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Does Microwave Exposure at Different Doses in the Pre/Postnatal
Period Affect Growing Rat Bone Development?
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Summary

Effects of pre/postnatal 2.45 GHz continuous wave (CW),
Wireless-Fidelity (Wi-Fi) Microwave (MW) irradiation on bone
have yet to be well defined. The present study used biochemical
and histological methods to investigate effects on bone formation
and resorption in the serum and the tibia bone tissues of growing
rats exposed to MW irradiation during the pre/postnatal period.
Six groups were created: one control group and five experimental
groups subjected to low-level different electromagnetic fields
(EMF) of growing male rats born from pregnant rats. During the
experiment, the bodies of all five groups were exposed to
2.45 GHz CW-MW for one hour/day. EMF exposure started after
fertilization in the experimental group. When the growing male
rats were 45 days old in the postnatal period, the control and five
experimental groups’ growing male and maternal rats were
sacrificed, and their tibia tissues were removed. Maternal rats
were not included in the study. No differences were observed
between the control and five experimental groups in Receptor
Activator Nuclear factor-kB (RANK) biochemical results. In
contrast, there was a statistically significant increase in soluble
Receptor Activator of Nuclear factor-kB Ligand (SRANKL) and
Osteoprotegerin (OPG) for 10 V/m and 15V/m EMF values.
Histologically, changes in the same groups supported biochemical
results. These results indicate that pre/postnatal exposure to
2.45GHz EMF at 10 and 15V/m potentially affects bone
development.
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Introduction

Wireless-Fidelity (Wi-Fi) devices at 2.45 GHz
Microwave (MW) frequency used for communication
purposes contain low-power Radio frequency (RF)-Elec-
tromagnetic Field (EMF) transceivers that support
wireless local area networks (WLANSs). Additionally,
Wi-Fi has less severity than standard Specific absorption
rate (SAR) limit values for RF or MW given by the
International Commission on Non-lonizing Radiation
Protection ICNIRP 2020 report [1]. As it is known, the
excess fluid content of pregnant women's amino fluids
and growing children's total fluid content are higher than
that of adults. Moreover, the interaction of EMF with
water molecules increases the exposure, but they are not
considered to be within the limit values. Considering that
the EMF interaction with water molecules may create
a thermal or non-thermal effect at very low-level EMF
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exposures, these adverse effects may increase for
pregnant women and their offspring, especially for bone
mechanisms. Mechanisms studies related to the head,
torso and/or other organs at low/high level EMF that is
low/high Specific Absorbed Rate (SAR) exposure, the
research results for these local areas are also extensively
covered in reviews and the ICNIRP 2020 report [1-3].
However, although there are a lot of research and studies
on the positive and negative effects of low frequencies on
limbs and bone mechanisms in the reports [1,4-8], there is
very little research on bone at RF and MW frequency and
especially at low-level EMF exposure during
pre/postnatal period [9].

Bones are dynamic tissues in which bone
resorption and formation are continuously repeated in
a homeostatic mechanism of “coupling” between these
processes [10]. Because of coupling and absorption into
the body of MW [1],

ossification in the prenatal period might be affected by

bone development during

environmental or physical exposures such as MW
irradiation. Osteoclasts are cells of hematopoietic origin.
Osteoclastic bone resorption is indispensable in
remodelling or replacing bone during bone development
(modelling) and growth (remodelling). Due to any
external factor, such as bone fracture, injury, or exposure
to toxicity or devices, a high amount of osteoclast activity
causes increased bone resorption and osteopenia. At the
same time, reduced activity leads to an imbalance in
remodelling in favor of osteopetrosis [11]. Recently,
have been recognized as essential

skeletal [12].

Importantly, osteocyte apoptosis or dysregulation has

osteocytes
choreographers  of homeostasis.

been implicated in several diseases, including
osteoporosis, osteoarthritis, osteomalacia, and others [13].
showed that
chondrocytes and osteocytes are a significant source of
factor-kB  Ligand

(RANKL) during mineralized cartilage resorption and

Recent studies also hypertrophic

the Receptor Activator nuclear
adult bone remodelling [14]. It has been proposed that the
soluble forms of RANKL are Receptor Activator of
Nuclear factor-kB Ligand (sSRANKL). The sSRANKL has
more potent activity and essential roles in osteolysis
induced by tumors. The sRANKL derives from the
membrane form due to either proteolytic cleavage or
alternative splicing [15]. The binding of the RANKL to
the RANK prolongs osteoclast survival by suppressing
apoptosis [16]. The effect of the RANKL is blocked by
osteoprotegerin  (OPG), a glycoprotein secreted by

osteoblasts that acts as a decoy receptor for the RANKL

[17]. The term OPG has been coined for its effects of
protecting against bone loss [18]. The balance between
the RANKL and the OPG is regulated by cytokines and

