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A B S T R A C T

Background: The present study aimed to evaluate the effects of whole-body exposure to 150 kHz Intermediate-
frequency electromagnetic radiation (IF EMR) on fertility indicators of male rats since human exposure to this
frequency has increased in recent years. Fourteen adult male Sprague-Dawley rats were used in this study. The
rats were randomly divided into a control and an EMR group (n ¼ 7/group). The EMR group was continuously
irradiated with 150 kHz EMR for 8 weeks. Male fertility indicators, body mass, testicular mass, rectal temperature,
testicular histology, histometry, sperm analysis, and serum gonadotrophic hormone levels were evaluated.
Results: The study showed no negative effect on body mass (grams) (323.78 � 37.09 to 305.09 � 26.36; p ¼ 0.72),
rectal temperature (Control: 34.5 �C–35.8 �C; EMR: 34.4 �C–36.1 �C; p < 0.05), and testicular histology. There
were significant reductions in left and right testicular mass (1.04 � 0.10 to 0.96 � 0.32: p ¼ 0.03 and 1.02 � 0.08
to 0.96 � 0.35 p ¼ 0.04, respectively), interstitial cell count/1000 μm2 (5.33 � 0.56 to 4.47 � 0.48; p ¼ 0.01),
sperm motility trajectories (p ¼ 0.05) and sperm distal cytoplasmic droplet (%) (2.27 � 2.28 to 6.84 � 5.01; p ¼
0.05). A significant increase in follicle-stimulating hormone levels was observed (13.44 � 6.38 IU/ml to 26.96 �
8.07 IU/ml; p ¼ 0.01).
Conclusions:Most male fertility parameters of rats in the present study were not affected by 8 weeks of whole-body
exposure to 150 kHz EMR. However, significant decreases in testicular mass, interstitial cell count/1000 μm2,
sperm motility trajectories, and distal cytoplasmic droplets were observed, as well as an increase in FSH level.
1. Introduction

Human exposure to electromagnetic fields, especially in the inter-
mediate frequency (IF) and radio frequency (RF) ranges, has increased in
recent years [1, 2]. The IF range extends from 300 Hz to 10 MHz, as
classified by the World Health Organization (WHO) under the Electro-
magnetic Fields Project [3]. The intermediate frequency electromagnetic
radiation (IF EMR) is categorized as non-ionizing radiation and is
considered non-threatening because it does not contain enough energy to
damage biological tissue [4]. Due to this fact, only a limited number of
studies have been conducted on the biological effects or health risks of
IF-EMR.

The development of new types of electrical appliances in recent de-
cades has led to daily exposure in the IF-EMR. Sources in this range are
found at home, at work, and in public places. These include induction
stoves, electronic article surveillance (EAS) systems, wireless power
transmission systems, power lines, electric train lines, energy-saving
i.edu, drvenkat1971@gmail.com
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lamps, monitors, magnetic resonance imaging (MRI) scanners, and
medical devices used to stimulate nerves and bones [5]. In recent years,
public concern about the potential health hazards associated with this
frequency from unavoidable daily and occupational exposure has
increased dramatically. The WHO has emphasized that more research is
needed on the potential health effects of exposure to this frequency [3]
and suggested that more detailed parameters should be studied.
Currently, several studies are addressing the biological effects of IF,
including developmental and reproductive effects from maternal expo-
sure [6, 7, 8], carcinogenic effects [9], and genotoxic effects [10].
However, most of these studies consider only a limited range of
frequencies.

A variety of studies have been conducted to investigate the effects of
IF on the testes, although the sample size was small [11, 12, 13, 14]. This
area of research is important because the testes are known to be very
sensitive to radiation, which can cause germ cell apoptosis [11] and
affect male fertility. Studies have used different frequencies to assess the
(V. Sundaram).
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risks of different technologies. For example, magnetic fields (MF) of 7.5
kHz relevant to EAS technology used in supermarkets to protect goods
from theft [12], 10 kHz MF, as used in high-frequency inductive power
distribution [13], and 20 kHz and 60 kHz MF, relevant to induction
stoves [14], have been studied.

