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Abstract

Background The blood supply of the tissue is very
important in the acceleration of wound healing. Radiofre-
quency electromagnetic field (RF) and the pulsed magnetic
field (PMF) increase vasodilation to contribute wound
healing. The aim of this study was to evaluate the effects of
RF and PMF on wound healing via hypoxia-inducible
factor-1 alpha (Hif-1a)/endothelial nitric oxide synthase
(eNOS) pathway.

Methods Forty-eight rats were divided into 4 groups as
sham (wound created only), PMF (27.12 MHz, 12 times a
day at 30-min intervals), RF (0.5 mT, continuously) and
PMF + RF groups. Wounds were created at 1.5 x 1.5 cm
size to the dorsal region, and animals were put into unit.
Six animals were killed on days 4 and 7; wound tissues
were collected for histopathological, immunohistochemical
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as collagen-4, cytokeratin, matrix metalloproteinase-9
(MMP-9), vascular endothelial growth factor (VEGF)
staining and Hif-10/eNOS/VEGF expressions.

Results On day 4, in addition to increasing VEGF and
MMP-9 stainings, connection between intact tissue and
scar tissue which was stronger in the RF- and PMF-applied
groups was observed. On day 7, epithelization started;
inflammatory reaction decreased; collagen production,
cytokeratin, VEGF and MMP-9 expression enhanced,
especially in the RF + PMF applied group. eNOS, Hif-1a
and VEGEF expression levels were found to be significantly
highest in both days of RF + PMF-applied group.
Conclusions This study revealed that both in vitro RF and
PMF applications can cause notable changes in factors that
are required for tissue repair on wound healing such as
epithelization, connective tissue formation, collagen
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production and angiogenesis via vasodilatory Hif-1a/eNOS
pathway and VEGF signaling.
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Introduction

The skin is a specialized structure for interfacing with the
external environment and provides many important
homeostatic functions, from regulating thermostability to
sensing external stimuli. It acts as a mechanical barrier, and
when its integrity becomes disrupted, rapid repairing pro-
cesses initiate known as wound healing [1].

The wound healing process includes three consecutive
and overlapping steps: hemostatic/inflammatory, prolifer-
ative and remodeling stages. Fully integrated wound
healing involves the cooperative interactions of multiple
cell types, various growth factors, cytokines and
chemokines [2—4]. These interactions result in neutrophilic
infiltration, elimination of foreign substances in the acute
state and wound contraction to maintain tissue stability
[5-8]. Disruption of this process could delay or obstruct
wound healing.

To accelerate these effects, various substances and
methods with different mechanisms are tried [9]. Inade-
quate efficacy observed in chemical wound healing studies
and the emergence of drug-related side effects create lim-
itations in the field of use [10]. The systems used in in-vitro
methods are generally tried to increase the migration of
cells involved in the healing process to the wound surface
with the effects of chemoattractants [11].

Electrical methods that accelerate wound healing are
inadequate to provide complete restoration. Currently,
there are not enough studies on the combined application of
these methods. Therefore, using combined therapeutic
electrical methods is an innovative idea.

Radiofrequency electromagnetic field (RF) contributes
to vasodilation by increasing endothelial nitric oxide syn-
thase (eNOS) mediated nitric oxide (NO) synthesis from
the endothelial layer of vascular structures in the area
where it is applied. Bragin et al. found that 27.12 MHz
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frequency enhances the production of eNOS-related NO
synthesis in rat brain [12]. eNOS synthesis mediated by
hypoxia-inducible factor-1 alpha (Hif-1a) is a pathway that
has been investigated in many disease models that require
vasodilation such as wound healing [13]. Also, it increases
the synthesis of tissue growth factors such as vascular
endothelial growth factor (VEGF) by using the same
intracellular pathway [11].

The pulsed magnetic field (PMF) can increase the syn-
thesis of the molecules used in wound healing, especially
collagen synthesis, as well as the migration of the cells to
the damaged area depending on the electrostatic charges
[14]. The intracellular action mechanism of this method’s
effect on the hypoxia-inducible factor-1 alpha (Hif-1o)
pathway has not been investigated yet.

Researching and developing novel treatment methods
have always been on the agenda of scientific literature.
According to that motive, comparing the above-mentioned
effects of single and combined applications of RF and PMF
on wound healing and the Hif-1a/eNOS pathway is the
main purpose of this study.