functions. The
critical

hormones, determining osteoclast
RANKL/OPG
pathogenesis and increases bone resorption [19,20]. The
Receptor Activator Nuclear factor-kB (RANK) is

expressed on the surface of osteoclast progenitors and

ratio alteration is in bone

mature osteoclasts [21]. Osteoblasts, osteocytes, and bone
marrow stromal cells primarily secrete the RANKL. The
binding between the RANK and,
RANKL causes osteoclast genesis and bone resorption.
Thus, the OPG, a decoy receptor for the RANKL secreted
by osteoblasts to

specifically, the

inhibit osteoclast formation by
antagonising RANK/RANKL signalling, is a target for
treating bone loss-related diseases such as osteoporosis
[22,23]. Most studies on bone metabolism have focused
on the effects of EMF on the RANK/RANKL/OPG
pathway required for osteoclast genesis and bone
resorption of osteoclasts [4,24].

Considering the literature review, we aimed to
investigate the effects of 2.45 GHz MW radiation at
different EMF wvalues on bone in growing rats by
supporting it with biochemical and histological
parameters. Our study is the first in the literature focusing
on the thermal/non-thermal effect level of 2.45 GHz MW

exposure on the bone at different low-level EMF values.
Materials and Methods

Experimental groups

This study used growing Wistar rats randomly
generated from 12 mother rats with two each and six
experimental groups with different EMF values. This
study protocol was approved by the Ondokuz Mayis
University Animal Experiments Theoretical Ethics
Committee (OMU HAYDEK) with decision number
2019/23. Maternal and growing rats were kept in
a 12-hour day/night cycle at room temperature of
22-25°C and humidity of 40-50 % by the circadian
rhythm. They were given food and water ad /libitum for
the entire study period, except for the exposure time. In
the study, each group was exposed to 2.45 GHz MW
frequency at different EMF values, except for the control
group. The experimental growing rats were exposed to
MW for 66 days from pregnancy. The groups were
randomly formed as six groups of maternal rats before
pregnancy, and growing rats belonging to the groups of
maternal rats were used. Group I (G1) (n=9): growing
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rats in this group were constituted as the control group
and were fed with standard rat chow during growing. The
control group rats had not been exposed to any EMF.
Other groups were group II (G2, n=8, exposed to 0.6 V/m
EMF), group III (G3, exposed to 1.9 V/m EMF, n=8),
group IV (G4, exposed to 5 V/m EMF, n=8), group V
(G5, exposed to 10 V/im EMF, n=8), group VI (G6,
exposed to 15V/m EMF, n=8), respectively. MW
radiation was applied from the zeroth day of pregnancy to
the growing rat period (66 days in total).

Exposure design, thermal, and EMF measurements

Exposure system and experimental design:
2004X-RF Wi-Fi system generator with a Monopole
antenna and 0-1 Watt maximum out power (2004X-RF
Wi-Fi system generator, Everest Co., Adapazari, Turkey)
was used to generate MW radiation at a frequency of
2.45 GHz MW in this study. MW radiation exposure of
the rats was in the 12-slice pie-cage restrained, and the
antenna was placed in the middle of the 12-slice pie-cage
restrained to ensure equal electric field distribution.
Before the study, the electric field levels in the
experimental environment were determined using
an electric field meter (Narda EMR-300 broadband,
Narda-Safety Test Solutions, Germany) with the isotropic
electric field strength probe (EMR300 Probe model,
Type 8C. 2244/90.21, Germany), while band selective
electric field strength levels were determined (Narda
SRM-3006, Narda-Safety Test Solutions, Germany). The
highest EMF strength value was 92 mV/m with Narda
EMR-300 and 103 mV/m with Narda SRM-3006.
Magnetic Field (MF) strength levels were measured using
a low-frequency signal analyzer (Spectra NF-5035,
AARONIA AG, Germany), and the repetition time and
frequency were monitored using a spectrum analyser
(RF-Explorer 6G Combo, EMRSS, Germany). The
highest MF strength level in the environment is
286 nA/m, while the highest value in the 2.45 GHz MW
signal measurements taken with the RF-Explorer 6G
Combo is -70 dBm. Thermal and EMF measurements:
after the experimental electric and magnetic field
measurements, the temperature images of growing rats
before and after exposure were recorded with a TESTO
brand 870-02 model thermal camera to make thermal
evaluations at different EMF values. By taking the
average temperature values of the body regions taken
from the thermal images of 10 different days for each
group, the average temperature values of the body region
between 31.10+0.04 °C and

were calculated as

31.21+0.05 °C for group 1, between 31.05+0.04 °C and
31.37+0.06 °C for group 2, between 31.16+0.04 °C and
31.66+0.07 °C for group 3, between 31.14+0.04 °C and
31.90+0.08 °C for group 4, between 31.07+0.05 °C and
32.16x0.11 °C for group 5, between 31.17+0.05 °C and
32.5140.13 °C for group 6. For the head and body
regions, the mean temperature changed in all groups
before and after exposure (The mean variation was
between 0.2 and 1.37°C and 0.1 to 1.33 °C) in both
regions, head and body regions, groups 5 and 6. While it
was above 1 °C, the average temperature change in the
other groups was less than 1 degree. To calculate the
SAR values of growing rats subjected, the means of
EMF values measured for 66 days of growing rats
subjected to MW radiation were 0.65+0.11, 1.95+0.25,
4.97+0.32, 10.26+0.52, and 15.40+0.60 V/m for Groups
2,3,4,5, 6, respectively.

