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Abstract
This study investigates the long-term effects of prenatal exposure to 3.5 GHz radiofrequency radiation (RFR) onmale reproductive
health. Pregnant Wistar Hannover rats were divided into sham control, full-gestation exposure (3T RFR), and late-gestation
exposure (2T RFR) groups (2 h/day). Male offspring were euthanized at 12 months for testicular analysis. In the 3T RFR group,
seminiferous tubule diameter and epithelial height were significantly reduced compared to controls (adjusted p = 0.03 and 9.71
× 10−8), along with lower Johnsen scores (adjusted p = 0.022). Abnormal sperm morphology increased significantly (adjusted p
= 0.036). γ-H2AX immunostaining scores were elevated in the 2T and 3T groups (adjusted p = 0.012 and 6.36 × 10−9). Beclin-1
expression was significantly higher in the 3T group versus sham and 2T groups (adjusted p = 8.55 × 10−4 and 4.51 × 10−6). TUNEL-
positive cell counts were significantly higher in both RFR groups than in sham (adjusted p = 8.77 × 10−18 for 3T, 6.42 × 10−17 for
2T), as was the apoptosis index (adjusted p = 8.77 × 10−18 for 3T, 5.66 × 10−17 for 2T). All p values were Holm–Bonferroni corrected.
These findings indicate that prenatal exposure to 3.5 GHz RFR results in persistent testicular damage, impaired spermatogenesis,
and increased DNA damage, autophagy, and apoptosis in adult male rats.

1 Introduction

Radiofrequency radiation (RFR) is a type of nonionizing radi-
ation that occupies the low-energy end of the electromagnetic
spectrum, ranging from 30 kHz to 300 GHz [1]. This form
of radiation is widely utilized in modern telecommunications,
including television and radio transmission, cellular networks,
microwave ovens, and Wi-Fi technologies [2]. Given its extensive
applications in daily life, RFR has become an integral part
of modern society. However, the increasing reliance on RFR-
emitting devices has raised concerns regarding their potential
health effects, particularly their impact on sensitive biological
systems.

In the past decade, advancements in wireless communication
technologies have significantly enhanced connectivity, providing
faster data transmission and greater bandwidth across various
sectors, such as commerce, education, healthcare, and consumer
applications. While these technological advancements offer
numerous benefits, they have also raised health concerns.
Previous reports have linked RFR exposure to headaches, sleep
disorders [3], male infertility [4], and, more controversially,
an increased risk of cancer [5, 6]. Among these concerns, the
potential impact of RFR on male reproductive health has gained
attention, particularly due to the proximity of devices like cell
phones to sensitive reproductive organs [1, 7, 8]. Exposure
to 3.5 GHz RFR, a frequency widely used in emerging 5G
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technologies, has specifically raised concerns due to its unique
energy absorption characteristics and potential to penetrate
biological tissues, including the male reproductive system [9].

Some previous studies indicated associations between RFR expo-
sure and reduced spermquality, decreasedmotility, and increased
oxidative stress in testicular tissues [8, 10, 11]. The BioInitiative
Report (2012) highlighted that RFR exposure can trigger epi-
genetic changes, interfere with DNA repair mechanisms, and
induce de novo mutations, which may lead to reproductive
failure, including sperm damage and increased miscarriage risk
[12]. However, some other studies on the subject provided
contrary results, as they reported negligible effects of RFRs on
the testes [13–16]. Intrauterine RFR exposure is a critical subject
of investigation due to the radiation sensitivity of the developing
organs [2].

In addition to male fertility, RFR exposure during pregnancy
has raised concerns regarding fetal development. Changes in
maternal physiology induced by radiation may directly or indi-
rectly affect the fetus in the form of an increased risk of
congenital anomalies, developmental disorders, and childhood
cancer [17–20]. Nevertheless, some other researchers have found
no significant association between fetal development and RFR
exposure [21]. Such discrepancies may arise from differences
in study methodologies, exposure durations, or variations in
the developmental stages during which the exposure occurred.
These inconsistencies highlight the need for further research
to elucidate the potential risks of RFR exposure during critical
developmental periods.

H2AX is a unique histone due to its ability to undergo phospho-
rylation at the serine 139 residue upon DNA damage, forming
γ-H2AX, and thus plays a vital role in the DNA repair processes.
This phosphorylated form serves as a sensitive biomarker of
DNAdouble-strand breaks (DSBs),which are critical indicators of
genomic instability and cellular stress [22, 23]. Radiation-induced
DSBs lead to the accumulation of γ-H2AX foci, enabling precise
detection of DNA damage caused by RFR [24].

Autophagy is an important mechanism in which the unnecessary
cellular materials and parts are removed in lysosomes. This
mechanism is essential for maintaining cellular homeostasis
and is activated by stressors such as hypoxia, oxidative stress,
and nutrient deprivation [25, 26]. Research suggests that RFR
can influence autophagy, predominantly through nonthermal
mechanisms such as oxidative stress [27–30]. Beclin-1, a critical
regulator of autophagy, interacts with various cofactors to pro-
mote autophagic activity, underscoring its central role in cellular
stress responses [31].

