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Homogeneous static magnetic field of different orientation
induces biological changes in subacutely exposed mice
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Abstract It has been shown that static magnetic field (SMF)
ofmoderate intensity produces considerable impact on biolog-
ical systems. SMF can be homogeneous or inhomogeneous.
In many studies, inhomogeneous SMF was employed. Aware
that inhomogeneous SMF could result in experimental
variability, we investigated the influence of a vertical
homogeneous SMF of different orientation. Male Swiss-
Webster 9- to 10-week-old mice were subacutely exposed to
upward- and downward-oriented SMF of 128 mT generated
by a cyclotron for 1 h/day during a 5-day period. We found
that SMF affected various organs and that these effects were,
to some degree, dependent on SMF orientation. Both upward-
and downward-oriented SMF caused a reduction in the
amount of total white blood cells (WBC) and lymphocytes
in serum, a decrease of granulocytes in the spleen, kidney
inflammation, and an increase in the amount of high-density
lipoprotein (HDL). In addition, upward-oriented SMF caused

brain edema and increased spleen cellularity. In contrast,
downward-oriented SMF induced liver inflammation and a
decrease in the amount of serum granulocytes. These effects
might represent a specific redistribution of pro-inflammatory
cells in blood and among various organs. It appears that ho-
mogeneous SMF of 128 mT affected specific organs in the
body, rather than simultaneously and equally influencing the
entire body system.
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Introduction

Two types of magnetic fields are widely present in the human
environment—an alternating and a static magnetic field
(SMF). Biological effects of alternating magnetic field have
been extensively investigated since alternating electromagnet-
ic fields are widely used in electrical power systems as well as
in information and telecommunications technologies. In con-
trast, there is scarce data on SMF activity impact on human
health (Heinrich et al. 2011). The main sources of SMF that is
stronger than a geomagnetic field are found in various medical
devices. SMF, which is difficult to shield and easily penetrates
biological tissues, may be classified as weak (<1 mT), mod-
erate (1 mT to 1 T), strong (1 to 5 T), and ultrastrong (>5 T).
Unlike SMF of weak and, to some degree, SMF of strong
intensity, SMF of moderate intensity has considerable effects
on biological systems (Rosen 2003, Dini and Abbro 2005).
These effects are mediated by interaction withmoving charges
(ions, proteins, etc.) and magnetic materials found in tissues as
a consequence of several physical mechanisms (Schenck
2005, Saunders 2005). Homogeneous as well as inhomoge-
neous SMF was employed in many studies that report its
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significant effects (Abdelmelek et al. 2006, Elferchichi et al.
2007, Hashish et al. 2008, Amara et al. 2009, Elferchichi et al.
2010, Lahbib et al. 2010, László et al. 2007, Vergallo et al.
2013, Csillag et al. 2014, Kiss et al. 2015). Although it can be
argued that spatial dependence introduced by field inhomoge-
neity is more likely to mimic realistic exposures to environ-
mental fields, homogeneous magnetic fields offer an advan-
tage for in vivo experiments with moving animals in that they
ensure identical exposure conditions at every point of the ex-
perimental volume. Exposure dosage is equal at every point of
animal body, regardless of animal position during the course
of experiment. We therefore decided to employ a homoge-
neous SMF.

A significant influence of inhomogeneous SMF of moder-
ate intensities with checkerboard configuration, i.e., of spatial-
ly alternating SMF with a period of 2 cm in both directions
was reported (László et al. 2007, Vergallo et al. 2013, Csillag
et al. 2014, Kiss et al. 2015). Thorough description, analysis,
and optimization of the field (László et al. 2007) that was later
used in a number of biomedical experiments (for example, in
Vergallo et al. 2013, Csillag et al. 2014, Kiss et al. 2015)
established justifiable cause-and-effect relationship between
the applied field and the obtained results. Averaging of a spa-
tially alternating field over the entire surfaces parallel to the
magnetic checkerboard would result in zero magnetic flux
density vector and mean field gradient. Therefore, the mean
intensity of the applied SMF and strong local field gradients
were the cause of the observed effects and the overall benefi-
cial influence of SMF. Homogeneity of the cyclotron SMF
that is used in our study is much better than that of the expo-
sure systems commonly used in biomedical experiments.
Consequently, any possible biological effect of field gradients
is excluded and all observed results are due to the applied field
intensity in the chosen direction.We exploited the possibilities
of the cyclotron magnet to check if the field orientation as well
as the field intensity applied throughout the experimental vol-
ume is of importance, the motivation for the former being the
accounts of significance of field orientation in the inhomoge-
neous (Djordjevich et al. 2012) as well as in the homogeneous
(Todorović et al. 2015) SMF. With the intention to single out
the influence of the field orientation, we used downward as
well as upward-oriented vertical, highly homogeneous SMF
of moderate intensity. The intensity of the SMF was adjusted
to 128 mT motivated by the existence of research data on the
effects of the horizontal homogeneous SMF of the same in-
tensity (Chater et al. 2006, Elferchichi et al. 2007, Amara et al.
2009, Lahbib et al. 2010, Elferchichi et al. 2010, Ghodbane
et al. 2014), allowing for the comparison of the results.

The thorough study reported by Colbert et al. (2009) re-
vealed that magnetic fields are often poorly described, lacking
critical data on magnet characteristics, measured field
strength, and estimated distance of the magnet from the target
tissue. As a result, inferences drawn from such reports cannot

be precisely associated with the applied SMFs. To the contrary
if, as suggested by Colbert et al. (2009), all ten SMF dosage
and treatment parameters deemed necessary for the full de-
scription of the applied SMF were systematically reported,
as for example, in our study and in László et al. (2007), rep-
lication of experiments by other investigators as well as com-
parison with the results of exposures to different magnetic
fields is enabled.