SAR  calculation, electric  field strength, and SAR
distributions
To determine the effect of the applied

MW radiation level in SAR values, the experiment
environment was created using an electromagnetic
simulation software (Computer Simulation Technology,
CST Studio Suite, version of 2018, USA) program, which
helps the discretization of Maxwell equations by Finite
Integration Technique (FIT), and performing numerical
simulation. For this purpose, a monopole antenna
operating at 2.45 GHz was created and placed at the
center of the modelled Plexiglas holder as in the
laboratory. To simulate the experiment and calculate
SAR distribution over rats, 12 computational “Rat”
models were placed in the Plexiglas holder. The SAR
(10g) values were calculated from EMF values
(0.65+0.11, 1.95+0.25, 4.97+0.32, 10.26+0.52, and
15.40+0.60 V/m) measured for exposed groups according
to the International Electrotechnical Commission (IEC)
and Institute of Electrical and Electronics Engineers
(IEEE), IEC/IEEE 62704—1 standard. The peak SAR 10g
values over the bone tissues for different doses of EMF
were obtained and given in Figure 1B, C, D, E, and F.
The figures show that the peak SAR 10g values are
0.46 uW/kg, 0.51 mW/kg, 3.32 mW/kg, 14.4 mW/kg, and
33.8 mW/kg for the given exposure levels, respectively.

Biochemical Assays
ELISA Test

The RANK (Biotechnology, BTLab E0288Ra
rat ELISA kit, Chine), the sSRANKL (Fine test ER1604
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Fig. 1. Rat model simulation and SAR 10g distribution on the bone tissue of the following: (A) Rat model, (B) 0.6 V/m, (C) 1.9 V/m,

(D) 5V/m, (E) 10 V/m, (F) 15 V/m.

Rat, Chine), and the OPG (Fine test, ER1212 Rat, Chine)
levels in serum were evaluated with enzyme-linked
immunosorbent assay (ELISA) kits by the kit procedure.
Absorbance was measured at 450 nm wavelength with
Synergy HT, Multi-Detection Microplate Reader, and
BIO-TEK plate reader device (Biotek elx800, Germany).
Results were given as ng/ml for RANK and pg/ml for
sRANKL and OPG protein.

Histological Evaluation
Hematoxylin-eosin stain method

The removed tibia was fixed in 10 % neutral
formalin for 24 h. They were then decalcified in a formic
acid solution for four days. Following the histological
tissue follow-up procedures, 5-micron serial sections
were applied to the bone sections taken from the tibia
diaphysis lines, and Hematoxylin-eosin stain (HHS32,
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Merck, Darmstadt, Germany) was used to some sections.

The obtained preparations were examined and
photographed under a research microscope (Olympus
CX31RTSF, Tokyo, Japan), and compact bone thickness
measurements were made on digital images transferred to
acomputer using the ToupTek XCamView Image
Processing and ToupTek analysis software application
(ToupTek Microsystem, No: V3.0-20180809, China).
Five random slides were selected from serial
sections taken from each tissue, and compact bone
thickness was measured with the ToupTek analysis
system at X400 magnification in 10 different areas on
slide.

osteoclasts were made in photographs taken on the same

each Counts of osteoblast, osteocyte, and
slides and from the same regions at x400 magnification

in 10 different areas.

Immunohistochemical method

Some of the serial sections taken were reserved
for immunohistochemistry staining. The sections
incubated at 60 °C for one night were deparaffinized in
xylene and dehydrated in decreasing alcohol series and
then were boiled for antigen retrieval in citrate buffer
(10 mM, pH 6.0) in a microwave for 15 min. They were
incubated to inhibit endogenous peroxidase activity with
hydrogen peroxidase (TA-125-HP, Thermo Fisher
Scientific, CA, USA) for 15 min. The sections were

incubated in blocking serum (Ultra V Block, TP-060-HL;

NeoMarker, Fremont, CA, USA) for 10 min and
incubation processing was continued with primary
antibodies  caspase-3 ~ (SC-56053, Santa  Cruz

