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Abstract
Relative stability of mineral elements in tissues is necessary for health. High static magnetic fields (HiSMFs) have been widely
used in biomedical research and industry. However, the bioeffect of HiSMFs on animals is still unclear. In this study, we
investigated the effects of HiSMF exposure on the levels of Mg, Fe, Zn, Ca, and Cu in the main organs of mice. The 8-week
male C57BL/6mice were treated by 2–4 T, 6–8 T, 10–12 T HiSMFs for 28 days. The mass fractions ofMg, Fe, Zn, Ca, and Cu in
the liver, brain, kidney, and heart in mice were respectively measured by atomic absorption spectroscopy, and used to evaluate
mineral element content in tissues. The 2–4 T HiSMF exposure has increased theMg, Fe, and Ca content in the kidney, as well as
the Zn content in the brain. The 6–8 T HiSMF exposure has increased the Zn level in the liver; Mg, Fe, and Ca levels in the
kidney; and Fe level in the heart, while the Zn in the kidney, and Zn and Ca in the heart was decreased by 6–8 THiSMF exposure.
For the 10–12 T HiSMF exposure, the Mg in the kidney, the Fe in the liver and kidney, and Cu in the brain have been increased
significantly. However, the Zn in the kidney and the Ca in the brain and the heart were reduced by 10–12 THiSMF exposure. The
HiSMF exposure for 28 days can alter the Mg, Fe, Zn, Ca, and Cu content in mice, and change with the different magnetic flux
density of HiSMFs (2–4 T, 6–8 T, 10–12 T), elements, and organ types.

Keywords High staticmagnetic fields . Mineral elements . Mice . inbred C57BL . Organs

Introduction

With the development of technology, artificial magnetic
sources are gradually diversifying, and the magnetic environ-
ment that humans are exposed to is becoming more and more
complex. Therefore, the biological effects of static magnetic
fields (SMFs) have been valued gradually. Recently, the
SMFs have been widely explored and utilized in biomedical
field, such as bone repair and cancer research [1, 2]. According
to the difference in magnetic flux density, the SMFs can be

divided into the following categories: hypomagnetic field
(HyMF, < 5 μT), weak (< 1 mT), moderate (1 mT–1 T), and
high SMFs (HiSMFs) (> 1 T) [1, 3]. The magnetic resonance
imaging (MRI) is the most famous application of HiSMFs in
the biomedical field [4]. At present, the magnetic flux density
of the HiSMFs in MRI systems as high as 7 T, and to pursue
higher resolution and signal-to-noise ratio, 10.5 T MRI equip-
ment for humans has also entered the experimental stage [5, 6].
There were various studies that focused on the influence of
HiSMFs on animals, while most of them are based on tempo-
rary HiSMF exposure [5, 7]. Meanwhile, studies showed that
the biological effects of SMFs are exposure time dependently
[8, 9]. Nevertheless, the studies about the effect of HiSMF
long-term exposure on biological systems are very limited.

Mineral elements are crucial for body health, and the
changes of element content and distribution in cells and tis-
sues may affect the normal physiological functions of organ-
isms [10, 11]. As mineral elements, the imbalance of Mg, Fe,
Zn, Ca, and Cu is associated with the occurrence of many
diseases. Mg deficiency can cause arrhythmia; Fe accumula-
tion in the brain is related to Alzheimer’s disease; Zn is essen-
tial for the development of the brain and reproductive system;
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Ca in the heart is related to heart contraction; and the disorder
of Cu efflux could cause Wilson’s disease [12–16].

A previous study showed that the SMF exposure could
affect the elements’ levels in cells and organs [17–19]. The
128 mT moderate SMF exposure could affect the Zn and Cu
content in the liver and brain of mice, and the serum Zn and Fe
level in rat [20, 21]. Our previous study found that 16 T
HiSMF could increase Fe content in osteoblast MC3T3-E1
cells [22]. Furthermore, earlier studies indicated that the
SMFs could change the membrane permeability of cells
[23]. Homogeneous SMFs can change the cell membrane po-
tential through the Lorentz force in ion diffusion, and the
magnetic force under a gradient SMFs can create an ion flux
across the membrane to change the membrane potential [24].
The transmembrane transport of many metal elements is reg-
ulated by the membrane potential, such as changing the struc-
ture of voltage-dependent/gated channels of Ca2+, etc. [25].
Therefore, determining the change of mineral elements in dif-
ferent organs is a worthy method to evaluate the biological
effects of HiSMFs.