Recently, IF has been successfully used for treatment purposes in the
field of oncology and is called Tumor Treating Fields (TTFs). TTFs is an
innovative and non-invasive cancer therapy that interrupts mitosis and
selectively kills rapidly dividing cancer cells by continuously (over 18 h
per day) applying low-intensity, intermediate frequency (100 kHz–300
kHz) alternating electric fields to the tumor [15]. The optimal frequency
for the antimitotic effect varies by cancer type and can be adjusted for
maximum anti-cancer effect. In the preclinical setting, 150-kHz TTFs are
effective in treating pancreatic cancer, non-small cell lung carcinoma
(NSCLC), brain metastases from NSCLC, and mesothelioma when com-
bined with chemotherapy [16] and in reducing the number of cysts in
polycystic ovary disease in rats [17, 18]. Since mammalian testicular
germ cells proliferate clonally via mitotic rounds before differentiating
into mature spermatozoa, the effect of IF on any reproductive risks in this
TTF range (100 kHz–300 kHz) needs to be investigated. Therefore, the
objective of this study was to investigate the effects of whole-body
exposure of IF EMR at 150 kHz on male fertility indicators in
Sprague-Dawley rats for eight weeks.

2. Materials and methods

2.1. Animals and experimental design

A total of fourteen (14) sexually mature (8–12 weeks old) male
Sprague-Dawley rats weighing 250–300 g were obtained for the study
from the Laboratory Animal Facility at the School of Veterinary Medi-
cine. Animals were housed in ventilated metal cages measuring 40 � 24
� 14 cm. Rats were housed on sawdust bedding in a pathogen-free room
at a temperature of 24� 2 �C, a humidity of 50–60%, and a 12-hour light-
dark cycle. Rats were fed a standard pellet diet and received water ad
libitum. They were acclimatized to laboratory conditions for 14 days
prior to the experiment. The rats were divided into a control group and an
electromagnetic radiation (EMR) group (n ¼ 7/group) and 3 cages per
control group (2 rats/cage in 2 cages and 3 rats/cage) and 4 cages for the
EMR group (2 rats/cage in 3 cages and one rat in one cage). In this
experiment, the minimum number of animals was used to obtain a result
before repeating it with a larger number. The EMR group was continu-
ously irradiated with 150 kHz EMR for eight weeks (56 days) (except for
approximately 1 h per week when the cages were cleaned). The duration
of irradiation was chosen to correspond to the duration of a complete
spermatogenic cycle (54 days) [19]. The control group was kept under
similar conditions as the EMR group but without EMR device exposure.
The rectal temperature of each rat was recorded weekly with a digital
thermometer. The final body mass was weighed using a top-loading
scale, and the right and left testicular masses were weighed using an
analytical balance. The protocols for the animal experiments were
approved by the University of the West Indies Campus Research Ethics
Committee (No. CEC 454/02/18).