Biotechnology, CA, USA) and caspase 9 (RB-1205-PO,
Santacruz Biotechnology, CA, USA) for 60 min at room
temperature and in a humid environment. The antigen-
antibody complex (HRP, TP-125-HL, Thermo Fisher
Scientific, CA, USA) was detected with biotinylated
secondary antibody and streptavidin-peroxidase complex
(20 min), and labelling was performed using AEC
(3-Amino-9-Ethylcarbazole, TA-060-HA, Labvision, CA,
USA). Mayer's hematoxylin (TA-125-MH, Thermo
Fisher Scientific, USA) was used as a floor paint. The
stained glasses were covered with a coverslip with
an ultra-mount, examined with an Olympus CX31
CX31RTSF, Tokyo,
photographed and counted using the ToupTek analysis
system (ToupTek Microsystem, No: V3.0-20180809,
China). In the staining, ten areas were selected randomly

microscope (Olympus Japan),

at x400 magnification in each preparation, and the
H-score was calculated according to the density of

positive cell uptakes stained in the tissues and the
percentage of uptake.

TUNEL staining

An in situ apoptosis detection (TUNEL) kit
(S7101, Millipore, Darmstadt, Germany) was used to
detect DNA fragmentation and apoptotic cell death. The
preparations, maintained at 60 °C for one hour to
facilitate deparaffinization, were kept in xylol twice for
15 min to complete the deparaffinization. Then, the
sections, which were passed through the ethanol series,
were incubated with 20 pg/ml proteinase K (107393,
Merck, Darmstadt, Germany) for 10 min after they were
passed through distilled water twice for 5 min to purify
them from alcohol. After washing with PBS (AM9625,
Phosphate Buffered Saline, Thermo Fisher Scientific,
CA, USA), endogenous peroxidase activity was blocked
in tissues that were left active with 3 % hydrogen
peroxide (TA-125-HP, Thermo Fisher Scientific, CA,
USA) for 15 min. Sections washed with PBS were
incubated in a balanced buffer for 10-15 min and in
a humid environment at 37 °C for 60 min in TdT enzyme
(S7101, Millipore, Darmstadt, Germany) (77 ul Reaction
Buffer + 33 pul TdT Enzyme). It was then incubated for
10 min in a pre-warmed stop/wash buffer at room
temperature and incubated in Anti-Digoxigenin (S7101,
Millipore, Darmstadt, Germany) for 45 min. Careful
washing with PBS was performed at each step. After
washing, DAB staining (S7101, Millipore, Darmstadt,
Germany) was performed to identify TUNEL-positive
Methyl green (M8884, Merck, Darmstadt,
Germany) was applied for 5 min. For the floor painting,

cells.

after the stained slides were dehydrated by passing
through increasing alcohol series, they were kept in xylol
for 20 min to transparency. Then, the entella and
coverslip were closed, and their photographs were taken
under the CX31 light microscope (Olympus CX31RTSF,
Tokyo, Japan).

Statistical analysis

Statistical evaluation of biochemical data was
performed using the GraphPad Demo program (GraphPad
Prism-8, Software version 8, US), and “mean standard
deviation (SD)” values were used in the analysis of the
data. One-way ANOVA was used to compare the means
of the data of the groups in a single direction. In addition,
the Tukey post hoc test was used to determine the
difference between which groups, and differences at the
p<0.05 level were considered significant. Histological
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data, including osteoblast, osteoclast, osteocyte, caspase
3,9, and Tunel data, were obtained using the GraphPad
Prism-8 Demo program. Mean = Standard Deviation
(SD) values were used to analyse the data. One-way
ANOVA was used to compare the means of the data
belonging to the groups. Tukey's test was used for
osteocyte, osteoblast, and osteoclast data, and a post hoc
test was used for caspase 3, 9, and tunel data to determine
which groups the difference was between.

Results

RANK, sSRANKL and OPG in serum

In our study, no significant difference was found
between the RANK levels of control and other different
EMF MW irradiation groups (p>0.05, Table 1, Fig. 2A).
When the sSRANKL levels of the control group and the
other groups were compared, a statistically significant
difference was found only in Group 5 and Group 6.
However, it was lower than the G1 control group in all
groups (p<0.05, Table 1, Fig. 2B). The sRANKL levels
of Group 2, Group 3 and Group 4 were not different from
each other (p>0.05, Table 1, Fig.2B). When the Gl
(control group) and EMF exposure groups in other groups
were compared, there was an increase in OPG levels, but
there was a significant difference in OPG levels only in
the 10 V/m (G5) and 15 V/m (G6) exposure groups, as in
the SRANKL (p<0.05). OPG level of G1 was lower than
all other groups (p<0.05), and OPG levels of G2, G3, and
G4 were not different from each other (p>0.05, Table 1,
Fig. 2C). In our study, the lowest SRANKL/OPG levels
and statistically significant difference between the groups
were obtained in Groups 4, 5 and 6. The sSRANKL/OPG
ratio of G6 was lower than all other groups (p<0.05
Table 1, Fig. 2D). As a result, in the comparison of the
G1 control group and other exposure groups, there was
no statistical change in RANK levels. At the same time,
there was a significant difference in SRANKL and OPG
levels in the G5 (10 V/m) and G6 (15 V/m) groups.
However, there was a substantial difference in the
sRANKL/OPG level in G4, G5, and G6 compared to the
control, and there was a decrease in all groups compared
to the control group.