Apoptosis is the mechanism of controlled death of the cell,
which plays significant roles in maintaining tissue homeostasis
in various processes such as the regulation of the immune system
and embryogenesis. Several chemical or physical changes, such
as radiation or oxidative stress, can signal the beginning of
apoptosis [32]. The apoptotic process is known to be started
by two main pathways: intrinsic and extrinsic. The intrinsic
pathway can be triggered by irradiation, oxidative stress, or
varioustoxic chemicals. The activation of these pathways leads
to processes involving intracellular caspases and ultimately to

DNA degradation. The sign of apoptosis is the endonuclease-
catalyzed degradation of DNA [33]. The TUNEL assay, a widely
used technique to detect DNA fragmentation during apoptosis,
enables precise visualization of apoptotic activity in situ [32].

Despite the accumulated knowledge regarding RFR’s effects,
the long-term consequences of prenatal RFR exposure on male
reproductive health remain underexplored. Their widespread
usage makes understanding their potential impact on molecular
pathways crucial. Thus, the purpose of this study is to investigate
whether the reproductive systems ofmale rats exposed to 3.5 GHz
RFRs exclusively in the prenatal period were affected in the first
year after birth.

2 Materials andMethods

2.1 Animal Experimentation and Groups

The study was performed on 18 adult male Wistar Hannover
rats (12 months old and weighing 350–400 g) with and without
intrauterine RFR exposure. To minimize potential confounding
factors, all animals were handled by trained personnel in a
consistent manner. The animal testing phase of this experimental
study was conducted in the Experimental Animal Research and
Application Laboratory of the Bağcılar Training and Research
Hospital, University of Health Sciences. All stages of the study
were designed and carried out according to the guidelines of
the institution’s Local Ethics Committee for Animal Experiments
(Protocol No: 2024-16).

The studywas designed to include three groups, one sham control
and two experimental (3.5 GHz RFR exposure). Considering
the approximately 21-day gestational period in rats, each week
is often referred to as a trimester to provide a comparative
framework with human pregnancy. The first experimental group
is exposed to RFR throughout the pregnancy (three trimesters
RFR), and the second experimental group is exposed to RFR
in the last 2 weeks of pregnancy (two trimesters RFR). In both
experimental groups, exposure was limited to 2 h/day. External
radiation was avoided by keeping the animals in Faraday cages
during experimental exposure. After birth, 18 male offspring with
birth weights ranging from 5 to 7 g were randomly assigned to
the sham control and two experimental RFR exposure groups,
with six animals in each group, and followed for 12 months.
These criteria ensured consistency across groups while fully
preserving the integrity of the randomization and blinding pro-
cedures. Rats were fed ad libitum with water and feed (rat chow)
under conventional conditions and kept at 24 ± 1◦C ambient
temperature, 12 h light/12 h dark. At the end of 12 months, rats
in all groups were euthanized with high doses of anesthetic, and
animals were sacrificed by cardiac blood puncture. Testes and
epididymis tissues were removed for examination. For histologic
and immunohistochemical examination, the testes were fixed in
Bouin’s fixative.

2.2 Exposure and Field Measurements

A GSM signal generator (model 3500 PM10, Everest Comp.,
Adapazarı, Turkey), which generates a radiofrequency waveform
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modulated in the 3.5 GHz GSM band, was utilized to expose rats
to RFR resembling the frequency to that generated by mobile
phones. The power output of the signal generator was kept at
1 W during the exposure period. The piece of the generator that
functions as the antenna was designed to replicate that of a
conventional mobile phone.

The Plexiglas cages in which the rats were irradiated were the
same size as standard animal feeding cages and were designed
specifically for this study (the lids were also made of Plexiglas,
inspired by standard cages). These specially designed cages
contained no metal parts. Even the tip of the water bottle used
by the animals was made of Plexiglas tubing, specifically for
this study. The cages were designed to ensure optimal RFR
radiation exposure. Pregnant rats in the experimental groups
were exposed to 3.5 GHzRFRs for 2 h/day, only during pregnancy,
allowing them to roam freely within these cages. Animals in the
sham control group were also kept in the same experimental
circumstances but the signal generator turned off. To protect
animals from environmental factors such as RFR, and so forth,
each group in the cages was housed in the separate Faraday cages
throughout the irradiation. The signal generator was located
outside the Faraday cage, but its antenna was located inside
the cage, 50 cm above the animals. The antenna was positioned
directly in the center of the cage. A metal reflector was placed
above the antenna.

After birth, male pups were separated and not exposed to any
RFR until the pups were 12months old, meaning they were 1-year
old. Thus, the offspring were exposed to 3.5 GHz RFRs only while
in utero. In this way, the male reproductive and cellular damage
status of the rats exposed to these RFRs only while in utero was
monitored 1 year later.

EMR 300 (NARDA, Pfullingen, Germany) was used to measure
the electric fields. E field measurements were performed with an
EMR 300 in the corners and at the center of the cages we used
in our study, which are the same size as standard animal cages. E
fields were measured as 24 V/m, 26 V/m, 26.3 V/m, and 27 V/m at
the corners, while 28 V/mwasmeasured at the center of the cage.

2.3 Specific Absorption Rate Analysis

CST Studio software (CST AG, Darmstadt, Germany) was used
to simulate specific absorption rate (SAR) at the rat’s uterus. The
technical setup used in the simulationwasmeticulously designed
to closely mirror the actual experimental configuration. The 3D
electromagnetic field (EMF) solver CST (CST AG, Darmstadt,
Germany) was employed to model the applicator antenna along
with its reflector, the Plexiglas carousel, and the rat. A highly
detailed rat model, based on computerized tomography (CT)
scans, is provided within CST’s biological models library. This
voxel-based model is comprehensive and includes all the tissues
found in a rat.