2.2. EMR-inducing system

Rats were maintained in an EMR field with a frequency of 150 kHz
and an amplitude of 12 V. Electrical potentials were generated at the
maximum possible result intensity using a Kenwood AG-203A oscillator
(10 Hz–1 MHz) (Trio-Kenwood Electronic; Komagane, Japan). The uni-
form EMR field was generated by two flat electrodes (40 cm high and 2 m
long) made of aluminum foil-covered cardboard placed vertically at
opposite ends of the cage. The distance between the vertically arranged
parallel electrodes was 40 cm. The EMR field intensity was measured as
0.3 V/cm by using an Airmed Narda NBM-550 field radiation meter (100
kHz–6 GHz) (Narda Safety Test Solutions GmbH, Pfullingen, Germany).
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The control animals were housed in the same room as the experimental
group. The cages of the EMR group were surrounded on 4 sides with
cardboard boxes covered with aluminum foil to prevent radiation
leakage. The intensity of the EMR field was 50–80 W/cm2 in the EMR
cages and 20–50 nW/cm2 in the control cages. The variability of the
intensities was related to the spatial variability of the field in the cages of
the irradiated animals and the diurnal variability in the control cages.
The total exposure in the experimental room was measured as 0–100
nW/cm2. Thus, the intensity of EMR in the cages of the EMR group was
1000 times higher than in the cages of the control group. The room was
located in a building shielded from noise and vibration. The specific
absorption rate (SAR) for all groups was in accordance with the occu-
pational exposure limits set by the International Commission on Non-
ionizing Radiation Protection (INCIRP) (1998) in the spectrum from 1
Hz to 300 GHz. The animals were not kept in a Faraday cage because
exposure to low-intensity EMR fields cannot be avoided in our daily life.
To ensure consistent exposure for each group and cage, EMR levels were
measured weekly. During the electromagnetic field strength measure-
ments, all cell phones were put away. The device was the only source of
emission of the desired EMR frequency. Since the lamps and sockets in
the experimental room did not fall within the desired frequency range,
they were not considered. The geometry and positions of the cages,
electrodes, and oscillator were not changed during the experiment. To
exclude the influence of temperature due to possible heating by the EM
radiation, an independent study was performed with the same setup used
for the experiment. The Testo 905-T1 compact penetration thermometer
(Testo, Hampshire, United Kingdom) was used to measure the temper-
ature in 300 ml of water (the mass of our rats). The step size of the digital
thermometer was 0.1 �C. The measured temperature difference between
EM irradiated water and the control sample was 0.3 �C � 0.3 �C.
Therefore, the temperature should not affect the results of the experi-
ments, especially in animals that can keep their body temperature
constant.

2.3. Hormonal analysis

Animals were weighed at the end of the experiment and sedated
intraperitoneally (i.p) with an injection of ketamine hydrochloride 10%
solution (Dutch Farm Veterinary Pharmaceuticals, Dutch Farm Inter-
national BV, Holland) at a dose of 80 mg/kg body weight. After seda-
tion, deep anesthesia was induced by injecting pentobarbital sodium
20% solution (Kela NV, St. Lenaartseweg, Belgium) at a dose of 40 mg/
kg intraperitoneally. After the animal reached deep anesthesia, 5 ml of
blood was obtained from the heart by the standard procedure of ter-
minal cardiac puncture. Then the animals were euthanized by an
overdose of pentobarbital sodium 20% solution at a dose of 120 mg/kg
by intraperitoneal injection. Serum was separated by centrifuging the
blood samples at 1500 rpm for 10 min at 4 �C and stored at �80 �C until
assayed. A testosterone enzyme-linked immunosorbent assay (ELISA) kit
(Cat. No. ab 108666, Abcam, Cambridge, United Kingdom), which is
sensitive to 0.07 ng/ml. ELISA assays for luteinizing hormone (LH) (Cat.
No. ENZ-KIT 107, Enzo Life Sciences, Farmingdale, NY) and follicle-
stimulating hormone (FSH) (Cat. No. LS-F38636, Lifespan Biosciences,
Seattle, WA) were used to determine the levels of LH and FSH. Assays
were performed with serum according to the manufacturer's in-
structions. Absorbance values were measured in a Thermo Scientific
Multiskan GO microplate spectrophotometer (Thermo Fisher Scientific
OY, Vantaa, Finland), and hormone concentrations in samples were
extrapolated from the corresponding absorbance values of a calibration
curve and then calculated according to the instructions in the manuals
of each ELISA kit.

2.4. Sperm analysis

The epididymis was quickly removed by dissection in each animal,
and adherent fat, blood vessels, and connective tissue were excised. The
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epididymis was then clamped with a hemostat at both ends, a small
incision was made in the plugged tubules of the distal cauda of the
epididymis with a scalpel blade, and placed in a Petri dish (55 mm)
containing 2 ml of phosphate-buffered saline (PBS) (pH 7.4). After the
spermwere dispersed in the PBS for approximately 5 min, the epididymis
was removed and the sample was swirled to mix. An aliquot of the PBS/
sperm mixture was then removed for analysis. Next, 10 μl of the sperm
mixture was dropped into the centre of the preheated slide chamber and
a coverslip was placed over the sample. The slide was placed in the
thermostat and sperm parameters were determined using the Computer-
Assisted Sperm Analyser (CASA) (Hamilton Thorne, Beverly, MA) and
the software CEROS II at 100� magnification. For each analysis, sperm
parameters were acquired and recorded by taking at least 5 non-
consecutive fields (with a total of at least 500 sperm) within 30 s. The
spermatozoa in each field were selected by adjusting the grayscale
threshold, and the selected debris and round cells were manually
removed before analysis.

