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ABSTRACT

This study aims to investigate the effects of pre- and postnatal 2450 MHz continuous wave (CW)
radiofrequency radiation (RFR) on the thymus of rats spanning four generations. Four groups; sham,
irradiated female, irradiated male, irradiated male and female, each consisting of four rats (one male
and three females), were created. During the experiment, rats in the exposure groups were whole-
body exposed to 2450 MHz CW-RFR for 12 h/day. Irradiation started one month before the
fertilization in the experimental group. When the offspring were two months old, four rats, one
male and three female, were allocated for the second-generation study. The remaining offspring
were sacrificed under general anesthesia, and their thymuses were removed. The same procedure
was applied to the next generation. Two months after the second generation gave birth, third-
generation rats were decapitated, and their thymuses were removed. In all groups, cortex, medulla
and resident cells could be clearly distinguished in the second and third generations. No differences
were observed between the control and two experimental groups, defined as irradiated female and
irradiated male. In contrast, vascularization was observed in the thymus of the fourth-generation
offspring of the group where both males and females were irradiated. The number of offspring and
mass of all rats decreased in the third-generation group. Pre-and postnatal 2450 MHz continuous
wave radiofrequency radiation exposure may potentially affect the thymus of future generations.
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Introduction

The classification of radio frequencies (RF) as 2B agents
by the International Agency for Research on Cancer
(IARC) and the common use of wireless communication
(Wi-Fi) devices in data transmission have raised health
fears associated with electromagnetic fields (EMF) expo-
sure. Developing tissues and organs are susceptible to
harmful agents. The World Health Organization
(WHO) has led research on the effect of early-life expo-
sure to microwave (MW) as high precedence for 2006
and 2010 research on EMF because of the possible vul-
nerability of children (Laudisi et al. 2012).

Long-term pre- and postnatal RF radiation (RFR)
exposure and the delayed effects are not known suffi-
ciently. As the effects of RFR are still uncertain, the
Council of Europe recommends that restrictions be
placed on internet access and usage of mobile phones
in all schools to preserve juveniles from the potential
harm of radiation (Watson 2011). There are many
reports about the effect of mobile phone exposure on

health, but research on the effect of Wi-Fi 2.4 GHz RFR
is considerably less than mobile phones (Dasdag et al.
1999, 2000, 2009; Dasdag et al. 2015a). However, Dasdag
et al. investigated the effect of pulsed 2.4 GHz RFR on
the brain and found it can cause adverse effects (Dasdag
et al. 2015b). Although many organs, especially the
brain, have been the focus of these studies, the thymus
is often overlooked and has not been considered as being
affected by RFR.

The thymus is a central organ of the immune system
and the lymphatic system, which differentiate into anti-
gen-recognizing cells and lymphocytes produced by the
bone marrow in mammalian cells (Dominguez-Gerpe
and Rey-Menéndez 2003; Miller 2020; Rezzani et al.
2014). During early embryogenesis, with the onset of
hematopoiesis begins development of the immune sys-
tem and then throughout prenatal life continues with
successive hematopoietic cell production, cell migration,
and differentiation (Laudisi et al. 2012). The thymus is
vulnerable to physiological alters such as pregnancy,

CONTACT Siileyman Dasdag @ suleyman.dasdag@medeniyet.edu.tr @ istanbul Medeniyet University, Faculty of Medicine, Department of Biophysics,

istanbul 34700, Turkey

Grant information:The financial support from Erciyes University—The Scientific Research Projects of Turkey (ERUBAP); Project number: TYL-2017-7110.

© 2022 Taylor & Francis Group, LLC


http://orcid.org/0000-0002-0747-2209
http://orcid.org/0000-0003-1176-8843
http://orcid.org/0000-0002-0541-8372
http://orcid.org/0000-0003-0782-7759
http://orcid.org/0000-0002-0546-2832
http://orcid.org/0000-0003-1211-9677
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15368378.2022.2079673&domain=pdf&date_stamp=2022-07-13

316 F. CANTURK TAN ET AL.

aging, and external factors. In recent decades, research-
ers have found that ionizing and non-ionizing radiation
achieve an external stimulus that changes thymus func-
tions and modulates immune responses (Chen et al.
2000; Hekmat et al. 2013; Quaglino et al. 2004).

It was reported that CD8 + T and mature CD4+ cells
migrated from the thymus into peripheral blood, initiat-
ing immune surveillance. The thymus was highly radio-
sensitive because of the rapid proliferation and turnover
of thymocytes (Wu et al. 2020). Wu et al. also stated that
“Radiation damage was found to be characterized by
important tissue-specific restoration and complexity
patterns, especially in the thymus.” Sambucci et al.
investigated the thymocytes maturation effects of Wi-
Fi signals. The early life exposure to 2.45 GHz Wi-Fi 33-
like signals showed no differences in total cell number
however it showed differences between the thymuses of
exposed mice. Therefore, they reported that their results
did not exhibit on thymocyte development any effects of
early life exposure to Wi-Fi signals (Sambucci et al.
2011). Furthermore, Laudisi et al. investigated the thy-
mocyte development and T cell effects of prenatal Wi-Fi
signals. They stated that prenatal Wi-Fi exposure did not
cause detrimental effects on T cell development (Laudisi
et al. 2012). Most of the studies discussed above exam-
ined the effects of prenatal irradiation on the fetus.
Therefore, studies in which prenatal irradiations were
performed mainly were based on whether the babies
born were affected or not. Furthermore, limited studies
have addressed the effects of pulsed RFRs, and the effects
of the continuous (CW) RFR are unknown. The effects
of irradiation spanning several generations have not
been examined to date. The purpose of this study is to
investigate the effects of pre-and postnatal 2450 MHz
CWRER on the thymus of consecutive generation rats.

Materials and methods
The experimental animals

All provisional protocols applied to rats were carried out
in accordance with the Principles of Laboratory Animal
Care and the rules of the Scientific and Ethics
Committee of Experimental and Clinical Research
Center (DEKAM) of Erciyes University. This research
has been approved by the Local Ethics Committee of
Animal Experiments of Erciyes University (Decision No:
16/111). Twelve female and four male Wistar Albino rats
were used in this study at the beginning. All rats were
acquired from Erciyes University Experimental
Research and Application Center (Kayseri, Turkey).
Rats were housed under standard conditions (12 h
light/12 h dark cycle and the temperature kept at

23 + 2.5°C). Rats were fed ad libitum, and tap water
was provided as drinking water. Water and food were
available from the center.

The rats were divided into sham control and three
exposure groups, with one male and three female rats in
each group (Figure 1). During the experiment, rats in the
exposure groups were whole-body exposed to 2450 MHz
CW-RER for 12 h/day. In the first exposure group, only
male rats were exposed. Both female and male rats were
exposed in the second exposure group, and in the third
group, only female rats were exposed. The same process
was applied to rats in the sham control group by turning
off the generator.

Radiofrequency radiation exposure

An RFR generator (220 V; 2370-2450 MHz, 0-4 Watt;
Nar Technology, Kayseri, Turkey) with 2450 MHz CW
utility was used in the study. The study was performed in
a Faraday cage to eliminate environmental exposures
from other RF devices such as mobile phones, base
stations, radio-TV transmitting stations. A cylindrical
cage with wire grid top and bottom covers enables free-
air access to the rats during exposure measurements.
Wire-grid spacing was selected as 5 mm, which was
much smaller than free-space wavelength A, at
2.45 GHz. Experimental and simulation setups are illu-
strated in Figure 2. Before RFR exposure, ambient RF
level was measured with a wideband antenna (Log-
periodic Antenna, HF59B, FF6E, Gigahertz Solutions,
Langenzenn, Germany) in the inner and outer surface
of the cylindrical cage. The power of the RF generator
was set to 1 Watt. RF field levels inside and outside the
cylindrical cage was remeasured with the generator
turned on. The electromagnetic power density was
recorded as 8.5 + 0.65 W/m? inside each section of the
cylindrical cage. Rats could freely move in the cage. The
entire study was conducted at the Erciyes University
Research Center in a room (Temperature: 25 + 2°C,
Humidity: 40%-50%, 12 h constant light-dark cycle)
specifically allocated for this research. Animals were
fed ad libitum, and tap water was provided as drinking
water. All the animals were exposed to RFR between
08:00 and 20:00 during the study.

RF exposure started one month before the fertiliza-
tion, and the fertilization took place at the end of this
period (first-generation). The pregnancy was deter-
mined by a vaginal smear test. When the offspring
were two months old (second-generation), four rats,
one male and three female, were allocated for the next
generation study. The remaining offspring were sacri-
ficed under general anesthesia, and their thymuses were
removed. After the second generation gave birth, the



Figure1. Rats in respective groups and generations.

offspring (third-generation) were grown for two
months, and then, all rats were decapitated under gen-
eral anesthesia to remove their thymus. After the third
generation gave birth, the offspring (fourth-generation)
again were let grow for two months, and then, again, all
rats were sacrificed under general anesthesia to extract
their thymuses. In summary, the irradiation started one
month before the pregnancy of the first generation and
continued until the fourth-generation animals were
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sacrificed. However, successive generation animals
were also designed and experienced the same processes
as the first-generation rats (Figure 1).

Specific absorption rate (SAR)

The exposure setup with the antenna, the Faraday
cage, and the rats was modeled in a 3D electromag-
netic field solver using CST (CST AG, Darmstadt,
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(a)

(b) (c)

(d)

Figure 2. Simulation and experimental setups. (a) Cylindrical cage for RF irradiation, (b) large cylindrical cage to house rats, (c) The
cylindrical cage inside the rectangular Faraday cage, (d) top view of the Faraday cage.

Germany). CST is based on the finite-integration
technique, which employs discretization in the inte-
gral form of electromagnetic fields rather than their
derivatives. Whole-body SAR’s were calculated as
0.186 W/kg for 1 g average and 0.093 W/kg for
10 g average using IEEE/IEC 62704-1 method. SAR
at thymus was calculated as 0.051 W/kg and
0.068 W/kg for 10 g and 1 g averaging, respectively.
Rat voxel model and sagittal plane SAR distribution
for 1 g averaging are displayed in Figure 3(a, b),
respectively. Since the antenna and the rats were
symmetrically located in the simulation setup, no
variation of SAR from one chamber to another was
observed. However, dosimetry levels are expected to
change slightly due to size differences between the
animals. This variation is expected to be small as the
mass of rats does not differ more than 5% of the
mean mass at exposure groups. Another 3D electro-
magnetic field simulator, Sim4Life (ZMT Zurich
MedTech AG, Zurich, Switzerland), was used to
simulate SAR for offspring because only Sim4Life
had a 7-day old infant rat voxel model (Figure 3c),

which could be used for SAR simulations. Sim4Life
utilizes finite difference time domain technique as 3D
electromagnetic fields solver. The same exposure
setup was replicated in Sim4Life, and SAR at thymus
was calculated as 0.116 W/kg for 1 g averaging.
Whole-body SAR for offspring was calculated as
0.287 W/kg. For offspring, whole-body SAR and at
the thymus were 1.54 times and almost twice more
than adults, respectively.

Histopathological evaluation

The thymus morphology was evaluated hematoxylin-
eosin staining in two-month-old rats. After, thymus
tissues were excised from each animal, and the tissues
were cut longitudinally. The tissues were fixed in 10%
formaldehyde for 24 h. Specimens were dehydrated
through graded concentrations of ethanol, cleared with
xylol, and embedded in paraffi wax. 5 um thick slices
were cut from each paraffi block and stained with
hematoxylin and eosin to show histological changes.
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Figure 3. SAR simulations at 2450 MHz. (a) Adult rat voxel model, (b) adult rat saggital cut whole body SAR distribution for 1 g average,

(c) one week old baby rat model.

After staining, the slices were examined using a light
microscope (Olympus BX51, Tokyo, Japan) and images
were captured.

Results

Differences were not recorded in the gross anatomy of
all generation rats. However, visibly pronounced thymus
hypertrophy was observed in the exposed animals of the
third and fourth generations. On the contrary, this was
not encountered in the second-generation rats.
Offspring’s numbers were especially decreased fourth-
generation according to second-generation (Figure 1).
In addition, the average body masses of both female and
male offspring in all generations were traced for five
weeks. The average body masses of offspring were
decreased in the fourth-generation (Figure 4).

Histopathological finding

In the slices stained with hematoxylin and eosin, the
thymus is surrounded by a thin capsule consisting of
connective tissue. Trabeculae extended from the capsule
to the parenchyma of the organ. The thymus formed
lobules that had apparent cortex and medulla. The organ
cortex was more basophilic due to developing T cells,
while the medulla was stained lighter. In each lobe, the
thymus cortex was formed multiple lymphocytes and
reticuloepithelial cells. The medulla of the organ con-
sisted of numerous mature lymphocytes, reticuloepithe-
lial cells, and Hassall corpuscles. In all groups,
both second and third generation, cortex, medulla and
the residing cells were noticeable (Figures 5 and 6).
Although morphological differences did not appear
among the groups, vascular structures were remarkable
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Figure 4. The average body masses of both female and male offspring in (a) second, (b) third and (c) fourth generations were traced for
five weeks. The average body masses of offspring were decreased in the fourth-generation. Note that there was a significant difference
between the groups (p = .006) in 2" and 4™generation. a indicates significant difference compared to control group. b indicates
significant difference compared to 1° group. d indicates significant difference compared to 3™group.
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(b)

(d)

Figure 5. Histopathological changes in the thymus belonging to second generation rats exposed to EMF. In all groups of second
generation; cortex, medulla and the residing cells were noticeable. The medulla of the organ consisted of numerous mature
lymphocytes, reticuloepithelial cells and Hassall corpuscles. (a) Control group, (b) first group, (c) second group, (d) third group (H&E

staining x400, Olympus, BX51, Tokyo, Japan).

when the second group of the fourth-generation was

compared with the other experimental groups

(Figure 7).

Discussion

The thymus is a fundamental lymphoid organ
responsible for the maturation and selection of
T cells. Thymus size and function are believed to
decline with age (Gui et al. 2012). The thymus
reaches its peak size during puberty, after which it
gradually atrophies. If the thymus hypertrophy is not
dependent on the patient’s age, further investigation
should be done (Khan and Anjum 2020). Thymic
epithelial tumors manifest lobulated, contour, med-
iastinal fat invasion, hypertrophy, and vascular struc-
ture (Nishino et al. 2006).

This study investigated the effects of pre and postnatal
2450 MHz CWRER on rats’ thymus spanning four gen-
erations. Our study found morphological changes in the
thymus tissue. Our most critical histopathological fin -
ings were visibly pronounced thymus hypertrophy in the
exposed animals of the third and fourth generation and

the striking vascular structures in the second group of the
fourth generation compared to the other experimental
groups.

The results of this study were also consistent with earlier
findings. Lee et al. investigated the effects of RE-EMF on
AKR/] mice used for animal models of lymphoma. The
mice were exposed to RE-EMF for 45 min/day, 5 days/
week, over a total of 42 weeks. The thymus showed sig-
nificant enlargement in most mice, and the thymoma was
abnormal tissue (Lee et al. 2011). Misa-Agustino et al.
exposed different levels of microwave radiation on rats.
They reported histopathological changes induced
2450 MHz EMF in rat thymus. The researchers found
extravascular erythrocytes in thymic tissue of animals
exposed to EMF as in our study. Furthermore, they also
reported an increased number of blood vessels in the
hemorrhagic reticulo-epithelial cells and medulla (Misa-
Agustifio et al. 2015). It is evident from our results and
the findings of Misa-Agustifio et al. that EMF can cause
changes in the morphology of thymic tissue.

Hanci et al. reported that light microscopy and trans-
mission electron microscopy demonstrated pathological
changes in splenic and thymic tissues of 900 MHz EMF
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(a)

(b)

(d)

Figure 6. Histopathological changes in the thymus belonging to third generation rats exposed to EMF. In all groups of third generation;
cortex, medulla and the residing cells were noticeable. The medulla of the organ consisted of numerous mature lymphocytes,
reticuloepithelial cells and Hassall corpuscles. (a) Control group, (b) first group, (c) second group, (c) third group (H&E staining x400,

Olympus, BX51, Tokyo, Japan).

exposed on rat offspring during the prenatal period. It
was found that exposure during the prenatal period
altered the antioxidant defense system and caused oxi-
dative stress by increasing lipid oxidation. These
researchers also reported mitochondrial degeneration,
vacuolization, necrotic thymic lymphocytes, and epithe-
lial cells in slices of EMF-exposed offspring (Hanci et al.
2015). Hashish et al. reported the effects of continuous
whole-body exposure to both fields for 30 days on sev-
eral blood and liver parameters in mice. They applied
two magnetic fields: an extremely low-frequency elec-
tromagnetic field (ELF-EMF) and a static magnetic field
(SMF). A significant reduction in the number of plate-
lets, peripheral lymphocytes, monocytes, splenic total, T,
and B lymphocyte levels was evaluated in the groups
exposed to SMF and ELF-EMF (Hashisha et al. 2008).
Kulaber et al. investigated changes in the thymic tissue
of male rats exposed to continuous 900 MHz EMF for
1 h/day on postnatal days 22-59. They reported that
a continuous 900 MHz EMF can change histopathology
and increase the tissue MDA in male rat thymic tissue
(Kulaber et al. 2017). Hekmat et al. applied 940 MHz RF-
EMEF on calf thymus DNA and stated that 940 MHz RF-
EMF could alter the structure of DNA (Hekmat et al.

2013). Other researchers also reported the effects of
ELF-EMF on the thymus and spleen tissues. Zhang
et al. indicated that exposure to ELF-EMF in male
mice decreased incidents of spleen and thymus tissues.
Also, the exposure of ELF-EMF significantly decreased
the NK-cell activity and proliferation of T and
B lymphocytes (Zhang et al. 2016).

Contrary to our findings, some studies did not
observe any change (Ohtani et al. 2015; Sommer et al.
2007, 2004). Sommer et al. (2004) exposed female AKR/]J
mice to 900 MHz EMF for 24 h/day, 7 days/week.
Lymphoma incidence did not differ between the sham-
exposed and exposed mice. Sommer et al. showed
whether chronic exposure to the UMTS (Universal
Mobile Telecommunication System) EMFs influenced
the development of lymphoma in a lymphoma AKR/J
mouse model. Exposure for 24 h/day, 7 days/week with
an average whole-body SAR of 0.4 W/kg did not affect
the lymphoma incidence and the malignancy of the
lymphomas, which were genetically predisposed to this
disease. Ohtani et al. reported the effects of continuous
exposure to 2.14-GHz RF-EMF on T cell responses and
its effects on the developmental immune systems. Their
data indicated that long-term RF-EMF exposure had no
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(b)

(d)

Figure 7. Histopathological changes in the thymus belonging to fourth generation rats exposed to EMF. The thymus cortex was formed
multiple lymphocytes and reticuloepithelial cells. In first and third groups of fourth generation; cortex, medulla and the residing cells
were noticeable. (a) Control group, (b) first group (c) in the second group, vascular structures were remarkable compared with other
experimental groups, (d) third group (arrow; blood vessel, H&E staining x400, Olympus, BX51, Tokyo, Japan).

adverse impaction T cell activation, Th1/Th2 balance,
and immune-like T cell populations in developing rats.
However, important transcriptional effects were shown
(Ohtani et al. 2015).

Conclusion

Our findings reveal that the effect of pre- and postnatal
2450 MHz CWRER decreases the average body masses
of rats. Pre- and postnatal 2450 MHz CW RER exposure
may potentially affect the thymus of future generations.
Throughout three generations, increased vascularization
and hypertrophy of the thymus can cause thymic epithe-
lial tumors.
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ABSTRACT

Diabetes, mobile phone use, and obesity have increased simultaneously in recent years. The radiofrequency
radiation (RFR) emitted from mobile phones is largely absorbed in the heads of users. With 5 G, which has started
to be used in some countries without the necessary precautions being taken, the amount of RFR to which living
things are exposed will increase. In this study, the changes in energy homeostasis and redox balance caused by 5
G (3.5 GHz, GSM-modulated) were explored. The effects of RFR on the brains of diabetic and healthy rats were
investigated and histopathological analysis was performed. Twenty-eight Wistar albino rats weighing 200-250 g
were divided into 4 groups as sham, RFR, diabetes, and RFR+diabetes groups (n = 7). The rats in each group
were kept in a plexiglass carousel for 2 h a day for 30 days. While the rats in the experimental groups were
exposed to RFR for 2 h a day, the rats in the sham group were kept under the same experimental conditions but
with the radiofrequency generator turned off. At the end of the experiment, brain tissues were collected from
euthanized rats. Total antioxidant (TAS), total oxidant (TOS), hydrogen peroxide (H203), ghrelin, nesfatin-1, and
irisin levels were determined. In addition, histopathological analyses of the brain tissues were performed. The
specific absorption rate in the gray matter of the brain was calculated as 323 mW/kg and 195 mW/kg for 1 g and
10 g averaging, respectively. After RFR exposure among diabetic and healthy rats, decreased TAS levels and
increased TOS and H,0; levels were observed in brain tissues. RFR caused increases in ghrelin and irisin and a
decrease in nesfatin-1 in the brain. It was also observed that RFR increased the number of degenerated neurons in
the hippocampus. Our results indicate that 3.5 GHz RFR causes changes in the energy metabolism and appetite of
both healthy and diabetic rats. Thus, 5 G may not be innocent in terms of its biological effects, especially in the
presence of diabetes.

