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Abstract

The use of electronic devices such as mobile phones has had a long stretch of rapid growth all over the world. Therefore,
exposure to radio frequency radiation (RFR) has increased enormously. Here, we aimed to assess the balance between cell
death and proliferation and also investigate the involvement of the JNK/p38 MAPK signaling pathway in the testis of rats
exposed to 900 MHz RFR in acute and chronic periods (2 h/day, 5 days/week) for 1 or 10 weeks, respectively. The expression
of proliferating cell nuclear antigen (PCNA), Bcl-xL, cleaved caspase-3, phosphorylated-JINK (p-JNK), and phosphorylated-
p38 (p-p38) was analyzed in line with histopathology and TUNEL analysis in rat testis. There were no histopathological
differences between sham and RFR groups in the acute and chronic groups. PCNA expression was not altered between groups
in both periods. However, alterations for cleaved caspase-3 and Bcl-xL were observed depending on the exposure period.
TUNEL analysis showed a significant increase in the RFR group in the acute period, whereas no difference in the chronic
groups for the apoptotic index was reported. In addition, both p-p38 and p-JNK protein expressions increased significantly in
RFR groups in both periods. Our study indicated that 900 MHz RFR might result in alterations during acute period exposure
for several parameters, but this can be ameliorated in the chronic period in rat testis. Here, we also report the involvement of
the p38/INK-mediated MAPK pathway after exposure to 900 MHz RFR. Hence, this information might shed light in future
studies toward detailed molecular mechanisms in male reproduction and infertility.
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Introduction

In recent years, human exposure to RFR has increased dra-
matically due to the widespread use of electronic devices,
particularly mobile phones [1]. In fact, the current smart-
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phones are not only for talking to each other, but they also
offer some of the similar features that a personal computer
or a TV would, resulting in increased digital screen time
for individuals. To perform these operations, they must be
constantly connected to the base stations. However, they
receive and emit RFR while they are working. An important
consideration in this context is the possible effects of these
devices on human health [2, 3]. While the pathophysiologi-
cal mechanisms underlying the potential health effects asso-
ciated with RFR due to mobile phones or similar electronic
devices are not well understood, the International Agency
for Research on Cancer (IARC) has classified RFR as a pos-
sible carcinogen for humans [4-6]. In relation to the amount
and duration of exposure to RFR, there are no definitive
standards for the emergence of negative health effects on
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the human body. Thereafter, investigations on the biological
effects of RFR have increased dramatically in recent years,
and many of the studies reported conflicting results. Some
studies concluded that there were no adverse effects [7, 8];
however, some of the studies indicated effects such as tes-
ticular cell apoptosis [9], glioma formation [10], DNA dam-
age in germ cells leading to low sperm count [11] and lower
sperm quality [12].

One of the most important effects of RFR is that it causes
oxidative stress by increasing the level of free radicals and
their cleaning durations from the environment [13]. Thus,
the rate of free radical formation in the organism and the
rate of their removal from the intracellular and extracellular
environment is kept in a critical balance for proper physi-
ological functions [14, 15]. However, in cases where free
radical production exceeds the capacity of the antioxidant
defense system, this equilibrium is disrupted, and increased
free radicals react with lipids, especially DNA, protein, and
carbohydrates, causing damage to the structural and func-
tional integrity of the cell [16].

Oxidative stress, together with increased reactive oxy-
gen species (ROS), may cause stress-mediated damage to
the cells, tissues, and organs [17-20]. ROS formation is
essential for normal fertilization and plays an important role
in many physiological processes in the male reproductive
system including sperm capacitation and hyperactivation
[21-23]. However, excessive ROS production can also cause
sperm dysfunction through lipid peroxidation, loss of motil-
ity, and DNA damage leading to pathological consequences
[22, 24, 25]. Previous studies reported that RFR can affect
male fertility since it causes DNA damage, oxidative stress,
and a significant decrease in testicular weight, seminiferous
tubules, and sperm count [12, 26-28]. Affected parameters
include sperm concentration, motility, morphology, viabil-
ity, and sperm apoptosis [27, 29-31]. Therefore, it has been
suggested that carrying mobile phones close to the testis can
reduce sperm quality [32].