The following parameters were analyzed using the CASA system: (1)
total sperm concentration, (2) sperm motion parameters: Straight-line
velocity (VSL), curvilinear velocity (VCL), average path velocity (VAP),
length of straight-Line path (DSL), length of average path (DAP),
amplitude of lateral head displacement (ALH), beat cross frequency
(BCF), linearity (LIN), straightness of trajectory (STR), wobble (WOB) (3)
sperm motility parameters: total, motile, progressive, slow and static (4)
sperm morphology parameters: proximal droplet, distal droplet, bent tail
and coiled tail.

2.5. Histological and histometric analysis

The testes were removed by dissection and weighed. The tissue
samples were trimmed and fixed in 10% buffered neutral formalin for
histological examination. After fixation, the tissues were subjected to
routine histological processing. Tissue sections were cut with a rotary
microtome at 5 μm and stained with hematoxylin and eosin (H&E)
according to standard procedures. Histological observations, measure-
ments and photomicrographs were performed using an Olympus BX51
system microscope (Olympus, Tokyo, Japan) with cellSens Imaging
Software (version 1.12). Testicular tissue was scored based on histo-
morphology using a Johnsen testicular biopsy score, as indicated in
Table 1 [20]. The testicular tissues stained with H&E were also used
for histometry. The diameter of the seminiferous tubule (ST), the
diameter of the ST lumen, the diameter of the germinal epithelium
(GE), and the number of interstitial cells were measured on 10 circular
cross-sections of different testicular regions [21]. The mean ST diam-
eter (D) was calculated as the average of two diameters taken at right
angles from ST.
Table 1. Evaluation of testicular biopsy score count by Johnsen's scoring method
(Johnsen, 1970).

Score Description

10 Complete spermatogenesis with many spermatozoa

9 Much spermatogenesis, but germinal epithelium
disorganized with marked sloughing or obliteration of the
lumen

8 Only a few spermatozoa present (<5 to 10)

7 No spermatozoa but many spermatids present

6 No spermatozoa and only a few spermatids present (<5 to
10)

5 No spermatozoa, no spermatids but several and many
spermatocytes present

4 Only a few spermatocytes were present (<5) but no
spermatids or spermatozoa present

3 Spermatogonia are the only germ cells present

2 No germ cells, but Sertoli cells present

1 No cells in the tubular section.
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2.6. Statistical analysis

The program IBM SPSS Statistics V21 (Armonk, New York, USA) was
used to perform the statistical analysis. Descriptive statistics were
calculated for each group in the experiment. Normality of the data was
examined and a nonparametric Kruskal-Wallis test was also performed. p
< 0.05 was considered significant.

3. Results

3.1. Body and testicular mass

There was no significant difference in final body mass between the
two groups (p > 0.05) (Table 2). A significant decrease in left and right
testicular mass was observed in the EMR group (p ¼ 0.03 and p ¼ 0.04,
respectively).

3.2. Rectal temperature

The lowest mean temperature ranged from 34.5 �C to 35.8 �C in the
control groups and from 34.4 �C to 36.1 �C in the EMR group, and all
values were within the normal range for rats. No significant difference
was found between the two groups (Figure 1).

3.3. Sperm analysis

The results of epididymal sperm analysis of rats in both groups are
summarised in Table 3. The sperm concentration was 5.53 � 8.31 and
3.26� 2.20 million per milliliter (M/ml) for the control and EMR groups,
respectively, with no significant difference (p ¼ 0.16). The sperm
motility parameters (static, progressive, motile, and slow) also showed
no significant difference (p > 0.05). However, the mean values of sperm
concentration and all sperm motility parameters were lower in the EMR
group. A borderline significant decrease was observed in all motility
parameters VSL, VCL, VAP, DSL, DAP, ALH, BCF, LIN, STR, WOB in the
EMR group at p¼ 0.05. The spermmorphology parameters, the bent tail,
coiled tail and proximal droplet, were not significantly different, but the
distal droplet showed a significant increase (p ¼ 0.05).