Histological Findings
Hematoxylin-Eosin Findings

According to the hematoxylin-eosin findings, it
was observed that the compact bone in the diaphysis
region of the tibia preserved its normal and healthy

structure in the control group (Fig. 3A1). Osteoblasts, and
osteoclasts were in a normal structure and were laid on
the inner surface of the bone (Fig.3A2, A). The
Walkman canals in the bone were in normal structure, the
bone lamellae around the channels were correctly located,
and the osteocytes in the lacunae were in standard
structure (Fig. 3, A2). In Groups 2, 3, and 4, the structure
of the Haversian canal system of the compact bone was
disrupted. Abnormal enlargements in the Walkman canals
of the bone were remarkable (Fig.3 B2, C2, D2). In
Groups 5 and 6, severe and unhealthy enlargements in the
Walkman and Haversian canals were noted, in which the
structure of the compact bone was severely deteriorated
(Fig. 3E2, F2).

Tibia compact bone thickness measurement, osteocyte,
osteoclast, and osteoblasts findings

Compared to the control group G1, although the
thickness of the tibia decreased as the exposure increased,
there was no significant difference in thickness in the G2,
G3, and G4 groups according to the post hoc (Tukey)
comparative analysis results in the analysis performed for
all groups (p>0.05). There was a significant difference in
thickness between only the G1 group and the groups G5
and G6, the group with the highest EMF exposure
(p<0.05) (Fig.4A). Osteocytes decreased from the
G3 group compared to the G1 control group (Fig. 4B).
According to the results of post hoc (Tukey) comparative
analysis, there was a significant difference between all
groups in terms of osteoblast counts (p<0.05) (Fig. 4D).
There was a substantial difference between the G1 and
G5 groups and between the Gl and G6 groups in
osteoclast counts (p<0.05), but there was no significant
difference between other groups (p>0.05) (Fig. 4C).

Immunohistochemical and TUNEL straining findings

In caspase3 immunostaining, weak reactions
were observed in G1 and G2 tibia diaphysis rupture
osteoblasts, osteocyte, and Haversian channels in bone
tissue. In contrast, moderate expiration was observed in
osteoblasts and occasionally in some osteocytes in G3
(Fig. 5A: Al, B1, C1). However, there was no staining in
the Haversian canals (Fig. 5A: C1). In G4 and G5, the
reaction ranged from moderate to strong in osteoblasts
and Haversian canals. The number of caspase3-reactive
cells was increased in osteocytes (Fig. 5A: D1, El). In
G6, compelling caspase 3 expression was noted in
osteoblasts, osteocytes, and Haversian ducts (Fig. 5A:
F1). Caspase 9 immunostaining was weaker overall in the
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groups when compared with Caspase 3. Weak reactions
were observed in osteoblast, osteocytes, and Haversian
channels in and G3 (Fig. 5A: A2, B2). In G3, G4, and
G5, a weak to moderate reaction was detected in
osteoblast, osteocytes and Haversian channels (Fig. SA:
C2, D2, E2). Strong expression was detected in some
osteocytes and Haversian ducts in G6 (Fig. 5A: F2). With
the Tunel method, while the cells were almost absent in
the compact bone of the tibia diaphysis region in G1 and

G2 (Fig. 5B: A, B), the number of cells in osteoblasts and
osteocytes increased (Fig. 5B: C, D). It was noted that the
number of cells showing reaction in osteoblasts and
osteocytes in G5 especially G6 increased
considerably (Fig. 5B: E, F). Compared to the G1 control
group, post hoc (Tukey) comparative analysis revealed
a significant difference between the caspase 3, caspase 9,
and Tunel staining groups except for G2 (p<0.05)
(Table 1).

and

Table 1. Biochemical analysis and immunohistochemical data. in comparison with G1.

Groups RANK sRANKL OPG sRANKL/ Caspase 3 Caspase 9 Tunel
n=38) (ng/ml) (pg/ml) (pg/ml) OPG (count) (count) (count)
Control

Gl 9.37+0.33 227.76+16.45 118.03£51.56 3.94+0.88 27.00+4.89 23.50+4.24 2.62+1.40
Expose

G2 9.84+0.24 238.04+14.95 189.19+53.30 2.49+0.85 36.25+4.06 31.75+4.06 3.00+1.85
G3 10.04£0.09  269.99+20.70 217.46+88.01 1.83+0.70 55.50+7.34* 47.62+6.09*  17.00+3.46*
G4 8.85+0.38 242.33+10.69 258.85+14.89  0.95+0.07**  100.50+7.34* 64.50+£7.34*  18.50+2.44*
G5 9.80+0.48 306.50+9.27*  380.11x18.37*  0.83£0.06%  140.25+10.81*  97.50+4.81*  23.50+2.44*
G6 10.35£0.29  296.80+10.12*  394.86+10.84*  0.77+0.03*  256.25+17.31* 130.00+9.79*  34.50+4.03*

All data are given as mean + SD, SD standard deviation, * represents statistical significance, and ** represents strong significance.