Materials and Methods
Ethical Approval and Animals

Wistar albino type adult female rats (n = 48, 8—10 weeks
old, 250-350 g) obtained from Suleyman Demirel
University Experimental Animal Production and Experi-
mental Research Laboratory were used. The study was
approved by the Suleyman Demirel University Experi-
mental Animals Local Ethics Committee (Ethics No:
27.12.2019/14-02). This study was supported by KOSGEB
(project code 55FG1) and Suleyman Demirel University
Scientific Research Projects Coordination Unit (project
code TSG-2022-8783). The animals were housed in a
standard laboratory environment with constant temperature
and humidity for 12:12 h, light—dark cycle, and 55-60%
humidity for 8-10 days. During the shelter, the experi-
mental animals were subjected to standard feeding, housing
and care conditions.

Study Design and Preparation of Wound Area

Forty-eight rats were divided into 4 groups 12 rats of each
as sham (wound created only), PMF, RF and PMF+RF
groups. On day 1, under 80-100 mg/kg ketamine (Ketalar,
Pfizer, Turkey) and 10 mg/kg xylazine (Xylazinbio %2,
Bioveta, Czech Republic) anesthesia, back area of the rats
shaved widely. After proper disinfection with a batticon,
1.5 x 1.5 cm size wounds were created with a scalpel of
the specified sizes by removing cutaneous and
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subcutaneous tissues. Then, wounds were closed with
sterile dressing materials. After that, rats were put into
cages and taken to RF and PMF exposed area.

Six animals were killed from each group, under the
same doses of anesthesia on days 4 and 7. After the killing,
the half of the wound tissues put into 10% formaldehyde
for histopathological and immunohistochemical examina-
tion as collagen-4, cytokeratin, matrix metalloproteinase-9
(MMP-9), VEGF staining. Remaining tissues put into the
aluminum foil with regard to cold chain for PCR analyses
of VEGF/Hif-10/eNOS expressions. Details of experi-
mental protocol are given in Fig. 1.

RF Setup and PMF Applications

RF device conducted with 27.12 MHz operated for 12
shifts a day of 30 min on/1.5 h off periods and PMF device
conducted with 0.5 mT applied continuously during the
experimental procedure [12, 14].

It is observed that the magnetic field was quite homo-
geneous in the environment suitable for the dimensions of
the Euro type-2 cage and 30 mm above the bottom of the
cage by using electromagnetic stimulations (CST Studio
Suite 3D simulation, Oxford shire, UK). The 27.12-MHz
RF applicator with a targeted electric field value of 10 V/m.
To achieve this exposure, we had to feed the circuit by 12
Vge. In this circumstance, we got 0.8 W of RF output from
the PCB antenna.

The second part of the exposure system was aimed
magnetic field strength value of 0.5 mT occurred “expo-
sure environment” for rats by using a two-coil set under
each cage (Fig. 2).

All RF and PMF field measurements have been carried
out by using a field meter (Mustool MT-525, China), (ELF
meter PF-4, UK), (Extech 480836, USA).

The experiments were started by feeding and adjusting
the circuits to give the target 10 V/m electric field density
on each cage. Spectrum analysers (ROHDE-SCHWARZ
FSH6, USA, PROMAX AE-566 spectrum analyser, USA)
were used at every stage of the experimental steps. In the
scientific literature, it is emphasized that such exposure
mechanisms should be isolated from the external environ-
ment. For this reason, the shielding efficiency of the elec-
tromagnetically isolated room (clean room) of the
Suleyman Demirel University Animal Experiments Labo-
ratory where the experiments were carried out was mea-
sured as (80 dB) for this operating frequency (27.12 MHz).

Histopathological Analyses
At the end of the investigation, the wound region samples

were collected and fixed in 10% neutral formalin during the
necropsy for histological and immunohistochemical

examinations. After 2 days of fixation, skin samples were
routinely processed by a fully automated tissue processor
(ASP300S; Leica, Wetzlar, Germany). Following the
paraffin wax embedding of the tissues, 6 serial sections of 5
pm thickness were cut from the paraffin blocks using a
rotary microtome (RM2155; Leica). Hematoxylin and
eosin (HE) was used to stain a series of sections for
histopathological analysis, and the slides were coverslipped
and examined using a light microscope.

The other serial sections were stained using Picro Sirius
Red method for collagen (ab150681, Abcam, UK) to eval-
uate connective tissue healing according to manufacturer
instructions and examined under a light microscope.
Microphotography and morphometric analyses were per-
formed using the Database Manual Cell Sens Life Science
Imaging Software System (Olympus Corporation, Tokyo,
Japan).