1. Introduction

2020; Wang et al., 2022). With the innovations offered by 5 G tech-
nology and the application of the internet of things, the RFR exposure

Rapid developments in wireless communication technologies, espe-
cially mobile phones, and the intensive use of these instruments by
people of all ages have led scientists to focus their attention on the
human health effects of the radiofrequency radiation (RFR) emitted by
these technologies. While 2 G, 3 G, 4 G, and 4.5 G technologies use
radiofrequency waves of 900 MHz, 1800 MHz, and 2100 MHz, the most
preferred radiofrequency band for 5 G technology, which has begun to
be used in many countries in recent years, is 3.5 GHz (Dasgupta et al.,

time and intensity of living things are increasing. The RFR emitted from
mobile phones is not sufficient for the ionization of molecules and the
activation of orbital electrons. It is now known that the underlying
mechanism of DNA and other cellular elements affected by RFR is
oxidative stress (Dasdag and Akdag, 2016; Yakymenko et al., 2016). It
has been suggested that RFR (2.45 GHz, with 217 Hz pulses, during 60
min/day for 30 days, whole-body SAR 0.1 W/kg) can change cation
transitions by affecting voltage-dependent channels in DRG neurons and
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brains of Wistar Albino rats (Naziroglu et al., 2012). The use of 5 G with
other currently used generations of technology standards with different
frequencies will lead to accumulative effects (Tan et al., 2017). Cumu-
lative biological effects are strongly related to the intensity and duration
of radiofrequency exposure. The current exposure limits are based on
adverse health outcomes due to temperature rise (tissue warming and
inducible tissue stimulation from short-term or acute exposures) (Bel-
pomme et al., 2018). There are no precautions for chronic and/or cu-
mulative health risks associated with radiofrequency energy at
substandard levels (Dolan and Rowley, 2009). Changes mediated by
reactive oxygen species (ROS) are the most convincing mechanisms put
forward to explain the effects of RFR on living things (Dasdag and
Akdag, 2016; Yakymenko et al., 2016). Because the brain, a vital organ,
is particularly close to the source of RFR exposure, studies on the effects
of RFR have mostly focused on the brain and the brain was shown to be
affected by RFR (Kim et al., 2021; Tripathi et al., 2021). In addition,
brain tissues are more vulnerable to oxidative damage due to their low
levels of antioxidant enzyme activity and high oxygen consumption
(Motawi et al., 2014). There are a number of studies reporting that
exposure to RFR at various specific absorption rate (SAR) levels causes
oxidative stress in the brain (Avci et al., 2012; Chauhan et al., 2017;
Chen et al., 2011; Kesari et al., 2011; Shehu et al., 2016; Singh et al.,
2020). Other studies have revealed that the basis of age-related neuro-
degenerative diseases is imbalance in redox mechanisms (Sahin et al.,
2016).

Diabetes mellitus (DM) is a disease that is spreading rapidly around
the world due to the living conditions of people today and it carries with
it high risks of mortality and morbidity. Studies reported that ROS and
lipid peroxidation are significantly increased in rats with experimentally
induced diabetes and in human patients with diabetes, and oxidative
stress has a role in the etiology and progression of diabetes (Wang et al.,
2018). DM is associated with increased ROS production, inadequate
antioxidant defense mechanisms, and, consequently, increased oxida-
tive stress (Bathina and Das, 2021).

Studies on mediators that have effects on nutrition in humans and
animals have led researchers to focus on nesfatin and ghrelin. These are
hormones that influence food intake, while irisin is one of the hormones
that are effective in regulating energy metabolism (Price et al., 2007). It
is accepted that appetite is controlled by the brain and eating is regu-
lated by complex mechanisms in the central nervous system and
particularly in the hypothalamus (Druce and Bloom, 2003). The level of
ghrelin is increased by fasting and it decreases within 60-120 min
following food intake (Tschop et al., 2001). In rats, it was shown that
fasting increased ghrelin release, while carbohydrate intake decreased
ghrelin release (Cummings et al., 2001). It is thought that adipose tissue
and appetite-enhancing effects of ghrelin are regulated by special neu-
rons in the central nervous system (Tschop et al., 2001).

It is known that nesfatin plays roles in the brain not only in the
regulation of food intake but also in the regulation of some brain func-
tions, autonomic regulation, stress, mood, and REM sleep (Jego et al.,
2012).

Irisin is a hormone attracting the attention of researchers since its
recent discovery; it is thought to have potential in the treatment of many
metabolic diseases in the future, especially obesity and diabetes, and it is
a highly effective peptide in neurodegeneration (Moreno-Navarrete
et al., 2013).

In a recent human study, 15 normal-weight young individuals (23.47
+ 0.68 years) were exposed to sham radiation and two different types of
mobile phones emitting 900 MHz RFR (0.97 W/kg and 1.33 W/kg)
under fasting conditions for 25 min. Afterwards, spontaneous food
intake was determined by an ad libitum standard buffet test and cerebral
energy homeostasis was monitored by phosphorus-magnetic resonance
spectroscopy measurements. It was reported that exposure to both types
of mobile phones strikingly increased the overall caloric intake by 22-27
% compared to the sham condition (Wardzinski et al., 2022). Moreover,
measurement results of cerebral energy contents, such as the ratios of
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adenosine triphosphate and phosphocreatine to inorganic phosphate,
showed increases with cell phone radiation exposure (Wardzinski et al.,
2022). These researchers argued that RFR is a potential contributor to
the overeating that underlies the obesity epidemic (Wardzinski et al.,
2022). Furthermore, pulsed and amplitude modulated microwaves were
shown to affect brain energy homeostasis in rats (Sanders et al., 1985). It
was also demonstrated that both the brain and energy homeostasis are
affected by RFR (Tripathi et al., 2021). Based on these previous findings,
we hypothesized that 3.5 GHz RFR exposure affects irisin, ghrelin, and
nesfatin-1 levels via oxidant and antioxidant redox systems in the brain.

The present study was designed to determine the effects of exposure
to 3.5 GHz RFR (GSM, 217 Hz modulation frequency, pulse width 577
ps) emitted from 5 G technologies on total antioxidant (TAS), total
oxidant (TOS), hydrogen peroxide (H0-2), nesfatin, ghrelin, and irisin
levels in the brains of healthy and diabetic rats and possible histological
changes.

2. Materials and methods
2.1. Animal care

This experimental study was carried out in the Experimental
Research and Application Center of Van Yuzuncu Yil University. All
stages of the study were designed and performed according to the
guidelines of the Animal Experiments Local Ethics Committee of Van
Yuzuncu Yil University (Protocol No: 2021/05-10).

A total of 28 healthy male Wistar albino rats (8-10 weeks old and
weighing 200-250 g) were obtained from the Experimental Animal
Research Center of Van Yuzuncu Yil University. The rats were separated
and placed in four stainless steel cages with seven rats per cage and were
maintained with a 12-hour dark/light cycle. Rats were allowed free
access to pellet feed (Purina, Istanbul, Turkey) containing 21 % crude
protein and daily drinking water ad libitum in optimal environmental
conditions (22 + 2 °C and 60 £ 5 % humidity).

2.2. Animal grouping and protocol

This study included four different groups of rats (n = 7 for each
group). In Group 1 (healthy sham group), healthy rats (n = 7) were kept
in a plexiglass carousel for 2 h a day for 30 days while the radio-
frequency generator was turned off. In Group 2 (healthy RFR group),
healthy rats (n = 7) were irradiated with radiofrequency signals (3.5
GHz, GSM-modulated) in the plexiglass carousel for 2 h a day for 30
days. In Group 3 (diabetes sham group), rats with diabetes were kept in
the plexiglass carousel for 2 h a day for 30 days while the generator was
turned off. In Group 4 (RFR+diabetes group), rats with diabetes were
irradiated with RFR (3.5 GHz, GSM-modulated) for 2 h a day for 30 days
(n=7).

2.3. Induction of experimental diabetes

Streptozotocin (STZ) is an antibiotic that produces pancreatic islet
B-cell destruction and is widely used experimentally to produce models
of type 1 DM (Furman, 2015). To induce experimental diabetes, rats in
Groups 3 and 4 were fasted overnight and then 45 mg/kg of STZ was
administered intraperitoneally in a single dose. Blood samples were
taken from rats 72 h after STZ application to confirm the presence of
DM. Blood glucose levels were measured by a glucometer (IME-DC) and
blood glucose levels above 250 mg/dL were considered as diabetic
(Ontiirk and Ozbek, 2007).

2.4. Exposure and field measurements
A GSM signal generator (3500 PM10 model, Everest Comp., Ada-

pazari, Turkey) that produces a 3500 MHz band (GSM-modulated)
radiofrequency waveform identical to that of mobile phones was used in
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this study to expose the rats to RFR. The emitted power (omnidirectional
on the plane perpendicular to the antenna axis) of the generator was
fixed during exposure. The antenna of the generator was equivalent to
that of a typical mobile phone. Rats were confined in a plexiglass
carousel and exposed to 3500 MHz RFR emitted from the generator. The
carousel was surrounded with electromagnetic absorber material
backed by metal to isolate outdoor electromagnetic fields from the test
setup during the study duration of 1 month. Power density and the
electrical field were measured with a TES 593 field probe (Shenzhen,
Guangdong, China). The measured electric field and power density
values were 28.1 V/m, 1.6 W/m?. The rats in the exposure groups were
exposed to RFR for 2 h per day (5 days a week) for 1 month. For the sham
groups, rats were placed in the carousel and the same procedure was
applied except that the generator was turned off, i.e., no radiofrequency
signal was present. The antenna of the generator was placed at the
center of the plexiglass carousel to provide ideal exposure conditions.
The distance of the antenna from the heads of the rats was 1 cm (Alkis
et al., 2019). All rats were kept under identical conditions for 1 month
with free access to food and water. The experimental setup is illustrated
in Fig. 1.

2.5. Specific absorption rate (SAR) analysis

The simulation setup was created to match the experimental setup as
much as possible. The applicator antenna, the Faraday cage, and the rats
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Fig. 1. Experimental setup: a) exposure setup, b) plexiglass carousel
and antenna.
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were all modeled in a 3D electromagnetic field solver using CST (CST
AG, Darmstadt, Germany) (Alkis et al., 2019). The simulation model is
depicted in Fig. 1. An accurate rat model based on computerized to-
mography scans is readily available for biological CST applications. This
rat voxel (volumetric pixel) model is very detailed and includes all tis-
sues within the rat. While peak power of 2 W is common for GSM burst
signals, average power for SAR evaluations is taken as 250 mW. Elec-
tromagnetic and thermal modeling within CST is based on the
finite-integration technique, which is a combined method of integral and
differential solvers acting in space and time, respectively. Simulated
electric field values were also compared to measured field values with
the TES 593 field probe to validate the simulation setup.

2.6. Sample collection and preparation of brain tissue homogenates

At the end of the experiment, under ketamine (Ketasol, Richter
Pharma AG, Vienna, Austria) and bacillazine (Rompin, Istanbul, Turkey)
anesthesia, the rats were killed by cervical dislocation and the brains
were removed immediately. Part of the brain was used for the prepa-
ration of a homogenate. The brain tissues were carefully washed and
weights were recorded. The 10 % homogenate was prepared in
phosphate-buffered saline (PBS) and centrifuged at 10,000g for 10 min.
The supernatant was collected for further biochemical assays. Super-
natants from brain homogenates were not frozen and analyzed imme-
diately after the study.

2.7. Nesfatin-1 analyses

The kit used in this study is a sandwich enzyme immunoassay for the
in vitro quantitative measurement of nesfatin-1 (SunRed Biological
Technology Co., Ltd., Shanghai, China, Catalog No: 201-11-1426). Each
well of the supplied microtiter plate is precoated with a target-specific
capture antibody. Standards and samples are added to the wells and
the target antigen binds to the NES-1 antibody labeled with biotin. Af-
terwards, a streptavidin-HRP conjugate, chromogen A and B substrate,
and stop solution are added to terminate color development reactions
and then the optical density of the wells is measured at a wavelength of
450 + 2 nm using automated optical densitometry (intra-assay CV: <8
%, inter-assay CV: <11 %, sensitivity: 28.951 ng/L, assay range:
30-9000 ng/L). Each sample was run in duplicate and the mean value
was used for analysis. This assay has high sensitivity and excellent
specificity for detection of rat nesfatin-1. No significant cross-reactivity
or interference between rat nesfatin-1 and analogues was observed
(Algul et al., 2021).

2.8. Ghrelin analysis

The kit used in this study is a sandwich enzyme immunoassay for the
in vitro quantitative measurement of ghrelin (SunRed Biological Tech-
nology Co., Ltd., Shanghai, China, Catalog No: 201-11-1650). Each well
of the supplied microtiter plate is precoated with a target-specific cap-
ture antibody. Standards and samples are added to the wells and the
target antigen binds to the ghrelin antibody labeled with biotin. After-
wards, a streptavidin-HRP conjugate, chromogen A and B substrate, and
stop solution are added to terminate color development reactions and
then the optical density of the wells is measured at a wavelength of 450
+ 2 nm using automated optical densitometry (sensitivity: 38.572 pg/
mL, assay range: 40-10000 pg/mL). Each sample was run in duplicate
and the mean value was used for analysis. This assay has high sensitivity
and excellent specificity for detection of rat ghrelin. No significant cross-
reactivity or interference between rat ghrelin and analogues was
observed (Kizilirmak et al., 2020).

2.9. Irisin analysis

The kit used in this study is a sandwich enzyme immunoassay for the
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in vitro quantitative measurement of irisin (SunRed Biological Tech-
nology Co., Ltd., Shanghai, China, Catalog No: 201-11-1713). Each well
of the supplied microtiter plate is precoated with a target-specific cap-
ture antibody. Standards and samples are added to the wells and the
target antigen binds to the irisin antibody labeled with biotin. After-
wards, a streptavidin-HRP conjugate, chromogen A and B substrate, and
stop solution are added to terminate color development reactions and
then the optical density of the well is measured at a wavelength of 450
+ 2 nm using automated optical densitometry (sensitivity: 0.247 ng/
mlL, assay range: 0.3-90 ng/mL). Each sample was run in duplicate and
the mean value was used for analysis. This assay has high sensitivity and
excellent specificity for detection of rat irisin. No significant cross-
reactivity or interference between rat irisin and analogues was
observed (Akdag and Odabas, 2020).

2.10. Total antioxidant status (TAS) analysis

The kit used in this study is a sandwich enzyme immunoassay for the
in vitro quantitative measurement of TAS (SunRed Biological Technol-
ogy Co., Ltd., Shanghai, China, Catalog No: 201-11-2672). Each well of
the supplied microtiter plate is precoated with a target-specific capture
antibody. Standards and samples are added to the wells and the target
antigen binds to the TAS antibody labeled with biotin. Afterwards, a
streptavidin-HRP conjugate, chromogen A and B substrate, and stop
solution are added to terminate color development reactions and then
the optical density of the wells is measured at a wavelength of 450
+ 2 nm using automated optical densitometry (intra-assay CV: <9 %,
inter-assay CV: <11 %, sensitivity: 0.175 U/mL, assay range: 0.2-60 U/
mL). Each sample was run in duplicate and the mean value was used for
analysis. The sensitivity and specificity of assay for detection of rat TAS
is in acceptable ranges.

2.11. Total oxidant status (TOS) analysis

The kit used in this study is a sandwich enzyme immunoassay for the
in vitro quantitative measurement of TOS (SunRed Biological Technol-
ogy Co., Ltd., Shanghai, China, Catalog No: 201-11-1669). Each well of
the supplied microtiter plate is precoated with a target-specific capture
antibody. Standards and samples are added to the wells and the target
antigen binds to the TOS antibody labeled with biotin. Afterwards, a
streptavidin-HRP conjugate, chromogen A and B substrate, and stop
solution are added to terminate color development reactions and then
the optical density of the wells is measured at a wavelength of 450
+ 2 nm using automated optical densitometry (intra-assay CV: <8 %,
inter-assay CV: <10 %, sensitivity: 0.073 nmol/mL, assay range: 0.1-20
nmol/mL). Each sample was run in duplicate and the mean value was
used for analysis. The sensitivity and specificity of assay for detection of
rat TOS is in acceptable ranges.

2.12. H30; analysis

The kit used in this study is a sandwich enzyme immunoassay for the
in vitro quantitative measurement of Hy0, (SunRed Biological Tech-
nology Co., Ltd., Shanghai, China, Catalog No: 201-11-3366). Each well
of the supplied microtiter plate is precoated with a target-specific cap-
ture antibody. Standards and samples are added to the wells and the
target antigen binds to the HyO2 antibody labeled with biotin. After-
wards, a streptavidin-HRP conjugate, chromogen A and B substrate, and
stop solution are added to terminate color development reactions and
then the optical density of the wells is measured at a wavelength of 450
+ 2 nm using automated optical densitometry (sensitivity: 9.005 ng/
mL, assay range: 10-3000 ng/mL). Each sample was run in duplicate
and the mean value was used for analysis. This assay has high sensitivity
and excellent specificity for detection of rat HyO2. No significant cross-
reactivity or interference between rat H,O, and analogues was observed
(Kamis and Karabag, 2019).
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2.13. Immunohistochemical staining

After another part of the brain was fixed in 10 % buffered formal-
dehyde, the samples were embedded in paraffin following routine his-
tological processing steps. Sections of 4 ym in thickness were taken from
paraffin blocks with a microtome and placed on lysine slides. Sections
were deparaffinized and rehydrated, and then incubated in 3 % H;0, for
10 min to prevent endogenous peroxidase enzyme activity. To prevent
antigen masking in the nucleus, they were heated in antigen retrieval
solution (citrate buffer, pH 6.1) in a microwave oven twice. Then, to
prevent nonspecific binding, the protein block was dropped and incu-
bated for 10 min. Anti-synaptophysin antibody (Santa Cruz Biotech-
nology, sc-365447, dilution: 1/100) was used as the primary antibody.
After adding the antibody, these samples were incubated in a humidity
chamber at 4 °C for one night. After rinsing with PBS, biotinylated goat
anti-polyvalent and streptavidin-peroxidase conjugate were dropped
and incubated for 10 min, respectively. After the application of dia-
minobenzidine (DAB), used as a chromogen, samples were stained with
Mayer’s hematoxylin and examined under a light microscope (Olympus
BX53, Olympus, Japan) (Altindag et al., 2021). Immunohistochemical
findings were assessed as negative (-), slightly positive (4), moderately
positive (++), and intensely positive (+++) according to the immu-
nostaining characteristics of the cells.

2.14. Cresyl violet staining method

To evaluate neuronal damage in the hippocampus of rats exposed to
5 G and induced diabetes, the 0.1 % cresyl violet staining method, which
specifically stains Nissl bodies, was applied. Brain sections taken at 5 ym
in thickness were deparaffinized, dehydrated, and stained with cresyl
violet for 30 min. Neurons stained with cresyl violet were evaluated and
photographed by a blinded histologist under a light microscope
(Olympus BX53, Olympus, Japan) according to low and high staining
intensity (Jin and Bo, 2021; Justin et al., 2018; Téthova et al., 2018).

2.15. Statistical analysis

The SPSS statistical software program was used in the analyses.
Whether the data of each group originated from the same distribution
was tested by rank-based Kruskal-Wallis tests or one-way ANOVA. For
comparisons of groups, the Mann-Whitney test was used to determine if
there was a statistically significant difference between them. The results
were presented as medians and p < 0.05 was taken to be statistically
significant. In tables, the groups were labeled with letters to indicate
differences such that if a group has a different letter than others a sta-
tistically significant difference exists.

3. Results
3.1. Results of body weight

While the average initial weight of the healthy rats was 233.5 g, it
was increased to 302.5 g at the end of the RFR exposure (p = 0.004).

Table 1

Body weights of the rats.
Groups Weight (g) p
Healthy sham (start) 237.5 +21.9% 0.128
Healthy sham (end) 261 + 25.4*
Healthy RFR (start) 233.5 +11.2° 0.004
Healthy RFR (end) 302.5 +113.8"
Diabetes sham (start) 281.5 + 8.12% 0.045
Diabetes sham (end) 254 + 26.1°
Diabetes RFR (start) 267.5 + 18.1% 0.055
Diabetes RFR (end) 249 + 21.7°

ab.Different letters indicate significant differences between groups.
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There was no significant change in the weights of the diabetic rats after
5 G exposure (Table 1).

