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1 | INTRODUCTION

Humans are exposed to a wide range of electromagnetic waves
(Adey, 1993). Electromagnetic fields (EMFs) reportedly have some

biological effects on different organisms. These effects can include
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Abstract

Electromagnetic fields (EMFs) are reported to interfere with chemical reactions
involving free radical production. Coenzyme Q1o (CoQ10) is a strong antioxidant with
some neuroprotective activities. The purpose of this study was to examine and
compare the neuroprotective effects of EMF and CoQ10 in a mouse model of
hippocampal injury. Hippocampal injury was induced in mature female mice (25-30 g),
using an intraperitoneal injection of trimethyltin hydroxide (TMT; 2.5 mg/kg). The
experimental groups were exposed to EMF at a frequency of 50 Hz and intensity of
5.9mT for 7 hr daily over 1 week or treated with CoQ10 (10 mg/kg) for 2 weeks
following TMT injection. A Morris water maze apparatus was used to assess learning
and spatial memory. Nissl staining and terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) tests were also performed for the histopathological
analysis of the hippocampus. Antiapoptotic genes were studied, using the Western
blot technique. The water maze test showed memory improvement following
treatment with CoQ10 and coadministration of CoQ10 + EMF. The Niss| staining
and TUNEL tests indicated a decline in necrotic and apoptotic cell count following
treatment with CoQ10 and coadministration of CoQ10 + EMF. The Western blot
study indicated the upregulation of antiapoptotic genes in treatment with CoQ10, as
well as coadministration. Also, treatment with EMF had no significant effects on
reducing damage induced by TMT in the hippocampus. According to the results, EMF
had no significant neuroprotective effects in comparison with CoQ10 on hippocampal
injury in mice. Nevertheless, coadministration of EMF and CoQ10 could improve the

neuroprotective effects of CoQ10.

KEYWORDS
CoQ10, electromagnetic fields (EMFs), neuroprotective effect, trimethyltin hydroxide (TMT)

changes in the expression of genes or changes in behavior (Lacy-
Hulbert, Metcalfe, & Hesketh, 1998; Lai & Singh, 1995; Lyskov et al.,
1996; McCann, Dietrich, & Rafferty, 1998; Simko, Kriehuber, Weiss,
& Luben, 1998; Walleczek & Liburdy, 1990). In vitro studies have

explored the potential effects of EMF on cell proliferation,
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apoptosis, and differentiation (McCann et al., 1998; Simko et al.,
1998). One interesting hypothesis about the biological effects of
EMFs is that they interfere with chemical reactions involving free
radical production (Guerriero & Ricevuti, 2016).

Free radicals can cause damage to cells, proteins, and DNA. In
fact, excessive amounts of free radicals can lead to oxidative damage,
which interferes with regular cell functioning and is known to cause
various health problems (Navarro-Yepes et al., 2014). Therefore, free
radicals are associated with many diseases in humans, including
cancer, atherosclerosis, Alzheimer's disease, and Parkinson's disease.
On the other hand, antioxidants play a major role in protecting
tissues against oxidative damage.

Since the brain is very susceptible to oxidative damage due to its
high fatty acid content and high demand for oxygen, antioxidants have
been reported to improve poor neurological outcomes in the central
nervous system after trauma or ischemia owing to their therapeutic
effects (Ates et al., 2007; Cassarino & Bennett, 1999). Coenzyme Q1o
(CoQ10) or ubiquinone is the only known lipid-soluble antioxidant that
animal cells can synthesize de novo (Folkers et al., 1990). This vitamin-
like substance can be primarily found in the mitochondria of most
eukaryotic cells. It is a member of the electron transport chain and
participates in aerobic cellular respiration, producing energy as
adenosine triphosphate (ATP; Bhagavan & Chopra, 2006).

Recently, many studies have shown the neuroprotective effects
of CoQ10 in some neurodegenerative diseases, such as Parkinson's
and Alzheimer's diseases. In most countries, CoQ10 has been widely
used as a dietary supplement for more than 20 years. Preclinical and
clinical studies indicate that CoQ10 is highly safe for use as a dietary
supplement (Hidaka, Fujii, Funahashi, Fukutomi, & Hosoe, 2008).
Considering the antioxidant properties of EMFs and their neuropro-
tective effects, the purpose of this study was to assay and compare
the neuroprotective effects of EMF and CoQ10 in a mouse model of

hippocampal injury.

