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The debate on the biological effects of radiofrequency radiation (RFR) still continues due to differences
in the design of studies (frequency, power density, specific absorption rate [SAR], exposure duration,
cell, tissue, or animal type). The current study aimed to investigate the effects of 2,600 MHz RFR and
melatonin on brain tissue biochemistry and histology of male rats. Thirty-six rats were divided into six
groups randomly: cage-control, sham, RFR, melatonin, sham melatonin, and RFR melatonin. In RFR
groups, animals were exposed to 2,600 MHz RFR for 30 days (30 min/day, 5 days/week) and the
melatonin group animals were subcutaneously injected with melatonin (7 days/week, 10 mg/kg/day) for
30 days. SAR in brain gray matter was calculated as 0.44 and 0.295 W/kg for 1 and 10 g averaging,
respectively. RFR exposure decreased the GSH, GSH-Px, and SOD levels and increased the MPO,
MDA, and NOx levels (P < 0.005) significantly. RFR exposure also led to an increase in structural
deformation and apoptosis in the brain tissue. This study revealed that exogenous high-dose melatonin
could reduce these adverse effects of RFR. Limiting RFR exposure as much as possible is
recommended, and taking daily melatonin supplements may be beneficial. Bioelectromagnetics.
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INTRODUCTION

On the basis of the studies associating the
increased risk of glioma with cellular phone use, the
International Agency for Research on Cancer (IARC)
declared radiofrequency radiation (RFR) as a carci-
nogen (possibly carcinogenic to humans) in 2011
[Baan et al., 2011]. Since the brain is a vital tissue and
under close exposure to RFR, it is essential to examine
the effects of RFR on brain tissue. Due to its low
antioxidant enzyme activity and high oxygen con-
sumption, brain tissue is more vulnerable to oxidative
damage [Motawi et al., 2014]. Studies about the
effects of RFR exposure on the nervous system
demonstrated that neuropsychiatric complaints, such
as headaches, dizziness, depressive symptoms,
memory changes, and sleep disorders were more
common among individuals living around base
stations [Abdel-Rassoul et al., 2007], and RFR
exposure caused changes in electroencephalography
activity [Lustenberger et al., 2013] and blood-brain
barrier permittivity [Sirav and Seyhan, 2016]. Also,
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RFR on neuronal activity may be related to regional
blood flow changes in brain tissue due to RFR
exposure [Aalto et al., 2006].

On the contrary, studies about RFR have
conflicting results. It is hard to reach a common
conclusion obtained from different studies due to the
differences in study designs, such as RFR frequency,
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modulation, specific absorption rate (SAR), exposure
duration, cell, or animal type. Therefore, further
studies about RFR have great importance in terms of
enlightening the effects of RFR. Several studies
reported that RFR caused an increase in apoptosis,
oxidative stress, DNA damage, and inflammation in
the brain tissue [Salford et al., 2003; Megha
et al., 2015; Chauhan et al., 2017; Alkis et al., 2019],
while others showed no effect [Sakuma et al., 20006;
Joubert et al., 2007]. Induction of oxidative stress can
be one of the most important reasons for the biological
effects of RFR. Oxidative stress occurs as a result of
the disruption of the balance between free oxygen
radicals and antioxidants in cells and tissues. It was
suggested that oxidative effects of RFR depended on
some factors, such as increasing free radicals,
peroxidation activation, DNA damage, and change
in antioxidant enzyme activities [Yakymenko
et al., 2016]. In some studies, RFR exposure and
antioxidant agent were applied together to prevent
oxidative damage secondary to RFR, and oxidative
damage could be prevented [Koyli et al., 2006;
Kerman and Senol, 2012; Kog et al., 2014].

Melatonin is a potent antioxidant secreted mainly
from the pineal gland. Melatonin plays a role in
many receptor-dependent and independent processes.
Receptor-dependent functions are the regulation of
circadian rhythm, sleep, and cancer inhibition.
Receptor-independent processes occur due to the ability
of melatonin to perform free radical detoxification
[Reiter et al., 2014]. Melatonin's amphiphilic structure
allows easier passage of it through the blood-brain
barrier and cell membrane than most other antioxidants
[Hardeland, 2009]. Melatonin has a circadian rhythm
that is mainly regulated by light, and peak levels of
serum melatonin occur at night. Bothorel et al. [2002]
reported that melatonin administration in Wistar rats
caused an increase in the nocturnal peak of endogenous
melatonin. Pan et al. [2006] found that the antioxidant
effect of melatonin was dose-dependent. Based on this
finding, we preferred to use a high dose (10 mg/kg/day)
of melatonin in this study.