In this study, we investigated the content of Mg, Fe, Zn,
Ca, and Cu in the liver, brain, kidney, and heart tissues to
assess the effect of continuous exposure to 2–12 T HiSMFs
for 28 days on the distribution of metal elements in mice. It
can deepen the understanding of the mechanism of HiSMF
biological effects, and explore the application potential of
HiSMFs in the therapy of element imbalance–related diseases.

Materials and Methods

High Static Magnetic Fields and Mice Feeding System

HiSMF was generated by a non-refrigerant superconducting
magnet (CRYOF12/150, OXFORD) (Fig. 1a). The maximum
magnetic flux density of the superconducting magnet is 12 T,

and the magnetic flux density decreases from the middle to the
sides. The magnetic flux density distribution is measured and
acquired by a gauss meter (421, LakeShore). Relying on the
magnet device, we built a special mice feeding system to
ensure stable and controllable environmental conditions as
previously described (Fig. 1b) [26].

Animals and Treatments

Forty-eight 8-week-oldmale C57BL/6micewere used for this
study. After adapting for a week, the mice were randomly
assigned to one of the following four groups (n = 12): (1)
the sham control group; (2) the 2–4 T HiSMF group, (3) the
6–8 T HiSMF group, and (4) the 10–12 T HiSMF group. The
three HiSMFs groups were fed in a special animal feeding
system based on the superconducting magnet and were con-
tinuously exposed to the HiSMFs for 28 days. The sham con-
trol group (control group) was fed in the same system with the
geomagnetic field (GMF), and with the magnetic flux, the
density was between 40 and 50 μT. The 2–4 T, 6–8 T, and
10–12 T HiSMF groups were distinguished and named by the
magnetic flux density and the active area of free movement for
the mice (5 cm above the bottom of the cage), with the mag-
netic field gradients which were 24–35 T/m, 55–60 T/m, and
55–70 T/m (Fig. 1c). The mice were maintained free access to
standard rodent food and water. The environment was main-
tained at 25 ± 2 °C, and kept on a 12-h light/dark cycle. The
experiments were performed twice and data were pooled. All
animal protocols used in this study were approved by the Lab
Animal Ethics and Welfare Committee of Northwestern
Polytechnical University (No. 2017027).

Determination of Mg, Fe, Zn, Ca, and Cu in Tissues

The Mg, Fe, Zn, Ca, and Cu in the liver, brain, kidney, and
heart were determined using an atomic absorption

Fig. 1 Experimental HiSMF environment device. (a) Non-refrigerant
superconducting magnets (CRYOF12/150, OXFORD); (b) schematic di-
agram of the mouse feeding system in the HiSMF; (c) the arrangement of

the mice cages (three mice per cage) and magnetic field distribution. The
magnetic field gradients in 2–4 T, 6–8 T, and 10–12 T groups were 24–35
T/m, 55–60 T/m, and 55–70 T/m
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spectrometer (AAS; Analytik Jena, Jena, Germany). The tis-
sues were collected from the sacrificed mice after the cardiac
perfusion by normal saline solution. We dried the tissues un-
der 120 °C for 6 h and measured its dry weight. After that, we
heated the tissues at 600 °C for 6 h to ash the tissue, then were
dissolved in 1 ml 65% HNO3. We diluted the samples with
ddH2O to a suitable concentration; then the Mg, Fe, Zn, Ca,
and Cu concentrations were measured by flame AAS; the
parameter settings of atomic absorption spectrometry are
shown in Table 1. The element’s content in tissues was calcu-
lated as the mass fraction between the mass of the element and
tissue dry weight, respectively.

