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Abstract

The application of equipment and tools that produce a magnetic field is increasing in aquatic ecosystems. In the present
study, the effects of acute (1 week) and subacute (3 weeks) exposures to different static magnetic fields (SMFs) of 2.5, 5,
7.5 mT on stress indices (cortisol and glucose), sex steroid hormones (17f-estradiol and 17-a hydroxy progesterone) and
fecundity of the zebrafish (Danio rerio) were investigated. The obtained results showed a significant change in cortisol,
glucose, 17p-estradiol (E,) and 17-a hydroxy progesterone (17-OHP) levels by enhancing the intensity and time of exposure
to SMFs. In conclusion, the SMFs, especially at higher levels of intensities, showed physiologically harmful effects on the
reproductive biology of the zebrafish during acute and subacute exposures.
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Static magnetic fields (SMFs) are time-independent fields of
constant strength (Hashish et al. 2008). Recently, increasing
environmental exposure to magnetic fields is coincidental
with rapid improvements in science and technology (World
Health Organization 2006). The induced magnetic fields in
the aquatic environments have many different origins but
mainly generate from infrastructures such as underwater
power and telecommunication cables, electrical heating
cables as well as generating units and submerged substa-
tions (Gill and Kimber 2005). Electric current in the cables
creates the magnetic fields, which can be hazardous to the
behavior or viability of fish and benthic invertebrates (Gill
et al. 2009; Gill and Kimber 2005). Many studies have
investigated the effect of SMFs on cell biology, genetics,
reproduction and development, physiological and behavioral
response (World Health Organization 2006; Health Protec-
tion Agency 2008). Several studies reviewed the responses
of marine organisms to electromagnetic fields from undersea
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electricity cables; some suggested changes in biomass of
macrofauna (Gill et al. 2009) while others did not (Andrul-
ewicz et al. 2003). Loghmannia et al. (2015) exposed the
Caspian kutum (Rutilus frisii kutum) fry to SMFs at differ-
ent intensities during acute and subacute exposures; they
detected some physiological changes in the samples com-
pared to the control. Biological indices including enzymes,
hormones, and biochemical parameters can be used to evalu-
ate the health of aquatic organisms and ecosystems (Logh-
mannia et al. 2015). A delay in the hatching of embryos of
Danio rerio was detected during exposure to the electromag-
netic field with an intensity of 1 mT (Skauli et al. 2000). A
fixed magnetic field (2.0 mT) increased the water permeabil-
ity of the egg envelope in the bull trout, rainbow trout, and
Atlantic salmon from family Salmonidae and subsequently,
developmental stages of the egg were changed (Sadowski
et al. 2007). The sperm motility of the trout prolonged for
12 days during exposure to SMF with intensities of 1, 5 and
10 mT whereas the control sperm had motile only for 3 days
(Formicki et al. 2015).

Cortisol as a stress indicator is a steroid glucocorticoid
hormone that increases the glucose level in fish (Moon et al.
1988). 17B-estradiol (E,) is an estrogen and the primary sex
hormone produced by granulosa cells of the ovary (Saldanha
et al. 2011). E, is the main hormone of fish for oocyte vitel-
logenesis (Heidari et al. 2010). 17a-Hydroxyprogesterone
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(17-OHP) is another steroid hormone, which is increased by
elevating the level of plasma gonadotropins and it is involved
in the oocyte maturation (Heidari et al. 2010).

Zebrafish (Danio rerio) is a tropical freshwater fish from
the family Cyprinidae that originates from waters in the
southeastern Himalayan region (Mayden et al. 2007). The
zebrafish is one of the most widely used animals in bio-
logical laboratory studies. The effects of magnetic fields on
the reproductive physiology of the zebrafish as a labora-
tory model have not been studied in detail. Therefore, in the
present study, the effects of acute and subacute exposure of
SMFs on zebrafish were investigated by assaying glucose,
cortisol, E,, 17-OHP, and fecundity.

Materials and Methods

Adult zebrafish (n=240, body weight 0.8 +0.08 g, total
length 4.75 +0.63 cm) were obtained from a commercial
supplier (Persian aquarium, Rasht, Iran) and maintained for
2 weeks for acclimation. The experimental conditions were
kept constant at pH 7.0 and temperature to 29 +0.7°C. The
samples were fed twice a day (Fernanda et al. 2018) with
the feeding powder purchased from Isfahan Mokammel Co.
(Isfahan, Iran).

To generate magnetic field based on the Helmholtz coil
theory, a device designed and made in the research labora-
tory of the University of Guilan as described by Loghmannia
et al. (2015). They explained the details of how the device
made and how the samples exposed to the magnetic field.
Briefly, the SMF was generated from two coils that contain a
constant electric current with a frequency of 50 Hz (Fig. 1).
A Gaussmeter (model HT201, Hengtong, China) was used
for daily evaluation of SMFs during the experiments. All fish
except the controls were exposed to a uniform magnetic field
with different intensities (2.5, 5.0 and 7.5 mT).