Biological response to moderate SMF is wide-ranging, in-
volving different types of cells in various tissues and organs.
For example, it has been shown in in vitro system that expo-
sure to SMF caused a significant initial decline in ROS pro-
duction by human peripheral blood neutrophils that was re-
versible after longer incubation time (Poniedzialek et al.
2013).Moreover, it has been demonstrated that SMF exposure
had beneficial effects in a murine model of allergic inflamma-
tion via mobilization of cellular ROS-eliminating mechanism
(Csillag et al. 2014). It has been also shown that SMF of
moderate intensity induces hematological changes in exposed
mice that resemble hypoxia-like status (Elferchichi et al.
2010). In addition, the hypoxia-like status is associated with
a sympathetic hyperactivity that could be attributed to stress
reaction of exposed animals (Abdelmelek et al. 2006). Using
an in vivo experimental model of mouse ear edema, it has
been suggested that the place of SMF action may be in the
lower spinal region (Kiss et al. 2015). In vivo experiments
also demonstrated antinociceptive effects of SMF in inverte-
brate (László and Hernádi 2012), mice (László et al. 2007,
László and Gyires 2009) and humans (László et al. 2012).
In vitro analysis of the effects of SMF on human macrophages
and lymphocytes provided a possible explanation for the ef-
fect observed in vivo (Vergallo et al. 2013). Namely, it was
shown that SMF exposure (of 200 mT average intensity) sup-
presses inflammation by reducing release of pro-inflammatory
cytokines IL-6, IL-8, and TNF-α from macrophages and by
enhancing release of anti-inflammatory cytokine IL-10 from
lymphocytes (Vergallo et al. 2013). SMF of 128 mT can also
induce tissue changes in various organs such as the liver, kid-
ney, and brain of exposed animals (Amara et al. 2007, Amara
et al. 2009), as well as in cell culture (Sahebjamei et al. 2007).
These changes were attributed to oxidative stress. Another
possibility is that the tissue changes induced by SMF were
caused by the redistribution of inflammatory cells
(Djordjevich et al. 2012). We were specifically interested to
assess whether changes in hematological parameters could be
directly related to changes observed in various organs from
the same animals. Since changes in the blood may be specific
to the hematological system and may not cause or reflect
changes in the organs, we investigated whether changes in
the blood corresponded to changes in selected organs, which
had previously been studied by others in SMF of 128 mT. In
our case, the spleen and kidney were selected for the experi-
ment since they are involved in regulation of blood content.
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On the other hand, the liver and brain were studied as target
organs for possible redistribution of blood cells and conse-
quent oxidative damage. In addition, we chose the liver as
an example of a target body organ because of its central role
in lipid metabolism, which we studied in-depth.

Phospholipids are a class of lipids in which a phosphate
group replaces one of the fatty acids. They are a major
structural component of all cell membranes where they
are involved in forming lipid bilayers. Phospholipids are
amphipathic molecules containing a hydrophilic phosphate
group and a hydrophobic fatty acid tail. The four phospho-
lipids that predominate in the plasma membrane of mamma-
lian cells are phosphatidylcholine, phosphatidylethanolamine,
phosphatidylserine, and sphingomyelin. Besides a structural
role, phospholipids also have a metabolic role. They act as
sources of intracellular signals in response to extracellular
signals which interact with receptors on the outer layer of
the plasma membrane. Phospholipid fatty acids of the cell
membrane are precursors of lipid mediators, with eicosanoids
(prostaglandins, thromboxanes, leukotrienes) being one of the
most important. They, also, play a role in signal transduction
and gene transcription pathways (Kremmyda et al. 2011). The
liver plays an important role in the synthesis and metabolism
of phospholipids. The structure of hepatocyte membrane
phospholipids is dependent on nutritional intake and affects
liver metabolic functions (Oguzhan et al. 2006). The fatty acid
profile of liver phospholipids and triglycerides is known to be
influenced by many factors, including dietary intake, age,
gender, and endogenous metabolism (Oguzhan et al. 2006).
However, magnetic field influence on the total fatty acids in an
organism has been scarcely reported (Lahbib et al. 2010,
Elferchichi et al. 2010). In the present study, we monitored
the liver as a key representative organ of possible SMF influ-
ence on phospholipids.

We investigated the effects of homogeneous SMF on sub-
acutely exposed animals by primary studying the hematolog-
ical system and the liver, but we also monitored the brain,
kidney, and spleen. Since literature analysis showed limited
data regarding the interaction of differently oriented moderate
SMF on biological systems, the present study was designed to
investigate the effects of subacute exposure to differently ori-
ented 128 mT SMF on mice.

Materials and methods

Animals

Male Swiss-Webster mice, weighing on average 23±3 g, 9–
10 weeks old, obtained from the Military Medical Academy
Animal Research Facility (Belgrade, Serbia) were used. Mice
were housed at four or five animals per cage and offered
regular mouse feed and drinking water ad libitum. All

experimental protocols involving animals were reviewed and
approved by the University of Belgrade, Faculty of Medicine
Experimental Animals Ethics Committee. Furthermore, all
experiments were conducted in accordance with procedures
described in the National Institutes of Health Guide for Care
and Use of Laboratory Animals (Washington, DC, USA), as
well as in accordance with the US-NIH guidelines for
conducting magnetic field experiments on animals.

Magnetic field

Customarily, experiments performed in accelerator facilities
utilize ion beams. However, the VINCY Cyclotron located
at the Vinča Institute of Nuclear Sciences is still under con-
struction. Its ferromagnetic structure is fully assembled and
operative but still accessible, allowing employment of a strong
static magnetic field as an experimental tool.

The VINCY Cyclotron is a sector-focused isochronous
multipurpose machine (Nešković et al. 2003). Special atten-
tion was devoted to an extremely precise design of sectors on
pole tips of the electromagnet to enable acceleration of the
widest possible range of ion beams (Ćirković et al. 2009).
Power consumption is minimal in the most frequent operating
mode, while an appropriate choice of electrical currents of
main coils and ten pairs of trim coils results in different iso-
chronous magnetic fields that could be used for various modes
of operation (Ćirković et al. 2008). The produced magnetic
field between the two poles is highly homogeneous in the
sector regions and in the valley regions; however, it abruptly
changes in the vicinity of sector edges and the gradient of the
magnetic field in that narrow area is strong. The main coil
current can be set up to 1000 A, whereas the maximum mean
magnetic field may reach 2 T. The electromagnet pole diam-
eter measures 2 m, and it has four sectors per pole whose
azimuthal width is 42°.

