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ABSTRACT

Objectives: Spermatogenesis is a regular and lengthy process in which the function of
testicular cells may potentially be influenced by several extrinsic and intrinsic stressors,
including environmental factors such as magnetic resonance imaging (MRI) waves and

Online: radiation. Our study aimed to investigate the effects of MRI waves and fields on the

DOI105001/0mj2019.98 | testicular histology and morphometry of seminiferous tubules in mice. Methods: The

Kevivords: experiment was conducted on 40 adult Naval Medical Research Institute mice. The

M{m ctic }'{cs onance control group was located in the center of the MRI bore while it was turned off; while
ag

Imaging; Testis; Fertility; the exposed group was exposed to the active scanner for 36 minutes once a week for

Spermatogenesis; Seminiferous| three weeks. Our study included four groups: group I (control group at one hour after
Tubules; Mice. last exposure), group II (experimental group at one hour after last exposure), group
III (control group at 35 days after last virtual exposure), and group IV (experimental
group at 35 days after last exposure). We then assessed the tube and lumen diameters,
as well as epithelium thickness of the seminiferous tubules. Results: Our data showed
that MRI waves partially reduced testicular weight one hour after the last exposure
(group II) compared to group I (p = 0.240). On the other hand, in group II the
Johnson’s score (score 10, complete spermatogenesis and perfect tubules) was 87.5%
which was slightly less than recorded in groups I, III, and IV (91.4%, 92.2%, and 90.5%,
respectively). Furthermore, the MRI in group II revealed induces vacuolization in the
epithelium, arrest in primary spermatocytes in the pachytene stage as well as disruption
in the testicular parenchyma. Conclusions: Long-term exposure to MRI waves has
deleterious effects on the male reproductive system, fertility parameters, and the quantity
of germ cells in the seminiferous tubules with the exception of the number of round
spermatid cells and epithelial thickness. All these effects were reversible after a new period
of spermatogenesis.

permatogenesis is a highly synchronized,
regular, and lengthy process in which sperm
are formed from germ cells which gradually
differentiate into mature and haploid cells
called spermatozoa."” During this process, sperm
become sensitive to several extrinsic and intrinsic
stressors, including a variety of diseases, hormonal
disorders, genetic factors, and mutagen processes.>*
According to previous statistical findings, 35% of
infertility cases are related to men while 40% are
related to women. The most common reason for male

infertility is their inability to produce enough healthy
and active sperm cells.** Exposure to external factors
before and after birth and during the newborn stages
could jeopardize their infants and their productive
ability.® These factors could have an impression on
spermatogenesis, spermiogenesis, sperm motility,
sperm chromatin, and changes in DNA integrity
as well as hormonal regulation in fertility.”® During
the past decades, there has been a marked decline in
sperm quality and fertility. Therefore, it is obvious
that sperm quality is affected by changes, which
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are rooted in toxic agents that exist in the human
environment.® A wide range of wavelengths are today
emitted via radar, communication instruments,
mobile phone base stations, high voltage lines, TV
and radio transmitters, the electrical substations,
and electrical devices at home and work such as
a phones, computers (laptops), or flashlights.”
Furthermore, the electromagnetic spectrum ranges
in very broad frequency, which include very low
frequencies, radiofrequency (RF) and infrared,
ultraviolet radiation, X-rays, and gamma rays.*'*!!
Magnetic resonance imaging (MRI) as a new
imaging method, due to lack of ionizing radiation,
high spatial resolution, and low scanning time is
one of the best diagnostic systems to survey and
monitor the status of various diseases and provide
valuable information about anatomical structure,
as well as the physiological and metabolic status
of organs.”” In this method, the three main fields
include the main magnetic field (BO), the RF and
various magnetic field gradients with interval time to
produce images inside the body." Triple-frequency
fields depend on the type of system, for example,
the 0.5 Tesla system uses 21 MHz RF waves and
the 1.5 Tesla system uses 64 MHz.'>"> MRI hazards
can occur as a negative feedback of any of these
fields. Although the biological effects of these fields
have been studied separately in many literature
reports, but information about the potential risks
of combining all three fields on tissue is low.'*!*
Several studies have reported the effects of each of
these fields on biological tissues. A steady field can
cause a delay in growth and withdrawal of calcium
from the neural membranes, and prevents normal
metabolism.”>'® RF fields can also increase the
permeability of the blood-brain barrier, produce free
radicals, ionic transport, chromosomal aberrations,
and changes in some membrane proteins within the
cell.®"”Among the biological effects of the time-
varying gradient field (TVMEF), stimulation of the
cardiac conduction system and the peripheral nerve
have been mentioned.'® According to the reports of
experiments that were conducted on animal models,
waves of MRI 0.35 Tesla to the mice in the middle
of pregnancy could reduce the crown-rump length
(CRL) of the embryo." Exposure to B0 and TVMF
has no negative effect on mortality, the amount of
hatching, and survival chick embryos in one study.”
However, exposure of 1.5 Tesla can significantly
increase the abnormalities and mortality of embryos