The experiment was conducted in two separate exposures,
acute and subacute. In the acute experiment, the zebrafish
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Fig.1 Device used to produce the constant static magnetic field
(Loghmannia et al. 2015)

was exposed to 2.5, 5.0 or 7.5 mT intensity of the SMF
(exposures were done at the same time each day) for 1 week
as well as a control (without SMF). In the subacute experi-
ment, duration of the exposure lasted for 3 weeks with the
same intensities. Therefore, ten samples (5 females and 5
males) with three replications for each treatment were kept
in small glass aquariums containing 3 L of water. For expo-
sure, the zebrafish was placed between the coils set to a
specific intensity (2.5, 5.0 and 7.5 mT) for 1 h per day. At
the end of the exposure period, the fish were immediately
frozen at —70°C to be used for analysis.

Whole bodies of frozen samples (n=35 for each treat-
ment) were homogenized (Misonix Sonicator 3000, USA)
with 0.1 M phosphate buffer saline (PBS, pH 7.2) (1W:10V)
for 2 min. After centrifuging at 4°C at 7000 rpm for 10 min,
the supernatant was aliquoted into sterile microtubes and
stored at —70°C.

Monobind ELISA kits (Monobind Inc., Lake Forest,
USA) via the ELISA method (Nash et al. 2000), were used
to measure the whole-body sex steroids (17p-estradiol and
17a-Hydroxyprogesterone) and whole-body cortisol. Briefly,
25 uL of the sample was pipetted into the wells and 50 uL
of the Estradiol Biotin Reagent was added to all wells. After
shaking for 30 s, the wells were incubated for 30 min at
room temperature and then 50 uL of the estradiol enzyme
reagent was added to all wells. After shaking and incubat-
ing for 30 s and 90 min, respectively, 350 uL. of wash buffer
was added into the wells. Then, 100 uL of substrate solution
was added to all wells and incubated at room temperature for
20 min. Finally, 50 pL of stop solution (0.5M H,SO,) was
added to each well and gently mixed; the absorbance was
read at the wavelength of 450 nm by ELISA reader (BioTek,
ELx800, Germany) and compared with the control. Whole-
body 17-OHP and cortisol were measured according to the
Monobind ELISA kit protocol as above.

Whole-body glucose concentration was measured
using the by o-toluidine method (Liquid O-toluidine,
Sigma—Aldrich, America) (Genba et al. 1963). The optical
density (OD) was read at 630 nm by a spectrophotometer
(UNICO, s 2100 UV, USA). The data values were expressed
as mg/g.

To calculate fecundity, the broodstocks (5 females and 5
males) were kept in smaller aquariums containing 1 L of the
water (pH 7.0) at a temperature of 29 +0.7°C. After spawn-
ing, the broodstocks were removed from the aquarium and
then all eggs were counted. In order to prevent egg feed-
ing by the breeders, a fine net separated the bottom of the
aquarium.

The obtained data were analyzed using SPSS version
20 in Windows 8. The raw values of whole-body glucose,
cortisol, E, and 17-OHP were initially analyzed assuming
the normality and homogeneity of variance by Kolmogo-
rov—Smirnov test. Then, the differences between various
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treatments were evaluated using one-way ANOVA followed
by Duncan’s test at a confidence level of 95%. To find the
correlation between parameters in acute and subacute expo-
sures, the results were compared with Pearson’s correla-
tion coefficient. The comparison of parameters between the
acute and subacute exposure was carried out by independ-
ent T-test. In addition, the combined effects of the exposure
time and intensities of the SMFs were analyzed by two-way
ANOVA. All data are presented as the mean + standard
deviation.

Results and Discussion

In acute exposure, the whole-body cortisol concentration
showed a significant increase at 7.5 mT intensity of the
SMF (p <0.05), whereas the other intensities were not sig-
nificantly different with each other (p > 0.05) (Fig. 2). In
subacute exposure, the increasing trend of cortisol level was
remarkably from the control to 7.5 mT intensity of SMF
(p <0.05). In acute and subacute exposures, the highest and
lowest values of the cortisol were recorded at 7.5 mT and
the control treatments, respectively. The independent T-test
showed a significant difference between acute and suba-
cute exposure only in the 5 mT treatment (sig=0.01, t =
—3.832). In addition, there was no significant Pearson’s cor-
relation coefficient between variations of the cortisol level in
the acute and subacute exposures (r=0.37, p> 0.05).