Astrocytes, a subtype of glial cells, are important
for maintaining brain homeostasis. In mature astro-
cytes, glial fibrillary acidic protein (GFAP) is the
primary intermediate filament protein, and GFAP
immunohistochemistry is a method to visualize
astrocytes [Halliday et al., 1996; Middeldorp and
Hol, 2011]. It was reported that diseases or damage of
the brain tissue caused an increase in the synthesis of
GFAP from astrocytes [Schmidt-Kastner et al., 1993].
Further evaluation of immunohistochemistry analysis
can be carried out by using H-score. The H-score
method can be used to evaluate the extent of nuclear
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immunoreactivity semiquantitatively, which can be
calculated by multiplying the staining intensity by the
stained cell percentage [John et al., 2009].

In this study, the aim was to examine the
degenerative (histology, oxidative damage, and apoptosis)
effects of 2,600 MHz RFR exposure (30 days, 5 days/
week, 30 min/day), and to analyze the possible protective
effects of high-dose melatonin (30 days, 7 days/week,
10 mg/kg/day) in male Wistar rats’ brain tissue.

MATERIALS AND METHODS

Animals

Male Wistar albino rats (250-300 g) were used.
Animals were housed under standard conditions
(12h light/12h dark cycle and the temperature was
22 +2 °C). Animals were given tap water as drinking
water and fed ad libitum.

Study Groups

Following one week of adaptation, 36 rats were
divided into six groups randomly as follows: Cage-
Control Group (n=6): No experimental application
was performed. Sham Group (n = 6): Same procedure
was carried out to the RFR exposure group, but
without energizing the RFR system. RFR Group
(n=6): 2,600 MHz RFR exposure was performed for
30 days (30min, 5 days/week). Melatonin Group
(n=6): Cage-controls with daily melatonin injection
(10 mg/kg, subcutaneous [sc] injection) group; mela-
tonin injection was administered for 30 days (7 days/
week). Sham Melatonin Group (n =6): Sham expo-
sure and daily melatonin injection were performed.
RFR melatonin Group (n=6): RFR exposure and
daily melatonin injection were performed.

Exposure System and Design

The 2,600 MHz RFR exposures were carried out
by using a signal generator (frequency range:
9kHz-3.2GHz, Model SMBVI100A; Rohde &
Schwarz, Munich, Germany) with the 3GPP-FDD
setting, and the average level of the signal was set to
20dBm (100 mW). Exposures were applied with a
horn antenna (frequency range: 400 MHz-6 GHz,
Model 3164-03; ESCO Technologies, Cedar Park,
TX). A similar experimental procedure was performed
on sham group animals, but the RFR system was not
activated. RFR and sham exposures were carried out
at the same time every day. During exposure, rats
were placed in plastic cages (34 X 24 X 13 cm), three
animals in one cage and exposures were performed by
placing the horn antenna on the plastic cage. Using
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broadband radiofrequency (RF) survey meter (Model
EMR-300; L3 Communications, Pfullingen, Ger-
many) with the appropriate probe, electric (E) field
measurements were performed. E field values inside
the plastic cages were measured at five different points
and the mean E field value was 21.74 V/m. Back-
ground E field value was 0.88 V/m. To calculate the
SAR values, the experimental setup with three rats
positioned with a 120° angle under the horn antenna
was replicated in a simulation environment using
Computer Simulation Technology (CST), which is a
3D electromagnetic field solver based on finite-
integration technique. Whole-body SARs were calcu-
lated as 0.616 W/kg for 1 g average and 0.297 W/kg
for a 10 g average using IEEE/IEC 62704-1 method.
SAR in brain gray matter was calculated as 0.44 and
0.295 W/kg for 1 and 10 g averaging, respectively. Rat
voxel model and SAR distributions for sagittal plane
cuts are given in Figure 1.

Melatonin Treatment

One hundred milligrams of melatonin (Lot:
402HH-RH; Tokyo Chemical Industry, Tokyo,
Japan) was dissolved in 100 ul (100% pure) alcohol,
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Fig. 1. Specific absorption rate (SAR) computations at
2,600 MHz, (a) rat voxel model with brain highlighted in a
dark color, (b) sagittal cut whole-body SAR distribution for
10 g average, (c) sagittal cut whole-body SAR distribution for
19 average.
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and 9,900pul phosphate-buffered saline (PBS)
(pH=7.4) was added. Melatonin solution was pre-
pared daily and subcutaneously injected (10 mg/kg/
day). Melatonin treatments were performed at the
same time every day (5 pm) for 30 days.

