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Abstract: Previous studies have found that hypomagnetic field (HMF) exposure impairs cognition
behaviors in animals; however, the underlying neural mechanisms of cognitive dysfunction are un-
clear. The hippocampus plays important roles in magnetoreception, memory, and spatial navigation
in mammals. Therefore, the hippocampus may be the key region in the brain to reveal its neural
mechanisms. We recently reported that long-term HMF exposure impairs adult hippocampal neuro-
genesis and cognition through reducing endogenous reactive oxygen species (ROS) levels in adult
neural stem cells that are confined in the subgranular zone (SGZ) of the hippocampus. In addition to
adult neural stem cells, the redox state of other cells in the hippocampus is also an important factor
affecting the functions of the hippocampus. However, it is unclear whether and how long-term HMF
exposure affects ROS levels in the entire hippocampus (i.e., the dentate gyrus (DG) and ammonia
horn (CA) regions). Here, we demonstrate that male C57BL/6J mice exposed to 8-week HMF exhibit
cognitive impairments. We then found that the ROS levels of the hippocampus were significantly
higher in these HMF-exposed mice than in the geomagnetic field (GMF) group. PCR array analysis
revealed that the elevated ROS levels were due to HMF-regulating genes that maintain the redox
balance in vivo, such as Nox4, Gpx3. Since high levels of ROS may cause hippocampal oxidative
stress, we suggest that this is another reason why HMF exposure induces cognitive impairment,
besides the hippocampal neurogenesis impairments. Our study further demonstrates that GMF plays
an important role in maintaining hippocampal function by regulating the appropriate endogenous
ROS levels.

Keywords: hypomagnetic field; cognitive dysfunction; hippocampus; reactive oxygen species; redox
balance gene expression; oxidative stress

1. Introduction

Geomagnetic fields, which already existed before life appeared on Earth [1,2], are
one of the important environmental conditions for the origin, evolution, survival, and
development of living organisms on Earth [3,4]. Many kinds of animals use the information
of GMF for orientation and long-distance navigation [5–7]. The major effects of geomag-
netic fields on organisms include shielding from radiation from solar winds and other
cosmic high-energy particles, preventing oxygen escape, and maintaining the habitable
environment for organisms [8]. The decrease in geomagnetic field intensity in the late
Quaternary affected the evolution of humans and large mammals [9,10]. Furthermore,
the elimination of GMF, the so-called hypomagnetic field (HMF, with intensity < 5 µT), is
also a risk factor to the health of astronauts in outer space [11]. Changes in GMF intensity
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have been shown to affect the biological processes of modern organisms [12]. Previous
studies suggested that the absence of GMF would reduce learning and memory ability in
one-day-old chicks and fruit flies, even humans [13–15]. However, the underlying neural
basis of cognitive dysfunctions in animals remains poorly understood.

Animal learning and cognitive behavior are highly dependent on the hippocam-
pal region of the brain [16–18], and the hippocampus is also a key magnetoreception
brain region [19–21]. Therefore, the potential molecular mechanisms of cognitive dys-
functions in HMF-exposed animals can be explored from the hippocampus. The hip-
pocampus mainly contains the DG and CA regions, and the DG has three distinct layers,
including an outer molecular layer, a middle granule cell layer, and an inner polymor-
phic layer (hilus). In addition, there is a SGZ between the granule cell layer and the
polymorphic layer. The SGZ maintains neural stem cells and neurogenesis into adult-
hood; these play a major role in cognitive function [22–24]. Our recent study showed
that long-term HMF exposure significantly impairs adult hippocampal neurogenesis and
cognition through decreasing endogenous ROS levels in adult neural stem cells in the
SGZ of mice [25]. Intracellular oxidative stress is also known to play an important role
in cognitive dysfunction besides the impairment of hippocampal neurogenesis [26–28].
However, the effect of the HMF on ROS levels throughout the hippocampus in vivo
remains unknown.

ROS are by-products of aerobic metabolism, which include the superoxide anion
(O2

•−), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). A small increase in ROS
levels is required for the activation of signaling pathways to initiate biological processes,
while high levels of ROS can cause oxidative stress that results in damage to DNA, protein,
or lipids [29–31]. Oxidative stress is generated by an imbalance between the production
of ROS and the antioxidant defense against ROS in cells and tissues; this has been linked
to cancer, cardiovascular and metabolic diseases, and several neurological diseases (i.e.,
Parkinson’s disease, Alzheimer’s disease), depression, and memory loss [32–35]. Previous
studies showed that environmental stressors (i.e., ionizing radiation, ultraviolet light, and
heavy metals) cause a large increase in ROS production, therefore leading to cell and tissue
damage (oxidative stress) [36–38]. The shielding or absence of GMF also affects the ROS
levels in cells in in vitro experiments. Specifically, the ROS levels of mouse primary skeletal
muscle cells were largely increased after shielding GMF for three days [39],while HMF
exposure can also decrease ROS production, as has been described in human neuroblastoma
SH-SY5Y cells and other cell lines [40,41]. The reasons for these different results may be
related to magnetic field strength, cell types, and exposure time.

In this study, we sought to determine whether and how long-term HMF exposure affect
endogenous ROS levels throughout the hippocampus in mice. We found that 8-week HMF
exposure induced anxiety in mice, impaired cognitive function, and increased ROS levels
in both the hippocampal DG and CA regions. Compared to the GMF group mice, four key
genes related to oxidative stress were upregulated, while two genes related to antioxidants
were downregulated in the hippocampus of HMF-exposed mice, as revealed by real-time
PCR arrays analysis. These results indicated that HMF modulated the key genes expression
of the oxidative stress pathway to induce oxidative stress in hippocampal cells. Since
high levels of ROS may cause oxidative stress in the hippocampus, we suggest that this
is another reason for the HMF inducing cognitive dysfunction, besides the impairment of
hippocampal neurogenesis. Our study further demonstrates that GMF plays an important
role in maintaining hippocampal function by regulating the appropriate endogenous ROS
levels. It provides a better understanding of the underlying molecular mechanisms of
cognitive deficits in mice in an HMF environment.