Magnetic flux density of 128 mT, desired for our experi-
ment, was produced by setting the main coil current to 36.5 A,
without necessity to use trim coils for further field adjustment.
Field intensity is larger between the sectors and smaller in the
valleys. For our experiment, it was convenient to center cages
with experimental animals in the middle of the valley, well
away from sector edges to avoid high magnetic field gradients
in this region, as shown in Fig. 1. Cages, 19 cm high, 35.5 cm
long, and 20.5 cmwide, were placed inside the circle of radius
80 cm (from the center of the cyclotron) to avoid the stray field
components at radii larger than 84 cm. The desired magnetic
field was achieved with less than 0.68 % variation throughout
the above described area; therefore, SMF was considered
highly homogeneous throughout the experimental volume.
Note that the field produced by solenoids often used for ex-
posure setups is about an order of magnitude less homogenous
than the field we used.
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The geomagnetic field is directed downward in the north-
ern hemisphere and upward in the southern hemisphere, i.e.,
in the same and the opposite direction to gravity, respectively.
Therefore, experiments in two sets of magnetic field expo-
sures were performed; in the first set, we used the magnetic
field oriented in the same direction as gravity (down group),
and in the second, the magnetic field oriented upwards
(up group). The third group of animals was control (sham
exposed).

Experimental design

Mice were randomly divided into three groups (9 mice per
group). All three groups were kept under same conditions.
The first experimental group was exposed to the upward-
oriented 128 mT SMF (up group) for 1 h/day over a 5-day
period. The second experimental group was exposed to
the downward-oriented 128 mT SMF (down group) for
1 h/day over a 5-day period. The exposure period was
always between 8 and 12 a.m. on a consecutive day
under standard light exposure and constant temperature.
The control group was sham exposed. Following a 5-
day period, all mice were sacrificed and the blood, spleen,
liver, brain, and kidney were collected for further analyses.
These analyses were performed blindly, with material marked
just with a code and people conducting the analyses unaware
of sample group origin.

Blood and spleen parameters

Blood parameters [red blood cells (RBS), lymphocytes, neu-
trophils, basophils, eosinophils, platelets (Plt), hemoglobin
(Hgb), hematocrit (Hct), mean corpuscular volume (MCV),

mean corpuscular hemoglobin (MCH), mean corpuscular he-
moglobin concentration (MCHC)] were determined using he-
matological counter ABX Pentra 80X (Montpellier, France)
according to the manufacturer’s recommendations. The total
number of granulocytes in blood and spleen samples
was calculated by summing neutrophils with basophils
and eosinophils. Total serum cholesterol, HDL, LDL,
triglycerides, C-reactive protein (CRP), and alanine amino-
transferase (ALT) were determined using BioSystems pho-
tometer type BTS-330 (Barcelona, Spain), according to man-
ufacturer’s recommendations.

Spleen cellularity was prepared and analyzed by the previ-
ously explained procedure (Djordjevich et al. 2012).

Total lipid extraction from the liver

Obtained liver tissue was first homogenized using a 2:1
chloroform/methanol mixture and washed with a fivefold
smaller volume of water or saline. The resulting mixture
was separated into two phases. The lower phase was a
total pure lipid extract. Liver tissue (1 g) was lyophilized and
chloroform/methanol (2:1) and butylhydroxytoluene (BHT)
as antioxidant were mixed. When the mixture was
allowed to stand, a biphasic system was obtained.
After evacuation, water was added. After centrifugation,
the upper phase was put away until complete separation
of the system was achieved. Further evacuation was
done with 2:1 solvent systems: methanol/benzene, ace-
tone/benzene, and ethanol/benzene. Addition and evacu-
ation of chloroform and subsequent addition of hexane
rendered the sample ready for thin liquid chromatography
(TLC) (Tepšić et al. 2008).

Fig. 1 The VINCY Cyclotron used as an experimental SMF exposure
setup. a Photograph of the VINCY Cyclotron. b The lower pole of
cyclotron magnet and position of the cage with animals in the middle of
the cyclotron valley (drawn to scale). The produced magnetic field,
depicted by the magnetic flux lines in the valley and above the sector,
B, was vertical. The direction of the field was chosen to be directed

upwards or downwards for the two groups of SMF exposed animals,
denoted as the up group and down group, and is represented by the
vectors BUP and BDOWN, respectively. The variation of the magnetic
field intensity was smaller than 0.68 % everywhere in the experimental
volume. Magnetic flux density used was 128 mT
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Fatty acid analysis

The phospholipid fraction was isolated from the extracted
lipids by one-dimensional (TLC) neutral lipid solvent system
of hexane:diethyl ether:acetic acid (87:2:1) using Silica Gel
GF plates (C.Merck, Darmstadt, Germany). The phospholipid
fraction was scraped into glass tubes, and phospholipid fatty
acids (FAs) methyl esters were prepared by transmethylation
with sodium hydroxide (2 mol dm–3) in methanol (heated at
85 °C for 1 h) and after that with sulfuric acid (1 mol dm–3) in
methanol (heated 85 °C for 2 h). After 30 min, samples of
esters were centrifuged, upper phase were put into tubes and
evaporated by technical nitrogen. FA methyl ester derivates
formed from isolated plasma phospholipids fraction were sep-
arated by gas chromatography (GC) using Shimadzu GC 2014
(Kyoto, Japan) equipped with a flame ionization detector and
DB-23 fused silica gel capillary column. The flame ionization
detector was set at 250 °C, the injection port at 220 °C, and the
oven temperature programmed from 130 to 190 °C at the
heating rate of 3 °C/min (Folch et al. 1957). Comparing sam-
ple peak retention times with authentic standards (Sigma
Chemical Company) and/or the (PUFA)-2 standard mixtures
(Restec) identified individual FAs methyl esters.

