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Abstract: Many physical and chemical factors can influence the Nrf2 signaling pathway, and its
deregulation has been associated with various disease states. Nrf2 and Keap1 molecules are key
elements that regulate the response under cell stress conditions. Hence, the aim of the research was
to assess the impact of a static magnetic field that was generated by permanent magnets on the
transcriptional activity of the NFE2L2 and KEAP1 genes in a human dermal fibroblast cell line that
had been cultured with fluoride ions and in an environment without them. Additionally, our research
aimed to answer the question of whether the regulatory RNA molecules—miRNAs—are involved in
these effects. Experiments were performed on an NHDF cell line that had been treated with fluoride
ions, along with simultaneous exposure to a moderate-intensity static magnetic field. The RT-qPCR
method was used to determine the mRNA level of the NFE2L2 and KEAP1 genes and the miRNA
level of miR-28-3p, miR-29b-1-5p, miR-141-3p and miR-365a-3p. Our results indicate that fluoride
ions influence the Nrf2 signaling pathway and that miRNAs are involved in regulating it. Moreover,
the static magnetic field had a beneficial effect on the cells with fluoride-induced oxidative stress due
to stimulating the antioxidant defense.
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1. Introduction

A microRNA molecule (miRNA) is a type of RNA that controls the expression of
mRNA [1]. Recently, miRNAs have become an area of interest for many researchers. The
mechanism of action of miRNAs has been extensively described [2,3]. Most of the attention
has been paid to the interaction of miRNAs with mRNA, which affects the level of gene
expression. This is important because the level of miRNA expression affects the overall
cell homeostasis [2]. MiRNAs have become popular because of their wide range of prop-
erties and applications. They affect many biological processes, including proliferation,
differentiation and apoptosis. Their usefulness as biomarkers of many diseases, includ-
ing carcinogenesis and diseases that are associated with oxidative stress, has also been
mentioned [4,5].

One of the defense models used to maintain cell homeostasis against oxidative stress
is the NRF2/KEAP1 axis (NF-E2-related factor 2/Kelch-like ECH-associated protein 1) [6].
Moi et al. [7] were the first to describe the transcription factor Nrf2. At that time, at-
tention was paid to its role in controlling cellular oxidative stress. It has been shown
that it is the main regulator of gene transcription, the products of which protect cells
against the harmful effects of oxidative stress, including enzymes that catalyze glutathione
metabolism, ROS (reactive oxygen species)-detoxifying enzymes (glutathione peroxidase,
glutathione S-transferases) and the enzymes that are involved in drug detoxification: phase
I (aldo-keto reductases, carbonyl reductases, aldehyde dehydrogenase 1, NAD(P)H quinone
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oxidoreductase 1 and various cytochrome P450s), phase II (glutathione S-transferases, UDP-
glucuronosyltransferases and heme oxygenase-1) and phase III (drug efflux transporters).
Moreover, Nrf2 regulates the expression of the genes that participate in reducing oxidized
protein thiols (thioredoxin, thioredoxin reductase 1, sulfiredoxin). The induction of the
Nrf2 signaling cascade has been found to counteract the effects of the disruption of cellular
redox homeostasis [8].

The generation of oxidative stress is influenced by many factors, including stress, envi-
ronmental pollution [9], smoking [10] and overexposure to solar radiation [11]. In addition,
factors that increase the production of reactive oxygen species (ROS) also include fluoride
compounds, which people are often exposed to during their everyday lives. Despite the
documented positive effects of fluoride on the body (including maintaining the proper
structure of the skeleton), it should be borne in mind that exposure to fluoride and its com-
pounds in incorrect doses may have negative effects and cause many unfavorable changes
in the body [12,13]. An inadequate intake of fluoride may adversely affect the functioning
of many organs, including the kidneys and liver, by, e.g., contributing to an increased risk
of developing renal failure or necrotic changes in the liver. Fluoride hyperglycemia has
also been reported. The neurotoxicity of fluoride compounds consists of the appearance
of neurodegenerative changes in the brain structures and the reduction in the receptors in
the brain. In addition, fluoride can lead to changes in the functioning of the reproductive
system as well as changes in the mineral status of the body. The harmful effects of this
compound depend on the duration of the exposure. The dose and its ability to accumulate
in the tissues are also not insignificant [14,15].

