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ARTICLE INFO ABSTRACT

Keywords: Long-term use of cell phones emitting electromagnetic fields (EMFs) have raised concerns regarding public
Electromagnetic field health in recent year. We aimed to investigate the possible effects of 900 MHz EMF exposure (60 min/day for 28
Immunohistochemistry days) on the rat testis. Another objective was to determine whether the deleterious effect of EMF radiation would
SuPemXid‘e dismutase be reduced by the administration of thymoquinone (TQ) (10 mg/kg/day). Twenty-four male adult Wistar albino
;:Zmoqumo“e rats were randomly selected, then assigned into four groups as followControl, EMF, TQ and EMF + TQ.
Testis Testicular samples were analyzed using histological, stereological, biochemical and immunohistochemical

techniques. Total numbers of primary spermatocytes and spermatids as well as Leydig cells were significantly
decreased in the EMF group compared to the Control group (p < 0.05). In the EMF + TQ group, the total
number of primary spermatocytes was significantly increased compared to the EMF group (p < 0.05).
Superoxide dismutase (SOD) activity was significantly increased in the EMF group compared to the Control
group (p < 0.05). Also, serum testosterone levels and wet weight of testes were significantly decreased in the
EMF group compared to the Control group (p < 0.05). Our findings suggested that exposure to a 900 MHz EMF
had adverse effects on rat testicular tissue and that the administration of TQ partially mitigated testicular oxi-

dative damages caused by EMF radiation.

1. Introduction

Exposure to the electromagnetic field (EMF) emitted from cell
phone has increased over the last decade (Sharma et al., 2015). Re-
searchers are therefore interested in looking for the relationship be-
tween health risk and exposure to EMF emitted from cell phones.

The impact of EMF on living organisms depends on various factors.
For example, body mass index, body weight, bone density, water and
electrolyte levels can all modify conductivity and biological reactivity
to EMF (Tabrah et al., 1998; Vesselinova, 2015). Previous studies have
shown that EMF exposure causes a significant weakening of antioxidant
enzyme activity in living organisms, followed by the formation of re-
active oxygen species (ROS) (Narayanan et al., 2014). Overproduction
of ROS can result in oxidative damages to protein, lipid and DNA in
single nucleated cells of human peripheral blood (Lu et al., 2012). EMF
radiation also can induce change in genomes, spatial memory, male and

female reproductive systems, kidney and hippocampal pyramidal cells
(McCann et al., 1998; Guney et al., 2007; Bas et al., 2009; Hanci et al.,
2018; Ulubay et al., 2015; Tang et al., 2015). Detrimental effects of
EMF exposure have been observed in embryo organogenesis and brain
cell development as well as the reproductive potential of female rat
pups (Sonmez et al., 2010; Tenorio et al., 2011). Other studies have
reported alteration of gene expression and single- and double-stranded
deoxyribonucleic acid (DNA) breaks in response to EMF exposure
(Svedenstal et al., 1999; Zalata et al., 2015). Testis can be one of the
target organs affected by exposure to EMF (Oh et al., 2018). This pos-
sibly is due to the antioxidant capacity and susceptibility to oxidative
stress of testis (Hanci et al., 2018).

Cell phones are usually carried by men on the belt close to the re-
productive organs. In addition, occupational exposure to EMF radiation
is also increasing in adults owing to working condition. Thus, the po-
tential risks caused by EMF radiation can be the subject of considerable
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research in adults. The Global System for Mobile Communications
(GSM) standard operates on various carrier frequencies, but the stan-
dard for cell phones that operates in 900 MHz frequency is the most
popular (Odaci et al., 2008). Therefore, our research was conducted on
the rats at 900 MHz wave frequency.