BrainTissue Preparation

At the end of the experimental procedure, the
rats were decapitated under deep anesthesia by
intramuscular injection with ketamine (45 mg/kg)
and xylazine (5 mg/kg). Oxidative damage parameters
were analyzed with one hemisphere of the brain tissue
and histological examinations were carried out at the
other hemisphere.

Oxidative Analysis

Brain tissue samples were frozen in liquid
nitrogen following decapitation and kept at —80 °C
until analyzed. After the homogenization (PBS, pH
7.2-7.4) step, samples were centrifuged at
2,000-3,000 rpm for 20 min and the supernatants
were removed. Following the manufacturer's instruc-
tions, the levels MDA, NOx, MPO, GSH, SOD, and
GSH-Px in the supernatant were measured by using
ELISA kits (Shanghai Sunred Biological Technology,
Shanghai, China). Samples absorbance was measured
at 450 nm. Results were expressed as ng/ml for SOD,
GSH-Px, and MPO, as nmol/ml for MDA, as umol/g
for Nox, and as mg/L for GSH.

Immunohistochemical and Histochemical Analysis

The fixation of brain tissue samples of all groups
was done in 10% neutral formaldehyde for 72 h. At
the end of the routine histological follow-up proce-
dure, cross-sections of tissues were cut at 4 um and
hematoxylin-eosin was performed. To perform the
immunohistochemical analysis by using citrate buffer
(pH 6.0), the heat-induced antigen retrieval procedure
was performed. The activity of the endogenous
peroxidase was inhibited by 3% H,0, A serum-
blocking solution was used for 10 min to stabilize the
epitopes (Lot: 1754084 A; LifeTech, Waltham, MA).
Incubations with anti-GFAP antibody ([bs-0199R];
1:100 [with PBS]; overnight at +4 °C) of the sections
were performed. After this step, tissues were incu-
bated at room temperature for 15 min with biotiny-
lated secondary antibody. Washing with PBS was
done between steps. 3,3’-Diaminobenzidine (DAB,
Lot: 38703; ScyTek, West Logan, UT) was used for
visualization of antibody-binding sites. As a next step,
counterstaining with Harris hematoxylin was done.
Slides were washed in water and alcohol and cleared
in xylene, and covered with balsam. GFAP staining
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density and intensity was assessed by a photo-light
microscope (Model DM4000B; Leica Microsystems,
Wetzlar, Germany), a plus camera (Model Leica
DFC280; Leica Microsystems, Cambridge, UK), and a
software program (LAS; Leica Microsystems). GFAP
staining intensity was evaluated by using a semi-
quantitative scoring system. This immunohistochem-
istry (IHC) scoring was: no staining as (0), weak
staining as (1), weak to moderate staining as (2),
moderate staining as (3), moderate to strong staining
as (4), and strong staining as (5). Evaluation of the
IHC scoring was carried out by two expert histologists
separately. The H-score calculation was done by using
the following formula: H-score = XPi (i + 1), where Pi
is the percentage of the stained cells and i is GFAP
staining intensity.

Terminal deoxynucleotidyl transferase (TdT)-
mediated dUTP nick-end labeling (TUNEL) Analysis

Using the in situ Apoptosis Detection Kit
(cat no. S7101, ApopTag Plus Peroxidase; Chemicon,
Temecula, CA), the TUNEL assay was performed.
After the Proteinase-K step, endogenous peroxidase
was blocked by using 3% hydrogen peroxide. TdT
enzyme was applied at 37 °C for 1h. Following the
incubation of the cells in the stop/wash buffer
(10 min), reactions were stopped. The next step was
proceeding with anti-digoxigenin conjugate for
30 min. Peroxidase substrate DAB (cat. no. 00-2020;
Invitrogen, Carlsbad, CA) was applied to the sections
for detecting TUNEL-positive cells (counterstaining
in Harris hematoxylin was performed for 1 min). Six
areas (one central and five peripheral) of each
coverslip were scanned. TUNEL index calculation
was done by assessing the TUNEL-positive nuclei
percentage among the total number of 100 nuclei
counted.