Estimated activities of desaturase system

Several fatty-acid indices, reflecting desaturase and elongase
activity, were derived from primary data (Cvetković et al.
2010). The ratios of 20:4/20:3, 20:3/18:2, and 22:6/22:5 were
used as a measure of estimatedΔ5-desaturase,Δ6-desaturase,
and Δ4-desaturase activities, respectively, while 18:1/18:0
and 18:0/16:0 ratios represented estimated Δ9-desaturase
and elongase activities.

Histology analysis

Brain, liver, spleen, and kidney tissues were prepared for his-
tological analysis by the procedure explained earlier (Bancroft
and Gamble 2001). In short, tissues were fixated in formalin
(10 % formaldehyde-water solution) for 24 h and than embed-
ded in paraffin. Generated 5-μm sections were mounted on
slides and stained with hematoxylin (Bio-Optica, Milan, Italy)
and eosin (MP Biomedicals LLC, Illkirch Cedex, France).
Analysis of stained sections was conducted by two indepen-
dent pathologists that used a light microscope Olympus BX41
(Tokyo, Japan) and made micrographs with Sony Exwave
HAD digital camera, model SSC-DC50AP (Tokyo, Japan).
Immunohistochemical (IHC) analysis was conducted with
the CD3 (polyclonal rabbit anti-human CD3; Dako Denmark
A/S; Glosturp, Denmark), CD15 (monoclonal mouse anti-
human CD15 clone carb-3; Dako North America Inc.,
Camarillo, CA, USA), and CD20 (monoclonal mouse anti-
human CD20cy clone L26; Dako Denmark A/S; Glosturp,

Denmark) antibodies. After exposing tissue to primary anti-
bodies for 1 h, slides were rinsed with water and then the
secondary antibody was applied for 15 min. Detection was
conducted by employing a horse radish peroxidase kit
(UltraVision Large Volume Detection System Anti-
Polyvalent, HRP (Ready-To-Use); Thermo Fisher Scientific,
(Chestershire, UK). CD3 is a marker for T lymphocytes
(Felgar et al. 1997), CD20 is a marker for B lymphocytes
(Pinkus and Said 1988), and CD15 is a marker for granulocyte
lineage (Barry et al. 2002).

Statistical analysis

Statistical analysis of obtained data was performed using soft-
ware SPSS for Windows, version 16.0 (SPSS, Chicago, IL,
USA). Differences among groups were evaluated by one-way
ANOVA, followed by Fischer’s LSD test. Distribution of non-
parametric data was analyzed by chi-square test. The level of
significance was set at p<0.05.

Results

Histological characteristics

Tissue morphology of the liver, spleen, kidney, and brain is
presented in Fig. 2. The liver in the down group showed sig-
nificant inflammation. Liver infiltrate localization was
periportal and predominantly made of granulocytes and lym-
phocytes. Edematous hepatocytes were also present. The
spleen did not show any pathological changes among groups,
though congestive hyperemia was visible in all three groups,
which is a usual finding following sacrifice. The kidney
showed increased inflammation (nonspecific pyelonephritis)
in exposed animals, but not in sham animals. Brain edema
characterized by edematous neurons was present in the up
group, but not in the down and sham groups.

Histological analysis

Tissue characteristics of mice exposed to SMF of different
orientations are presented in Table 1. The liver in the down
group showed significant inflammatory characteristics when
compared to up and sham groups (p<0.05). The spleen did not
show any pathological changes among groups (p>0.05). The
kidney showed increased inflammation in exposed animals
(up and down group) when compared to control animals
(p<0.05). Brain tissue expressed significant edematous neu-
rons in the up group when compared to the down and sham
groups (p<0.05).
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Immunohistochemical analysis

Immunohistochemical (IHC) analysis of cell infiltrates in renal
tissue is presented in Fig. 3. Initial determination of cell infil-
trates in all affected organs was done by light microscopy. A
confirmation of correct histological readingwas conducted in a
renal tissue by IHC analysis. In panel A, inflammatory cells are
visible. In panel B, CD15 positive granulocytes are marked. In
panel C, the CD3 positive T lymphocytes are shown. In panel
D, the CD20 positive B lymphocytes are presented.

Blood parameters

Blood parameters in control mice and mice exposed to differ-
ently oriented SMF are shown in Table 2. Exposure of mice to
differently oriented SMF did not alter the platelet count or
Hgb, Hct, MCV, MCH, MCHC values among groups
(p>0.05). However, SMF of a different orientation influenced
the serum lipids. There was a significant increase in serum
values of HDL in exposed animals (up and down group) when
compared to unexposed ones (61.50±5.13 and 56.21±2.38
vs. 41.77±5.13; p<0.01 and p<0.05, respectively). Total se-
rum cholesterol, LDL, and triglycerides did not change signif-
icantly among groups, but there was a trend of total cholester-
ol increase and LDL decrease in exposed groups (up and
down group) (p>0.05). C-reactive protein also did not change
under the influence of differently oriented SMF (0.59±0.09
and 0.64±0.12 vs. 0.78±0.32; p>0.05), but we observed a
significant increase of ALT in down group when com-
pared to sham group (63.50±8.17 vs. 42.33±3.87;
p<0.05). In general, besides statistically significant re-
sults, the trend of increased values vs. sham group was
more pronounced in the down group and the trend of
decreased values vs. sham group was more pronounced
in the up group.

Fig. 2 Histological
characteristics of the brain, liver,
spleen, and kidney in mice
exposed (up group, down group)
or unexposed (sham-control) to
SMF of different orientations. BC
brain tissue in unexposed mice
(brain control), BUp brain tissue
in mice exposed to up-oriented
SMF, BDw brain tissue in mice
exposed to down-oriented SMF.
LC liver tissue in unexposed mice
(liver control), LUp liver tissue in
mice exposed to up-oriented
SMF, LDw liver tissue in mice
exposed to down-oriented SMF.
SC splenic tissue in unexposed
mice (spleen control), SUp
splenic tissue in mice exposed to
up-oriented SMF, SDw splenic
tissue in mice exposed to down-
oriented SMF. KC kidney tissue
in unexposed mice (kidney
control), KUp kidney tissue in
mice exposed to up-oriented
SMF, KDw kidney tissue in mice
exposed to down-oriented SMF.
Arrow shows inflammatory cells