2. Results
2.1. The Hypomagnetic Field Exposure Impaired Cognitive Function in Mice

We performed behavioral tests, including open field, object location test (OLT) and
novel object recognition (NOR), before (0 w) and after (8 w) magnetic field exposure. The
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body weight between the HMF-exposed mice and GMF-exposed mice was not different
(p > 0.05) at 0 w and 8 w magnetic field exposure (Figure S1). There were no behavioral
differences between the GMF and HMF groups, randomly divided before the magnetic
field exposure (0 w), but after 8 weeks of magnetic field treatments, the time spent in the
center region of the open field, the exploration time in new object/new position in HMF
mice was significantly reduced compared to the GMF mice (Figure 1). In the open field
test, GMF mice acclimated to the chamber and eventually explored the center area, while
HMF mice spent significantly less time in the open area and more time closer to the walls
(p = 0.0002). The results indicated that HMF-exposed mice exhibited anxiety after 8-week
HMF exposure (Figure 1a). However, the total traveled distances of HMF-exposed mice
and GMF-exposed mice were not different (p > 0.05). The results suggested that the general
activity of mice was not affected by HMF exposure (Figure 1b). In the OLT and NOR
tests, GMF mice spent relatively more time exploring the new object/new location, while
the time exploring the new object/new location of HMF mice was significantly reduced
(p < 0.0001) (Figure 1c,d). These data suggested that the HMF exposure impaired the spatial
and cognitive memory of mice.
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Figure 1. Results of Open-Field, OLT, and NOR tests in GMF- and HMF- exposed mice (n = 10/group).
(a) The percent time spent in the center of the open field in mice at 0 w and 8 w GMF/HMF exposure.
*** p = 0.0002, unpaired t-test. (b). The total traveled distances in the open field test in mice at 0 w
and 8 w GMF/HMF exposure. (c) The percentage of time spent exploring the novel location in mice
at 0 w and 8 w GMF/HMF exposure. **** p < 0.0001, unpaired t-test. (d) The percentage of time spent
exploring a novel object in mice at 0 w and 8 w GMF/HMF exposure. **** p < 0.0001, unpaired t-test.
Data are presented as mean ± SEM. n.s. = not significant.

2.2. The Hypomagnetic Field Increased ROS Levels in DG and CA Regions in Hippocampus

To directly measure the cellular ROS content in the hippocampus in vivo, we per-
formed in situ ROS labeling by injecting ROS-sensitive dye hydroethidine into adult mice.
As shown in Figure 2, the hippocampus presents intact DG and CA shapes under GMF
and HMF conditions by DAPI staining (blue). The endogenous ROS levels were measured
using hydroethidine fluorescence (red). Compared to GMF-exposed mice, the endogenous
ROS levels were significantly increased in the DG and CA areas of the hippocampus in the
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HMF-exposed mice (Figure 2b). The significant elevation of ROS levels mainly occurred in
the outer molecular layer, partly in the granule cell layer (Figure 2a).
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Figure 2. The effects of HMF treatment on ROS levels in hippocampus. (a) Representative im-
ages of hydroethidine fluorescence (red) in the DG and CA of the hippocampus (HIP) in GMF-
and HMF-exposed mice. DAPI staining (blue) was used for distinguishing the different hip-
pocampal regions in brain sections. HIP Scale bar = 500 µm, CA/DG Scale bar = 100 µm.
(b) Quantitative analyses of hydroethidine fluorescence intensity (ROS) levels of neural cells in
the dentate gyrus, cornu ammonis areas, and both hippocampus of GMF- and HMF-exposed mice.
n = 4 mice. Data are presented as mean ± SEM. * p < 0.05. HIP: p = 0.0374, unpaired t-test. CA:
p = 0.0481, unpaired t-test. DG: p = 0.0301, unpaired t-test.

2.3. Differentially Expressed Genes Associated with Oxidative Stress

Compared to the GMF group, four key genes related to oxidative stress were upregu-
lated, while two genes related to antioxidants were downregulated in the hippocampus of
HMF-exposed mice. The upregulated genes were NADPH oxidase 4 (Nox4), eosinophil
peroxidase (Epx), Keratin 1 (Krt1), and Nitric oxide synthase 2 (Nos2). Functionally, these
upregulated genes are basically related to ROS and NO generation and metabolism. The
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downregulated genes were glutathione peroxidase 3 (Gpx3) and heat shock protein 1A
(Hspa1a), which are associated with the antioxidants and cytoprotective functions (see
Table 1). Especially compared to the GMF group, the fold change value of Nox4 expression
is 2.55. Nox4 encodes a member of the Nox enzyme family, which is a major source of ox-
idative stress in cells. Our results show that the elimination of the geomagnetic field causes
Nox4 expression to increase, while the antioxidant glutathione peroxidase3 decreases; the
imbalance leads to increased ROS production in the hippocampal tissue cells.

Table 1. Differentially expressed genes in HMF group mice vs. GMF group mice.

Gene Symbol Gene Full Name Fold Regulation

Nox4 NADPH oxidase 4 2.55
Epx eosinophil peroxidase 1.85
Krt1 keratin 1 1.86
Nos2 nitric oxide synthase 2 1.60
Gpx3 glutathione peroxidase 3 −1.70

Hspa1a heat shock protein 1A −1.64

3. Discussion

The behavioral data in this study demonstrates that long-term HMF exposure induces
anxiety and cognitive impairments in mice. These behavioral results are similar to those of
previous studies. For example, short-term HMF-exposure (72 h) also induced a significant
increase in anxiety-related behaviors, as shown in a previous study [42]. The effect of HMF
exposure on cognitive impairments in mice is also identical to our previous report [25].
Further, in situ ROS labeling results clearly showed that long-term HMF exposure increased
cellular ROS in the DG and CA regions of the hippocampus of mice (Figures 1 and 2),
different from the low ROS levels found in the hippocampal adult neural stem cells [25].
High ROS levels have been known to be associated with oxidative stress, aging, and
brain dysfunction [43–45]. Anxiety behavior has also been linked to oxidative stress in
animals [46,47]. Therefore, we suggested that HMF might induce oxidative stress in the
hippocampus by increasing the ROS levels, thus causing anxiety and cognitive dysfunction
behaviors in mice.