* p<0.05; ** p<0.001; Compared to the G1 control group.

400

Fig. 2. (A) RANK, (B) SRANKL,
15— (C) OPG levels, and (D) sRANKL/OPG
* * ratio. * indicates significance between
. =3 e Gl and G5, G6 groups (p<0.05).
E 10 ‘2 ** indicates the significance between
B = 2004 Gl and G4 groups (p<0.05).
£ ™4 * p<0.05; ** p<0.01.
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Fig. 3. Hematoxylin-Eosin staining images of tibia diaphyseal compact bone. Control group: Groupl (A1, A2, A), Exposed groups:
Group2 (B1, B2, B), Group3 (C1, C2, C), Group4 (D1, D2, D), Group5 (E1, E2, E), Groupé6 (F1, F2, F). (A) BM (1): Bone marrow, x100,
Bar = 200 pm and (2): »: Osteoblast, ®: Osteocyte, %: Haversian canals, < : Walkman canals, x400, Bar = 4 um; (B) Osteoclast (=)
%1000, Bar = 100 pm.
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Discussion same time, there was no change in the RANK level.
In this study, we examined the effects and Bone remodelling begins early in skeletal
differences in bone formation between different  development. The new bone formation is the task of

EMF exposure groups and the control group to
investigate the effect of exposure to 2.45 GHz MW
radiation on pre/postnatal development. We observed
functional and histomorphological changes associated
with bone formation on the bone with 10 and 15 V/m
EMF exposure in growing rats exposed to MW radiation.
As far as we know, there are very few studies on the
effects of EMF on bone and the level of thermal and non-
thermal effects in developing rats, in line with RANK,
sRANKL, OPG, RANKL/OPG, and histological findings
are available. In this experimental model, while we
observed a statistically significant increase in
biochemical, sSRANKL, and OPG values in the G5 and
G6 groups where thermal temperature increases exceeded
1 °C in thermal measurements, we observed a decrease in
the sSRANKL/OPG ratio in these groups. Because of the
statistical evaluations of histological data, we observed
a statistical reduction in tibia thickness, osteoblast, and
osteocyte numbers in the G5 and G6 groups, especially.
In contrast, an increase in the number of osteoclasts and
caspase 3, 9 Tunel evaluations were observed. At the

osteoblasts, whereas bone resorption is the task of
osteoclasts. Both processes are controlled by osteocytes
[25]. Bone homeostasis depends on strictly balanced
activities between bone formation by osteoblasts and
bone resorption by osteoclasts. However, RANKL/OPG
signalling is a complex that regulates bone remodelling.
RANKL functions as a master regulator of osteoclast
differentiation and function, while OPG is an inhibitor of
bone resorption. An imbalance of bone formation and
resorption can cause various bone diseases. Various stress
such as MW
formation and resorption, especially during development.

factors, irradiation, can affect bone
It has been proven by many studies that ionising radiation
negatively affects bone metabolism in adults [26]. The
effects of low and high-frequency non-ionizing radiation
on bone metabolism are still a matter of debate, and it is
being investigated at which frequencies they have
positive or adverse effects. The EMF can inhibit
osteoclast formation by affecting the RANK/RANKL
pathway. In a study conducted with ovariectomized
(OVX) rats, the low-frequency pulsed EMF inhibited
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Fig. 5. Caspase 3 and 9, and Tunel staining images of tibia diaphyseal compact bone: (A) Caspase 3 (1) and Caspase 9 immunostain with
Mayer’s Hematoxylin floor paint (2), Control group: Group 1 (A1, A2, (A), Exposed groups; Group 2 (B1, B2, B), Group 3 (C1, C2, C),
Group 4 (D1, D2, D), Group 5 (E1, E2, E), Group 6 (F1, F2, F). »: Osteoblast, ®: Osteocyte, *: Haversian canals. x400) Bar = 40 um.
(B) Tunel staining images with Methyl green floor stain. (>, and ®): Tunel positive cells, %: Haversian canals. x400), Bar = 40 um.
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RANKL expression and increased OPG expression [4,8].
However, when osteoclasts from OVX rats were treated
with a pulsed EMF, RANK expression showed no
significant changes [24]. When OVX and hindlimb
hanging rats were exposed to the pulsed EMF, neither
RANK nor RANKL expression was changed [27,28].
Therefore, the EMF may not affect RANK but may
increase the expression of OPG. Briefly, there is still
controversy about the effects of EMF on RANKL
expression, which may be related to different parameters
and exposure time. Further studies are required to
investigate the effects and mechanisms of EMF on the
RANK/RANKL/OPG pathway.