3.2. SAR results

SAR calculations based on the IEEE/IEC 62704-1 method were used
to evaluate the SAR distribution. Whole-body SAR was found to be
37 mW/kg. SAR of the gray matter of the brain was calculated as
323 mW/kg and 195 mW/kg for 1 g and 10 g averaging, respectively.
The maximum SAR of the blood and blood vessels was 162 mW/kg and
178 mW/kg for 1 g and 10 g averaging, respectively. In fat tissues, SAR
reached maximum values of 220 mW/kg and 184 mW/kg for 1 g and
10 g averaging, respectively. The rat voxel model, rat brain, blood
vessels, and blood are shown in Fig. 2. SAR distributions for 1 gand 10 g
averaging on different cut-planes are displayed in Fig. 3.

3.3. ELISA results

There was a significant difference between the groups for levels of
ghrelin in the brain (p = 0.001). Ghrelin levels in the brain were
increased in Group 2 compared to Group 1 and in Group 4 compared to
Group 3 (Table 2).

There was a significant difference between the groups in nesfatin-1
levels in the brain (p = 0.018). Nesfatin-1 levels in the brain were
decreased in Group 2 compared to Group 1 and in Group 4 compared to
Group 3 (Table 2).

There was a significant difference between the groups in the level of
irisin in the brain (p = 0.001). Irisin levels in the brain were decreased in
Group 2 compared to Group 1 and in Group 4 compared to Groups 1 and
2 (Table 2).

There was a significant difference between the groups in the TAS of
the brain (p = 0.002). TAS values of the brain were decreased in Group 2
compared to Group 1 and in Group 4 compared to Group 3 (Table 2).

There was a significant difference between the groups in the TOS of
the brain (p < 0.001). TOS values of the brain were increased in Group 2
compared to Group 1 and in Group 4 compared to Group 3 (Table 2).

There was a significant difference between the groups in the level of
H203 in the brain (p < 0.001)-H30- levels in the brain were increased in
Group 2 compared to Group 1 and in Group 4 compared to Group 3
(Table 2).

There was no difference between the groups in terms of anti-
synaptophysin expression (Fig. 4).

Fig. 2. a) Rat voxel model; b) gray matter, blood and blood vessels.
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The intensity of cresyl violet staining, which we performed to eval-
uate the intensity of neuronal degeneration, was lower in Group 1. High
cresyl violet staining intensity was found in Groups 2, 3, and 4, and it
was particularly intense in Group 2 (Fig. 5).

4. Discussion

There is growing concern about increasing electromagnetic pollution
due to RFR emitted from wireless devices. Exposure to RFR varies from
individual to individual according to the length of time and frequency of
use of such devices. The 3.5 GHz band is one of the frequency bands used
in 5 G technology (Dasgupta et al., 2020; Wang et al., 2022) and it was
consequently selected for the present study. Older wireless telephones
use frequencies in the 900, 1800, and 2100 MHz ranges. The mecha-
nisms induced by RFR remain unknown, but commonly accepted the-
ories include changes in membrane permeability and ROS production
(Naziroglu et al., 2012).

The results of the present study showed that 3.5 GHz RFR caused a
significant increase in TOS and HyO5 and a decrease in TAS in healthy
rats, and these changes were more intense in the brains of diabetic rats.
Our findings are in agreement with the results of previous studies that
demonstrated RFR-induced oxidative stress in the brain (Chen et al.,
2011; Ertilav et al., 2018) due to its polyunsaturated fatty acid-rich
composition and high metabolic rate (Singh et al., 2020). Supporting
these results, several in vivo studies found enhanced ROS formation in
the brain after GSM RFR (1.6-6 W/kg) exposure with increased oxida-
tive stress (Megha et al., 2015; Stefi et al., 2019; Zielinski et al., 2020).
However, the level and extent of changes in oxidative stress parameters
are specific to the dose and duration of exposure and the experimental
setup. Megha et al. reported an increase in oxidative stress in the brains
of male Fischer rats exposed to GSM modulated RFRs (900, 1800,
2100 MHz, for 60 days, SAR: 0.59, 0.58 and 0.66 mW/kg respectively)
while shifting toward higher frequencies and SAR values (Megha et al.,
2015). Taken together, the results of previous studies on this subject
indicate that non-thermal RFR can be absorbed by particular charges,
molecules, and cellular constructions; thus, they can stimulate impor-
tant modulatory effects in living cells (Yakymenko et al., 2016). Kesari
et al. reported that UMTS modulated RFR (2115 MHz, 2 h/day for 60
days SAR: 0.26 W/Kg) originating from 3 G technology caused DNA
breaks in the brain of the Wistar rats (Kesari et al., 2014). On the other
hand, Dasdag et al., who suggested that RFR is an environmental stress
factor, determined that long-term exposure to GSM modulated 900 MHz
RFR (2 h per day for 10 months, SAR: 0.17-0.58 W/kg) caused increases
in the total antioxidant capacity and catalase level in the brain of the
Wistar Albino rats (Dasdag et al., 2009). Sahin et al. observed an in-
crease in oxidative DNA damage in the brain of the Wistar albino rats
after 10 days of exposure to 3 G modulated 2100 MHz RFR (6 h per day,
5 consecutive days per week for 2 weeks, SAR: 0.4 W/kg), while they
found a decrease in oxidative DNA damage after 40 days of application
(Sahin et al., 2016). The reason for the emergence of these different
results was said to be the adaptation of the body to long-term RFR
exposure and the activation of DNA repair mechanisms (Sahin et al.,
2016). In another study, Dasdag et al. stated that long-term exposure to
Wi-Fi 2.4 GHz RFR (24 h a day for 12 months, SAR: 141.4 pW/kg and
7127 pW/kg) caused changes in miRNAs in the brain of the Wistar Al-
bino rats, which could be associated with the prognosis of some brain
diseases (Dasdag et al., 2015). Moreover, Dasdag et al. found in another
study that exposure to GSM modulated 900 MHz RFR (2 h per day, 7
days a week for 10 months, SAR: 0.17-0.58 W/kg) increased the levels
of beta-amyloid protein, protein carbonyl, and malondialdehyde in
brains of Wistar Albino rats (Dasdag et al., 2012). On the other hand,
Arendash et al. reported that RFR (GSM modulated, 918 MHz, 1 h/day,
for 5 and 7 months, SAR: 0.25 W/kg) provided cognitive benefits by
reducing the amount of amyloid beta in the brains of transgenic and
non-transgenic mice with Alzheimer disease (Arendash et al., 2010).
Sharma et al. reported that GSM 1800 MHz RFR (SAR: 0.433 W/kg)
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Fig. 3. SAR simulation results at 3500 MHz: a) 1 g average frontal plane, b) 10 g average sagittal plane.

Table 2
Ghrelin, nesfatin-1, irisin, TAS, TOS, and H,0, in the brains of the rats.
Healthy Healthy Diabetes Diabetes p
sham + RFR sham + RFR
(Group 1) (Group 2) (Group 3) (Group 4)
Ghrelin 2967.7 3421.8 3327.6 3841.5 0.001
pg/mL  + 275.6% + 214.9%¢ + 240.6° + 253,94
Nesfatin- 1890.6 1687.7 1684.3 1405.4 0.018
1 +221.9° +190.5% +332.3%° +255.1°
ng/mL
Irisin 31.2 £ 3.5% 25.5 + 3.5" 14.8 £ 2.2° 12.3 0.001
ng/mL +0.7¢
TAS 10.5 £ 2.7% 9.6 + 2.4%°® 7.38 5.00 0.002
U/mL +0.98% +0.49
TOS 0.23 £ 0.3* 2.5+ 0.5° 3.719 6.4 £1.2° <0.001
nmol/ +0.75°
mL
H,0, 378.2 477.1 726.259 1068.5 <0.001
ng/mL  +85.0° +57.3° +151.7¢ +152.4¢

abedpifferent letters indicate significant differences between groups
(p < 0.05).

caused an increase in oxidative stress and inflammatory cytokine release
in the brains of Wistar rats (90 days at 4 h per day 5 days per week in a
month) (Sharma et al., 2020). In another study, Sharma et al. used RFR
at frequencies of 900, 1800, and 2100 MHz and SAR levels of
0.434 W/kg, 0.433 W/kg, and 0.453 W/kg, respectively. When animal
exposure was limited to 1 h per day, 5 days/week for 1 month, a sig-
nificant decrease in antioxidant enzyme capacity, increased ROS levels,
and degraded pyramidal and Purkinje neurons were observed in the
brains of the Wistar rats (Sharma et al., 2021). Similarly, Chauhan et al.
revealed that RFR (2.45 GHz radiation source at 50 Hz modulation
frequency) exposure (2 h per day for 35 day, SAR: 0.14 W/kg) caused
histological and oxidative changes, reductions in pyramidal cells, and
neuronal degradation in the brains of Wistar rats (Chauhan et al., 2017).
Lai and Singh stated that acute 2-h exposure to 2450-MHz RFR (pulsed,
2us pulse width, 500 pulses s and continuous wave, SAR: 1.2 W/kg)
can cause single and double chain breaks in the brain of Sprague Dawley
rats due to oxidative stress (Lai and Singh, 1996). One of the major
sources of ROS in cells is the mitochondrial electron transport chain,

which can produce superoxide due to deteriorations in electron trans-
port (Inoue et al., 2003). It was shown that formation of ROS by the
mitochondrial pathway can be induced under GSM 1.8 GHz RFR expo-
sure (SAR: from 0.4 W/kg to 27.5 W/kg) in human spermatozoa (De
[uliis et al., 2013). Taken together, the findings in the current literature
on the biological effects of RFR convincingly demonstrate that exposure
to low-intensity RFR causes the formation of substantial amounts of ROS
in living cells and results in important oxidative stress (Yakymenko
et al., 2016).

In our study, changes in the levels of nesfatin-1 and ghrelin, which
are known as appetite hormones, were detected in the brains of rats
exposed to RFR. More specifically, 5 G RFR caused a decrease in nesfatin
levels and an increase in ghrelin levels in the brains of both diabetic and
healthy rats. Recent studies have shown that nesfatin as an appetite
suppressant (Shimizu and Mori, 2013) and ghrelin as an appetite stim-
ulant (Morin et al., 2018) play active roles in adipose tissue accumula-
tion and appetite mechanisms. That is, decreased nesfatin and increased
ghrelin cause an increase in appetite. This indicates that exposure to
3.5 GHz RFR has an appetite-increasing effect on rats. Similarly, in a
study in which they used RFR of a lower frequency, Tripathi et al. re-
ported that RFR (2 h per day for 8 weeks, 1760 MHz, 0.3988 mW/cm?,
GSM, SAR: 0.181 W/kg) caused an increase in ghrelin levels in the brain
of rats (Tripathi et al., 2021). It was stated that an increase in the amount
of ghrelin causes an increase in appetite and thus the need for food
(Tripathi et al., 2021). In addition, it was reported that in albino rats
prolonged GSM 900 MHz RFR exposure (1 h/day, for 30 days, SAR:
0.9 W/kg) caused in an increase oxidative stress and apoptosis in the
thyroid gland and a decrease plasma nesfatin-1 level (Hussien et al.,
2020). In a recent study of 15 normal-weight young men aged 21-29
years, it was stated that exposure to GSM 900 MHz RFR emitted by two
different mobile phone types (phone 1: Motorola L2 (Motorola Mobility
LLC), Libertyville, IL, USA and phone 2: Nokia 5800d-1 (Nokia Group,
Helsinki, Finland), SAR: 0.97 W/kg for phone 2 and 1.33 W/kg for
phone 1) for 25 min per day significantly increased calorie and food
intake (Wardzinski et al., 2022). On the other hand, Tang et al. reported
that nesfatin-1 had antioxidative and antiapoptotic effects on the brain,
thus being neuroprotective. It was also observed that nesfatin-1 had a
significant effect on the suppression of brain damage caused by oxida-
tive mechanisms (Tang et al., 2012). Studies showed that nesfatin-1 is a
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Fig. 4. Immunohistochemical images of anti-synaptophysin antibody in brain tissues of rats at 40 x and 100 x : A, E) Healthy sham (Group 1); B, F) Diabetes sham

(Group 3); C, G) Healthy + 5 G (Group 2); D, H: Diabetes + 5 G (Group 4).

neuropeptide that plays an important role in stress responses and the
pathology of mental and neurological disorders (Aydin et al., 2009;
Konczol et al., 2010; Patasz et al., 2012). In addition, it was found that
ghrelin promoted the formation of new brain cells and protected them
from the effects of aging (Morgan et al., 2018). There is also evidence
that ghrelin enhances perception. Animals fed low-calorie diets were
shown to experience an increase in mental abilities, and ghrelin was
thought to be effective in that. Mice injected with ghrelin had improved
performance in learning and memory tests. The findings suggested that
ghrelin increases the neural connections in the brain (Morgan et al.,
2018).

In our study, a significant decrease in irisin level was detected in the

brains of both diabetic and healthy rats exposed to RFR. Although irisin
is a myokine secreted from skeletal muscles, it has major effects on
various parts of the body, and particularly the central nervous system,
impacting lipid metabolism, thermogenesis, browning of white adipose
tissue, bone resorption, neuronal differentiation in the brain, and neu-
roprotection (Young et al., 2019). Moreover, it was stated that hippo-
campal neurogenesis is dose-dependently regulated by irisin (IMoon
et al., 2013). It was also reported that irisin expressed in the brain in-
duces the expression of brain-derived neurotrophic factor in the rat
hippocampus; thus, increased brain irisin levels can preserve memory.
Moreover, it was shown in an Alzheimer rat model that an increase in
irisin could prevent cognitive decline (Lourenco et al., 2019). On the
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Fig. 5. Microscopic images of brain tissue stained with cresyl violet: A) Healthy sham (Group 1); B) Diabetes sham (Group 3), C) Healthy + 5 G (Group 2), D)

Diabetes + 5 G (Group 4).

other hand, according to our results, as 5 G RFR causes a decrease in
brain irisin levels, it can be thought that it may trigger neurodegener-
ative diseases such as Alzheimer disease.

According to our immunohistochemical results, no significant dif-
ference was observed between the groups in terms of synaptophysin
(Fig. 1). Synaptophysin is a neuroendocrine tumor marker (Ozaslan
et al., 2014) and a synaptic protein involved in synaptic plasticity and
cognitive function, and its amount is reduced in cases of synaptic
degeneration induced by neuroinflammation (Yang et al., 2020; Zhou
et al., 2020).

However, according to the cresyl violet staining results of the present
study, the increase in degenerated neurons in the healthy and diabetic
5 G groups compared to the healthy and diabetic sham groups indicates
that 3.5 GHz increases the number of degenerated neurons in the CAl
region of the hippocampus. This shows that long-term exposure to
3.5 GHz RFR may trigger dementia at later ages. It was also seen that
3.5 GHz RFR caused degeneration in the brain of healthy rats, and more
intensely so in diabetic rats. Similarly, Hasan et al. performed cresyl
violet staining in their study and reported that abnormally sized and
shaped pyramidal cells were observed in the brains of mice exposed to
RFR (4 G, 2400 MHz, 40-60 min/day for 60 days), and degenerated
neurons were densely present (Hasan et al., 2022). There are many
studies in the literature that provide evidence that RFR affects the
central nervous system in the frequency range of 900-2400 MHz. It was
reported that darkly stained granule cells in the DG areas of Wistar al-
bino rats exposed to continuous modulated 900 MHz RFR (SAR:
2 W/kg) (Odaci et al., 2008), pyknotic neurons in the hippocampal CA
region of Wistar albino rats exposed to 900 MHz RFR (Bas et al., 2013),
and dark cytoplasm pyramidal neurons in the hippocampus of Sprague
Dawley rats exposed to GSM 900 MHz RFR (SAR: 0.024 W/kg) (Sahin
et al., 2015) were observed.

It was reported that GSM 900, 1800 MHz RFR exposure (for 60 min/
5 days of the week during the one year SAR: from 8.6 to 93 mW/kg)
increased the intracellular Ca%* concentration and induced apoptosis in
hippocampal and dorsal root ganglion neuron of Wistar rats (Ertilav
et al., 2018). It is known that increased Ca?" input will depolarize the

inner mitochondrial membrane by increasing electron transport chain
activity and ROS production (Bektas, 2021). Moreover, ROS may be
involved in the actions of RFR emitted from wireless communication
devices on biological systems (Ilhan et al., 2004; Naziroglu et al., 2012).

5. Conclusion

The data obtained in this study showed that 3.5 GHz RFR caused
changes in energy metabolism and appetite in both diabetic and healthy
rats. In addition, it was shown that 3.5 GHz can cause degenerative ef-
fects via oxidative damage in the brain. It was demonstrated that these
effects may be more dangerous for diabetics according to the TAS, TOS,
H»0,, ghrelin, nesfatin, and irisin levels and cresyl violet staining re-
sults. The results of this research reveal that 3.5 GHz RFR has the po-
tential to alter nesfatin-1, irisin, and ghrelin levels. Further studies are
needed.
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ABSTRACT

The development of new technologies and industry increases the number and variety of electromagnetic field
(EMF) sources. Researcher are increasingly interested in the effects of EMF on brain health. The brain’s function
is largely dependent on electrical excitability, so it would be expected to be vulnerable to EMF. We therefore
investigated the effects of brain development in the fetus, histopathological changes in female rats and the
hippocampal level of MAPK proteins in male rats after exposed to pre and postnatal 2450 MHz continuous wave
(CW) radiofrequency radiation (RFR) over four generations. Four groups; sham, irradiated female, irradiated
male, irradiated male and female, with each consisting of four rats (one male and three females) were created.
Rats in the exposure groups were whole-body exposed to 2450 MHz CW-RFR for 12 h/day during the experiment.
Irradiation started one month before fertilization in the experimental group. On the 18th day of the gestational
period, one pregnant rat from each group was decapitated under general anesthesia and the fetuses were taken.
The remaining two pregnant rats completed the normal gestation period. When the offspring were two months
old, four rats, one male and three female, were allocated for the second generation study. Next generation an-
imals were also experienced the same processes as the first generation rats. This study were evaluated devel-
opment of brain in fetuses and histopathological changes in brain of female rats using haematoxylin eosin
staining, and the hippocampal level of MAPK proteins in brain of male rats by Western Bloting. We observed
hemorrhagic areas, irregular cellular localization and vascular structures in the brain of fetal and adult female rat
of exposed groups in the all generations. pERK, ptau, pJNK and pP38 were increased in the brain of adult male
rat of exposed groups in the all generations (p < 0.005). Pre and postnatal 2450 MHz continuous wave radio-
frequency radiation exposure may cause changes in the function of the MAPK pathway affecting cognitive
processes such as learning and memory and may cause damage to both the fetus and adult brain tissue. Also, EMF
may have potential to affect brain of future generations.

1. Introduction

vivo and in vitro research projects are still conflicted about risks to
human health. In the last few decades, one of the most important

As a result of the rapid increase in wireless communication devices, research topics has been researching the effect of radiofrequency radi-
such as mobile phones, base stations, Wi-Fi, bluetooth technologies, ation (RFR) on the central nervous system. For instance, some re-
household appliances, radar devices, etc., electromagnetic pollution has searchers have indicated the effects of RFR on the function of brain, such
become a concern for public health. Along with this increase, many in as sleep, attention, learning, memory, and cognition (Hamblin and
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Wood (2002); Edelstyn and Oldershaw (2002); Koivisto et al., 2000;
Nittby et al., 2008) and some of the researchers have indicated effects of
RFR on the structure of the brain. For example, Dasdag et al. reported
that “Long term RFR exposure has the potential to alter some
bio-parameters, such as expression of microRNAs, protein carbonyl,
oxidative stress, apoptosis, biochemical, and morphological changes in
the brain. The results indicated that long term exposure to 2.4 GHz RF
can cause harmful effects such as neurodegenerative diseases caused by
the parameters stated above” (Dasdag et al., 2004, 2009, 2012, 2015,
2019; Akdag et al., 2010; Alkis et al., 2019).

Neurodegenerative diseases including Alzheimer’s disease (AD),
Multiple Sclerosis (MS), Parkinson’s disease (PD), Amyotrophic Lateral
Sclerosis (ALS), etc., are associated with neuronal loss and deposition of
misfolded proteins in anatomic brain regions (McMackin et al., 2019).
Animal studies showed that exposure to low-intensity EMF induced
neurodegeneration. In addition, numerous epidemiological studies have
shown a higher incidence of AD in human populations with higher EMF
exposure (Pall, 2022).

Brain tissue consists of the neuronal cell body from the process
(myelinated fiber or not, dendrites, and axons), interconnected glial
cells, brain extracellular matrix, extracellular fluid, and blood vessels.
Neuronal cells are the central nervous system (CNS)’s primary func-
tional and structural units. Neurons function a using quick electrical
impulse, which underly our opinions, behavior, and sensation of the
world, so they would be expected to be vulnerable to EMF. It is known
that abnormal brain electrical activity results in many brain disorders.
RFR causes periodic alterations in neuronal electric parameters (Hinri-
kus et al., 2021).