These changes can result from the role of the fluoride compounds in modifying the
molecular pathways, including the NRF2/KEAP1 pathway in cells. Histological changes
in the myocardium after NaF (sodium fluoride) had been administered, which was the
result of an excessive accumulation of reactive oxygen species and was related to the
above-mentioned molecular pathway, have also been demonstrated [16]. Moreover, in an
animal model, the negative effect of fluoride on lung cells as a result of oxidative stress has
also been confirmed. Simultaneously, the same study confirmed the protective effect of
epigallocatechin gallate (EGCG) on the lungs by inhibiting the oxidative stress that was
caused by the activation of Nrf2 [17]. In turn, Mukhopadhyay et al. [18] showed that the
exposure of adult zebrafish (Danio rerio) to NaF resulted in an increased production of ROS
and the up-regulation of NFE2L2 (NFE2-Like BZIP Transcription Factor 2) gene expression.
Published data on animal models have also demonstrated that miRNAs can constitute new
biomarkers of fluoride toxicity due to the considerable alterations in the expression of many
of them after fluoride exposure [19]. In addition, their usefulness as diagnostic markers
and therapeutic targets in fluoride-induced liver disorders has also been proved [20].

The effect of a static magnetic field (SMF) on the life processes of organisms has
become quite an interesting topic in recent years. Because of their complex mechanism
of action, the effects of an SMF on the body are not yet fully understood. It is quite an
interesting topic because of the widespread human exposure to SMFs in the environment,
including at work [21,22]. Previous studies have shown that an SMF can restore redox
homeostasis in cells that had been treated with chemical agents [23]. It is known that one
consequence of the physical impact of an SMF on cells is a change in the concentrations of
the calcium, sodium and potassium ions inside them, which could have a modulating effect
on many important signaling pathways. There are currently no studies that have shown a
relationship between exposure to a static magnetic field and miRNA expression. However,
potential associations between electromagnetic field (EMF) exposure and miRNAs have
been demonstrated in spermatocyte-derived mouse GC-2 cells as well as in peripheral
human blood cells [24].

Taking into account the widespread exposure of the human body to the effects of
both fluoride compounds and SMFs, the impact of fluoride on the human body in terms
of molecular changes in the signaling pathways that are related to oxidative stress as well
as their modification under the influence of an SMF becomes puzzling. We believe that
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the conducted study could have a significant impact on expanding the knowledge in the
field on the changes in the molecular signaling pathways that are related to the oxidative
process under the influence of external factors. On the other hand, the inclusion of miRNA
molecules in the analyses could also be considered innovative.

2. Materials and Methods

The research was conducted using the NHDF cell line (Normal Human Dermal Fi-
broblasts, Clonetics, CC-2511, San Diego, CA, USA), which was purchased from Lonza
(Basel, Switzerland). The choice of this cell line was justified due to the influence of fluoride
on both soft tissues and various biological processes, including type I collagen synthesis,
proliferation and morphology of fibroblasts.

2.1. Cell Culture Conditions

The cells were cultured in a fibroblast growth basal medium (FBMTM, Lonza, Basel,
Switzerland), which was enriched by adding 10% fetal bovine serum (FBS), gentamicin,
insulin and basic human fibroblast growth factor (FGM™ SingleQuots™; Lonza, Basel,
Switzerland). The cells were grown in monolayers in 25 cm2 culture flasks (Sarstedt,
Nümbrecht, Germany).

NHDF cells that were between passages four and eight were used to evaluate the in-
fluence of fluoride and an SMF. Their number and viability were assessed using a Countess
TM Automated Cell Counter (Invitrogen, Carlsbad, CA, USA) and 0.4% trypan blue.

For the research, the cells were seeded into culture flasks at a density of 1 × 106 cells
and were then incubated for 24 h. Next, the cells for the experiment were divided into
four groups: (1) a control group (C), which was represented by cells that had not been
treated with NaF (sodium fluoride) and had not been exposed to an SMF; (2) a group that
had been treated sodium fluoride (F), which was represented by cells that had only been
treated with NaF at a concentration of 0.3 mmol/l (Sigma-Aldrich, St Louis, MO, USA);
(3) a group that had been exposed to an SMF (SMF), which was represented by cells that
had only been exposed to an SMF with magnetic flux density of 0.65 T; and (4) group that
had been exposed to an F + SMF, which was represented by cells that had been exposed to
a combination of NaF and an SMF. After 24 h of being cultured with the tested factors, the
cells were washed with phosphate-buffered saline (PBS, Lonza, Basel, Switzerland) and the
pellets were collected for further analysis.