Thymoquinone (TQ) (C10H1002, 2-isopropyl-5-methyl-1,4-benzo-
quinone) is a bioactive molecule of Nigella Sativa (Dehkordi and
Kamkhah, 2008). The therapeutic roles of TQ are mainly related to its
antioxidant, neuroprotective, anti-inflammatory, anti-viral, anti-al-
lergic, anti-carcinogenic and anti-diabetic effects (Ashraf et al., 2011).
Numerous studies have investigated the beneficial criteria of TQ (Goyal
et al., 2017; Aras et al., 2015). In testicular tissues, TQ plays a pro-
tective role via its anti-inflammatory and antioxidant properties, which
alleviates oxidative stress and histological damages (Fouad and Jresat,
2015; Gokee et al., 2010). Ayan et al. (2016) reported that the ad-
ministration of TQ caused a decrease in the apoptotic index in testicular
cells exposed to oxidative stress. Literatures have been documented that
TQ at a dose of 10 mg/kg/day has been considered as a safe substance
against cellular toxicity (Goyal et al., 2017). Therefore, TQ is increas-
ingly being investigated for its therapeutic properties.

The incidence of infertility after EMF exposure has gradually in-
creased in recent years (Sharma et al., 2015; Kaplan et al., 2016;
Yahyazadeh et al., 2018). We decided to investigate the effects of
900 MHz EMF on the rat testes and to determine the potential protec-
tive efficacy of TQ on testicular tissues after exposure to EMF.

2. Material and methods
2.1. Animals and experimental protocol

Twenty-four adult male Wistar albino rats (200g in weight, 12
weeks old) were used in the present study. Ethical approval of our study
was granted by the Ondokuz Mayis University Laboratory Animal
Ethical Committee (2013/66). Rats were obtained from the Ondokuz
Mayis University Medical Faculty Experimental Animal Research and
Application Centre (Samsun, Turkey). The rats were randomly selected
and housed in plastic cages. All rats were randomly allocated into four
equal groups (n = 6 per group). During the experiment, all animals
were kept in a 720:720-min day/night cycle at a temperature of
22 + 2°Cand humidity of 50 *= 5 %. All animals had ad libitum access
to water and food. The applications during the 28 day experimental
period and the main study groups are described below:

1 Control group: Rats were not exposed to 900 MHz EMF or treated
with antioxidant substances during the 28 day experimental period.

2 Electromagnetic field exposure (EMF) group: Rats were exposed to
900 MHz EMF for 60 min/day during the experiment period.

3 Thymoquinone (TQ) group: Rats were treated with TQ (10 mg/kg/
day; via the oral route; Sigma-Aldrich, St. Louis, MO, USA) for 28
days (Aras et al., 2015).

4 Electromagnetic field exposure + Thymoquinone (EMF + TQ)
group: Rats were exposed to 900 MHz EMF for 60 min/day and
treated with TQ (10 mg/kg/day via the oral route; Sigma-Aldrich,
St. Louis, MO, USA) during the experiment period.

At the end of the experiment, cardiac perfusion was applied to all
rats under anesthesia by the injection of a 5:1 ratio of ketamine/xyla-
zine (ketamine: 0.5 ml; 60 mg/kg body weight, Sigma Chemical Comp,
St. Louis, MO, USA)(xylazine: 0.1 ml; 5 mg/kg Sigma Chemical Comp,
St. Louis, MO, USA). After dissection, testes were immediately removed
and weighed on an electric balance (Precisa, BJ 410C, Istanbul,
Turkey).

2.2. Electromagnetic field exposure system and procedure

The procedure of EMF exposure was carried out as described by
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Ulubay et al. (2015). A 900 MHz continuous wave (CW) electro-
magnetic energy generator [CW and GSM pulsed wave signal (CDMA
217 Hz pulse)] was used at a peak specific absorption rate (SAR) of
2W/kg and average power density of 1 + 0.4mW/cm? (Koyu et al.,
2005). The generator was manufactured by the Electromagnetic Com-
patibility Laboratory of Suleyman Demirel University, Turkey. The lo-
calized SAR values were determined by numerical calculations (Sirav
and Seyhan, 2011). We also measured power density of generator using
an EMF meter (Holaday Industry Inc., Adapazari, Turkey). The mono-
pole antenna connected to the generator was located perpendicular to
the center of the round plastic cage to ensure a uniform distribution of
electric field (Koyu et al., 2005). An 1 cm diameter air hole was devised
on the lid of the plastic cage to reduce stress (Bilgici et al., 2013). Rats
were arranged adjacent to each other at a 1cm distance with their
heads in the antenna direction. Subsequently, rats were exposed to EMF
radiation.