The trend of whole-body glucose variations was similar
to the cortisol ones (r=0.7, p <0.05). There was a signifi-
cant change in the concentration of glucose between the
7.5 mT and other treatments (p <0.05) (Fig. 3). The highest
value of glucose was observed at 7.5 mT (2.22+0.14 mg/g).
In subacute exposure, glucose concentration showed a sig-
nificant increase from 2.5 to 7.5 mT (p <0.05) (Fig. 3). The
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Fig.2 The cortisol level in the female zebrafish (n=5) during acute
and subacute exposure to the different SMF intensities. The letters
above columns are showing significantly different based on one-
way ANOVA and the symbol, *, is showing a significant difference
between acute and subacute in each intensity based on independent
T-test (p <0.05)
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Fig.3 The glucose level in the female zebrafish (n=5) during acute
and subacute exposure to different SMF intensities. The letters
above columns are showing significantly different based on one-way
ANOVA and the symbols, *, are showing a significant difference
between acute and subacute in each intensity based on independent
T-test (p <0.05)

statistical comparison of the glucose concentration between
the acute and subacute exposures in each treatment showed
a significant difference at 5 mT (sig=0.00, t = — 10.970)
and 7.5 mT (sig=0.01, t=—4.254) (Fig. 3). In addition,
there was no significant Pearson’s correlation coefficient of
changes in the glucose level between the acute and subacute
exposures (r=0.56, p>0.05).

In the acute exposure, a remarkable decrease of the
whole-body E, concentration was observed between the
controls and the different intensities of the SMF (p <0.05)
(Fig. 4). The decreasing trend of the E, level was signifi-
cantly recorded from the control to 7.5 mT in subacute expo-
sure (p <0.05) (Fig. 4). In both exposures, the minimum
value of E, was recorded at 7.5 mT intensity. The variation
trends of the E, level were similar during acute and subacute
exposures and significant Pearson’s correlation coefficient
was obtained (r=0.78; p <0.05). The independent T-test
showed the significant difference between E, in acute and
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Fig.4 The E, level in the female zebrafish (n=5) during acute and
subacute exposure to different SMF intensities. The letters above col-
umns are showing significantly different based on one-way ANOVA
and the symbol, *, is showing a significant difference between acute
and subacute in each intensity based on independent T-test (p <0.05)
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subacute exposures only in the 5 mT treatment (sig=10.00,
t=16.8) (Fig. 4).

There was a considerable decrease in the whole-body
17-OHP concentration at 7.5 mT in the acute exposure
(p <0.05) (Fig. 5). The significant decreasing trend of
the 17-OHP level was observed from the control to the
7.5 mT intensity of the SMF (p <0.05) (Fig. 5). The varia-
tions of 17- OHP level during acute exposure were similar
to subacute with a significant Pearson’s correlation coef-
ficient (r=0.83; p <0.05). The statistical comparison of
the 17-OHP concentration between the acute and subacute
exposures in each treatment showed the significant differ-
ence at 5 mT (sig=0.50, t=0.727) and 7.5 mT (sig=0.00,
t=53.600) (Fig. 5).

In the acute and subacute exposures, the zebrafish did
not show any spawning at the intensity of 7.5 mT. In the
acute exposure, the fecundity value showed a significant
decrease at 5 and 7.5 mT in comparison to control brood-
stock, whereas in the subacute exposure, this decrease was
observed from the control to 7.5 mT (p <0.05) (Fig. 6). The
variation trends of the fecundity level were completely simi-
lar during acute and subacute exposures with a high signifi-
cant Pearson’s correlation coefficient (r=0.96, p <0.05). At
2.5 and 5 mT intensities of the SMF, there was significant
difference in the fecundity value between acute and sub-
acute exposure (2.5 mT; sig=0.00, t=10.352 and 5 mT;
sig=0.04, t=6.094) (Fig. 6).

Based on two-way ANOVA, there was no interaction
between exposure and intensity of the SMF and variations
of cortisol and glucose levels (p>0.05) (Table 1). For E,,
17-OHP and absolute fecundity, the interaction occurred
sharply between exposure and intensity of the SMF
(p <0.05) (Table 1). The analysis of the combined effects of
exposure (time) and intensity showed that the 7.5 mT inten-
sity plus acute and subacute exposure had the most influence
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Fig.5 The 17-OHP level in the female zebrafish (n=5) during
acute and subacute exposure to different SMF intensities. The letters
above columns are showing significantly different based on one-way
ANOVA and the symbols, *, are showing a significant difference
between acute and subacute in each intensity based on independent
T-test (p <0.05)
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Fig.6 The absolute fecundity value in the zebrafish during acute and
subacute exposure to different SMF intensities. The letters above col-
umns are showing significantly different based on one-way ANOVA
and the symbols, *, are showing a significant difference between
acute and subacute in each intensity based on independent T-test
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Table 1 Significance, the degree of freedom, freedom and partial Eta
of two-way ANOVA analysis for effects of the SMFs intensities and
exposure time on the glucose, cortisol, E,, 17- OHP and the fecundity
of the zebrafish