An SMF was generated in a special magnetic chamber that was designed for in vitro
research and consisted of a ferromagnetic yoke and a permanent magnet. For chambers
that were fully fit to the cell flask, the uniformity of the static magnetic field induction was
maintained on the entire surface of the culture [25,26]. For the unexposed cultures, the
control chambers in which steel (0.0 T) was used instead of a permanent magnet were used.
The concentration of fluoride ions and magnetic induction used were decided based on
recent studies that showed that they had no significant effect on cell viability [23,27]. In
addition, a concentration of NaF at which the magnesium and calcium fluorides did not
precipitate, which would have affected the functioning of the cells, was chosen. Moreover,
the selected concentration of NaF (0.3 mmol/l) was higher than is usually observed in
healthy adult serum [28], which could be clinically significant. The method for exposing
the cell cultures to both factors has been previously described [23].

2.2. Molecular Analyses

The RNA was extracted using an miRNeasy Mini Kit (Qiagen, Valencia, CA) according
to the manufacturer’s protocols. The quality and quantity of the RNA extracts were
evaluated using agarose gel electrophoresis and a MaestroNano MN-913 (MaestroGen Inc.,
Las Vegas, NV, USA) spectrophotometer.

The RNA was used as a template for the RT-qPCR assay to assess the NFE2L2 and
KEAP1 gene expression. The reaction was performed using SYBR Green I chemistry (Sensi-
FAST SYBR No-ROX One-Step, Bioline, London, UK) and a LightCycler® 480 Instrument II
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(Roche Life Science, Basel, Switzerland). Commercially available oligonucleotide-specific
primers were used (Sigma-Aldrich, St. Louis, MO, USA) (Table 1). The reaction parameters
were as follows: reverse transcription, 45 ◦C—10 min; activation, 95 ◦C—2 min; 45 cycles:
denaturation, 95 ◦C—5 s; annealing, 60 ◦C—10 s; and extension, 72 ◦C—5 s. Finally, a
melting curve analysis was performed. Each PCR was repeated three times with three
replicates for each sample.

Table 1. Characteristics of the primers that were used in the study.

Gene Name Oligo Name Sequence (5′-3′)

NFE2-like bZIP transcription
factor 2 (NFE2L2)

FH1_NFE2L2 Forward: CGTTTGTAGATGACAATGAGG
BH1_NFE2L2 Reverse: AGAAGTTTCAGGTGACTGAG

Kelch-like ECH-associated
protein 1 (KEAP1)

FH1_KEAP1 Forward: CGTTTGTAGATGACAATGAGG
BH1_KEAP1 Reverse: CTCCAAGGACGTAGATTCTC

β-actin (ACTB)
FH1_ACTB Forward: GACGACATGGAGAAAATCTG
BH1_ACTB Reverse: ATGATCTGGGTCATCTTCTC

To evaluate the expression of the selected miRNAs, a reverse transcription reaction
was conducted using an miRCURY LNA RT Kit (Qiagen, Valencia, CA, USA). The cDNA
samples that were obtained were used in a qPCR assay. The miRNA level of miR-28-3p,
miR-29b-1-5p, miR-141-3p and miR-365a-3p was evaluated using a miRCURY LNA SYBR®

Green PCR Kit, LightCycler® 480 Instrument II (Roche Life Science, Basel, Switzerland)
and the appropriate miRCURY LNA miRNA PCR assays (Qiagen, Valencia, CA, USA). The
following thermal profile was applied: activation, 95 ◦C—2 min; 45 cycles: denaturation,
95 ◦C—10 s; annealing/extension, 56 ◦C—60 s. Finally, a melting curve analysis was
performed. All of the qPCR reactions were conducted in triplicate for each cDNA sample.

The tested miRNAs that regulate the expression of NFE2L2 mRNA (miR-28-3p, miR-
29b-1-5p and miR-365a-3p) and KEAP1 mRNA (miR-141-3p) were selected in silico using
the miRTar database (http://mirtar.mbc.nctu.edu.tw/human/ accessed on 18 January
2023) and also based on a previous report [29,30].

The relative expression levels of the mRNAs and miRNAs were calculated based on
the 2−∆Ct relative quantification method after normalization with the reference controls:
for mRNA—β-actin and for miRNA—RNU5G [31]. Small nuclear RNA, such as RNU5G,
is constitutively and relatively stably expressed across different human tissues and often
used to evaluate the miRNA expression. RNU5G also showed a low variation among
our samples.