Table 1 Results of histological analysis of mice exposed (up group,
down group) or unexposed (sham-control) to SMF of different orientation

Histology Sham-control Up group Down group

Liver Normal [n(%)] 9 (100) 8 (88.9) 4 (44.4)

Inflammation [n(%)] 0 (0) 1 (11.1) 5 (55.6)

Spleen Normal [n(%)] 9 (100) 9 (100) 9 (100)

Inflammation [n(%)] 0 (0) 0 (0) 0 (0)

Kidney Normal [n(%)] 8 (88.9) 5 (55.6) 3 (33.3)

Inflammation [n(%)] 1 (11.1) 4 (44.4) 6 (66.7)

Brain Normal [n(%)] 8 (88.9) 1 (11.1) 9 (100)

Edema [n(%)] 1 (11.1) 8 (88.9) 0 (0)
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Blood cellularity

Blood cellularity in mice exposed (up, down) or unexposed to
SMF of different orientation is shown in Fig. 4. Total serum
white blood cells (WBC) count was found to be significantly
lower in exposed (up and down group) when compared to unex-
posed animals (3.49±0.50 and 3.31±0.30 vs. 6.61±0.70;
p<0.01) (panel A). This decrease in exposed groups was mainly
due to a reduction in serum lymphocytes (2.74±0.36 and 2.97±
0.27 vs. 5.47±0.61; p<0.01) (panel D) and to a decrease in

serum granulocytes, especially in down group (0.26±0.03 vs.
0.87±0.10; p<0.01 compared to sham group and 0.26±0.03
vs. 0.66±0.14; p<0.05 compared to up group) (panel C).
While decrease in totalWBC and serum lymphocyteswere about
the same in up and down groups, it is worth noting that statisti-
cally significant decrease in serum granulocytes occurred exclu-
sively in the down group. This decrease in serum granulocytes
was statistically significant not only versus the sham group but
also versus the up group. SMF of a different orientation did not
alter RBC count among groups (p>0.05) (panel B).

Fig. 3 Immunohistochemical
(IHC) analysis of cell infiltrates in
renal tissue. a Renal tissue,
magnification ×10, hematoxylin-
eosin staining. Arrow shows
inflammatory cells. b Renal
tissue, magnification ×40,
monoclonal mouse anti-human
CD15 (granulocyte marker).
Arrow shows CD15 positive
granulocyte. c Renal tissue,
magnification ×40, polyclonal
rabbit anti-human CD3 (T
lymphocyte marker). Arrow
shows CD3 positive T
lymphocyte. d Renal tissue,
magnification ×40, monoclonal
mouse anti-human CD20 (B
lymphocyte marker). Arrow
shows CD3 positive B
lymphocyte

Table 2 Blood parameters in
mice exposed (up group, down
group) or unexposed (sham-
control) to SMF of different
orientations

Blood parameter Sham-control Up group Down group

Plt (109/L) 1311.86±59.99 1140.60±80.24 1266.25±41.49

Hgb (g/L) 125.42±5.39 130.00±3.52 132.00±6.50

Hct (L/L) 0.41±0.02 0.42±0.09 0.43±0.02

MCV (fl) 48.29±1.30 48.62±0.65 48.71±0.94

MCH (pg) 15.00±0.49 15.12±0.23 15.29±0.36

MCHC (g/L) 308.14±4.97 309.75±3.53 309.86±1.84

Total cholesterol (mg/dL) 76.17±3.97 78.73±6.79 89.48±5.71

HDL (mg/dL) 41.77±5.13 56.21±2.38* 61.50±6.19**

LDL (mg/dL) 25.81±6.61 10.74±6.31 16.16±7.26

Triglycerides (mg/dL) 52.94±3.53 48.88±4.37 59.13±5.35

ALT (IU/L) 42.33±3.87 51.29±7.94 63.50±8.17*

CRP (mg/dL) 0.78±0.32 0.59±0.09 0.64±0.12

Data are presented as mean±SEM

Plt platelets, Hgb hemoglobin, Hct hematocrit,MCV mean corpuscular volume,MCH mean corpuscular hemo-
globin, MCHC mean corpuscular hemoglobin concentration, HDL high-density lipoprotein, LDL low-density
lipoprotein, ALT alanine-aminotransferase, CRP C-reactive protein

*p<0.05 compared to control; **p<0.01 compared to control
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Spleen cellular parameters

Spleen cellular parameters in mice exposed to SMF of a dif-
ferent orientation are presented in Fig. 5. Total spleen cellu-
larity in mice exposed to upward-oriented SMF was signifi-
cantly higher when compared to those exposed to downward-
oriented SMF (1.08±0.05 vs. 0.69±0.03; p<0.01) and to con-
trol mice (1.08±0.05 vs. 0.73±0.05; p<0.01) (panel A).
However, there was no difference in spleen red blood cell
count among groups (30.54±3.26 vs. 34.51±1.4 vs. 34.71±
1.05; p>0.05, respectively) (panel B). Spleen granulocytes in
the up group were significantly lower when compared to the
sham group (2.2±0.28 vs. 8.26±1.30; p<0.01) and spleen
granulocytes in the down group were also significantly lower
when compared to the sham group (1.64±0.19 vs. 8.26±1.30;
p<0.01) (panel C). In contrast, spleen lymphocytes did not
alter among groups under the influence of SMF of different
orientation (p>0.05) (panel D).