Ocxidative stress is known to induce apoptosis in cells
by affecting intracellular signaling pathways [33]. Acti-
vation of mitogen-activated protein kinases (MAPKS) is
critical in the oxidative stress-mediated apoptosis-associ-
ated signaling pathway [34]. MAPKSs are serine and threo-
nine protein kinases that are translocated to the nucleus
after activation by external stimuli such as hormones,
growth factors, carcinogenic substances, osmotic stress,
radiation, and inflammation [35, 36]. The MAPK path-
way may involve different biological responses such as
cell division, differentiation, migration, gene expression,
and apoptosis [37-40]. MAPK family is divided into three
main groups as p38 MAPK, extracellular signal-regulated
kinase (ERK), and c-Jun NH2-terminal kinases (JNKs)
[41, 42]. ROS-induced oxidative stress has been shown
to activate MAPK members by phosphorylation [11, 43].
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Studies have shown that ERK1 and ERK2 are activated
by growth stimuli and promote cell growth, whereas JNK
and p38 MAPKSs are activated in response to various envi-
ronmental stresses and inflammatory signals and promote
apoptosis and growth inhibition [40, 44—-49]. Therefore,
both JNK and p38 MAPKSs are considered to be stress-
activated protein kinases (SAPK) [38, 39]. Many isoforms
of ERK, JNK, and p38 MAPK are present in the mam-
malian testis and expressed by Sertoli and germ cells,
playing crucial roles during spermatogenesis [50-55].
MAPK activity is also important for the mobilization of
sperm during the epididymal transition and fertilization
of oocytes [56]. Although it is still unclear how the JNK/
p38 MAPK signaling pathway affects cellular survival or
death, the current literature suggests that the JNK/p38
MAPK cascade may involve in cellular responses to ROS.
Therefore, in the current study, we aimed to investigate
the cell death and proliferation balance in rat testis due to
900 MHz RFR exposure in acute and chronic periods and
also determine whether or not JINK/p38 MAPK signaling
pathway is affected.

Materials and Methods
Experimental Groups

Three-month aged male albino Wistar rats, weighing
between 250 and 300 g, were used in the experiment [57].
Twenty-four Wistar rats were randomly divided into 4
groups (n = 6/group); the sham group for 1 week (S1), the
sham group for 10 weeks (S10), 900 MHz RFR group for
1 week (RFR1), and 900 MHz RFR group for 10 weeks
(RFR10). Rats in the RFR1 group were kept in plexiglass
tubes for 2 h/day for 1 week (5 days). Rats in the RFR10
group were kept in plexiglass tubes for 2 h/day and 5 days/
week for 10 weeks. Acute and chronic sham group rats were
kept in the same room, under the same conditions and equal
time periods with RFR groups during the experiment. In the
experiments, the RF stimulator was kept in the OFF mode
for the sham groups and in the ON mode for the RFR groups.
Various RFR exposure periods have been carried out on
experimental animals in RF studies in the literature [9, 58,
59]. However, we studied 2 h/day and 5 days/week as RFR
exposure period similar to the study published by Ammari
M. et al. [60]. In our study, we have created 1 and 10 weeks
of groups to determine the short and long-term effects of
RFR. During the test periods, animals were kept in a 12 h
light/dark cycle with 4 rats in each cage, and the animals
were fed with commercial rat feed and tap water. Figure 1A
shows the timeline of the experimental setup for sham and
900 MHz RFR groups in acute and chronic periods.
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Fig. 1 Experimental timeline
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Radio Frequency Radiation Application

The RF value used in this study is the frequency used in
900 MHz mobile phone communication. An RF generator
(GSM Simulator 900 MHz; Everest Company, Adapazari,
Turkey), which produces 900 MHz RF radiation, was used
to represent the exposure of global systems for mobile com-
munications (GSM). The carrier frequency was 900 MHz,
the modulation frequency was 217 Hz, the pulse width was
0.577 ms, and the power range of the generator was 0—10 W.

The animals were placed in plexiglass tubes with holes
where one single rat could fit, breathe comfortably, and
not increase the body temperature (Fig. 1B). Rats in plexi-
glass tubes were placed radially at equal distances (rats’
noses were at 3.5 cm distance from the antenna) around the
antenna. The applied carousel setup procedure of the present
study was in accordance with the setup procedure of the
other studies in the literature [61-63]. The tubes restrained
the movement of the rats to such an extent as to follow for
well-defined exposure conditions yet without immobiliz-
ing them. RFR application was held in a shielded room in
order to prevent the rats from the effects of other electrical
sources. For the used frequency, the source output powers
were selected by considering the power values emitted by
the mobile phones (the output power adjusted to 5 W dur-
ing the exposure). During the experiment in the “signal on”
situation, the measured electric field strengths over the rats’
heads positioned 3.5 cm away from the antenna were 35.5
V/m for 900 MHz. Besides, the RFR device was controlled
every day during the experiments whether it was processing
properly. Electric field strengths were measured by EMR300
(Narda, Germany) with a suitable probe in the experiment.
The electric field background level was between 0.02 and 0.2
V/m in the shielded room. Also, the background magnetic
field was measured between 0.01 and 0.03 pT by Hioki 3470
Magnetic Field HITESTER (Hioki E. E. Corp., Japan) with
an appropriate probe.

Dosimetry simulations were carried out using a finite
integration technique (FIT) based commercial software,
CST Microwave Studio (3DEXPERIENCE®, Dassault
Systemes, Hamburg). The FIT was introduced by Weiland
[64]. Although the gridding can be applied as a finite differ-
ence time domain (FDTD) method, the FIT uses the integral
form of Maxwell’s equations [65]. In the present study, the
rat model used in simulations has consisted of voxels with
a resolution of 1.827 x 1.827 x 2.015 mm?>. The interaction
between the incident electromagnetic wave and the biologi-
cal tissue are explained by electrical properties that can be
obtained by the dielectric properties of the interested tissue
[66, 67]. In this study, each tissue of the simulated rats has
its electrical properties at the operating frequencies. The
average whole-body SAR value at 900 MHz was 1.159 W/
kg. The SAR value for the testes was on the average of 0.107
W/kg. Prior to and after all experimental sessions, the body
temperatures of rats were monitored by rectal measurements.
The RFR exposure did not lead to any rectal temperature
raise.