How does HMF exposure affect ROS levels in mice hippocampus? Our data suggest
that the HMF regulates several key gene expressions associated with the oxidative stress
pathway (Table 1). The intracellular ROS levels are dependent on the dynamic balance
between ROS generation and elimination. From our results, we drew a schematic dia-
gram to illustrate how the hypomagnetic field regulates ROS levels (see Figure 3). On
one hand, mitochondria and NADPH oxidases are two main sources of ROS production
in cells. We found that the mRNA expression of Nox4 was upregulated after HMF ex-
posure in vivo, which would increase the mitochondrial ROS production in cells [48–50].
Some studies have also indicated that the upregulation of Nox4 is prone to mitochondrial
dysfunction [48,51]. Meanwhile, the Epx mRNA expression in hippocampal cells also
increased after HMF exposure, which uniquely metabolizes H2O2 into highly reactive and
destructive hypobromous acid [52]. In addition, Nox2 mRNA expression also increased,
which encodes a nitric oxide synthase to generate nitric oxide. Nitric oxide, a gaseous
signaling molecule, plays important roles in the physiology and pathophysiology of the
central nervous system, depending on its concentration. At low concentrations, NO is
neuroprotective, but beyond certain concentrations, it is cytotoxic and associated with
neurodegenerative disorders [53–55]. It often reacts with O2

•− to yield strong reactive
nitrogen species (RNS) such as peroxynitrite (ONOO−) [56]. Therefore, compared to the
GMF group mice, the upregulation of the genes associated with ROS and RNS generation
finally leaded to an increase in ROS and RNS production. On the other hand, the redox
control in cells is the superoxide-metabolizing enzymes, superoxide dismutases (SODs),
and the H2O2/peroxide-metabolizing enzymes, catalase, glutathione peroxidases (GPXs),
peroxiredoxins (PRDXs), and glutaredoxins (GRXs). Superoxide dismutases, which rapidly
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convert O2
·− to H2O2, had no significant difference in expression levels between the HMF

and GMF groups in this study, while Gpx3 mRNA expression was greatly decreased after
HMF exposure in vivo (Table 1). Glutathione peroxidase tightly regulates and controls the
intracellular H2O2 levels [29,31–33]. In normal physiological conditions, the antioxidants
reduce hydrogen peroxide to water to limit its harmful effects. Under HMF exposure,
the low expression of the antioxidant defense system greatly affects their detoxification
function, resulting in excessive hydrogen peroxide (Table 1 and Figure 3). The latter reacts
readily with ferrous iron to produce a reactive hydroxyl radical [57]. Furthermore, the
mRNA expression of heat shock protein (HSP) also decreased in this study. The HSP re-
sponse is generally concerned with heat shock, which displays remarkable roles inside cells
under a variety of stresses, including oxidative stress and radiation and recognizing and
assisting in unfolded or misfolded protein restructuring [58]. The epithelial intermediate
filament protein keratins (KRT 1) regulate both the structural and dynamic functions of cel-
lular mitochondria, which comprise the intermediate filaments of the cytoskeleton [59,60].
Mitochondrial reactive oxygen species are required for the hypoxia-induced degradation
of keratin intermediate filaments [61]. Whether the upregulation of keratin gene expres-
sion involves changes in mitochondrial shape and function in this study is still unknown.
These results suggested that long-term HMF exposure broke the balance of reactive oxygen
species production and elimination, leading to high ROS levels in the hippocampus.
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Figure 3. Schematic diagram of how the hypomagnetic field increased ROS production to induce
oxidative stress by regulating several key gene expressions.

In this study, we found, for the first time, that the influences of the HMF on ROS levels
in adult neural stem cells and other hippocampal cells were different in vivo. The reasons
may be related to the cell types [40,41] and the rate of ROS production varying across
brain regions [62]. Previous studies have shown that ROS have a dual role, redox signaling
and oxidative stress [63,64]. Appropriate levels of ROS act as a signaling role to influence
signal transduction by thiol oxidation [30,65,66]. However, high levels of ROS are closely
associated with oxidative stress, aging, and brain dysfunction [43–45]. Similar results
regarding increased ROS production and oxidative stress were also shown in many animal
studies of the biological effects of electromagnetic fields (EMFs) from power systems [67,68].
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These studies indicate that HMF or EMF may contribute to the production of ROS and cause
oxidative stress, which could further trigger or enhance neurodevelopmental abnormalities
or cancer. For example, previous studies have shown that oxidative stress may cause
mitochondrial impairment and lipid peroxidation [37], and mitochondrial dysfunction
is one of the major features of biological responses to spaceflight, which is also heavily
linked to oxidative stress [69]. Moreover, the upregulation of Nox4, as shown in our
study, is also prone to mitochondrial dysfunction [48,51]. Therefore, further quantitative
investigations of the damage or dysfunction of organelles and biological macromolecules
caused by oxidative stress are necessary to better assess the human health risk. In the next
step, we will aim to investigate the effects of HMF exposure on the metabolic function
of mitochondria and the activity of peroxide oxidation of lipids in the hippocampus of
mice in vivo. Furthermore, in order to test whether the effect of HMF exposure on the
hippocampus is universal or species-specific, we will use female mice and other strains of
mice or even other species in future studies.

4. Materials and Methods
4.1. Animals and Magnetic Fields Exposure

Adult 7-week-old male mice (C57BL/6J) were purchased and housed in the experi-
mental coils to acclimate to the exposure environments for one week; then, we started the
hypomagnetic field/geomagnetic field exposure experiments. The mice were randomly
allocated to GMF and HMF exposure groups. All animals were housed with a constant
temperature (23 ± 1 ◦C) with a 12:12 h light: dark cycle. Water and food were given
ad libitum. The number of animals used for the behavioral test was 10 individuals in
each group. Four animals in each group were used for immunofluorescence analysis,
and three animals in each group were used for PCR arrays analysis. The experimen-
tal hypomagnetic field environment was simulated using a double-wrapped coil system
(Figure S1a), which was set up in the laboratory of the Beijing National Observatory of
Space Environment, at the IGG, for the uniform, stable geomagnetic field background.
All animal experiments were performed double-blindly. All procedures and husbandry
were performed according to protocols approved by the Institutional Animal Care and
Use Committee at the Institute of Geology and Geophysics (IGG), Chinese Academy
of Science. The magnetic strength and electromagnetic field inside the cages of the
HMF and GMF environments were measured by Mag-13MS sensors combined with a
Spectramag-6 instrument (Bartington Instruments Limited, Witney, UK) during the ex-
periments. The magnetic field intensity of the HMF was about 31.9 ± 4.5 nT during the
experimental duration. For GMF control, the magnetic field intensity was 55,548.5 ± 12.8 nT
(mean ± SEM) (Figure S1b). The square root of power spectral density (PSD) of the ambient
magnetic field at frequencies ranging from 5 to 100 Hz inside the cages of GMF and HMF
environments is shown in Figure S1c. The 50 Hz power frequency peak inside the GMF and
HMF cages was about 0.06 and 0.83 nT/Hz1/2, respectively. The temperature, humidity,
noise levels, and light intensity inside the cages of the GMF and HMF environments were
also monitored (Figure S1d–g). The body weight was comparable between GMF- and
HMF-exposed mice during the experimental duration (Figure S2).