The hippocampus is a part of the brain embedded deep in the tem-
poral lobe of each cerebral cortex that controls some behavioral and
cognitive functions, including spatial learning and working memory
(Anand and Dhikav (2012)). It is affected by RFR (Lai, 2019). Many
researchers have focused on behavioral problems caused by RFR expo-
sure, including learning and memory loss in rats (Lai et al., 1994; Wang
and Lai, 2000). Hasan et al. suggested that 2400 MHz RF-EMR cell
phone radiation affects the structural integrity of the hippocampus,
resulting in behavioral changes such as anxiety (Hasan et al., 2022).
Shahin et al. showed that 2.45 GHz MW radiation induces oxidative and
nitrosative stress in the hippocampus and impairs learning and spatial
memory by causing apoptosis of neuronal and non-neuronal cells
(Shahin et al., 2015). In another study, an association between a
mother’s exposure to non-ionizing radiation of magnetic field during
pregnancy and the risk of attention deficiency/hyperactivity disorder
(ADHD) has been reported in animal and human studies. Li et al. sug-
gested that in utero exposure to elevated levels of non-ionizing radiation
is associated with an increased risk of especially ADHD with
immune-related comorbidity (Li et al., 2020).

Tau is an intracellular soluble protein and it stabilizes microtubules
in axons. It is also reported that “phosphorylation of Mitogen-Activated
Protein Kinases (MAPK) plays a role in cells’ responses to stress and
hyperphosphorylation, which may originate from an imbalance between
the actions of protein kinases and protein phosphatases. Therefore,
MAPKs may play a role as a key contributor in the neurodegeneration of
Alzheimer’s disease” (Drewes et al., 1992; Lee et al., 2005).

Extracellular signal regulated kinases 1 and 2 (ERK1/2).

It is stated that “intracellular activation and extracellular signal
regulated protein kinases 1 and 2 (ERK1/2), a MAPK subgroup of en-
zymes play a significant role in cell cycle progression, contributing to
developmental brain activities. ERK1/2 is critical for neuronal differ-
entiation and plasticity and may also modulate neuronal survival”
(Hetman and Gozdz (2004); Alonso et al., 2004).

Some researchers defined that “the c-Jun NH2-terminal kinases
(JNK) played an important role in cell regulation, contributing to
functions, such as gene expression, cell proliferation, and programmed
cell death as a member of the MAPK super-family (Kaneto et al., 2005;
Abdelli et al., 2007; Weston and Davis (2007)) and JNK pathways are
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closely associated with several diseases, including neurodegeneration,
tumors, and diabetes” (Nateri et al., 2005; Tuncman et al., 2006; Wil-
helm et al.,, 2007). However, the results of some experiments have
indicated that “JNK signaling plays a key role an important role in tau
protein phosphorylation in neuronal tissues” (Reynolds et al., 1997;
Yoshida et al., 2004; Schechter et al., 2005). It was stated that “the p38
MAPK family plays an important role in tau protein phosphorylation™ (Li
et al., 2003; Mendonsa et al., 2009).

Neuronal damage to the central nervous system due to electromag-
netic radiation has been reported in both prenatal and early adults
(Mausset et al., 2001; Salford et al. 2003). Despite the results of many
experimental studies performed on RFR and the brain, it is stated that
“the potential effects of EMF exposure on the central nervous system are
still unclear” (Lazzaro et al., 2013; Altunkaynak et al., 2016).

Due to uncertainties on the subject and insufficient generation
studies, this study aimed to investigate the effects of pre-and postnatal
2450 MHz CW-RFR exposure on brain development, histology, and the
hippocampal MAPK proteins in four generations of rats.

2. Materials and methods
2.1. Experimental animals

All tentative protocols applied to the rats were conducted following
the Principles of Laboratory Animal Care and the rules of the Scientific
and Ethics Committee of Experimental and Clinical Research Center of
Erciyes University. This research was confirmed by the Local Ethics
Committee of Animal Experiments of Erciyes University (Decision No:
16/111). Twelve female and four male Wistar Albino rats were used in
this study at the beginning. All animals were obtained and maintained
from Erciyes University Experimental Research and Application Center
(Kayseri, Turkey). Animals were housed under standard conditions (12 h
light / 12 h dark cycle and the temperature was kept at 23 + 2.5 °C).
They were fed ad libitum, and tap water was provided as drinking water.
Water and food were available from this center. The rats were divided
into sham control and three exposure groups, with one male and three
female rats in each group (Fig. 1). During the experiment, rats in the
exposure groups were whole-body exposed to 2450 MHz CW-RFR for 12
h/day. In the first exposure group, only male rats were exposed. Both
female and male rats were exposed in the second exposure group, and
only female rats were exposed in the third group. The same procedure
was applied to the sham control group rats, except for the generator
being turned off.

2.2. Radiation exposure

This study used an RFR generator (220 V; 2370-2450 MHz, 0-4
Watt; Nar Technology, Kayseri, Turkey) with a 2450 MHz continuous
wave to expose the animals. The study was performed in a Faraday cage
to eliminate environmental exposures sourced from mobile phones, base
stations, and radio-TV transmitting stations. A cylindrical cage with wire
grid top and bottom covers enabled free-air access to the rats during
exposure measurements. Wire-grid spacing was selected as 5 mm, which
was much smaller than free-space wavelength A,, at 2450 MHz. Exper-
imental and simulation setups are illustrated in Fig. 2. Before RFR
exposure, ambient RF level was measured with a wide band antenna
(Log-periodic Antenna, HF59B, FF6E, Gigahertz Solutions, Langenzenn,
Germany) on the inner and outer surface of the Faraday cage. The power
of the RF generator was set to 1 Watt. RF field levels inside and outside
the Faraday cage were remeasured with the generator turned on. The
electromagnetic power density was recorded as 8.5 + /- 0.65 W/m?
inside each section of the Faraday cage.

Rats could freely move in the cage. The entire study was conducted at
the Erciyes University Research Center in a room (Temperature: 25
+ 2 °C, Humidity: 40%—50%, 12 h constant light-dark cycle) allocated
explicitly for this research. Animals were fed ad libitum, and tap water
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Fig. 1. Rats in respective groups and generations.
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Fig. 2. Simulation and experimental setups. (a) Large circular cage to house rats and for RF irradiation. (b) Large rectangular Faraday cage. (c) Circular cage inside

the rectangular Faraday cage (d) Top view of the Faraday cage and circular cage.

was provided as drinking water. Experimental protocols and study
design are illustrated in Fig. 3. All the animals were exposed to RFR
between 08:00 and 20:00. RF exposure started one month before
fertilization, and fertilization took place at the end of this period (first
generation). A vaginal smear test determined pregnancy. One pregnant
rat from each group was decapitated by intraperitoneal xylazine (mg/
kg) and ketamine (mg/kg) injection on the 18th day of the gestational
period, and the fetuses were taken.

The remaining two pregnant rats completed the normal gestation
period (21 days). When the offspring were two months old (second
generation), four rats, one male, and three females, were allocated for
the next-generation study. The remaining offspring were sacrificed
under general anesthesia, and their organs were removed. One second-
generation pregnant rat from each group was decapitated by intraperi-
toneal xylazine (mg/kg) and ketamine (mg/kg) injection on the 18th
day of the gestational period, and the fetuses were taken. The remaining
two pregnant rats completed the normal gestation period. When the
offspring were two months old (third-generation), four rats, one male,
and three females, were allocated for the next-generation study. The
remaining offspring were sacrificed under general anesthesia, and their
organs were removed. One third-generation pregnant rat from each

group was decapitated by intraperitoneal xylazine (mg/kg) and keta-
mine (mg/kg) injection on the 18th day of the gestational period, and
the fetuses were taken. The remaining two pregnant rats completed the
normal gestation period. When the offspring were two months old
(fourth generation), four rats, one male, and three females, were allo-
cated for the next-generation study. The remaining offspring were
sacrificed under general anesthesia, and their organs were removed. One
fourth-generation pregnant rat from each group was decapitated by
intraperitoneal xylazine (mg/kg) and ketamine (mg/kg) injection on the
18th day of the gestational period, and the fetuses were taken. The
remaining two pregnant rats completed the normal gestation period.
When the offspring were two months old, all rats were decapitated under
general anesthesia to remove their organs.

In summary, the irradiation started one month before the pregnancy
of the first generation and continued until the fourth-generation animals
were sacrificed. However, successive generation animals were also
designed and experienced the same processes as the first-generation rats.

2.3. Specific absorption rate (SAR)

The measurement setup consisted of the applicator antenna and the
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Fig. 3. Experimental protocols and study design.
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Faraday cage, and the rats were modeled in a 3D electromagnetic field
solver using CST (CST AG, Darmstadt, Germany). Electromagnetic and
thermal modeling within the CST is based on finite-integration tech-
nique, a combined method of integral and differential solvers acting on
space and time, respectively. Using an IEEE/IEC 62704-1 method,
whole-body SARs were calculated as 0.186 W/kg for 1 g average and
0.093 W/kg for 10 g average. SAR in the brain was calculated as
0.071 W/kg and 0.118 W/kg for 10 g and 1 g average, respectively.
Figures display the rat voxel model and SAR distribution for 10 gand 1 g
averages, Figs. 4A, 4B, and 4 C, respectively. The antenna and the rats
were symmetrically placed in the simulation setup to yield no variation
from one chamber to another. However, SAR levels can change slightly
due to size differences between the animals. This variation is expected to
be small as the mass of rats does not differ more than 5% of the mean
mass in exposure groups. To simulate SAR for offspring, another 3D
electromagnetic field simulator, Sim4Life (ZMT Zurich MedTech AG,
Zurich, Switzerland), was used because only Sim4Life has a 7-day old
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infant rat voxel model that could be used for SAR simulations. Sim4Life
utilizes a finite difference time domain technique as a 3D electromag-
netic field solver. A similar exposure setup was replicated in Sim4Life,
and SAR in the brain was calculated as 0.204 W/kg for 1 g average.
Whole-body SAR for offspring was calculated as 0.287 W/kg. Whole-
body SAR and SAR in the brain for offspring were 1.54 and 1.74 times
more than the adults, respectively.

2.4. Histopathological evaluation

Fetuses and adult female rats’ brain tissues were excised from each
animal, and then the tissues were cut longitudinally. The fetuses’
numbers were 41, 38, and 39, respectively in the 2nd, 3rd, and 4th
generations (Fig. 3). The adult female rats’ numbers were 34, 51, and 34,
respectively in the 2nd, 3rd, and 4th generations (Fig. 3).

The tissues were fixed in 10% formaldehyde (Merck, Darmstadt,
Germany) for 24 h. Specimens were dehydrated through graded

Fig. 4. SAR simulations at 2450 MHz. (a) Adult rat voxel model. (b) Adult rat saggital cut whole body SAR distribution for 1 g average. (c) One week old baby

rat model.
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concentrations of ethanol (70%, 80%, 96%, 100%, Merck, Darmstadt,
Germany), cleared with xylene (Merck, Darmstadt, Germany) and
embedded in paraffin wax (Leica, Buffalo Grove, US); 5 um thick sec-
tions were cut from each paraffin block. Then, sections were stained
with haematoxylin and eosin (Thermo Scientific, Runcorn, UK) to show
histological changes. After staining, the sections were observed using a
light microscope (Olympus BX51, Tokyo, Japan) and images were
captured.

2.5. Western blot

The adult male rats’ numbers were 35, 42, and 36, respectively in the
2nd, 3rd, and 4th generations (Fig. 3). For the Western blot studies, the
adult male rats were decapitated after the end of the appropriate ap-
plications and their hippocampi were dissected immediately. After
isolation of the protein with RIPA lysis buffer (sc-24948; Santa Cruz
Biotechnology, California, USA) from the hippocampal tissues, the
amount of protein was determined by the Bicinchoninic Acid (BCA
Protein Assay Reagent A, Thermo scientific Prod #23223 and BCA
Protein Assay Reagent B 25, Thermo scientific Prod #23224) and loaded
into the SDS-PAGE gel (Mini-PROTEAN, Bio-rad) with 20 pg protein per
well. Proteins were run with SDS-PAGE gel, with maximum voltage (V)
and 25 milliamperes (mA) per gel, and transferred to the PVDF mem-
brane (10600021, GE Healthcare Life Science, Amersham Hybond P 0.2
PVDF 260 mm x 4 m, Marlborough, USA). After one hour of blocking
with 5% non-fat milk powder (Sigma Aldrich, 70166), samples were
prepared in TBS-T (10 mM TRIS-HCI pH 7.4, 150 mMNacl, 0.1% Tween
20), and the blots were incubated overnight with primary antibodies
(anti-P38 MAPK, 1:1000; anti- p-P38 MAPK, 1:1000; anti- ERK1/2 (p42/
44 MAPK), 1:1000; anti- p-ERK1/2 (p-p42/44 MAPK), 1:1000; anti-JNK,
1:1000; anti- p-JNK, 1:1000; anti-Tau, 1:1000; anti- p-Tau (ser416),
1:500; anti- p-Tau (Thr231), 1:1000; anti- $-Actin, 1:1000) at + 4 °C.
After incubated with primary antibody, the membranes were washed
with TBS-T and treated with HRP-conjugated secondary antibodies (5%
in milk powder, anti-mouse and anti-rabbit, 1-5000) for one hour at
room temperature. Imaging was performed on the G: Box Syngene de-
vice (Beacon House, Cambridge, UK) to receive a signal with the ECL
solution. According to the manufacturer’s instructions, the bound anti-
bodies were visualized using an ECL substrate solution (Cat: 32106
Thermo Scientific, Waltham, USA). The blots were subsequently strip-
ped and reprobed with a $-actin mouse monoclonal antibody to confirm
the gel’s equal loading of protein samples. The optical density of the
blots was measured with ImageJ software (National Institutes of Health,
USA), was normalized to the expression levels of , which was expressed
as an arbitrary unit relative to a sample of the control group in each
membrane. The list of primary and secondary antibodies is given in
Table 1.

2.6. Statistical analysis

All calculations were made using IBM SPSS Statistics 20.0 software

Table 1

The list of primary and secondary antibodies using in the Western Blot.
Antibody Host Supplier/Catalog number Dilution
Tau (Tau46) Rabbit Cell Signaling/#4019 1:1000
pTau®™16 (D7U2P) Rabbit Cell Signaling/#15013 1:1000
pTau’23! Mouse Santa Cruz/sc-32276 1:500
ERK1/2 Rabbit Cell Signaling/#9102 1:1000
p-ERK1/2 Rabbit Cell Signaling/#9101 1:1000
JNK Rabbit Cell Signaling/#9252 1:1000
p-JNK Rabbit Cell Signaling/#9251 1:500
P38MAPK Rabbit Cell Signaling/#9212 1:500
p-P38MAPK Rabbit Cell Signaling/#9211 1:500
B-Actin Mouse Santa Cruz/sc-69879 1:500
Anti-rabbitIgG-HRP Goat Santa Cruz/sc-2004 1:4000
anti-mouse IgGK BP-HRP Mouse Santa Cruz/sc-516102 1:4000
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(IBM, ILL, USA). Data were evaluated for normality and sphericity using
the Shapiro-Wilks and Mauchly’s test. These tests confirmed that the
data showed normal distribution and sphericity. Shapiro-Wilks and
Levene tests were performed for normality and homogeneity. These tests
confirmed that the data had equal variance. Statistical comparisons
were evaluated by one-way ANOVA followed by an LSD test. Statistical
significance was accepted at P < 0.05.

3. Results

No, differences were recorded in the gross anatomy of all generation
rats.

3.1. Fetal brain tissue findings

When we investigated histopathological changes in the fetuses
belonging to second-generation rats exposed to 2450 MHz CW-RFR, it
was observed that fetuses’ brain tissues belonging to the sham control
group had normal histological structure when evaluated under a light
microscope. The brain tissue was surrounded by a prominent piamater
in this group. The cells forming the cortex showed a regular stratifica-
tion. It was noted that among the groups exposed to EMF, the presence of
hemorrhagic areas and the irregular cellular localization in the cortex,
especially in 1st and 2nd groups compared to the sham control group. It
was observed that these histopathological findings were more minor in
the 3rd group compared to the 1st and 2nd groups (Fig. 5).

Also, in histopathological changes in the fetuses belonging to third-
and fourth-generation rats, the brain tissue was surrounded by the pia
mater, the inner most layer of the meninges. At this stage of develop-
ment, the cortex and medulla layers could be separated. In
haematoxylin-eosin stained sections, neurons were distinctly distin-
guished. Like adult female brain tissue, vascular structures were taken
attention in this stage of development in experimental groups (Fig. 5).
There was also no distinct difference between generations.

3.2. Adult female brain tissue findings

Regarding histopathological changes in the brain belonging to
second-generation female rats exposed to EMF, it was observed that
adult female brain tissues belonging to the sham control group had
normal histological structure when evaluated under a light microscope.
The brain tissue was surrounded by a prominent piamater in this group.
The cells forming the cortex showed a regular stratification. It was noted
that among the groups exposed to EMF, the presence of hemorrhagic
areas and the irregular cellular localization in the cortex, especially in
the 1st and 2nd groups, compared to the sham control group. It was
observed that these histopathological findings were more minor in the
3rd group compared to the 1st and 2nd groups (Fig. 6).

Regarding histopathological changes in the brain belonging to third-
and fourth-generation female rats, the cerebral cortex was externally
surrounded by pia mater, a loose connective tissue. In the sham control
group, neurons and neuroglia cells with well-preserved cytoplasm and
nucleus were observed in the cerebral cortex and normal histological
structure. When the experimental groups were compared to the sham
control group, vascular dilatation areas and cellular localization irreg-
ularity were observed in some cortex regions, especially in groups 1 and
2 exposed to EMF. In addition, there were no significant histological
differences between generations (Fig. 6).

3.3. Adult male brain tissue findings

To investigate whether the phosphorylation status of Tau and MAPKs
correlated with exposure to EMF, we measured the levels of total and
phosphorylated forms of Tau and MAPKs protein (Figs. 7, 8 and 9) by
Western blotting assay.

For the second-generation male rats, it is shown in Fig. 7 that there
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Fig. 5. Histopathological changes in the fetuses belonging to all generation rats. Fetuses brain tissues belonging to the sham control group had normal histological
structure. The brain tissue was surrounded by a prominent piamater. The cells forming the cortex showed a regular stratification. Neurons were distinctly distin-
guished. In the fetuses belonging to second generation rats, the exposure groups had hemorrhagic areas and the irregular cellular localization in the cortex, especially
in first and second groups compared to the sham control group. (a) Sham control group. (b) First group. (c) Second group. (d) Third group. (Arrow; hemorrhage area).
In the fetuses belonging to third generation rats, vascular structures were taken attention in this stage of development in exposure groups. (e) Sham control group. (f)
First group. (g) Second group. (h) Third group. (Arrow; blood vessel). In the fetuses belonging to fourth generation rats, vascular structures were taken attention in
this stage of development in exposure groups. (i) Sham control group. (j) First group. (k) Second group. (1) Third group. (Arrow; blood vessel; H&E staining x400,

Olympus, BX51, Tokyo, Japan).

were significant differences between the sham control group and
exposure groups in pERK and p-Tau (Ser416) (p < 0.05). However, there
was no statistically significant difference between the sham control and
exposure groups in total-Tau, total-ERK, total-p38 and p-P38 levels
(p > 0.05). The p-ERK level was significantly increased in the hippo-
campus of the 1st group (p = 0.035) compared to the sham control
group, and no significant difference was found in the 2nd and 3rd
groups. In addition, the p-Tau (Ser 416) level of the 3rd group
(p = 0.045) was significantly increased in the hippocampus of the rats
compared to the sham control group. Still no significant difference was
found in the 1st and 2nd groups compared to that sham control group.

We further analyzed the phospho/total protein ratio of Tau and
MAPKS to obtain indirect information on activity levels. For the second
generation male rats, it is shown in Fig. 7c that there were significant
differences between the sham control group and exposure groups in p-
ERK/t-ERK and p-Tau(Ser416)/t-Tau ratios (p < 0.05). However, there
was no statistically significant difference between the sham control and
exposure groups in the p-P38/t-P38 ratio (p > 0.05). The p-ERK/t-ERK
ratio was significantly increased in the hippocampus of the 1st group
(p = 0.025) compared to that the sham control group, and no significant
difference was found in the 2nd and 3rd groups. In addition, the p-Tau
(Ser 416)/t-Tau ratio of the 3rd group (p = 0.042) was significantly
increased in the hippocampus of the rats compared to that sham control
group. Still no significant difference was found in the 1st and 2nd groups
compared to the sham control group.

For the third-generation male rats, Fig. 8 shows there were signifi-
cant differences between the sham control group and exposure groups in
Total-Tau, p-ERK, p-P38 and p-JNK (p = 0028; 0022; 0007; 0027;
respectively). The p-ERK level was significantly higher in the hippo-
campus of the 1st (p = 0.040) and 2nd (p = 0.008) groups than in that

the sham control group, and no significant difference was found in the
3rd group. The p-JNK level was significantly increased in the hippo-
campus of the 1st group (p = 0.013) compared to that sham control
group, but no difference was found in the 2nd and 3rd groups
(p > 0.05). The p-P38 was significantly increased in the hippocampus of
the 2nd group (p = 0.002) compared to sham control group, but no
difference was found in the 1st and 3rd groups (p > 0.05). Total-Tau
level was significantly increased in the hippocampus of the 2nd group
(p = 0.013) compared to that sham control group. Still, no significant
difference was found in the other groups compared to the sham control
group. In addition, the p-Tau (Ser416) level was significantly increased
in the hippocampus of the 1st group (p = 0.043) compared to that sham
control group, but no significant difference was found in the other
groups compared to the sham control group.