Immunohistochemical Analyses

Selected sections were immunostained with collagen-4
(Collagen 4 polyclonal antibody (bs-4595R) Bioss Anti-
bodies Inc., Massachusetts USA); cytokeratin (Cytokeratin 1
(4D12B3): s¢-65999) Santa Cruz); matrix metalloproteinase
(MMP)-9 (MMP-9 (7-11C) (sc-13520) Santa Cruz); and
VEGEF (VEGEF (C-1) (sc-7269) Santa Cruz, Texas, USA) by
streptavidin—biotin technique. All primary antibodies were
used as 1/100 dilution. The sections were incubated with the
primary antibodies for 60 min, and immunohistochemistry
was carried out using a biotinylated secondary antibody and
streptavidin—alkaline phosphatase conjugate. UltraVision
Detection System Anti-Polyvalenti HRP kit (TP-060-HL)
(Thermo Shandon Limited, Cheshire, UK) was used as a
secondary antibody. The antigens were demonstrated by
using diaminobenzidine (DAB) as the chromogen. For
negative controls, the primary antiserum step was omitted.
All examinations were performed on blinded samples.

All the slides were analyzed for immunopositivity, and
semi-quantitative analyses were carried out. Samples were
analyzed by examining five different sections in each
sample, which were then scored from 0 to 3 according to
the intensity of staining (0, absence of staining; 1, slight; 2,
medium; 3, marked staining). The morphometric evalua-
tion was made by using the database.

Genetic Analyses
Analyses of Relative mRNA expression by Quantitative
Real-Time Polymerase Chain (qRT-PCR) Total RNA

Extraction and Purification

Total RNA was extracted from rat tissues by using
TRIzol™ Reagent (Thermo Fisher Scientific, California)
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Fig. 1 Summary of the experimental protocols for this study. RF:
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following the manufacturer’s instructions. RNA concen-
tration and purity were determined by the MySPEC
microvolume spectrophotometer (VWR).

c¢DNA Synthesis

Total RNA (1 pg) was reverse transcribed with the iScript
cDNA Synthesis kit by using oligo dT primers (Bio-Rad
Laboratories, Hercules, California). The reaction mix was
incubated for 5 min at 25 °C, for 20 min at 46 °C and 1
min at 95 °C.

qRT-PCR

gRT-PCR amplification was performed using iTaq
Universal SYBR Green Supermix (Bio-Rad Laboratories,
Hercules, California) in the CFX96 instrument (Bio-Rad
Laboratories, Hercules, California) according to the man-
ufacturer’s instructions.

Specific primers were designed against VEGF, Hif-1a,
eNOS and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). eNOS (forward

@ Springer

5’GTGAAGGCGACTATCCTGTATG 3', reverse 5
CATGCTCTAGGGATACCACATC3’), Hifla (forward
5’GGAAATG CTG GCTCCCTATATC3’, reverse
5’GTAACTGGGTCTG CTGGAATC3’), VEGF (forward
5’GGAAGAGAGA GAGAGAGAGAGAC3’, reverse
5’GACTGGTCC GATGAAAGATCC 3’) GAPDH (for-
ward S5’CAAGGTCATCCCAGAGCTGAA3’, reverse
5’CATGTAGGCC ATGAGGTCCAC3’). cDNA samples
were analyzed in triplicates for each PCR. The expression
of GAPDH was used to normalize cDNA levels. The fol-
lowing PCR conditions were used: denaturation at 95 °C
for 10 min, followed by 45 cycles of 10 s at 95 °C and 30 s
at 60 °C. Relative quantification of gene expression was
performed using the comparative AACt method. The PCR
products were analyzed by a melting curve to ascertain the
specificity of amplification.

Statistical Evaluation
Variables were presented as mean =+ standard deviation.

One-way ANOVA and post hoc LSD tests were used to
compare the genetic, histopathological and
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immunohistochemical scores between the groups. The
calculations were made using the SPSS 18.0 (SPSS Inc.,
Chicago, IL, USA) program package. p<0.05 was set as the
significance value.