The CST software employs the finite integration technique (FIT),
a method that involves both differential and integral solvers to
operate simultaneously, enabling accurate electromagnetic and
thermal simulations. To validate the simulation’s accuracy, the
electric field values generated were compared with those mea-

sured experimentally using the EMR 300 field probe (NARDA,
Pfullingen, Germany). The electric field strength generated by
the EMF generator was measured at five distinct points on the
exposure plane where the animals were located: the four corners
and the center. Measurements were conducted using a calibrated
EMR-300 device (Narda Safety Test Solutions, Germany). No
significant variation was observed among the measured values,
which ranged between 24 and 27 V/m. The average field strength
at the center was determined to be 28 V/m. These results indicate
that the EMF was uniformly distributed across the exposure
plane. Considering the homogeneity of the field, peak spatial
SAR (psSAR) simulations were performed based on this average
electric field strength using CST Studio Suite software, with the
frequency set to 3.5 GHz.

Furthermore, the exposure plane was kept fixed throughout the
experiment, and care was taken to avoid the presence of any
metallic surfaces that could cause electromagnetic reflection.
psSAR calculations accounted for the thermal effects of EMF
exposure. However, no observable changes in body temperature
were detected during the exposure period.

2.4 Sperm Analysis

Following the creation of incisions on the cauda of both
epididymis tissues with a scalpel, semen was collected into
Eppendorf tubes containing 1 mL of Ringer lactate and mixed.
After 10 µL of the supernatant was spread on a slide, it was
allowed to dry, fixed with 96% ethanol, stained using the Giemsa
method, and sperm morphology was evaluated. The slides were
subjected to a detailed evaluation of sperm morphology by
scoring 1000 spermatozoa per animal. The spermatozoa were
categorized as normal or abnormal. Abnormal spermatozoa were
defined as spermatozoa exhibiting head abnormalities and/or tail
abnormalities [34].

2.5 Histological and Immunohistochemical
Studies

Bouin-fixed testicular tissues underwent tissue processing,
embedded as paraffin blocks, and 5 µmsections underwent hema-
toxylin and eosin (H&E) staining for histologic evaluation. Histo-
logic evaluation was performed with light microscopy (Olympus
BX53) in 20 randomly selected seminiferous tubules according
to Johnsen scoring, and tubule diameters with seminiferous
epithelium height were measured [35].

Five-micrometer sections were examined
immunohistochemically using γ-H2AX and Beclin-1 primary
antibodies to assess DNA damage, apoptosis, and autophagy.
After the deparaffinization of the sections in xylene, they were
rehydrated in alcohol series with decreasing alcohol content, and
then endogenous peroxidases were inactivated by incubation
with Ultravision Hydrogen Peroxide Block. Sections were
treated with Ultrablock to prevent nonspecific background
staining. Sections were incubated overnight at 4◦C with primary
antibodies for Beclin-1 (1:200 dilutions, cat. no. AC-0276RUO,
Epitomics Burlingame, CA, USA) and γ-H2AX antibody
(1:400 dilutions, cat. no. ab81299, Abcam, Cambridge, UK). A
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secondary antibody and streptavidin-biotin-peroxidase complex
(UltravisionDetection System, cat. no. TP-125-HL, ThermoFisher
Scientific, Waltham,MA, USA) were then applied for 10min, and
color development was achieved using diaminobenzidine (DAB).
The preparations were examined by light microscopy (Olympus
BX53). The scoring of the staining was done as 0 (no staining),
1 (weak staining), 2 (moderate staining), and 3 (strong staining).
For immunohistochemical evaluation, a random selection of 10
stained seminiferous tubules were performed for each animal,
and the H-score was calculated semiquantitatively using the
positive staining intensity and percentage [36].

The In Situ Cell Death Detection Kit POD (cat. No. 11684817910;
Roche Diagnostics, Mannheim, Germany) was used for the
TUNEL study, and the protocolwas performed as described by the
manufacturer. Deparaffinized and rehydrated 5 µm sections were
taken from paraffin blocks on positively charged slides. Endoge-
nous peroxidase activity was suppressed with hydrogen peroxide
in the tissue permeabilized with proteinase K at 37◦C for 15 min.
In the TUNEL reaction mixture prepared with 50 µL of enzyme
solution and 450 µL of label solution, the slides were incubated
in an oven at 37◦C for 1 h. To examine the reaction product under
the light microscope, the color formation was achieved by using
DAB chromogen after incubation with converter solution at 37◦C
for 30 min. The slides were counterstained with hematoxylin and
coverslipped with a synthetic mounting medium. For apoptotic
indexmeasurement, the ratio of positively stained cells to all cells
in ten randomly selected areas on each slide was calculated [37].

Histological and immunohistochemical evaluation was per-
formed by investigators blinded to the experimental groups to
ensure unbiased assessment.