Statistics

All statistical analyses were performed using the GraphPad
Prism statistical software for Windows (version 5, GraphPad
Software, Inc.). The differences of element contents between
the control group and the three HiSMFs groups were revealed
by using an ordinary one-way ANOVA followed byDuncan’s
test. The normal distribution was tested by Kolmogorov-
Smirnov test with p > 0.05, and equal variances were tested
by using Bartlett’s test with p > 0.05 for the requirements of
the ANOVA test. The results are expressed as the mean ±
standard deviation. For all statistical tests, p < 0.05 was con-
sidered to indicate statistical differences.

Result

Liver, Brain, Kidney, and Heart Mg Level

TheMg in the liver, brain, kidney, and heart samples is shown
in Fig. 2. The 2–4 T, 6–8 T and 10–12 T HiSMF exposure for
28 days cannot change the Mg levels in the liver, brain, and
heart tissues. The average value of Mg content in the kidney
showed that there is a significant increase in 2–4 T, 6–8 T, and
10–12 T groups compared to the control group.

Liver, Brain, Kidney and Heart Fe Level

The Fe in the liver, brain, kidney, and heart samples are shown
in Fig. 3. The Fe content in the liver was increasing by the 10–
12 T HiSMF exposure; the 2–4 T and 6–8 T HiSMF treatment

for 28 days did not infect the Fe content in the liver. The Fe
level in the brain had no significant change after 2–4 T, 6–8 T,
and 10–12 T HiSMF exposure for 28 days. The Fe content in
the kidney of 2–4 T, 6–8 T, and 10–12 T HiSMF group was
significantly higher than the control. Interestingly, the Fe con-
tent of heart in the 6–8 T group has been significantly in-
creased compared to the control group, but changes in the
2–4 T and 10–12 T groups are not significant.

Liver, Brain, Kidney and Heart Zn Level

The Zn in the liver, brain, kidney, and heart samples are
shown in Fig. 4. The Zn level in the liver and heart has been
significantly decreased by 6–8 T HiSMF exposure, but the 2–
4 T and 10–12 T groups have no significant change compared
to the control group. In the kidney, the Zn content was de-
creased by 6–8 T and 10–12 T HiSMF exposure, and not
changed by the 2–4 T HiSMF exposure for 28 days.
Interestingly, the significant elevation was found between 2–
4 THiSMF group and control group in terms of the Zn content
in the brain, but the 6–8 T and 10–12 T exposure have no
effect on the Zn level in the brain.

Liver, Brain, Kidney and Heart Ca Level

The Ca in the liver, brain, kidney, and heart samples is shown
in Fig. 5. Compared to the control group, the Ca content in the
liver was increased by 6–8 T HiSMF exposure for 28 days.
However, the liver’s Ca level had no significant difference in
2–4 T, 6–8 T and 10–12 T groups compared to the control
group. The Ca in the brain has no significant change by the 2–
4 T and 6–8 T HiSMF exposure and increased by the 10–12 T
HiSMF exposure for 28 days. The kidney Ca level was in-
creased by 2–4 T and 6–8 T HiSMF exposure compared to the
control, and no significant change in the 10–12 T group. The
heart Ca content in 2–4 T group was the same as the control
group, but the heart Ca contents in the 6–8 T and 10–12 T
groups were significantly lower than the control group.

Liver, Brain, Kidney and Heart Cu Level

The Cu in the liver, brain, kidney, and heart samples is shown
in Fig. 6. The data showed that there were no significant dif-
ferences between control and three HiSMFs treatment groups

Table 1 Atomic absorption
spectrometry parameter settings
of element analyses

Elements Wavelength (nm) Slit width (nm) Lamp current (mA) Acetylene (L/h) Air (L/h)

Mg 285.2 1.2 1.5 70 480

Fe 248.3 0.2 4.0 95 480

Zn 213.9 0.5 2.0 50 480

Ca 422.7 1.2 3.0 60 480

Cu 324.8 1.2 2.0 80 480
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in the liver, kidney, and heart Cu content. The average Cu
content of the brain showed that there was a significant in-
crease in the 10–12 T group compared to the control group,
but no significant difference in the 2–4 T and 4–8 T groups
compared to the control group.