Tissue Collection

At the end of the experiments, testis tissues were dis-
sected from rats. A routine tissue follow-up protocol was
applied in our laboratory by fixation in Bouin solution for
4 h at room temperature. Following washing in tap water,
tissues were passed through increasing series of ethanol
(70%, 80%, 90%, and 100%) for dehydration. Testis tis-
sues were processed in 100% ethanol for 4 h. After the
dehydration process, the tissue samples were made trans-
parent with xylol application. Paraffinization was per-
formed by keeping the tissues in three series of paraffin
for 1 h each in a 60 °C drying oven and then embedded in
paraffin wax for immunohistochemistry [68]. By using a
rotary microtome (Leica RM2125 RTS), 5-pm-thick serial
sections from the blocks were taken on positively charged
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slides. One testis was used for histopathology and immu-
nohistochemistry, whereas the other testis tissue was snap
frozen in liquid nitrogen for Western blot analysis.

Testicular Histopathology

Possible effects of 900 MHz RFR exposure on testis in
acute and chronic periods were evaluated histopatho-
logically. In order to analyze the testicular structure bet-
ter, periodic acid-Schiff (PAS) staining was performed
on sections after deparaffinization. For PAS staining,
5-pm-thick sections taken from paraffin blocks were
kept in an oven at 60 °C overnight and passed through
the xylol and alcohol series. The slides were then passed
through tap water, oxidized in 1% periodic acid (H5106)
for 5 min, and then rinsed in 70% alcohol. They were
treated in Shiff solution for 5-45 min and then washed
under running water, then stained with Hemaloun for 30
s, and washed under running water. Finally, the slides
were passed through alcohol series and xylol and closed
with Entellan. Developmental stages of the seminifer-
ous epithelium in cross sections of testis were identified
according to the criteria previously described [69]. Con-
sidering this description of the cycle of the seminiferous
epithelium may serve as the basis for histophysiologi-
cal investigations of the rat testis. Periodic acid-Schiff
stain is necessary to stain the glycoprotein component of
the acrosome and allow accurate identification of all 14
stages of the seminiferous cycle [70]. However, the stages
for the seminiferous tubules were pooled according to the
classification used in previous toxicity studies and litera-
ture as stages -V, stages VI-VIII, and stages IX-XIV.
Since, with practice, recognition of stages is complicated
in preparations counterstained with only hematoxylin as
used in immunohistochemistry protocols [71].

Immunohistochemistry

Immunohistochemical staining of PCNA, Bcl-xL, cleaved
caspase-3, p-JNK, and p-p38 proteins were performed in
paraffin sections from testis samples. PCNA expression was
used as a marker of cell proliferation since the cells remain
a long time in the G1/S phase when proliferating. Bcl-xL is
a member of anti-apoptotic BCL-2 family proteins. On the
other hand, cleaved caspase-3 was studied as a marker of
apoptosis. JNK and p38 MAPKSs were also included as they
were considered to be SAPKs. Serial sections at 5-pm thick-
ness were collected on poly-L-lysine-coated slides (Sigma,
St. Louis, MO), dewaxed, rehydrated, and placed in citrate
buffer. To unmask antigens, an antigen-retrieval procedure
was performed by treating the samples in a microwave oven
at 750 W for 5 min twice. After cooling for 20 min at room
temperature, the sections were washed in PBS and then kept
in 3% H202 for 15 min to remove endogenous peroxidase
activity, followed by three washes with PBS. After blocking
with Ultra V blocking reagent (Lab Vision, Fremont, CA)
for 10 min at room temperature to reduce non-specific bind-
ing, the primary antibodies were incubated overnight at +4
°C in a humidified chamber (Table 1). The sections were
washed three times in PBS and incubated with related sec-
ondary antibodies for 45 min at room temperature (Table 1).
After three times of washes with PBS, the antigen-antibody
complexes were detected by using a streptavidin-peroxidase
complex (TP-125-HL; Lab Vision, Fremont, CA, USA) for
15 min followed by three rinses in PBS. The resulting sig-
nal was developed with diaminobenzidine (DAB) tablets
(D-4168; Sigma Aldrich, MO, USA), and the sections were
counterstained with Mayer’s hematoxylin (1.09249.1000;
Merck, Darmstadt, Germany) and mounted on glass slides.
For isotype controls, sections were treated with either appro-
priate mouse IgG2a or normal rabbit IgG, depending on the
primary antibody used and diluted to the same protein con-
centration as the primary antibody. Photomicrographs were

Table 1 Primary and secondary antibody dilutions used for immunohistochemistry and Western blot methods

IHC Western blot
Company/catalog no. Dilution  Dilution

Primary antibodies PCNA Cell Signaling #2586S 1:600 1:1000 (in TBS-T)