2 | MATERIALS AND METHODS

2.1 | Animals and experimental groups

In this experimental study, we used 36 male Balb/c mice, weighing
25-30 g (Pasture Institute, Tehran, Iran). All experimental proce-
dures were performed in accordance with the Guidelines of the
ethical Committee of Iran University of Medical Sciences. The
animals were divided to the following six groups randomly: Control
group (intact); with any intervention, vehicle group; received
sesame oil (solvent of CoQ10) for 2 weeks and then placed in
switch off device (7 hr daily during 1 week) following treated with
intraperitoneal (ip) injection of trimethyltin hydroxide (TMT)
2.5mg/kg, TMT group; received only TMT, EMF group; received
EMF with frequency of 50 Hz and intensity of 5.9 mT 1 week after
TMT injection (7 hr daily during 1 week), CoQ10 group; treated
with CoQ10 (10 mg/kg) for 2 weeks following TMT injection,
CoQ10 + EMF group; treated with co-administrated of CoQ10 (for
2 weeks) and EMF (for 1 week) after TMT injection.

2.2 | Hippocampal injury modeling

2.5 mg/kg TMT (originally obtained from Alfa Products, Danvers, MA)
injected intraperitoneally to induce hippocampal injury in animals
(Gunasekar et al., 2001).

2.3 | The magnetic field exposure system

Electromagnetic field generator was used to exposure EMF with
frequency of 50Hz and intensity of 5.9 mT (Ahmadian, Zarchi, &
Bolouri, 2006).

2.4 | Morris water maze (MWM) training

MWM apparatus (was used to assess learning and spatial memory of
mice (Barnhart, Yang, & Lein, 2015; Vorhees & Williams, 2006). The
animals were trained to escape from water by swimming to the
hidden platform. An animal could find the platform, which was under
the water and served as a “rescue” from the stress situation, by using
visual extra-maze cues. The animals were subjected to 5 days of
hidden platform trials (four trials of 60s). We trained the animals for
4 days at approximately the same time daily (10:00-12:00 a.m.). Each
training day included two blocks, with four trials. Each trial was 90's
and there was a 30-s period between two trials, which was spent on
the platform. Animals were allowed to rest for 5 min between two
consecutive blocks. On 5th day, the time spent and latency to reach
the platform was compared among all groups across the trial days. A
video camera (Nikon, Melville, NY) linked to a computer directly
located above the MWM was used to record the time taken to reach
the hidden platform (escape latency), the length of the swim path
(traveled distance) and percentage of time spent in the target
qguadrant. The day after the last learning trial, each animal was given
a single 60-s probe trial and a visible test. The probe trials were
conducted without a platform. In the visible trials, the platform was
covered with aluminum foil. All trials were analyzed with EthoVision
(Noldus Information Technology, Leesbury, VA) software (Asi et al.,
2011; Shariati et al., 2014).

2.5 | Histopathological studies

Histopathological studies were down with Nissl staining and terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit. The
Mice were anesthetized deeply with over dosage of ketamine (150 mg/
kg ip) and xylazine (15 mg/kg ip). Ribs and heart was exposed with a
midline skin incision and then a catheter was inserted into left
ventricle to access ascending part of aorta to perfuse solutions and
right atrium was perforated for blood existion. At the first 50-75 ml of
normal saline during 5-10 then 75-100 ml of paraformaldehyde 4% in
0.1 mol/L phosphate buffer (pH 7.4) during 10-15 min was perfused.
Finally the brains were removed and postfixed with 4% of
paraformaldehyde in 0.1 mol/L phosphate buffer (pH 7.4) at room
temperature for 24 hr and processed to embed in paraffin. Embedded