at the sixth day after exposure.”® Other researchers
also reported that the exposure of pregnant mice
by utilizing a constant magnetic field of 4.7 Tesla
for eight hours on days nine and 12 of pregnancy
reduces fetal weight, the number of sperm, and CRL,
while the rate of stillbirth increased.”* Another study
reported that MRI exposure (1.5 Tesla) resulted in
eye abnormalities during development between 15
to 27% higher than the control group.*’ According
to previous studies, each of the fields used in MRI
caused some destructive bio-effects on organisms.
The amount of negative feedback of these effects
depend on field strength, exposure time, frequency,
and the tissues tested.">** According to the law of
Bergonié¢ and Tribondeau young, fundamental
and immature cells are more sensitive to radiation,
particularly during division.”® Since high-volume
imaging assays have increased around the world,
unnecessary MRI requests for patients have been
enhanced. Also, numerous people such as equipment
engineers, medical imaging researchers, technical
operator during injection of contrast media, the
surgeons involved in carrying out a test are irradiated
in all three MRI fields. Thus, the main purpose of
this study was to investigate the effects of MRI
on testicular histology and the morphometry of
seminiferous tubules in mice.

METHODS
We used 40 adult Naval Medical Research Institute
male mice aged six to cight weeks weighing
30.0£1.0 g, pathogen free. The animals were kept
under standard conditions of light, temperature
(25.0+2.0°C) and humidity (45-55%) for two
weeks (12 dark/light cycle), and were allowed
to have free access to food and water ad libitum.
All procedures were performed according to the
guidelines of the Ethical Committee of Kurdistan
University of Medical Sciences, Sanandaj, Iran.
The mice were randomly divided into two groups,
20 were exposed and the other 20 mice were sham
exposed and kept in the off-set MRI scanner (mice
did not receive any exposure and just the system
was on stand-by and at the same time remained
on the MRI bore). Mice were kept in a special
holder individually and fixed, then each mouse was
scanned separately under modified human imaging
parameters. Mice were exposed to a MRI system
over three weeks, once per week for 36 minutes
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Figure 1: (a) Placement and arrangement slice of mice
in the MRI machine. (b) Image after scanning signals
which indicate exposure of mice to form an image.

[Figure 1]. After one hour of exposure, 10 of the
sham mice were sacrificed (group I) as well as 10
exposed mice (group II). Thirty-five days later, 10
more mice from both the sham (group III) and
exposed group were killed (group IV). The exposure
time of 36 minutes was chosen as that is the duration
time to overcome any problems the patient may
have in the magnet room (i.e, claustrophobia,
tachycardia), and for the operator to install the coils.
In dynamic examination and contrast administration
tests this time is higher than 36 minutes [Table 1].2*
Furthermore, the MRI technician works 30 hours
in the MRI ward weekly, 56% of this time the
operator is exposed to both static magnetic field and
TVME? Thirty-five to forty minutes of exposure to
MRI fields to the heart caused DNA aberrations in
lymphocytes. Since the whole body was exposed to
time static magnetic field, the pelvis and gonads were
also exposed for 35-40 minutes.® Exposure to RF
waves from 1.5 Tesla MRI scanner for 36 minutes
to female mice on day seven of gestation reduced
the craniofacial perimeter and CRL in comparison
to the sham exposed animals.”” We used the MRI
scanner (Siemens Co., Magnetom ESSENZA,
Germany) with field strength of 1.5 Tesla and RF

Table 1: Modified parameters and pulse sequences for male pelvic imaging in mice by MRI scanner.