2.3. Histological study

Testicular tissues were fixed in 10 % formalin, then subjected to
routine tissue processing including dehydration, clearing, infiltration
and embedding. A pilot study was performed on testicular samples to
determine the sampling strategy. Under this strategy, testicular paraffin
blocks were cut into a series of sections using the systematic random
sampling technique via a rotary microtome (Leica RM2125RT(. Every
7th 20-um section was employed for stereological analysis. 7-um sec-
tions also were obtained from the same testicular tissue blocks for
histopathological and immunochemistry examination. Finally, all slides
were stained with hematoxylin-eosin (Bancroft et al., 1994).

2.4. Anti-DCXR antibody

Dicarbonyl L-xylulose reductase (DCXR) has various functions in the
body (Lee et al., 2013). DCXR protein as a marker of sperm maturation
plays a critical role in fertilization (Ebert et al., 2015). An anti-DCXR
antibody kit (ab154290; KiMERA Medical Laboratory Supplies, Is-
tanbul, Turkey) was used to indicate the immunohistochemical staining
of DCXR protein on sperms. First, sections were treated with 3 % H,0,
for 15min, followed by the SuperBlock blocking buffer (ScyTek La-
boratories, SitoGen Biomedikal Ltd., istanbul, Turkey) for 7 min to
eliminate non-specific immunoreactivity. These sections were in-
cubated with anti-DCXR antibody (ab154290; Rabbit polyclonal, Ki-
MERA Medical Laboratory Supplies, Istanbul, Turkey) diluted 1/1000
in citrate buffer at 37 °C for 2 h. Subsequently, sections were washed in
PBS buffer three times for 5min, then treated with biotinylated sec-
ondary antibody (ab93705; KiMERA Medical Laboratory Supplies, Is-
tanbul, Turkey) for 30 min. Streptavidin peroxidase (ab93705; KiMERA
Medical Laboratory Supplies, Istanbul, Turkey) was then applied for
20 min in order to observe the primary antibody-bound biotin. Sections
were incubated with AEC (3-amino-9-ethyl carbazyl) chromogen
(ab93705; KiMERA Medical Laboratory Supplies, Istanbul, Turkey).
Finally, after counterstaining the sections with Mayer’s hematoxylin,
proportion of positive staining of sperms was analyzed using a light
microscope (Leica, LDM 4000, Wetzlar, Germany) (Liu et al., 2002).

2.5. Stereological analysis

Stereological analyses were performed using the Stereo Investigator
9.0 software package (MFB Bioscience, Colchester, VT, USA) and a
modified light microscope. Based on a pilot study, we determined the
best sampling and counting strategy as well as the point density of the
point-counting grid (Gundersen et al., 1988). Sections 20-um thick were
used to calculate the mean testicular volume and total number of cells.

2.5.1. Estimation of mean testicular volume
The Cavalieri method was used to estimate the mean testicular
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volume (Altunkaynak et al., 2016a,b, 2019). First, the contour of the
regions of interest was traced at a magnification of 5 x . We then su-
perimposed the point-counting grid over the delineated area. The area
of each section was automatically computed using the following for-
mula:

Area(A) = a(p) x Z P

where “a(p)” is the point interval area, and “XP” is the total number of
hitting points on each section. The mean volume of each section then
was calculated as:

Volume(V)) = tx A

Where “V;” is the mean volume of each section, “t” is the thickness of
the section plus the determined interval, and “A” is the sectional area.
Finally, the total volume of each testis was computed using the formula
below:

TotalV=V; + V, + ..V,

2.5.2. Estimation of total numbers of spermatids, primary spermatocytes,
spermatogonia, Leydig and Sertoli cells

The total number of cells was estimated by means of the optical
fractionator (Yahyazadeh and Altunkaynak, 2019a). All sampling
fractions were selected using the systematic random sampling method.
The optical fractionator sampling scheme was also determined based on
a pilot study. According to the counting rule of the optical fractionator,
the unbiased estimation of the total cell numbers was performed as
follow:

1 1 1

N=2.Q o5 ase TSP
where “N” is the total number of cells, “%Q” is the total number of
counted dissector cells, “ASF” is the area sampling fraction, “SSF” is the
section sampling fraction, and “TSF” is the thickness sampling fraction.