4.2. Behavioral Tests

Behavioral analyses were carried out in GMF- and HMF- exposed mice (n = 10) at
0 and 8 weeks after magnetic field exposure.

4.2.1. Open-Field Test

In order to assess the anxiety-like and activity levels of the animals, the open-field test
was performed as previously described [70,71]. After preparing the open field apparatus
and software, mice were allowed to acclimate to the procedure room for a minimum of
30 min before starting the test. A single mouse was placed in the middle of the open
field maze while concurrently activating the SMART software to begin tracking mouse
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movement for 10 min. At the end of the test period, the mouse was removed from the
open field apparatus and returned to its home cage. To remove the olfactory cues from the
previous mouse, the apparatus was cleaned with 70% ethanol. The locomotor activity of
the mice was analyzed with Panlab SMART 3.0 Software.

4.2.2. OLT or NOR Test

In order to evaluate the spatial and cognitive memory of mice, the OLT and NOR were
performed in the open-field-testing arena. Both of these tests exploit the inherent preference
of mice for novelty to reveal the memory for previously encountered objects; the OLT pri-
marily evaluates spatial learning, which relies heavily on hippocampal activity. The NOR,
in contrast, evaluates the non-spatial learning of object identity, which relies on multiple
brain regions. The experimental protocol was followed as previously described [72]. Novel
object or location preference is expressed as the percentage of time spent exploring the
novel object or location compared with the cumulative time spent exploring both objects.
A value above 50% indicates a greater investigation of the novel location or object. The
same groups of mice underwent every test. The OLT test was performed first; the NOR
experiment was carried out later.

4.3. Immunofluorescence Analysis of the Endogenous ROS Levels

In order to measure the endogenous ROS levels, mice were intraperitoneally injected
with the ROS-sensitive dye dihydroethidium (HEt, 25 mg/kg; Sigma-Aldrich Co., Saint
Louis, MO, USA, 37291) at 4 h prior to perfusion-fixation. Then, mice were deeply anes-
thetized via isoflurane inhalation and then transcardially perfused with saline followed
by 4% paraformaldehyde (PFA) after 8-week HMF and GMF exposures. Brains were dis-
sected and post-fixed in 4% PFA overnight and then equilibrated in 30% sucrose buffer.
Brains were sectioned coronally with a freezing microtome (Leica SM2400) into 40 µm
thick sections. Serial sections were stored in 96-well plates filled with cryoprotectant so-
lution (glycerol, ethylene glycol, and 0.1 M phosphate buffer, pH 7.4, 1:1:2 by volume) in
a −20 ◦C freezer. To minimize biased sample collection, 1 in 12 serial sections, starting
at the beginning of the hippocampus (relative to bregma, −1.22 mm) to the end of the
hippocampus (relative to bregma, −3.88 mm), were used. For measurement of relative
CA/DG volume, the tissue sections were stained with DAPI (Sigma-Aldrich, #D9542), and
the staining sections were mounted, coverslipped, and then maintained at 4 ◦C in the dark
until imaging. Images were acquired on an Olympus FV1000 multiphoton confocal system
with a multitrack configuration. The images (40×) were spliced into an overall hippocam-
pal field of view, and the fluorescent intensity of sections was analyzed by using ImageJ
software (NIH, Bethesda, MD, USA). The average fluorescence intensity was calculated
by dividing the total fluorescence intensity of the specific circled hippocampal region by
the area.

4.4. PCR Arrays Analysis

To decipher the molecular mechanism underlying the influence of HMF exposure
on the endogenous ROS levels in the hippocampus, we analyzed gene expression for key
genes involved in the mouse oxidative stress by real-time PCR arrays analysis. The RT2
Profiler PCR Array of “mouse oxidative stress” (PAMM-065ZA, Qiagen, Valencia, CA, USA)
was used in the study. It profiles the expression of 84 genes related to oxidative stress; for
example, peroxidases are represented on this array, including glutathione peroxidases (GPx)
and peroxiredoxins (TPx). Also included are the genes involved in ROS metabolism, such
as oxidative stress-responsive genes, and genes involved in superoxide metabolism, such as
SODs. The experiments followed the manufacturer’s instructions. Hippocampus samples
of mice were carefully isolated under an anatomical microscope and immediately frozen
at −80 ◦C. Total RNA was extracted using an RNA extraction kit according to the manu-
facturer’s instructions. RNA quality was determined using the NanoDrop 2000 (Thermo
Scientific Inc., Wilmington, DE, USA). About 1 µg total RNA was reverse transcribed using
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the RT2 First-Strand Kit (Cat. No. 330401; Qiagen). The cDNA was used on the real-time
RT2 Profiler PCR Array (Cat. no. PAMM-065Z; Qiagen) in combination with RT2 SYBR
Green ROX qPCR Mastermix (Cat. No. 330623; Qiagen). The data analysis was performed
on the QIAGEN web portal at GeneGlobe (http://www.qiagen.com/geneglobe (accessed
on 19 January 2021)). The relative expression of each mRNA was normalized using the
equation 2−∆∆Ct. Significantly altered expression was determined only if it displayed a
fold-regulation higher/less than 1.5, with a p-value < 0.05. Gene expression was related to
the mean expression of housekeeping genes included in the array.

4.5. Statistical Analysis

An unpaired t-test was employed to determine the differences between the GMF and
HMF groups. Data were valued within a confidence interval of 95%. A p-value of less than
0.05 was considered statistically significantly different (p < 0.05).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/xxx/s1.

Author Contributions: L.T. conceived and supervised the study; L.T., Y.L. and J.R. performed
the experiments and data analysis. A.Z. and H.Q. performed the magnetic field operation and
environmental data measurements and grouped the experimental animals. L.T. and Y.P. wrote the
manuscript, with contributions from all authors. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by National Natural Science Foundation of China (No.
42074073, 41621004) and the Strategic Priority Research Program of the Chinese Academy of Sciences
(No. XDA17010501).

Institutional Review Board Statement: The experimental protocols were approved by The Animal
Care and Ethics Committee of the Institute of Geology and Geophysics, Chinese Academy of Sciences.

Informed Consent Statement: Not applicable.

Data Availability Statement: Our data presented in this study are available upon request from the
corresponding author.

