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ARTICLE INFO ABSTRACT

Keywords: Diabetes, mobile phone use, and obesity have increased simultaneously in recent years. The radiofrequency
Radiofrequency radiation radiation (RFR) emitted from mobile phones is largely absorbed in the heads of users. With 5 G, which has started
Diapetes to be used in some countries without the necessary precautions being taken, the amount of RFR to which living
gf:;in things are exposed will increase. In this study, the changes in energy homeostasis and redox balance caused by 5
Nesfatin-1 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.

Irisin

1. Introduction

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.,

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
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?2. 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/
mlL, 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 H>0, (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 pm
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; Tothova 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).

(@)

(b)

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 HyO» 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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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° + 253.99
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 +£ 2.72 9.6 + 2.4 7.38 5.00 0.002
U/mL +0.98% +0.4¢
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,
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Fig. 3. SAR simulation results at 3500 MHz: a) 1 g average frontal plane, b) 10 g average sagittal plane.

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 (Moon
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 CA1
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,
H50,, 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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