A coefficient of error value was calculated to determine the ade-
quate number of cells in each animal (Gundersen and Jensen, 1987;
Yahyazadeh and Altunkaynak, 2019b). CE was also validated with a
pilot study. Additionally, statistical power analysis indicated that the
number of animals in each group was adequate for this experimental
study. The power was calculated using G*power software (version
3.1.9.4).

2.6. Biochemical analysis

2.6.1. SOD assay

Superoxide dismutase (SOD) is an endogenous antioxidant enzyme
in biological systems. We used SOD assay kit (Cayman Chemical Co.,
Ann Arbor, MI, USA) to measure the serum levels of SOD using the
colorimetric method. All biochemical test procedures were applied in
accordance with the manufacturers' instructions. Briefly, 200 pl of di-
luted radical detector and 10l of SOD standard were added to the
wells of a plate. Subsequently, 10 pl of each sample was placed into the
sample wells, followed by adding 10 pl of xanthine oxidase to initiate
the reaction. The plate was shaken, then incubated for 30 min at room
temperature. Finally, the wells were read at 440 nm using a UV-vis
spectrophotometer (Shimadzu UV-MINI 1240; Shimadzu; Istanbul,
Turkey).

2.6.2. Testosterone assay

Serum testosterone level was measured using a testosterone EIA kit
(Cayman Chemical Co., Ann Arbor, MI, USA) according to the manu-
facturer's instructions. Briefly, all reagents and samples were added to
the wells of the ELISA plate, then covered with plastic film to develop in
the dark for 60—90 min. Finally, plate was read at a wavelength of
420 nm.
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Table 1
Quantitative values of wet weight and mean volume of testes in all groups.

Groups Testis weight (g) Mean testicular volume (cm®)
Control 1.78 £ 0.07 2.6 = 0.08
EMF 1.54 £ 0.03* 2.2+0.12
TQ 1.77 * 0.05 2.5+ 0.11
EMF +TQ 1.68 + 0.04 2.3 £0.09

Data: means = SEM.
* significantly different from the Control group, p < 0.05, the number of
subjects (N) for each group: N = 6.

2.7. Statistical analysis

Statistical analysis was performed using IBM version 21.0 SPSS
software (SPSS Inc., Chicago, IL, USA). Since distribution of data was
normal in each group, One-Way ANOVA and the Bonferroni Post-hoc
test were applied to analyze the data. The results were expressed as
mean * SEM. P values less than 0.05 were deemed statistically sig-
nificant.

3. Results
3.1. Testicular wet weight

The wet weights of testes for all groups are summarized in Table 1.
We found a significant decrease in the testicular wet weight in the EMF
group compared to the Control or TQ groups (p < 0.05). By contrast,
there was no significant difference between the EMF group and the
EMF + TQ group.

3.2. Biochemical analysis results

Biochemical results are listed in Table 2. SOD level was significantly
increased in the EMF (p < 0.01) or EMF + TQ group (p < 0.01)
compared to the Control group. We found no significant difference
between the EMF and EMF + TQ groups. Also, SOD level was sig-
nificantly decreased in the TQ group compared to the EMF group
(p < 0.01).

We found a significant decrease in serum testosterone level in the
EMF group compared to the Control (p < 0.01) or TQ groups
(p < 0.01). To the contrary, there was no significant difference be-
tween the EMF and EMF + TQ groups.

3.3. Stereological results

The stereological data are listed in Tables land 3 . There was no
significant difference in the mean volumes of testes in the EMF group
compared to the Control, EMF + TQ and TQ groups.

We found no significant difference in the total number of sperma-
togonia between the EMF and Control groups or the EMF + TQ and
EMF groups.

The total number of primary spermatocytes was significantly de-
creased in the EMF group compared to the Control or TQ group

Table 2
Quantitative values of SOD enzyme activity and testosterone level in all groups.

Groups SOD activity (U/ml) Testosterone (pg/ml)
Control 0.10 + 0.009 438 + 17
EMF 0.19 = 0.013* 271 + 25*
TQ 0.11 £ 0.011 523 + 27
EMF +TQ 0.17 + 0.018 387 + 28

Data: means + SEM.