2.6 Statistical Analysis

Statistical Package for Social Sciences (SPSS; for Windows;
version 18.0; SPSS Inc. Chicago, IL, USA) package program was
used for the statistical analysis of the obtained data. The data
distribution was evaluated using the Shapiro–Wilk test. The
variations between the groups in terms of γ-H2AX, Beclin-1,
STD, and JS were assessed with the Kruskal–Wallis test. Post
hoc 97 multiple comparison test was performed to determine
which group or groups the difference originated from.Differences
between the groups in terms of SEH, spermmorphology, TUNEL,
and apoptosis index were analyzed by ANOVA test, and the
Duncan test was utilized to determine the origin of the difference.
To control for the risk of Type I error frommultiple comparisons,
the Holm–Bonferroni correction was applied to the p values of all
pairwise post hoc tests. The significant p values were denoted as
p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) [38]. All data were
reported as the mean and ± standard error of the mean.

3 Results

3.1 SAR Results

The SAR calculations were conducted using the IEEE/IEC 62704-
1 standard to assess the distribution of SAR values. The psSAR for
1 g was 0.06622 mW/g, and for 10 g was 0.03825 mW/g.

3.2 Histological Evaluation of the Testes

Histopathological evaluation with H&E staining revealed pre-
served testicular architecture in the shamcontrol group,while the
RFR-exposed groups exhibited varying degrees of seminiferous
tubule degeneration and germ cell loss (Figure 1).

The mean Johnsen score was 9.34 ± 0.08 in the sham control
group, 8.84 ± 0.08 in the 2T RFR group, and 9.04 ± 0.08 in the
3T RFR group. Statistically significant differences were found
between the shamcontrol and 2TRFRgroups (adjusted p= 4.56×
10−4), and between the shamcontrol and 3TRFRgroups (adjusted
p= 0.022). The difference between the 2T and 3T RFR groups was
not statistically significant (adjusted p = 0.792).

The diameter of the seminiferous tubule was measured at 308.44
± 4.51 µm in the sham control group, 314.33 ± 3.78 µm in the
2T RFR group, and 287.90 ± 6.08 µm in the 3T RFR group.
A statistically significant decrease was observed in the 3T RFR
group compared to both the sham control (adjusted p = 0.03) and
2T RFR groups (adjusted p = 0.0022). The difference between the
sham control and 2T RFR groups was not statistically significant
(adjusted p = 1.000).

The SEH was measured as 87.33 ± 1.72 µm in the sham control
group, 83.34± 1.46 µmin the 2TRFRgroup, and 70.05± 1.60 µmin
the 3T RFR group. Statistically significant reductions were found
in the 3T RFR group compared to both the sham control (adjusted
p= 9.71 × 10−8) and 2T RFR groups (adjusted p= 5.01 × 10−7). The
difference between the sham control and 2T RFR group was not
significant (adjusted p = 1.000).

As illustrated in Figure 1, a bar graph is employed to summarize
the comparative data and significance levels for all histological
evaluations.

3.3 Epididymal SpermMorphology Results

The observed morphological abnormalities in rat sperm included
aberrations such as double tails, detached heads, detached
tails, coiled tails, bent midpieces, and irregularly shaped heads
(Figure 2).

The percentage of morphologically abnormal spermatozoa was
26.26 ± 2.16% in the sham control group, 36.18 ± 3.54% in the
2T RFR group, and 40.48 ± 3.57% in the 3T RFR group. A
statistically significant increasewas observed in the 3TRFRgroup
compared with the sham control (adjusted p = 0.036). However,
the differences between the sham control and 2T RFR groups
(adjusted p = 0.882), as well as between the 2T and 3T RFR
groups (adjusted p = 0.616), were not statistically significant after
Holm–Bonferroni correction (Figure 2).

3.4 Immunohistochemistry Results

3.4.1 𝛄-H2AX Immunostaining

Immunohistochemical analysis revealed increased γ-H2AX
expression, particularly in the 3T RFR group, consistent with
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FIGURE 1 Hematoxylin and eosin (H&E) staining and histomorphometric analysis of testicular tissue. Panels A–C show representative H&E-
stained sections from the sham control (A), 2T RFR (B), and 3T RFR (C) groups. Arrowheads indicate spermatogenic cells that have progressed to
the spermatozoa stage. Panels D–F present bar graphs showing the mean seminiferous tubule diameter (D), seminiferous epithelium height (E), and
Johnsen score (F) in the sham control, 2T RFR, and 3T RFR groups. Compared to the sham control group, both seminiferous tubule diameter (STD)
and epithelial height (SEH) decreased after RFR exposure; the most pronounced decreases were observed in the 3T group. Similarly, the Johnsen score
(JS) also decreased in the 3T RFR group. Data are presented as mean ± SE. Statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), based on
Holm–Bonferroni corrected p values (H&E staining; scale bar = 100 µm).

elevated DNA damage levels. Representative micrographs
demonstrating the distribution and intensity of γ-H2AX
immunoreactivity across the experimental groups are presented
in Figure 3.

The γ-H2AX immunostaining H-score was lowest in the sham
control group (135.00 ± 9.10), increased in the 2T RFR group
(175.50 ± 5.64), and was highest in the 3T RFR group (204.75
± 4.08). Statistically significant differences were found between
the sham control and 2T RFR groups (adjusted p = 0.012), the
sham control and 3T RFR groups (adjusted p = 6.36 × 10−9), and
between the 2T and 3T RFR groups (adjusted p = 0.0021).