Sequences Scan type Imaging TE, TR,

plane ms ms
Scout GE Sagittal, 6 15

transverse,
and
coronal

GE with fat GE Transverse 4.1 148
suppression
GE with fat GE Sagittal 41 148
suppression
High Turbo SE Sagittal 132 4902
resolution
T2-
weighted
Turbo SE
High Turbo SE Transverse 132 4902
resolution
T2-
wei%hted
Turbo SE
Half Half Transverse 90 4.4
acquisition acquisition
Turbo SE Turbo SE
Half Half Coronal 90 4.4
acquisition acquisition
Turbo SE Turbo SE

FA, FOV, Matrix Slice Slices, NEX
degree cm size thickness, n
mm
30 45 x 45 256 %256 10 3 1
80 35x26 256 %256 8 20 1
80 35x26 256 %256 7 20 1
180 35x26 512x512 S 19 2
180 35x26 512x512 S 19 2
150 35x26 256 x 256 8 20 1
150 40 x 40 256 x 256 8 20 1

TE: echo time; TR: repeat time; FA: flip angle; FOV: field of view; GE: gradient echo; SE: spin echo; NEX (NSA): number of excitations

(ﬂhﬂlbﬁ" ({f&lgﬂtllﬂl/t’l‘tlgﬁ’&),
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Table 2: Qualitative assessment of fertility and the spermatogenesis process according to Johnson'’s scoring scale.

Features of seminiferous tubules

There is a large number of sperm but round sperm cannot be seen and the lumen has no regular contour.

Scores

1 Germ and Sertoli cells cannot be seen. Tubules are atrophic.

2 There are no germ cells, only Sertoli cells can be seen.

3 There are no primary spermatocytes. Just spermatogonia can been seen.

4 Very few primary spermatocytes can be seen.

5 There is no sperm and round spermatid. A large number of primary spermatocytes can be seen.
6 A few round spermatids can be scen.

7 There is no sperm; however, a large number of round spermatids are visible.
8 Sperm count is very low.

9

10

Full spermatogenesis, lots of sperm that are regularly rounded in the edge of the lumen.

range of 64 MHz to emit waves. During scanning,
the gradient intensity was 23 mI'/m and the specific
absorption rate (SAR) was 0.15 W/kg. The SAR
formula calculates absorbed energy in the exposed
body tissue and is given by: SAR = P (1/M) x (z/
TR) = 190 w (1/1.2 kg) x (4 ms/4000 ms) = 0.15
W /kg. In which P is pulse power (in watts), M is the
mass of the exposed material (in kg), 7 is the pulse
working factor (in milliseconds- ms), and TR is the
duration time of each pulse (in ms). According to
the Food and Drug Administration instructions,
in this condition the additional temperature will
not be transferred to the animal samples, because
temperature rise for whole body exposure occurs in
SAR range of 0.8 W/kg or higher.?®

Finally, the testes were evaluated for both
histological (light microscopy) and morphological
changes of the seminiferous tubules.

The animals were weighed using a digital scale
(Sartorius; model-BL210S) before being sacrificed.
Thereafter, the peritoneal cavity was opened and
their testes were weighed. Thus, at one hour and
day 35 after exposure, 10 mice in each group were
sacrificed by cervical dislocation and their testes
were removed from the abdominal cavity. The
samples were fixed in 10% formaldehyde buffer for
72 hours at room temperature followed by ethanol
before finally being embedded in longitudinal axis
into parafhin wax. The samples were then cut into 5
uM thick sections using a rotary microtome (Leitz,
Germany). Five slides were prepared from each testis
and were stained with hematoxylin and eosin (H&E
staining; Sigma, USA) for light microscopy. To
evaluate the maturity and quality of the seminiferous
tubules, Johnson’s method was used.” The Johnson
scoring scale evaluates the quality and maturity of

the tubule in each cross-section of the sample and
scores them from 1 to 10 [Table 2].