* significantly different from the Control group, p < 0.05, the number of
subjects (N) for each group: N = 6.
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Table 3
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Quantitative values of the total number (x 10*) of spermatogenic cells, Sertoli and Leydig cells in all groups.

Groups Spermatogonia Primary spermatocytes Spermatids Sertoli cells Leydig cells
Control 40.97 = 0.97 44.70 = 1.29 50.19 = 1.25 22.96 = 0.93 29.04 = 0.94
EMF 33.87 £ 0.81 35.37 £ 1.09* 42.38 £ 0.91* 19.09 = 0.50 22.83 £ 1.13*
TQ 41.32 = 1.05 4217 = 1.68 49.31 = 1.31 21.36 = 1.05 30.57 = 1.48
EMF +TQ 36.37 = 1.03 37.60 = 9.53** 46.68 = 0.87 19.97 + 0.58 27.50 = 0.99

Data: means + SEM.
* significantly different from the Control group.

(p < 0.01). We also found a significant increase in the total number of
primary spermatocytes in the EMF + TQ group compared to the EMF
group (p < 0.05). By contrast, there was no significant difference be-
tween the EMF + TQ group and the TQ and Control groups.

The total number of spermatids was significantly less in the EMF
group than the Control or TQ groups (p < 0.05). We also found no
significant difference between the EMF + TQ group and the EMF group.

We found a significant decrease in the the total number of Leydig
cells in the EMF group compared to the Control (p < 0.05) or TQ
(p < 0.01) group. To the contrary, there was no significant difference
in the total number of Leydig cells the EMF + TQ group compared to
the EMF group.

Our findings showed no significant difference in the total number of
Sertoli cells between the EMF and the Control or EMF + TQ groups.

3.4. Histopathological results

Testicular architectures appeared normal in the Control and TQ
groups (Figs. 1a, b and 2 a, b). To the contrary, remarkable structural
changes were observed in the testicular tissues of the EMF group. Some
regions

of seminiferous tubules exhibited vacuoles, separated

significantly different from the EMF group, p < 0.05, the number of subjects (N) for each group: N = 6.

spermatogenic cells from the tubule wall and absence of spermatogonia.
Numerous irregularly shaped and occasionally necrotic seminiferous
tubules were also detected. We also observed an absence of spermato-
genic cells, as well as disturbance in the interstitial tissue (Fig. 1c-f).
We found structural damages to testicular tissue in the EMF + TQ
group, but these were less than those of the EMF group (Fig. 2c-f).

3.5. Immunohistochemical analysis results

Positive immunohistochemical staining of spermatozoa was eval-
uated. Positive-stained spermatozoa  were  reddish-brown.
Immunohistochemical findings exhibited strong positive staining of
spermatozoa in the Control and TQ groups. By contrast, slight positive
immunohistochemical staining of spermatozoa was observed in the
EMF group. In the EMF + TQ group, TQ treatment partially improved
the proportion of DCXR-positive spermatozoa (Fig. 3).

4, Discussion

Exposure to EMF emitted by cell phones has a significant effect on
living organisms (Yahyazadeh and Altunkaynak, 2019b; Mokarram

Fig. 1. Light microscopic images of the testes in the Control (a
and b) and EMF (c-f) groups. ST; seminiferous tubule, LEY,
Leydig cells; rectangles; region of spermatogenic cell absence,
black arrowhead; absence of spermatogonia, +; seminiferous
epithelium separated from the tubule wall, *; seminiferous
tubules separated from each other, arrow; necrotic semi-
niferous tubule, circles; vacuoles, white arrowhead; irregular
shapes of seminiferous tubules, rectangles; absence of sper-
matogenic cells. Magnification: a and e, 50x; b, 400x; c and d,
200x; f, 100 X .