Statistical Analysis

Results of biochemical and apoptotic index
analyses were compared with Kruskal-Wallis and
Mann-Whitney U tests by using SPSS 15.0 (SPSS;
LEAD Technologies, Chicago, IL). The results are
given as mean values. P<0.05 was considered
statistically significant.

RESULTS

Oxidative Effects of RFR in BrainTissue

While RFR exposure caused a statistically
significant decrease in GSH, GSH-Px, and SOD
levels, it caused a significant increase in MPO,
MDA, and NOx levels (P < 0.005). No significant
difference was found between (1) Cage-Control and
Sham groups, (2) Melatonin and Sham Melatonin
groups, (3) Cage-Control and Melatonin groups,
(4) Sham and Sham Melatonin groups. It was
observed that melatonin administration decreased the
oxidative effects of RFR (P < 0.005) (Table 1).

Effects of RFR on BrainTissue Histology

The pia mater and other substantia grisea
(cortex) tissues were observed in normal structure
with neurons, supporting neuroglial cells, and blood
vessels in the cage-control, sham, sham melatonin,
and melatonin groups (Figs. 2 and 3A, B, E, and F).
Cornu Ammonis 3 and 1 (CA3 and CA1l) regions of
the hippocampus of these groups were also observed
in normal appearance with different neuron types,
neuroglia cells, and blood vessels (Figs. 2 and 3C, D, G,
and H). Those neurons are thought to have higher
metabolic activity compared with other neurons
(Fig. 3C, D, G, and H).

TABLE 1. Mean Values of MDA, NO, GSH, GSH-Px, MPO, and SOD Levels in Brain Tissue

Group MDA (nmol/ml) NOx (umol/g) GSH (mg/L) GSH-Px (ng/ml) MPO (ng/ml) SOD (ng/ml)
Cage-control 5.83 9.03 36.76 7.23 0.70 5.60

Sham 5.85 8.98 36.88 7.16 0.70 5.78

RFR 12.58% b ¢ 12.51% 5 ¢ 11.18% 5 ¢ 2.96% ¢ 1.71% 5 ¢ 2.08% b ¢
Melatonin 5.86 8.90 37.55 7.26 0.69 6.1

Sham melatonin 5.98 8.60 37.13 7.35 0.70 5.81

RFR melatonin g.o1>d e f 9.95% d e f 3048 4 553 def 0.85% 4o f 4.85% ¢ ¢

“Significantly different from Cage-Control group (P < 0.005).
®Significantly different from Sham group (P < 0.005).
“Significantly different from RFR Melatonin group (P < 0.005).
dSignificantly different from RFR group (P < 0.005).
“Significantly different from Melatonin (P < 0.005).
'Significantly different from Sham Melatonin group (P < 0.005).

ESignificantly different from Sham Melatonin and RFR Melatonin groups (P < 0.05).
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Fig. 2. Brain tissue sections of the Control and Sham Control groups. Control (A, B, Cortex;
C, CA3; D, CA1], Sham Control (E, F, Cortex; G, CAS3; H, CA1]. —, pia mater; —, molecular
layer; =%, neuron; », neuroglia cells; 3>, blood vessels; =, pyramidal neuron (hematoxylin-

eosin x200 [A and E] x400 [others]).

In the RFR group, the pia mater and molecular of neurons decreased semiquantitatively and the
layer were observed in a normal structure. Addition- number of astrocytes increased (Fig. 4C). Dilated
ally, dilated blood vessels, pyramidal neurons with blood vessels and edema were observed around the
abnormal morphology, and apoptotic neurons were neuroglia cells in the CA1 region of the hippocampus
observed in the cortex (Fig. 4A and B). In the (Fig. 4D). In the RFR melatonin group, the pia mater
hippocampus CA3 region of the RFR group, it was and molecular layer were seen in normal structure,
distinguished that neurons lost their normal course and while dilated blood vessels were still present.
showed random placement, neurons with abnormal Pyramidal neurons with abnormal morphology were
morphology continued to appear, and also the number still found in the cortex (Fig. 4E and F). The CA3

Fig. 3. Brain tissue sections of the Sham Melatonin and Melatonin groups. Sham Melatonin
(A, B, Cortex; C, CAS3; D, CA1), Melatonin (E, F, Cortex; G, CA3; H, CA1]. —, pia mater;
—, molecular layer; =¥, neuron; », neuroglia cells; 3, blood vessels; =, pyramidal neuron
(hematoxylin-eosin x200 [A and E] x400 [others]).
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Fig. 4. Brain tissue sections of the RFR and RFR Melatonin groups. RFR (A, B, cortex;
C, CAS; D, CA1), RFR melatonin (E, F, cortex; G, CA3; H, CA1]. —, pia mater; —, molecular
layer; =, neuron; », neuroglia cells; », blood vessels; =, pyramidal neuron; >, dilated
blood vessels; x% pyramidal neuron with abnormal morphology; *, astrocyte; A, edema
(hematoxylin-eosin x200 [A and E] x400 [others]). RFR = radiofrequency radiation.