For the third-generation male rats, it is shown in Fig. 8c, that there
were significant differences between the sham control group and
exposure groups in p-Tau (Ser416)/t-Tau, p-ERK/t-ERK, p-P38/t-P38
and p-JNK/t-JNK (p < 0,05). The p-ERK/t-ERK ratio was significantly
higher in the hippocampus of the 1st (p = 0.021) group than in that
sham control group, and no significant difference was found in the 2nd
and 3rd groups. The p-JNK level was significantly increased in the
hippocampus of the 1st group (p = 0.007) compared to that sham con-
trol group, but no difference was found in the 2nd and 3rd groups
(p > 0.05). p-P38 was significantly increased in the hippocampus of the
2nd group (p = 0.003) compared to sham control group, but no differ-
ence was found in the 1st and 3rd groups (p > 0.05). The p-Tau/t-Tau
ratio was significantly increased in the hippocampus of the 1st group
(p = 0.033) compared to that sham control group, but no significant
difference was found in the 2nd and 3rd groups compared to the sham
control group.
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Fig. 6. Histopathological changes in the brain belonging to all generation adult female rats. The sham control group had normal histological structure. The brain
tissue was surrounded by a prominent piamater, a loose connective tissue. The cells forming the cortex showed a regular stratification. In the sham control group,
neurons and neuroglia cells with well-preserved cytoplasm and nucleus were observed in the cerebral cortex and they had normal histological structure. The cerebral
cortex was externally surrounded by pia mater, a loose connective tissue. In the adult female rats belonging to second generation rats, exposure groups had hem-
orrhagic areas and the irregular cellular localization in the cortex, especially in first and second groups compared to the sham control group. These histopathological
findings were less in the third group compared to the first and second groups. (a) Sham control group. (b) First group. (c) Second group. (d) Third group. In the brain
belonging to third generation adult female rats, exposure groups had vascular dilatation areas and cellular localization irregularity were observed in some regions of
the cortex especially in first and second groups. (e) Sham control group. (f) First group. (g) Second group. (h) Third group. In the brain belonging to fourth generation
adult female rats, exposure groups had vascular dilatation areas and cellular localization irregularity were observed in some regions of the cortex especially in 1st and
2nd groups. (i) Sham control group. (j) First group. (k) Second group. (1) Third group. (Arrow; blood vessel H & E staining x 400, Olympus, BX51, Tokyo, Japan).

For the fourth-generation male rats, it is shown in Fig. 9 that there
were significant differences between the sham control group and
exposure groups in p-Tau (Ser416). However, no significant difference
was found between the groups regarding in terms of total and phos-
phorylation levels of MAPKs and Total-Tau levels. The p-Tau (Ser416)
was significantly increased in the hippocampus of the 1st (p = 0.005)
and 3rd (p = 0.042) groups compared to that sham control group, but no
difference was found in the 2nd group (p > 0.05). The p-ERK was
significantly increased in the hippocampus of the 2nd group (p = 0.036)
compared to the sham control group, but no difference was found in the
1st and 2nd groups (p > 0.05). p-JNK was significantly increased in the
hippocampus of the 1st (p =0.046) and 2nd (p = 0.048) groups
compared to the sham control group, but no difference was found in the
3rd group (p > 0.05). p-P38 was significantly increased in the hippo-
campus of the 1st (p = 0.041) and 2nd (p = 0.038) groups compared to
the sham control group, but no difference was found in the 3rd group
(p > 0.05).

For the fourth-generation male rats, it is shown in Fig. 9c that there
were significant differences between the sham control and exposure
groups in the p-P38/t-P38 ratio (p < 0.05). However, no significant
difference was found between the groups in p-Tau (Ser416)/t-Tau, p-
Tau(Thr231)/t-Tau, p-ERK/t-ERK, and p-JNK/t-JNK (p < 0,05). The p-
P38/t-P38 ratio was significantly increased in the hippocampus of the
1st, 2nd, and 3rd groups (p = 0.020; 0.001; 0.001; respectively)
compared to the sham control group, but no difference was found in the
1st and 2nd groups (p > 0.05). p-JNK was significantly increased in the
hippocampus of the 1st (p =0.046) and 2nd (p = 0.048) groups
compared to the sham control group, but no difference was found in 3rd
group (p > 0.05). p-P38 was significantly increased in the hippocampus
of the 1st (p = 0.041) and 2nd (p = 0.038) groups compared to the sham

control group, but no difference was found in the 3rd group (p > 0.05).

A 2 x 2 ANOVA was used to evaluate the differences between gen-
erations. A 2 x 2 ANOVA revealed that there was a significant genera-
tion effect (F1 24 = 8.649; p = 0.007), and non-significant group effect
(F3,24 = 2.734; p = 0.066) and generation X group interaction (F3 24 =
2.059; p = 0.132) for pTau (Ser416). Post-hoc Tukey test showed that
phosphorylation of Tau at Ser416 residue increased in third generation
rats than second generation (p = 0.048). There wasn’t significant dif-
ference between the second and fourth generation (p > 0.05) and be-
tween the third and fourth generation (p > 0.05). There was also a
significant generation effect (F124 = 8.544; p =0.007), and non-
significant group effect (F324 = 1.156; p = 0.347) and generation X
group interaction (F3 24 = 0.987; p = 0.416). No significant generation
effects were found for total-Tau, pTau (Thr231), total-ERK1/2, pERK1/
2, total-P38, total-JNK, and pJNK (F; 24 = 2.757; p = 0.110). Post-hoc
Tukey test showed that phosphorylation of P38 increased in fourth
generation rats than second generation (p = 0.048). There wasn’t sig-
nificant difference between the second and third generation (p > 0.05)
and between the third and fourth generation (p > 0.05).

4. Discussion
4.1. Fetal brain tissue

Knowing whether or how sensitive the brain to RFRs in the devel-
oping embryo and childhood is vital in understanding the biological
effects of electromagnetic pollution. Early fetal stages throughout
childhood are an overly sensitive process, and the role of pre-and post
natal RFR exposure is not sufficiently clear. It is stated that “neurons in
most areas of the brain are formed during gestation and the neurogenesis
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Fig. 7. Representative immunoblots of western blotting analysis in rats after exposure to pre and postnatal 2450 MHz CW-RFR for 12 h/day during experiment into
second generations adult male rats (a) The phosphorylation and unphosphorylation status of Tau, ERK1/2 and p38 are presented (b) and the ratio of phosphoprotein
over total protein (c), which was expressed according to data in (b) in second generations adult male rats as followed, the ratio of p-TauSer416 over total-Tau, ratio of
p-ERK1/2 over total-ERK and ratio of p-P38 over total-P38. * depict denotes significant difference than control group (n = 6 per group). Statistical comparisons were
evaluated by one-way ANOVA followed by LSD test. Statistical significance was accepted at P < 0.05.

process is completed before birth (Guidi et al., 2005) and neurons are neuronal survival, learning, and memory” (Sakatani et al., 2002; Man-
very responsive to EMF” (Aldinucci et al., 2009). However, the results of ikonda et al., 2007).

some studies reported that “EMFs can affect neuronal functions, Our most critical histopathological findings of fetuses were hemor-
including regulation of synaptic plasticity, neurotransmitter release, rhagic areas and the irregular cellular localization in the cortex in
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Fig. 8. Representative immunoblots of western blotting analysis in rats after exposure to pre and postnatal 2450 MHz CW-RFR for 12 h/day during experiment into
third generations adult male rats (a) The phosphorylation and unphosphorylation status of Tau, ERK1/2, JNK and p38 are presented (b) and the ratio of phos-
phoprotein over total protein (c), which was expressed according to data in (b) in third generations adult male rats as followed, the ratio of p-TauSer416 over total-
Tau, ratio of p-TauThr231 over total-Tau, ratio of p-ERK1/2 over total-ERK, ratio of p-JNK over total-JNK and ratio of p-P38 over total-P38. * depict denotes sig-
nificant difference than control group (n = 6 per group). Statistical comparisons were evaluated by one-way ANOVA followed by LSD test. Statistical significance was
accepted at P < 0.05.
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Fig. 9. Representative immunoblots of western blotting analysis in rats after exposure to pre and postnatal 2450 MHz CW-RFR for 12 h/day during experiment into
fourth generations adult male rats (a) The phosphorylation and unphosphorylation status of Tau, ERK1/2, JNK and p38 are presented (b) and the ratio of phos-
phoprotein over total protein (c), which was expressed according to data in (b) in fourth generations adult male rats as followed, the ratio of p-TauSer416 over total-
Tau, ratio of p-TauThr231 over total-Tau, ratio of p-ERK1/2 over total-ERK, ratio of p-JNK over total-JNK and ratio of p-P38 over total-P38. * depict denotes sig-
nificant difference than control group (n = 6 per group). Statistical comparisons were evaluated by one-way ANOVA followed by LSD test. Statistical significance was
accepted at P < 0.05.
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exposed rats of the 1st and 2nd groups of the second-generation.
Vascular structures were observed in exposed rats of the 1st, 2nd, and
3rd groups of the third-and fourth-generation. The vascular patterns of
brain tumors play acrucial prognostic role in direct relation to tumor
growth (Rong et al., 2006; Das and Marsden (2013); Rao et al., 2016;
Tastekin et al., 2016). The effect of EMF on the central nervous system is
of particular interest since disorders of the central nervous system are
associated with many abnormalities in the functioning of the body and
the possible carcinogenic effect of EMF. The main attention in evalu-
ating the RF-EMF health effects has been directed to risk of tumors
(Carlberg et al., 2013; Miller et al., 2019; Choi et al., 2020). Due to the
long latent period, diverse exposure conditions, and biological param-
eters, the causal relationship is difficult to reveal. The recent
meta-analyses of case-control studies found that cellular phone use with
cumulative call time of more than 1000 h statistically significantly
increased the risk of tumors (Choi et al., 2020).

Prenatal exposure results in lower birth weight, smaller size and
significant impairment of the hippocampus, glial cells, and pyramidal
cells (Dasdag et al., 2000; Bas et al., 2009; Hosseini-Sharifabad et al.,
2012; Bas et al., 2013). Stasinopoulou et al. found that “pyramidal cell
loss and glial fibrilliary acidic protein (GFAP) over-expression were
detected in the CA4 region of the hippocampus of the 22-day old to
either during prenatal life or both pre-and postnatally” (Stasinopoulou
et al., 2016). Balassa et al. demonstrated that “the basic excitability of
hippocampal slices (measured as amplitude of population spikes) was
increased by both types of treatment (fetal 0.5 mT, newborn 3 mT)”
(Balassa et al. (2013)).

4.2. Adult female brain tissue

Salford et al. reported that “prenatal RFR exposure can cause cell
death, inhibition of the differentiation of neural stem cells and alteration
in the neurogenesis in both the developing and adult brain” (Salford
et al., 2003). Ait-Aissa et al. stated that “gestational and early life
repeated exposure to WiFi (2 h/day; SAR = 0.08, 0.4, and 4 W/kg) has
no deleterious effects on the brains in case of young rats” (Ait-Aissa
et al., 2013). Inversely, impaired neurite outgrowth on neuronal cells
has been demonstrated in embryonic neural stem cells exposed to RFR
(Chen et al. (2014)).

Our most critical histopathological findings in female rats were the
hemorrhagic areas and the irregular cellular localization in the cortex,
especially in the exposed rats of the 1st and 2nd groups of the second-
generation compared to the sham control group. Histopathological
findings were more minor in the 3rd group compared to the 1st and 2nd
groups. Vascular dilatation areas and cellular localization irregularity
were observed in some cortex regions especially in exposed rats of the
1st and 2nd groups of the third-and fourth-generation.

Similar to our study, some researchers have shown cellular losses and
neuronal damage caused by exposure to EMF in many parts of the brain,
including the cortex, basal ganglia, hippocampus, and cerebellum
(Erdem et al., 2016; Kivrak, 2014). A continuous 900 MHz exposure to
EMF during a gestational period can cause developmental and histo-
pathological changes in the human fetal spinal cord, such as vacuoli-
zation, atrophy, and thickening (ikinci et al., (2016)).

It is also revealed that "RFR exposure can cause shrinkage of pyra-
midal neurons, presence of mild perivascular and perineural edema, and
some vacuolation of neurons and glial cells derived from mouse great
hemispheres, reduction of Purkinje cells, vacuolisation of neurons and
glial cells, and interstitial edema in the cerebellum” (Zymantiene et al.,
2020). Similarly suggested that pyramidal neuron loss and histopatho-
logical changes in the cornu ammonium of 8-week-old male rats may be
due to 900 MHz EMF exposure (Sahin et al., 2015).

4.3. Adult male brain tissue

Results of some studies indicated that “700 MHz RFR can alter
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electrical activity in hippocampal slices of the rat brain (Tattersall et al.,
2001) and 1800 MHz (15 min per day for eight days, SAR 2.40 W/kg)
and has the potential to reduce the excitatory synaptic activity of
cultured hippocampal neurons” (Xu et al., 2006).

As it is known, “Tau is an intracellular soluble protein that stabilizes
microtubules in axons. The key features of neuropathological Alz-
heimer’s disease (AD) are extracellular senile plaques made up of ag-
gregates of amyloid beta (Ap) peptides, and intracellular deposits of
hyperphosphorylated Tau protein” (Panza et al., 2019; Congdon and
Sigurdsson (2018)). Previous reports suggested that “tau can be
passively released into the extracellular space due to cell death or
injury” (Hampel et al., 2010; Hesse et al., 2001). However, it is also
reported that “tau is also actively secreted into the extracellular space in
a regulated manner under physiological and pathological conditions”
(Karch et al., 2012; Pooler et al., 2013; Yamada et al., 2011, 2014). On
the other hand, some of the studies stated that “both total and phos-
phorylated tau (p-tau) are increased in the CSF of AD patients and
predict the order and magnitude of pathologic processes that occur in
AD patients” (Bateman et al., 2012; Fagan et al., 2014; Toledo et al.,
2013).

Our study found changes in the function of the MAPK pathway,
which affects cognitive processes such as learning and memory. Both
pTau and pERK are increased in the exposed rats of the 1st and 3rd group
of the second-generation compared to the other experimental groups.

PERK, pJNK and pTau were increased in the exposed rats of 1st
group, and pERK, pP38 and total tau were increased in the exposed rats
of the 2nd group of the third-generation compared to the other experi-
mental groups. Also, pTau, pJNK and pP38 were increased in the
exposed rats of the 1st group, and pERK, pJNK and pP38 were increased
in the exposed rats of 2nd group of fourth generation compared to the
other experimental groups. Also, pTau was increased in the exposed rats
in the 3rd group of the fourth-generation compared to the other
experimental groups.

Kim et al. observed that “neuronal cell bodies remained structurally
stable but demyelination was induced in cortical neurons following
prolonged RF-EMF” (Kim et al, 2017). Birks et al. reported that
maternal cell phone use during pregnancy might be associated with an
increased risk for offspring behavioral problems, particularly hyper-
activity/inattention problems (Birks et al., 2017). Othman et al. showed
that diverse types of prenatal Wi-Fi exposures provoked several behav-
ioral and biochemical impairments at both juvenile and adult age of the
offspring (Othman et al., 2017). Valbonesi et al. stated that “three
different 1.8 GHz signals have not a potential to alter HSP70 (Heat shock
protein 70) protein expression and three different MAPK signaling
pathways” (Valbonesi et al., 2014).

In terms of knowing what pre-and post-natal RFR exposures cause
over the four-generations, our study has the potential to contribute to
the related field. However, when the studies discussed above are eval-
uated in general, we can say that a significant part of the studies sup-
ports our results. The results we obtained in our study showed that
2.4 MHz continuous RFRs could cause some changes in the brains of
rats, and these may have the potential to prepare the ground for some
diseases.

5. Conclusion

Results of the present study indicated that whole-body exposed to
2450 MHz CW-RFR increased the phosphorylation level of some MAPKs
and Tau in the hippocampus in the brain of male rats. These findings
suggest that exposure to RFR in rats may cause changes in the function of
the MAPK pathway, which affects cognitive processes such as learning
and memory, and may cause damage to both fetal and adult brain tissue.
Furthermore, it causes histopathological changes in brain of fetus and
female rat. Further studies are needed to elucidate the issue.
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ABSTRACT

Radiofrequency radiation (RFR) emitted from wireless devices increases rapidly and the most
sensitive groups are pregnant women and children. Therefore, we aimed to evaluate the fidgety
movements (FMs) and motor repertoires of the infants of pregnant women with different
durations of mobile phone usage (DOMFU) in the prenatal period by performing a general
movement assessment (GMA) using the Prechtl method. Infants suitable for the study were
divided into 4 groups according to their mothers’ duration of mobile phone usage during
pregnancy, comprising those who did not talk on a mobile phone (Control Group, n: 31), those
with mobile phone usage (MFU) of ~20min a day (Group 1, n: 33), those with MFU of ~40min
a day (Group 2, n: 31), and those with MFU of ~2h a day (Group 3, n: 28). The analysis showed
that the abnormal fidgety (AF) and absent fidgety (F-), suboptimal motor optimality score (MOS)
and reduced motor repertoire were statistically higher in Group 3 compared to the other groups.
Normal posture and the quality of other movements were statistically higher in the Control,
and Groups 1 and 2 compared to Group 3. According to the findings, infants of mothers with
different DOMFU during pregnancy differed with regard to the quality of FMs, MOS, repertoire,
posture and other movements. In conclusion, the findings suggested that there may be a
relationship between prenatal RFR exposure and motor development in infants. More long-term
studies are needed to determine whether these changes are temporary or permanent.

KEYWORDS
Radiofrequency radiation;
pregnancy; infant;

fidge y movements;
general motor
movements

Introduction (RFR) exposure [11-13]. Some authorities developed
safety limits to protect the public against the negative
health effects of RFR but the limits are presently valid
for more susceptible groups, such as pregnant women,
foetuses, or embryos [11].

Studies have suggested that prenatal RFR exposure
might be associated with anomalies and growth retar-
dation in foetuses or embryos [14,15], speech problems
in children [16], oxidative stress in mothers and off-
spring [17], and changing electrophysiological proper-
ties in the Purkinje cerebellum neurons and ion

Along with developments in technology, the level of
radiofrequency radiation (RFR) created by various wire-
less communication tools in the environment, espe-
cially mobile phones, is increasing rapidly, day-by-day,
and has caused an environmental problem called
Electromagnetic Pollution. Widespread use of mobile
phones causes adverse effects on the nervous system,
such as cognitive and neurological disorders [1,2],
memory impairment [3], increased parasympathetic
nerve activity [4], increased thyroid function [5], weak-

ening of the immune system [6], increased permea-
bility of the blood-brain barrier [7], changes in
amygdala morphology and emotional behaviour [8],
changes in cerebral cortex neurotransmitter release
[9], cytotoxicity in hippocampal neuronal HT22 cells
[9], and degenerative changes in hippocampus pyra-
midal cells [10], and has adverse effects on the ner-
vous system.

Studies have shown that even gene and protein
expression can be affected by radiofrequency radiation

currents [18]. It was reported that the research on the
sensitivity of children to electromagnetic fields should
be increased [11]. Research on the effects of RFR emit-
ted in the environment by communication tools, such
as mobile phones and Wi-Fi, on the foetus and mother
is very limited. In most of the studies on the subject,
the majority of which consist of animal studies, there
are differences between the parameters, such as the
experimental setups, techniques used and specific radi-
ation absorption rates (SAR), etc [11].
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The complex, fluid and variable-speed movements
involving the whole body are called general movements
(GMs). GMs begin at week 9 after menstruation and last
up to 6months postterm [19,20]. The quality of these
GMs accurately reflects the infant’s neural development
and is an excellent way to identify early brain damage
and dysfunction [20]. GMs differ in three periods:
preterm, writhing, and fidgety. The normal movement
patterns in newborns 3-5months after birth are called
fidgety movements (FMs) [21]. These FMs are evaluated
as normal (F+), absent fidgety (F-), and abnormal fid-
gety (AF). AF and F- have high predictive values in
predicting whether the baby is clinically developing
normally or whether there is mild or severe neurological
impairment [19]. In the last few decades, evidence has
accumulated that FMs are a particularly accurate marker
for the neurological outcome of high-risk infants. Recent
systematic reviews and meta-analyses have recognized
the qualitative analysis of GMs, using the Prechtl
method, to be equally powerful or even more powerful
than classical neurological examination and neuroimag-
ing findings [22]. The GMs of 3-5-month-old infants
include not only FMs, but also age-appropriate move-
ment patterns and postural patterns [23].

In this study, we aimed to compare the FMs, motor
optimality score (MOS), repertoire of co-occurring
movements, posture and the quality of other move-
ments in the 3-5month period of the infants of
women with mobile phone usage (MFU) of different
durations during the prenatal period by performing a
general movement assessment (GMA) using the
Prechtl method.