Bel-xl Cell Signaling #2764S 1:300 1:1000 (in TBS-T)

Cleaved caspase-3 Cell Signaling # 9661S 1:300 1:500 (in TBS-T)

Phosphorylated-JNK (p-JNK)  Thermo Fisher Scientific #44682G 1:200 1:1000 (in 5% nonfat dry milk)

Phosphorylated-p38 (p-p38) Cell Signaling #4511S 1:100 1:500 (in 5% nonfat dry milk)

Beta-actin Santa Cruz Biotechnology Inc. #sc-47778 1:4000 (in 5% nonfat dry milk)
Secondary antibodies  Biotinylated anti-rabbit Vector Laboratories #BA-1000 1:400

Biotinylated anti-mouse Vector Laboratories #BA-2000 1:400

HRP-conjugated anti-rabbit
HRP-conjugated anti-mouse

Vector Laboratories #PI-1000
Vector Laboratories #P1-2000

1:2000 (in 5% nonfat dry milk)
1:2000 (in 5% nonfat dry milk)
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taken with an Axioplan microscope (Zeiss, Oberkochen,
Germany) using Spot Imaging software version 4.6 (Diag-
nostic Instruments, Inc.). All samples for each individual
antibody were exposed to the same protocol at the same time
and were stained using the same incubation periods. In addi-
tion to the localization patterns, which have been compared
to reported studies in the literature, the threshold analysis of
the THC images for each staining was also assessed by using
ImagelJ version 1.46 (NIH) particularly on stage matched
seminiferous tubule sections and graphed for both sham and
900 MHz RFR groups in acute and chronic periods.

SDS-PAGE and Western Blotting

Total protein from rat testes was extracted with cell extrac-
tion buffer (Thermo Fisher Scientific BioSource Interna-
tional; Camarillo, CA) containing 3 mM phenylmethylsulfo-
nyl fluoride (PMSF) and protease inhibitor cocktail (P8340;
Sigma-Aldrich, MO, USA). The protein concentration was
determined by a detergent compatible protein assay (Bicin-
choninic Acid Kit for Protein Determination BCA1-1KT
Sigma). Samples (50 pg) were loaded on 10% Tris—HCI
gels, electrophoretically separated, and electroblotted onto
PVDF membrane (Bio-Rad Laboratories, CA, USA). The
membranes were blocked with 5% nonfat dry milk in TBS
containing 0.1% Tween 20 (TBS-T) for 1 h to reduce non-
specific binding. The membranes were incubated overnight
at +4°C with primary antibodies (Table 1). After primary
antibody incubation, the membranes were washed in TBS-T
for 1 h and incubated with horseradish peroxidase-conju-
gated secondary antibodies, listed in Table 1, for 1 h at room
temperature. The protein was visualized by light emission on
film (Amersham Biosciences; Buckinghamshire, England),
and the signal was detected using SuperSignal Chemilu-
minescent Kit (34080; Thermo Fisher Scientific, USA) and
quantified. The rat testis extracts were prepared. As the
internal control to confirm the equal loading of the sam-
ples, a f-actin antibody (Table 1) was used for 2 h at room
temperature to probe each immunoblot simultaneous to the
probe for antibody probes. The relative levels of proteins
were quantified by optical density analysis using ImageJ ver-
sion 1.46 (NIH). The optical density (OD) values of bands
were normalized to the OD values of f-actin bands and then
graphed.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL) Assay

Testicular cell apoptosis in the testis sections was detected
by enzymatic labeling of DNA strand breaks using termi-
nal deoxynucleotidyl transferase-mediated TUNEL. In situ
nick end labeling of nuclear DNA fragmentation was per-
formed in a humid chamber for 1 h in the dark at 37 °C with

a commercially available TUNEL kit (In situ Cell Death
Detection Kit, AP, Roche Diagnostics, 1684809; Mannheim,
Germany), at a dilution of 1:2 in reaction buffer. Slides were
fixed for 20 min in 4% paraformaldehyde at room tempera-
ture. Samples were washed in PBS and treated with per-
meabilization solution (0.1% Triton X-100 in 0.1% sodium
citrate) for 5 min on ice. After washing with PBS, the labe-
ling reaction was performed using 50 ml TUNEL reagent to
each sample, except the negative control, in which reagent
without enzyme was added and incubated for 1 hat 37 °C at
dark. Following PBS washings, slides were incubated with
converter reagent for 30 min at 37 °C, subsequently, color
development for localization of cells containing labeled
DNA strand breaks was performed by incubating the slides
with Fast Red substrate solution for 5 min. Slides were
mounted with a permanent mounting medium.

TUNEL staining method was used to determine apop-
totic index in the testis sections of sham and 900 MHz RFR
groups. Thus, TUNEL-positive and TUNEL-negative semi-
niferous tubules were defined in each group. Seminiferous
tubules with apoptotic cell signals were identified as positive
seminiferous tubules. The ratio of positive tubules to total
tubules was multiplied by 100 and apoptotic index (%) of
seminiferous tubules was calculated. Cell and seminiferous
tubule stage-specific apoptotic effects of exposure to 900
MHz RFR were also evaluated in acute and chronic periods.