Fig. 5. GFAP immunoreactivity of the Control and Sham Control groups. Control
(A, Cortex; B, CAS3; C, CA1), Sham Control (D, Cortex, E, CA3; F, CA1). =, Astrocytes
with GFAP immunoreactivity (immunoperoxidase-hematoxylin x400). GFAP = glial fibrillary
acidic protein.

Bioelectromagnetics

95UB01 7 SUOWIWOD 9A 181D 9]qeot dde 8y} Ag peusenob afe ajole YO 9SO S9|nJ Joj Akeig i 8UlUQ A8]IM UO (SUONIPUO-pUE-SWRI/LIO" A8 |IM AleId 1jBul [UO//:SANL) SUONIPUOD puUe SWs | 8U1 89S *[5202/S0/9T] o AleiqiTauliug A8]iM 5915 BAIN URIAT 1YY AQ 8TEZZ WSG/Z00T OT/I0p/W00" A3 |1 AeIq Ul juD//:Scny Wouy pepeojumoq ‘Z ‘TZ0Z ‘X98TTZST



region of the hippocampus was similar to the cage-
control groups (Fig. 4G); vascular dilatation, edema
around the neurons, and neuroglia cells were observed
in the CAl region of the hippocampus, but the
structure was generally similar to the cage-control
groups (Fig. 4H).

Effects of RFR on BrainTissue Immunoreactivity

In the cortex and hippocampal CA3 and CAl
regions of the cage-control, sham, sham melatonin,
and melatonin groups, strong GFAP immunoreactivity
was observed in some astrocytes (Figs. 5 and 6). In the
cortex and hippocampal CA3 and CA1 regions of the
RFR group, strong GFAP immunoreactivity was
observed in a greater number of astrocytes than the
other groups. Extremely strong GFAP immunoreac-
tivity was seen in the cortical astrocytes compared
with the hippocampal regions. It was also noted that
GFAP-positive astrocytes observed in the CA3 region
of the hippocampus were more intense compared with
the other regions. Astrocytes are responsible for
regenerating by replacing damaged neurons. There-
fore, this finding was confirmed with the semiquanti-
tively decreased neurons finding that was observed in
the same region of hematoxylin-eosin staining
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(Fig. 7). In the RFR melatonin group, the intensity
and immunoreactivity of GFAP were similar com-
pared to the cage-control group (Fig. 8). According to
statistical findings, GFAP immunoreactivity was
found significantly higher in the RFR group than
cage-control, sham, and RFR melatonin groups.
Additionally, significantly higher H-score values
were observed in the RFR melatonin group than
cage-control, melatonin, and sham melatonin groups
(P <0.05) (Fig. 9).

Apoptotic Effects of RFR in BrainTissue

TUNEL staining is a method to detect apoptosis
and can be used to distinguish apoptosis from necrosis
[Sharma et al., 2013]. A small number of TUNEL-
positive neurons and neuroglia cells were observed in
the cortex and hippocampal regions of the cage-
control, control, melatonin, and sham melatonin
groups (Figs. 10 and 11). However, in the RFR group,
a large number of TUNEL-positive neurons and
neuroglia cells were seen in both cortex and
hippocampus. It was observed that the number of
TUNEL-positive cells was higher than the hippo-
campus. Apoptosis was seen in both neuron and
neuroglial cells in the cortex, but it was noted that the

Fig. 6. GFAP immunoreactivity of the Sham Melatonin and Melatonin groups. Sham
Melatonin (A, cortex; B, CA3; C, CA1), Melatonin (D, cortex, E, CA3; F, CA1).
=  Astrocytes with GFAP immunoreactivity (immunoperoxidase-hematoxylin x400).
GFAP = glial fibrillary acidic protein.
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Fig. 7. GFAP immunoreactivity of the RFR group. RFR (A, B, cortex; C, CA3; D, CA1).
= Astrocytes with GFAP immunoreactivity; =, Astrocytes and their extensions with GFAP
immunoreactivity around the blood vessels (immunoperoxidase-hematoxylin x400).
GFAP = glial fibrillary acidic protein; RFR = radiofrequency radiation.