A. Yahyazadeh, et al.

Acta Histochemica 122 (2020) 151467

Fig. 2. Light microscopic images of the testes in the TQ (a and
b) and EMF + TQ (c—f) groups. ST; seminiferous tubule, SE;
seminiferous epithelium, INT; interstitial space, *; semi-
niferous tubules from each other, circles; vacuoles, white ar-
rowhead; irregular shapes of seminiferous tubules, rectangles;
absence of spermatogenic cells, +; seminiferous epithelium
separated from the tubule wall, black arrowhead; absence of
spermatogonia. Magnification: a and ¢, 50x; b and e, 200x; d
and f, 100 x .

et al., 2017; Kaplan et al., 2016). Also, EMF radiation can be harmful to legally limited to 2W/kg SAR (International Commission on Non-
animal and human fertility (Altun et al., 2018; Cetkin et al., 2017; La Ionizing Radiation Protection, 2010), and many have SAR values of
Vignera et al., 2012). The impact of EMF depends on various factors 1.4 W/kg (Agarwal et al., 2011).

such as frequency, exposure duration and power. Cell phones have been Our findings revealed that testicular wet weight was decreased in

Fig. 3. Immunohistochemistry with anti-DCXR antibody in the
Control (a), EMF (b), TQ (c) and EMF + TQ (d) groups. Arrow,
positive immunostaining of the spermatozoa; a and c, strong
immunostaining of the spermatozoa; b, slight immunostaining
of the spermatozoa; d; moderate immunostaining of the sper-
matozoa. Magnification: a-d, 200 X .
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the EMF group compared to the Control group. This may be due to a
decrease in spermatids and testosterone levels as well as change in
endogenous antioxidant enzymes (Sadik, 2008; Cormier et al., 2018).
Also, there is a relationship between testicular weight and function. The
complex processes of spermatogenesis and production of mature male
gametes may be affected by pathogenic agents (Agarwal et al., 2004).
Agarwal et al. (2011) reported that cell phones enhanced the produc-
tion of free radicals in the organism, then impaired testicular functions.
In agreement with our findings, Cetkin et al. (2017) documented that
exposure to an 890—915MHz EMF affected testicular tissue in the
Wistar albino rats, leading to testicular weight loss. The administration
of TQ also did not improve testicular weight loss in the EMF + TQ
group compared to the EMF group.

Our volumetric results showed no significant change in the mean
testicular volume between the EMF group and the Control group. This
suggests that exposure to 900 MHz EMF has no adverse effect on the
mean testicular volume.

We found that the total numbers of primary spermatocytes, sper-
matids and Leydig cells was lower in the EMF group compared to the
Control group. This may be attributed to oxidative stress and hormonal
changes caused by 900 MHz EMF. Oxidative stress caused by EMF ex-
posure may have resulted in genotoxicity and damage to spermatogenic
cells, disturbing spermatogenesis (Solek et al., 2018). Moreover, the
reduction in the production of testosterone level may cause death in
testicular cells (Hardy et al., 2005). Spermatogenesis is regulated by
neuroendocrine activity along the hypothalamus-pituitary-testis axis.
Environmental pollutants such as EMF can interfere with the neural and
endocrine system functions, then cause subfertility or infertility due to
impaired spermatogenesis (Gye and Park, 2012). Khillare and Behari
(1998) reported that EMF radiation may affect Leydig cells in testicular
tissue. Kesari et al. (2011) found that exposure to 900 MHz EMF for 2 h
daily led to an increase in ROS levels and sperm apoptosis in the male
rat. Guler et al. (2010) reported that EMF exposure also causes DNA
damage to germ cells in the mice testicular tissue and other studies have
reported that EMF induces spermatogenic cell death via activating
apoptosis in male rats (Luo et al., 2013; Bin-Meferij and El-Kott, 2015).
Gorpinchenko et al. (2014) documented that the rate of DNA frag-
mentation was increased in the first 2 h of exposure to EMF. They also
reported a decrease in Leydig cell number and an increase in apoptotic
cell number in Wistar rats. We observed a significant increase in the
total number of primary spermatocytes following administration of TQ
in the EMF + TQ group compared to the Control group. By contrast, TQ
treatment exhibited no protective effect on the total number of sper-
matids and Leydig cells. We found that TQ had a weak ameliorative
effect against cellular damage caused by EMF radiation.