Discussion

Under physiological conditions, the content of elements in
various tissues of the organism is in a relatively stable
state, and the imbalance of element content in tissues
caused by changes in the external environment may cause
many pathological reactions, such as oxidative stress tox-
icity and functional impairment [27]. Due to the differ-
ence in experimental conditions and subjects, the tissue
element content showed different changes under SMF ex-
posure [21, 28, 29]. There are few studies on the effect of
HiSMFs on intracellular element content, and studies
based on animals are unprecedented. In this study, we
found that the 2–4 T, 6–8 T, and 10–12 T HiSMF con-
tinuous exposure for 28 days could affect the content and
distribution of Mg, Fe, Zn, Ca, and Cu in the liver, brain,
kidney, and heart tissues of mice. Besides, these changes
vary from the difference in elements, tissues, and magnet-
ic flux density.

The kidney is an important place for Mg excretion and
reabsorption [30]. In this study, the Mg content in the kidney
has been increased by HiSMF exposure. It suggests that the

HiSMF exposure could enhance the reabsorption of Mg in the
kidney.

Fe is involved in a variety of physiologic processes in or-
ganisms, and is an important component of many enzymes,
such as a series of enzymes involved in DNA synthesis and
mitochondria respiration. Changes in the Fe content may lead
to an imbalance of related enzymatic reactions and affect the
normal physiologic functions of the tissues. It is well-known
that Fe plays an important role in the intracellular redox bal-
ance [31]. Firstly, Fe is a component of oxidoreductases such
as peroxidase and catalase. Moreover, Fe in cells can generate
ROS through the Fenton reaction, and directly affects the ox-
idative stress level of cells. Fe overload in the brain has been
proved as the triggers of neurodegenerative diseases, such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) [12].
In this study, the brain’s Fe level has no significant change
under HiSMF exposure. The liver is an important organ for Fe
storage, and the myoglobin in myocardial cells contains a
large amount of Fe. We found that the HiSMFs can increase
the Fe content in the liver and heart, which may be related to
the active iron metabolism of these cells. The previous re-
search in our group indicated that SMFs can increase the Fe
content in osteoblasts, while some studies have found that a
10-mT SMF can decrease the Fe content in MCF7 and HFF
cells [22, 32]. This is probably due to the SMFs having diverse
effects on different cells, or it may be caused by differences in
magnetic flux density. In this study, it was also found that
different HiSMFs have different effects on the Fe content of
different tissues.

Fig. 3 Effects of HiSMF exposure on Fe content in the liver, brain, kidney, and heart of mice. Each group in HiSMFs was compared with the control
group. Values are means ± SD. *p < 0.05, **p < 0.01. (n = 12)

Fig. 2 The effects of HiSMF exposure on Mg content in the liver, brain, kidney, and heart of mice. Each group in HiSMFs was compared with the
control group. Values are means ± SD. *p < 0.05, **p < 0.01. (n = 12)
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Zinc deficiency is involved in various diseases, such as
growth retardation and immune dysfunction [33]. The main-
tenance of the structure and function of the nerve synapse
requires the participation of Zn. The Zn deficiency in the brain
is related to the central nervous system malformations, while
the rapid increase in zinc content can also cause neurotoxicity.
Interestingly, studies have shown that both the deficiency and
excess of zinc are related to the occurrence of Alzheimer’s
disease [34, 35]. In this study, the 2–4 T HiSMF can increase
the zinc content of brain, which can provide potential physical
therapy for brain dysplasia caused by zinc deficiency, while
we must also beware to its potential risks.

Lahbib Aida et al. found that 128 mT SMF exposure can
increase the zinc content in the blood of rats and decrease the
Fe content [21]. In this study, except for the 2–4 T HiSMF can
increase the zinc content in the brains of mice; the other
changes in the zinc content in the tissues caused by the
HiSMFs are reduced. Unlike zinc, the changes in tissue Fe
content caused by the HiSMFs are increased. In this study,
the Fe and Zn content in the heart under the 6–8 T HiSMF
exposure, and which in the kidney under 6–8 T and 10–12 T
HiSMF exposure, showed the opposite trend. The difference
and mechanism of the influence of HiSMFs on the content of
Fe and Zn in the tissue are also worthy of further exploration.
This phenomenon may be due to the disruption of redox bal-
ance leading to physiological disturbances as described by
Aida et al., or it may be due to a certain difference in the
response of the two elements to the magnetic field, such as
the magnetism of ions.