Statistical Analysis

The mean values, standard deviations, and median values
for the experimental data were calculated using descriptive
statistics. Results were expressed as the mean + SEM. The
quantitative data was submitted to normality tests by the
Kolmogorov—Smirnov test. Data were compared using one-
way ANOVA followed by Holm—-Sidak post hoc test for the
data passed the normality test, otherwise, the Kruskal-Wal-
lis test was followed by Dunn’s test (SigmaStat® 3.5 pro-
gram, Jandel Corporation, San Rafael, CA). The results of
acute and chronic periods were compared with the sham
groups of the related week and determined whether there
were any significant differences between the groups. p values
<0.05 among different groups were considered statistically
significant.

Results

Testicular Histopathology After Exposure to 900
MHz RFR in Acute and Chronic Periods

Seminiferous tubules and interstitial cells were evaluated
by PAS staining in testicular sections from sham and 900
MHz RFR groups in acute and chronic periods. Leydig cells,
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tubule basement membranes, and acrosome structures were
clearly analyzed in all groups by PAS staining. However,
there were no significant differences attributable to exposure
to 900 MHz RFR noted in histopathology and seminiferous
tubule stages for acute and chronic periods (Fig. 2).

Testicular Cell Proliferation After Exposure to 900
MHz RFR in Acute and Chronic Periods

PCNA positive cells were observed extensively in spermato-
gonial cells and spermatocytes with a nuclear staining pat-
tern in all tubule stages as expected (Fig. 3). No differences
were observed between acute or chronic RFR groups with
respect to their sham groups in terms of PCNA localiza-
tion pattern (Fig. 3). In addition, there were no differences
in PCNA staining intensity between sham and RFR groups
in both acute and chronic periods according to the ImageJ
threshold analysis.

Besides, Western blot analysis of PCNA (36 kDa) protein
with testicular lysates showed statistically similar data that
PCNA expression levels were not altered between sham and
RFR groups in both acute and chronic periods (Fig. 7).

Apoptotic Cell Death in Testis Tissues After Exposure
to 900 MHz RFR in Acute and Chronic Periods

Cleaved caspase-3 immunoreaction was detected in postmei-
otic germ cells, especially round spermatids (Fig. 3). The
staining pattern was particularly observed in the VI-VIII
tubule stages. No differences were observed between sham
and RFR groups in terms of cleaved caspase-3 immunolocal-
ization pattern (Fig. 3). Furthermore, the ImagelJ threshold

Fig.2 PAS staining in testicular tissues from sham and 900 MHz
RFR groups showing PAS-positive basement membrane (double
arrows), elongated spermatids (arrows), and acrosomal caps (arrow
heads) in some developing spermatids and Leydig cells (red arrows).

@ Springer

analysis also revealed that there were no significant differ-
ences for cleaved caspase-3 stainings in RFR groups when
compared to their sham groups in the acute and chronic
periods.

Western blot analysis of cleaved caspase-3 (19 kDa) pro-
tein in testicular tissues revealed similar observations that
cleaved caspase-3 protein expression level was not statisti-
cally different in the RFR group when compared to its sham
group in the acute period (Fig. 7). However, a statistically
significant decrease in cleaved caspase-3 expression was
measured in the RFR group with respect to its sham group
in the chronic period (p < 0.027) (Fig. 7).

On the other hand, Bcl-xL immunostaining, as a critical
antiapoptotic protein, was widely expressed in the cytoplas-
mic areas of spermatocytes and round spermatids (Fig. 3).
Its presence in elongated spermatids and mature spermato-
zoa released from Sertoli cells into the seminiferous tubule
lumen have also been identified. This cellular staining pat-
tern was observed similarly in all groups. However, there
was a significant decrease (p < 0.001) in the RFR group for
Bcl-xL staining in the acute period, whereas no difference in
the chronic period with respect to its sham group according
to ImageJ threshold analysis was detected.

In line with IHC, similar data were obtained with West-
ern blot analysis that there was a statistically significant
decrease in Bcl-xL (25 kDa) expression in the RFR group
with respect to the sham group in the acute period (p <
0.005) in contrast to no statistically significant difference
between groups in the chronic period (Fig. 7).

In addition to cleaved caspase-3 and Bcl-xL immu-
nostainings, we also performed a TUNEL assay to detect
apoptotic tubule index (%) after exposure to 900 MHz RFR

RFR10
Ky

The stages of seminiferous tubules were labeled. Acute sham (S1): A,
E; acute RFR (RFR1): B, F; chronic sham (S10): C, G; chronic RFR
(RFR10): D, H; lumen (L). Scale bars represent 50 pm
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Fig.3 PCNA (A-D), cleaved caspase-3 (E-H), and Bcl-xL (I-L)
immunostainings in rat testicular tissues from sham and 900 MHz
RFR groups with labeled seminiferous tubule stages (A) and their
Image] analysis (B). Spermatogonial cells (arrows), spermatocytes

in both acute and chronic periods. The results revealed that
there was a statistically significant increase in the RFR
group in the acute period when compared to the sham
group (p < 0.001) (Fig. 4F), mostly in VI-VIII seminifer-
ous tubule stages (Fig. 4E). However, no significant differ-
ence was observed between sham and RFR groups in the
chronic periods (Fig. 4F). There was not any difference by
means of specific seminiferous tubule staging (Fig. 4E).