samples sectioned serially with a manual microtome apparatus (7 um
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thickness). Histology grade xylene used to deparaffinize paraffin-
embedded tissue sections then sections hydrated and rinsed in
distilled water and stained in 0.1% cresyl violet solution (Nisssl
staining) for 3-10 min followed by a quick rinse in distilled water and
dehydration in alcohol and clearing in xylene. Stained sections finally
mounted with permanent mounting medium and covered with
coverslip (Hossein Hassanshahi, Hassanshahi, Zamani, Hakimizadeh,
& Soleimani, 2012; Zamani, Hassanshahi, Soleimani, & Zamani, 2013).
TUNEL staining was performed according to manufacturer's instruc-
tions for some of these serial sections. Stained sections were assayed
with bright field microscope and TUNEL positive cells with brownish
color, were detected and counted in five fields of each section
(Hossein Hassanshahi et al., 2012; Zamani, Soleimani, et al., 2013).

Veichle=|
TMT
EMF-|
10+
Q10+EMF=

2.6 | Western blot analysis

Western blot analysis was performed with the hippocampi dissected
from mice brains of experimental groups. The frozen hippocampi
were homogenized using cold lysis buffer (containing radioimmuno-
precipitation assay buffer with protease inhibitor cocktail, 1:10) for
1 hr and centrifuged (Eppendrof, Hamburg, Germany) at 12,0009 for
20 min at 4°C temperature. Supernatant was removed and con-
served. Protein concentration was determined with a Bio-Rad assay
system (Bio-Rad, San Francisco, CA). Aliquots of 100 ug of proteins
from each sample were denatured with a sample buffer (6.205 mM
Tris-HCI, 10% glycerol, 2% sodium dodecyl sulfate (SDS), 0.01%
bromophenol blue, and 50mM 2-ME) at 95°C for 5min and

separated on 10% sodium dodecyl sulfate polyacrylamide gel

50000

FIGURE 2 Traveled distance in MWM 500,00~
test. *Significant increase in the distance —_ T
traveled in the TMT group in comparison _¢E_>, L
with the control group (p=0.013). @ 400.00-]
**Significant decrease in the distance E
traveled in the CoQ10 + EMF group in 8

. . O 309000
comparison with the TMT group -
(p=0.001). In the CoQ10 treatment group, %
there was a significant decrease in the -
distance traveled compared with the TMT = 20000
group (p = 0.001). *Significant decrease in
the traveled distance in CoQ10 + EMF in
comparison with the EMF group e
(p=0.001). CoQ10: coenzyme Q10; EMF:
electromagnetic fields; MWM: Morris 600

_'l_
I

—

—

water maze; TMT: trimethyltin hydroxide
[Color figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 3
(g) CoQ10 + EMF (x 400). Dark arrow shows necrotic cell and white arrow shows normal cell. CoQ10: coenzyme Q10; EMF: electromagnetic
fields; TMT: trimethyltin hydroxide [Color figure can be viewed at wileyonlinelibrary.com]

electrophoresis (90 min, 120 V). SDS page proteins were transferred
to a hybond-PTM membrane (Amersham Pharmacia Biotech, Piscat-
away, NJ). Membranes were blocked for 1hr with 5% nonfat milk
dissolved in TTBS buffer (Tris 50 mM, NaCl 1.5%, and Tween 20
0.05%, pH 7.5). Nitrocellulose membranes were stained with anti-Bcl-
2 and anti-Bax monoclonal antibodies for 2 hr (Sigma Aldrich, St.
Louis, MO; 1:1,000), followed by secondary antibody alkaline
phosphatase-conjugated anti-mouse antibodies for 1hr (Sigma
Aldrich; 1:10,000). Bands were detected using chromogenic sub-
strate, 5-bromo-4-chloro-3-indolyl phosphate, in the presence of
nitroblue tetrazolium. g-Actin antibody (Sigma Aldrich; 1:1,000) was

(a) Hippocampal CA1 region ( x 40), (b) control group, (c) TMT group, (d) vehicle group, (e) CoQ10 group, (f) EMF group, and

used as control. Finally the bands were assayed and analyzed
densitometrically using an image analysis system (UVIdoc, Houston,
TX) (Zamani, Soleimani, et al., 2013; Zamani, Katebi, Mehdizadeh,
Mohamadzadeh, & Soleimani, 2012).