Liver phospholipid profile

Liver phospholipid profile in mice exposed to SMF of a dif-
ferent orientation is presented in Table 3. There was no differ-
ence in total saturated fatty acids (SFA). However, in mice
exposed to downward-oriented SMF, there was a significant
increase in content of palmitic acid (16:0) when compared to

control mice (24.54±0.19 vs. 22.90±0.70; p<0.01). There
was also an increase of palmitic acid in the upward-oriented
group when compared to sham group, but this increase was on
the border of significance (24.01±0.13 vs. 22.90±0.70; p=
0.05). Stearic acid (18:0) content showed tendency of decrease
in exposed groups, but without statistical significance
(p>0.05). There was no difference in monounsaturated fatty
acids (MUFA) in general. However, content of palmitoleic
acid (16:1n-7) showed a significant, twofold increase in ex-
posed animals (up and down group) when compared to sham
group (0.82±0.06 and 0.84±0.07 vs. 0.40±0.04; p<0.01). On
the other hand, oleic acid (18:1n-9) did not show alterations
among the groups (p>0.05). The amount of vaccenic acid
(18:1n-7) significantly increased in the down group, but not
in the up group, when compared to sham group (2.49±0.14
vs. 1.97±0.17) and also in the down group when compared to
the up group (2.49±0.14 vs. 1.96±0.18). Not only that poly-
unsaturated fatty acids (PUFA) did not alter, but neither did
the sum of omega-3 fatty acids (n-3), the sum of omega-6 fatty
acids (n-6), or the ratio of omega-6 to omega-3 (n-6/n-3).
However, dihomo-γ-linolenic acid (20:3n-6) was reduced in
the exposed groups (up and down) when compared to sham
group (1.06±0.08 and 1.12±0.02 vs. 1.40±0.11; p<0.01). In
addition, α-linolenic acid (18:3n-3) was reduced in the down
group when compared to both sham group (0.40±0.04 vs.
0.62±0.07; p<0.05) and the up group (0.40±0.04 vs. 0.67±

Fig. 4 Blood cellularity in mice exposed (up group, down group) or
unexposed (sham-control) to SMF of a different orientation. Data are
presented as mean±SEM. a Total serum white blood cells in mice
exposed (up group, down group) or unexposed (sham-control) to SMF
of a different orientation; b serum red blood cells in mice exposed (up
group, down group) or unexposed (sham-control) to SMF of a different

orientation; c total serum granulocytes in mice exposed (up group, down
group) or unexposed (sham-control) to SMF of a different orientation; d
serum lymphocytes in mice exposed (up group, down group) or
unexposed (sham-control) to SMF of a different orientation; **p<0.01
compared to control; #p<0.05 compared to up group

Environ Sci Pollut Res (2016) 23:1584–1597 1591



0.08; p<0.01). At the same time, α-linolenic acid from the up
group did not change when compared to sham group
(p>0.05). Overall, in both up and down groups, there was a
statistically significant change in content of palmitoleic
(16:1n-7) and dihomo-γ-linolenic acid (20:3n-6) that occurred
in the same direction. Namely, both the amount of palmitoleic
acid and the dihomo-γ-linolenic acid decreased when com-
pared to sham group. However, in three situations, a change in
the amount of fatty acids was observed exclusively in the
down group. Namely, palmitic (16:0) and vaccenic (18-1n7)
acids increased and α-linolenic acid (18:3n-3) decreased in
the down group when compared to sham group.

Desaturase and elongase activities

Desaturase and elongase activities in the liver in mice exposed
to SMF of a different orientation are presented in Table 4.
Delta 9 (Δ9) desaturase activity did not change in groups of
exposed or unexposed animals (p>0.05). Elongase activity
decreased in the liver of exposed animals (up and down
groups) when compared to sham group (0.73±0.03 and
0.70±0.01 vs. 0.81±0.03; p<0.05 and p<0.01, respectively).
Delta 6 (Δ6) desaturase and elongase also showed significant
decrease in livers of exposed animals (up and down groups)
when compared to control animals (0.07±0.01 and 0.07±
0.003 vs. 0.09±0.01; p<0.05). Delta 5 (Δ5) desaturase

showed significant increase in the up group compared to sham
group (13.52±0.88 vs. 10.64±1.02; p<0.05) but did not differ
when compared to the down group (13.52±0.88 vs. 12.27±
0.32; p>0.05).

Animal weight

There was no significant difference in animal weight or food
intake among the groups at the beginning and at the end of the
experiment (data not shown).

Discussion

In this study, we investigated the influence of a homogeneous,
differently oriented static magnetic field (SMF) of 128 mT on
hematological parameters, tissue characteristics, and lipid
content in subacutely exposed mice. Aiming to single out
the influence of field orientation, we used downward- as well
as upward-oriented vertical homogeneous SMF (Fig. 1).
SMF affected various organs and these effects were, to
some degree, dependent on the SMF orientation. Since
the field gradients were negligible, any possible biological
effect of varying field gradients was excluded and all the ob-
served effects were appropriated to the applied field intensity
in the chosen direction.

Fig. 5 Spleen cellularity in mice exposed (up group, down group) or
unexposed (sham-control) to SMF of a different orientation. Data are
presented as mean±SEM. a Total spleen cellularity in mice exposed (up
group, down group) or unexposed (sham-control) to SMF of different
orientation; b spleen red blood cells in mice exposed (up group, down
group) or unexposed (sham-control) to SMF of a different orientation; c

spleen granulocytes in mice exposed (up group, down group) or
unexposed (sham-control) to SMF of different orientation; d spleen
lymphocytes in mice exposed (up group, down group) or unexposed
(sham-control) to SMF of different orientation; **p<0.01 compared to
control; #p<0.01 compared to down group
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Both upward- and downward-oriented magnetic field
caused a decrease in the amount of total WBC and
lymphocytes in serum, a decrease of granulocytes in
the spleen, kidney inflammation, and an increase in
the amount of HDL. In addition, upward-oriented
SMF caused brain edema and increased spleen cellular-
ity. In contrast, downward-oriented SMF induced liver
inflammation and a decrease in the amount of serum
granulocytes. It appears that SMF of 128 mT affected

specific organs in the body, rather than simultaneously and
equally influencing the entire body system.