2.3. Statistical Analyses

Statistica 13.3 software (StatSoft, Tulsa, OK, USA) was used to perform the statistical
analyses. The results with p < 0.05 were considered to be statistically significant. One-way
ANOVA and Tukey post hoc tests were used in the statistical analyses due to the normal
distribution of the data. Moreover, Pearson’s correlation tests were performed to verify the
relationships between expression profiles of the selected miRNAs and mRNAs.

3. Results
3.1. The mRNA Expression Level of NFE2L2 and KEAP1 in the NHDF Cells after Treatment with
Fluoride Ions and an SMF

Our results reveal that both factors may influence the expression of the NFE2L2 gene.
It was observed that fluoride reduced the mRNA level of this gene (Tukey post hoc test,
p = 0.073, a trend toward statistical significance) compared to the control cells, while the
effect of an SMF was associated with a trend of increased expression compared to the cells
that had only been treated with fluoride (Figure 1A, Table 2). In the case of the KEAP1
gene, there were no statistically significant differences between the control and the fluoride-
treated cells. On the other hand, exposure to an SMF induced a significant reduction in the
level of KEAP1 mRNA compared to the untreated cells (Tukey post hoc test, p = 0.003) and

http://mirtar.mbc.nctu.edu.tw/human/
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the cells that had only been treated with fluoride (Tukey post hoc test, p = 0.008) (Figure 1B,
Table 2).
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Figure 1. Relative mRNA expression of the NFE2L2 (A) and KEAP1 (B) genes in cells that had been
treated with fluoride and cells that had been exposed to a static magnetic field. The results are
presented as the mean ± SD; C—control cells; F—cells that had only been treated with fluoride;
SMF—cells that had only been exposed to a static magnetic field; F + SMF—cells that had simultane-
ously been exposed to fluoride and a static magnetic field; * p < 0.05 vs. C, # p < 0.05 vs. F.

Table 2. Comparison of the gene expression levels (fold change) among the studied cell groups.

Groups

mRNA Level

NFE2L2 KEAP1

FC vs. C FC vs. F FC vs. C FC vs. F

F −1.48 - −1.10 -
F + SMF −1.27 1.17 −1.43 −1.30

SMF −1.42 1.04 −2.21 −2.00
FC—fold change; C—control cells; F—cells that had been treated with fluoride ions; F + SMF—cells that had been
treated with fluoride ions and simultaneously exposed to a static magnetic field; SMF—cells that had only been
exposed to a static magnetic field.

3.2. The miRNA Expression Level in the NHDF Cells after Treatment with Fluoride Ions and
an SMF

Analysis of our results showed that the miRNAs that regulate the expression of the
NFE2L2 gene, i.e., miR-28-3p, miR-29b-1-5p and miR-365a-3p, were overexpressed in the
NHDF cells that had been treated with fluoride compared to the control (Tukey post hoc
test, p = 0.003, p = 0.010 and p = 0.005, respectively), while the action of an SMF caused
their silencing compared to the F--treated cells (miR-28-3p: Tukey post hoc test, p = 0.086
for F + SMF vs. F and p = 0.076 for SMF vs. F; miR-365a-3p: Tukey post hoc test, p = 0.070
for F + SMF vs. F; a trend toward statistical significance) (Figure 2A–C, Table 3). There was
also a negative correlation between the NFE2L2 gene expression and the selected miRNAs
(miR-28-3p: r = −0.30, p = 0.050 and miR-29b-1-5p: r = −0.25, p = 0.062), which confirms
their roles in regulating the NFE2L2 gene expression (Figure 3A,B). However, no such
relationship was observed for miR-365a-3p (r = 0.043).
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Figure 2. Relative miRNA expression of miR-28-3p (A), miR-29b-1-5p (B), miR-365a-3p (C) and
miR-141-3p (D) in the cells that had been treated with fluoride and the cells that had been exposed
to a static magnetic field. The results are presented as the mean ± SD; C—control cells; F—cells
that had been treated with fluoride; SMF—cells that had been exposed to a static magnetic field;
F + SMF—cells that had simultaneously been exposed to fluoride and a static magnetic field; * p < 0.05
vs. C.

Table 3. Comparison of the miRNA expression levels (fold change) among studied cell groups.