3.4.2 Beclin-1 Immunostaining

Beclin-1 immunostaining showedweak cytoplasmic expression in
the sham group, with notably increased staining intensity in germ
cells of theRFR-exposed groups, suggesting enhanced autophagic
activity (Figure 4).

The results showed that the Beclin-1 immunostaining H-scores
were 167.90 ± 4.56 in the sham control group, 162.42 ± 4.18 in
the 2T RFR group, and 194.25 ± 3.45 in the 3T RFR group. The
3TRFR group exhibited significantly higher expression compared
to both the sham control (adjusted p = 8.55 × 10−4) and 2T RFR
groups (adjusted p = 4.51 × 10−6). The difference between the

sham control and 2T RFR group was not statistically significant
(adjusted p = 1.000).

3.5 TUNEL Assay Results

The TUNEL assay revealed a low number of apoptotic cells
in the sham control testes, whereas a significant increase in
TUNEL-positive nucleiwas observed in the 2T and 3TRFRgroups
(Figure 5).

The number of TUNEL-positive cells was 5.18 ± 0.70 in the sham
control group, 67.10± 6.18 in the 2TRFRgroup, and 70.33± 5.34 in
the 3T RFR group. Both RFR groups showed significantly higher
numbers compared to the sham control (adjusted p = 6.42 × 10−17
for 2T; adjusted p = 8.77 × 10−18 for 3T). The difference between
the 2T and 3T RFR groups was not significant (adjusted p =
1.000).

The apoptosis index was determined to be 3.80 ± 0.70 in the
sham control group, 37.96 ± 8.17 in the 2T RFR group, and 38.92
± 5.79 in the 3T RFR group. Both experimental groups showed
significantly increased indices compared to the sham control
(adjusted p = 5.66 × 10−17 for 2T; adjusted p = 7.17 × 10−18 for 3T).
No significant difference was found between the 2T and 3T RFR
groups (adjusted p = 1.000).
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FIGURE 2 Spermmorphology results. Panels A–C show representativemicroscopic images of spermatozoa from the sham control (A), 2TRFR (B),
and 3T RFR (C) groups. Thin arrows indicate head abnormalities, thick arrows indicate neck abnormalities, and arrowheads indicate tail abnormalities.
Panel D presents a bar graph showing the frequency of morphological abnormalities in each group. RFR exposure increased the frequency of sperm
defects, particularly in the 3T RFR group. Data are presented as mean ± SE. Statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), based on
Holm–Bonferroni corrected p values (Giemsa staining; scale bar = 50 µm).

FIGURE 3 γ-H2AX immunohistochemical staining. Panels A–C show representative γ-H2AX-stained sections from the sham control (A), 2T RFR
(B), and 3T RFR (C) groups. Panel D shows the quantitative expression of γ-H2AX as the H-score. The intensity of γ-H2AX nuclear staining increases
with prolonged exposure to RFR, being most prominent in the 3T RFR group. Data are presented as mean ± SE. Statistical significance: p < 0.05 (*), p
< 0.01 (**), p < 0.001 (***), based on Holm–Bonferroni corrected p values. The scale bar is 50 µm.
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FIGURE 4 Beclin-1 immunohistochemical staining. Panels A–C show representative Beclin-1-stained sections from the sham control (A), 2T RFR
(B), and 3T RFR (C) groups. Panel D shows the quantitative expression of Beclin-1 as the H-score. The cytoplasmic staining becomes more pronounced
with extended exposure to radiofrequency radiation, showing the highest levels in the 3T RFR group. Data are presented as mean ± SE. Statistical
significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), based on Holm–Bonferroni corrected p values. The scale bar is 50 µm.

FIGURE 5 TUNEL staining. Panels A–C show representative TUNEL-stained sections from the sham control (A), 2T RFR (B), and 3T RFR (C)
groups. Black arrows indicate TUNEL-positive cells. Panels D and E present bar graphs showing the number of TUNEL-positive cells (D), and apoptosis
index (E). The number of TUNEL-positive cells and the apoptosis index increased in the RFR-exposed group, most notably in the 3T RFR group. Data
are presented as mean ± SE. Statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), based on Holm–Bonferroni corrected p values. The scale
bar is 50 µm.
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TABLE 1 Original p values and adjusted p values calculated via Holm–Bonferroni method.

Comparison Parameter Raw p value Adjusted p value

Sham control vs. 3T RFR Apoptosis index 2.99 × 10−19 8.77 × 10−18***
Sham control vs. 3T RFR TUNEL-positive cells 3.81 × 10−19 8.77 × 10−18***
Sham control vs. 2T RFR Apoptosis index 2.57 × 10−18 5.66 × 10−17***
Sham control vs. 2T RFR TUNEL-positive cells 3.06 × 10−18 6.42 × 10−17***
Sham control vs. 3T RFR γ-H2AX 3.18 × 10−10 6.36 × 10−9***
Sham control vs. 3T RFR SEH 5.11 × 10−9 9.71 × 10−8***
2T RFR vs. 3T RFR SEH 2.78 × 10−8 5.01 × 10−7***
2T RFR vs. 3T RFR Beclin-1 2.65 × 10−7 4.51 × 10−6***
Sham control vs. 2T RFR Johnsen score (JS) 2.85 × 10−5 4.56 × 10−4***
Sham control vs. 3T RFR Beclin-1 5.70 × 10−5 8.55 × 10−4***
2T RFR vs. 3T RFR γ-H2AX 1.47 × 10−4 2.06 × 10−3**
2T RFR vs. 3T RFR STD 1.73 × 10−4 2.25 × 10−3**
Sham control vs. 2T RFR γ-H2AX 0.001 0.012*