Acknowledgments: The authors would like to thank the Beijing National Observatory of Space
Environment for help in the exposure experiment, Bingfang Zhang for help with the PCR arrays
experiment, and Ying Zhang for help with measuring environmental parameters.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Tarduno, J.A.; Cottrell, R.D.; Watkeys, M.K.; Hofmann, A.; Doubrovine, P.V.; Mamajek, E.E.; Liu, D.; Sibeck, D.G.; Neukirch,

L.P.; Usui, Y. Geodynamo, solar wind, and magnetopause 3.4 to 3.45 billion years ago. Science 2010, 327, 1238–1240. [CrossRef]
[PubMed]

2. Gargaud, M. Young Sun, Early Earth and the Origins of Life: Lessons for Astrobiology, 1st ed.; Springer: New York, NY, USA, 2013.
3. Kirschvink, J.L.; Jones, D.S.; MacFadden, B.J. Magnetite Biomineralization and Magnetoreception in Organisms: A New Biomagnetism;

Plenum Press: New York, NY, USA, 1985.
4. Winklhofer, M.; Kirschvink, J.L. A quantitative assessment of torque-transducer models for magnetoreception. J. R. Soc. Interface

2010, 7, S273–S289. [CrossRef] [PubMed]
5. Wiltschko, W.; Wiltschko, R. Magnetic orientation and magnetoreception in birds and other animals. J. Comp. Physiol. A 2005, 191,

675–693. [CrossRef] [PubMed]
6. Eder, S.H.K.; Cadiou, H.; Muhamad, A.; McNaughton, P.A.; Kirschvink, J.L.; Winklhofer, M. Magnetic characterization of isolated

candidate vertebrate magnetoreceptor cells. Proc. Natl. Acad. Sci. USA 2012, 109, 12022–12027. [CrossRef] [PubMed]
7. Lohmann, K.J.; Endres, C.S.; Putman, N.F.; Ernst, D.A.; Lohmann, C.M.F. Natal Homing and Multi-modal Navigation in Sea

Turtles and Salmon. Integr. Comp. Biol. 2017, 57, E330.
8. Wei, Y.; Pu, Z.Y.; Zong, Q.G.; Wan, W.X.; Ren, Z.P.; Fraenz, M.; Dubinin, E.; Tian, F.; Shi, Q.Q.; Fu, S.Y.; et al. Oxygen escape from

the Earth during geomagnetic reversals: Implications to mass extinction. Earth Planet. Sci. Lett. 2014, 394, 94–98. [CrossRef]
9. Channell, J.E.T.; Vigliotti, L. The Role of Geomagnetic Field Intensity in Late Quaternary Evolution of Humans and Large

Mammals. Rev. Geophys. 2019, 57, 709–738. [CrossRef]

http://www.qiagen.com/geneglobe
https://www.mdpi.com/xxx/s1
https://www.mdpi.com/xxx/s1
http://doi.org/10.1126/science.1183445
http://www.ncbi.nlm.nih.gov/pubmed/20203044
http://doi.org/10.1098/rsif.2009.0435.focus
http://www.ncbi.nlm.nih.gov/pubmed/20086054
http://doi.org/10.1007/s00359-005-0627-7
http://www.ncbi.nlm.nih.gov/pubmed/15886990
http://doi.org/10.1073/pnas.1205653109
http://www.ncbi.nlm.nih.gov/pubmed/22778440
http://doi.org/10.1016/j.epsl.2014.03.018
http://doi.org/10.1029/2018RG000629


Int. J. Mol. Sci. 2022, 23, 3622 10 of 12

10. Cooper, A.; Turney, C.S.M.; Palmer, J.; Hogg, A.; McGlone, M.; Wilmshurst, J.; Lorrey, A.M.; Heaton, T.J.; Russell, J.M.; McCracken,
K.; et al. A global environmental crisis 42,000 years ago. Science 2021, 371, 811–818. [CrossRef]

11. Mo, W.C.; Liu, Y.; He, R.Q. Hypomagnetic field, an ignorable environmental factor in space? Sci. China Life Sci 2014, 57, 726–728.
[CrossRef]

12. Binhi, V.N.; Prato, F.S. Biological effects of the hypomagnetic field: An analytical review of experiments and theories. PLoS ONE
2017, 12, e0179340. [CrossRef]

13. Binhi, V.N.; Sarimov, R.M. Zero Magnetic Field Effect Observed in Human Cognitive Processes. Electromagn. Biol. Med. 2009, 28,
310–315. [CrossRef] [PubMed]

14. Zhang, B.; Lu, H.; Xi, W.; Zhou, X.; Xu, S.; Zhang, K.; Jiang, J.; Li, Y.; Guo, A. Exposure to hypomagnetic field space for multiple
generations causes amnesia in Drosophila melanogaster. Neurosci. Lett. 2004, 371, 190–195. [CrossRef] [PubMed]

15. Wang, X.B.; Xu, M.L.; Li, B.; Li, D.F.; Jiang, J.C. Long-term memory was impaired in one-trial passive avoidance task of day-old
chicks hatching from hypomagnetic field space. Chin. Sci. Bull. 2003, 48, 2454–2457.

16. Xavier, G.F.; Costa, V.C. Dentate gyrus and spatial behaviour. Prog. Neuropsychopharmacol. Biol. Psychiatry 2009, 33, 762–773.
[CrossRef] [PubMed]

17. Hainmueller, T.; Bartos, M. Dentate gyrus circuits for encoding, retrieval and discrimination of episodic memories. Nat. Rev.
Neurosci. 2020, 21, 153–168. [CrossRef]

18. Manns, J.R.; Eichenbaum, H. A cognitive map for object memory in the hippocampus. Learn Mem. 2009, 16, 616–624. [CrossRef]
19. Burger, T.; Lucova, M.; Moritz, R.E.; Oelschlager, H.H.; Druga, R.; Burda, H.; Wiltschko, W.; Wiltschko, R.; Nemec, P. Changing and

shielded magnetic fields suppress c-Fos expression in the navigation circuit: Input from the magnetosensory system contributes
to the internal representation of space in a subterranean rodent. J. R. Soc. Interface 2010, 7, 1275–1292. [CrossRef]

20. Bingman, V.P.; Pemberton, M.L.; Mora, C.V. Avian forebrain processing of magnetic intensity and inclination: Hippocampus,
anterior forebrain Wulst and an unexpected double-dissociation. Ethol. Ecol. Evol. 2021, 33, 230–247. [CrossRef]

21. Bingman, V.P.; Able, K.P. Maps in birds: Representational mechanisms and neural bases. Curr. Opin. Neurobiol. 2002, 12, 745–750.
[CrossRef]

22. Chauhan, P.; Jethwa, K.; Rathawa, A.; Chauhan, G.; Mehra, S. The Anatomy of the Hippocampus. In Cerebral Ischemia; Pluta, R.,
Ed.; Exon Publications: Brisbane, Australia, 2021.

