14

(4,32). Furthermore, PDRN can be transported into
the cell to supply pyrimidine or purine rings, which can
be substrate sources of enzymes for salvage pathways.
Through this process, PDRN can activate the production
of nucleic acids (33). By binding to certain receptors, purine
nucleosides can stimulate different transduction pathways,
performing as mitogens of endothelial cells, neuroglia (34),
and showing synergetic action with other growth factors
(35,36). A previous study reported that PDRN stimulates
VEGF expression by activating the adenosine A,,
receptor (32). Additionally, a recent study reported that
VEGTF could promote healing in diabetic feet in rats by
inducing angiogenesis and collagen synthesis (33). Thus,
PDRN might also promote the healing of degenerative
tissues or atrophied muscles, which also have poor
vascularization (1,2). Based on the results that showed a
significantly greater number of GCM muscle fibers (type I,
I1, and total) in the G4-PDRN + ESW'T group than in the
other three groups, we suggest that ESWT-induced VEGF
expression increases the regenerative effect of PDRN.

In this study, we injected 0.7 mL of PDRN into the
lateral and medial head of the GCM under ultrasound
guidance. The optimal route or dosage of administration
of PDRN for regenerating atrophied muscle has not yet
been established. A recent study used 5.625 mg/3 mL of
PDRN in patients with rotator cuff disease (37). Another
study that used a rabbit model with rotator cuff disease used
0.2 mL of PDRN because rabbits’ weights are approximately
5% of the weight of a typical human adult (38).
We estimated the rabbit GCM muscle size and used
0.7 mL of PDRN because the size of the GCM muscle of a
rabbit was approximately 3.5-fold greater than the size of its
supraspinatus. To confirm the regenerative effect of PDRN
in atrophied muscles, we believe that it is necessary to study
the optimal route and dosage of PDRN administration.

This study has some limitations. First, this study
evaluated the results at four weeks from baseline after two
weeks of IC. Therefore, it is necessary to investigate the
long-term effects of PDRN injections with or without
ESWT on atrophied muscles. Second, we performed
two sessions of ESWT using a radial-type machine at a
frequency of 3 Hz, energy density of 0.1 mJ/mm’, and
1,500 pulses per session. We did not evaluate the differences
in the efficacy of ESWT at different frequencies, energy
densities, and number of pulses. Further studies are needed
to investigate a more appropriate intervention for atrophied
muscles. Finally, molecular studies such as CD31 staining,
collagen staining, and western blotting will be needed to

© Annals of Translational Medicine. All rights reserved.
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reveal the mechanism of the synergistic effect of PDRN
injection and ESW'T on atrophied muscles.

In this study, we demonstrated that ESW'T combined
with PDRN injection was more effective on regenerating
atrophied calf muscles in rabbit models than ESWT alone,
PDRN injection alone, and injection with normal saline.
The mechanism of action of this intervention was found to
include a higher expression of VEGF and PECAM-1, and
increases in calf circumference, GCM muscle thickness,
CMAP of the tibial nerve, and CSA of the GCM muscle
fibers. A strength of this study was that we evaluated the
CSA of two types of muscle fibers, including type 1 and
type 2, in GCM muscles.
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