most apoptotic cells in the hippocampus were seen
through neuroglial cells (Fig. 12A and B). In the RFR
melatonin group, TUNEL-positive cells were detected
both in the cortex and in the hippocampus, mostly in
neuroglial cells but also in neurons. TUNEL-positive
cell density was not the same as the RFR group but
was not lower than the cage-control groups (Fig. 12C

and D). It was observed that apoptotic index values
were significantly higher in the RFR group than cage-
control and sham (P <0.005) groups. In the RFR
melatonin group, apoptotic index values were found to
be significantly lower than the RFR group (P < 0.05).
Also, in the RFR melatonin group, apoptotic index
values were found to be significantly higher than

Fig. 8. GFAP immunoreactivity of the RFR Melatonin group (A, cortex; B, CA3; C, CA1).
=  Astrocytes with GFAP immunoreactivity (immunoperoxidase-hematoxylin x400).
GFAP = glial fibrillary acidic protein; RFR = radiofrequency radiation.
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Fig. 9. Mean values of H-score. *Significantly different from
Control, Sham, and RFR Melatonin groups (P <0.05).
**Significantly different from Control, RFR, Melatonin, and
Sham Melatonin groups (P < 0.05).

melatonin and sham melatonin groups (P <0.05)
(Fig. 13).

DISCUSSION

Mobile phones are a very popular source of RFR
and people keep them close to their bodies even while
sleeping. Therefore, they are becoming more and
more dangerous to human health. LTE (long-term
evolution), a type of 4G (fourth generation)
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technology, is a telecommunication network and
provides high-speed communication [Varshney, 2012].
2,600 MHz is one of the spectrum bands of LTE. In
the present study, exposure to 2,600 MHz RFR for
30 days (30min/day) decreased the antioxidant
parameters and increased the oxidative parameters in
the brain tissue of male rats. Also, RFR exposure
caused structural changes and increased apoptosis and
DNA damage in brain tissue. It was also observed that
exogenous melatonin significantly reduced these
effects.

The mechanism under the biological effects of
RFR is still not clear today. It is thought that RFR
interaction with tissue occurs mainly with two
mechanisms: thermal and nonthermal. An increase in
temperature of the tissue because of RFR is a simple
definition of thermal interaction. Secondary to tem-
perature increase, tissue damage may occur, and this
can cause adverse health effects. When limit values
are stated by the International Commission on Non-
Ionizing Radiation Protection (ICNIRP) regarding
RFR exposure, RFR is assumed to be thermally
effective. However, studies have shown that RFR
exposure might cause biological effects at a non-
thermal level. This study examined the effects of RFR
at nonthermal levels according to ICNIRP limits

Fig. 10. TUNEL findings of the Control and Sham Control groups. Control (A, Cortex;
B, Hippocampus), Sham Control (C, Cortex; D, Hippocampus). 4, TUNEL-positive
neurons; >, TUNEL-positive neuroglia cells (TUNEL-hematoxylin x400). TUNEL = terminal
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling.
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Fig. 11. TUNEL findings of the Sham Melatonin and Melatonin groups. Sham Melatonin
(A, Cortex; B, Hippocampus), Melatonin (C, cortex; D, Hippocampus). <, TUNEL-positive

neurons; -»>,  TUNEL-positive

neuroglia  cells

(TUNEL-hematoxylin ~ x400).

TUNEL = terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling.

[ICNIRP, 2010]. Our study showed that RFR could
cause harmful effects in brain tissue at nonthermal
levels.

Oxidative stress is the most confirmed effect of
RFR. Yakymenko et al. [2016] analyzed studies
about oxidative stress and low-intensity RFR. They
stated that 93 out of 100 studies showed that low-
intensity RFR exposure caused oxidative damage in
biological organisms. Oxidative stress has an active
role in disease pathophysiology. Oxidative damage
in brain tissue can cause neurodegeneration. Post-
mortem studies have demonstrated increased ROS
levels in affected brain tissue areas of individuals
with neurodegenerative diseases (Parkinson's dis-
ease, Alzheimer's disease [AD], Amyotrophe Later-
alsklerose) [Andersen, 2004]. Oxidative stress occurs
as a natural result of aging and accelerates aging.
Since RFR exposure causes oxidative stress, it
suggests that RFR may also have an effect on aging
as well as the onset of age-related diseases (AD,
atherosclerosis, cardiovascular diseases, cancer) at an
earlier age. The current study revealed that exposure
of 2600 MHz RFR for 30 days (30 min/day, 5 days/
week) caused oxidative changes in rat brain tissue.