3.4. Histological and histometric analysis

Morphological examination revealed no significant structural
changes in testicular morphology in either group (Figure 2). In both
groups, the seminiferous tubules had a normal shape with a typical
arrangement of spermatogonia and Sertoli cells resting on an intact
basement membrane and lamina propria. The GE was intact and
exhibited the usual morphologic features with an orderly development of
spermatogonia to spermatocytes, with groups of spermatids and mature
spermatozoa. The histometric parameters, the diameter of ST (p ¼ 0.17),
the diameter of the lumen of ST (p ¼ 0.41) and the diameter of GE (p ¼
0.41), did not differ significantly between the groups. However, there
was a significant decrease in the number of interstitial cells/1000 μm2/(p
¼ 0.01) in the EMR group (Table 4). In addition, testicular biopsy scores
by the Johnson method [19] were very high, ranging from 9 to 10, with
no significant structural difference between the two groups (Table 5).
Table 2. Effects of 150 kHz IF EMR on the mass of the male rats' testicles and
body (n ¼ 7).

Parameters Control group
(Mean � SD)

EMR group
(Mean � SD)

p-value

Body Mass/g 323.78 � 37.09 305.09 � 26.36 0.72

Left Testis mass/g 1.04 � 0.10 0.96 � 0.32 0.03*

Right Testis mass/g 1.02 � 0.08 0.96 � 0.35 0.04*

*p < 0.05 is statistical significance at 95% confidence interval.



Figure 1. Effect of 150 kHz IF EMR on the rectal temperature of male rats.

Table 3. Effect of 150 kHz IF EMR on sperm concentration, motility, motion parameters, and morphology of male rats (n ¼ 7).

Parameters Control group
(Mean � SD)

EMR group
(Mean � SD)

p-value

Total Sperm Concentration (M/ml) 5.53 � 8.31 3.26 � 2.20 0.16

Sperm Motility parameters

Static (M/ml) 4.45 � 6.00 2.74 � 1.77 0.19

Progressive (M/ml) 0.46 � 0.98 0.28 � 0.31 0.19

Motile (M/ml) 1.02 � 2.32 0.52 � 0.45 0.11

Slow (M/ml) 0.14 � 0.31 0.05 � 0.05 0.09

Motion parameters

Straight-line velocity (VSL) (μm/s) 18.60 � 5.74 10.85 � 5.74 0.05*

Curvilinear velocity (VCL) (μm/s) 28.12 � 21.79 16.40 � 8.67 0.05*

Average Path Velocity (VAP) (μm/s) 20.83 � 16.14 12.15 � 6.43 0.05*

Length of Straight-Line Path (DSL) (μm) 2.80 � 2.17 1.63 � 0.86 0.05*

Length of Average Path (DAP) (μm) 3.13 � 2.43 1.83 � 0.97 0.05*

Amplitude of Lateral Head Displacement (ALH) (μm) 0.98 � 0.76 0.57 � 0.30 0.05*

Beat Cross Frequency (BCF) (Hz) 7.45 � 5.77 4.35 � 2.30 0.05*

Linearity (LIN) (%) 37.06 � 28.72 21.62 � 11.44 0.05*

Straightness of Trajectory (STR) (%) 50.05 � 38.78 29.20 � 15.44 0.05*

Wobble (WOB) (%) 41.50 � 32.16 24.21 � 12.81 0.05*

Morphology

Bent tail (%) 1.20 � 1.12 2.93 � 4.04 0.30

Coiled tail (%) 9.22 � 10.95 5.61 � 7.41 0.48

Distal droplet (%) 2.27 � 2.28 6.84 � 5.01 0.05*

Proximal Droplet (%) 19.36 � 18.28 25.04 � 15.84 0.56

*p ¼ 0.05 is statistical significance at 95% confidence interval.
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3.5. Follicle-stimulating hormone, luteinizing hormone, and total
testosterone levels

Serum levels of FSH were significantly higher in the EMR group
(26.96 � 8.07) international units per milliliter (IU/ml) than in the
control group (13.44 � 6.38 IU/ml) at p ¼ 0.01. There was no
4

significant difference in LH (p ¼ 0.32) and total testosterone concen-
tration (p ¼ 0.18) between the groups. However, the mean concentra-
tion of LH (9.17 � 4.59 IU/ml; control vs. 12.58 � 7.30 IU/ml; EMR
group) and total testosterone (1.44 � 0.77 IU/ml; control vs. 2.30 �
1.38 IU/ml; EMR group) was slightly higher in the EMR group
(Figure 3).