In this study, we examined the effects and
differences in bone formation between different
EMF exposures and the control group to investigate the
effect of exposure to 2.45 GHz MW radiation on
pre/postnatal development. Additionally, the study was
conducted only in male rats to rule out the possibility that
EMF effects differ with gender. We observed functional
and morphological changes in the bone after 10 and
15 V/m EMF exposure in rats exposed to MW radiation.

Discussion of RANK, RANKL, and OPG values

RANK, RANKL, and OPG are a series of
cytokines related to the TNF family responsible for
These
cytokines are crucial for bone formation and maintenance

controlling bone formation and resorption.

of bone mass. Inflammatory cytokines regulate
osteoclastogenesis and bone resorption by simulating
RANKL production [29]. In our study, when the mean
values of sRANKL were compared with the control
group, it was observed that there was a statistically
significant increase in the G5 and G6 groups. Increasing
the RANKL value ensures osteoclast precursors' survival
by participating in osteoclast differentiation. In a study by
Lacey et al., advanced osteoporosis was observed with
increased RANKL levels in genetically modified mice
[30]. Fata et al. and Kong et al. reported that osteoclasts
were destroyed and osteopetrosis developed in mice
RANKL [31,32].
hypercalcemia were reported in a study in mice treated
with recombinant RANKL. At the same time, the OPG is
and RANKL is

conclusion, in

without Severe bone loss and

a potent bone-protective agent,

a pre-resorptive factor. In vitro
experiments also support in vivo data [33-36]. Several
studies in the literature examine the effects of an EMF
on RANKL. Although

low-frequency EMF improves the healing of bone

studies have shown that

fractures and increases bone mineral content [7,37],
therapeutic EMF doses for osteoporosis have only been
observed when pulsed at low doses of 15-72 Hz [38].
Long-term exposure to high doses of EMFs has also been
reported to cause osteoporosis. Zhou et al. found that
PEMF decreased RANKL expression and increased OPG
expression by suppressing osteoclastogenesis through the
OPG/RANK/RANKL signalling pathway [5]. However,
in our current study, contrary to PEMFs, it can be
concluded that RANKL levels were significantly higher
than those in the control group, especially at 10 and
15 V/im EMF exposure, potentially showing activator
effects through modulation
Osteoprotegerin  (OPG) secreted by osteoblasts is
a soluble “decoy receptor” for RANKL that inhibits the
maturation of osteoclasts by blocking the activity of the
RANKL/RANK signalling pathway [30]. In our study,
when the OPG levels were compared with the control

of osteoclastogenesis.

group, it was found that there was a statistically
significant increase in the G5 and G6 groups. Zhou et al.
reported that 8 Hz and 3.8 mT PEMF caused higher
expression of the OPG in the lumbar, femur, and tibia
while suppressing RANKL expression and preventing
ovariectomy-induced bone loss [5]. However, Chen et al.
observed no effect of PEMFs on RANK expression in
osteoclast-like cells in ovariectomized rats [24]. In our
study, the fact that high-frequency EMF application did
not affect RANK values in growing rats supports these
Studies have shown that PEMFs can also
significantly increase OPG and decrease the activation of
IL-1beta-induced NF-kB p65 subunit [39]. The increase
in OPG in the tibia of growing rats because of applying
10 and 15 V/m EMF at 2.45 GHz microwave frequency
in both our study and SEMFs supports this study.
Schwartz et al. showed that 15 Hz PEMF treatment
increased the production of osteoblast OPG [40]. In
another study, Shankar et al. found that it stimulated bone

studies.

resorption through an effect on the osteoblast, restoring
the response of osteoclasts to different cations [41]. These
data EMFs can inhibit
proliferation and differentiation, and the effects on the

suggest that osteoclast
balance between osteoblast and osteoclast by inducing
apoptosis need further investigation. SRANKL and OPG
expression was observed in many malignant and benign
tumor cells [42-44]. Therefore, the SRANKL/OPG ratio
has gained importance for bone pathologies. Essentially,
any change in the SRANKL/OPG ratio leads to either
excessive osteogenesis or excessive bone resorption,
thereby affecting the rate of bone remodelling in the
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SRANKL/OPG balance [29,45]. sSRANKL/OPG balance
is impaired in favor of SRANKL in osteolytic pathologies
[46-48]. In these cases, high levels of OPG begin to be
released to balance the sSRANKL concentration in the
The wuse of the sRANKL/OPG
a prognostic factor in

tumor. ratio as

biological non-malignant
pathologies such as osteoporosis, ankylosing spondylitis,
rheumatoid arthritis, benign bone tumors, prosthetic
osteolysis, and bone fractures is being investigated
[49,50]. The increase in bone formation may occur due to
an increase in OPG levels, also explained as a decrease in
the SRANKL/OPG ratio. In contrast, pathological bone
destruction occurs if the OPG level, also known as an
increase in the SRANKL/OPG ratio, decreases and the
SRANKL level increases [51]. In our study, when
SRANKL/OPG levels were compared with those in the
control group, it was found that there was a statistically
significant decrease in the G5 and G6 groups. In other
words, it may be thought that applying 10 and 15 V/m
EMF increases bone formation by causing the OPG level
to increase and the sSRANKL level to decrease in the
growing rat’ tibia. This increase in bone formation
increases osteoblasts, suggesting that it may be due to
increased OPG expression. This is unsurprising since this
study was applied to growing rats in the postnatal period.
This situation shows us that the rats applied EMF have
not yet entered the puberty period and have not
completed the bone development period. Additionally,
our findings are supported by histological examinations.