23. Sahay, A.; Scobie, K.N.; Hill, A.S.; O’Carroll, C.M.; Kheirbek, M.A.; Burghardt, N.S.; Fenton, A.A.; Dranovsky, A.; Hen, R.
Increasing adult hippocampal neurogenesis is sufficient to improve pattern separation. Nature 2011, 472, 466–470. [CrossRef]

24. Amaral, D.G.; Scharfman, H.E.; Lavenex, P. The dentate gyrus: Fundamental neuroanatomical organization (dentate gyrus for
dummies). Prog. Brain Res. 2007, 163, 3–22. [PubMed]

25. Zhang, B.F.; Wang, L.; Zhan, A.S.; Wang, M.; Tian, L.X.; Guo, W.X.; Pan, Y.X. Long-term exposure to a hypomagnetic field
attenuates adult hippocampal neurogenesis and cognition. Nat. Commun. 2021, 12, 1174. [CrossRef] [PubMed]

26. Sritawan, N.; Suwannakot, K.; Naewla, S.; Chaisawang, P.; Aranarochana, A.; Sirichoat, A.; Pannangrong, W.; Wigmore, P.; Welbat,
J.U. Effect of metformin treatment on memory and hippocampal neurogenesis decline correlated with oxidative stress induced by
methotrexate in rats. Biomed. Pharmacother. 2021, 144, 112280. [CrossRef] [PubMed]

27. Huang, T.T.; Leu, D.; Zou, Y. Oxidative stress and redox regulation on hippocampal-dependent cognitive functions. Arch. Biochem.
Biophys. 2015, 576, 2–7. [CrossRef] [PubMed]

28. Zhang, B.; Tian, L. Reactive Oxygen Species: Potential Regulatory Molecules in Response to Hypomagnetic Field Exposure.
Bioelectromagnetics 2020, 41, 573–580. [CrossRef] [PubMed]

29. Weidinger, A.; Kozlov, A.V. Biological Activities of Reactive Oxygen and Nitrogen Species: Oxidative Stress versus Signal
Transduction. Biomolecules 2015, 5, 472–484. [CrossRef]

30. Finkel, T. Signal transduction by reactive oxygen species. J. Cell Biol. 2011, 194, 7–15. [CrossRef]
31. Apel, K.; Hirt, H. Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annu. Rev. Plant Biol. 2004, 55,

373–399. [CrossRef]
32. Calabrese, V.; Guagliano, E.; Sapienza, M.; Mancuso, C.; Butterfield, D.A.; Stella, A.M. Redox regulation of cellular stress response

in neurodegenerative disorders. Ital. J. Biochem. 2006, 55, 263–282.
33. Pizzino, G.; Irrera, N.; Cucinotta, M.; Pallio, G.; Mannino, F.; Arcoraci, V.; Squadrito, F.; Altavilla, D.; Bitto, A. Oxidative Stress:

Harms and Benefits for Human Health. Oxid. Med. Cell Longev. 2017, 2017, 8416763. [CrossRef]
34. Valko, M.; Rhodes, C.J.; Moncol, J.; Izakovic, M.; Mazur, M. Free radicals, metals and antioxidants in oxidative stress-induced

cancer. Chem. Biol. Interact. 2006, 160, 1–40. [CrossRef] [PubMed]
35. Incalza, M.A.; D’Oria, R.; Natalicchio, A.; Perrini, S.; Laviola, L.; Giorgino, F. Oxidative stress and reactive oxygen species in

endothelial dysfunction associated with cardiovascular and metabolic diseases. Vascul. Pharmacol. 2018, 100, 1–19. [CrossRef]
[PubMed]

36. Neale, R.E.; Barnes, P.W.; Robson, T.M.; Neale, P.J.; Williamson, C.E.; Zepp, R.G.; Wilson, S.R.; Madronich, S.; Andrady, A.L.;
Heikkila, A.M.; et al. Environmental effects of stratospheric ozone depletion, UV radiation, and interactions with climate change:
UNEP Environmental Effects Assessment Panel, Update 2020. Photochem. Photobiol. Sci. 2021, 20, 1–67. [CrossRef] [PubMed]

37. Tripathi, R.; Gupta, R.; Sahu, M.; Srivastava, D.; Das, A.; Ambasta, R.K.; Kumar, P. Free radical biology in neurological
manifestations: Mechanisms to therapeutics interventions. Environ. Sci. Pollut. Res. Int. 2021, 1–48. [CrossRef]

38. Halliwell, B.; Gutteridge, J.M.C. Free Radicals in Biology and Medicine, 5th ed.; Oxford University Press: Oxford, UK, 2015.

http://doi.org/10.1126/science.abb8677
http://doi.org/10.1007/s11427-014-4662-x
http://doi.org/10.1371/journal.pone.0179340
http://doi.org/10.3109/15368370903167246
http://www.ncbi.nlm.nih.gov/pubmed/20001705
http://doi.org/10.1016/j.neulet.2004.08.072
http://www.ncbi.nlm.nih.gov/pubmed/15519755
http://doi.org/10.1016/j.pnpbp.2009.03.036
http://www.ncbi.nlm.nih.gov/pubmed/19375476
http://doi.org/10.1038/s41583-019-0260-z
http://doi.org/10.1101/lm.1484509
http://doi.org/10.1098/rsif.2009.0551
http://doi.org/10.1080/03949370.2021.1871966
http://doi.org/10.1016/S0959-4388(02)00375-6
http://doi.org/10.1038/nature09817
http://www.ncbi.nlm.nih.gov/pubmed/17765709
http://doi.org/10.1038/s41467-021-21468-x
http://www.ncbi.nlm.nih.gov/pubmed/33608552
http://doi.org/10.1016/j.biopha.2021.112280
http://www.ncbi.nlm.nih.gov/pubmed/34628167
http://doi.org/10.1016/j.abb.2015.03.014
http://www.ncbi.nlm.nih.gov/pubmed/25797440
http://doi.org/10.1002/bem.22299
http://www.ncbi.nlm.nih.gov/pubmed/32997824
http://doi.org/10.3390/biom5020472
http://doi.org/10.1083/jcb.201102095
http://doi.org/10.1146/annurev.arplant.55.031903.141701
http://doi.org/10.1155/2017/8416763
http://doi.org/10.1016/j.cbi.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/16430879
http://doi.org/10.1016/j.vph.2017.05.005
http://www.ncbi.nlm.nih.gov/pubmed/28579545
http://doi.org/10.1007/s43630-020-00001-x
http://www.ncbi.nlm.nih.gov/pubmed/33721243
http://doi.org/10.1007/s11356-021-16693-2