For the quantitative evaluation of seminiferous
tubules, agradedlinear eyepiece lens was used. Twenty
seminiferous tubules of each animal were randomly
selected from a round cross-section. In each animal,
20 cells were studied. Morphologically oriented,
spermatogonia, primary spermatocytes, round
spermatids, and spermatozoa in 20 seminiferous
tubules were counted per animal. Tubules which
were elliptical or had diagonal cutting were excluded.
The basal membrane of the tubules was calculated
from one hand to the other side of the basement. At
first, two perpendicular diameters were (minor and
major axes) calculated and followed by the means
of diameter in each tubule.®® Similarly, the mean of
diameters of the lumen of the seminiferous tubule
and epithelium thickness was measured using the
Image J software (Version-1.34, National Institute
of Health, and Bethesda, MD, USA).

For quantitative assessment, the ANOVA and
Tukey tests were used for follow-up (statistical
analysis) and the results are presented as number and
percentage. All statistical tests were performed using
SPSS Statistics (IBM Corp. Released 2010. IBM
SPSS Statistics for Windows, Version 19.0. Armonk,
NY: IBM Corp.). A p-value < 0.050 was considered
statistically significant.

RESULTS
We observed regular and integrated seminiferous
tubules, and the presence of all sperm cell lines in
the testes of group I mice. The basal membrane in the
seminiferous tubules was seen and spermatogonia
cell lines were found on them. In the interstitial tissue
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Figure 2: (a) Group I: The basal membrane of the seminiferous tubule is seen and sperm cell lines are

present. Leydig cells have a normal view in the interstitial tissue (hematoxylin and eosin (H&E) staining,

magnification = 400 x). (b) Group II: The diameter of the seminiferous tubules decreased slightly and

induced the partial tissue edema (H&E staining, magnification = 400 x).

of Leydig cells, cytoplasm acidophilic forms were
completely observed. Spermatogenesis was visible
and the arrangement of cells had a specific complete
form and were well-organized [Figure 2a]. In group
I1, we observed a slight edema and inflammation of
the tissues. There was a decrease in Leydig cells of the
amount of interstitial tissues, and their cytoplasm
was basophilic indicating a relative decrease in the
thickness of the epithelium, and sparse scattering
was associated with increasing interstitial space
[Figure 2b]. In groups III and IV, we observed intact
tubules and interstitial tissue with normal appearance,
and seminiferous tubules were observed regularly
and completely. All sperm cell lines were seen, and
the basal membrane in the seminiferous tubules
was normal and spermatogonia stem cells were on
it. The Leydig cells in the interstitial tissue were
observed to have a slightly acidophilic cytoplasm.
Spermatogenesis was visible and the proliferation of
spermatogonia increased during rest [Figures 3 a and
b].

The weight of mice testes at one hour after
the last exposure in group II partially decreased
compared with the control group (group I), but this
was not statistically significant [ Table 3]. Thirty-five
days after the last exposure, there was no significant
difference between the exposed and the control

groups (p = 0.730). Spermatogenesis in the control
and experimental groups was evaluated based on
Johnson’s scoring. The results indicated that in group
I, the spermatogenesis average total score (score 10)
was 9.1. The score in groups II, IIT and IV were 8.7,
9.3, and 9.0, respectively [ Table 3].

The results revealed that exposure causes
reduction in the number of spermatogonia in
group II compared with group I, but there was no
significant difference (p = 0.086). There was no cell
loss or destruction in primary spermatocytes and
round spermatid cell lines in group II compared to
group I (p = 0.610 and p = 0.470, respectively). In
group IV, the primary spermatocytes were partly

Table 3: Results obtained from Johnson scoring
and testicular weight after last irradiation in

the all groups. Data represented as means and
standard deviation.

Groups Histological qualitative parameters
Johnson’s scoring Testes weight, g
(max 10)
I 9.1+£0.2 0.11£0.01
II 87+04 0.10 £0.01
11 93108 0.1£0.1
0% 9.0+ 0.6 0.1+23

il i (lost Qaol



AYOoOB ROSTAMZADEH, ET AL.