Figure 2. Effect of 150 kHz IF EMR on testicular histomorphology of male rats. Photomicrograph showing seminiferous tubules (ST) with flattened cells that contract
to move sperm (a) control and (b) IF EMR-exposed group of rats. Both groups show normal spermatogenesis (Haematoxylin and Eosin stain; magnification, �100). The
Sertoli cells (arrows) and interstitial cells (I) seminiferous tubule (ST) of the control (c) and exposed (d) group showed a typical with the usual arrangement of germinal
epithelium (GE) and spermatozoa (SP) (Haematoxylin and Eosin stain; magnification, �200).

Table 4. Effects of 150 kHz IF EMR on the testicular morphometry of male rats (n
¼ 7).

Parameter Control group
Mean � SD

EMR group
Mean � SD

p-Value

Mean diameter of seminiferous
tubule (ST) (μm)

27.52 � 2.39 25.38 � 3.07 0.17

Mean diameter of ST lumen (μm) 61.48 � 24.42 70.86 � 15.86 0.41

Mean diameter of Germinal
Epithelium (μm2)

25.23 � 4.65 31.36 � 3.41 0.35

No. of interstitial cells/1000/μm2 5.33 � 0.56 4.47 � 0.48 0.01*

*p < 0.05 is statistical significance at 95% confidence interval.

Table 5. Effect of 150 kHz IF EMR on the testicular biopsy score in male rats
(Johnsen, 1970) (n ¼ 7).

Group Biopsy Score

9 9–10 10

Control (NA) 2 3 2

EMR group (NA) 2 1 4

NA-number of animals.
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4. Discussion

Male reproductive functions may be affected by EMR through three
mechanisms: an EMR-specific effect, a thermal molecular effect, or a
combination of both effects [22].

In this study, no differences in body mass were observed between the
two groups of rats, but the testicular mass was reduced in the EMR group.
Similar studies showed no changes in body weight in rats [14] and both
5

body and testicular weight in mice [12]. However, a reduction in
testicular weights was reported in rats exposed to a low frequency (LF) at
50 Hz horizontal electric field [23]. The reduction in testicular weights
observed in the present study could be caused by thermal effects due to
oxidative stress or by induced germ cell apoptosis due to IF EMR
exposure.

The heat generated by IF EMR exposure can increase body tempera-
ture by 1 �C [24], which may affect the testes and lead to decreased
sperm production. However, no significant changes in rectal temperature
were observed in this study. A significant increase in FSH with rapid
regression of germ cells was reported when male rats were exposed to
heat [25].

In this study, exposure to IF EMR was performed on sexually mature
animals (8–12 weeks old), and sperm analysis was performed after 8
consecutive weeks (56 days) of exposure. Since the duration of sper-
matogenesis in rats is 54 days [19], it can be assumed that all the eval-
uated spermatozoa were exposed to IF EMR for the entire duration of
spermatogenesis. However, sampling was performed once at the end of
the study, so the study can only cover one complete spermatogenesis
cycle within the study duration, which is considered a limitation of this
study.

Rodents are considered the best model to study environmental effects
on reproduction due to their high fertility rates and short gestation pe-
riods [26]. Spermatogenesis is a very complex process and represents one
of the most dramatic examples of cellular proliferation and differentia-
tion in any mammalian organ system [27].

Successful fertilization depends on the male animal having a suffi-
cient number of sperm [28]. This study showed that mean sperm con-
centration was lower in the EMR group was than in the control group but
not statistically significant. This result is also supported by the normal
histology observed in the EMR group.