(arrow heads), and postmeiotic germ cells (asterisks). Acute sham
(S1), acute RFR (RFR1), chronic sham (S10), and chronic RFR
(RFR10). Scale bars represent 50 pm

TUNEL positive cells have been observed particularly
among spermatogonia, spermatocyte, and Leydig cells.
In all groups, TUNEL positive cells were observed in all
tubule stages. TUNEL positive cells were mostly seen in
[-V stages in acute periods and in IX-XIV stages that
there should be no maturation-phase spermatids visible,
and these tubules should only contain a single population
of elongating spermatids in chronic periods (Fig. 4E).
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Fig.4 TUNEL analysis for
sham and 900 MHz RFR groups
are presented. Representa-

tive TUNEL stainings (A-D),
percentages of TUNEL positive
tubule stages (E), and apoptotic
tubule indexes (F) of acute
sham (S1), acute RFR (RFR1),
chronic sham (S10), and chronic
RFR (RFR10) groups. A statis-
tically significant increase was
observed in the acute period
after exposure to 900 MHz RFR
in rat testis compared to sham
group (p < 0.001). The results
were given as mean + SEM

g

1V VIVl IX-XIV s

s1 5143:3.30 | 17.1417.24 | 3142:4.46 2

RFR1 | 40.00:2.58 | 3565:6.46 | 24.35:4.96 ]

$10_ | 31.15410.96 | 19.67:5.76 | 49.18:6.85 g
RFR10 | 31.25:4.14 | 18.75:9.24 | 50.00:5.13

Phosphorylation of MAPK Pathway After Exposure
to 900 MHz RFR in Acute and Chronic Periods

p-p38 was detected primarily in spermatocytes with a
nuclear localization (Fig. 5). Round spermatids, elongated
spermatids, and some of the Leydig cells were alsoposi-
tively stained. The localization pattern was similar in all
groups in acute and chronic periods. However,significant
increases in p-p38 immunostaining intensities in RFR
groups were observed when compared to shamgroups in
both acute (p < 0.001) and chronic (p < 0.001) periods
according to the ImageJ threshold analysis.

Furthermore, p-JNK immunostaining showed a nuclear
staining pattern in spermatogonial cells, spermatocytes,
the heads of round, and elongated spermatids in some of
the seminiferous tubules (Fig. 6). In addition, some of the
Leydig cells in the interstitial areas showed strong immu-
nostaining. Even though similar cells were immunoposi-
tive with p-JNK, there were significant increases in RFR
groups when compared to their sham groups in both acute
(p < 0.001) and chronic (p < 0.001) periods according to
the ImageJ threshold analysis as observed for p-p38.

@ Springer

Western blot analysis also supported the data that there
were statistically significant increases for p-p38 (40 kDa)
and p-JNK (46 kDa) proteins in testicular lysates from RFR
groups when compared to sham groups in both acute and
chronic periods (Fig. 7).

Discussion

With the development of technology, devices such as mobile
phones that emit RFR have been included in our daily life
intensively more than before. The mobile phones of today
have so many high-tech features that the owners can hardly
seem to put them down just for a second. Thus, daily time
spent on the usage of mobile phones, which work with RFR,
is prolonged. With arising smart mobile phone addiction, it
is claimed that RFR may have negative effects on human
health such as DNA damage, diminished male fertility, and
oxidative stress [11, 46, 59]. Therefore, many studies have
been conducted on the biological effects of RFR by using
different frequencies, SAR values, durations, and tissues
[58, 72-74]. There is also an increased number of studies
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Fig.5 p-p38immunostainings in rat testicular tissues from sham and
900 MHz RFR groups in both acute and chronic periodswith labeled
seminiferous tubule stages (A) and their ImageJ analysis (B). p-p38
positive spermatocytes (arrow heads), elongated spermatids (arrows),

investigating the potential effects on the male reproductive
system, particularly on testis [75-77]. Some studies clearly
indicate that RFR may have negative effects on the testis [75,
76]. Therefore, in our study, we investigated the potential
effects of 900 MHz RFR exposure on the rat testicular cell
proliferation and apoptosis in line with the activated MAPK
signaling pathway by studying SAPKs, p-p38, and p-JNK.
There is an increasing concern in the context of RFR
exposure on cell proliferation. Thus, conflicting results
in several studies on various tissues have been previously
reported [78—80]. For instance, PCNA expression was
examined in a single extremely low-frequency electromag-
netic field (ELF-EMF) study by applying 4.5 mT-120 Hz
ELF-EMF for 50 min/day to the cancer-induced rat liver
for 32 days [80]. The study reported that PCNA expression

roundspermatids (asterisks), and Leydig cells (red arrows). Acute
sham (S1), acute RFR (RFRI1), chronic sham (S10),chronic RFR
(RFR10), and lumen (L). Scale bars represent 50 pm

was decreased in cancer and EMF groups compared to the
only cancer groups. However, we used normal healthy rat
testicular tissues in our study. On the other hand, our both
immunohistochemistry and Western blot results supported
the data that none of the PCNA localization patterns, expres-
sion threshold, or the protein levels were affected among
groups due to exposure to 900 MHz RFR suggesting this
exposure does not affect the cell proliferation in rat testis in
both acute and chronic periods.