Results
Histopathological Results

On day 4, it was discovered that the wound region had
begun to build a crust and that a pronounced inflammatory
cell reaction—dominated mostly by neutrophils with ede-
matous connective tissue—had grown. During the exami-
nation of tissue sections, it was observed that the
connection between the normal and the lesioned region was
slightly occurred in all of the rats in the sham group, and
the connection was stronger in the RF and PMF+RF
groups. Yet, there was no significant difference in the
groups’ reactions (Fig.3).

At the histopathological examination of the wound area
on day 7, significant inflammatory changes were also
observed in the sham group. The newly formed connective
tissue could not be securely attached to the normal tissue
since epithelization was not formed and there was a sig-
nificant inflammatory reaction on the wound surface. In the
other groups, connective tissue was formed clearly and a
tight connection with normal tissue was formed. Especially
in the PMF+RF group, epithelization started successfully,
inflammatory reaction decreased, connective tissue began
to change the mature fibrous tissue and significant wound
healing occurred. It was noticed that the skin defects of
many rats in the PMF+RF group were mostly closed and
ameliorated (Fig. 4).

At the examination of sections stained with Picro Sirius
Red method, it was noted that there was no significant
collagen production in the sham group on days 4 and 7. In
the other groups, collagen production drew attention which
started on the 4th day of wound healing and became more
distinct on day 7. It was observed that collagen production
increased significantly in the peripheral parts of the lesions
in the PMF+RF group (Figs. 3, 4).

Immunohistochemical Results

When the collagen 4 expression was examined on days 4
and 7, it was observed that the expression was significantly
lower in the sham group compared to the other groups for
both days. In the RF, PMF and PMF+RF groups, when the
same periods were compared among themselves, it was
noted that the most significant production was formed in
both cells and intercellular regions in the PMF+RF group
(Fig. 5).

At the evaluation of cyfokeratin immune reaction,
complete keratinization was not observed in any group on
day 4, but epithelial proliferation under the crusts was
observed. Cytokeratin expression by the newly formed
epithelial cells was slighter in the sham group compared to
the other groups (Fig. 5). On day 7, epithelization was
formed on the wound area in all groups, but it was more
prominent in the PMF and PMF + RF groups (Fig.5).
Cytokeratin immuno-expression was significantly higher in
all device groups compared to the sham group on both
days; also keratinization was observed in the PMF+4RF
group on day 7 (Fig. 5).

When the MMP-9 immune reactions were examined,
expressions were observed from the 4th day in the PMF
and PMF+RF groups and the 7th day in the RF group
(Fig. 6).

At the evaluation of the VEGF immune reaction, it was
observed that expressions seen on day 4 increased signifi-
cantly in all groups on day 7. It was noteworthy that the
highest increment was in the PMF+RF group (Fig. 6).

Positive changes in the wound healing process were
observed in all device groups compared to sham in all
parameters in the immunohistochemistry evaluations. The
most significant changes were observed in the PMF+RF
group. Immunohistochemical scores are shown in Table 1.

PCR Results of eNOS, Hif-1o, and VEGF mRNA
Expressions

On day 4, the expression level of eNOS was found to be
significantly highest in the PMF+RF group (p < 0.001,
p < 0.001, and p: 0.041, respectively). Also, eNOS levels
increased significantly in PMF and RF groups compared to
the sham group (p: 0.032 and p: 0.028, respectively).

Hif-1a expression levels were also significantly highest
in the PMF+RF group (p < 0.001, p: 0.035, and p: 0.043,
respectively). Similar to eNOS results, Hif-1a levels also
increased significantly in PMF and RF groups compared to
the sham group (p: 0.027 and p: 0.029, respectively).

VEGEF expression levels were found to be significantly
increased in all device groups compared to sham (p: 0.046,
p < 0.001, p < 0.001, respectively). Expression levels in
PMF+REF groups were significantly higher compared to the
PMF group (p: < 0.001) (Fig. 7).

On day 7, eNOS, Hif-1a and VEGF expression levels
significantly increased in all groups compared to the sham
group (p< 0.05 for all). For all three markers, the expres-
sion levels were found to be significantly highest in the
PEMF+-RF group (p < 0.05 for all) (Fig. 7).