Figure 3. Effect of 150 kHz EMR on Testosterone, Follicle Stimulating Hormone (FSH) and Luteinising hormone (LH) level of male rats.
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Sperm motility is an important element of male fertility [29].
Increased sperm motility was reported in mice to 7.5 kHz MFs at 120 μT
exposure [12]. In another report in humans with exposure to 50 Hz MFs
at 5 mT, increased spermmotility was reported after 2 h of exposure, and
the increased motility persisted for 21 h after the end of the 3 h exposure
period [29]. However, in the present study, the mean values of sperm
motility parameters were lower but not statistically significant. This
could be due to the higher frequency used in the present study than in
other previously reported studies. The mechanism behind the regulation
of sperm motility is not well understood, but motion requires energy and
published evidence suggests that mitochondrial oxidative phosphoryla-
tion plays a key role in mediating the effect of 50-Hz square wavelength
EMF on sperm motility [29, 30].

The decrease in sperm motility parameters has been demonstrated in
various experiments with radiofrequency electromagnetic radiation (RF-
EMR) exposure. As RF EMR is known to have the ability to induce
oxidative stress, characterized by excessive generation of reactive oxygen
species (ROS) that overwhelm the intrinsic cellular antioxidant capacity,
in a variety of tissue types. In the current study, a borderline decrease in
sperm motility parameters like VSL, VCL, VAP, DSL, DAP, ALH, BCF, LIN,
STR, and WOB was observed in the EMR group (p ¼ 0.05). could be due
to oxidative stress but IF EMR does not contain enough energy to cause
major changes other than the heating effect. There is a possibility that the
heating effect triggers chain reaction effects, which could be the possible
reason for the decrease in sperm motility parameters.

The frequency of spontaneous changes in sperm morphology is
generally low and the percentage of normal sperm ranges from 78% to
85% [31]. An increase in the frequency of sperm abnormalities is
considered to indicate germ cell damage. In the present study, no adverse
effects on sperm morphology and abnormal sperm count were observed
between the groups. However, a borderline significant increase in the
distal cytoplasmic droplet (p ¼ 0.05) was observed in the EMR group.
Spermatozoa mature and acquire the ability to fertilize ova during their
transit through the epididymis. The cytoplasmic droplets migrate from
the proximal position down the tail to the midpiece or distal position
where they mature and are released. This usually occurs just before the
spermatozoa enter the cauda epididymis. Ejaculates showing high
numbers of spermatozoa with distal cytoplasmic droplets usually indicate
that the time spent by the spermatozoa in the epididymis has decreased
or, conversely, the time required for their normal maturation has
increased. In the present study, the sperm was collected from the
epididymis and not from ejaculation. Therefore, the increased distal
droplets in the present study may be due to the normal ongoing matu-
ration process in the epididymis and may be considered less severe as we
could not determine the time spent by the spermatozoa in the
epididymis.

The present study showed no significant change in testicular structure
and histometric parameters, which was also confirmed by Johnsen's
testicular biopsy score. However, a significant decrease in the number of
interstitial cells was noted, which could be due to apoptosis and cellular
depletion. This decrease may be correlated with the decrease in testicular
6

weights, but the mean total testosterone produced by the interstitial cells
did not vary significantly between the groups. There are no previous
reports on the effect of IF EMR exposure on testicular histology and
histometry. However, variable results ranging from no change to major
structural changes in testicular histology have been reported for LF
exposure [22] and various RF exposures (depending on frequency and
exposure time) in rats [32, 33].