549

Figure 3: (a) Group III: Seminiferous tubules and germinal epithelium with normal, regular and well-
organized size. The germinal epithelium in the seminiferous tubules is normal and desired, and all lines
of sperm and Sertoli cells are visible in the epithelium of the seminiferous tubule (hematoxylin and eosin
(H&E) staining, magnification = 400 x). (b) Group IV: Seminiferous tubules, sperm cell lines, and basal
membrane can be clearly seen (H&E staining, magnification = 400 x).

Table 4: The number of germ cells in the seminiferous tubules after irradiation by MRI in different groups.
Data represented as means and standard deviation.

Groups Germ cell lines
Number of Number of primary Number of round Number of spermatozoa
spermatogonia spermatocyte spermatid
I 3.0+0.6 57.0+£3.7 64.5+8.0 80.2+6.7
II 29+1.1 5S1.3+5.1 60.0+6.2 78.1+8.6
III 33+£1.0 56.5+2.7 644+5.1 80.0£5.2
10% 3.1£09 534+ 1.3 56.0+6.8 80.1+4.1

Table 5: Radiation effects from MRI on histcomorphological parameters in seminiferous tubules. Data
represented as means and standard deviation.

Groups Morphometrical parameters
Tube diameter, uM Lumen diameter, uM Thickness of epithelium, pM
I 1532 +£0.7 793+ 1.0 66.8+0.4
II 146.0 + 1.5 787 +4.1 640+ 1.3
III 1509+ 1.2 80.05 £ 0.04 652+28
0% 1475+ 2.4 78.6 £ 1.0 653+1.0

increased, which indicate slight totally reversible  be significant (p = 0.260). Moreover, the number
changes induced by emitted MRI waves. The effects  of spermatozoa negligibly decreased in group II
of these waves after a period of spermatogenesis (35  compared to group I, but it was not significant
days) on round spermatid cells was not found to  (p = 0.370) [Table 4]. The results also showed that

OMAN MED J, VOL 34, NO 6, NOVEMBER 2019
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radiowaves from MRI cause partial changes in the
histomorphological parameters of seminiferous
tubules, such that the diameter of the tubules in
group II mice decreased in comparison with group I
mice, but was not significant (p = 0.730). In contrast,
there was no substantial change in the morphology
of the lumen diameter after exposure of group II
mice (p = 0.920). The thickness of the epithelium as
well as other important morphometric parameters
were investigated, and in group II there was no
observed adverse effect from exposure to radiowaves

(p =0.860) [Table 5].

DISCUSSION

With the rapid development of wireless
communication devices, there is widespread
concern about the possible adverse consequences
of exposure to electromagnetic fields (EMFs) on
health. For instance, empirical studies have reported
that the RF EMF from cell towers and wireless
devices can disrupt neurotransmitter balance,
blood-brain barrier cellular metabolism, regulation
of calcium efflux systems activity, and gene and
protein expression in different kinds of cells even at
alow frequency.’' The biological effects of EMF are
mediated by generation of reactive oxygen species
(ROS) and free radicals. An elevation of toxic free
radicals, leading to resultant stress and damage to
cellular systems, as oxidative stress.” Different internal
or external factors, including gamma or ultraviolet
radiation, can be induced oxidative stress. Also it
has been demonstrated that EMFs at extremely low
frequencies are capable of increasing free radical
production including hydroxyl free radicals, which
can cause the formation of strand breaks in cellular
DNA.** In addition, the effects of exposure to RF-
EMFs from cellphones on the reproductive function
have been the subject of a large number of studies in
recent years. Some results confirm that heavy long-
term use of cellphones could have adverse effects on
fertility and the reproductive system.'"**-