Bioelectromagnetics

Similar observations were found by some re-
searchers; Motawi et al. [2014] found that 900 MHz
RFR exposure (60 days, 2 h/day, SAR: 1.13 W/kg)
induced apoptosis and caused oxidative changes and
neuronal damage. Sharma et al. [2019] demonstrated
that 2,100 MHz RFR (3 weeks, 5 days/week, 4 h/day,
SAR =0.445 W/kg) exposure induced oxidative
stress, caused degeneration in brain tissue, and
affected the cognitive functions of rats. Kamali
et al. [2018] pointed out that 2.45GHz RFR
(Wi-Fi) exposure (10 weeks, 24 h/day) decreased
the activity of some antioxidant enzymes (CAT,
GSH-Px, SOD), but GSH and TBARS levels were
not affected by the exposure. Chauhan et al. [2017]
showed that 2.45GHz RFR exposure (35 days,
2 h/day, 0.2 mW/cm?) increased lipid peroxidation
in some tissues (brain, liver, and spleen) of rats.
However, there are also studies reporting that RFR
exposure had no oxidative effect [Demirel et al., 2012;
Hong et al., 2012].

RFR-induced oxidative damage can be reduced
by using antioxidants. Bilgici et al. [2013] found that
900 MHz RF exposure (3 weeks, 1h/day, SAR
1.08 W/kg) increased lipid and protein oxidation,

95UB01 7 SUOWIWOD 9A 181D 9]qeot dde 8y} Ag peusenob afe ajole YO 9SO S9|nJ Joj Akeig i 8UlUQ A8]IM UO (SUONIPUO-pUE-SWRI/LIO" A8 |IM AleId 1jBul [UO//:SANL) SUONIPUOD puUe SWs | 8U1 89S *[5202/S0/9T] o AleiqiTauliug A8]iM 5915 BAIN URIAT 1YY AQ 8TEZZ WSG/Z00T OT/I0p/W00" A3 |1 AeIq Ul juD//:Scny Wouy pepeojumoq ‘Z ‘TZ0Z ‘X98TTZST



RFR Effects on BrainTissue 169

Fig. 12. TUNEL findings of the RFR and RFR Melatonin groups. RFR (A, cortex;
B, Hippocampus), RFR Melatonin (C, Cortex; D, Hippocampus). 4, TUNEL-positive
neurons; >, TUNEL-positive neuroglia cells (TUNEL-hematoxylin x400). TUNEL = terminal
deoxynucleotidyl transferase (TdT) mediated dUTP nick end labeling.

and garlic powder had a protective effect against
oxidative stress secondary to RFR in the brain tissue
of rats. Koylii et al. [2006] also showed that 900 MHz
RFR exposure (2 weeks, 5 days/week, 30 min/day)
caused an increase in lipid peroxidation in the
hippocampus and brain tissue of rats. They also
reported that in the hippocampus, lipid peroxidation
was reduced by melatonin treatment (100 pg/kg, sc,
before RFR exposure), but the cortex of the brain
tissue was not affected by melatonin treatment.
Melatonin had direct free radical scavenging activity
and influenced antioxidant enzyme activity [Rodri-
guez et al., 2004]. Also, melatonin can pass through
barriers, such as the blood-brain barrier [Harde-
land, 2009]. Therefore, it can be more protective in
brain tissue than other antioxidants. Thus, we
preferred melatonin as an antioxidant agent in our
study. In our daily life, we are exposed to RFR all day
long. Since we aimed to observe the effect of
melatonin taken at night as a protector for RFR, we
carried out melatonin injection daily at 5pm after
RFR exposure.