Discussion of histological data

Osteoclasts are giant multinucleated cells that
can lyse calcified tissues derived from hematopoietic
progenitor cells of the myelomonocytic lineage, which
share a common precursor with macrophages. It has been
expressed by osteoblasts, osteocytes and stromal cells.
Postnatal bone remodelling is a dynamic process of
balancing osteoclast-mediated bone resorption and
osteoblast-mediated bone formation [52]. In our study,
according to the results obtained from the histological
data, it was determined that while there was a statistical
increase in the osteoclasts of male rats in the postnatal
period, there was a decrease in the number of osteoblasts.
Bone homeostasis depends on the balanced activities
between bone formation by osteoblasts and bone
resorption by osteoclasts. The imbalance of bone
formation and resorption causes various bone diseases.
This imbalance, observed in our study because of

an increase in osteoclasts and a decrease in osteoblasts,

suggests that applying 10 and 15 V/m electric fields
activates  osteoclastogenesis by
RANK/RANKL interaction.

When the effects of EMF on bone formation
were examined, it was reported that they suppressed

increasing  the

osteoclastic activity and increased osteoblastic activity
[53]. Studies also show that it has no effect on bone [54].
Siddiqui and Partridge reviewed the role of cytokines in
osteoclast development and found that interleukins-1
(IL-1), IL-6, and tumor necrosis factor (TNF) stimulate
osteoclast development, whereas IL-4 and IL-18 inhibit
osteoclast development [55]. Chang et al. examined the
effect of EMFs on osteoclast formation in bone marrow
cells from ovariectomized rats and found that osteoclast
genesis could be inhibited by 7.5 Hz PEMF stimulation
[8]. Bone and muscle tissue development were adversely
affected due to prenatal exposure to 1800 MHz EMF [9].
the effects of EMF on bone are still
controversial. The imbalance between osteoblast and

Therefore,

osteoclast in our study suggests that it may be due to
bone diseases, the dose applied, and the fact that the rats
are in the developmental period.

Bone homeostasis is regulated by osteoblasts,
osteoclasts and osteocytes. Previous studies reported that
radiation caused suppression of osteoblasts and
osteocytes [56], and increased osteoclast differentiation
[57]. In our study, the decrease in the number of
osteoblasts and osteoclasts starting from G5 group and
the irregular change in the number of osteoclasts caused
the negative decrease of the radiation in the cells, and the
increase in the expression of Caspase 3 and Caspase 9
starting from the G3 group showed us that osteoblasts
and osteoclasts were negatively affected starting from
10 and 15 V/m EMF. It shows that it begins to be
affected and triggers apoptosis in bone. Apoptosis is an
important process that controls the physiological balance
between cell replication and death. Apoptosis can be
triggered by a wide variety of stimuli, disrupting cell
cycle progression. Caspase 3 and 9 are the groups
involved in the intrinsic mitochondrial pathway in
apoptosis [58]. In our study, the highest caspase 3 and
caspase 9 expression was observed in subjected to MW
irradiation, especially in the G5 and G6 groups,
suggesting that the radiation affected osteoblasts and
osteocytes at increasing degrees from the intrinsic
pathway to the apoptotic pathway, and thus may cause
bone formation deterioration, bone loss and perhaps
myelosuppression.

Apoptosis is a complex signal transformation
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involving complex signal transformation and damage to
cellular proteins and DNA [58]. In parallel with our
Caspase findings, an increase in the number of Tunel-
positive cells was observed in our groups exposed to
radiation. The initiation of Tunel-positive cells, especially
in the G3 group, from the 1.9 V/m electric field supported
our previous studies, suggesting that this intensity is the
threshold value that causes apoptosis to result in
DNA damage in bone cells. As a result, there is no study
in the literature to show the relationship between the
EMF exposures of 2.45 MW radiation at different doses
in the postnatal period on the RANK/RANKL/OPG
system. Our study is the first in this area to examine the
relationship between the RANK/RANKL/OPG systems
and histological findings in the pre/postnatal period. In
addition, our article is the first to propose a thermal and
non-thermal effect level on the bone.

Conclusions
In the present study, the effects of 2.45 GHz

MW radiation on the bone of healthy rat tibia exposed to
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