Subjects and methods
Ethics statement

This study was initiated by the approval of Health
Sciences University Van Training and Research Hospital
Ethics Committee (Report No: 2021/20) after statistical
power analysis. Parents or legal guardians provided
written informed consent forms.

Subjects

A total of 123 infants, aged 3-5months, who came to
our polyclinic, were included in the study. The infants
were divided into four groups according to the dura-
tion of their mothers’ mobile phone usage during preg-
nancy: 1) those with no MFU (Control Group, n: 31), 2)
those with MFU of ~20min a day (Group 1, n: 33), 3)
those with MFU of ~40min a day (Group 2, n: 31), and
4) those with MFU of ~2h a day (Group 3, n: 28). All
of the parameters that may affect the infants’ GMs and
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neural development, such as birth weight, head cir-
cumference, birth length, gender, week of birth, status
according to birth week, delivery type, and presence
of foetal distress and meconium, were recorded. In
addition, records were kept of some maternal informa-
tion (maternal age, paternal consanguinity, hyperten-
sion, placental disease, systemic diseases, amniotic fluid
status, vitamin, iron, vitamin D, folic acid use, toxo-
plasma, rubella, cytomegalovirus, herpes simplex, uri-
nary tract infection, upper respiratory tract infection,
vaginitis, chorioamnionitis, amount of medically
exposed radiation, presence of base station, paternal
smoking and alcohol habits, SAR values of mobile
phones, and mobile phone usage times). The MOSs of
the infants were calculated according to FMs and other
accompanying movements.

Observational GMA

Observational GMA was performed by a paediatrician
who had 7years of GMA certification and experience.
The evaluator completed the assessments blindly, with-
out knowing the infants’ clinical histories and or which
group they belonged to. The Prechtl method was used
for the observational GMA. The MOS of all of the
infants were determined and the groups were com-
pared with each other. The MOS, which has a maxi-
mum of 28 points and a minimum of 5 points, consists
of five subsections and is scored as follows [24,25]:

1. Fidgety Movements: F+: 12 points, AF: 4 points,
and F-: 1 point

2. Motor Repertoire: Age-appropriate motor rep-
ertoire: 4 points, decreased motor repertoire: 2
points, absence of age-appropriate motor rep-
ertoire: 1 point.

3. Motor Patterns (Except for FMs): Movement pat-
terns can have a normal or abnormal appear-
ance. Abnormal patterns are mostly circular arm
movements and asymmetric segmental move-
ments. It is 4 points if normal movement pat-
terns are dominant, 2 points if normal and
abnormal movements exist at an equal level, 1
point if abnormal movement patterns are
dominant.

4. Posture: Normal postural pattern is 4 points,
equal predominance of normal and abnormal
postural pattern is 2 points, abnormal postural
pattern is 1 point.

5. quality of Other Movements: 4 points are given
if all movements are normally flui , in various
sequences and smooth. If the movements are
jerky, rigid and less complex, they are consid-
ered abnormal, 2 points are given. If the
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cramped-synchronized (CS) movement pattern
is dominant, 1 point is given [23].

Statistical analyses

Whether the variables were suitable for normal distri-
bution was tested using the Shapiro-Wilk test. Variables
that did not fit the normal distribution were presented
as median (minimum-maximum) values, the Mann-
Whitney U test was used for comparisons between two
independent groups, and the Kruskal-Wallis H test was
used for comparisons of 3 or more independent groups.
Categorical variables were expressed as frequencies
and percentages, n (%), and the Fisher exact chi-square

test was used for the comparisons. Statistical analyses
were conducted using IBM SPSS Statistics for Windows
22.0 (IBM Corp., Armonk, Ny, USA). Differences were
considered statistically significant at the level of p<0.05.

Results

The evaluations of the FMs, MOS, repertoire of co-occurring
movements, posture, and quality of other movements of
all infants are shown in Table 1. A minor neurological
disorder (MND) was found in 1.6% of the infants.

During the prenatal period, the infants of mothers
with different DOMFU differed in terms of the FMs,
MOS, repertoire, posture, and quality of other move-
ments (p<0.05) (Table 2).

Table 1. Descriptive statistics of the FMs, MOS, repertoire of co-occurring movements, posture and quality of other

movements.

Frequency Percentage
Fidgety
F+ 116 94.3
F- 2 1.6
AF 5 4.1
Total 123 100
MOS
Optimal (25-28) 116 94.3
Suboptimal (24) 7 5.7
Total 123 100
Repertoire of co-occurring movements
Age-adequate 119 96.7
Reduced 4 33
Total 123 100
Posture
Normal 115 93.5
Normal=Abnormal 8 6.5
Total 123 100
Quality of other movements
Normal > Abnormal 17 95.1
Normal=Abnormal 6 49
Total 123 100.0
Result
Normal 121 98.4
MND 2 1.6
Total 123 100.0

Table 2. Investigation of the infants of mothers with different durations of mobile phone usage (DOMFU) during the prenatal
period in terms of FMs, MOS, repertoire of co-occurring movements, posture and quality of other movements.

Duration of use

Control 20 min 40 min 2h
(n=31) (n=33) (n=31) (n=28) p Value
FMs F+ 31 (100) 33 (100) 29 (93.5) 23 (82.1) 0.011
F- 0 (0) 0 (0) 0 (0) 2 (7.1)
AF 0 (0) 0 (0) 2 (6.5) 3 (10.7)
MOS Optimal (25-28) 31 (100) 33 (100) 30 (96.8) 22 (78.6) <0.001
Sub-optimal (24) 0 (0) 0 (0) 1(3.2) 6 (21.4)
Repertoire of co-occurring movements Age-adequate 31 (100) 33 (100) 31 (100) 24 (85.7) 0.002
Reduced 0 (0) 0 (0) 0 (0) 4 (14.3)
Absent 0 (0) 0 (0) 0 (0) 0 (0)
Posture Normal 31 (100) 33 (100) 29 (93.5) 22 (78.6) 0.001
Normal =Abnormal 0 (0) 0 (0) 2 (6.5) 6 (21.4)
Abnormal 0 (0) 0 (0) 0 (0) 0 (0)
Quality of other movements Normal > Abnormal 31 (100) 33 (100) 31 (100) 22 (78.6) <0.001
Normal =Abnormal 0 (0) 0 (0) 0 (0) 6 (21.4)
Normal < Abnormal 0 (0) 0 (0) 0 (0) 0 (0)

p <0.05, Fisher's exact chi-square test.



BIOTECHNOI OGy & BIOTECHNOI OGICAI EqUIPMENT e 59

Table 3. Investigation of the F- and AF status of the infants’ FMs according to the MOS, repertoire, posture and quality of

other movements and outcome.

Fidgety
Absent fidgety Abnormal fidgety p Value
(n=2) (n=5)

MOS
Optimal (25-28) 0 (0) 1 (20) 0.999
Sub-optimal (24) 2 (100) 4 (80)
Repertoire
Age-adequate 0 (0) 3 (60) 0.429
Reduced 2 (100) 2 (40)
Quality of other movements
Normal > Abnormal 0 (0) 2 (40) 0.999
Normal = Abnormal 2 (100) 3 (60)
Outcome
Normal 0 (0) 5 (100) 0.048
MND 2 (100) 0 (0)

Fisher's exact chi-square test

The AF and F- (p<0.05), suboptimal MOSs (p<0.001),
reduced motor repertoire (p<0.05) in Group 3 were
statistically significantly higher than the other groups.
Normal posture (p=0.001) and quality of other move-
ments (p<0.001) were statistically significantly higher
in the Control, and Groups 1 and 2 when compared
to Group 3.

In the infants, the F- and AF did not differ in terms
of the MOS, repertoire, or quality of other movements
(p>0.05). The F- and AF differed in terms of the out-
come (p<0.05). The infants with AF were neurologically
normal, while the infants with F- developed MNDs
(Table 3).

According to the findings, the repertoire of the
infants differed according to the gestational week, and
all of the infants with reduced repertoire were bor-
derline premature. In other words, the rate of reduced
repertoire was higher in the borderline premature
infants when compared to the term, post-term and
premature infants (Table 4).

In the results obtained, there was a relationship
between the number of abortions by the mothers and
the FMs. The number of F+was higher in the infants of
mothers who had not had an abortion when compared
to those of mothers who had 4 or more abortions. The
MOS and posture also differed according to the number
of abortions. Optimal MOS and normal posture were
observed more often in the infants of mothers who had
not had an abortion when compared to those of moth-
ers who had 4 or more abortions (Table 4).

There was a relationship between the MOS and
posture and daily mobile phone usage frequency. The
number of suboptimal MOS and normal=abnormal
postures was higher in the infants of mothers with
MFU > 4 times a day (Table 4). The other variables
did not differ according to the quality of FMs, MOS,
repertoire, posture or other movements.

Discussion

To the best of our knowledge, this was the first case-
control study to examine FMs and motor repertoires
in infants exposed to RFR emitted from mobile phones
at different durations during the prenatal period.
According to the findings, the infants of mothers with
different DOMFU during the prenatal period differed
with regard to the quality of the FMs, MOS, repertoire,
posture, and other movements.

A baby’s development is not only affected by indi-
vidual factors related to biological and genetic char-
acteristics. Environmental factors, such as microsystem
(family, home, surroundings, peers, etc.), exosystem
(extended family, neighbourhood, school, etc.) and
macrosystem (community, economic system, culture,
etc.) environments are also effective [23]. It is certain
that people, and therefore pregnant women, will be
exposed to these rays to a greater extent in today’s
world, where discussions that 5G technology can be
more risky on living things and the environment con-
tinue to take place. This is because with the imple-
mentation of 5G technology, the cumulative RFR level
in the environment will increase involuntarily and it
will be inevitable for people to be exposed to these
rays [26]. It does not seem plausible that RFR, whose
levels in the environment are thought to increase tre-
mendously, do not affect babies in the womb.

The idea that the human body can tolerate tens of
times more radiation at millimeter wavelengths is
based on a faulty modelling of the human body as
an outer structure filled with a homogeneous fluid,
along with the assumption that millimeter waves do
not completely pass beyond the skin, completely
ignore nerves, blood vessels and other electrically con-
ductive structures that can carry radiation-induced
currents deep into the body [11].
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The offspring of mice exposed to RFR in the pre-
natal period showed decreased memory, hyperactivity
and glutamatergic synaptic transmission disorder in
the pyramidal cells in the prefrontal cortex [27].
Another study detected changes in astrocytic and
apoptotic responses in different brain regions of rats
exposed to RFR during the prenatal period (2h/day,
5days/week, 2weeks) and in the first weeks of the
postnatal period. However, RFR did not create a per-
manent activation of astroglia in the brains of rats and
did not trigger apoptosis [28]. There was a significant
reduction in the number of dentate gyrus granule cells
in the hippocampus [29], and the number of pyramidal
cells [30] and the presence of picnotic cells in the
cornu ammonis region of the hippocampus in rats
exposed to RFR (60 min/day, 900 MHz) during the pre-
natal period [31]. Moreover, it was stated that exposure
to RFR (900 MHz, pulsed) during pregnancy can change
the electrophysiological properties of the Purkinje neu-
rons of rats in the postnatal period, but these changes
are not sufficient to affect cerebellum-related func-
tional functions [18]. On the other hand exposure to
RFR in the prenatal period did not cause any changes
in the expression of the c-fos gene, which is an indi-
cator of neural stress in mouse brains [32], and did
not cause any measurable cognitive deficit [33].

In a study conducted by Vrijheid et al. [34] on 530
children, there were very small differences between
the children of mothers who had used mobile phones
during the prenatal period and those who had not.
The children of mothers who had used mobile phones
had higher mental scores but lower psychomotor
development than those whose mothers had not used
mobile phones. Kane [35] also published a hypothesis
suggesting that the increase in the incidence of
autism in children in recent years may be related to
the dramatically increasing use of mobile phones with
advancing technology. Moreover, researchers have
found an association between exposure to RFR emit-
ted from mobile phones, both prenatally and postna-
tally, and migraine and other headache disorders [36],
and between exposure to RFR emitted from mobile
phones during pregnancy and behavioural disorders,
such as hyperactivity and emotional problems at
school [37]. The average cognitive scores and mental
activation levels were lower in children with high
maternal cell phone usage intensity [38]. RFR exposure
with environmental factors at different frequencies
and intensities has been reported to induce neurobi-
ological disorders [39]. However, another study con-
ducted on 6 and 18- month-old babies, found no
relationship between prenatal cell phone use and
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delays in motor and cognitive/language development
[40]. In another study, while there was no relationship
between mobile phone usage during pregnancy and
foetal development or birth weight, it was found that
it could cause preterm birth [41].

In the present study, the AF and F- (p<0.05), sub-
optimal MOS scores (p<0.001), reduced motor reper-
toire (p<0.05) values were statistically higher in Group
3 when compared to the other groups (p<0.05).
Normal posture (p=0.001) and the quality of other
movements were statistically higher in the Control,
and Groups 1 and 2 when compared to Group 3
(p<0.001).

Abnormal GMs and postural anomalies occurring at
3-5months of age may indicate cognitive anomalies
that will emerge in the following years [21]. The infants
of mothers with MFU of ~2h a day had a lower MOS
values when compared to the children of mothers with
MFU of other durations. These findings were similar
to those found in infants at risk for motor problems
[42,43]. Similarly, the MOS was significantly lower in
infants of mothers who used drugs/alcohol [24].
Studies in literature showed that the GMA, including
MOS, can provide important information about the
later neurodevelopmental functions of infants [25].

According to the results obtained, there was no
correlation between the F- and AF levels of the
infants and the MOS, repertoire, and the quality of
other movements. However, they differed with regard
to the outcome. It was determined that the infants
with AF were neurologically normal, while the infants
with F- had minor neurological impairment. In the
literature, abnormal simultaneous motor repertoire
was associated with later impaired cognitive and
motor outcomes, even in high-risk infants with
FMs [44].

FM development in GMs, which occurs in infants at
post-term 3-5months, is synchronized with a series of
motor repertoires, postural patterns and other
age-appropriate movements [22]. An evaluation of all
these movements together provides important infor-
mation regarding the infant’s subsequent motor func-
tion [42]. This period is ideal for evaluating
neurobehavioral repertoires and predicting outcomes
in high-risk infants [22]. Some of the studies applying
a similar approach found that a low MOS score was
associated with motor and language dysfunction,
minor neurological dysfunctions, or school-age learn-
ing difficulties in the toddler age [42].

In this study, we analyzed statistically the paternal
and environmental variables that may affect the
infant’s motor development, such as maternal and
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paternal age, maternal and paternal education and
occupation, weight gained during pregnancy, infant’s
weight according to gestational week, infant’s head
circumference and height, mother’s history of preg-
nancy, number of abortions and stillbirths, cell phone
SAR value, daily cell phone usage frequency, gesta-
tional week, maternal diseases (hypertension, systemic
disease, vaginitis, placental infection, urinary tract
infection, upper respiratory tract infection), mode of
delivery, foetal distress and meconium, vitamin and
folic acid use during pregnancy, alcohol and cigarette
use, at home and at work Wi-Fi usage, presence of
base stations around, radiation exposure during preg-
nancy, and the infants’ FM, MOS, repertoire, posture
and the quality of other movements. In addition, we
also evaluated whether the pregnant women included
in the study had complaints of dizziness, restlessness,
ear pain, facial sensitivity or burning. The data obtained
revealed that the FMs differed according to the num-
ber of abortions. The normal FM level observed in the
infants of the pregnant women who had not had an
abortion was higher than in those of the pregnant
women who had 4 or more abortions. A difference
was also observed between the number of abortions
and the MOS and posture. The optimal MOS and nor-
mal posture observed in the infants of pregnant
women who had not had an abortion were higher
than those whose mothers had 4 or more abortions.
Moreover, it was observed that there may be a rela-
tionship between the MOS, posture and daily cell
phone usage frequency. For example, the sub-optimal
MOS and normal=abnormal postures were higher in
those who used cell phones for more than 4 times a
day. However, it was understood that the other vari-
ables did not differ according to the nature of the FM,
MOS, repertoire, posture and other movements. The
findings showed that all of the infants with reduced
repertoire were borderline premature. In other words,
the incidence of reduced repertoire in borderline pre-
mature infants was higher than in the term, post-term
and premature infants.

In addition to a causal relationship between the
minor changes observed in the present study and
prenatal mobile phone usage, other confounding
parameters should also be considered. Therefore, it is
difficult to predict for now what kind of problems
prenatal exposure to RFR emitted from mobile phones
would cause in these children in the future. However,
it seems inevitable that RFR levels, which will reach
incredible levels in the future, will somehow affect
babies in the womb. Therefore, such studies should
be long term and the children included in the study

should be followed up at intervals of 5 or 10years.
Moreover, whether the changes obtained in this study
are reversible or irreversible is the subject of another
study. Therefore, much work is needed to elucidate
this issue. The data herein suggested that there may
be a relationship between prenatal RFR exposure, and
the parameters discussed herein. The topicality and
interestingness of the subject should be kept on
the agenda.

Conclusions

The data obtained in this study suggest that there
may be a relationship between prenatal RFR exposure
and infant motor development. More long-term studies
are needed to determine whether these changes are
temporary or permanent.
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ABSTRACT

The purpose of this study is to investigate the effects of 2.4 GHz Wi-Fi exposure, which is
continuously used in the internet connection by mobile phones, computers and other wireless
equipment, on microRNA and membrane and depot fatty acid composition of brain cells. Sixteen
Wistar Albino rats were divided equally into two groups such as sham and exposure. The rats in the
experimental group (n = 8) were exposed to 2.4 GHz RFR emitted from a Wi-Fi generator for 24 h/
day for one year. The animals in the control group (n = 8) were kept under the same conditions as
the experimental group, but the Wi-Fi generator was turned off. At the end of the study, rats were
sacrificed and brains were removed to analyze miRNA expression and membrane and depot fatty
acids of brain cells. We analyzed the situation of ten different miRNA expressions and nineteen fatty
acid patterns in this study. We observed that long-term and excessive exposure of 2.4 GHz Wi-Fi
radiation increased rno-miR-181a-5p, phosphatidylserine (PS) and triacylglycerol (TAG) in the brain.
In conclusion, 2.4 GHz Wi-Fi exposure has the potential to alter rno-miR-181a-5p expression and the
fatty acid percentage of some membrane lipids such as phospholipid (PL), phosphatidylserine (PS)
and triacylglycerol (TAG), which are depot fats in the brain. However, the uncontrolled use of RFRs,
whose use and diversity have reached incredible levels with each passing day and which are
increasing in the future, may be paving the way for many diseases that we cannot connect with
today.
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Introduction

As it is known, the International Agency for Research on
Cancer in 2011 classified radiofrequency radiations
(RFRs) as possible carcinogen (2B) to humans, opening
this field for further investigation (International Agency
for Research on Cancer (IARC) 2011). However, we
have very limited information on the relation between
microRNAs (miRNAs, miRs), fatty acids in brain and
RFRs, which is very important to understand the effects
of electromagnetic pollution emitted by all wireless
equipment that is uncontrolled and widely used in our
daily life. In our previous works we indicated that long
term and excessive use of 900 MHz and 2.4 GHz RFR
radiofrequency radiation altered microRNA expression
in brain (Dasdag et al., 2015a; 2015b). We investigated
the effects of 900 MHz and 2.4 GHz RFR on some
miRNAs namely, rno-miR-9-5p, rno-miR-29a-3p, rno-

miR-106b-5p, rno-miR-107 and rno-miR-125a-3p in
brain. In the 900 MHz exposure study, rats were exposed
to 900 MHz RF radiation for 3 h per day (7 days a week)
for 12 months (one year) in the exposure group and we
found that 900 MHz RFR exposure only decreased rno-
miR107 expression (Dasdag et al.,, 2015a). In the 2.4
GHz Wi-Fi exposure study, rats were exposed to 2.4
GHz RFRs emitted from Wi Fi generator for 24 hours
a day for 12 months (one year) in the exposure group
and we found that one-year exposure of 2.4 GHz Wi-Fi
radiation altered expression of some miRNAs such as
rno-miR-106b-5p and rno-miR-107. The results of this
study indicated that rno-miR-107 expression was 3.3
times and rno-miR-106b-5p expression was 3.65 times
lower in the exposure group than the control group
(Dasdag et al., 2015b).We also investigated the effects
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of 900 MHz RFR with same exposure setup on ten
miRNAs in 2019 and found that chronic exposure of
RFR under investigation has potential to increase
expression of rno-miR-145-5p (Dasdag et al., 2019).

Kumar R et al. (2021) exposed rats to 900 (5.84 x 107*
W/kg), 1800 (5.94 x 10~ W/kg) and 2.4 GHz (6.4 x 10™*
W/kg) RFRs for 2h/d for one, three and six-months and
stated that “900-2450 MHz exposure led to hypermethy-
lation of histone (H3K9) protein by upregulating
euchromatic histone methyltransfer-asel enzyme,
whereas hypomethylation of DNA (5-Mc) by down-
regulating DNA methyltransferasel enzyme with
increasing microwave frequency as well as exposure
duration of Wistar rat” (Kumar et al., 2021).