Cell proliferation and cell death are essential but oppos-
ing cellular processes. However, coordination between these
processes is required to keep in balance for normal develop-
ment and tissue homeostasis. In this context, we investigated
testicular cell apoptosis by using cleaved caspase-3, Bcl-
xL, and TUNEL analysis. Our results showed that cleaved

@ Springer
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Fig.6 p-JNK immunostainings in rat testicular tissues from sham and
900 MHz RFR groups in both acute and chronic periods with labeled
seminiferous tubule stages (A) and their ImageJ analysis (B). p-JNK
positive spermatogonial cells (arrows), spermatocytes (arrow heads),

caspase-3 expression was not altered between groups in the
acute period, but a significant decrease in the RFR group
in the chronic period compared to its sham group was
observed by Western blot but not in IHC threshold analysis.
We used ImagelJ analysis for gathering semiquantitative data
from both IHC and Western blot methods. Although both
Western blot and IHC rely on the principle of the antibody-
antigen interaction, the sample preparations are different.
For THC, it needs to be noted that the tissue samples are
sliced, and the limit for the size of samples is 5 pm, which
is one of the major disadvantages. In fact, for the first time
in literature, we demonstrated the potential effects of 900
MHz RFR exposure in rat testis for the acute period. Guo,
L. et al. recently administered 220 MHz RFR to rats for 1 h
a day for 30 days (SAR: 0.014 W/kg) and reported that the
amount of cleaved caspase-3 stained cells and protein in
testis increased significantly in the RFR groups compared to

@ Springer

elongated spermatids (white arrows), round spermatids (asterisks),
and Leydig cells (red arrows). Acute sham (S1), acute RFR (RFR1),
chronic sham (S10), chronic RFR (RFR10), and lumen (L). Scale
bars represent 50 pm

the sham groups [81]. In another study, there was no signifi-
cant difference in the amount of cleaved caspase-3 stained
cells in rat testis, which was applied 900 MHz RFR (SAR:
0.07-0.57 W/kg) for 10 months (2 h/day) compared to the
control groups [8]. On the other hand, our data for Bcl-xLL
protein showed a decreased expression level in the acute
period, whereas there was no significant alteration in the
chronic period after exposure to 900 MHz RFR. In the litera-
ture, studies related to Bcl-xL protein or other antiapoptotic
proteins such as Bcl-2 from the same family in the testis
are also quite limited related to the effects of RFR expo-
sure. The balance between the antiapoptotic (Bcl-2 and Bcl-
xL) and proapoptotic (Bad and Bax) Bcl-2 family proteins
regulates cell survival and death [82]. Bcl-xL binds to Bax
and consequently inhibits apoptosis [83, 84]. Thus, Bcl-xLL
and Bcl-2 block Bax translocation to the mitochondria and
maintain the mitochondrial membrane potential to prevent
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Fig.7 Western blot analysis
of PCNA (36 kDa), cleaved
caspase-3 (19 kDa), Bcl-xL

A

S1

RFR1 $10 RFR10

(25 kDa), p-p38 (40 kDa), and PCNA

p-JNK (46 kDa) proteins in the Cleaved Caspase-3

<36 kDa

AR . . w——— €— 19 kDa

testicular tissues from sham and
900 MHz RFR groups in both
acute and chronic periods. The
expression of f-actin (43 kDa)
was used to confirm equivalent
amounts of total proteins loaded
per lane. Acute sham (S1),
acute RFR (RFR1), chronic
sham (S10), and chronic RFR
(RFR10)

o

Optic Density (0.D)
PCNA/Beta actin
3
8

Bel-xL s s, | o
p-p38-——m
p-nic [

Beta actin s mmamm—

m

Optic Density (0.D)
p-p38/Beta actin

I B <25 kDa

e . < &40 kDa

I <5 0

S— — <—43 kDa

(o}
O

150

100

Optic Density (0.D
Cleaved Caspase-3/Beta actin
Optic Density (0.D)
Bcl-xL/Beta actin

-

Optic Density (0.D)
p-JNK/Beta actin

subsequent apoptosis [84]. In accordance with our chronic
period results, it was revealed that there were no significant
differences in Bcl-2 expressions in long-term applications in
studies in which RFR was applied at 900 MHz, 848.5 MHz,
and 2.45 GHz on rat testis [85-87]. On the other hand, it was
shown that Bcl-xL and Bcl-2 expressions decreased in long-
term applications in two studies conducted in rat and mouse
testis under 900 MHz and 2.45 GHz RFR exposures [9, 88].
There are several possible reasons why the aforementioned
studies have not produced consistent results with each other
such as experimental setup, different RF exposure durations,
SAR values, etc.