Groups

miRNA Level

miR-28-3p miR-29b-1-5p miR-365a-3p miR-141-3p

FC vs. C FC vs. F FC vs. C FC vs. F FC vs. C FC vs. F FC vs. C FC vs. F

F 1.49 - 1.54 - 1.39 - 1.18 -
F + SMF 1.17 −1.28 1.26 −1.22 1.14 −1.21 1.58 1.34

SMF 1.17 −1.27 1.42 −1.08 1.22 −1.14 1.90 1.62

FC—fold change; C—control cells; F—cells that had been treated with fluoride ions; F + SMF—cells that had
been treated with fluoride ions and simultaneously exposed to a static magnetic field; SMF—cells that had been
exposed to a static magnetic field.
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In the case of miR-141-3p regulating the expression of the KEAP1 gene, no statistically
significant differences in its level were observed between the studied groups of cells
(Figure 2D, Table 3). However, it can be seen that an SMF may increase its expression level.
Moreover, a statistically significant negative correlation between the level of miR-141-3p
and the level of KEAP1 mRNA was observed (r = −0.55, p = 0.032), which suggests its
regulatory role in the expression of this gene (Figure 3C).

4. Discussion

As is already well known, oxidative stress is a factor that negatively affects the func-
tioning of the body, thus causing a number of adverse effects. The Nrf2 signaling pathway
is significantly related to oxidative stress as its activation is caused, inter alia, by reactive
oxygen species. Under physiological conditions, the transcription factor Nrf2 is bound
to the Keap 1 (kelch-like ECH = associated protein 1) protein in the cytoplasm. In the
presence of ROS, this complex is degraded, which leads to the translocation of the Nrf2
factor to the cell nucleus, and consequently, causes its attachment to the ARE (antioxidant
response element) sequence and the transcription of the genes whose protein products have
cytoprotective activity. It has been proven that its activation provides protection against
oxidative stress [32]. There are many reports in the latest scientific literature about the
involvement of Nrf2 in many disease entities [33,34]. Nrf2 could play an important role in
the prevention of various diseases, as well as during the therapy that is used to treat them.
First of all, this applies to cancer as well as other human diseases, including cardiovascular
diseases and diabetes as well as neurodegenerative diseases, e.g., Alzheimer’s disease, or
other disorders of the internal organs. The function of the Keap1-Nrf2 system in monitoring
cellular redox imbalance, and thus in the aging process, has also been widely described.
Other more complex regulatory networks that are associated with this signaling pathway
have been identified as well [35,36]. Thang et al. [37] proved that Nrf2 protects the cells of
the nucleus pulposus against oxidative stress. These reports are identical to the conclusions
that were drawn in the course of the presented study in terms of fluoride-induced redox
homeostasis disorders and the role of the Nrf2 factor.
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This and our previous studies [38,39] have shown that fluoride disrupts redox home-
ostasis and disrupts the ability of cells to protect themselves against oxidative stress by
reducing the NFE2L2 expression. In the NHDF cells that had been treated with NaF, there
was an increase in malondialdehyde (MDA) concentration, which is an indicator of lipid
peroxidation as well as an increase in the intracellular ROS. At the same time, the presence
of fluoride reduced the activity of the antioxidant enzymes superoxide dismutase (SOD)
and glutathione peroxidase (GPx) [39]. In turn, the exposure of cells to a static magnetic
field restored the redox balance and activated the cells, allowing them to defend them-
selves against stress, which was manifested by the up-regulation of the NFE2L2 expression
and also increased activity of the antioxidant enzymes (superoxide dismutase—SOD and
glutathione peroxidase—GPx) compared to the cells that had only been treated with fluo-
ride [39]. Superoxide dismutase, catalase and glutathione peroxidase are key enzymes that
constitute the first line of antioxidant defense, and their role is to prevent the formation
of hydroxyl radicals. Furthermore, the combined exposure of fibroblasts to fluoride and
an SMF resulted in a decrease in the production of intracellular ROS and a decrease in the
MDA concentration, as was shown in our previous report [39]. Moreover, the RT-qPCR
analysis showed statistically significant changes in the expression of the genes such as
SOD1, SOD2 and GSR (glutathione reductase) that belong to the Nrf2 downstream genes.
The mRNA level of these genes was lower in the NaF-treated fibroblasts than in the control
cells. However, a significant increase in their expression was revealed in the cells that had
been co-exposed to fluoride and an SMF with a 0.65 T flux density [23,38]. A similar trend
was followed by Liu et al. [40]. They observed that the level of intracellular ROS increased
dramatically after treatment with NaF. It was then observed that glycine had ameliorated
this phenomenon [40]. Additionally, in a study that was conducted in an animal model
(mice), the effect of NaF on an increase in ROS generation was also observed [41]. In turn,
Zhou et al. [42] noted that exposure to fluoride in a concentration range of 0.25–2.00 mM
caused an increase in the Nrf2 expression in mice due to endoplasmic reticulum stress, but
that a higher concentration of fluoride (4.00 mM) led to its significant down-regulation.