Ca is playing a pivotally important role in many biological
processes. It is a major constituent of the skeleton and could
influence signal transduction pathways as a secondary mes-
senger [36]. The influx of calcium in most tissues is mainly
through voltage-gated calcium channels (VGCCs). In this
study, the Ca content of various tissues under a HiSMF expo-
sure has been significantly changed, which may be caused by
the HiSMF introducing the change of the membrane voltage.
Meanwhile, the plasma membrane Ca2+-ATPase (PMCA) is
the key membrane protein that mediates Ca2+ efflux, and this
process is ATP-dependent. Studies have shown that SMFs can
affect the intracellular ATP level [37, 38]. It may also be the
mechanism of tissue Ca level changes after HiSMF exposure.

Like the Fe, the Cu can participate in the generation of
intracellular ROS through the Fenton-Like reaction, and caus-
ing membrane lipid peroxidation. Therefore, excessive intra-
cellular Cu could cause cell oxidative stress damages. Besides,
the increase in Cu content is associated with the occurrence of
some degenerative diseases [35, 39]. In this study, the 12 T
HiSMF exposure increased brain Cu content, which suggested
that the 12 T HiSMF had potential risks to the central nervous
system.

In this study, the results showed that the same magnetic
field exposure has distinctive effects on the content of each
element in the same tissue. The ion channels on cell mem-
branes of different elements have different responses to SMFs
which is a reasonable cause. Meanwhile, it is probably caused
by different element ions that have different magnetic proper-
ties, and such that the Zn2+ is diamagnetic, while the Cu2+ and

Fig. 5 Effects of HiSMF exposure on Ca content in the liver, brain, kidney, and heart of mice. Each group in HiSMFs was compared with the control
group. Values are means ± SD. *p < 0.05, **p < 0.01. (n = 12)

Fig. 4 Effects of HiSMF exposure on Zn content in the liver, brain,
kidney, and heart of mice. Each group in HiSMFs was compared with

the control group. Values are means ± SD. *p < 0.05, ***p < 0.001. (n =
12)
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Fe2+/Fe3+ ions are paramagnetic. Furthermore, because the
phospholipid molecule is diamagnetic, it could undergo con-
formational changes in the gradient SMFs [40]. This change in
the cell membrane structure may also affect the ion transport
of the cell and affect the intracellular element content. It could
not be ignored that the functions of the intracellular different
elements are similar or opposite, and the changes in one ele-
ment content can affect the level of other elements. For exam-
ple, the Mg, Fe, Zn, and Cu are widely involved in the regu-
lation of intracellular redox metabolism.

The same element showed different changes in the same
organ after the different HiSMF exposure, and it suggests that
there is a threshold between the SMF’s characteristics and
bioeffects. To determine the relationship between SMF’s
bioeffects and characteristics, the influence of the intensity
and gradient of the SMFs on its biological effects is worthy
of further exploration, respectively. In addition, the biological
effect of the SMFs is related to the cell type, which may be the
reason for the different changes of the same element in differ-
ent tissues [41, 42].

Preliminary studies have shown that, from the perspective
of histomorphology, 2–12 T HiSMF treatment for 28 days
will not cause significant pathological changes on tissues in
mice [26]. In this study, the HiSMF exposure can affect the
changes of the element content in the tissues of the mice. This
may be because the effect of the HiSMFs on normal tissues is
relatively mild.

In conclusion, we reported that 2–12 T HiSMF exposure
for 28 days could alter Mg, Fe, Zn, Ca, and Cu elements
distribution in the mice. On one hand, the changes of the
elements in the tissue caused by the HiSMF are a warning that
we should attach importance to the potential physiological
changes of organisms under HiSMF exposure. Meanwhile, it
also provides potential non-invasive physical therapymethods
of the diseases caused by element imbalances.
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