Furthermore, in our study, the TUNEL method was used
to determine whether or not 900 MHz RFR exposure causes
apoptosis in rat testis in the acute and chronic periods.
According to TUNEL analysis, apoptosis in acute groups
was significantly higher in the RFR group than in the sham
group, whereas no difference was observed in the chronic
groups. The seminiferous tubule staging seems to be similar
between groups in chronic periods even though alterations
were present in the acute periods. The small discrepancies
may be explained by the fact that many stages of the devel-
opment of the cells cannot be characterized with precision in
preparations stained with hematoxylin. In a study conducted
on rats, 500 puT and 50 Hz ELF-MF was administered to rats

for 4 h/day, 7 days/week, and 4 and 8 weeks. There were
no significant differences in the number of TUNEL posi-
tive cells in rat testis compared to the sham groups in the 4
and 8 weeks RFR groups [89]. In another study, 900 MHz
RFR was administered to rats for 4 h/day for 18 days, and
apoptosis was found to be higher in the RFR groups than the
sham groups in rat liver [90]. Our TUNEL results obtained
in acute and chronic periods are consistent with these studies
reporting 900 MHz RFR exposure may increase apoptosis
in the acute phase and may not have harmful effects in the
chronic periods.

Stress-activated MAP kinases, INK, and p38 are activated
by cell stress-inducing signals. Prolonged activation of INK
and p38 kinases inhibits Bcl-2 and its homologs, such as
Bcl-xL, which results in cytochrome c release and the acti-
vation of the intrinsic pathway of apoptosis [91]. Pharma-
cological inhibitors of p38 and JNK affected the expression
of Bcl-xL, cytochrome c release, and the fraction of cells
undergoing programmed cell death [92]. In our study, p-p38
and p-JNK proteins were examined to determine whether
SAPKs involves in the process during 900 MHz RFR appli-
cation in the rat testis. Our Western blot and IHC results
showed that both protein expressions increased after RFR
applications in both acute and chronic periods. In the litera-
ture, there is only one S-band microwave (S-MW) radiation
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study in which p-p38 and p-JNK proteins were studied in
the rat testis [93]. Although the electromagnetic wave used
in this study is not exactly the same as ours, it is known that
900 MHz is both a radio and a microwave frequency. In that
study, rats were exposed to two different doses of microwave
radiation (30 mW/cm?, 100 mW/cm?) at different time peri-
ods as 6 h, 3 days, 7 days, and 14 days. The study reported
no significant differences in the expressions of either protein
in the 7-day groups. On the other hand, it was observed that
there were significant increases in the expressions of both
proteins in the 6-h groups in which applied 30 mW/cm?.

Studies have also demonstrated that expressions of Bcl-2
family proteins is regulated by JINK and ERK signaling [94].
JNK signaling promotes apoptosis via regulating Bcl-2 fam-
ily proteins [95]. Increased p-p38 and p-JNK protein expres-
sions and also increased number of TUNEL-positive semi-
niferous tubules were observed in contrast to a decrease in
Bcl-xL expression in our acute period groups. Therefore,
exposure to 900 MHz RFR in the acute period may inhibit
Bcl-xL expression and trigger apoptosis by increasing p-p38
and p-JNK expressions in the rat testis. On the other hand,
there were increases in p-p38 and p-JNK protein expressions
in our chronic groups, but no changes in Bcl-xL expression
or the number of TUNEL-positive seminiferous tubules were
observed. This may be related to our experimental timeline.
In the chronic periods, we have applied RFR for 5 days/
week, not on the weekends. Therefore, possibly the anti-
oxidant defense system of the body eliminated the negative
effects of RFR in the long-term 900 MHz RFR application.
For our acute periods, there were no 2-day breaks for the
weekend since the whole experiment was finalized at the
end of the fifth day. In another point of view, an adaptation
process may have been developed in chronic period groups.
In order to test this, RFR exposure can also be continued
on the weekends in subsequent studies to analyze whether
this difference is caused by the antioxidant defense system
or by an adaptation mechanism. On the other hand, there
is another question of whether fertility alters in line with
several sperm parameters such as concentration and motility
between experimental groups. That is a critical issue in new
insight into reproductive health as well as male fertility even
though we observed full spermatogenesis in all testicular
tissue samples studied. However, detailed studies regarding
fertility outcomes need to be further investigated.

In conclusion, our study shows that at low SAR values
and less than 2 h a day, exposure to 900 MHz RFR might
have negative effects in the rat testis in acute periods, not as
much as in chronic periods. Increased expressions of p-p38
and p-JNK support the idea that SAP kinases are activated
during 900 MHz RFR exposure. However, detailed molecu-
lar mechanisms and protein interactions are needed to be
determined during these processes. Therefore, the duration
and exposure periods seem to be crucial for heavy mobile
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phone users and should not be neglected for potential nega-
tive health effects.
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