All genetical results across the study groups are shown
in Table 2.
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Fig. 3 Histopathological appearance of wound healing on day 4
according to the groups. Inflammatory cell infiltrations (arrows)
edematous connective tissue and epidermal healing (arrow heads) in
the wound area in A Sham group; B RF group; C PMF group;
D PMF+RF group. (1) Microscopical appearance of wound healing

Fig. 4 Histopathological appearance of wound healing on day 7
according to the groups. Inflammatory cell infiltrations(arrow),
edematous connective tissue and epithelization (arrows) in the wound
area in A Sham group; B RF group; C PMF group; D PMF+RF

Discussion

The wound healing mechanism is a common process in
almost every pathology. Therefore, treatment methods used
for this process are very important [15, 16]. To date, many
antioxidant and proliferative and remodeling agents,
antibacterial molecules including silver, and active com-
ponents with vasodilator effects were used to improve
wound healing. By these molecules, some processes as to
reach an increment in cell proliferation and blood flow,
migration of the required cells to the wound area and
extracellular matrix synthesis were aimed. Intended chan-
ges were mainly occur through increased eNOS [17]. A

@ Springer

on day 4 according to the groups (HE); (2) histopathological view of
the connective tissue development between the groups on day 4, HE.
Normal fibrous tissue around the lesions (arrowheads) and newly
proliferated connective tissue (arrows) (Picro Sirius), bars = 200 pm.

group. (1) Histopathological appearance of wound healing on day 7
according to the groups on day 7 (HE); (2) microscopical view of the
connective tissue development and maturation with collagen (arrow)
between the groups on day 7 (Picro Sirius), bars = 200 pm.

brief summary about the clinical applications used for
wound healing is shown with a schematic illustration in
Fig. 8. However, despite all approaches, the majority of
which are pharmacological applications, sufficient efficacy
and acceleration cannot be achieved in the recovery period
and the hospitalization time increases. This situation causes
more complicated pathologies due to hospital-acquired
infections and thus increases mortality [18].

Critical steps of the wound healing process include the
migration of repair cells, collagen synthesis, epithelializa-
tion and connective tissue formation [19, 21]. Based on this
information, we evaluated these processes with different
analyzing methods. Evaluating all the above-mentioned
steps constitutes the main strength of this study. In
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Fig. 5 Collagen-4 and cytokeratin expressions between the groups on
days 4 and 7. Expressions showing a significant increase from day 4
A Sham; B RF; C PMF; D PMF + RF groups, (1) Collagen-4, day 4;
(2) collagen-4, day 7; (3) cytokeratin, day 4; (4) cytokeratin, day 7.

addition, the evaluation of the two methods used in sepa-
rate groups will contribute to the literature in terms of
comparison with their use in combination. On the contrary,
a few limitations can be listed: (1) The potential differ-
ences of the combined method on male rats need to be
evaluated. (2) Markers evaluated by immunostaining
should also be assessed by qualitative methods like
genetical analyses. (3) Results need to be supported by
different analyzing methods.

Although there are studies investigating the effect of RF
application on different cellular mechanisms, the same
cannot be said for the PMF application. In the experimental
model created within the scope of this study, it was
important to examine the effects of both methods on days 4
and 7 in terms of comparing the acute—chronic effects.
Through that, this study demonstrates our aim to evaluate
the time-dependent effectiveness of our innovative method
of wound healing.

Neutrophilic inflammatory reactions, an important
component of acute phase in wound healing, observed on

Arrows indicate immunopositive cells, and arrow heads indicate
crusts and bacterial clusters, Streptavidin—biotin method, bars =
200 pm.

the 4th day were evident in all groups, but the connections
between intact and scar tissues were more evident in the
device groups, giving the impression that tissue integrity
developed more rapidly with combined PMF + RF appli-
cations in the early period. It shows that with the middle
area of the wound where cellular proliferation occurs,
penetration of intact tissue and thus healing can be accel-
erated. In addition, the increase in inflammatory cell
migration to the wound area, as a result of vasodilatory
effect, also explains the increase in the repair rate. This
effect may be beneficial for the clearance of foreign bodies
in the injured areas. It is clear that the desired epithelial-
ization, tissue integrity and newly developed connective
tissue formation can contribute to the mentioned wound
healing processes, especially in the combined method
groups on the 7th day.

Collagen is an important skin component, needed
especially in the proliferation phase of wound healing that
is seen in days and weeks following the injury and that
stimulates immune cells and fibroblasts to reach the wound
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Fig. 6 MMP-9 and VEGF expressions between the groups on days 4
and 7. Expressions showing a significant increase from day 4 A Sham;
B RF; C PMF; D PMF+RF groups, (1) MMP-9, day 4; (2) MMP-9,

day 7; (3) VEGF, day 4; (4) VEGF, day 7. Arrows indicate
immunopositive cells. Streptavidin—biotin method, bars = 200 um.