Some studies demonstrated that RFR exposure
affected melatonin release. This could be one of the
reasons for oxidative damage secondary to RFR.
Burch et al. [2002] showed that long-term (>25 min/
day) cell phone use might cause a decrease in
melatonin production. Qin et al. [2012] found that
1,800 MHz RF exposure (32 days, 2 h/day) disrupted
melatonin and testosterone circadian rhythms, and
melatonin was more vulnerable to RFR exposure.
Kesari et al. [2011] showed that 900 MHz RFR
exposure (45 days, 2 h/day) increased ROS production
and decreased GSH-Px and SOD levels in rat brain
tissue and melatonin level. In our study, exogenous
melatonin reduced RFR adverse effects. One potential
explanation for this result could be the decrease of
melatonin level because of RFR exposure.

Chauhan et al. [2017] revealed that RFR exposure
caused histological alterations in the brain, liver, testis,
kidney, and spleen tissues. They found that RFR
exposure led to a reduction in pyramidal cells and
neuronal degeneration. Kog et al. [2014] showed that
900 MHz RFR exposure during pregnancy caused
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Fig. 13. Mean values of the apoptotic index. *Significantly
different from Control, Sham groups (P <0.005).
**Significantly different from RFR, Melatonin, and Sham
Melatonin  groups (P <0.05). RFR =radiofrequency
radiation.

neuronal damage in the hippocampus of male offspring,
and this damage could be reduced with omega 3 or
melatonin. In conjunction with these studies, our study
determined that RFR caused structural degeneration in
the brain cortex, especially in the hippocampus CA3
region, and caused the loss of neurons and neuroglia
cells. In the present study, neurons were observed with
abnormal morphology in RFR exposure groups.
Apoptotic neurons, a decrease in neuron count, dilated
vessels, and edema around neuroglial cells were also
seen in RFR exposure groups. Also, melatonin
treatment diminished structural degeneration. However,
RFR secondary apoptosis could not be completely
prevented with melatonin.

The expression of GFAP can be induced by
neurodegenerative processes. Increased GFAP levels
were shown in patients with AD and dementia
[Kashon et al., 2004]. Hausmann et al. [2000]
observed the increase of GFAP staining cells after
brain injury. In our study, GFAP immunoreactivity
was found significantly higher in the RFR group than
cage-control, sham, and RFR melatonin groups. These
results were confirmed with the H-score analysis.
H-score values of the RFR group were considerably
higher than cage-control, sham, and RFR melatonin
groups. Melatonin diminished the GFAP immunor-
eactivity density and H-score values.

TUNEL staining is a method that enables the
detection of DNA damage occurring in the final stage of
apoptosis [Hirose et al., 2006]. In the current study, the
number of TUNEL-positive cells increased in RFR
groups. We found that melatonin administration de-
creased the number of TUNEL-positive cells. Based on
these findings, it can be inferred that DNA damage
induced by RFR exposure may be reduced by using
melatonin. Contrary to our results, Akdag et al. [2016]
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showed that 2.45GHz RFR exposure for 1 year
increased DNA damage (with the comet assay method)
in the brain, liver, kidney, skin, and testicular tissues of
rats; however, this increase was statistically significant
only in testicular tissue, and the increase in brain tissue
was not significant. On the contrary, Kesari et al. [2010]
stated that 2.45 GHz RFR exposure (35 days, 2 h/day,
power density: 0.34 mW/cm”, SAR: 0.11 W/kg) in-
creased the DNA damage of Wistar rats’ brain tissue.

In our study, apoptosis was seen in both neuron
and neuroglial cells in the cortex but was mostly in
neuroglial cells in the hippocampus. Since nerve cells
do not have regeneration capacity, apoptosis occurring
in neurons can lead to neurodegenerative diseases. On
the contrary, apoptosis of glial cells carries a risk of
malignancy [Phillips et al., 2009]. By considering our
findings, it can be said that RFR may be a risk factor
for both neurodegenerative diseases and brain tumors.
In this present study, exposure was performed 5 days a
week, so observed effects might be at a more
moderate level. As even short-term exposure (30 min
per day) caused these effects, it could be important to
consider the effects of RFR.

CONCLUSION

In this study, RFR caused oxidative stress by
increasing oxidative parameters and by decreasing
antioxidant parameters in the brain tissue. Also,
exogenous melatonin treatment significantly decreased
the oxidative effects of RFR exposure. RFR caused
apoptosis and structural degeneration in the brain tissue,
melatonin administration had played an active role in the
elimination of this structural degeneration, and GFAP
immunoreactivity and the number of TUNEL-positive
neurons approached or returned to normal with
melatonin. Therefore, reducing RFR exposure time is
one of the precautions that should be taken into
consideration. Also, it is important to emphasize that
taking exogenous melatonin could be protective.
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