Int. J. Mol. Sci. 2022, 23, 3622 11 of 12

39. Fu, J.P.; Mo, W.C.; Liu, Y.; He, R.Q. Decline of cell viability and mitochondrial activity in mouse skeletal muscle cell in a
hypomagnetic field. Bioelectromagnetics 2016, 37, 212–222. [CrossRef]

40. Zhang, H.T.; Zhang, Z.J.; Mo, W.C.; Hu, P.D.; Ding, H.M.; Liu, Y.; Hua, Q.; He, R.Q. Shielding of the geomagnetic field reduces
hydrogen peroxide production in human neuroblastoma cell and inhibits the activity of CuZn superoxide dismutase. Protein Cell
2017, 8, 527–537. [CrossRef]

41. Wang, H.Z.; Zhang, X. Magnetic Fields and Reactive Oxygen Species. Int. J. Mol. Sci. 2017, 18, 2175. [CrossRef]
42. Ding, H.M.; Wang, X.; Mo, W.C.; Qin, L.L.; Wong, S.; Fu, J.P.; Tan, Y.; Liu, Y.; He, R.Q.; Hua, Q. Hypomagnetic fields cause anxiety

in adult male mice. Bioelectromagnetics 2019, 40, 27–32. [CrossRef]
43. Davalli, P.; Mitic, T.; Caporali, A.; Lauriola, A.; D’Arca, D. ROS, Cell Senescence, and Novel Molecular Mechanisms in Aging and

Age-Related Diseases. Oxid. Med. Cell Longev. 2016, 2016, 3565127. [CrossRef]
44. Popa-Wagner, A.; Mitran, S.; Sivanesan, S.; Chang, E.; Buga, A.M. ROS and brain diseases: The good, the bad, and the ugly. Oxid.

Med. Cell Longev. 2013, 2013, 963520. [CrossRef]
45. Massaad, C.A.; Klann, E. Reactive oxygen species in the regulation of synaptic plasticity and memory. Antioxid. Redox Signal.

2011, 14, 2013–2054. [CrossRef] [PubMed]
46. Bouayed, J.; Soulimani, R. Evidence that hydrogen peroxide, a component of oxidative stress, induces high-anxiety-related

behaviour in mice. Behav. Brain Res. 2019, 359, 292–297. [CrossRef] [PubMed]
47. Bouayed, J.; Rammal, H.; Soulimani, R. Oxidative stress and anxiety: Relationship and cellular pathways. Oxid. Med. Cell Longev.

2009, 2, 63–67. [CrossRef] [PubMed]
48. Shanmugasundaram, K.; Nayak, B.K.; Friedrichs, W.E.; Kaushik, D.; Rodriguez, R.; Block, K. NOX4 functions as a mitochondrial

energetic sensor coupling cancer metabolic reprogramming to drug resistance. Nat. Commun. 2017, 8, 997. [CrossRef] [PubMed]
49. Block, K.; Gorin, Y.; Abboud, H.E. Subcellular localization of Nox4 and regulation in diabetes. Proc. Natl. Acad. Sci. USA 2009,

106, 14385–14390. [CrossRef] [PubMed]
50. Bekhite, M.M.; Figulla, H.R.; Sauer, H.; Wartenberg, M. Static magnetic fields increase cardiomyocyte differentiation of Flk-1+

cells derived from mouse embryonic stem cells via Ca2+ influx and ROS production. Int. J. Cardiol. 2013, 167, 798–808. [CrossRef]
51. Ago, T.; Kuroda, J.; Pain, J.; Fu, C.; Li, H.; Sadoshima, J. Upregulation of Nox4 by hypertrophic stimuli promotes apoptosis and

mitochondrial dysfunction in cardiac myocytes. Circ. Res. 2010, 106, 1253–1264. [CrossRef]
52. Colon, S.; Luan, H.Y.; Liu, Y.; Meyer, C.; Gewin, L.; Bhave, G. Peroxidasin and eosinophil peroxidase, but not myeloperoxidase,

contribute to renal fibrosis in the murine unilateral ureteral obstruction model. Am. J. Physiol.-Renal. 2019, 316, F360–F371.
[CrossRef]

53. Panthi, S.; Manandhar, S.; Gautam, K. Hydrogen sulfide, nitric oxide, and neurodegenerative disorders. Transl. Neurodegener.
2018, 7, 3. [CrossRef]

54. Lowenstein, C.J. Metabolism reprogrammed by the nitric oxide signalling molecule. Nature 2019, 565, 33–34. [CrossRef]
55. Tassorelli, C.; Greco, R.; Morocutti, A.; Costa, A.; Nappi, G. Nitric oxide-induced neuronal activation in the central nervous

system as an animal model of migraine: Mechanisms and mediators. Funct. Neurol. 2001, 16 (Suppl. S4), 69–76. [PubMed]
56. Sun, J.; Cai, X.; Wang, C.; Du, K.; Chen, W.; Feng, F.; Wang, S. Cascade Reactions by Nitric Oxide and Hydrogen Radical for

Anti-Hypoxia Photodynamic Therapy Using an Activatable Photosensitizer. J. Am. Chem. Soc. 2021, 143, 868–878. [CrossRef]
[PubMed]

57. Imlay, J.A.; Chin, S.M.; Linn, S. Toxic DNA damage by hydrogen peroxide through the Fenton reaction in vivo and in vitro.
Science 1988, 240, 640–642. [CrossRef] [PubMed]

58. Dimauro, I.; Mercatelli, N.; Caporossi, D. Exercise-induced ROS in heat shock proteins response. Free Radic. Biol. Med. 2016, 98,
46–55. [CrossRef]

59. Bernal, S.D.; Stahel, R.A. Cytoskeleton-associated proteins: Their role as cellular integrators in the neoplastic process. Crit. Rev.
Oncol. Hematol. 1985, 3, 191–204. [CrossRef]