Table 1 Statistical analysis

resulis of the Groups Collagen Cytokeratin MMP-9 VEGF
immunohistochemical scores. SHAM Day4 020+ 0.20° 0.40 + 0.24° 0.20 + 0.20° 0.80 + 0.44°
Day 7 0.40 + 0.24 1.00 £ 0.70*° 0.40 + 0.24° 1.40 £ 0.54*°
PMF Day 4 1.40 + 0.54"¢ 1.20 + 0.44*° 0.60 + 0.24° 1.00 £ 0.70°
Day 7 1.80 + 0.83° 240 + 0.54%¢ 1.00 £ 0.70*P¢ 220 + 83%¢
RF Day 4 0.80 + 0.37*° 1.40 + 0.54° 0.60 + 0.24° 1.60+£0.54*°
Day 7 1.40 & 0.54°¢ 1.80 + 0.83"c 0.80 & 0.37*° 2.4040.54°
PMF+RF Day 4 1.40 + 0.54"¢ 1.60 + 0.54"¢ 1.60 + 0.54°¢ 2.60+0.54°
Day 7 1.80 + 0.83° 2.60 + 0.54¢ 1.80 + 0.44° 2.8040.44°
P value < 0.001 < 0.001 < 0.001 < 0.001

Values are presented as mean =+ SD. The relationships between groups and results of histopathological and
immunohistochemical scores are assessed by one-way ANOVA.

PMF: pulsed magnetic field; RF: radiofrequency electromagnetic field; VEGF: vascular endothelial growth
factor; MMP-9: matrix metalloproteinase-9. The differences between the means of groups carrying dif-
ferent letters in the same column is statistically significant

area, thus protecting the natural extracellular matrix
structure and promoting healing. [22, 23]. So, collagen can
be added to wound dressing materials to provide structural

support or in addition to substances used in many wound
healing studies [24, 26]. In this study, endogenous collagen
production was not sufficient on the wound surfaces on the
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Fig. 7 Quantitative real-time PCR analysis for eNOS, Hif-1a, and eNOS: endothelial nitric oxide synthase; VEGF: vascular endothelial

VEGF mRNA expressions on days 4-7 between the groups. PMF:
pulsed magnetic field; RF: radiofrequency electromagnetic field;

Table 2 Genetical results across the study groups

growth factor; Hif-1o:: hypoxia-inducible factor-1 alpha. *:p<0,05;
#:p<0,01; @:p<0,001.

SHAM
Mean £+ SD

PMF

RF

PMF+RF

Mean £+ SD

P value

Mean £+ SD

P value

Mean £+ SD

P value

eNOS

Hif-1a

VEGF

eNOS

Hif-1o

VEGF

Day 4

Day 7

1.00 £ 0.10

1.00 £+ 0.09

1.00 £ 0.08

1.00 £ 0.09

1.00 &+ 0.10

1.00 £ 0.09

1.30 £+ 0.10°

1.62 £ 0.11°

1.35 £ 0.10°

2.09 £+ 0.10°

2.83 £+ 0.09*

1.51 £ 0.11°

a:0.032

a: 0.027

a: 0.046

a: 0.038

a: <0.001

a: 0.041

1.73 £+ 0.09*

1.59£0.11°

291+0.11*

1.84 + 0.18"

1.90 £+ 0.10°

2.13 £ 0.10°

a: 0.028

a: 0.029

a: 0<0.001

a: 0.042

a: 0.035

a: 0.031

2.8440.08%>¢

2.63+0.10%"¢

2.93+0.10%5°

3.70£0.10%P¢

4.12 £ 0.11%°¢

3.43 £ 0.09%>¢

: < 0.001
1 < 0.001
1 0.041

1 < 0.001
1 <0.035
:0.043

1 < 0.001
1 < 0.001
: 0.061

: < 0.001
1 < 0.001
1 < 0.001
< 0.001
1 0.042

1 0.036
< 0.001
: < 0.001
1 <0.001

6o B 0 o R 0T e 6o 0o 6 g

Values are presented as mean £ SD. The relationships between groups and results of histopathological and immunohistochemical scores are
assessed by one-way ANOVA. PMF: pulsed magnetic field; RF: radiofrequency electromagnetic field; eNOS: endothelial nitric oxide synthase,