Moreover, our findings demonstrate that an SMF may reduce the expression of the
KEAP1 gene, which may also have an influence on the activation of the Nrf2 factor. This is
quite a controversial issue, and scientific reports on this topic conflict. Alipour et al. [43]
showed that an SMF increased the ROS level in mesenchymal stem cells. This is in contrast
to our observations. However, the same authors showed an increase in the expression of
Nrf2 and the antioxidant enzymes, which indicates an improvement in the antioxidant
system. This situation could arise from the activation of the defense system of cells in
response to increased ROS production [43]. However, Feng et al. [44] proved that in
fibroblast cells (NIH3T3), an SMF caused a decrease in ROS level and thus reduced the
oxidative stress.

In our report, the proposed mechanism for regulating the expression of the above-
mentioned genes under the influence of both chemical and physical factors is the use of
miRNA molecules. These small regulatory non-coding RNAs regulate various cellular
signaling pathways, which helps to maintain the proper functioning of cells. However,
changes in the miRNA expression profile can lead to a dysregulation of the cellular signal-
ing pathways and the subsequent development of various diseases. On the other hand, it
provides the opportunity to use them as potential diagnostic and therapeutic biomarkers.
Many studies have shown the crucial role of miRNAs in regulating the Nrf2 signaling
pathway as well. As was indicated in this report, selected miRNAs are involved in reg-
ulating NFE2L2 and KEAP1 activity in fibroblasts in the presence of fluoride and a static
magnetic field of a moderate intensity. A negative correlation between the expression of the
NFE2L2 gene and miR-28-3p or miR-29b-1-5p confirms their roles in regulating this gene.
This may suggest the usefulness of the tested miRNAs that regulate NFE2L2 as potential
biomarkers of the toxic effects of fluoride. A similar relationship was observed for KEAP1
and miR-141-3p. Li et al. [45] also demonstrated a dependence between KEAP1 and its
regulatory miRNA. MiR-141-3p overexpression has been shown to attenuate the effects of
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oxidative stress in patients’ liver cells [44]. Moreover, De Blasio et al. [46] showed that the
activation of Nrf2 caused breast cancer cell growth. At the same time, an overexpression of
miR-29b-1-5p caused the opposite effect, including increased ROS production. To summa-
rize, miR-29b-1-5p is down-regulated by Nrf2 [45]. Interestingly, the team of Yang et al. [47]
also found a correlation between the Nrf2 mRNA level and miR-28 expression in breast
epithelial cells, but through a Keap1-independent mechanism. The up-regulation of Nrf2
mRNA via the inhibition of miR-28 was also demonstrated by Dongoran and Wu [48]
in Hep2G cells after diterpene quinone–cryptotanshinone treatment. However, in our
study, there was no correlation between Nrf2 and miR-365a-3p expression in the cells that
had been co-treated with both factors. The role of the miR-365a-3p/Nrf2 axis was also
investigated by Gai et al. [49] in non-small-cell lung cancer. In turn, they showed that
the metallothionein 1D pseudogene could induce ferroptosis that was mediated by the
miR-365a-3p/Nrf2 signaling pathway. These reports suggest that the miRNAs that regulate
the Nrf2 pathway could be susceptible to changes in expression under the influence of
natural bioactive compounds, physical factors or other agents.

In conclusion, fluoride influences the Nrf2 signaling pathway and miRNAs are also
involved in regulating it. Moreover, an SMF has beneficial effects on cells that are suffering
from fluoride-induced oxidative stress via the stimulation of antioxidant defense. However,
the main limitation of our research is the lack of investigation at a protein level. Therefore,
additional studies are necessary to confirm the effect of fluoride ions and a static magnetic
field on the Nrf2 signaling pathway. Further research is also necessary in relation to the
possible use of a static magnetic field in the therapy of diseases in which oxidative stress
plays a role in the pathogenesis. Our research is an attempt to explain the molecular
mechanism of action of an SMF as well, which is not yet fully understood.
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