Sham control vs. 3T RFR Johnsen score (JS) 0.0020 0.0220*

Sham control vs. 3T RFR STD 0.0030 0.0300*

Sham control vs. 3T RFR Abnormal sperm
morphology

0.0040 0.0360*

2T RFR vs. 3T RFR Johnsen score (JS) 0.0990 0.7920
Sham control vs. 2T RFR Abnormal sperm

morphology
0.1260 0.8820

Sham control vs. 2T RFR SEH 0.1930 1
Sham control vs. 2T RFR Beclin-1 0.2930 1
2T RFR vs. 3T RFR TUNEL-positive cells 0.4060 1
Sham control vs. 2T RFR STD 0.4250 1
2T RFR vs. 3T RFR Apoptosis index 0.5460 1
2T RFR vs. 3T RFR Abnormal sperm

morphology
0.6160 1

***p < 0.001; **p < 0.01; *p < 0.05.

A comprehensive account of all comparisons is provided, incor-
porating both unadjusted p values and p values that have
undergoneHolm–Bonferroni adjustment. This detailed summary
is presented in Table 1.

4 Discussion

In this study, we investigated whether exposure to 3.5 GHz RFR
during the intrauterine period affected the reproductive systems
of rats in the first year after birth. To assess long-term effects,
we used histological and immunohistochemical techniques,
which are highly sensitive in detecting cellular and structural
changes. Our findings revealed significant deterioration in tes-
ticular histology, abnormal sperm morphology, increased DNA
damage, elevated autophagic activity, and activation of apoptotic
pathways.

The SAR of 0.0357 W/kg used in this study was intentionally
selected to reflect the low-level, chronic RFR exposure commonly
encountered in daily life, despite being well below the safety

thresholds recommended by international regulatory authorities.
Supporting the ecological relevance of our model, previous
human studies conducted by our group have reported that a
significant proportion of pregnant women use mobile phones for
more than 1 h/day and are exposed to RFR associated with Wi-Fi
for more than 2 h/day [2, 39–42].

Histological analysis demonstrated significant reductions in sem-
iniferous tubule diameter and epithelial height, accompanied by
decreased Johnsen scores in the RFR-exposed groups compared
to sham controls. These findings suggest impaired spermatoge-
nesis and testicular atrophy, aligning with previous studies that
reported the detrimental effects of RFR exposure on male repro-
ductive health. In a recent study by Yavas et al., the impact of RFR
on rat testicular tissue was thoroughly investigated, revealing
notable histopathological alterations, including a reduction in
the diameter of seminiferous tubules and a decrease in epithe-
lial height. Additionally, an increase in DNA damage within
testicular cells was observed, highlighting the potential harmful
effects of RFR exposure on testicular integrity [43]. These results
are consistent with earlier research suggesting that prolonged or
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significant RFR exposure may disrupt normal spermatogenesis
and contribute to testicular dysfunction. The observed changes
in testicular morphology further support the hypothesis that RFR
exposure may lead to impaired reproductive function, with the
potential for long-term consequences on fertility. Furthermore,
Qin et al. investigated the chronotoxicity of RF fields in pubertal
testis development. The experimental model comprised 4-week-
old mice exposed to RF (1800 MHz, SAR, 0.50 W/kg) in the
morning and evening for 3 weeks. Results included pathological
changes and functional indices within the testis. Following RF
exposure, significant damage was observed in spermatogenesis
development, characterized by a smaller seminiferous tubule
diameter and a seminiferous epithelium with a reduced number
of cells [44].

The increased percentage of abnormal sperm morphology in the
RFR-exposed groups suggests that intrauterine RFR exposure
disrupts sperm development and maturation processes. To con-
firm the physiological relevance of our findings, it is important
to note that the normal sperm morphology rate observed in
our control group (∼74%) aligns well with established reference
ranges reported in the literature. For instance, van der Horst
et al. documented normal sperm morphology ranging from 67%
to 74% in healthy rats, while Yılmaz et al. observed approximately
66% normal morphology in control rats [35, 45]. This concor-
dance supports the validity of our control data and underscores
that the observed morphological impairments in the exposed
groups are likely reflective of true pathological changes rather
than methodological artifacts. This alignment with previously
reported normative sperm morphology values not only validates
our control data but also strengthens the conclusion that themor-
phological abnormalities observed in RFR-exposed groups are
indicative of true pathological effects rather than experimental
artifacts. This observation aligns with prior studies highlighting
the reproductive toxicity of RFR. For example, Dasdag and
Akdag reported that RFR exposure is associated with oxidative
stress, a key factor impairing sperm morphology and function
[46]. These findings reinforce the hypothesis that RFR can have
detrimental effects on male fertility. Additional studies provide
substantial evidence supporting this hypothesis. For instance,
Özgen et al. demonstrated that Wistar albino rats exposed to
2100 MHz RFR for 90 days exhibited increased abnormal sperm
morphology and decreased sperm counts. Notably, these adverse
effects were mitigated by melatonin administration, highlighting
its potential as a protective intervention [47]. Furthermore, Zhang
et al. reported a significant reduction in sperm motility among
men, emphasizing that even nonoccupational RFR exposure can
adversely affect sperm quality [7]. Collectively, these studies
provide compelling evidence that RFR exposure compromises
sperm quality, affecting both morphology and function across
various species and exposure conditions.