Hif-1o: hypoxia-inducible factor 1 alpha, VEGF: vascular endothelial growth factor. “a” comparison with SHAM, “b” comparison with PMF,

TPt}

¢” comparison with RF

sham group. This is seen as an important development in
terms of assessing tissue integrity and the robustness of
scar tissue. The fact that this synthesis is observed

4th and 7th days in no-device group. However, with RF
and PMF applications, collagen synthesis was found to be
more pronounced on the 4th and 7th days compared to the
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Fig. 8 A brief summary about the clinical applications used for wound healing. RF: radiofrequency electromagnetic field; PMF: pulsed magnetic
field; eNOS: endothelial nitric oxide synthase; Hif-1o: hypoxia-inducible factor-1 alpha; NO: nitric oxide; L-Arg: L-arginine

especially in the peripheral part of the wound, which is
close to the intact tissue, explains that the connection
points are stronger. To evaluate the wound contraction
more accurately, long-term studies are needed. In addition,
in parallel with the results of the Picro Sirius Red method
in immunohistochemical staining, the highest collagen-4
expression observed in both days of combined use supports
that the device increases collagen synthesis.
Keratinization is an important part of the proliferation
phase in wound healing seen in chronic period, and
cytokeratin levels are an important indicator of kera-
tinization in scar tissue. In context of this, it was considered
normal that no cytokeratin staining was observed in any
groups on day 4. On day 7, especially PMF application
increased the cytokeratin expression in PMF and PMF+RF
groups compared to others, giving the impression that the
effect of PMF on keratinization could be more outstanding.
MMPs are classified according to their substrate speci-
ficity and include collagenases (MMPs 1, 8, 13), gelati-
nases (MMPs 2, 9), matrilysins (MMPs 7, 11, 26), and
stromelysins (MMPs 3, 10). Certain MMPs, such as MMP-
2 and MMP-9, are localized at the epithelial-stromal
interface behind migrating epithelial cells in wounds [27].
Under normal physiological conditions, MMPs are pro-
duced in connective tissue for embryonic growth, tissue
morphogenesis and growth continuity, and studies showing
their role in tissue restructuring have been reported. MMP-
9 is typically activated during pathological conditions and
produced by different cell types, including macrophages
and neutrophils, and plays a variety of roles in growth,

@ Springer

development, inflammation and remodeling [28, 29].
MMPs also provide keratinocyte migration to perform re-
epithelization on the damaged surface at wound edges in
wound healing. In this study, the increment in MMP-9,
collagen and cytokeratin expression levels mentioned
above can be evaluated as an additional contribution to the
strength of the connections between the intact and scar
tissues, especially at the wound edges. Besides all these,
observing the fact that PMF ensures tissue integrity earlier
than the RF application can be considered as the superior of
this method in terms of acute effect.

The Hif-1a/eNOS/VEGF signaling pathway, which is an
important intracellular mechanism for the increase in
vasodilation and growth factor synthesis underlying wound
healing, is necessary to show the effectiveness of the
therapeutic approaches that will be developed [30]. Acti-
vation of this pathway results in the synthesis of growth
factors such as VEGF, which shows the formation of
angiogenesis as well as vasodilation in the tissue. In this
study, the wound healing capability of PMF and RF
methods by applying separately and in combination was
also examined by evaluating their outcomes on the Hif-1a/
eNOS/VEGF pathway. Consistently with immunohisto-
chemical results, the elevated mRNA expression levels of
VEGF were detected in PMF and RF-applied groups on
days 4 and 7. The hypothesis of this experiment was
combined application of PMF and RF methods would be
more effective for the wound healing process. Results of
the genetical analyses showed that the co-application of
PMF and RF increased the expression levels of eNOS, Hit-
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lo and VEGF more effectively than their separate appli-
cation. There is a fact that the activated Hif-10/eNOS
pathway with aforementioned cellular mechanisms in both
methods also contributes to vascularization in addition to
the other positive effects on scar tissue. Concerning the
remarkable positive effects of PMF on this pathway is one
of the aspects that increase the originality of the study.

Conclusion

In conclusion, our findings revealed that both in vitro PMF
and RF applications can cause notable changes in factors
that are required for tissue repair on wound healing such as
epithelization, connective tissue formation, collagen pro-
duction and angiogenesis. Considering all these data, fur-
ther studies are needed to develop new types of devices
including both methods that will support the repair of
wound healing. Our evidentiary study of the production of
such a device will shed light on many kinds of research
related to wound healing.
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