Another important parameter in terms of electro-
magnetic pollution is the relation between RFR exposure
and membrane fatty acids, which we have also very
limited knowledge in this field

It is stated that “pain sensation can be changed
upon the effect of extremely weak chemical and phy-
sical signals, having intensity even less than thermal
threshold and non-linear dose-dependent character.
Therefore, such a cellular target must have a quan-
tum-mechanical nature” Ayrapetyan S (2018).
However, Dutta et al indicated that “RFR affects
both calcium-ion release and acetylcholinesterase
activity in nervous system-derived cells in culture in
a common dose-dependent manner” Dutta et al
(1992). As it is also reported, “primary target for
non-thermal biological effects of weak intensity
radiation, is skin water contents the dissociation
molecules of which have quantum sensitive charac-
ters. The product of water molecules dissociation
which forming ROS serve one of important messen-
gers trough which circulating blood modulate the
metabolism of different tissues. Since by fundamental
work by Blackman et al in 1982 is known that in
realization non-thermal effect of EHF EMF key role
have Ca exchange which is involvement in great
number of fundamental cell processes, such as
Lipids exchange and nucleic acids metabolisms
(Ziskin MC, 2006; Blackman et al (1982); Brini and
Carafoli 2009)”. Sert et al. (2002) investigated the
effect of 3 h/d exposure of the 0.8 mT magnetic
field on the membrane fatty acids of testes and
found that the fatty acid of the testis cell membrane
phospholipids was decreased in the exposure group.
It is similarly indicated that twenty minutes of
900 MHz RFR exposure (short term) do not alter
the percentage of fatty acids in brain and testes
(Dasdag et al. 2004, 2003). Recently, Oyarce et al.
(2021) detected the main changes of some fatty
acid, ergosterol and antioxidant activity of

metabolites in the fungus Serpulahimantioide
exposed to 2.5 GHz Wi-Fi exposure. They observed
an increment in the content of some fatty acids and
ergosterol and finally stated that “Direct exposure to
Wi-Fi radiation produces oxidative damage by mod-
ifying cellular components in the fubgus
S. himantioides” (Oyarce et al. 2021). If the World
Health Organization (WHO) do not lead to put rea-
listic educational and protective mechanisms, it is
certain that human beings will continue to use wire-
less communication tools in incredible amounts and
therefore will be exposed to more and more electro-
magnetic pollution with each passing day by ignoring
health hazards. To draw attention to the subject, the
aim of this study is to reveal the effects of long-term
exposure of 2.4 GHz Wi-Fi exposure on some
miRNAs such as rno-miR-22-3p, rno-miR-24-1- 3p,
rno-miR-132-3p, rno-miR-145-5p, rno-miR-181a-5p,
rno-miR-186-5p, rno-miR-195-5p, rno-miR-219a-5p,
rno-miR-221-3p, rno-miR-222-3p and fatty acids in
brain tissue.

Materials and methods
Subjects and animal care

Sixteen Wistar Albino adult male rats were acquired
from the Medical Science Application and Research
Center of Dicle University. The rats were fed with stan-
dard pelleted food (TAVAS Inc., Adana, Turkey) in
a standard Plexiglas cage. The average animal weight,
which was determined to be 313 + 2.5 g for each group at
the beginning of the study, was 348 + 28.8 g at the end of
the study. Rats were equally divided into two groups
such as sham exposed (n = 8) and exposure (n = 8)
and kept on a 14/10 h light/dark schedule. During the
study, the ambient temperature (22°C) and the relative
humidity (45%) were maintained in the normal range
for these animals. All animal procedures were in agree-
ment with the Principles of Laboratory Animal Care and
the rules of Scientific and Ethics Committee of Dicle
University Health Research Center.

Exposure and field measurements

A pulsed signal generator, which could output Wi-Fi
signals at 2.45 GHz, was used in the exposure system.
Sham (n= 8) and experimental group animals (n= 8)
were maintained free in their respective plexiglass cages
to resume their daily activities without any restrictions.
The experimental group, however, were exposed to 2.45
GHz RFR, about 50 cm below the transmitting antenna
of the signal generator, every day (24 h/d) for one year.
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Figure 1. Experimental setup side view. The carousel length and
width are 32 cm and 55 c¢m, respectively. H. = 20 cm, H, = 50 cm
and d = 2.5 cm. Sixteen rats were free to move inside the
carousel.

Similar to experimental group, animals in the control
group lived 50 cm below the antenna of the generator
(24h/d) for one year, except the generator was turned
off. At the end of last exposure, the rats were intraper-
itoneally administered a combination of 6 mg/kg of 2%
xylazine hydrochloride (Rompun) and 75 mg/kg keta-
mine hydrochloride (Ketalar) for anesthesia. Afterward,
the brain of each rat were removed for the analysis.

Experiment setup is displayed in Fig. 1.
Electromagnetic power density and the electrical field
inside the Plexiglas cage were measured at several points
using a field probe EMR 300 (NARDA, Pfullingen,
Germany). To minimize coupling from unwanted radia-
tion sources, four sides of the cage were covered with
electromagnetic pyramidal absorber backed by metal
sheets to isolate the test setup.

Specific absorption rate (SAR)

The Wi-Fi signal generator with a peak power of
100 mW was connected to a stub antenna, and the
stub antenna was placed in front of a flat reflector to
reduce outside radiation and to convey electromagnetic
energy towards the Plexiglas carousel where rats were
kept. The antenna was approximately 4 A away from
the rats, where A is the free space propagation wave-
length at 2.45 GHz. With this separation, far-field con-
ditions, which replicated typical Wi-Fi antenna
radiation, were formed. At the far field of an antenna,
electromagnetic energy can be modelled as a uniform
plane wave. To calculate SAR within the rats, first, the
electric field generated by the Wi-Fi signal source was
measured at several locations of the carousel with
a calibrated electric field probe. Then, these measured
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electric field values were compared with the simulated
electric field values where the whole experimental setup
was formed in 3D electromagnetic field solver. CST
Microwave Studio (CST AG, Germany) was used for
electromagnetic field solutions and SAR calculations.
Although CST seems similar to well-known finite-
difference time domain solvers, it solves Maxwell’s
equation by the finite-integration technique employed
on non-orthogonal grids. The rat voxel model used in
CST was based on a computed tomography of a rat,
and that model was used in SAR simulations. In SAR
averaging calculations, the IEEE/IEC 62704 standard
was used.

Lipid extraction and separation of lipid fractions

Total lipids were extracted with chloroform-methanol
(2/1 v/v) (Folch et al. 1957). During the extraction pro-
cess, autoxidation of unsaturated fatty acids was mini-
mized by adding 50 pL of 2% butylated hydroxytoluene
(BHT) in chloroform (Stanley-Samuelson and Dadd
1983). Nonlipid contaminants were removed by extrac-
tion with 0.88% aqueous KCI (Folch et al. 1957). The
extract was evaporated to dryness under a stream of
nitrogen at room temperature. Thin layer chromatogra-
phy (TLC) was used for separation of lipid classes. The
petroleum ether/diethyl ether/glacial acetic acid (80/20/
1, v/v) mobile phase was used to separate phospholipid
and triacylglycerol fractions (Mangold 1969). For
separation of phospholipid subclasses such as phospha-
tidylcholine, phosphatidylethanolamine, phosphatidyli-
nositol and phosphatidylserine, TLC plates were
completely wetted in 1.8% boric acid prepared in 100%
ethanol, dried for 5 min and activated for 15 min at
100°C. The lipid extracts were loaded on the plates and
rapidly placed in the chromatography tank containing
chloroform/ethanol/water/triethylamine (30/35/7/35, v/
v/v/v) (Vaden et al. 2005). The TLC plates were then
dried at room temperature. The PL classes were detected
under UV light after having sprayed 2',7'-
dichlorofluorescein on the TLC plates. The PL classes
were then scrapped into separate test tubes, and their
constitutive fatty acids were transmethylated through
the addition of acidified (sulfuric acid, 1%) methanol
for 2 h at 85°C . The resulting fatty acid methyl esters
(FAMESs) were extracted with hexane.

Chromatographic conditions

Fatty acid methyl esters were separated by capillary gas
chromatography using a SHIMADZU GC 2010 PLUS
equipped with a flame ionization detector (FID) and
a fused silica capillary column (BP-21-Polyethylene
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Glycol (terephthalic acid treated)) (] & W Scientific,
Folsom, CA, USA, 25 m x 0.32 mm internal diameter
x 0.25 pum film thickness). Helium was used as the
carrier gas. Gas flow rates: helium, 0.5 mL min % hydro-
gen, 30 mL min % dry air, 400 mL min ', The tempera-
ture program used was as follows. The initial
temperature (170°C) was kept for 8 min, raised to
190°C at a rate of 2°C min~' and kept at 190°C for
17 min and raised to 220°C at a rate of 10°C min™",
and maintained at this temperature for 10 min. The
injection and the detector temperatures were 250°C.
The split ratio was 20/1. The FAMEs identification and
quantification were performed through comparison of
retention times (identification) and peak areas (quanti-
fication) with a calibration solution composed of
a known quantity of each pure FAME (Sigma-Aldrich
Chemicals, St., Louis, MO, USA). The amount of fatty
acids was given as a percentage.

Fatty acid analysis

Saturated Fatty Acids (SFAs) such as decanoic acid
(10:0), lauric acid (12:0), myristic acid (14:0), pentade-
canoic acid (15:0), palmitic acid (16:0), heptadecanoic
acid (17:0), stearic acid (18:0) and eicosanoic acid (20:0);
Monounsaturated Fatty Acid (MUFAs) such as palmi-
toleic acid (16:1 n-7), oleic acid (18:1 n-9) and eisosenoic
acid (20:1 n-9); Polyunsaturated Fatty Acids (PUFAs)
such as linoleic acid (18:2 n-6), a- linolenic acid
(18:3 n-3), eicosadienoic acid (20:2 n-6), eicosatrienoic
acid (20:3 n-6), arachidonic acid (20:4 n-6), eicosapen-
taenoic acid (20:5 n-3), docosapentaenoic acid (22:5 n-3)
and docosahexaenoic acid (22:6 n-3) in total nineteen
fatty acids were analysed in this study. In general, fatty
acid compositions such as phospholipid (PL), triacylgly-
cerol (TAG) and PL fractions such as phosphatidylcho-
line (PC), phosphatidylinositol (PI), phosphatidylserine
(PS) and phosphatidylethanolamine (PE) were evaluated
in this study.

RNA extraction

Total RNA was extracted from rat brain tissue using Tri-
Reagent (Sigma).

Reverse transcriptase PCR reactions (RT-PCR)

Reverse transcriptase reactions contained 5 pl of
extracted total RNA, 50 nM stem-loop RT primer, 5X
RT buffer, 0.25 mM each of ANTPs, 50 units of modified
M-MuLV Reverse Transcriptase (Thermo Scientific,
Vilnius, Lithuania), 25 units of RiboLock RNase inhibi-
tor (Thermo Scientific, Vilnius, Lithuania) and nuclease-

free water to a total reaction volume of 15 pl. The
reaction was performed on an automated Thermal
Cycler (Techne Flexigene, Cambridge, UK). RT-PCR
conditions for 30 min at 16°C, 30 min at 42°C and
5 min at 85°C were used and then held at 4°C.

Quantitative-Comparative Cy (AACy) real-time PCR

Quantitative-comparative Cr (AACt) Real-time PCR
was performed in an ABI Prism 7500 Real-Time PCR
System (Applied Biosystems) using the SDS 2.0.6 soft-
ware. The specific primers and fluorogenic ZNA™ probes
(Paris et al. 2010) for the microRNAs were designed
using Primer Express 3.0 software (Applied
Biosystems) and are listed in Table 1. rno-miR-26b-5p
was used as an endogenous control microRNA. The
mixed RNA created from the sham group was used as
a reference RNA sample. Primers and probes were pur-
chased from Metabion International AG, D-82152
Martinsried/Deutschland. The 25 pl PCR included 3 pl
of RT-PCR, 12.5 pl of 2x TagMan Universal PCR Master
Mix (Applied Biosystems), 900 nmol of each primer
(Primer F and Universal Primer R) and 200 nmol
TagMan probe. The reactions were incubated in a 96-
well plate of preincubation at 50°C for 2 min and at 95°C
for 10 min, followed by 40 cycles at 95°C for 15 sec and
at 60°C for 90 sec. All reactions were run in triplicate
(Table 1).

Analyzed microRNA expression

In this study, we investigated effects of 2.4 GHz Wi-Fi
exposure on some microRNAs such as rno-miR-22-3p,
rno-miR-24-1- 3p, rno-miR-132-3p, rno-miR-145-5p,
rno-miR-181a-5p, rno-miR-186-5p, rno-miR-195-5p,
rno-miR-219a-5p, rno-miR-221-3p and rno-miR
-222-3p.

Statistical analyses

Statistical analyses were carried out using SPSS 18.0
software for Windows. The ¢ test was used to deter-
mine whether there are any statistically significant
differences between the means of control and Wi-Fi-
exposed groups. The data in the tables were
expressed as mean + standard error (SE). The
miRNA data were processed and analyzed using the
statistical package STATISTICA 13 for Windows.
Normality assumption of 27 **“" values was checked
by the Shapiro-Wilk test. Since the assumption of
normality was met, 2~ **“T values were expressed as
mean and standard deviation, the comparisons
between groups were performed wusing an
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Table 1. Primer/probe sequences of the miRNA analyzed by quantitative RT-PCR and Real-Time PCR.

Primer and Probe Sequences

miRNA Name *miRNA Gene No  *miRNA Nucleotide Sequences No
rno-miR-26b-5p 100314229 NR-031831.1
rno-miR-22-3p 100314001 NR-031824.1
rno-miR-24-1-3p 100314003 NR-031827.1
rno-miR-132-3p 100314029 NR-031878.1
rno-miR-145-5p 100314036 NR-031891.1
rno-miR-181a-5p 100314195 NR-031926.1
rno-miR-186-5p 100314043 NR-031904.1
rno-miR-195-5p 100314281 NR-031912.1
rno-miR-219a-5p 100314058 NR-031932.1
rno-miR-221-3p 100314163 NR-031934.1
rno-miR-222-3p 100314059 NR-031935.1

miR-Universal R

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACACCTAT-3"
F 5'-GCCGCTTCAAGTAATTCAGG-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GA(pdC)A(pdC)CTATCC-ZNA4-BHQ-1-3'

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACACAGTT-3'
F 5'-GCCGCAAGCTGCCAGTT-3'

PR 5'-FAM -TG(pdC)ATA(pdC)GA(pdC)A(pdC)AGTT(pdC)T- ZNA4-BHQ-1-3'

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACCTGTTC-3!
F 5'-GCCGCTGGCTCAGTTCAG-3'

PR 5'- FAM -TG(pdC)ATA(pdC)GA(pdC)CTGTTCCT- ZNA4-BHQ-1-3"

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACCGACCA-3'
F 5'-GCCGCTAACAGTCTACAGCCA-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GACCGACCA-ZNA4-BHQ-1-3"

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACAGGGAT-3'
F 5'-GCCGCGTCCAGTTTTCC-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GA(pdC) AGGGAT-ZNA4-BHQ-1-3'

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACACTCAC-3'
F 5'-GCCGCAACATTCAACGCTGTCG-3'

PR 5'- FAM-TG(pdC)ATA(pdC)GA(pdC) ACT(pdC)ACCGA-BHQ-1-3'

RT 5-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACAGCCCA-3'
F 5'-GCCGCCAAAGAATTCTCCTT-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GACAGCCCA-ZNA4-BHQ-1-3"

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACGCCAAT-3"
F 5'-GCCGCTAGCAGCACAGAAAT-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GACGCCAAT-ZNA4-BHQ-1-3'

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACAGAATT-3'
F 5'-GCCGCTGATTGTCCAAACG-3'

PR 5"-FAM-TG(pdC)ATA(pdC)GA(pdC)AGAATTGC-ZNA4-BHQ-1-3'

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACGAAACC-3'
F 5-GCCGCAGCTACATTGTCTGCTG-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GA(pdC) GAAA(pdC)CCA-BHQ-1-3'

RT 5'-GTCGTATGCAGTGCAGGGTCCGAGGTATTCGCACTGCATACGACACCCAG-3'
F 5'-GCCGCAGCTACATCTGGCTA-3'

PR 5'-FAM-TG(pdC)ATA(pdC)GA(pdC) ACC(pdC)AGTAGC-BHQ-1-3'

R 5-GTGCAGGGTCCGAGGTAT-3'

* https://www.ncbi.nlm.nih.gov/gene, Abbreviations: F: Forward, R: Reverse, PR: Probe, RT: Reverse Transcriptase Primer, pdC: Substitution of C-5 propynyl-dC
(pdC) for dC is an effective strategy to enhance base pairing. Using these base substitutions, duplex stability and melting temperatures are raised by C-5
propynyl-C 2.8 per substitution, ZNA4: Zip Nucleic Acids: ZNA probes provide broad flexibility in assay design and represent an effective alternative to Minor
Groove Binder (MGB)- and Locked Nucleic Acid (LNA)-containing oligonucleotides.

independent t-test and the significance values were
adjusted for multiplicity using Benjamini-Hochberg
adjustment (Benjamini and Hochberg 1995; Rai
et al. 2012). The error-bar graph was used to repre-
sent data distribution of rno-miR-22-3p, rno-miR-24-
1-3p, rno-miR-132-3p, rno-miR-145-5p, rno-miR
-181a-5p, rno-miR-186-5p, rno-miR-195-5p, rno-
miR-219a-5p, rno-miR-221-3p and rno-miR-222-3p
variables according to the groups. Significant diffe -
ences (two-tailed P) less than 0.05 were regarded as
significant

Results
Phospholipid (PL) fatty acid composition in brain

2.4 GHz radiofrequency radiation increased docosapen-
taenoic acid (22:5 n-3) and decreased docosahexaenoic
acid (22:6 n-3), which are members of n-3
Polyunsaturated Fatty Acids (n-3 PUFAs). Results are
given in Figure 2 and Table 2.
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Figure 2. Percentage of fatty acid groups of brain phospholipid
in control and experiment animals.
Triacylglycerol (TAG) fatty acid composition in brain

Since 2.4 GHz radiofrequency radiation increased linoleic
acid (18:2 n-6), therefore, YPUFA and Yn-6 PUFA also
increased. Results are shown in Figure 3 and Table 2.


https://www.ncbi.nlm.nih.gov/gene

S|ewjue JUSWILAAXS puUe [013U0D Ul Sd Pue | ‘Id “Id 104 g pue e
!Sd pue |d ‘3d ‘Dd 10} g, pue e, Aq pareubisap ale 00 > d JO [9A3] B 1e sdUBIAYIP JuRdYIUBIS "pide A8} pajeiniesunkjod y4nd ‘pIoe A1ey pajeinjesunouow 4N ‘poe A1ley pajelnies 4s ‘35 F ueaw se papiaoid aie sanjep