Source STl o Sig. Partial
Eta
squared

Cortisol

Intensity 2 6.108  0.015 0.504

Exposure time 9.235 0.010 0.435

Intensity X exposore time 2 1.250  0.321 0.172
Glucose

Intensity 2 7.585  0.007  0.558

Exposure time 45.824  0.000 0.793

Intensity X exposore time 2 3.118 0.081 0.342
E,°

Intensity 2 61.454  0.000 0911

Exposure time 21.081 0.001 0.637

Intensity X exposore time 2 6.151 0.014  0.506
17-OHP!

Intensity 2 363.612  0.000  0.984

Exposure time 349.723  0.000  0.967

Intensity X exposore time 2 97.679  0.000  0.943
Absolute fecundity

Intensity 2 531.807  0.000  0.989

Exposure time 101.147  0.000  0.894

Intensity X exposore time 2 25.844  0.000 0.812

“Degree of freedom
Freedom

€17B-estradiol

417- hydroxy progesterone
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on the fluctuations of the E,, 17-OHP, and absolute fecundity
(Table 1).

Studies have been carried out to evaluate the effects of
the magnetic fields on steroid hormones of the animals (Al-
Akhras et al. 2006; Zare et al. 2005; Bonhomme-Faivre et al.
1998; Gorczynska and Wegrzynowicz 1991), but scarce
research has been carried out on SMF effects on the sex hor-
mones of fish. Al-Akhras et al. (2006) revealed a significant
increase of the LH (luteinizing hormone) in the adult male
rat after 4.5 months of exposure while testosterone levels
were remarkably decreased only after 1.5 and 3 months of
the exposure period (Al-Akhras et al. 2006). Guinea pigs
showed a significant decrease in cortisol level after exposure
to a field of 50 Hz and 0.2 T, whereas no significant changes
were observed in the cortisol in those treated with 0.01 T
for 2 h and 4 h per day over a period of 5 days (Zare et al.
2005). A reduction of the cortisol value was observed in the
Swiss mice continuously exposed to a low frequency (50 Hz)
field on day 190 of the experiment (Bonhomme-Faivre et al.
1998). There was an increase of the cortisol level in rats
during exposure to constant magnetic fields of 3—10 T and
2-10T, 1 h per day for a period of 10 days (Gorczynska and
Wegrzynowicz 1991).

In the present study, increasing levels of cortisol were
detected in the adult female zebrafish during exposure to
different intensities of SMF. This increase is directly related
to the intensity and duration of SMF, so that the maximum
level of cortisol was recorded at 7.5 mT on day 21 of the
experiment. It seems that the magnetic field plays the role
of stress, which can elevate the amount of cortisol level. It
was suggested that exposure to weak electromagnetic fields
(EMFs) could disturb the production of the hormone mela-
tonin by the pineal gland (Noonan et al. 2002a, b) that even-
tually leads to a disorder in the synthesis of cortisol. In this
study, the trend of glucose variations in the zebrafish after
exposition to different magnetic fields was similar to the
changes in the cortisol trend. Increased cortisol levels lead
to elevation of glucose levels in the fish because glucose is
the most important energy substrate for coping with stress
(Barton and Schreck 1987).

In the female zebrafish, the sex hormones and, conse-
quently, the fecundity values were influenced by the mag-
netic fields. The increased intensity of the SMF caused a sig-
nificant reduction both in E, and in 17-OHP levels compared
to the control. The lowest values of E2 and 17-OHP were
measured at the highest intensity value of the SMF (7.5 mT).
Larger drops in levels of E, and 17-OHP were observed in
the subacute experiment in comparison to the acute treat-
ment, which indicated a more severe effect of the SMF over
longer exposure time. It seems that SMF, as a stress inducer,
increases the concentration of cortisol and glucose and even-
tually decreases the concentration of the sex hormones in the
broodstock of the zebrafish. Kubokawa et al. (1999) showed
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that the increase in cortisol level is followed by a decrease
in sex hormone levels. The disruption in production of E,
and 17-OHP led to a decline in the fecundity of zebrafish.

The results of our experiments showed that the SMFs
could disrupt the physiology of zebrafish, especially the
reproductive system. In conclusion, it seems that the SMFs,
especially at higher intensities and as an important inducer
of stress, could disrupt the endocrine reproductive system
in the zebrafish. The damaging effects on the reproductive
system increase with prolonged exposure of the fish to the
magnetic field.
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