2.7 | Statistical analysis

All data were expressed as mean + SE. Statistical analyses were down
with SPSS software version 20 (SPSS Inc., Chicago, Il). The groups
were compared using one-way analysis of variance and posttest
Tukey. A value of p < 0.05 was considered statistically significant.
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3 | RESULTS
3.1 | Morris water maze

Analysis of data from Morris water maze task showed that a
significant increase in escape of latency in the TMT group compared
with the control group (p=0.001). The same study showed a
significant decrease in escape of latency in the CoQ10 + EMF group
compared with the TMT group (p = 0.015; Figure 1).

Also a significant increase in the distance traveled in the TMT
group was observed in comparison with the control group (p = 0.013).
There was a significant decrease in the distance traveled in the
CoQ10 + EMF group in comparison with the TMT group. p = 0.00). In
the CoQ10 group, there was a significant decrease in the traveled
distance compared with the TMT group (p=0.001). There was a
significant decrease in the traveled distance in CoQ10 + EMF when

compared with the EMF group (p = 0.001; Figure 2).

3.2 | Nissl staining

We used the Nissl staining to count the necrotic cells. Coronal sections
from CA1 region of hippocampus with a thickness of 5 microns stained
with crystal violet. Cell counting was performed in the area of
53,500 um and in three sections with 2.7 mm distance from Bergma
and 30 um distance from each other. The necrotic cells indicated with
dark and compact nucleus. A significant decrease in the number of
normal cells was observed in the TMT group (CA1) compared with the
control group (p=0.05). Cell counts in CoQ10 and CoQ10+EMF
groups have revealed significant increase of normal cells in comparison
with TMT group (p = 0.011 and p = 0.002). But at the group treated with

EMF, there was no significant increase of normal cells (Figures 3 and 4).

Intact

Model Vehicle CoQ10 EMF CoQl0+EME

3.3 | TUNEL test

TUNEL kit was used to detect the apoptotic cells in the CA1 region of
hippocampus. Brown colored cells indicate apoptotic cells. A
significant increase of apoptotic cells was observed in TMT group
in comparison with control group. In the group treated with CoQ10
and in CoQ10 + EMF group, apoptotic cells decreased significantly in
the CA1 region in comparison with TMT group (Figures 5 and 6).
(p=0.023, p=0.003).

3.4 | Western blot analysis

Apoptotic Bax protein expression that was evaluated by western blot
showed a significant increase in the expression of this protein in TMT
group when compared with control group. Bax protein expression in
all treated groups decreased significantly in comparison with TMT
group and in the CoQ10 + EMF group was less than CoQ10 treated
group.

Also antiapoptotic Bcl-2 protein expression in the study
groups showed a significant increase of Bcl-2 expression in the
vehicle group compared with the control group. Also a significant
increase of it in all treatment groups was observed in comparison
with TMT group. Bcl-2 expression in the CoQ10+ EMF group
showed a significant increase of it comparied with the EMF
group.

Procaspase 3 significantly increased in both TMT and vehicle
groups in comparison with control group. A significant decrease in
procaspase 3 expression was observed in all treatment groups
compared with the TMT group. Procaspase 3 expression in the
CoQ10+EMF group was significantly decreased when compared
with EMF group (Figures 7-10).
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FIGURE 5 TUNEL staining: (a) CA1 region, (b) negative control for TUNEL staining, (c) positive control for TUNEL staining, (d)

control, () TMT, (f) vehicle, (g) CoQ10 treatment, (h) combination treatment, and (i) EMF, (400 x ). In this technique apoptotic cells stain dark.
Dark marker shows apoptotic cell and white marker shows normal cell. CoQ10: coenzyme Q10; EMF: electromagnetic fields; TMT: trimethyltin
hydroxide; TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling [Color figure can be viewed at wileyonlinelibrary.com]
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4 | DISCUSSION

In this study, the protective effects of EMF and CoQ10 were
examined and compared in a mouse model of hippocampal injury
induced by the intraperitoneal injection of TMT. Our results showed
that TMT induced neuronal death (necrosis/apoptosis) in the CA1
region of the hippocampus (a key region in memory organization and
learning) and caused learning and memory impairments in mice. In
addition, TMT increased apoptotic Bax and procaspase-3 proteins
and decreased the level of antiapoptotic Bcl-2 protein in the
hippocampus of mice.