Low-intensity RFR has been increasingly associated with non-
thermal biological effects, despite being within international
safety limits. Although the exposure intensity in this study
was below the ICNIRP safety limits, accumulating evidence
supports the existence of nonthermal biological effects caused
by low-intensity RFR. Yakymenko et al. reviewed over 100
studies showing that low-level RFR can induce oxidative stress,
DNA damage, and cellular dysfunction through nonthermal
mechanisms [48]. Similarly, Belpomme et al. emphasized that

current safety guidelines focus primarily on thermal effects and
do not adequately address these nonthermal health risks, which
includeneurological disorders, reproductive toxicity, and carcino-
genic potential [49]. These findings highlight the importance of
investigating subtle, long-term biological effects of low-level RFR
exposure, as demonstrated in our study.

Our immunohistochemical analysis revealed elevated expression
of γ-H2AX in the RFR-exposed groups, indicating increased DNA
damage. Phosphorylation of H2AX known as γ-H2AX has been
identified as a biomarker for DNADSBs. DSBs represent a critical
form of genetic damage, with the potential to compromise the
integrity of the genome. In response to DNA damage, H2AX is
rapidly phosphorylated at serine 139, leading to the formation of
γ-H2AX foci at the sites of DSBs. These foci then act as docking
sites for repair proteins, thus initiating the DNA repair process
[50]. Recent studies have highlighted the significance of γ-H2AX
as a biomarker for the assessment of DNA damage. Specifically,
γ-H2AX is effective in monitoring the repair of genetic damage
and evaluating the response to treatments. Its use is expanding
to include the assessment of radiation-induced damage and the
monitoring of cancer therapy outcomes [51]. Upregulation of γ-
H2AX expression in this study aligns with previous research
demonstrating that RFR exposure induces oxidative stress and
DNA damage in reproductive tissues, highlighting the genotoxic
potential of RFR through oxidative stress-mediated mechanisms.
Investigations on DNA breaks and oxidative changes in rat tes-
ticular tissue found that high-frequency exposure to 900, 1800, or
2100 MHz RF radiation-induced oxidative stresses [52]. Houston
et al. found that exposure of spermatozoa to radiofrequency
electromagnetic energy for 5weeks had a detrimental effect. After
1 week, there was an increase in mitochondrial production of
reactive oxygen species (ROS). During all exposure periods, there
was an increase in DNA oxidation and degradation [53]. More-
over, Shahin et al. observed significant oxidative stress markers
and DNA fragmentation accompanied by lipid peroxidation and
histological changes in testicular tissues [54]. Similarly, Akdag
et al. found elevated DNA damage in the testes of Wistar albino
rats exposed to 2.4 GHz RFR for 24 h daily over 12 months,
emphasizing the long-term impact of RFR on reproductive organs
[55]. These findings collectively establish a robust link between
RFR-induced oxidative stress and DNA damage in reproduc-
tive tissues, further validating the elevated γ-H2AX expression
observed in this study as a marker of RFR-induced genotoxicity.

Autophagy is a cellular process of “self-eating” degradative
activity, in which proteins or entire organelles are broken down
in lysosomes and subsequently recycled to satisfy the anabolic
and bioenergetic requirements of the cell. This makes them key
to tissue homeostasis. Furthermore, various human pathologies,
including neurodegeneration, aging, cancer, and autoimmunity,
have been associated with deregulated autophagy [56]. We also
observed amarked increase in the expression of Beclin-1, particu-
larly in the third-trimester RFR group. Beclin-1, a 60 kDa protein,
is located on chromosome 17q21. It has been established that it is a
mammalian cell homologue of the yeast autophagy-related gene
Atg6, and it has been demonstrated that it mediates the initiation
stage of autophagy [57]. Recent studies have shown how oxidative
stress, DNA damage, and autophagy are linked. For example,
Uribe et al. demonstrated that exposure to ionomycin and hydro-
gen peroxide induces oxidative stress and activates autophagy
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in human sperm cells [58]. Moreover, the findings of the study
conducted by Hao et al. support the hypothesis that the decrease
in miR-30a levels in neurons exposed to microwave radiation
positively regulates autophagy by increasing Beclin-1 expression
[59]. Similarly, it has been demonstrated that autophagy andDNA
damage can be activated through ROS generation induced by
radiofrequency EMFs (RF-EMFs). Autophagy has been found
to play a protective role in DNA damage caused by RF-EMF
exposure. These findings provide evidence for the mechanism
by which RF-EMF triggers autophagy and the beneficial role of
autophagy in the DNA damage response to RF-EMF exposure
[60]. Kumar et al. also reported an increased level of ROS due
to microwave exposure. The generation of ROS in the testis is
a potential causative agent of toxic effects on the physiology of
reproduction [61]. Taken together, these findings indicate that
RFR-induced oxidative stress may trigger autophagic pathways
in testicular cells. Autophagy may serve as a protective response
to mitigate oxidative damage in testicular tissues; however, pro-
longed or dysregulated autophagy could potentially contribute to
cellular dysfunction, raising concerns about the long-term effects
of chronic RFR exposure on reproductive health.