Our biochemical analysis showed an increase in SOD activity in the
EMF group compared to the Control group. EMF radiation can cause
overproduction of free radicals, leading to oxidative stress (Kerimoglu
et al., 2018). The ability of EMF to induce oxidative stress may be due
to the high demand for oxygen in testicular tissue for spermatogenesis.
However, testicular tissue is sensitive to the toxic effects of reactive
oxygen metabolites. Several studies have reported a relationship be-
tween exposure to EMF and levels of SOD enzyme activity. Oyewopo
et al. (2017) reported that chronic exposure to EMF reduced SOD levels,
which results in disturbance in testicular function caused by oxidative
stress. Irmak et al. (2002) reported that SOD enzyme activity was sig-
nificantly increased after exposure to 900 MHz EMF in rabbits. We
found no significant difference in SOD level between the EMF group
and the TQ + EMF group; however, TQ did not improve SOD levels in
testicular tissue.

Our findings also revealed a decrease in testosterone levels in the
EMF group compared to the Control group. Testosterone levels can be
affected by various factors, such as oxidative stress and impairment of
Leydig cells. Hales et al. (2005) reported that high level of testicular
oxidative stress can disrupt the steroidogenic capacity of Leydig cells,
then lead to complications in production of testosterone levels. Also,
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reductions in testosterone level may have resulted from a failed re-
sponse to luteinizing hormone in damaged Leydig cells caused by EMF
(Sepehrimanesh et al., 2014). Some studies have suggested that ex-
posure to cell phones for 60 min/day for 3 months and 2h/day for 45
days significantly reduce serum testosterone levels in Wistar albino rats
(Meo et al., 2010; Kesari and Behari, 2012). We also found that TQ
treatment did not improve serum testosterone levels in the EMF + TQ
group compared to the EMF group.

Our histological and histopathological examination of testicular
tissues showed no structural alterations in the Control or TQ groups. In
the EMF group, histopathological abnormalities were most evident in
the interstitial tissue, seminiferous epithelium and tubules. Our finding
that exposure to EMF caused structural damages to testicular tissues is
consistent with the study reported by Al-Damegh (2012). Holdcraft and
Braun (2004) suggested a high level of testosterone that is essential for
maintaining the normal structures of seminiferous tubules. Accordingly,
a decrease in testosterone level may have led to morphological change
in testicular tissue. Administration of TQ in the EMF + TQ caused a
slight improvement in structural abnormalities compared to the EMF
group.

Our immunohistochemical study determined the activity of DCXR
proteins by applying anti-DCXR antibody to testicular tissue specimens.
Our finding that EMF caused slight positive staining of spermatozoa in
the EMF group is consistent with earlier report that exposure to EMF
impacted on the expression of DCXR protein and gene (Zalata et al.,
2015). Numerous studies have documented agents that play a crucial
role in altering the genetic material of the cell. Overproduction of ROS
can induce oxidative damage to the structure of the DNA bases and
sugars (Guler et al., 2010). Accordingly, impairment of the oxidative
balance due to ROS formation may lead to change in DCXR protein
expression (Fujii and Tsunoda, 2011). Kim et al. (2009) suggested that
60 Hz EMF caused apoptosis in spermatogenic cells in the mouse testis.
We also found that TQ slightly increased the number of positive stained
spermatozoa in the EMF + TQ group than the EMF group. This possibly
was due to weak antioxidant activity of TQ.

Natural antioxidants are thought to reduce the effects of oxidative
stress. TQ is capable of attenuating oxidative stress in the testicular
tissue (Ayan et al., 2016). To the best our knowledge, our study is the
first to evaluate the antioxidant activity of TQ against EMF exposure in
the rat testis. There are numerous studies that investigate the protective
effects of TQ, but their findings are inconclusive (Kanter, 2011). He-
weita et al. (2016) showed that TQ had no significant effect on testi-
cular toxicity in an animal model. Hossain et al. (2012) also reported
that a low level concentration of TQ caused growth stimulation in
cancer cells. Hence, further studies are required to investigate the
passible effect of other natural antioxidants on EMF-induced damages.

5. Conclusion

The present study investigated the protective effect of TQ on the rat
testis exposed to 900 MHz EMF. Our stereological and histopathological
findings showed that EMF radiation caused a deleterious effect on
testicular tissue. In addition, the administration of TQ exhibited partial
protection against testicular damages caused by 900 MHz EMF radia-
tion.
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