60. Silvander, J.S.G.; Kvarnstrom, S.M.; Kumari-Ilieva, A.; Shrestha, A.; Alam, C.M.; Toivola, D.M. Keratins regulate beta-cell
mitochondrial morphology, motility, and homeostasis. Faseb. J. 2017, 31, 4578–4587. [CrossRef]

61. Na, N.; Chandel, N.S.; Litvan, J.; Ridge, K.M. Mitochondrial reactive oxygen species are required for hypoxia-induced degradation
of keratin intermediate filaments. Faseb. J. 2010, 24, 799–809. [CrossRef]

62. Vinokurov, A.Y.; Stelmashuk, O.A.; Ukolova, P.A.; Zherebtsov, E.A.; Abramov, A.Y. Brain region specificity in reactive oxygen
species production and maintenance of redox balance. Free Radic. Biol. Med. 2021, 174, 195–201. [CrossRef]

63. Schieber, M.; Chandel, N.S. ROS Function in Redox Signaling and Oxidative Stress. Curr. Biol. 2014, 24, R453–R462. [CrossRef]
64. Villalpando-Rodriguez, G.E.; Gibson, S.B. Reactive Oxygen Species (ROS) Regulates Different Types of Cell Death by Acting as a

Rheostat. Oxid. Med. Cell Longev. 2021, 2021, 9912436. [CrossRef]
65. Bigarella, C.L.; Liang, R.; Ghaffari, S. Stem cells and the impact of ROS signaling. Development 2014, 141, 4206–4218. [CrossRef]

[PubMed]
66. Kawagishi, H.; Finkel, T. Unraveling the truth about antioxidants: ROS and disease: Finding the right balance. Nat. Med. 2014, 20,

711–713. [CrossRef] [PubMed]
67. Schuermann, D.; Mevissen, M. Manmade Electromagnetic Fields and Oxidative Stress-Biological Effects and Consequences for

Health. Int. J. Mol. Sci. 2021, 22, 3772. [CrossRef] [PubMed]

http://doi.org/10.1002/bem.21968
http://doi.org/10.1007/s13238-017-0403-9
http://doi.org/10.3390/ijms18102175
http://doi.org/10.1002/bem.22155
http://doi.org/10.1155/2016/3565127
http://doi.org/10.1155/2013/963520
http://doi.org/10.1089/ars.2010.3208
http://www.ncbi.nlm.nih.gov/pubmed/20649473
http://doi.org/10.1016/j.bbr.2018.11.009
http://www.ncbi.nlm.nih.gov/pubmed/30423387
http://doi.org/10.4161/oxim.2.2.7944
http://www.ncbi.nlm.nih.gov/pubmed/20357926
http://doi.org/10.1038/s41467-017-01106-1
http://www.ncbi.nlm.nih.gov/pubmed/29051480
http://doi.org/10.1073/pnas.0906805106
http://www.ncbi.nlm.nih.gov/pubmed/19706525
http://doi.org/10.1016/j.ijcard.2012.02.020
http://doi.org/10.1161/CIRCRESAHA.109.213116
http://doi.org/10.1152/ajprenal.00291.2018
http://doi.org/10.1186/s40035-018-0108-x
http://doi.org/10.1038/d41586-018-07457-z
http://www.ncbi.nlm.nih.gov/pubmed/11996533
http://doi.org/10.1021/jacs.0c10517
http://www.ncbi.nlm.nih.gov/pubmed/33417765
http://doi.org/10.1126/science.2834821
http://www.ncbi.nlm.nih.gov/pubmed/2834821
http://doi.org/10.1016/j.freeradbiomed.2016.03.028
http://doi.org/10.1016/S1040-8428(85)80026-3
http://doi.org/10.1096/fj.201700095R
http://doi.org/10.1096/fj.08-128967
http://doi.org/10.1016/j.freeradbiomed.2021.08.014
http://doi.org/10.1016/j.cub.2014.03.034
http://doi.org/10.1155/2021/9912436
http://doi.org/10.1242/dev.107086
http://www.ncbi.nlm.nih.gov/pubmed/25371358
http://doi.org/10.1038/nm.3625
http://www.ncbi.nlm.nih.gov/pubmed/24999942
http://doi.org/10.3390/ijms22073772
http://www.ncbi.nlm.nih.gov/pubmed/33917298


Int. J. Mol. Sci. 2022, 23, 3622 12 of 12

68. Maffei, M.E. Magnetic Fields and Cancer: Epidemiology, Cellular Biology, and Theranostics. Int. J. Mol. Sci. 2022, 23, 1339.
[CrossRef]

69. Afshinnekoo, E.; Scott, R.T.; MacKay, M.J.; Pariset, E.; Cekanaviciute, E.; Barker, R.; Gilroy, S.; Hassane, D.; Smith, S.M.; Zwart,
S.R.; et al. Fundamental Biological Features of Spaceflight: Advancing the Field to Enable Deep-Space Exploration. Cell 2020, 183,
1162–1184. [CrossRef]

70. Kraeuter, A.K.; Guest, P.C.; Sarnyai, Z. The Open Field Test for Measuring Locomotor Activity and Anxiety-Like Behavior.
Methods Mol. Biol. 2019, 1916, 99–103.

71. Yang, Y.; Liu, Y.; Zhu, J.; Song, S.; Huang, Y.; Zhang, W.; Sun, Y.; Hao, J.; Yang, X.; Gao, Q.; et al. Neuroinflammation-mediated
mitochondrial dysregulation involved in postoperative cognitive dysfunction. Free Radic. Biol. Med. 2022, 178, 134–146. [CrossRef]

72. Denninger, J.K.; Smith, B.M.; Kirby, E.D. Novel Object Recognition and Object Location Behavioral Testing in Mice on a Budget. J.
Vis. Exp. JoVE 2018, 141, e58593. [CrossRef]

http://doi.org/10.3390/ijms23031339
http://doi.org/10.1016/j.cell.2020.10.050
http://doi.org/10.1016/j.freeradbiomed.2021.12.004
http://doi.org/10.3791/58593

	Introduction 
	Results 
	The Hypomagnetic Field Exposure Impaired Cognitive Function in Mice 
	The Hypomagnetic Field Increased ROS Levels in DG and CA Regions in Hippocampus 
	Differentially Expressed Genes Associated with Oxidative Stress 

	Discussion 
	Materials and Methods 
	Animals and Magnetic Fields Exposure 
	Behavioral Tests 
	Open-Field Test 
	OLT or NOR Test 

	Immunofluorescence Analysis of the Endogenous ROS Levels 
	PCR Arrays Analysis 
	Statistical Analysis 

	References