The TUNEL assay results revealed a significant increase in
apoptotic cells within the testes of RFR-exposed rats, indicating
heightened cell death. Apoptosis is a tightly regulated process
essential for maintaining testicular homeostasis, as it ensures the
elimination of damaged or unnecessary cells. However, excessive
apoptosis can disrupt this balance, leading to reduced sperm
production and, ultimately, infertility [32, 33]. As previously
stated by Xing et al., exposure to 1800 MHz microwave radiation
has been shown to induce p53-dependent cell apoptosis through
cytochrome c-mediated caspase-3 activation [62]. An increase in
free radicals or ROS has been demonstrated to have a detrimental
effect on a variety of cellular and physiological processes, includ-
ing gene expression, calcium release from intracellular storage
sites, cell growth, DNA damage and apoptosis. It is therefore
hypothesized that the effects of RFR exposure on free radical
formation in cells could also affect these cellular functions [63].
Guo et al. reported significant declines in sperm quality following
RFR exposure, accompanied by increased apoptosis within tes-
ticular cells and alterations in the secretory functions of Sertoli
and Leydig cells [64]. These findings collectively support the
conclusion that RFR exposure induces apoptosis in testicular cells
through oxidative stress and dysregulation of apoptotic signaling
pathways, contributing to infertility and impaired reproductive
health. Our findings are in agreement with studies reporting
increased apoptosis in testicular tissue following RFR exposure.

The mechanisms underlying RFR-induced reproductive toxicity
are likely multifaceted, involving oxidative stress, mitochondrial
dysfunction, and disruption of key cellular signaling pathways.
RFR exposure has been shown to generate ROS, leading to oxida-
tive damage to lipids, proteins, and DNA [63]. Such oxidative
stress can compromise cellular integrity and function, particu-
larly in highly sensitive tissues such as the testes. De Iuliis et al.
demonstrated that RFR significantly increases ROS production
and induces DNA damage in human spermatozoa, highlighting
the vulnerability of male germ cells to electromagnetic radiation
[65]. The increased DNA damage, autophagy, and apoptosis
observed in our study strongly suggest that oxidative stress serves
as a central mediator of RFR-induced cellular dysfunction. This

cascade of events may not only impair testicular function but
also contribute to long-term reproductive toxicity, underscoring
the need for further investigation into the molecular pathways
linking RFR exposure to male fertility decline.

It is critical to consider the broader implications of these findings
for human health. With the increasing prevalence of wireless
devices and the corresponding rise in RFR exposure, concerns
about its potential impact onmale fertility are growing. Although
our study was conducted in rats, the results strongly suggest
that prenatal RFR exposure could have long-lasting adverse
effects on the male reproductive system. Supporting evidence
fromhuman studies has demonstrated clear associations between
RFR exposure and reduced sperm quality, motility, and viability
[16, 65]. In addition, the similarity of birth and adult body
weights between the RFR-exposed and control groups suggests
that the reproductive impairments observed are not attributable
to generalized developmental delays or nutritional deficiencies,
further supporting a specific detrimental effect of RFR exposure
on the reproductive system. These findings underscore the
necessity of implementing precautionary measures to minimize
RFR exposure during critical periods, such as pregnancy, and
so forth [11]. Such measures may include limiting the use of
wireless devices and ensuring adequate protective strategies
against electromagnetic radiation.

5 Conclusion

This study involved monitoring the male offspring of pregnant
rats exposed to 3.5 GHz RFR exclusively during the prenatal
period, with no exposure to electromagnetic waves for a period
of one year following birth. The most original aspect of this study
is that young male rats were kept alive for 1 year without any RF
radiation exposure except during the prenatal period, and at the
end of this period, their reproductive systemswere examined. The
examinations conducted in the first year after birth showed that
exposure to 3.5 GHz RFRs only during the prenatal period poses
significant risks to male rat reproductive health. Another original
aspect of the study is that the first of the pregnant groups was
exposed to RFRs during the three trimesters and the other during
the last two trimesters.

Histological changes, increased abnormal sperm morphology,
DNA damage, increased autophagic activity, and increased apop-
tosis are among the observed effects. These findings revealed
that the reproductive systems of male offspring exposed to RFRs
exclusively during pregnancy were negatively affected, even
though they were not exposed to any EMFs for a year after birth,
and the observed effects were even more pronounced in the full
trimester group. In summary, this study showed that exposure
to radiofrequency radiation (RFR) during pregnancy may have a
negative impact on the reproductive health of subsequent male
generations. Therefore, furthermolecular and cellular studies are
needed to improve our understanding of the relationship between
prenatal exposure to 3.5 GHz radiofrequency radiation (RFR)
and subsequent male reproductive toxicity, and the mechanisms
involved. Future investigations should extend the experimental
timeline by incorporatingmultiple postexposure time points (e.g.,
1, 6, and 12months) to allow for amore comprehensive evaluation
of the long-term effects of prenatal RFR exposure on reproductive
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function. Additionally, detailed assessments of sperm parameters
such as motility, as well as organ weights, were not included
in the current study. These aspects represent limitations and
are planned to be addressed in ongoing and future studies to
provide amore comprehensive understanding of the systemic and
functional consequences of prenatal RFR exposure. Finally, such
research is crucial for developing evidence-based guidelines and
implementing precautionary measures to safeguard reproductive
health.
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