286 S. DASDAG ET AL.

PLL oLl S0'€ 78l o o 70 6€0 900 L0°0 80'L 9.0 90/¢M
e90'L ¥ 8091 e9L'L ¥ 699l BTY'O F 8t'Y €790 ¥ ¥8'9 BEL'L F9€°9C BZE'L 9597 eSL0F €SS REO'0 F 669 BEL'L F €991 eyl’l ¥ G9°€L  BE6'0 F S90L eLO’L F EE°LL 9mx
e80'L + 6C'8lL B/0°L ¥ 6C8L BED'L F S9€L BZO'L F £LSCL 9SO +68'S BOG'0 +8L'S  BOE0 F 9¥'T BLZOFTLT ®erL0FE0L eOL'0 F 60 ELOLF LSLL 218’0 ¥ 998 ALK

v
BEE'L F LEVE eLE’L +86'VE ©60°L +TL'8L B60'L F TH'6L BOE'L F 9TTE eEE'L F PE'CE ©BO8'0 ¥ 00°8 ey8'0 F LL'6 ©B60°L F99°LL B/L'L F Lb'PL BOTL F9L°CT B0L'L ¥ 66'6L °4'N"dX
e/0°L F ¥9°LL e60°'L + ¥0'8L €ZO'L ¥ 20Tl R/6'0 F LGLL  BYED F LVE BZE0 F79E  B6COFLTT eZL'0 + SSCT  eLOOF6L0 BCO'0 FCC’0  9CL'0¥80C eGS0 F 9L €U9TT
qe00 + ¢€0 2900 ¥ LL'0  BCO0 F O¥'0 BC0'0 ¥ SE€0  eLLOF8L'L BCTOF 0L 9E00F LLO eC0'0 ¥ ¥0'0  BZ00 F ¥0°0 BE00 ¥ S00 9L60 F £06 ey0°0 F €0 €U GTT
qz00 F ¥T0 eL00 F 200 90€0 F €T 700 ¥ 950 96L0F LL'L €900 F €£0 BLOOF¥L'O BEO0OF LL'O  9C00 F €00 BZC0+800 BEO'O F¥€E0 BEO'0 F 9€°0  €-U G0C
eG0’L ¥ L8YL eG0'L F 96Vl BTEO F T9E BEEOF EL'E  BOL'L F S0HC BLTL FTEVT eWP'0 F89Y e8E'0 F 06V  9E00 F 6€0 eZT0+990 eBLLOFOLS RLLOF SYL 9-Uti0T
2700 + C€0 BLO0F €C0 9700 F C€0 elO'0 F6L0 ®BLOOF6L0 BLO'0 F6L'0 9C0°0 900 BEO'0F LL'O  9LO0 + €000 eL0'0 ¥ L00  BZO'0 ¥ TTO0 eLO'0 ¥ 910 9-u€0C
e70'0 ¥ ST0 BLO0O ¥ LT0  e¥00 F €L°0 €700 ¥ 0L'0  ®©L0'0 ¥ 0T0 €900 ¥ LL'0  9€00 ¥ SO0 By0°'0 F0L'0  9C00 + €00 BEO0 F GL'0  BLOOF9L0 BLO0OF¥L'0 9-UT0C
2100 ¥ 600 €Z0'0 ¥ 900 9L0°0 ¥ LOO 700 +0L'0 EBLO0F L0 2700 F €1'0  BLO'0 ¥ LO'0 2L0'0 ¥ C0'0  BSO'0 + 8.0 BE0'0 ¥ 990 9C0°0 ¥ €00 REOOF LL'O €U €EBL
9900 + L£0 BZL'0 ¥ 8L 900 ¥ 0¥0 BSL'0 F TV'E  BLLOF €6L BEL'OF 88L  99L'0F ¥L0 BEL'0 F88L BBO'L F 79l ey0'L F €LTL  BOTO F LLTC BZE0 F+85€ 9uT8l

v
eGe’L F pLTE eyL'L F 6C°0€ ©OE'L F €L°8T B/E'L ¥ 80'EE B6U'L F €€°0T BCT'L F 6T°0T BSE'L F9T'LE e0E’L + LS'LE B89l ¥ TL'8S BEI'L F OL'09 ®B6T'L F Lb'bE e8T’L ¥ 0T'SE “4'N'NX
eyy'0 F 891 BGE0 F 18'E  BLL0OFT9L BLL'OF9€°L  BZO0 +8€0 BEO0 F Y0  9LL'0 F €90 B6C°0 680 g00 F €LO eZO0 F LEO  eTLOF LLL BEE0 F Tl 6-U 10T
R/TLF LTLT BEL'L F €€9C BOV'L F L0LT B6L'L F L9°LE ©80°L F L6'8L eol’L +888L B6L'L F0€0€E BYY'L F 6C°0€ BEI'L F CELS BGG'L F 6885 BOE'L F 9TCE BZE'L T €9°€E 6-U '8l
qeo0 * ¥T0 BEO'0 F GL'0  9Z00 F+0°0 BEO0OF LL'O  ©B60°0 F 860 B0L'0 F96'0 BZO'0 ¥ €€°0 BZO0 ¥ €€0  BZO'0 ¥ £9°0 €600 ¥ 060 €00 F ¥'0 eE0'0 F Y0 £-U L9l
B6T'L ¥ 09°€EE BOE'L F EL'VE qTSL FVL'ES vyl ¥ LS'LY B9Vl F TY'LY B8yl ¥ LE'LY BCO'L F ¥L09 B/S'L ¥ 8L'8S V(L FTTVT BEL'L F P¥°ST el F LEEY oYL ¥ T8y  W'A'SK
2700 F €10 BEO'0F LL'0  9/0°0 ¥ 0S50 €700 ¥ 8€'0  ©SL0 F L¥'0 eC00 +8€0 BLOOF VL0 RLOOF¥L'0 BYO'0 F ELO eLO0FCC0 Y00 F L0 2700 ¥ LE0 0:0C
eyl F 6EYC B/TL F6£SC Q6V'L F ¥8'LY BEE'L F ¥8'6E REEL F LTSC B/TL F¥EST BEO'L F LGEL BC0'L ¥ 66'CL  90T0 F 8¢ BLG0 F99°G  eTTL F190C egl’l + 60T 0:8L
eL0°0 810 BCO'0 F 600  9LO0 F0C0 BLO'0 ¥ 600 9C00F ¥C0 €00 F GL'0  BLOOF6L0 BCO'0 F9C0 9E00F LLO BLO'0 F €C0 ®BLOOFLTO eL0'0 + LTO 0:LL
el80 + ¥5'8 eS80 ¥ 08 dL¥Y'0 F6EY 2690 ¥ ¥6'9 BEL'L F LL0C BEL'L F¥L°0C BLY'L ¥ 6V'9Y eSy'L +00°Sy egl’L ¥ 118l BLL'LF9TLL BTl F L¥LT BTl ¥+ 8C’€C 091
2700 ¥ 80°0 e70'0 + 800  ©C00 F €00 B70'0 + €00  BZ00 + L0 2L00 ¥ 600 BEO0F LL'O By0°0 F €10  9C0°0 ¥ 800 eL00 ¥ 910  ©Z0'0 ¥ 900 eZ0°0 + 900 (039
eE00 F CL'O ey0'0 F0L'0  e¥00 F €L0 ey00 F EL'0  BSL'OF L¥0 eE00 F ¥¥'0  BLOO F LTO eLO'0 ¥ 0C0  ®B/0°0 F 050 €500 ¥ 8£°0 9500 F S50 eL00 + ¥C'0 oL
20’0 + S0°0 BC0'0 ¥ 800 9700 ¥ +0°0 BEO0OF LL'O  BZO0 F ST0 BC00 ¥ CC0 9200 F ¥0°0 BZ0°0 ¥ L0'0  BZO'0 ¥ O¥'0 BEO'0 F C¥'0  BZO'0 F 900 eZ0°0 + £L00 0L
- - - - - - - - qoL'0 + LO'L €900 ¥ 6£0 BEO0F LLO eL00 F L0 5001
|eyuawadxy |o13u0) |eyuswadxy |o13u0) |eyusawadxy |013U0) |eruswIadx3 |0J3U0) |eyuswadxy |o13u0) |eyusawadx] |0J3U0D spYy
Aneq

id Sd Id 2d ovL d

"(9%) SassePqns 1d pPue Dyl “1d uieiq jo uonisodwod pioe A1ie4 'z ajqel



70
(o8
2 60
on
B 50
Q
<
240
&
5 30
£
20
=]
Q
" II I
=9
0
YSFA YMUFA YPUFA 03 06
TAG

B Control B Experimental

Figure 3. Percentage of fatty acid groups of brain triacylglycerol
in control and experiment animals.
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Figure 4. Percentage of fatty acid groups of brain phosphatidyl-
choline in control and experiment animals.
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Figure 5. Percentage of fatty acid groups of brain phosphatidy-
linositol in control and experiment animals.
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PL subclasses of fatty acid composition in brain

Phosphatidylcholine (PC) fatty acid composition

Any differences were not observed between the
2.4 GHz Wi-Fi exposure group and sham animals in
terms of PC in brain. Results are given in Figure 4 and
Table 2

Phosphatidylinositol (Pl) fatty acid composition

Any differences were not observed between the
2.4 GHz Wi-Fi exposure group and sham animals in
terms of PI fatty acid composition in brain. Results are
given in Figure 5 and Table 2.

Phosphatidylserine (PS) fatty acid composition

2.4 GHz Wi-fi increased the percentage of 18:0, which
is the member of Saturated Fatty Acids (SFAs).
However, 2.4 GHz Wi-fi decreased the percentage of
18:1 n-9, which is a member of Monounsaturated Fatty
Acids (MUFAs) and 18:2 n-6 which is the member of
n-6 Polyunsaturated Fatty Acid (n-6 PUFAs). Results
are given in Figure 6 and Table 2.

Phosphatidylethanolamine (PE) fatty acid
composition

Any differences were not observed between the 2.4 GHz
Wi-Fi exposure group and sham animals in terms of PE
fatty acid composition in brain. Results are given in
Figure 7 and Table 2.

In summary, 2.4 GHz Wi-Fi exposure has poten-
tial to change the fatty acid composition of the
membrane lipids phospholipid and phosphatidylser-
ine with triacylglycerol, the storage lipid in brain.

The percentage of fatty acids in sham and exposed
groups is given in Table 2.

microRNA expression results

As it is stated above, we evaluated the effect of 2.4 GHz
RFR exposure on ten miRNAs. At the end of the study,
we observed that only miR_181la_5p increased by
2.4 GHz Wi-Fi exposure (Table 3).

The results of this study showed that the long-term
2.4 GHz Wi-Fi exposure increased expression of rno-
miR-181a-5p (p = 0, 007743), while other microRNAs
investigated in this study were not altered (p > .05).
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Figure 6. Percentage of fatty acid groups of brain phosphatidylserine in control and experiment animals.
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Figure 7. Percentage of fatty acid groups of brain phosphatidy-
lethanolamine in control and experiment animals.

Table 3. Results of microRNAs expression investigated in this
study.

Sham  Std. Dev. 2.4 GHz Std. Dev.
microRNAs Mean + Mean + p

rno-miR-22-3p 0.678560 0.296382 0.756667 0.126383 0.529866
rmo-miR-24-1-3p  0.649322 0.230953 0.633689 0.134501 0.877750
rno-miR-132-3p  1.073392 0.534161 1.361540 0.216013 0.206306
rmo-miR-145-5p  1.051213 0.632334 1.623565 0.599016 0.096452
rno-miR-181a-5p 0.483891 0.140160 0.666881 0.066802 0.007743
mo-miR-186-5p  0.499652 0,.159833 0.522221 0.108539 0.757931
rno-miR-195-5p  0.593268 0.171782 0.521081 0.150385 0.405576
mo-miR-219a-5p 0.271842 0.099724 0.253847 0.360437 0.908345
rno-miR-221-3p  0.281981 0.142452 0.315691 0.085829 0.595539
mo-miR-222-3p  0,427805 0,263579 0.547197 0.88440  0.338093

SAR (Specific Absorption Rate) result

Brain, cerebral fluid, blood arteries and blood of the
simulated rat are shown in Figure 8 a. Coronal SAR
distribution for 10 g averaging and saggital SAR distribu-
tion for 1 g averaging are shown in Figure 7 b and
c. Maximum SAR levels in those regions were 1543

uW/kg and 655 puW/kg, for 1 g and 10 g averaging,
respectively. Whole body total SAR and maximum point
SAR were calculated to be 328 yW/kg and 7197 uW/kg,
respectively.

Discussion

It is reported that “The discovery of microRNAs has
revealed an unexpected and spectacular additional
level of fine tuning of the genome, and how genes
are used again and again in different combinations to
generate the complexity that forms, for instance, the
brain”. Although, microRNAs are abundantly
expressed in the brain, relatively little is known
about the multiple functions of these RNA molecules
in the nervous system. MicroRNA pathways play
major roles in the proliferation, differentiation, func-
tion and maintenance of neuronal cells. Several intri-
guing studies have linked microRNAs as major
regulators of the neuronal phenotype and have impli-
cated specific microRNAs in the regulation of
synapse formation and plasticity. Dysfunction of
microRNA pathways is also slowly emerging as
a potential important contributor to the pathogenesis
of major neurodegenerative disorders such as
Alzheimer’s disease and Parkinson’s disease” (De
and Christen 2010; He’bert et al. 2010). It is also
stated that miRNA research has mainly focused on
cancer (He bert et al. 2010). As it is known, miRNAs
were recently very popular; however, the study per-
formed to reveal effects of RFR exposure on miRNAs
is very limited as stated above. Under radiofrequency
radiation, the relationship between RFR and various
diseases, especially cancer, is underestimated. For
instance, Dasdag et al. (2020) summarized that “The
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Figure 8. Rat SAR simulations: a) SAR model, b) coronal cut for 10 g averaging and c) saggital cut for 1 g averaging.

Table 4. Changes in fatty acid composition triggered by Wi-Fi exposure.

Fatty Acid PL TAG PC PI PS PE
10:0 Increased

12:0 Decreased Decreased

14:0 Decreased

15:0 Decreased

16:0 Decreased

17:0 Decreased Increased

18:0 Decreased Increased

20:0 Increased

>S.FA Increased

20:1 n-9 Decreased Decreased

18:2 n-6 Decreased Decreased Decreased
18:3 n-3 Decreased Decreased

20:2 n-6 Decreased

20:3 n-6 Decreased Increased

20:4 n-6 Decreased

20:5n-3 Decreased Increased Increased Increased
22:5 n-3 Increased Increased Increased

22:6 n-3 Decreased
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results of the study investigating the relationship
between Alzheimer’s disease (AD) and electromag-
netic fields were still contradictory”. Whereas many
researchers suggest that some electromagnetic radia-
tion has prepared the ground for AD, others claim
that RF radiation has a positive effect on the disease
in question” (Lin et al. 2021). Therefore, it may be
too late when the evidence between certain diseases
and electromagnetic pollution is established in “the
future.

The results of our previous studies, which are in
a limited number of studies examining the relationship
between RFRs and microRNAs, revealed that this radia-
tion has potential to predispose to different diseases.
Although the results obtained from animal studies
must be taken into consideration by the relevant per-
sons or organizations, there is a need for comprehensive
studies. However, the results of our previous studies on
microRNAs indicated that 900 MHz RFR emitted from
mobile phones has potential to decrease rno-miR107
expression and increase rno-miR-145-5p in brain.
However, we also observed that miR-107 expression
was 3.3 times and miR-106b-5p expression was 3.65
times lower in the 2.4 GHz Wi-Fi exposure group. The
relation between the alteration in rno-miR107, rno-miR
-145-5p and miR-106b-5p and some diseases has been
discussed in detail in our previous studies. In these
studies, we observed that rno-miR107 is more sensitive
to both RFR radiation more than two different miRNAs
(Dasdag et al. 2015a, 2015b; Dasdag et al. 2019).

As it is discussed above, we investigate the effect
of 2.4 GHz Wi-Fi exposure on ten different
microRNAs such as rno-miR-22-3p, rno-miR-24-1-
3p, rno-miR-132-3p, rno-miR-145-5p, rno-miR
-181a-5p, rno-miR-186-5p, rno-miR-195-5p, rno-
miR-219a-5p, rno-miR-221-3p and, rno-miR-222-
3p in this study. However, we observed that
2.4 GHz RFR only increased rno-miR-181a-5p
expression, which is stated that “miR-181a-5p
increased the chemical sensitivity of HS578T cells
to cisplatin by inhibiting VDR to promote autop-
hagy” (Lin et al. 2021). Therefore, we can state that
our previous studies supported the results of this
study in terms of indicating the effects of RFRs on
miRNA. miR-181a-5p was highly expressed in
serum of acute ischemic injury patients” (Song et
al., 2021). On the other hand, Liu et al. stated that
“miR-181a-5p is a miRNA shown to play an essen-
tial role in multiple cancers, such as hepatic cancer,
non-small cell lung cancer and human diseases, such
as osteoarthritis. The interaction between IncRNA
CCAT1 and miR-181a-5p has been demonstrated
in endometrial carcinoma” (Liu et all. 2020).

As aresult, we can say that it should be focused on the
diseases associated with rno-miR107, rno-miR-145-5p,
miR-106b-5p and rno-miR-181a-5p expressions in
humans exposed to long-term RFR exposure.
[lumination of these relationships may also create
opportunities to develop new approach various diseases.

As it is known, we also evaluated interaction
between 2.4 GHz Wi-Fi exposure and membrane
fatty acid of brain tissue in this study. Our previous
studies indicated that short-term exposure of RFR
does not have potential to alter membrane fatty
acids in different tissues. Since our previous studies
represent short-term exposure, we have no chance to
compare the results of them with the data obtained
in this study (Dasdag et al. 2004, 2003; Sert et al.
2002). However, the data of Oyarce et al. (2021)
indicated that Wi-Fi exposure has potential to cause
an increment in the content of some fatty acids. This
means that there is an agreement between the results
of this study and Oyarce’s data (Oyarce et al. 2021).
On the other hand, Fragopoulou et al. (2018)
observed some alteration in membrane fatty acids in
brain and stated that “The observed changes indicate
a membrane remodeling response of the tissue phos-
pholipids after nonionizing radiation exposure, redu-
cing SFA and EPA, while increasing MUFA
residues”. They also claimed that RFR radiation
induces hippocampal lipidome and transcriptome
changes that may explain the brain proteome changes
and memory deficits”. In Fragopoulou’s study, some
fatty acids such as 16:0, 20.5 w-3 and SFA decreased,
while 16:1 and 18:1-9c¢ increased by RFR exposure
(Fragopoulou et al. 2018).

In our study, we also observed that 2.4 GHz Wi-Fi
exposure altered some fatty acids. 2.4 GHz exposure caused
changes in PL and TAG percentages, but changes in TAG
were found to be more pronounced. However, PS, which is
subclasses of PL, is affected by RFR more than other sub-
groups. It is reported that “Phosphatidylserine is subclasses
called a phospholipid. It covers and protects the cells in
your brain and carries messages between them.
Phosphatidylserine plays an important role in keeping the
mind and memory sharp. Animal studies suggest that the
level of this substance in the brain decreases with age”
(Burr and Burr 1930). Therefore, our results on the changes
in the fatty acid composition of phosphatidylserine gain an
importance because 2.4 GHz WI-Fi exposure decreased
percentage of linoleic acid (18:2 n-6). Linoleic acid (LA,
18:2 n-6) is an essential n-6 polyunsaturated fatty acid
(PUFA) required for normal growth and development.
However, little is known about how this increase in dietary
LA affects the brain. It is mainly viewed as an essential
precursor to arachidonic acid (20:4 n-6, AA), which is



important for neurodevelopment and other physiological
processes (Brenna 2016). A summary of fatty acid altera-
tion triggered by Wi-Fi exposure is given in Table 4.
However, although the results we obtained in this study
are consistent with the results of Fragopoulou et al. (2018),
ours are more pronounced. The reason of this situation
sourced from the exposure setup and duration differenti -
tions. For instance, we used a generator to standardize the
exposure and investigated long-term/chronic effects of
RFRs by exposing animals during day /24 hours) for
one year. Whereas they exposed animals to 1800 MHz
RFR exposure for 2 hours emitted from a commercial
mobile phone is investigated. Since RFR exposure cannot
be standardized because of some physical characteristics,
using a mobile phone in the study like this is not accep-
table. Although this exposure setup was acceptable when
studies in this field were started first, they are not realistic
today.

On the other hand, It is interestingly reported that
“electronically generated electromagnetic fields are
coherent, producing very high electric and magnetic
forces, which act on the voltage sensor of voltage-gated
calcium channels to produce increases in intracellular
calcium [Ca?*]i” (Pall. 2022). Blaustein and Lederer
reported that “In controlling of intracellular Ca homo-
esis have key role cGMP-dependent Ca efflu from the
cell, which realized by Na/Ca exchange in forward(F)
mode and Ca-pump in cell membrane and cAMP-Ca
exchange in/Ca exchange in reverse (R) mode”. They
also stated that “the discovery of multiple Na*/Ca**
exchanger genes and gene products, and multiple splice
variants, as well as exchangers with different coupling
ratios [i.e., the 3 Na*:1Ca** exchanger a Na?*/Ca**
exchanger and the 4 Na™:(1Ca®" +1K") exchanger] has
added to the complexity. We must even consider the
possibility that some cells may express more than one
Na'/Ca®" exchanger [or Na*/(Ca** + K*) gene product
or alternatively spliced isoform] and that these exchan-
gers may perform different functions” (Blaustein and
Lederer, 1999). By Ayrapetyan work have shown that
in cell membrane have two family of quantum-sensitive
receptors through which the non-thermal effect of non-
ionizing radiation on cells are realized they are soluble
guanylate cyclase (sGC) and G proteins family of recep-
tors the activation of which leads to stimulate the cAMP
—-dependent RNa/Ca exchange (Ayrapetyan, 2018).
Therefore we hypothesis that the non -thermal radioa-
tion-induced changes of physicochemical properties of
circulating blood by stimulation of quantum-sensitive
membrane receptors induced [Ca]i changes could be
primary mechanism for modulation oflipids metabo-
lisms and RNA metabolism. To check this hypothesis
will be the aim of future works.
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Conclusion

The results of this study revealed that long-term and
chronic exposure of 2.4 GHz Wi-Fi radiation increased
rno-miR-181a-5p expression and changed the percen-
tage of some fatty acids and its subclasses. Therefore, it
should be kept in mind that the radiofrequency radia-
tions emitted by various internet providers, mobile
phones and other wireless communication devices
that we are exposed to throughout the day have the
potential risk. Being cautious is the most reasonable
approach. The uncontrolled exposure of RFRs, whose
use and diversity have reached incredible levels with
each passing day and which are increasing in the
future, may be paving the way for many diseases that
we cannot connect with today. Therefore, parents have
to pay more attention to this risk to protect themselves
and especially children and adolescent.
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