There is no previous report on the effects of IF exposure on serum
gonadotrophic hormones. The production of FSH is dependent on the
pulsatile release of gonadotropins controlled by the feedback loop of the
hypothalamic-pituitary-gonadal (HPG) axis. Stimulation is determined
by the negative feedback of testicular inhibin B secreted by Sertoli cells
[34], and alteration of the testicular feedback signal leads to changes in
the production of FSH and LH in males. The significant increase in FSH in
the present study may be due to changes in negative testicular feedback
due to a decreased spermatogenic activity in the EMR group, which could
lead to accelerated release of gonadotropin-releasing hormone (GnRH)
[35]. Another possible reason for increased FSH in the present study may
be increased gonadotropin production at the hypothalamic level due to
EMR exposure. However, a previous study showed that exposure to
low-frequency EMR did not affect the regulation of the HPG axis in rats
[36], but high FSH levels are often associated with high-dose radiation
[37]. In another study, a significant increase in FSH levels with rapid
germ cell regression was observed in male rats exposed to heat [25].
However, we could not conclude the reason for the increased FSH level
because there were no changes in rectal temperature and the statistically
insignificant low mean sperm concentration, and no significant change
histometric data of the germinal epithelium in this study. In addition, we
did not investigate the effects of EMR radiation on the HPG axis at this
frequency. Thus, further studies are needed to find an explanation for the
increased FSH.

The FSH fluctuations could directly affect Sertoli cells, which in turn
affects spermatogenesis because Sertoli cells regulate spermatogenesis.
In this study, a slight decrease was observed only in interstitial cells, i.e.,
stromal cells, and not in germ cells. Therefore, FSH may not be the cause
of the decrease in interstitial cells. However, FSH may indirectly affect
the number of interstitial cells, which is mediated via interstitial
androgen receptors through paracrine factors from Sertoli cells, as
observed in mice [38]. We were unable to establish the relationship
between the significant increase in FSH and the concomitant decrease in
interstitial cells, which requires further investigation at the receptor
level. Furthermore, the decrease in interstitial cells in the present study
did not affect testosterone production, which in turn may be due to the
increased LH that stimulates interstitial cells to produce testosterone.
Increased levels of gonadotrophic hormones result in improved sexual
maturation and improved sperm production and libido in males. Expo-
sure of male mice to an electric field has been shown to improve copu-
lation rates with superovulated females, although plasma concentrations
of testosterone and luteinizing hormone do not increase [39]. In the
current study, sperm production did not change significantly; however,
the sexual behavior of the rats was not assessed in the study.
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Few previous studies have addressed the possible negative effects of
IF on male fertility. Rats exposed to 20 kHz, 0.2 mT and 60 kHz, 0.1 mT
MF for 22 h/d for 14 days showed no exposure-related changes in body
weight, reproductive tissue weights, epididymal sperm count, motility,
or sperm morphology [14]. There were no exposure-related effects on
spermatogenesis or other signs of reproductive toxicity when male rats
were exposed to 10 kHz IF MF at 0.095, 0.24, and 0.95 mT for 20–23.5
h/d for 45 days [13]. Male mice exposed to 7.5 kHz MF at 12 and 120 μT
for 5 weeks showed no adverse effects on indicators of male fertility [12].
The current study is also in agreement with these three studies in that no
adverse effects were observed on most parameters of male fertility.
However, in the present study, in which rodents were exposed to the
highest IF EMR levels reported to date, increased gonadotrophin hor-
mone levels and reduced testicular weights were observed. The results of
these studies suggest that if fertility is affected by IFs, such effects do not
occur at wavelengths from�7.5 kHz to 60Khz. But 150kHz IF EMR shows
some changes in the parameters such as testicular weights, FSH hormone
levels, number of interstitial cells and sperm movement trajectories.
These changes could be wavelength-dependent, but further work is
needed to confirm this. Therefore, including the current study, five
different IF MF frequencies (7.5, 10, 20, 60 and 150 kHz) and magnetic
flux densities ranging from 12 to 950 μT have now been tested in rodents
to measure effects on male fertility parameters.

5. Conclusion

Whole-body exposure of IF EMR to 150 kHz for 8 weeks had no
adverse effects on body weight, rectal temperature, and testicular his-
tology of male rats. However, there was a significant decrease in testic-
ular mass and interstitial cell count/1000 μm2. There was a significant
increase in follicle-stimulating hormone and a slight increase in testos-
terone and luteinizing hormone concentrations in the EMR group
compared with the control group. There was a borderline significant
decrease in sperm motility (p ¼ 0.5), and the percentage of distal and
cytoplasmic droplets (p¼ 0.5). However, more detailed studies should be
performed to build on this study to understand the increased hormonal
levels.
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