We initially found inflammation in the liver after exposure
to the down-oriented SMF of 128 mT (Fig. 2; Table 1). These
histological findings were confirmed by an increase of serum
ALT in the down group only (Table 2). Enzyme ALT is found
in the highest concentration in the liver, and it is typically used
to detect liver injury. Moreover, we have been the first to
discover specific changes in fatty acid profile following
SMF exposure. We observed exclusively in the down group
an increase in pro-inflammatory palmitic fatty acid (16:0)
(Soto-Vaca et al. 2013, Wu et al. 2014) and a decrease in
anti-inflammatory α-linolenic fatty acid (18:3 n-3) (Ren
et al. 2007, Erdinest et al. 2012) (Table 3). It has been shown
that palmitic acid increases the level of pro-inflammatory
TNF-alpha and IL-6 (Staiger et al. 2004, Zhou et al. 2013).
An increase in palmitic fatty acid that we observed could be a
consequence of a reduced activity of the enzyme elongase
18:0/16:0 that converts palmitic fatty acid into stearic fatty
acid (18:0) (Table 4). In the case of α-linolenic acid, which
is an essential fatty acid, we can speculate that employed SMF
affected its metabolism in the liver. SMF of 128 mT may
directly affect activity of enzymes by inducing their confor-
mational changes. Alternatively, SMF may act through the
rearrangement of membrane phospholipids, leading to a flux
of ions (Rosen 1993) that alters enzyme functions. Observing
that 128 mT SMF affected differently the two enzymes that
contain the same metal, magnesium (enzyme Δ6 desaturase
and elongase 20:3n-6/18:2n-6 and enzyme Δ5 desaturase
20:4n-6/20:3n-6), while at the same time, enzyme Δ9
desaturase 18:1n-9/18:0 that contains a different metal, iron,
was not affected (Table 4), we conclude that SMF influence
was probably at the membrane level, rather than at the level of
enzymes’ conformational change. This explanation is based
on the important role of the liver in synthesis and degradation
of phospholipids that are a major component of cell mem-
branes (Rigotti et al. 1994). Alteration of membrane fatty
acids changes membrane fluidity and ion flux and, conse-
quently, the function of various enzymes (McGarry 2002).
The ratio of unsaturated to saturated fatty acids influences
membrane fluidity in bacteria (Mihoub et al. 2012) and in
mammals (Perona et al. 2007). Moderate intensity SMF

Table 3 Fatty acid profiles of liver phospholipids in mice exposed (up
group, down group) or unexposed (sham-control) to SMF of different
orientation

Fatty acids (%) Sham-control Up group Down group

SFA 41.42±0.97 41.60±0.72 41.79±0.26

16:0 22.90±0.70 24.01±0.13 24.54±0.19**

18:0 18.51±0.64 17.60±0.68 17.25±0.25

MUFA 10.26±0.98 11.21±0.71 10.90±0.60

16:1 n-7 0.40±0.04 0.82±0.06** 0.84±0.07**

18:1 n-9 7.89±0.83 8.43±0.82 7.58±0.51

18:1 n-7 1.97±0.17 1.96±0.18 2.49±0.14*a

PUFA 48.33±0.61 47.19±0.88 47.31±0.48

n-6 31.88±0.32 31.14±0.60 30.80±0.49

18:2 n-6 15.97±0.16 15.94±0.63 15.74±0.43

20:3 n-6 1.40±0.11 1.06±0.80** 1.12±0.02*

20:4 n-6 14.30±0.39 13.91±0.53 13.72±0.11

22:4 n-6 0.21±0.01 0.23±0.01 0.22±0.01

n-3 16.44±0.74 16.05±1.11 16.50±0.81

18:3 n-3 0.62±0.07 0.67±0.08 0.40±0.04**a

20:5 n-3 0.52±0.15 0.56±0.16 0.72±0.16

22:5 n-3 0.70±0.08 0.75±0.06 0.82±0.04

22:6 n-3 14.61±0.66 14.07±1.18 14.56±0.78

n-6/n-3 1.96±0.10 2.01±0.17 1.91±0.12

MUFA/SFA 0.25±0.07 0.27±0.05 0.26±0.04

PUFA/SFA 1.17±0.09 1.14±0.09 1.13±0.03

Values are presented as means±SEM

SFA saturated fatty acids, MUFA monounsaturated fatty acids, PUFA
polyunsaturated fatty acids

*p<0.05 compared to control; **p<0.01 compared to control
a p<0.05 compared to Up group

Table 4 Estimated activities of
desaturases and elongases in the
liver in mice exposed (up group,
down group) or unexposed
(sham-control) to SMF of
different orientations

Enzyme Sham-control Up group Down group

Δ9 desaturase 18:1n-9/18:0 0.43±0.14 0.49±0.15 0.44±0.10

elongase18:0/16:0 0.81±0.03 0.73±0.03* 0.70±0.01**

Δ6 desaturase and elongase 20:3n-6/18:2n-6 0.09±0.01 0.07±0.01* 0.07±0.003*

Δ5 desaturase 20:4n-6/20:3n-6 10.64±1.02 13.53±0.88* 12.28±0.32

Values are presented as means±SEM

Significantly different from control: *p<0.05 compared to control; **p<0.01 compared to control
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influences cell membrane ratio of unsaturated versus saturated
fatty acids in bacteria, representing an adaptive reaction
(Mihoub et al. 2012). However, in our study, although some
fatty acids increased and some decreased, the total ratio of
MUFA/SFA and PUFA/SFA of liver phospholipids did not
change (Table 3), probably because of different intensity and
duration of SMF exposure.

Various studies have shown an increase in free radical pro-
duction and degradation of lipid bilayers in liver cells in SMF
exposed animals (Watanabe et al. 1997, Amara et al. 2007,
Hashish et al. 2008). This disruption of lipid membranes
causes cellular edema and loss of functional integrity, which
leads to histological changes and decreased liver function. In
our experiments, we observed a tendency of a decrease in
direct cholesterol transport via LDL and significant increase
in reverse cholesterol transport via HDL (Table 2). An expla-
nation for these findings could be that cholesterol synthesis,
uptake, and degradation in liver decreased under SMF influ-
ence. As a consequence, there was a tendency of serum total
cholesterol increase in exposed animals, mainly due to HDL
increase. HDL is a major serum lipoprotein in rodents and its
fluctuation affects total serum cholesterol to a significant ex-
tent (Lizenko et al. 2008). In previously conducted experi-
ments, increased serum total cholesterol was accompanied
by an increase in serum triglycerides (Lahbib et al. 2010),
which we did not observe. The increase in serum triglycerides
observed in their experiment could be due to different duration
of applied SMF.