Our study showed that the emission of
electromagnetic waves with MRI 1.5 Tesla scanner
for 36 minutes once a week for three consecutive
weeks had partial effects on the qualitative and
quantitative parameters of testicular tissue. It affected
testicular weight, and also caused a minor delay in the
spermatogenesis process. These changes were time-
dependent and reversible, especially after restarting

the spermatogenesis period. A previous study
reported that mice exposed to 4.7 Tesla recorded a
significant increase in the number of dead embryos,
and the daily production of sperm was noticeably
reduced.’® Also, a 1996 study reported that the
exposure of male mice to a static magnetic field
(1.5 Tesla) for 30 minutes led to a reduction in the
number of sperm and significant abnormalities in the
morphology of the sperm’s head. These researchers
also showed that the survival of irradiated embryos
in the two-cell stage was 0.56% less compared to the
control group and is consistent with our findings.”
In addition to the existing effects of MRI
fields, many other studies regarding EMF have
been conducted on fertility including the impact
of weak static magnetic fields, varying-time of
magnetic field exposure, and the RE. These EMFs
are present in equipment such as high voltage
cables®® and cellphones.?” Studies have revealed that
waves produce free radicals, which in turn cause
phosphorylation and activation of some messenger
proteins such as histone kinase and creatine kinase. As
aresult of these changes, the rate of ROS production
significantly increased and activates the caspase-3
pathway in sperm cells (due to apoptotic death during
spermatogenesis or a period of sperm maturation
occur) and can affect the fertility capacity and
output of the sperm cells.”” In 2011, a study looked
at the effects of a magnetic field of 1 Gauss (50 Hz)
on the fertility of male rats for 21 days. One group
was examined immediately after wave emission, and
the other group was examined 48 days after the last
exposure (the duration of spermatogenesis in rats),
and it was seen that testicular weight and the number
of sperm in the exposed group in comparison with
the control group had significantly decreased, but
these changes returned to normal after 48 days.
The researchers showed that the magnetic field
is deleterious for testicular function and induced
oxidative stress on spermatogenesis.”' The results are
consistent with our study with respect to reversible
changes after a period of spermatogenesis (35 days).
Another potential factor that caused stress in
our study during scanning was the MRI noises that
were emitted from three gradients. The simultancous
emission of noise and RF waves can be an important
factor for the decrease in sperm parameters such as
the number, viability, and morphology, as well as
antioxidant capacity and the reproductive capacity
in Wistar rats.”* During a typical scan, the range
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of noises emitted from the MRI 1.5 Tesla scanner
usually varies between 101.8 to 111.7 dB.* Emitting
a noise of 100 dB to an albino rat for one hour per
day in 60 days resulted in a significant decrease
in the serum levels of testosterone, destruction
in the structure of seminiferous tubules, arrest at
the germinal layers and disruption in the basal
membrane of the testicular tissue.** Therefore, in
our study a decrease was recorded in testis weight,
lumen and tubule diameter, and the thickness of
the epithelium. This could have resulted from the
negative effect of noise gradients. It can be concluded
that minor changes in the testis tissue (as seen in
groups I and IT) can also be caused by environmental
stress and intermittent MRI noise in the stand-by
mode. Male mice exposed for three hours per day, six
days per week for eight weeks to 50Hz EMFs with
a 0.5 Tesla intensity were found to have a reduction
in the thickness of the walls of the epididymis and
vas deferens, and a decreased height of epithelial
cells and testicular weight when compared with
the control group similar to our findings.” In this
regard, specific and detailed instructions should be
provided since a wide range of medical personnel
including medical engineering staff, medical imaging
researchers, crews, and technical operators during
injection of contrast material in the dynamic tests are
exposed to all three MRI fields.* As a result of the
high-volume imaging exams in the world (20 million
per year more than fifty-thousand tests daily MRI)
as well as the unnecessarily increased MRI orders
for patients.”’

CONCLUSION
EMFs from different wireless communicating devices
and medical equipment potentially may negatively
impact fertility by causing temporary or permanent
fertility problems. However, the exact mechanisms of
EMFs effects on cell biology and structural changes
in tissue remain unclear. QOur results indicate that
exposure of mice to EMF at 1.5 Tesla for 36 minutes
(once a week for three consecutive weeks) induces
slight changes in the testicular tissues. These changes
also have negative effects on spermatogenesis and
leads to decrease sperm count, sperm motility, sperm
survival and increased abnormal sperm morphology
in male mice. Moreover, all these effects were
reversible after a new period of spermatogenesis.
However, to verify these effects and clarify the

mechanisms involved, further studies are necessary
using a longer exposure time and higher dose. Finally,
various antioxidant prescription is recommended as
an approach to protection of people against exposure
to EME
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