TMT is a neurotoxic agent, which selectively destroys neurons in
the central nervous system of humans and rodents after its
administration. TMT, through binding to mitochondria, inhibits
phosphorylation and damages neurons due to reversible/irreversible
interference in the production of ATP (Fechter, Young, & Nuttall,

1986). Therefore, oxidative stress is reported as a common factor

FIGURE 7 Western blot analysis bands in six groups under
investigation. Bcl-2: B-cell lymphoma 2; CoQ10: coenzyme Q10

Intact

Model Vehicle CoQ10 EMF CoQl0+EMF

involved in neuronal death (necrosis/apoptosis) caused by TMT.
Oxidative stress is an initiating event, associated with a number of
neurodegenerative conditions (Gunasekar et al., 2001). Also, oxida-
tive stress free radicals contribute to either apoptotic or necrotic cell
death both in vivo and in vitro (Fechter et al., 1986).

Anna Fiedorowicz et al. observed damaged granular neurons in
the dentate gyrus within 3 days after TMT (2.5 mg/kg) injection in
BALB/c mice. On TUNEL and Nissl staining tests, these damaged cells
had characteristics of apoptotic cells (Balaban, Callaghan, & Billingsle,
1988; Fiedorowicz et al., 2001). In our study, exposure to EMF had
no significant effects on cell death following TMT injection, whereas
treatment with CoQ10 decreased apoptotic cells and increased
normal cells in the CA1 region.

On the other hand, coadministration of EMF and CoQ10 caused a
further increase in normal cells and a reduction in apoptotic cells.
EMF exposure and CoQ10 treatment independently decreased the
level of Bax and apoptotic procaspase-3 proteins in the hippocampal
lysate and increased the level of antiapoptotic Bcl-2 proteins.
Coadministration of EMF and CoQ10 also improved spacial memory
of mice following TMT injection; however, coadministration was
more effective than use of EMF alone.

Yang and colleagues concluded that EMF (60 HZ and 0.7 mT)
could decrease neurodegeneration and oxidative stress. Additionally,
in another study, Yang and colleagues showed that transcranial
magnetic stimulation (TMS), as a noninvasive procedure, resulted in
the survival of dopaminergic neurons in the frontal segment of the
brain (Yang, Song, & Liu, 2010). Funke et al. also found that EMF-
induced behavioral changes are attributed to changes in the level of
neurotrophic factors, oxidative stress, and cellular density (Funke &
Benali, 2011; Tasset et al., 2010).

Previously, improvements were reported on behavioral tests in
animals exposed to magnetic stimulation (Kanno, Matsumoto, Togashi,
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FIGURE 8 The count of the number of
pixels associated with the BAX protein
bands. *Significant increase in expression
of the BAX in the hippocampus of the TMT
group compared with the control group

(b =0.0001). **Significant decrease in all
treatment groups compared with the
control group. *Significant decrease in the
CoQ10 + EMF group compared with the
CoQ10 or EMF (p < 0.05). CoQ10:
coenzyme Q10; EMF: electromagnetic
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Yoshioka, & Mano, 2004). In another study, the antioxidant and anti-
inflammatory effects of TMS were confirmed (Funamizu, Ogiue-lkeda,
Mukai, Kawato, & Ueno, 2005). Moreover, Tasset et al. (2010) showed
that EMF enhances mitochondrial survival and activity. They also
concluded that EMF improves behavioral patterns and increases
BDNF and GDNF levels. Tunezl and colleagues found that EMF, in
addition to the enhancement of mitochondrial activity, changes the
expression of some proteins at the nuclear level via Nrf2 transcription
factor and exerts protective effects against oxidative damage. In fact,
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Nrf2 is involved in the regulation of antioxidant enzyme expression
(Tunez, Montilla, del Carmen Munoz, Medina, & Drucker-Colin, 2006).