In the kidney, as in the liver, an inflammatory infiltrate was
present in SMF exposed animals, causing nonspecific pyelo-
nephritis (Fig. 2). The extent of this infiltrate was more pro-
nounced in the down group. Other studies showed that besides
the liver, SMF of 128 mT can also cause decreased activity of
anti-oxidative enzymes in the kidney that leads to increased
lipid peroxidation and oxidative stress (Amara et al. 2007,
Ghodbane et al. 2011). We reported here morphological
changes in the kidney as reflected by infiltration of various
inflammatory cells (Fig. 3). Furthermore, we showed that
morphological changes, observed in the kidney and liver of
exposed animals, were more profound in the down group
(Table 1). The specificity of our findings in the liver and kid-
ney was confirmed by histological analysis of spleen, where
no inflammation was observed (Fig. 2, Table 1).

In contrast to the liver and kidney, the brain showed edem-
atous changes in upward exposed animals (Table 1, Fig. 2).
Various animal studies showed that SMF causes increased
blood-brain permeability (Saunders 2005). SMF can also in-
duce changes in Na/K pump redistribution especially in the
cytoplasm of affected neurons (Nikolić et al. 2013). Increased
permeability of the blood-brain barrier and functional changes
in Na/K pump can cause neuron swelling. It was shown that
128 mT SMF induces hypoxia-like status in exposed rats
(Elferchichi et al. 2007). When hypoxia develops, one of the

first organs that are affected is the brain, with intraneuronal
edema that we observed in the up group (Fig. 2).

Spleen cellularity is bound to the amount of RBC and
WBC in serum. WBC consists of granulocytes and lympho-
cytes. Lymphocytes make the majority of WBC in mice
(Green 1966). Analysis of the spleen has revealed a significant
increase in spleen total cellularity (RBC andWBC together) in
the up group (Fig. 5, panel A). This is a consequence of a fact
that even a small increase in percentage of lymphocytes could
cause a large increase in total spleen cellularity. We also ob-
served a significant decrease in spleen granulocyte count in
exposed animals (up and down) (Fig. 5, panel C) with con-
comitant decrease in serum granulocytes found mainly in the
down group (Fig. 4, panel C). Previous research also showed a
decrease in splenic granulocytes under the influence of SMF
that was explained by increased phagocytosis and oxidative
stress followed by death of granulocytes (Elferchichi et al.
2007). In our case, serum WBC and lymphocytes were also
decreased in both exposed groups (Fig. 4, panel A and panel
D). The total serum WBC reduction was probably a conse-
quence of lymphocyte redistribution among the serum and
various tissues. Namely, a decrease in serum lymphocytes in
both groups of exposed animals (Fig. 4, panel D) was follow-
ed by an increase in lymphocyte content in the liver and kid-
ney (Fig. 2 and Fig. 3).

Red blood cell count did not statistically change in the
blood or in the spleen between exposed and unexposed ani-
mals. Additionally, there were no changes in hemoglobin con-
tent or in MCV, MCH, and MCHC values among groups
(Table 2). This is in accordance with findings that rats exposed
to a magnetic field of extremely low frequency for 50 and
100 days did not show alteration in RBC count (Cakir et al.
2009). Additionally, a previous study also showed that SMF
of moderate intensity do not influence plasma red blood cell
count (Elferchichi et al. 2007). We concluded that various
intensities of magnetic fields and different exposure times do
not influence RBC count in the blood and spleen of experi-
mental animals. This is probably due to diamagnetic property
of RBC and fast recovery of RBC after exposure to SMF
(Schenck 2005).

Previous research showed that SMF influences the biolog-
ical system by causing pro-inflammatory changes and an in-
crease in production of reactive oxygen species (Sahebjamei
et al. 2007, Hashish et al. 2008, Zhao et al. 2011, Todorović
et al. 2015). Namely, these studies stated that SMF increased
phagocytosis and death of granulocytes, associated with pro-
duction of free radicals. Our experiments showed a redistribu-
tion of granulocytes and lymphocytes that was dependent up-
on SMF orientation. In addition, previous studies (Bras et al.
1998, Chionna et al. 2003) demonstrated cytoskeleton reorga-
nization andmodulation of orientation of lymphocytes follow-
ing exposure to moderate static magnetic field. They hypoth-
esized that some sublethal damage persists in the cells, even
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when the cell morphology still seems to be normal, since it is
known that SMF interferes with DNA repair processes
(Ghodbane et al. 2013). Our observed inflammatory changes
in the liver and kidney of exposed animals may not be con-
nected to the previously observed oxidative stress (Amara
et al. 2007). It has been suggested that SMF increases the level
of acetylcholine by enhancing its release and by decreasing its
degradation (Xu et al. 2011). Increased level of acetylcholine
induces blood vessel dilatation and permeability that leads to
granulocyte and lymphocyte infiltration of the surrounding
tissue. However, another study showed that inhomogeneous
SMF could inhibit the release of pro-inflammatory cytokines
IL-6, IL-8, and TNF-α from leukocytes (Vergallo et al. 2013).
The inhibition of release of pro-inflammatory cytokines from
granulocytes and lymphocytes could be the factor explaining
the absence of CRP increase in our experiment despite inflam-
matory changes in the observed tissue (Pepys and Hirschfield
2003). Here, presented results have been obtained in a very
controlled environment with the outbred strain, which renders
them even more significant.

Conclusion

We investigated the influence of downward- and upward-
oriented homogeneous SMF of 128 mT on subacutely ex-
posed mice. Our results suggested that SMF of moderate in-
tensity produced pro-inflammatory effects that depended on
its orientation. We discovered that upward-oriented SMF
caused changes in the serum, spleen, kidney, and brain, while
downward-oriented SMF influenced the serum, kidney, and
liver. Observed changes varied from brain edema and alter-
ations in blood total WBC count and spleen granulocyte count
to inflammation of the liver and kidney. Mechanisms that led
to inflammation of affected organs were direct infiltration of
inflammatory cells, whereas, in the case of liver, we also
found an increase of pro-inflammatory palmitic fatty acid
and a decrease in anti-inflammatory α-linolenic fatty acid.
Further studies are needed to fully understand these processes.
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