A previous study concluded that EMF (50Hz, 0.1-1mT) had
positive effects on cell survival in the primary cultures of cortical
neurons from mature rats. They also claimed that EMF decreases
apoptosis, which is probably related to the reduced levels of reactive
oxygen species and glutathione (Di Loreto et al., 2009). In general,
the findings suggest that EMF regulates the antioxidant pathways,
protects the cells against oxidative damage, increases cell survival

FIGURE 9 The count of the number of
pixels associated with the Bcl2 protein
bands. *Significant increase of Bcl-2 in the
vehicle group compared with the control
group (p = 0.0001). **Significant increase of
Bcl-2 in all treatment groups, compared
with the TMT group. (p = 0.0001).
#Significant increase of Bcl-2 in the
CoQ10 + EMF group compared with the
EMF group (p =0.001). Bcl-2: B-cell
lymphoma 2; CoQ10: coenzyme Q10; EMF:

Intact

Model Vehie CoQl0 EMF CoQI0+EMF

electromagnetic fields [Color figure can be
viewed at wileyonlinelibrary.com]
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hydroxide [Color figure can be viewed at
wileyonlinelibrary.com]

and density, and decreases apoptosis (Tasset et al., 2010). None-
theless, our study showed that the antioxidant effects are not as
promising as CoQ10. In addition, continuous EMF exposure was
reported to have beneficial behavioral effects in a Huntington
disease model, as confirmed in various tests on rats (Berlim, McGirr,
Beaulieu, & Turecki, 2011; Hargreaves, McGregor, & Sachdev, 2005;
Lisanby, Kinnunen, & Crupain, 2002; Rodriguez-Martin et al., 2001;
Simons & Dierick, 2005; Tasset et al., 2012; Vieyra-Reyes et al., 2008;
Zwanzger, Fallgatter, Zavorotnyy, & Padberg, 2009).

The findings suggest that behavioral changes in animals following
EMF exposure depend on several factors, such as the stimulus location
and neurophysiological conditions. Overall, the findings show that
magnetic stimulation promotes neuronal survival and neuronal
density, which in turn improves the function of the nervous system
and behaviors (Simons & Dierick, 2005). Cuccurazzu et al. (2010)
showed that EMF exposure increases the number of neurons in the
dentate gyrus of mice. Blaschke and colleagues also showed that the
number of new cells in the dentate gyrus (with a primary neuron
marker) significantly increased in mice affected by EMF; later, these
new cells became both mature and functional (Biebl, Cooper, Winkler,
& Kuhn, 2000; Blaschke, Staley, & Chun, 1996).

Concerning the effects of EMF on memory, there are controversial
and contradictory reports. It has been proposed that EMF causes
spatial memory impairment, depending on the duration of exposure
and field intensity (Morris, Garrud, Rawlins, & O'Keefe, 1982). On the
other hand, Majid Jadidi and colleagues continuously studied the
effects of EMF (50 Hz, 10 mT) on adult Wistar rats during 4 weeks and
concluded that EMF had no cognitive or anxiety-like effects (Akhtary,
Rashidy-Pour, Vafaei, & Jadidi, 2011). Our results on the use of
electromagnetism were in accordance with the results of other
researchers and showed the effects of these waves on the prevention

of cellular apoptosis.

[ntact

Model Vehicle CoQl0 EMF CoQl0+EMF

CoQ10 plays an important role in cellular defense against
oxidative damage. Degenerative diseases and aging may be the
manifestations of decreased capacity to maintain adequate CoQ10
levels (Ernster & Forsmark-Andree, 1993). According to the
literature, CoQ10 can modulate apoptosis (Doimo et al., 2014).
Ostrowski and colleagues concluded that use of CoQ10 (10 mg/kg)
immediately after trauma had protective effects against ischemic
injury in experimental models of ischemia in the brain hemispheres
and spinal cord (Erol et al., 2010; Kerimoglu et al., 2007; Ostrowski,
1999, 2000). In our results we concluded CoQ10 alone could have
protective effects on hippocampal injury.

5 | CONCLUSION

In conclusion, EMF (50 Hz, 5.9 mT) exerted neuroprotective effects
on hippocampal neurons and improved spacial memory impairments
in mice. However, CoQ10 had more effects (10 mg/kg, ip injection
daily for 2 weeks) on hippocampal damage in mice. Although
coadministration of EMF and CoQ10 improved the neuroprotective
effects of CoQ10, antioxidant activity should be accurately deter-

mined through further research at molecular levels.
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